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1. Motivation

Metal oxide inverse opals that exhibit three-dimensionally ordered macroporous structures are
promising for applications in catalysis, sensor technology, energy storage, etc. The
conventional synthesis route of inverse opals is based on structure replication following a
colloidal crystal templating process. The resulting structures are solids with periodically
ordered spherical void spaces which can be considered as photonic crystals. Due to Bragg
diffraction, light within certain wavelength ranges can pass through photonic crystals, while
the light in other ranges is reflected (photonic band gaps), thus making inverse opals colored

and opalescent.

In this present work, the successful utilization of colloidal crystal templating method to
fabricate various metal oxide inverse opals (cerium(lIV) oxide (CeO,), chromium(lll) oxide
(Cry03), copper(ll) oxide (CuO), iron(lll) oxide (Fe;Os3), gallium(lll) oxide (Gay0s),
indium(111) oxide (In,O3), tin(1V) oxide (SnO,), titanium dioxide (TiO), tungsten trioxide
(WO3), zinc oxide (Zn0O)) is reported. To fabricate inverse opals of CeO,, CuO, Cr,03, Fe;0s3,
Ga,03, In,03, and ZnO, respective metal nitrates were adopted as precursors to compare the
effects of different precursor/template interactions on the degree of the structural order of
inverse opals. The thermal behaviors of the precursor and template materials, the effects of
organic chelating, as well as the role of fixing agent (e.g., tetraethyl orthosilicate (TEOS) and
polyacrylamide) in precursor solidification process are studied in detail. In the synthesis of
SnO,, TiO, and WOs3 inverse opals, different solidification strategies (precursor composition)
were employed to reduce structural shrinkage and produce highly ordered macroporous

structures.

Besides the fabrication and the characterization of metal oxides inverse opals, another part of

this work focus on the optical sensing based on WQOj3 inverse opals:

(i) WOs inverse opals were employed to detect fluids with different refractive indices. The

sensitivities of WO3 inverse opals with different pore sizes were quantified.

(i) A temperature responsive and adsorbable block copolymer was infiltrated into WO;3;
inverse opals. By washing with different temperature water and measuring the corresponding
change in reflection spectra, the possibility of optical detection of water temperature was

investigated.



(iii) A series of WOj3 inverse opals exhibiting different photonic band gap positons were used
as optical hydrogen (H) sensor. The optical responses (H induced reflection peak shift) of
different WO3 inverse opals were examined to reconstruct the strong refractive index
dispersion of WO;3 after H, exposure. This study aimed to find the physical origin of the
refractive index change during gas sensing. Then, by gaining the insights into the physical
sensing mechanisms, the general rules of the design of optical gas sensor based on metal

oxide photonic crystals were concluded.



2. Introduction
2.1 Photonic crystals

Photonic crystals [1, 2] are a class of optical materials in which materials with different
refractive indices are arranged in a periodic lattice. Because of the periodicity, photonic
crystals are often considered to be the optical analogue of semiconductors. In semiconductor
crystals, electrons are scattered at the periodic electrical potential and the backscattered
electron waves interfere destructively for certain energies, give rise to the electronic band
gaps, which are forbidden energy bands for electrons. Photonic crystals, on the other hand, are
dielectric materials with a periodic modulation of the refractive index (i.e. dielectric constant).
Within the photonic crystal photons are scattered at the periodic interfaces several times
coherently, which leads to a photonic band gap structure. The periodic variation of the

refractive index is possible in one, two or three dimensions (Figure 2.1 [3]).

/4
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Figure 2.1: Schema of one-dimensional (1D), two-dimensional (2D) and three-dimensional (3D)
photonic crystals. The black and white colors represent materials with different refractive indices.

Modified from reference [3]

One-dimensional photonic crystals, which have an alternating stack of two different dielectric
materials, have been widely used as optical filters and dielectric mirrors [3]. These photonic
crystals can reflect light at each boundary of the dielectric layers and localize photons in the
structural defects [4]. Two-dimensional photonic crystals are formed by fabricating a structure
that has periodicity in two directions. These crystals typically consist of air-filled cylindrical
cavities and a highly refractive material for the interstices. Most interesting are the three-
dimensional photonic crystals. Their structure is periodically organized along three different
directions. The propagation of light within the photonic structure is therefore influenced in all

three spatial directions.



In nature there are various photonic structures with iridescent colors. One example is the
butterfly (Figure 2.2 left), whose wings consist of a structured scale layer with grooves
forming photonic crystal structures. The gem stone opal (Figure 2.2 right), which consists of a
regular arrangement of colloidal silica particles, is another example of three-dimensional

photonic crystal. Its strong opalescence is the result of photonic band gap effect.

Figure 2.2: iridescent blue color of a butterfly (left, image from animalshine.com) and strong

opalescence of a gem stone opal (right, image from minerals.net)

Inspired by the natural opals, artificial opals were fabricated using different colloidal particles
(e.g. silica [5-7] or polymer particles [8-11]). The assembly of these particles leads to the
formation of a crystal lattice with two repetitive zones with different refractive indexes: the

space filled by the colloidal particles and the void filled by air.

One of the simplest ways to probe the structural and optical quality of colloidal photonic
crystals is by observation of their optical reflectance spectra (i.e. structural color). As depicted
in Figure 2.3, the colloidal opal crystal is modelled as multilayer of two media with different
refractive indices. The opal is formed with the {111} lattice planes parallel to the substrate
surface. The combination of Bragg diffraction law and refraction Snell law can be derived to

describe its optical reflectance (photonic band gap).



Figure 2.3: The diffraction of light from closed-packed {111} crystal planes in a colloidal photonic

crystal

When the light enters the colloidal crystal, it is partially reflected at each boundary of the

dielectric layers. The constructive interference can be described by Bragg diffraction law
A = 2ng5rdcosO, (2.1)

Where A is the Bragg peak position of the colloidal crystal, d is the interplanar spacing

between two sphere centers (It has a value of d = \E x D and D is the sphere diameter) and

nesr is the effective refractive index.
The corresponding refraction Snell law is defined as
n,sinf; = n,sinf, (2.2)

And the master equation to describe the optical reflectance (photonic band gap) can be written

as

A:\E-D-\/ngﬁ—sinzel (2.3)

According to equation 2.3, optical reflectance responds to changes in sphere diameter,
effective refractive index of the photonic crystal and light incident angle. If one or more of

these parameters change, the corresponding photonic band gap shifts.

Photonic band gap is also influenced by the refractive index contrast, the bigger the refractive
index contrast, the wider this photonic band gap becomes. To get a higher refractive index

contrast, colloidal opal structure can be inverted: the void space can be filled by a material
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with a high refractive index (e.g. metal oxide) and the template spheres could be removed,
creating the negative replica of the opal structure, a so called inverse opal structure (see
Figure 2.4 right).

Y
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Figure 2.4: SEM images of a PMMA opal structure (left) and a ZnO inverse opal structure (right)

As shown in Figure 2.4, inverse opals consist of a regular arrangement of void spaces
surrounded by solid walls. These ordered macroporous structures provide large and accessible
specific surface area for diffusion and infiltration of gas or liquid, which made them attractive
materials for applications in the fields of catalysis [12, 13], chemical sensing [14-24], optical
switching [25], energy storage [26-28], etc. In the present work, inverse opals of tungsten
oxide (WO3) were used as optical sensors to detect gas, fluids and water temperature; these

are discussed in more detail in section 2.3.

2.2 Synthesis of photonic crystals
2.2.1 Synthesis of polymer opal structures

The first step for building colloidal opals is the synthesis of spherical particles with uniform
size distribution. Silica or polymer spheres like polystyrene (PS) or poly methyl-methacrylate
(PMMA) are two main types of particles used for opal formation. Monodisperse silica
particles are usually prepared with Stober method [29], where dilute solution of
tetraethylorthosilicate (TEOS) is hydrolyzed in ethanol at high pH and uniform SiO, spheres
with diameters ranging from 50 nm to 2000 nm could be produced. Uniform PS and PMMA
particles are mainly prepared with emulsion polymerization [30-33].



In classical emulsion polymerization the major components of this process include a
monomer with low water solubility, an aqueous dispersion medium, a surfactant, and a water-
soluble initiator. The monomer is dispersed into the aqueous phase with the help of the
surfactant. The surfactant molecules are present as micelles and the majority of these micelles
are swollen by the monomer. The formation of polymer particles begins with the
decomposition of the water-soluble initiator, during which free radicals are produced. These
radicals diffuse into the surfactant micelles and polymerize the dispersed monomer to form
oligomers. These oligomers are further polymerized in the monomer swollen micelles and
grow into spherical particles. The growth of spherical particles stops when all the monomer
droplets are consumed. Preformed spherical particles can also be added prior to
polymerization to form monomer-swollen particles, in which case seeded polymerization is
obtained [34].

Surfactant-free emulsion polymerization (SFEP [33]) is the most used method for the
fabrication of “clean” polymer spheres. SFEP is carried out in same way as in classical
emulsion polymerization, except that no surfactant is used. In order to stabilize the particle, an
initiator with charged end groups has to be applied. During the start of SFEP, the
decomposition of the water-soluble initiator leads to the generation of free radical seeds,
which then react to form oligomer. The surface-active oligomers can act as surfactant and
self-assemble into micelles. The advantage of this method is that the micelle concentration is
low and all the micelles grow at same rate, which result in more monodisperse polymer
particles [35-36].

In the current study, monodisperse PMMA particles were fabricated with SFEP. Potassium
peroxydisulfate (K,S;0g) was selected as water-soluble initiator. The surface of PMMA
particles is negatively charged with sulfate group (Figure 2.5, formed by the decomposition of

K2S,0g), as a result, the particles are ionically stabilized.
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Figure 2.5: Reaction mechanisms of surfactant free emulsion polymerization

The glass transition temperature (T4) is an important property for the synthesized polymer
particles. T4 is defined as the temperature where an amorphous material transitions from a
hard, glassy material to a soft, flexible material [37]. When the temperature of a polymer is
below the Tg, polymer chains are rigid and therefore their mobility is restricted, causing the
material to be hard or brittle. As the temperature rises above Tg, the polymer chains gain a
higher degree of mobility, therefore the material becoming soft and flexible. It is necessary to
investigate these different thermal behaviors of the synthesized polymer particles before using
them as template materials for inverse opal structures. More details are discussed in the
section 2.2.2.

Once the polymer spheres have been synthesized, the next step is to deposit the spheres onto a
substrate. Various methods, including sedimentation [38, 39], vertical deposition [40-42]
spin-coating [43-45], dip-coating [46-50], drop-casting [51-54], etc, have been developed for

the assembly of the monodisperse particles into highly ordered structure.

In this work drop-casting was used to produce thick, ordered PMMA opal films. The
advantages of this method are the easy handling of the process and the relatively easy control
of the drying conditions. Figure 2.6 shows the corresponding mechanism of the crystallization

process.



evaporation

Figure 2.6: Schematic view of the crystallization process by drop-casting

Water droplets containing PMMA particles are deposited on glass substrates to fabricate
ordered opal films. Here, the crystallization is initially driven by strong capillary attraction
caused by the evaporation of water; other effects like Brownian motion or electrostatic
repulsion also play an important role [55]. This process inevitably leads to uneven film
surface (coffee ring effect), which is a consequence of the competition between the assembly
rate and deposition rate of the colloidal particles [51]. Therefore, it is necessary to finely
adjust the factors that influence the evaporation process (e.g. evaporation temperature,
concentration of the colloidal dispersion, type of substrate, etc) to produce ordered opal

structures.

2.2.2 Synthesis of metal oxide inverse opal structures

Colloidal crystal templating approach is the most common synthetic method to produce metal
oxide inverse opals [30, 56-68]. This method is based on templated precipitation of inorganic
precursors within a colloidal crystal of polymer spheres and subsequent chemical conversion.
The process of this technique mainly involved four steps (see Figure 2.7): (1) a colloidal opal
template is fabricated using monodisperse polymer particles, (2) the voids of the polymer
template are filled with liquid metal oxide precursors, (3) the fluid precursor are then
solidified in the template pores, and (4) an ordered metal oxide inverse opal is produced after

removing the polymer template by calcination.

2R 4
> SO0 SR~
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Figure 2.7: Schematic procedure used to fabricate metal oxide inverse opals
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The prerequisite for successful replication of the polymer template is that the precursor
material in the template voids must be as completely networked as possible to avoid
collapsing during the calcination process. For this purpose, the fluid precursors should wet the
polymer spheres well so that they can fully penetrate into template pores. In addition, the
precursor material should have a high solubility in the solvent to maximize the amount of

precursor loading.

Another key point of this templating method is the design of the precursor solidification
process. Solidification techniques can be classified into a few categories, such as precipitation,
chemical reaction, sol-gel transformation [61, 64], photodecomposition [69], etc., in terms of
precursor type. The formation of a stable precursor network is of great necessity to obtain a
well-ordered inverse opal structure [63]. As mentioned in the last section, polymer templates
will lose their structural integrity at their glass transition temperatures (Figure 2.8 route (a))
and, if not stabilized properly, disordered arrangement will present at higher temperatures
(Figure 2.8 route (b)). In these cases, only low ordered or disordered inverse opal structures
can be obtained.

> TS

(b)

\ /,—\( E‘X (
— VAL<4 ® a

Figure 2.8: Solidification of precursors in low ordered template matrix (a) and in disordered template

matrix (b)

As an alternative to solidification of precursor after infiltration, precursor solutions containing
metal oxide nanoparticles can be directly infiltrated into the polymer opal template (Figure
2.9), and therefore, no further solidification procedures are needed during the calcination
process [70-71]. The use of metal oxide nanoparticles enables dense packing within the
interstitial volume of polymer template and thus reduces crack formation caused by the

volume shrinkage of the inverse opal structure.
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Figure 2.9: Schematic procedure of fabricating metal oxide inverse opals by nanoparticles infiltration
(black points indicate metal oxide nanoparticles)

2.3 Optical sensing based on metal oxide inverse opals

Metal oxide inverse opals are a suitable transducer for many sensor applications. As
mentioned in section 2.1, the change of effective refractive index of the metal oxide inverse
opals will cause a shift of their corresponding reflection peak position (photonic band gap).
This shift can be evaluated as an optical sensor signal. In this present work, three strategies
were applied to change the effective refractive index of the inverse opals: (i) introducing
chemical analytes in the pores of inverse opals (section 2.3.1); (ii) adsorption of a substance
on the wall materials (section 2.3.2); (iii) gas reaction induced optical absorption (section
2.3.3).

2.3.1 Fluids sensing mechanism

The effective refractive index of inverse opals can be calculated according to the following
equation [72, 73]

where ng and n, (= 1) are the refractive index of the solid phase and the air phase in the pores
of inverse opals, respectively, and f; and f,,(= 1 — f;) are the volume fractions of these two

respective phases.

According to Equation 2.4, when the air inside the void space of the inverse opals is replaced
by a liquid-phase analyte with higher refractive index, such as acetone (ngcerone = 1.359
[74]), deionized water (n,,qter = 1.333 [75]), ethanol (netpanot = 1.361 [76]) or isopropyl
alcohol (Nisopropy aiconot = 1.379 [77]), the effective refractive index of the inverse opals

increases, which can be observed as peak shifts in the corresponding reflection spectra. Based
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on this principle, metal oxide (WO3) inverse opals were applied to detect the fluids mentioned

above.

2.3.2 Water temperature sensing mechanism

Thermo-responsive  block  copolymer  poly(diethyl-4-vinyl-benzyl-phosphonate-b-N-
isopropylacrylamide) (P(DEVBP-b-NIPAAmM)) is infiltrated into the pores of WOs; inverse
opals to test the optical sensing property for water temperature. P(DEVBP-b-NIPAAM)
consists of two polymer blocks. The PDEVBP blocks are adsorbed on the inner surfaces of
the inverse opals (through hydrogen bond with phosphonate anchor groups [78]) with
PNIPAAmM blocks forming the corona (Figure 2.10).

— /‘t;“{"/t’ {([t’“~{ 'L’?{ t; —

|
q({ & C;“‘{/C,\{ C'({Q t_'{" A
Y Xty J( <4 "({ {f-

Figure 2.10: Temperature responsive block copolymer (blue) adsorbed on the inner surfaces of inverse

opal pores

The critical solution temperature (T;) of P(DEVBP-b-NIPAAmM) is 30 °C [79], which

indicates two different desorption behaviors after washing with different temperature water:

(i) Water temperature < 30 °C: the block copolymer is hydrated and dispersed in water

(desorbed from the oxide surface)

(if) Water temperature > 30 °C: the block copolymer is dehydrated and the interaction of the
adsorbed polymers with the oxide surface becomes stronger due to intermolecular attractive
forces (block copolymer remain adsorbed on the oxide surface)

In the case of water temperature lower than 30 °C, the desorption of the block copolymer
induces a localized refractive index variation of the wall materials, which can be directly
observed as color transition and enables a fast and easy method to detect water temperature

limit.
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2.3.3 H; sensing mechanism

Another strategy to modify the effective refractive index of the metal oxide inverse opals is
based on gas reaction induced change of the optical absorption. For common semiconducting
metal oxides, gas reactions usually lead to electrical property changes (e.g. conductance).
Theoretically, since the microscopic electrical and macroscopic optical properties are closely
related, the semiconducting metal oxides are also expected to exhibit gas-induced optical

changes [80].

According to relevant studies, some metal oxides (e.g. Co3O, [81], TiO, [82], SnO, [82], and
WO; [83-86]) displayed optical responses to various gases, however, the optical responses
were weak compared with their electrical responses. Among these examples, transmission [81,
82, 84, 85] or reflection [83, 87] are measured for materials of different structures, including
unstructured thin films [81, 83], nanoparticles [82] and photonic crystals [85, 86]. In spite of
the differences, the optical response of metal oxides was found to be always relying on the
gasochromic effect, with a typical example being H, induced optical constant variation of
WOQOj3 [83-90]. While several studies are conducted for this effect for amorphous WO3 [91, 92],
the mechanism of free carrier absorption is widely accepted for crystalline WO3 which is also
the subject material in the current study. The chemical process of this absorption effect can be
explained by the double injection model [89, 92]

WO3; + xe™ + xH* = H,WO; (2.5)

where the protons (H") dissociated from H, gas on metal catalysts and the accompanied free
electrons (e") are injected into WO3 to form a more absorbing material called hydrogen
tungsten bronze (HWO3). As sketched in Figure 2.10, H, serve as doping agent and cause the
free electrons to move into the conduction band of the n-type WO3 [80, 92]. The presence of
free carrier electrons gives rise to new absorption mechanisms, which is the predominant

origin of the effective refractive index change. The general principles are discussed below.
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Figure 2.11: Sensing mechanism of WO3/H, system

If light with a frequency w scattered on the “doped” WOs3, the dispersion and refraction of

light can be described by the complex refractive index (n.(w)) through
n.(w) = n(w) + ik(w) (2.6)

Where the real part n(w) is the average refractive index of the material and imaginary
part k(w) is the extinction coefficient. k(w) is directly related to the absorption coefficient

(a) with following equation

o = 4tk (w)

9 @)

Where A is the vacuum wavelength of the light.
The refractive index is related to its relative permittivity e, through
n=+e (2.8)

This indicates that if n is complex, then e, must also be complex. Therefore the complex

relative permittivity €.(w) can be written as
ec(w) = 6(w) +ie(w) (2.9)

Where €, (w) and €,(w) representing the real and imaginary part of the complex relative

permittivity.

Based on Equation 2.7, 2.8 and 2.9, the relationships between the real and imaginary parts of

the complex refractive index and complex relative permittivity are
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€1(w) = n(w)? — k(w)? (2.10)
€, = 2n(w)k(w) (2.12)

and

n(@) = % (6@ + (@ @? + @)Y (2.12)

k(@) = 5 (—61() + (€ (@7 + &(@))? (2.13)

These analyses show that n.(w) and €.(w) are not independent variables. n(w) and k(w) can

be calculated from €, (w) and €, (w), and vice versa.

Back to the discussion of the effect of free electrons, as mentioned before, for n-type WO3; the
gas induced free electrons moving into its conduction band, the corresponding optical
properties can be explained by classical Drude model using following equation

e(w) =€ (w) +ie(w) = €6 — @p” (2.14)

iwy+w?

and €; (w) and €, (w) are defined as

2
Wp

€1(w) = € — e (2.15)

() = =22 (2.16)

w3+wy?

In the equations above, €, is the background permittivity at high frequency, y is the damping
coefficient and w,, is the plasma frequency. w, is related to the free electron density Ng,.., and

the effective conduction-band mass m through

_ Nfreee2
wy = ’—Eom (2.17)

Where e is the electronic charge and €, = 8.854 x 10712 As/Vm is the permittivity of free

space.

According to Equation 2.17, 2.16, 2.11 and 2.7, the increase of the free electron density Nfqe
eventually leads to the increase of absorption coefficient, which demonstrates the direct

correlation between the electrical and optical properties of the “doped” WOs;.

15



On the basis of the Drude model, Figure 2.12 illustrates the relationship between the
refractive index and extinction coefficient (proportional to absorption coefficient) of WO3/H;
system. It is obvious that, the free carrier absorption lead to a strong dispersion of refractive
index of WO; after reaction with H, and the effect becomes stronger when the hydrogen
concentration increased. Based on this deeper understanding, a series of WOj3 inverse opals
with different photonic band gap positions were examined to maximize the optical response

(reflection peak shift) towards H,.

c
= = low hydrogen content
10 — high hydrogen contenf]
2'0 = = low hydrogen content
' — high hydrogen content
v

500 1000 1500 2000 2500 3000
wavelength [nm]

Figure 2.12: Relationship between refractive index n and extinction coefficient k of WO, after exposed

to H, (Estimated based on Drude model)

16



3. Experiment
3.1 Synthesis of polymer opal structures
3.1.1 Synthesis of PMMA particles

Monodisperse PMMA particles were prepared by surfactant-free emulsion polymerization
[33]. Following a standard synthesis procedure, a two-necked flask was placed in an oil bath
at 100 °C, charged with 400 mL deionized water and sealed with a septum prior to being
flushed with N, for 2 h. Subsequently, 21.3 mL methyl methacrylate (MMA, 0.5 mol-L™) and
0.57 mL ethylene glycol dimethacrylate (EGDMA, 1.5 mol% based on MMA) were slowly
injected in water and stirred for 20 minutes. To start the polymerization, an aqueous solution
of potassium persulfate (K;S,0g, 27 mg dissolved in 1 mL water) was added to the mixture
and stirred for another 2 h at 100 °C. Afterwards, the flask was opened to stop the
polymerization and the remaining monomer was evaporated overnight. For purification the

white solution was filtered using a standard paper filter to remove the large agglomerations.

In this work, the diameter of PMMA particles was varied by multiple additions of the
monomer MMA and cross-linking agent EGDMA. The detailed reaction conditions are
indicated in Table 3.1.

Table 3.1: Reaction conditions for variation of PMMA particle size

Concentration of  Volume of Volume of Mass of Reaction

MMA (mol-L") MMA (mL) EGDMA (mL) K;S,05 (mg) time (h)
PMMA-0.5M 0.5 21.3 0.57 27 2
PMMA-1.25M 1.25 21.3 0.57 27 2
32 0.86 40 2
PMMA-2.5M 2.5 21.3 0.57 27 2
42.6 1.14 54 2
42.6 1.14 54 2
PMMA-3.5M 3.5 21,3 0.57 27 2
42.6 1.14 54 2
42.6 1.14 54 2
42.6 1.14 54 2
PMMA-5M 5 21,3 0.57 27 2
42.6 1.14 54 2
42.6 1.14 54 2
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42.6 1.14 54 2
64 1.70 81 2

3.1.2 Synthesis of PMMA opals

PMMA particles were then applied to crystallize into PMMA opals by using a simple drop
deposition method. In order to prevent any potential interaction between particles, all the
PMMA dispersion was first diluted to 5 wt%. Then a drop of 40 uL PMMA dispersion was
deposited onto a cleaned glass substrate (with acetone and ethanol) and dried at 60 °C for
5 min. In addition, nitrocellulose membrane was also taken as substrate to generate thicker
PMMA opals. The optical properties of the opals were investigated with reflectance

spectroscopies.

3.2 Synthesis of metal oxide inverse opal structures

In this work metal oxide inverse opals of CeO,, CuO, Cr,03, Fe;03, Ga;03, In,03, SNO,, TiO,,
WOj3; and ZnO were fabricated using the colloidal crystal templating method. Among them,
Ce0,, CuO, Cr,03, Fe,03, Ga,03, In,03 and ZnO inverse opals were synthesized through
infiltration of PMMA opals with an ethanol solution of respective metal nitrate. To prepare
SnO,, TiO,, WO3 inverse opals, tin(IV) chloride pentahydrate (SnCly-5H,0), titanium(I1V)
butoxide (Ti(OCH,CH,CH,CHgz),) as well as ammonium metatungstate hydrate

((NH4)eH2W12040-xH,0) were used as metal oxide precursors respectively.
3.2.1 Pure metal nitrates as precursors

All of the metal nitrates were dried under vacuum previous to preparing the precursor solution.
The concentrations of metal nitrates have been studied in the range of 30 - 50 wt%. In a
standard synthesis procedure, respective metal nitrates (Table 3.2) were first dissolved in
absolute ethanol to obtain 30 wt%, 40 wt%, 50 wt% precursor solution. Then, 2 pL of the
precursors were carefully dropped on the surface of PMMA opals and dried at room
temperature to remove the solvent. The drying conditions related to the hygroscopicity of the
precursor. For high hygroscopic metal nitrate like copper nitrate, indium nitrate and zinc
nitrate, a second drying process at 60 °C is necessary to further remove the residual solvent.

The details about drying conditions are given in Table 3.2. After the solvent was dried out, the
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resulting composite was calcined in an ashing furnace at 350 °C with a rising rate of

1 °C-mint. This temperature was maintained for 2 h to complete remove the PMMA template.

Table 3.2: Inverse opal synthesis conditions with pure metal nitrates as precursors

precursor drying condition

CeO, Ce(NQO3),-6H,0 in ethanol 40 °C (24 h)

CuO Cu(NO:s),-2.5H,0 in ethanol room temperature (24 h), then 60 °C (72 h)
Cr,04 Cr(NOs)3-9H,0 in ethanol room temperature (24 h)

Fe,04 Fe(NO3);-6H,0 in ethanol room temperature (24 h)

Ga,03 Ga(NO3);-xH,0 in ethanol 40 °C (24 h)

In,O3 IN(NO3z)3-xH,0 in ethanol room temperature (24 h), then 60 °C (72 h)
Zn0O Zn(NQ3),-6H,0 in ethanol room temperature (24 h), then 60 °C (72 h)

3.2.2 Modified metal nitrate as precursors

3.2.2.1 Organic chelating with citric acid

In the preparation of CeO,, CuO and ZnO precursors, citric acid was added into their metal
nitrate ethanol solution and stirred for 2 h at room temperature. The concentrations of the
citric acid as well as respective metal nitrates are indicated in Table 3.3. Subsequently, 2 uL
of the precursor were infiltrated into PMMA templates as mentioned before. The composite
film was dried at room temperature overnight and then converted into desired metal oxide at
350 °C for 2 h with a heating rate of 1 °C-min™.

Table 3.3: Concentration of citric acid and metal nitrate for preparation of the modified metal nitrate

precursors

precursor

CeO, Ce(NO3),-6H,0 (0.43 g, 1 mmol) + citric acid (0.19 g, 1 mmol) in 1.27 mL ethanol
CuO Cu(NOs),-2.5H,0 (0.23 g, 1 mmol) + citric acid (0.19 g, 1 mmol) in 0.68 mL ethanol
Zn0O Zn(NQ3),-6H,0 (0. 30 g, 1 mmol)+ citric acid (0.19 g, 1 mmol) in 0.89 mL ethanol

3.2.2.2 Sol-gel polymerization of TEOQS

To synthesize ZnO inverse opal, another precursor solution was derived from mixing
Zn(NO3),-6H,0 (0. 30 g, 1 mmol) and citric acid (0.19 g, 1 mmol) into a mixture of 0.5 mL
ethanol and 0.5 mL H,0. Afterwards, a small quantity of TEOS was dropped into the mixture
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and stirred for 2 h at room temperature. The amount of TEOS varied from 0.5 vol% to
10 vol%. Then the prepared precursor solution was used to infiltrate into the pores of PMMA
templates. After completely drying (room temperature overnight), the samples were heated to
350 °C at a rate of 1 °C-min™* and kept for 3 h to remove the PMMA template.

3.2.2.3 Polyacrylamide gelation

Another strategy to produce ZnO inverse opal is the polyacrylamide gelation method.
According to this method, Zn(NO3),-6H,0 (0. 30 g, 1 mmol) was first dissolved in 0.89 mL
absolute ethanol. Then acrylamide (0.14 g, 2 mmol) and bisacrylamide (0.06 g, 0.4 mmol)
were added into the precursor solution, followed by adjusting the pH value to 3 with aqueous
ammonia. After stirring for 2 h, 2 uL of this mixture were infiltrated into PMMA templates.
Then, in an ashing furnace the composite was heated to 80 °C for 2 h to initiate the
polymerization [93] and dried at 120 °C for another 2 h. Finally, the calcination temperature
was increased at a rate of 1 °C-min™ to 500 °C and maintained for 2 h to remove the obtained
polyacrylamide xerogel and yield ZnO inverse opal structure.

3.2.3 Synthesis of SnO; inverse opals

In order to prepare SnO; precursor, SnCls-5H,0 (0.19 g, 0.54 mmol) was dissolved in a
mixture of 0.3 mL H,0 and 0.03 mL absolute ethanol (Vwater: Veton=10:1). Then, the mixture
was stirred for 30 min at room temperature. The prepared precursor solution was used to
infiltrate into PMMA template at 60 °C. When the infiltration was complete, the sample was
dried at room temperature for 24 h. Finally, the resulting composite was calcined in air at
500 °C for 4 h with a rising rate of 0.5 °C-min™.,

3.2.4 Synthesis of TiO; inverse opals

TiO; inverse opals were synthesized from a mixture of 0.04 mL titanium(IV) butoxide,
0.12 mL ethanol and 0.04 mL concentrated hydrochloric acid (HCI). The mixture was stirred
at room temperature for 30 min prior to infiltrate into PMMA opals. Subsequently, 2 uL of
the precursor were dropped on the PMMA templates and left to dry in air at room temperature
for 15 min, followed by drying at 50 °C overnight. Finally the samples were heated to 500 °C
at 1 °C-min™*and held for 2 h.
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3.2.5 Synthesis of WO3 inverse opals

To fabricate WO3 inverse opals, ammonium metatungstate hydrate (0.20 g, 0.07 mmol) was
dissolved in 0.08 mL deionized water. Then, 0.02 mL of this solution were diluted in a
mixture of 0.08 mL ethanol and 0.02 mL water. A droplet of this prepared solution (0.002 mL)
was deposited on the surface of PMMA template and filled into spherical voids owing to
capillary forces. After infiltration, the sample was dried at 60 °C for 3 h. Finally, the resulting
composite was calcined in air at 400 °C with a rising rate of 0.5 °C-min™’. This temperature
was maintained for 5 h to remove the PMMA template completely.

The obtained WO3 inverse opals were used to test the optical gas sensing property towards H,
(section 3.3.9). In order to enhance the decomposition rate of H,, the samples were loaded
with platinum (Pt) before measurements. First, 0.05 g hexachloroplatinic acid (H,PtClg) were
dissolved in 0.10 mL deionized water. Then, 0.002 mL of this aqueous solution was carefully
dropped on the surface of inverse opals and subsequent thermally converted in air (300 °C,
0.5 °C-min™, 2h).

3.3 Characterization Methods

3.3.1 Dynamic Light Scattering

The diameters of PMMA spheres were determined by dynamic light scattering (DLS) on a
Zetasizer Nano S90 from Malvern. A drop of PMMA dispersion was diluted with deionized

water to form a clear solution before measurements.
3.3.2 Powder X-ray Diffraction

Powder X-ray diffraction (P-XRD) was carried out on a Bruker D8 Advance diffractometer
using a Cu K, target with a wavelength of 1.54 A. The measurements in the wide-angle region
(20 ° - 80 °) were taken for the determination of the crystal structure of the synthesized
inverse opals. For preparation, the sample (on the glass substrate) was carefully placed on a

sample holder and fixed using scotch tape.
3.3.3 Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) was conducted on a Bruker Vertex 70

spectrometer, installed with a Bruker Hyperion 1000 microscope system. The reflection of
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samples was collected over the range 400 — 1000 nm (visible area) or 800 — 2000 nm (near-
infrared (NIR) area). Xenon light source, Si-diode D510 detector and 4x magnification
refraction objective were employed to perform measurement in the visible range, whereas
tungsten light source, mercury cadmium telluride detector and 36x magnification refraction

objective were utilized in the NIR range.
3.3.4 Scanning Electron Microscopy

Scanning electron micrographs (SEM) were recoded with Neon 40 from Zeiss. For sample
preparations, all the inverse opals were adhered to the aluminum sample holder and sputtered
with gold and palladium (4 nm in thickness) before measurement. The PMMA diameters, the
pore size of inverse opals and the microstructure of all samples were then verified utilizing

SEM images.
3.3.5 Thermogravimetric Analysis

The thermal decomposition behavior of PMMA particles and PMMA/metal nitrate
composites were characterized with thermogravimetric analysis (TGA). The measurements
were carried out under O2/N; flow (Vy,: Vy, = 20 : 80) with TGA/SDTA851 from Mettler
Toledo. The ion currents were measured by a connected Pfeiffer Vacuum OmniStar mass
spectrometer. The heating program was from room temperature to 500 °C with a heating rate
of 1 °C-min®. Onset temperatures were determined from the combined derivative
thermogravimetry (DTG) curves and mass spectrometry (MS) signals. The powdery samples
of PMMA/metal nitrate composites were collected from 40 synthesized films (prior

calcination).
3.3.6 Differential Scanning Calorimetry

The glass transition temperature of synthesized PMMA particles was determined by
differential scanning calorimetry (DSC). The measurement was taken under nitrogen (N>)
atmosphere with DSC 204 F1 Phoenix from Netzsch. The heating rate was 10 °C-min™. The
glass transition temperature obtained from second heating run and determined as the
temperature at the inflection point of the change in heat flow. Before measurement the

PMMA powders were dried in vacuum overnight.
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3.3.7 Fluids Sensing Measurements

The fluids sensing measurements were carried out in ambient air at room temperature.
Different fluids including acetone, ethanol, isopropyl alcohol and water were successively
applied by placing a drop on the top surface of WO3 inverse opals. The reflection spectra of
WO; inverse opals before and after introducing each fluid were measured with fourier-

transform infrared spectroscopy (FTIR).
3.3.8 Water Temperature Sensing Measurements

Each 5 pL aqueous solution of poly(diethyl-4-vinyl-benzyl phosphonate-b-N-
isopropylacrylamide) (P(DEVBP-b-NIPAAM), 32 mg-mL™) was carefully dropped onto the
surface of three WOj3 inverse opals and filled into the air-containing pores due to capillary
forces. The infiltrate samples were dried at room temperature for 24 h and subsequently
washed with 2 mL 20 °C, 40 °C and 60 °C water, respectively. The optical reflection of WO3
inverse opals before adsorption, after adsorption and after washing with different temperature

water were characterized with fourier-transform infrared spectroscopy (FTIR).
3.3.9 H; Sensing Measurements

The H; sensing measurements of the WO3 inverse opals were performed in a custom-built

mobile gas sensing setup (Figure 3.1).

closed gas cell with a

transparent glass window

light source

spectrometer

Figure 3.1: Photograph of the mobile gas sensing setup

To measure the reflection of samples krypton light source (ecoVis, Ocean Optics) was used.

The light first passes through a beam splitter, with the focus placed on the surface of the
23



sample. The reflected light passes through the beam splitter as well before return to the
spectrometer. Two different dispersive CCD spectrometers flame (from Ocean Optics) and
AvaSpec-USB2 (from Avantes) were involved to record the in-situ reflection spectra in the
visible and near IR areas, respectively. In the closed gas cell, the WOj3 inverse opal (on glass
substrate) was placed on a ceramic heater to measure the sensing properties at 140 °C. The
test gas is H, in Nj, whose concentration ranging from 0.1 vol% to 1 vol%. After each H,-
pulse, the gas cell was flushed with synthetic air to allow the regeneration and then with pure

N to prepare the next H,-pulse.

The H, sensing performance was also tested in an open system at 200 °C. In this measurement,
H, in N, was used as text gas, the concentration of H, varied from 0.3 vol% to 10 vol%. After

the exposure of test gas, pure N, was introduced to facilitate the regeneration of WOs3.
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4. Results and Discussion
4.1 Polymer opal structures

411 PMMA particles

The optical quality of the PMMA opals is highly influenced by the monodispersity of the
PMMA spheres used to grow colloidal photonic crystals [94]. In this present work,
monodisperse PMMA spheres were synthesized by surfactant free emulsion polymerization

and the particle sizes were adjusted by the variation of the monomer (MMA) concentration.

Table 4.1: Effect of MMA concentration on the diameters and polydispersity of PMMA spheres

PMMA- PMMA- PMMA- PMMA- PMMA-
0.5M 1.25M 2.5M 3.5M 5M
MMA concentration 0.5 1.25 2.5 3.5 5
(mol-L™)
diameters of PMMA (nm)® 315 432 536 583 655
diameters of PMMA (nm)b 298+5 425+7 502+9 572+8 644+6
polydispersity (PDI)? 0.004 0.025 0.015 0.040 0.088

? Determined by dynamic light scattering (DLS); ® Determined by scanning electron microscopy (SEM)

The diameters of the synthesized PMMA particles are listed in Table 4.1. The values were
characterized by both DLS and SEM. With DLS, the diameters were measured using a
diluted PMMA dispersion. With SEM, 100 PMMA particles were taken from each SEM
image. The mean value and the standard deviation of the diameter were then calculated. As
expected, the diameters measured by DLS are larger than the diameters from SEM. The
differences reflect the fact that SEM only measures the diameters of the individual particles,
while DLS measures the hydrodynamic diameter, which also involves a hydrate shell.
Therefore, the values obtained by DLS are always greater than the actual diameters of PMMA
particles. The monodispersity of the PMMA particles can be gauged from the polydispersity
index (PDI) obtained by DLS. PDI is defined as the standard deviation (o) of the particle
diameter distribution divided by the mean particle diameter (D)

PDI=2  (41)

25



Larger PDI values correspond to a larger size distribution of the particles. Samples with PDI
value less than 0.1 [95] can be considered as monodisperse. From the PDI values given in
Table 4.1, it is apparent that each synthesized PMMA sample is monodisperse and thus

suitable for making high quality artificial opal structures.
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Figure 4.1 The relationship between the MMA concentration and the diameters of PMMA particles
(from DLYS)

The monomer concentration is obviously one of the variables that directly influence the
particle size. From Figure 4.1, the diameter of PMMA particle increases with successively
increasing MMA concentration. By changing the monomer concentration from 0.5 mol-L™ to
5 mol-L™, the diameters of PMMA particles can be adjusted from 315 nm to 655 nm. In the
two-stage emulsion polymerization the initially formed PMMA particles act as seed particles
and the latter added monomer continually grow polymeric chain on the particle surface. The

growth of the polymer particles stops when all monomer droplets are consumed.

It can be seen that, if the MMA concentration is lower than 2.5 mol-L™, the resulting particle
sizes increases almost linearly with the monomer concentration. This means that all the later
added monomer reacts at the surface of the initial PMMA particle and contributed the
increase in particle size as the polymerization proceeds. However, the growth of particle size
slows down with further increasing the MMA concentration. In this case, in addition to

continuing polymerize onto the initial PMMA particles, new particles were also created in the
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water solution. This is confirmed by the results from SEM (see Figure 4.2 (d) and (e)), where

small PMMA particles also exist.

Besides that, the addition of new initiator is also important for particle enlargement [96]. The
initiator K,S,0g (or rather SO4") acts as ionic stabilizer at the particle surface. During the
polymerization, particles tend to aggregate with other particles if they don’t have sufficient
SO, end groups to maintain stable. Since rapid aggregation may lead to particles with
different sizes, additional initiator has to be applied to produce larger monodisperse PMMA
particles.

In my previous work, PMMA particles larger than 700 nm can be obtained at MMA
concentrations higher than 5 mol-L™. But the ionic stabilization with SO4 is no longer
possible. Aggregation takes place and results in a broader size distribution. These particles are

therefore not suitable for colloidal crystal construction.

Beside monomer concentration, two alternative variables can also be applied to increase the
PMMA particle size: either using lower reaction temperature [97] or adding other steric
stabilizer (e.g. Poly(N-vinylpyrrolidone) [98]). At a lower reaction temperature, the MMA
monomer needs more time to completely polymerize, allowing polymer chains to grow larger
before forming spherical particles [97]. By adding other steric stabilizer, particles of larger
sizes will be stabilized which favors the particle growth rather than aggregation or forming
new spherical particles.

4.1.2 PMMA opals on glass substrates

The as synthesized PMMA particles were then used to crystalize into PMMA opals on
cleaned glass substrates. The structural orders were analyzed by scanning electron microscopy.
Figure 4.2 shows the SEM images of PMMA opals fabricated with different sizes of template
particles. In all cases, regular arrangements of spherical particles are observed and in each

PMMA opal the template spheres have highly uniform particle sizes.
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Figure 4.2: SEM images of PMMA opals with different pore sizes: (a) 298 nm, (b) 425 nm, (c) 502 nm,
(d) 572 nm and (e) 644 nm; The diameters were obtained by measuring 100 particles in each sample
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Figure 4.3: FTIR spectra of PMMA opals with different sizes of template particles

To analyze the optical property of these inverse opals, their reflection spectra were measured
by fourier-transform infrared spectroscopy. The measured reflection spectra show well
defined peaks with the maximum peak position varied from visible to near-IR range (see
Figure 4.3). Table 4.2 summarizes the band gap positions and the diameters of corresponding
template particles.
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Table 4.2: Summary of the band gap position of PMMA opals and the diameters of corresponding

PMMA particles
PMMA.- PMMA.- PMMA- PMMA.- PMMA-
0.5M 1.25M 2.5M 3.5M 5M
diameters of PMMA particles 298+5 4257 502+9 57248 644+6
(nm)°*
band gap position of PMMA 635 781 990 1353 1538
opals (nm)

? Determined by scanning electron microscopy (SEM)
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Figure 4.4: Relationship between the band gap position of PMMA opals and the diameters of
corresponding PMMA particles

Based on the data from Table 4.2, the relationship between the band gap positions of PMMA
opals and the diameters of corresponding PMMA particles are revealed. It is obvious that the
maximal reflection peak positions of the PMMA opals shift to longer wavelengths when the

diameters of template particles increase (Figure 4.4).

In summary, the monomer concentration can be adjusted to produce monodisperse PMMA
spheres of average diameter from 298 nm to 644 nm (determined by SEM). Using the
synthesized PMMA particles, the maximal reflection peak position of resulting PMMA opals
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varied from 635 nm to 1538 nm. These PMMA opals were later used for fabricating metal

oxide inverse opals with different photonic band gap positions.

4.1.3 PMMA opals on nitrocellulose substrates

Nitrocellulose substrates with hydrophobic surface were also used to produce high quality
PMMA opals. As shown in Figure 4.5, a gently deposited PMMA drop has higher contact
angle on hydrophobic surface (nitrocellulose substrate) than on less hydrophilic surface (glass
substrate). Consequently, a thick PMMA opal film (ca. 1 mm) was obtained on a

nitrocellulose substrate (see Figure 4.6 right).

) ) PMMA dispersion
© PMMA dispersion (8]

glass substrate nitrocellulose membrane

Figure 4.5: Contact angle © of a drop of PMMA dispersion on a glass substrate (left), and on a

nitrocellulose substrate (right)

Figure 4.6: Photo of a nitrocellulose substrate (left) und a PMMA opal deposited on the nitrocellulose
substrate (right, PMMA size: 315 nm)

Figure 4.7 shows the microscope pictures of the PMMA opal on nitrocellulose substrate as
well as the sample on the glass substrate for comparison. Both PMMA opals display strong
red opalescence, but the sample prepared on the nitrocellulose substrate exhibit larger domain
(less cracks) compared to the sample prepared on glass substrate. This is consistent with the
results from fourier-transform infrared spectroscopy (see Figure 4.8), where the PMMA opal

on the nitrocellulose substrate has twice the reflectance of the sample on glass substrate.
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Figure 4.7: Microscope pictures of PMMA opal deposited on a glass substrate (left) and on a

nitrocellulose substrate (right)
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Figure 4.8: FTIR spectra of PMMA opal deposited on different substrates

The synthesized PMMA opals were then applied to fabricate metal oxide inverse opals using
crystal templating method. Although the samples prepared on nitrocellulose substrate have
higher reflectance (better opal qualities), the nitrocellulose itself is unstable at a temperature
higher than 200 °C [99] and therefore not suitable for thermal conversion of precursor

material. So the samples prepared on the glass substrates are used as opal templates.

31



4.2 Metal oxide inverse opals

As mentioned in the introduction, to obtain highly ordered inverse opals, several requirements
should be satisfied by both the solvent and precursor (see 2.2.2). First, the liquid precursors
should wet the PMMA spheres well so that they can fully penetrate into the void of templates
through capillary force. In addition, the precursor material should have a high solubility in the
solvent to increase the amount of precursor loading. In the synthesis of CeO,, CuO, Cr,0s,
Fe, 03, Ga,0s3, In,03 and ZnO inverse opals, respective metal nitrate ethanol solutions were
chosen as starting materials because of their high solubility and good wettability. The
infiltration and processing conditions differ from precursor to precursor and need to be
optimized according to different solvent/precursor natures. In the next section, synthesis of
Ga,03 inverse opal was used as an example to explain how the precursor concentration,
drying condition and thermal conversion temperature affect the optical property of the
resulting inverse opals. Here PMMA opals with sphere size of 502 nm (from SEM) served as

crystal templates.

4.2.1 Pure metal nitrate as precursors
4.2.1.1 Ga,03

Precursor concentration
o/ |

(/
L LA

Figure 4.9: Microscope pictures of Ga,Os inverse opal: precursor prepared with 30 wt% gallium

nitrate (a), 40 wt% gallium nitrate (b) and 50 wt% gallium nitrate (c)
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Figure 4.10: FTIR spectra of Ga,0s inverse opal: precursor prepared with different gallium nitrate

concentration

To study the impact of precursor concentration on the optical property of the resulting inverse
opals, 30 wt%, 40 wt% and 50 wt% gallium nitrate ethanol solution were applied to form
Ga,03 inverse opals respectively. Figure 4.9 shows the microscope pictures of the resulting
Ga,03 inverse opals. All the samples display red opalescence and the opalescence becomes
brighter as precursor concentration increases. It is also observed that the inverse opal prepared
with 50 wt% precursor concentration exhibit the smallest crack area. The corresponding FTIR
spectra (Figure 4.10) show the similar result, where the reflectance increases with increasing

precursor concentration.

At lower concentration the precursor material did not fill the void space of PMMA template
completely, resulting in numerous vacancies in precursor network and large crack area (owing
to volume shrinkage) in the final inverse opal structure. In this work, 60 wt% gallium nitrates
were also tested to fabricate Ga,O3 inverse opal. However, this higher precursor concentration
made the precursor solution too viscous to penetrate the PMMA opal completely and the

resulting inverse opals did not show strong opalescence.
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Figure 4.11: Microscope pictures of Ga,0O; inverse opal: after infiltration sample dried at room
temperature (a), 40 °C (b), 60 °C (c) and 80 °C (d)
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Figure 4.12: FTIR spectra of Ga,0;3 inverse opal: precursor prepared with different drying temperature

The removal of precursor solvent from the void spaces of PMMA opal is also an important
step for forming highly ordered macroporous structure [100]. To investigate this process, after
infiltration with 50 wt% gallium nitrate precursor solution the composite sample was dried for
24 h at room temperature, 40 °C, 60 °C and 80 °C respectively. Figure 4.11 shows the
microscope pictures of resulting inverse opals. It is obvious that the sample dried at 40 °C and
60 °C has stronger red opalescence than the samples dried at room temperature or 80 °C. The
corresponding FTIR spectra (Figure 4.12) reveal that the peak position remains the same for
all inverse opals. But the maximum reflectance of the sample dried at 40 °C and 60 °C are

higher than the others.
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The residual solvent can form gas bubbles during thermal conversion process which creates
pressure in the opal pores and reduce the contact between precursor material and template
spheres. Meanwhile, the evaporation processes should be carried out under mild condition to
avoid premature damage of the regular arrangement of the PMMA spheres. In the synthesis of
Ga,03 inverse opal, it could be concluded that drying at 40 °C to 60 ° appeared to be most
appropriate for completely removing ethanol solvent without destroying the order of PMMA
spheres.

Thermal conversion temperature

Figure 4.13: Microscope pictures of Ga,0Oj3 inverse opal: calcined at 350 °C (left), 450 °C (middle) and

550 °C (right)
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Figure 4.14: FTIR spectra of Ga,0s inverse opal: calcined at different temperature

Thermal conversion process also play important role in the inverse opal synthesis. Figure 4.13
shows the microscope pictures of Ga,Oj3 inverse opal calcined at 350 °C, 450 °C and 550 °C

respectively. All the inverse opal display strong red opalescence. In the corresponding
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reflectance spectra, peak maximum slightly decrease and shift to lower wavelength with
increasing calcination temperature. This can be explained by larger structure shrinkage (lead
to smaller pore diameters) at higher calcination temperature.

Following criteria of final optical quality of the Ga,O3 inverse opals, 50 wt% gallium nitrate
ethanol solution, drying at 40 °C for 24 h and calcination at 350 °C were selected as the most
appropriate synthesis parameters. The optical data of the corresponding inverse opal are
summarized in Figure 4.15. In the SEM image, well-ordered macroporous structure can be
observed and the average center-to-center distance between two neighboring pores was
determined to 4065 nm, which was 19 % smaller than the diameters of the original PMMA
spheres. The measured reflection spectra exhibit well defined peak with the maximum
reflectance located at 671 nm, which is consistent with the red color appearance in the
corresponding photograph.
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Figure 4.15: SEM image (left) and FTIR spectrum (right) of Ga,Os inverse opal. Insets: photograph of

corresponding Ga,0Oj3 inverse opal

Similar to the synthesis of Ga,O3 inverse opal, the synthesis conditions for other metal oxide
inverse opals were also optimized systemically. PMMA opals with template spheres of
502 nm were applied as structure template. The optical data of the inverse opals with the best
quality (highest reflectance) will be presented.
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Figure 4.16: SEM image (left) and FTIR spectrum (right) of Cr,O5 inverse opal. Insets: photograph of

corresponding Cr,0s inverse opal

In the synthesis of Cr,O3 inverse opal, 40 wt% chromium nitrate ethanol solution, drying at
room temperature for 24 h and calcination at 350 °C were chosen as the most suitable
synthesis conditions. Figure 4.16 shows the corresponding optical data. It can be seen that, the
resulting inverse opal exhibits highly ordered macroporous structure with pore diameter about
372+7 nm. Due to volume shrinkage during calcination process, the final pore size is 26 %
smaller compared to the 502 nm template spheres. The reflection maximum is located at

690 nm and the sample displays red color in its corresponding photograph.
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Figure 4.17: SEM image (left) and FTIR spectrum (right) of Fe,Os inverse opal. Insets: photograph of

corresponding Fe,Os inverse opal
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For fabricating Fe,O3 inverse opal, 50 wt% iron nitrate ethanol solution, drying at room
temperature for 24 h and calcination at 350 °C were used as the optimized synthesis
conditions. The corresponding SEM image (Figure 4.17 left) reveals a well-ordered porous
structure with pore diameter about 385+8 nm. In the FTIR spectrum (Figure 4.17 right), the
band gap position (reflection maximum) is located around 690 nm, which is within the range

of the reflected wavelength of red light.
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Figure 4.18: SEM image (left) and FTIR spectrum (right) of In,O3 inverse opal. Insets: photograph of

corresponding In,Os inverse opal

In the synthesis of In,O3 inverse opal, 30 wt% indium nitrate ethanol solution, drying at room
temperature for 24 h followed by drying at 60 °C for 72 h and calcination at 350 °C were
applied to fabricate In,O3 inverse opal with highest reflectance. The corresponding optical
data are shown in Figure 4.18. It is observed that, the resulting inverse opal exhibit well-
ordered macroporous structure. The pore diameter is determined to 4008 nm, which is 20 %
smaller than the 502 nm PMMA spheres used for the template. The sample displays red
opalescence in its photograph and the measured reflection peak has maximum reflectance at
636 nm.
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4.2.1.5 CeO,, CuO and ZnO

Figure 4.19: SEM images of CeO, (left), CuO (middle), and ZnO (right) films which are prepared with

repective metal nitrate precursors

As shown in Figure 4.19, in regard to the synthesis of CeO,, CuO and ZnO, only disordered
macroporous films were formed employing the corresponding metal nitrates as precursors.
Their structure order could not be improved by changing the precursor concentration, drying
and calcination condition. The absence of ordered microstructure results into the loss of colors
compared to the other above-mentioned metal oxides inverse opals. As the metal nitrate
precursors are subjected to similar infiltration and drying procedure and no drastic changes of
materials are expected in these two processes, the poor optical quality of CeO,, CuO and ZnO
is probably related to the interplay of mechanical stability of PMMA template and the nitrate
precursors during thermal conversion process. One hypothesis for the formation of disordered
macroporous metal oxides can be that, the onset temperature for the phase transformation
from the soft metal nitrate melts into rigid metal oxide solids is higher than the temperature
required for PMMA glass transition and decomposition, and consequently leading to the
absence of rigid building blocks for the formation of ordered network of metal oxides.

4.2.1.6 Thermal behavior of PMMA particles and respective metal nitrates

In order to verify the hypothesis, differential scanning calorimetry (DSC) and coupled
thermogravimetric analysis - masse spectroscopy (TGA-MS) were performed for both metal

nitrate salts and PMMA template particles.
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Figure 4.20: Differential scanning calorimetry (DSC) results of PMMA spheres (left) and pure metal
nitrate salts (right)

Figure 4.20 shows DSC results of 502 nm PMMA spheres and pure metal nitrate salts. A
single glass transition temperature (Tg) at 132 °C can be found in the left DSC thermogram.
The glass transition temperature was determined as the temperature at the inflection point of
the change in heat flow. In the right DSC thermogram, each metal nitrate salts exhibits an
endotherm peak below 100 °C. This confirms that, melting and/or dehydration process occurs
at a relative lower temperature for all the metal nitrate salts, making their precursor network

unstable among adjacent PMMA voids.
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Figure 4.21: Thermogravimetric/derivative thermogravimetry (TG/DTG, top) and mass spectrometry

(MS, bottom) results of PMMA templates
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As shown in Figure 4.21, the thermal decomposition of PMMA particles used to form
structure template occurs in the temperature range of ca. 260 ° C to 350 °C, featured by the
corresponding complete mass loss in TG curve (black line in Figure 4.21), which is more
clearly depicted by the first derivative curve (DTG, red line in Figure 4.21). The mass loss is
confirmed by coupled MS to be caused by PMMA decomposition, revealing fragments of
C4HsO" cations (m/z = 69, green line in Figure 4.21) at 260 °C. In addition, fragment of m/z =
30 also presented in the MS profile at the same temperature range, implying CH,O" cation or

the existence of impurities in the synthesized PMMA particles.

Since m/z = 30 (NO") is a characterized signature for metal nitrate conversion, it is important
to investigate the composition of the PMMA particles to prevent the influence of any
impurities on the subsequent determination of nitrate conversion temperature. For this
purpose, infrared spectroscopy and elementary analyses were performed on the synthesized
PMMA particles.
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Figure 4.22: Transmittance spectrum of synthesized PMMA particles

Figure 4.22 shows the transmittance spectrum of the PMMA spheres used to grow colloidal

crystals. The two bands at 837 cm™ and 984 cm™ are the characteristic absorption vibrations

of PMMA [101]. There are two distinct absorption bands at 1143 cm™ and 1242 cm™, which

belong to the C-O-C stretching vibration. The bands at 753 cm™ and 1385 cm™ can be

ascribed to the methyl group vibrations. The strong band appearing at 1724 cm™* show the

presence of carboxyl (C=0) group. The band at 1437 cm™ can be assigned to the bending
41



vibration of the C—H bonds in CH3 group and the band at 2958 cm™ is related to the stretching
vibration of the C-H bonds in CH, group. No other distinct band is observed in the
corresponding transmittance spectrum, which indicates that the prepared polymer particle was
actually pure PMMA particles.

Furthermore, according to the result from elementary analyses no nitrogen compound can be
detected in the synthesized PMMA particles. Therefore it can be concluded that the peak of
m/z = 30 (blue line in Figure 4.21) is belong to the CH,O" cation rather than other fragments
associated with nitrogen.

The nitrate conversion temperature for each PMMA-metal nitrate composite system was then
analyzed by TGA-MS coupling. The results are shown in Figure 4.23 to Figure 4.26.
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Figure 4.23: Thermogravimetric/derivative thermogravimetry (TG/DTG) and mass spectrometry (MS)
results of PMMA-Cr(NOs);-9H,0-composite (left) and PMMA-Fe(NOs);-6H,O-composite (right)
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Figure 4.24: Thermogravimetric/derivative thermogravimetry (TG/DTG) and mass spectrometry (MS)
results of PMMA-Ga(NO3);3-xH,O—composite (left) and PMMA-In(NO3)3-xH,O—composite (right)
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Figure 4.25: Thermogravimetric/derivative thermogravimetry (TG/DTG) and mass spectrometry (MS)

results of PMMA-Ce(NQOs),-6H,0-composite (left), PMMA-Cu(NO3),-2.5H,0-composite (right)
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Figure 4.26: Thermogravimetric/derivative thermogravimetry (TG/DTG) and mass spectrometry (MS)
results of PMMA-Zn(NQOs),-6H,O-composite

To explain the nitrate conversion process in the composite material, the TGA-MS result of
PMMA template after infiltration of Cr(NOg3)3-9H,0 (Figure 4.23 left) is discussed in detail.
Compared to the results of pure PMMA particles, an additional mass loss occurs at about
122 °C for PMMA-Cr(NO3)3-9H,0-composite. Around the same temperature, the MS results
show a signature of “N*°O* cation (m/z = 30, blue line in Figure 4.23 left) indicating the
conversion process from metal nitrate into metal oxides. Another signal of m/z = 30 is also
observed at a higher temperature around 230 °C, accompanied by the detection of the C4Hs0"
cation (m/z = 69, green line in Figure 4.23 left), which is attributable to the second mass loss
for PMMA decomposition.

The other composite materials show similar decomposition behaviour. The onset temperatures
for the decomposition of metal nitrates (i.e. formation of metal oxides) in the respective
PMMA-metal nitrate composites are summarized in Table 4.3.

For PMMA-In(NO3);:xH,O composite, the nitrate conversion process cannot be observed
from the corresponding mass spectroscopy. But according to the results of previous literature
[100], in the same composite material the onset conversion temperature of indium nitrate
should be around 190 °C. In addition, strong catalytic effects to the PMMA decomposition are

observed for the oxides of redox-active metals (Cr, Fe, Ce, Cu). The PMMA spheres in the
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corresponding composites were decomposed at a relatively lower temperature compared to
the decomposition temperature in the pure states. Similar results were also found in other
metal nitrate-impregnated materials [101, 102].

Table 4.3: Onset temperature of nitrate conversion and PMMA decomposition in the composite

material
Composite Onset temperature of nitrate Onset temperature of PMMA
conversion (°C) decomposition (°C)
PMMA-Cr(NO3);-9H,0 122 230
PMMA-Fe(NO3);-6H,0 132 227
PMMA-Ga(NO3)3-xH,0 118 285
PMMA-In(NO3);-xH,0 190 10 278
PMMA-Ce(NOs),-6H,0 175 216
PMMA-Cu(NQO3),-2.5H,0 205 232
PMMA-Zn(NO;),-6H,0 166 255

According to the experimental results, the conversion temperature was lower for all the metal
nitrates in comparison to PMMA decomposition temperature (Table 4.3). Therefore, the
observed structure quality difference for different metal oxides was not caused by the lower
onset precursor conversion temperature than the PMMA decomposition.

Ruling out decomposition temperature, the onset temperature of metal oxide formation was
then compared with the glass transition temperature of PMMA. During glass transition, the
mechanical strength of PMMA templates evolve from rigid to soft along with the rising
temperature. As suggested by experimental results, for nitrate precursors with lower or
approximate conversion temperatures compared to PMMA glass transition, ordered metal
oxide structures were formed (e.g. Cr,03, Ga,03, and Fe,03), otherwise, disordered structures
were obtained (e.g. CeO,, CuO and ZnO). Therefore, the formation of disordered structures of
CeO,, CuO and ZnO films was due to the absence of a rigid PMMA template caused by the
occurrence of PMMA glass transition before metal nitrate conversion. Further investigation
into the formation of Cr,03, Ga,O; and Fe,Os3 suggests that the corresponding nitrate

precursors form hydroxynitrates (Me(OH)x(NO3)s.x) initially during metal nitrate conversion
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[103-105]. The ionic-covalent character of the Me-OH bond interacts with the carbonyl
groups in PMMA, which can reduce the mobility of PMMA chains and prevent the separation
between the template spheres and precursor networks.

Unlike other successfully synthesized metal oxide inverse opals, In,O3 displaying an ordered
structure but with a higher nitrate conversion temperature (see Table 4.3). For indium nitrate
conversion, instead of hydroxynitrate is In(OH); the initial state [106], and is likely to be
formed already during the drying process of indium nitrate (see Table 3.2). This is consistent
with the TGA-MS result of PMMA-In(NO3)3-xH,O (Figure 4.24 right), suggesting the
absence of NO* fragment. The subsequent formation of In,O3 from In(OH); proceeds via
solid-solid phase transformation [106], which ensures a rigid precursor network during
calcination and lead to the formation of In,O3 with ordered structure.

Therefore, either a rigid intermediate from the precursor or a lower conversion temperature
compared to that of PMMA glass transition is required to retain a rigid network for the
fabrication of highly ordered metal oxide inverse opal structure. Based on this idea,
improvement of the precursor network stability was attempted for CeO,, CuO and ZnO via
three precursor modification strategies including organic chelating method, polymerization of

TEQOS and polyacrylamide gelation method.

4.2.2 Modified metal nitrate as precursors

4.2.2.1 Organic chelating method

Organic chelating has been reported previously for the synthesis of metal oxide inverse opals.
[107-110]. With the potential of forming highly thermostable metal citrates via reactions with
metal nitrates, citric acid was employed as a chelating agent for the fabrication of CeO,, CuO

and ZnO inverse opals (Figure 4.27).

Figure 4.27: Reaction of metal cation with citric acid
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Metal citrates are very soluble in ethanol, and the corresponding solution can be infiltrated
directly into PMMA templates. After solvent evaporation, the solid metal citrates decompose
into metal oxides without melting process [110]. Thanks to the rigid metal citrate networks,
well-ordered porous structures were obtained for CeO, and CuO inverse opals (Figure 4.28
and 4.29), which were not possible to synthesize by using pure metal nitrate as precursors

(Figure 4.19).
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Figure 4.28: SEM image (left) and FTIR spectrum (right) of CeO, inverse opal. Insets: photograph of

corresponding CeO, inverse opal

Figure 4.28 shows the optical data of CeO, inverse opal which was synthesized based on
organic chelating with citric acid. The resulting inverse opal exhibits highly ordered
macroporous structure with pore diameter about 372+9 nm. The corresponding shrinkage in
diameter is 26 %. The measured reflection maximum located at 515 nm, which is consistent

with the green color appearance in the inset photograph.
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Figure 4.29: SEM image (left) and FTIR spectrum (right) of CuO inverse opal. Insets: photograph of

corresponding CuO inverse opal

Figure 4.29 shows the SEM and FTIR results of CuO inverse opal which was fabricated with
organic chelating method. The SEM image reveals highly ordered porous structure. The
spherical pore size of CuO inverse opal is 355+13 nm, which is 29 % smaller than PMMA
spheres used to crystalize opal templates. The CuO inverse opal display red opalescence,

which correspond to the measured reflection peaks centered at 627 nm.
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Figure 4.30: SEM image (left) and FTIR spectrum (right) of ZnO film
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Compared to CeO, and CuO inverse opals, ZnO samples prepared with citric acid only show
deformed porous structures (Figure 4.30 left), and consequently, the resulting film does not
show optical reflectance in the corresponding FTIR spectrum.

This can be explained by the higher conversion temperature of zinc citrate. Figure 4.31
depicts the three TGA-MS curves of PMMA templates after infiltration of respective metal
citrate. In the themogram CO," (m/z = 44) was chosen as characterized signature to
investigate the citrate conversion process. It should be mention that, in our case the signature
of CO," is related to both PMMA decomposition and citrate conversion, so the signature of
C4Hs0" (m/z = 69, CH,=C(CH3)CO") was also shown as reference of PMMA decomposition
[111, 112]. It can be seen that, a strong signature of CO," corresponding to the conversion of
zinc citrate occurs at around 350 °C for PMMA-zinc citrate-composite (pink line in Figure
4.31 right). Unlike other two composite materials, the conversion temperature of zinc citrate
is higher than the decomposition temperature of PMMA (observed by the detection of C4Hs0",
green line in Figure 4.31 right). Zinc citrate was converted into zinc oxide after the
decomposition of PMMA, resulting in a conversion without template support and increasing
the possibility to form deformed porous structures.
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Figure 4.31: Thermogravimetric/derivative thermogravimetry (TG / DTG) and mass spectrometry (MS)
results of PMMA-cerium citrate-composite (left), PMMA-cooper citrate-composite (middle) and

PMMA-zinc citrate-composite (right)
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4.2.2.2 Polymerization of TEOS

To synthesize ZnO inverse opals, zinc citrate was strengthened with TEOS to further enhance
the mechanical rigidity of the precursor network. The structure of TEOS contains four alkoxyl
groups, leaving an orthosilicate product after hydrolysis in precursor solution. The
orthosilicate then interacts with Zn ions, forming Si-O-Zn bonds (Figure 4.32), which

stabilized the precursor network during calcination [113].
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Figure 4.32: Schema of the ZnO-SiO, intramolecular network

Additionally, the hydrophobicity of the precursor is enhanced with the presence of TEOS,
leading to a more uniform wetting of PMMA during infiltration, and thereby, a better control
of precursor loading. If the amount of TEOS reaches 1 vol%, opalescent colors and high
optical reflectance are observed (Figure 4.33). In the corresponding SEM image the ZnO-SiO,

inverse opal exhibits a well-ordered porous structure with pore size around 4059 nm.
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Figure 4.33: SEM image (left) and FTIR spectrum (right) of ZnO-SiO, inverse opal. Insets:

photograph of corresponding ZnO-SiO, inverse opal

Another advantage of this method is that, the SiO, originated from TEOS modifies the
effective refractive index of the inverse opals, which can be used to adjust its photonic band

gap to a desired spectral region.
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4.2.2.3 Polyacrylamide gelation method

In addition, polyacrylamide gelation method was also applied to synthesize ZnO inverse opal.
Polyacrylamide gelation refers to in-situ formation of a solid polymer resin in PMMA
template voids [114]. The PMMA template was infiltrated by a mixture comprising
acrylamide (monomer), bis-acrylamide (cross linker) and zinc nitrate. Upon heating,
acrylamide polymerization occurs among adjacent PMMA voids, forming a homogeneous

solid polymetric network containing evenly dispersed zinc ions [115].
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Figure 4.34: Shema of infiltrated PMMA opal after polyacrylamide gelation

Possessing a considerably higher decomposition temperature than that of PMMA glass
transition and decomposition [116], polyacrylamide resin acts as a rigid solid support for
metal nitrate conversion during PMMA removal, leading to the successful fabrication of ZnO
inverse opals with long-range order macropores (Figure 4.35 left). Despite the more irregular
shape of individual pores in comparison to the inverse opals formed from TEOS-containing
precursors (Figure 4.33), the ZnO inverse opals still display strong structure colors with

relatively high reflectance (Figure 4.35 right).
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Figure 4.35: SEM image (left) and FTIR spectrum (right) of ZnO-Acrylamide inverse opal. Insets:

photograph of corresponding ZnO-Arcylamide inverse opal
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In summary, these three modification methods including organic chelating, polymerization of
TEOS and polyacrylamide gelation followed the same strategy that improve the mechanical
strength of the precursor network to avoid collapse or deformation during glass transition and
decomposition process of the polymer templates. As a result, CeO,, CuO and ZnO inverse

opals with long range orders and vivid structural colors were obtained.

4.2.3 Metal oxide nanoparticles as precursors

Using metal nitrates as precursors have brought serval advantages because of their high
solubility and low reactivity. However, the samples prepared with metal nitrates usually
exhibit defects and cracks. This can be explained by the volume shrinkage caused by the
density change from the nitrate precursor to the respective oxide. For example, in case of the
synthesis of Fe,Os inverse opal, the density of iron nitrate (1.68 g-cm™) is substantially lower
than that of the resultant Fe,Os (5.24 g-cm™) after the oxide formation [117].

In this present work, apart from metal nitrates, nanoparticles of desired oxide were also
applied to fill the voids of PMMA template with the goal to reduce crack formation and

fabricate higher quality inverse opals.
4.2.3.1 Sn0O,

For this purpose, SnO; inverse opal was synthesized using aqueous SnCl, solution. SnCl, is
mostly hydrolyzed in water; leading to the formation of colloidal SnO, nanoparticles (see
Equation 4.2).

SnCl, + 2H,0 - Sn0, + 4HCl (4.2)

In order to increase the penetration through PMMA template small amount ethanol was also
added in the precursor solution (see section 3.2.3). The precursor was then applied to fill the
voids of PMMA template. After removal of template spheres SnO, inverse opal was obtained.
The optical property of the corresponding inverse opal was characterized with SEM and FTIR

and the results are shown in Figure 4.36.
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Figure 4.36: SEM image (left) and FTIR spectrum (right) of SnO, inverse opal. Insets: photograph of

corresponding SnO, inverse opal

In the SEM image, well-ordered macroporous structure can be observed and the average pore
size was determined to 430+6 nm, which was 15 % smaller than the diameters of the original
PMMA spheres. The shrinkage in diameter is smaller than the samples prepared with nitrate

precursor (between 19 % and 29 %). In the reflection spectrum, the peak maximum located at

672 nm, which correspond to the red opalescent displayed in its photograph.

4.2.3.2 TiO,

Similar strategy was also applied to fabricate TiO; inverse opal. Titanium(IV) butoxide
(Ti(OC4Hg)4) served as precursor material. Ti(OC4Hg)s undergoes strong hydrolysis and
condensation process in aqueous solution, forming colloidal TiO, nanoparticles (see Equation
4.3 and 4.4).

Ti(0C,H,), + 4H,0 — Ti(OH), + 4C,H,OH (4.3)

Ti(OH), + Ti(OH), - 2Ti0, + 4H,0 (4.4)

The formation of ordered inverse opal structure becomes more difficult, if this alkoxide
hydrolyze too rapidly to fill the PMMA template completely. In that case bulk titania is easily
formed on the template surface and blocking additional precursor material going into the void
spaces [118]. Therefore Ti(OC4Hg)s was dissolved in ethanol to decrease the rates of
hydrolysis. Furthermore, the addition of acid (e.g. HCI) was also important to infiltrate
PMMA template completely, because Ti(OC4Hg), are very viscous and its solubility in
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ethanol is higher at low pH values. Addition of an acid also decreased the reactivity of the
alkoxide, preventing premature TiO, nanoparticles aggregate during the infiltration process
[119]. Using these controlled conditions, well-ordered TiO, inverse opal was obtained (Figure
4.37).
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Figure 4.37: SEM image (left) and FTIR spectrum (right) of TiO, inverse opal. Insets: photograph of
corresponding TiO, inverse opal

SEM image reveals highly ordered macroporous structure with pore size about 436+8 nm.
The pore size was 14 % smaller compared to the 502 nm template spheres. The measured
reflection spectra display well defined peak with the maximum reflectance centered at 690 nm,

which is consistent with the red opalescent in the corresponding photograph.

In summary, colloidal SnO, and TiO, nanoparticles were formed in the precursor solution and
then directly infiltrated into the voids of PMMA template. Subsequent removal of the PMMA
spheres leads to the ordered macroporous material with the oxide particles forming the walls
of the pores. The use of nanoparticles instead of metal nitrates reduces structure shrinkage

significantly and allows for forming high quality SnO, and TiO, inverse opals.
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4.3 WOg3 inverse opals and their optical sensing properties

In this present work, tungsten trioxide (WO3) inverse opals were fabricated according to the
literature reported before [120]. Ammonium metatungstate hydrate ((NH4)sH2W12040-xH,0)
served as precursor. To prepare WO3 inverse opals with different photonic band gap positions,
PMMA spheres of different sizes (298 nm — 644 nm, see section 4.1.1) were used as template
materials. The optical properties of resulting WOj5 inverse opals were characterized with SEM
and FTIR.

4.3.1 Optical properties of WOj3 inverse opals

Figure 4.38: SEM images of WO; opals with different pore sizes: (a) 277 nm, (b) 355 nm, (c) 452 nm,
(d) 553 nm, (e) 583 nm and (f) 619 nm

The synthesized inverse opal films of WO3; exhibit ordered microporous structures (Figure
4.38). In general, the pore size was found to be correlated with the diameter of PMMA
spheres in the parent opal templates. However, varied pore size was also observed for
products obtained with PMMA templates of the same diameter in some cases (Figure 4.38 (e)

and (f)). This is mainly caused by slight variations in the infiltration or shrinkage process.

The volume fraction of the inverse opal is determined by the shrinkage of entire composite

structure and the densification owing to the oxide formation.

The theoretical volume fraction of the solid in an inverse opal structure with a face-centered

cubic (fcc) structure without shrinkage is 26 %. The density change caused by the conversion

of ammonium metatungstate hydrate to WO3 results in a volume shrinkage of 46 %

(4.07 g-cm, measured with the method described in [121]) and WO; (7.10 g-cm™ [122]).
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This results in volume fraction of WO3; phase in the synthesized WO3 inverse opal of 14 %.
The shrinkage of the whole inverse opal structure leads to an increase of the volume fraction.
Assuming a homogenous shrinkage of the inverse opal in all dimensions, the volume increase
of the WO3; was estimated based on the diameter shrinkage in one dimension. Combining the
above values, the volume fractions of WO3 phase were estimated for all the six inverse opals

and the results are listed in Table 4.4.

Table 4.4: Summary of the structural parameters of WO; inverse opal with different periodicities

WO,;-277  WO3-355 WO;-452 WO5-553 WO;3-583 WO,;-619

diameters of PMMA 298+5 42517 50249 57248 64416 644+6
particles (nm)®

pore sizes of resulting 27748 35549 45215 553+7 583+10 61945

WO; inverse opals (nm)*

volume shrinkage of -19.67% -41.72% =27 % -963% -2581% -11.20%
PMMA-WO, composite”
volume fraction® 1743% 24.02% 19.18% 1549% 1887% 1577 %

2 Determined by SEM; ® Calculated with (WO; pore size® - PMMA diameter®)/PMMA diameter®;
¢ Calculated with 0.14/(1+ Volume shrinkage of PMMA-WQO; composite).
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Figure 4.39: FTIR spectra of WO; inverse opals with different pore sizes
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According to the FTIR spectra, as the pore size of the inverse opal increases, the
corresponding reflection peak position shifts to longer wavelength; this is in agreement with
the Bragg’s law for photonic crystals (see Equation 2.3). However, the Bragg’s law predicts a
linear variation of the peak position with pore size, which is not the case observed in the
current study (Table 4.5 and Figure 4.40). The non-linearity may be resulted by the following
reasons: (i) the measurement positions to determine the reflection spectra and the pore
diameter are different; (ii) the WOj3 volume fraction varies in different inverse opals; and (iii)

the optical dispersion of the refractive index of WOs.

Table 4.5: Summary of the pore sizes of resulting WOs; inverse opals and the corresponding band gap

position

WO,;-277 WO3-355 WO;-452 WO;5-553 WO;3-583 WO,;-619

pore sizes of resulting 27748 35549 45215 553+7 583+10 61945

WO; inverse opals (nm)*

band gap position of WO; 515 655 916 1116 1231 1533

inverse opals (nm)°

2 Determined by SEM ° Determined by FTIR
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Figure 4.40: Relationship between the band gap position and corresponding pore sizes of WO; inverse

opal
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4.3.2 Crystallite structure of WO3 inverse opals

The crystallite structures of synthesized WO3 inverse opal were characterized with Powder X-
ray Diffraction (P-XRD). All the fabricated inverse opals have the same orthorhombic WO;

crystalline structure. One representative X-Ray diffraction of a WOj3 inverse opal (WO3-355)
is shown in Figure 4.41.

intensity (a.u.)

orthorhombic WO3 (JCPDS No. 71-0131)

| Iu ‘Hl || oo i w ]
20 30 40 50 60

2 0/ degrees

Figure 4.41: X-Ray diffraction patterns of the WO; inverse opal (black) and standard diffraction
pattern (magenta) of orthorhombic WO3; (JCPDS No. 71-0131)

The observed XRD patterns show that, WOg3 inverse opal exhibits orthorhombic phase
(JCPDS No0.71-0131) with the peak maxima at 22.9°, 23.3° and 24.1° corresponding to (002),
(020) and (200) planes respectively. The average grain sizes estimated from the full widths at
half maximum (FWHM) of the (002), (020) and (200) peaks by using the Scherrer’s formula
are 67 nm, 86 nm and 73 nm, respectively.

4.3.3 Fluids sensing based on WOj3 inverse opals

With this synthesized WO3 inverse opals, fluids with different refractive indices were detected.
As mentioned in the introduction, introducing fluids in the pores of inverse opals causes
increases in the effective refractive index which result in peak shift in the reflection spectra
[123]. Here droplets of four different fluids including acetone, ethanol, isopropyl alcohol and

water were placed on top of the WO3 inverse opals and the optical reflections were measured
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with FTIR (see 3.3.9). One representative FTIR spectra of WO3 inverse opal (WO3-277)
before and after introducing different fluids are shown in Figure 4.42.
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Figure 4.42: FTIR spectra of WO; inverse opal (WQ;-277, band gap at 520 nm) before and after

introducing different fluids

The infiltration of above-mentioned fluids leads to reversible red shifts in the reflection
spectra. All the fluids can be clearly distinguished from the different photonic band gap

positions. The corresponding results are summarized in Table 4.6.

The sensitivity (S) is defined by calculating the absolute peak shift per unit change in
refractive index from the following equation [124, 125]

_ AL
Aneff

S (4.5)

where AM is the reflection peak shift before and after introducing fluids and An,sf is the
corresponding effective refractive index variation of WO3 inverse opals. The effective
refractive index variations can be obtained from the general formula for the effective
refractive index of a photonic crystal (Equation 2.4). Here a value of 2.03 was assigned as the
refractive index of WO3 [126].
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Table 4.6: Summary of sensitivities of WOj; inverse opal (WO;-277, band gap at 520 nm) after
introducing different fluids

water  acetone ethanol  isopropyl alcohol

refractive index® 1.3334 1.3602 1.3628 1.3776

effective refractive index variation 0.2360 0.2571  0.2580 0.2691
peak position after introducing fluids (nm) 634 645 647 652
absolute peak shift (nm) 114 125 127 132
sensitivity (nm-RIU™)® 483 486 492 491

@ Measured with refractometer  RIU: refractive index unit

Table 4.6 shows that, as the refractive index of the pore fluid increases, the reflection peak
shifts to longer wavelength region. The calculated sensitivity of the system is about
488 nm-RIU™, which is comparable to other experimentally realized sensitivities reported in
literature [127, 128].

For further investigation same measurements were performed on the WOj3 inverse opals with
larger pore sizes. The reflection peak shifts after introducing acetone were chosen to compare
the sensitivity of different WO3 inverse opals. The corresponding FTIR spectra are shown in
Figure 4.43 and Figure 4.44.
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Figure 4.43: FTIR spectra of WO; inverse opals (left: WO;-355, right: WO3-452) before and after

introducing acetone
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Figure 4.44: FTIR spectra of WO; inverse opals (left: WO3-553, right: WO;-583) before and after

introducing acetone

The FTIR spectra reveal different reflection peak shifts to longer wavelength and decreases in
reflectance after introducing acetone. The sensitivities of respective WO3 inverse opals are

summarized in Table 4.7 and Figure 4.45.

Table 4.7: Summary of sensitivities of different WO; inverse opals

WO,;-277 WO,-355 WO0,;-452  WO05-553  WO;-583

pore size (hm) 2778 35549 45245 55317 583+10
refractive index variation after 0.2571 0.2251 0.2474 0.2659 0.2490
introducing acetone
original peak position (nm) 520 670 942 1126 1269
peak position after 645 808 1129 1372 1531
introducing acetone (nm)
absolute peak shift (nm) 125 138 187 246 262
sensitivity (nm-RIU™) 486 613 756 925 1052
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Figure 4.45: Relationship between the pore size of WOj; inverse opals and the optical sensitivity

From Figure 4.45, it is obvious that the sensitivity increases almost linearly as the pore size of
the inverse opal increases. The results indicate that the inverse opals with larger pore sizes are
more suitable for distinguishing fluids with small refractive index differences. This is

consistent with the previously reported results [129].

In summary, the utilization of WO3 inverse opals for detecting fluids with different refractive
indices is reported. Change of refractive index of the fluid in the pores leads to the shift of the
photonic band gap positions. The sensitivity of the system increases with increasing pore sizes

of WOs; inverse opals.

4.3.4 Water temperature sensing based on WOj3 inverse opals

To test the optical sensing possibility towards water temperature a thermo-responsive block
copolymer P(DEVBP-b-NIPAAmM) was adsorbed into the WO3 inverse opals (Band gap at
445 nm, synthesized in previous work [120]). The optical properties of WO3 inverse opals
before adsorption, after adsorption and after washing with 20 °C, 40 °C and 60 °C water were
characterized using FTIR in a mapping mode. The corresponding results are shown in Figure

4.46 — 4.51. The reported reflection spectra are the average of 12 independent measurements.
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Washing with 20 °C water

Figure 4.46: Microscope pictures of WO; inverse opal before adsorption (left), after adsorption

(middle) and after washing with 20 °C water (right)
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Figure 4.47: FTIR spectra of WO; inverse opal before adsorption, after adsorption and after washing
with 20 °C water

As shown in Figure 4.47, the infiltration of P(DEVBP-b-NIPAAM) into the void spaces of the
WO; inverse opal cause a red shift of 68 nm (from 445 nm to 513 nm) in the reflection spectra
because the adsorbed polymer induce a strong variation in the effective refractive index of
WOj3 inverse opal. After washing with 20 °C water, the maximum reflectance return to its
original state owing to the desorption of the block copolymer from the pores. This is
consistent with the results from microscope pictures (Figure 4.46), where the color of WO;
inverse opal changes from blue to green after polymer adsorption and turns back to blue after
washing with 20 °C water.
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Washing with 40 °C water

Figure 4.48: Microscope pictures of WO; inverse opal before adsorption (left), after adsorption
(middle) and after washing with 40 °C water (right)
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Figure 4.49: FTIR spectra of WO; inverse opal before adsorption, after adsorption and after washing
with 40 °C water

Figure 4.49 shows the FTIR results of testing with 40 °C water, the band gap position of WO3
inverse opal shifts to longer wavelength after polymer adsorption, however, does not return to
its original state after washing with 40 °C water. In the corresponding microscope pictures
(see Figure 4.48), the color of WO3; changes from blue to green after polymer adsorption and
stay green after washing with 40 °C water. The peak shift and color change indicate that the
block copolymer adsorbed onto the air-containing pores of the WO3 inverse opal and remain

constant in 40 °C water.
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Washing with 60 °C water

Figure 4.50: Microscope pictures of WOs; inverse opal before adsorption (top left), after adsorption

(top right), after washing with 60 °C (below left) and 20 °C water (below right) successively
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Figure 4.51: FTIR spectra of WO; inverse opal before adsorption, after adsorption, and after washing

with 60 °C and 20 °C water successively

Similar results can be observed by testing with 60 °C water. The photonic band gap position
of WOj3 inverse opal shifts to longer wavelength after polymer adsorption, shifts back for
about 10 nm after washing with 60 °C water and almost returns to its original position after

washing with 20 °C water.
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In summary, an optical water temperature sensor was fabricated based on block copolymer
infiltrated WO3 inverse opal. The desorption behaviors at different water temperature lead to
different color changes, which can also be overserved as change in the reflection peak
position. Although it can only be used to identify whether the water temperature is below or
above 30 °C (critical solution temperature of the infiltrate polymer), this study demonstrates
the potential for optical detection with adsorbable and temperature responsive material, which
provides the possibility for using infiltrated metal oxide inverse opals to detect other external

stimuli.

4.3.5 H,sensing based on WO3 inverse opals

Previous results have shown that H, sensing is possible by monitoring the reflection peak shift
of WOj3 inverse opals owing to a H, induced change of refractive index [120]. In this study
the reflection peak shifts of synthesized WO3 inverse opals was examined, with the aim to

enhance the optical response in hydrogen detection.

The gas sensing measurement was first performed in an open system using two different WO3
inverse opals (WO3-277 and WQO3-355) to check the possible difference in optical response at
different wavelengths. The band gap position of WO3-277 is located at 525 nm, while the
band gap position of WO3-355 is located at 601 nm. Platinum (Pt) catalyst is deposited on the
inverse opals before measurement. The corresponding reflection peak position shifts during

H, sensing measurement are shown in Figure 4.52.
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Figure 4.52: Reflection peak position shift of WO; inverse opals (left: WO;-277, right: WO3-355)
during H, sensing measurement in open system at 200 °C (blue region: H, exposure; white region:

flushed by pure N,)
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The results show that the reflection peaks of the two WOj3; inverse opals shift to shorter
wavelengths (blue-shift) when it is exposed to H,. The regeneration of WO3 is allowed by
flushing with pure N,. The response times both for gas reaction and sensor regeneration are
quite rapid. In addition, the reflection peak shifts are correlated with H, concentration. In
general, the blue shift increases with the H, concentration ranging from 0.3 vol% to 10 vol%.
However the peak shift and corresponding optical response towards same H, concentration
are different for the two WOg inverse opals. The optical response is defined as R = AA/A,,
where AA is the absolute peak shift when expose to H, and A is the original peak position.

The results are summarized in Table 4.8 and Figure 4.53.

Table 4.8: Summary of the optical response of WO,;-277 (Band gap: 525 nm) and WO;-355 (Band gap:

601 nm) at different H, concentration

H, concentration optical response of optical response of

WO,;-277 WO,-355

1 vol% -2.72% -3.38 %

5 vol% -2.95 % -3.89 %

3 vol% -2.82 % -3.79 %

10 vol% -3.68 % -4.33 %

0.8 vol% -2.63 % -3.39 %
0.5 vol% -2.50 % -3.26 %
0.3 vol% -2.29 % -2.86 %

1 vol% -2.74 % -3.54 %
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Figure 4.53: Compare the optical response of WO;-277 and WO,;-355 at different H, concentration

It is obvious that, at same H, concentration the optical response of WO3-355 (band gap:
601 nm) is larger than that of WO3-277 (band gap: 525 nm). The results confirm that the
optical responses are different for inverse opals with different band gap position and could be

optimized directly by changing the pore sizes of respective inverse opals.

To further verify this idea, H, sensing measurements of a series of WO3 inverse opals were
then carried out in a custom-built gas cell at 140 °C (see 3.3.9). The corresponding H, sensing

curves are shown in Figure 4.54 - 4.56.

512 650

508 | 640 |

504 630 |

peak position [nm]
peak position [nm]

0.5 %
1%
0.3 %
0.2 %
0.15 %
0.1%
05% &
1% &
03%
0.1%

500F o 620 |

0.25 %
0.15 %

' 025%
L 02%

0 5 10 15 2 2 1 ® 0 5 10 15 20 25 0 3 0 4
time [min] time [min]

Figure 4.54. Reflection peak position shifts of WO; inverse opals (left: WO;-277, right: WO3;-355)

during H, sensing measurement at 140 °C. (blue region: H, exposure; grey region: regeneration by

synthetic air; white region: flushed by pure N,)
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Figure 4.55. Reflection peak position shifts of WO; inverse opals (left: WO3-452, right: WO3-553)
during H, sensing measurement at 140 °C. (blue region: H, exposure; grey region: regeneration by
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Figure 4.56. Reflection peak position shifts of WO; inverse opals (left: WO5-583, right: WO3-619)

during H, sensing measurement at 140 °C. (blue region: H, exposure; grey region: regeneration by

synthetic air; white region: flushed by pure N,)

It can be seen that, except for the last sample WO3-619, the reflection peaks of the WO;
inverse opals shift to shorter wavelengths as a response to H, in the concentration range of
0.15 ~ 1 vol%. Meanwhile, the lowest H, concentration (0.1 vol%) cannot be detected. This
detection limit may be caused by H, being completely consumed by the sensing materials
before hitting the local optical measurement spot. It could also involve the absorption

mechanism of WO3 upon H; exposure, which will be discussed latter.

The reflection peaks of WO3 recover to a stable peak position when the material is subjected
to synthetic air for regeneration. The stable position, however, differs from the original peak

position (i.e. peak position before the first H, exposure) for all the WO3 inverse opals tested.
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The discrepancy indicates an incomplete regeneration after the first H, exposure, which is

probably caused by WOs lattice trapping protons and electrons until a stable state with all the

available sites occupied [130].

The WOg3 inverse opals show short response time for both gas reaction and sensor

regeneration. However, comparably longer time is required for the response to lower H,

concentration to reach an equilibrium, indicating the involvement of a diffusion process in the

refractive index variation of WOs.

The optical response of the six inverse opals was then compared based on reflection peak

shifts induced by 1 vol% H,. The original peak positions (4,), the peak positions after
exposure to 1 vol% H; (1), the absolute peak shift (A1 = 1; — ;) and the relative shift (i.e.

optical response R = A1/2,) are summarized in Table 4.9 and Figure 4.57.

Table 4.9: Summary of gas response of WO; inverse opals with different periodicities

WO3-277 WO053-355 WO;-452 WO;3-553 WO3-583 WO,-619
original peak position (nm) 510 646 883 1117 1250 1526
peak position (1 vol% H,) (nm) 504 624 798 965 1182 1658
absolute peak shift (nm) -6 -22 -85 -152 -68 132
optical response -1.2% -3.4% -9.6% -13.6% -5.4% 8.7%
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Figure 4.57: Relationship between the peak position when exposed to 1 vol% H, and peak shift (left) /

optical response (right) of WOs; inverse opals when exposed to 1 vol% H,
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As indicated by the results, blue shift was observed for inverse opals with 1, from 510 nm to
1117 nm and the degree of which (|AA]) increased along with A,. Blue shift still occurred for
the inverse opal with a further increased A, of 1250 nm (WO3-583), however, the shift is
smaller than the inverse opal of 1117 nm. Moreover, instead of blue shift, a red shift was
displayed by the inverse opal with the largest 1, (1526 nm, WO3-619). The observed peak
shift trends for the inverse opals indicate that after H, exposure, the refractive index of
HxWO3 decreases in the spectral range of 504 ~ 1182 nm, before increasing at a longer

wavelength range.

Subsequently, the determined optical response was applied for the calculation of refractive

indices of HWO; at different wavelengths

Here the average refractive index of WOj3 inverse opals (71,) and HxyWO;3 inverse opals (1;)
can be calculated according to Equation 2.4. The refractive index of WO3 (n,yiq4e) 1S assumed
to remain constant in the measured spectral range. Thereby, upon 1 vol% H, exposure, the
dispersion of the refractive index of HyWOj3; could be estimated. The values are summarized
in Table 4.10 and Figure 4.58.

Table 4.10: Summary of refractive indices of H,WO; when exposed to 1 vol% H, with different

periodicities

WO;3-277 WO3-355 WO;-452 WO;-553 WO3-583 WO,;-619

peak position (1 vol% H,) (nm) 504 624 798 965 1182 1658

refractive index of H,WO, 2.00 1.97 1.82 1.68 1.91 2.22
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Figure 4.58: Estimated dispersion of the refractive index of H{WO;

As shown in Figure 4.58, the dispersion curve was found to be in a similar shape to the curves
of absolute peak shift (Figure 4.57 left) and optical response (Figure 4.57 right) at different
wavelengths. Based on the assumption of constant refractive index of WOg;, the refractive
index change between WO3; and HWO3; was expected to display the similar dispersion shape.
Although the periodicity varies among the inverse opals, the cause of the dispersion of H,
induced optical response was determined to be the different changes of the refractive index of
WOQO; associated with different wavelengths.

The maximum change of refractive index was obtained with the wavelength around 965 nm.
Consequently, an optical response, which is one order of magnitude stronger than that at
504 nm, was achieved at 965 nm. The shape of the dispersion curves obtained for the inverse
opals is closer to those of crystalline HYWO3 thin films referring to literature on amorphous
[131, 132] and crystalline [119] HYWOs thin films.

There are very limited data reported on the dispersion of the refractive index of HyWQ3, thus,
the free carrier absorption model was tested based on the estimated data. The fitting of the
dispersion curve was attempted by the equations mentioned in the introduction (section 2.3.3,
Equation 2.14 - 2.16)

2
p

_w2+y2

w
€1(w) = €
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where w is the light frequency, e(w) is the complex relative permittivity, with €;(w) and
€, (w) representing the real and imaginary part, respectively. They are related to the refractive

index of HYWO3 (npronze (@)) as expressed by a modification of Equation 2.12

2 1 2 2
Npronze (@) = E (\/61 (w)? + €2(w)? + €;(w))

Here the background permittivity (e€.,) at high light frequency, the plasma frequency (w,),
and the damping coefficient (y) are the fitting parameters. The Drude model was verified to
provide an ideal fitting of the estimated dispersion curve, as indicated by the value of 0.94
(close to 1) calculated with adjusted R? (Figure 4.59). The corresponding fitting parameters
are €, = 5.49, w, = 8.22 x 10'*Hz, and y = 3.41 x 10'*Hz. The values of w,, and y are in
reasonable agreement with literature (w, = 9.48 x 10'*Hz and y = 2.70 x 10**Hz [126]).
However, the fitting value for €., (5.49) is considerably larger than the value reported in
literature (4.11 [126]), implying a larger fitting value (7,xize = V€w = 2.34) than the
assumed value of n,,;q4. (2.03 [126]). This discrepancy may be caused by various factors,
including errors in volume fraction estimation, a possible complex mechanism of optical
response, and the assumption of constant €, which is too simple. Despite the discrepancy, it
is still of great significance to reveal that the refractive index of HWO3 displays a strong
dispersion which matches the Drude model in the spectral range of 500 nm ~ 1.5 pum.
Generally, Drude model describes the microscopic interaction between free charge carriers
and light. The fact that Drude model provided satisfactory fitting result to the dispersion curve
indicates the physical origin of the strong dispersion of the refractive index of H,WO3 being
predominantly H, induced free carrier absorption, which also results in optical response of

WOj; inverse opals upon H; exposure.
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Figure 4.59: Estimated dispersion of the real part of the refractive index of H,WO; (black scatters) and

the fitting curve (blue line) based on Drude model

Since free carrier absorption has been verify to be the main physical mechanism, the question
left previously on the detection limit of 0.15 vol% H; can be explained from this angle. To
elaborate on it, H, does not provide enough electrons with a lower concentration than the limit
(0.15 vol%). Due to the insufficiency of electrons, there is an absence of free electrons in the
conduction band as the few electrons donated by H, are most likely to be consumed by
localized states [130] without contributing to free carrier absorption. As a consequence, the
optical response cannot be triggered by low H, concentrations. With elevated concentration of
H, more protons are intercalated and large amount of free electrons are donated close to the
conduction band minimum, which not only leads to the free carrier absorption - an intraband
transition, but also can potentially modify the apparent electronic band gap related to the
interband transitions [131, 133]. As illustrated above, the first effect has the largest influence
on the refractive index dispersion in IR range, and the far-reaching tail of this influence leads
to a relatively smaller modification in UV-VIS range. The second phenomenon has already
been reported for amorphous WOs films. It could be a combined result of Burstein-Moss shift,
electron-electron and electron-ion scattering, and structural change induced by intercalation
[131, 133]. However, the corresponding modification effect on electronic band gap size is
insignificant [133], and no measurable modification observed for crystalline WOj; films [130].
Therefore, H, exposure does not affect the background refractive index of WOj3; at high

frequency. However, it is non-negligible that both intra- and inter-band transitions can play a
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role in the dispersion of optical constants of the metal oxides upon gas exposure, especially

with a spectral region of interest close to the electronic band gap energy.

Based on the results and discussion above, guidelines for designing an optical metal oxide gas

sensor are concluded:

(i) A suitable metal oxide, mainly among metal oxides with resistive type sensing properties,

need to be identified for the target gas.

(if) The range of light frequency needs to be determined in terms of the most significant gas-
induced modulation of refractive index. The light frequency range for semiconducting metal
oxides mainly locates in the NIR to MIR region. Drude model can be employed for the
identification of the specific location. In the identification process, the frequency of the
minimum reflectance from a smooth, unstructured metal oxide film is firstly determined for
the estimation of plasma frequency, which then enables the identification of the metal oxide’s
dispersion of the refractive index and thereby, the frequency range associated to the maximum

modulation of refractive index.

(iii) Photonic crystals need to be fabricated, targeting a photonic band gap in the light
frequency range determined. The frequency for maximum modulation varies depending on
free charge carrier amount, hence, the band gap position is dependent on structural factors, e.g.

lattice defects.

In addition, aspects, such as the feasibility of employing larger PMMA spheres for the
fabrication of photonic crystals with a photonic band gap at longer wavelengths and the
expense on more expansive detectors in IR range, also need to be considered for making

practical gas sensing devices.

75



5. Summary

In this present study, ten different metal oxide inverse opals including CeO,, CuO, Cr,0s3,
Fe 03, Gay03, In,03, SNO,, TiO,, WO3 and ZnO were successfully synthesized via colloidal
crystal templating method. Monodisperse PMMA spheres were used to grow colloidal opal
template. All the fabricated inverse opals exhibit high optical reflectance and iridescent

structural colors (Table 5.1).

Table 5.1: Photograph of the as-synthesized metal oxide inverse opals
CeO, CuO Cr,03 Fe,0O4 Ga,03 In,O3 SnO, TiO, WO; Zn0O
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Each of the ten types of inverse opals required different types of precursors and processing

conditions to optimize their optical reflectance. Respective metal nitrates were employed as
precursor materials to fabricate inverse opals of CeO,, CuO, Cr,03, Fe,03, Ga,03, In,03, and
ZnO. Among them, well-ordered Cr,0O3, Ga,03, Fe,O3 and In,0O3 can be fabricated with pure
metal nitrates. However, in case of CeO,, CuO and ZnO only disordered structures were
formed following the same synthesis procedure. Comprehensive analysis of the precursor
conversion process and the thermal stability of PMMA templates revealed the effect of the
glass transition temperature of PMMA and the onset temperature of nitrate conversion on the
structural quality of the inverse opals. In order to fabricate well-ordered metal oxide inverse
opals, the presence of a rigid template during precursor conversion is of great importance.
More specifically, a rigid precursor network needs to be formed before the mechanical
rigidity of the polymer template weakens during glass transition. Furthermore, solidification
strategies of precursor networks were also confirmed to be effective for the formation of well-
ordered inverse opal structures. Following this idea, three modification strategies including
organic chelating, sol-gel polymerization of TEOS and polyacrylamide gelation were
attempted to strengthen the precursor networks. Consequently, inverse opals of CeO,, CuO
and ZnO were fabricated successfully. These design principles and precursor solidification
methods are expected to extensively apply to the fabrication of other metal oxide inverse

opals.

Besides metal nitrates, nanoparticles of desired oxide were applied to fabricate SnO, and TiO,

inverse opals. By using hydrolysable SnCl, and Ti(OC4Ho)4 as precursor material, colloidal
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SnO; and TiO, nanoparticles were formed in the respective precursor solution and directly
infiltrated into the voids of PMMA template. Subsequent removal of PMMA spheres leads to
the ordered macroporous material with the oxide particles forming the walls of the pores.
With the use of nanoparticles instead of metal nitrates, structure shrinkage was reduced
significantly and inverse opals of SnO, and TiO, with a porous network over a large area

were obtained.

In addition to the synthesis and characterization of metal oxides inverse opals, another part of
this work is the optical sensing based on WOj3; inverse opals. WO; inverse opals were
fabricated using PMMA opals with different sphere sizes. The diameters of PMMA spheres

were adjusted using different monomer concentrations.

First, fluid sensing was performed on different WO3 inverse opals. Changes of refractive
index of the fluid in the pores of inverse opals lead to different red shifts in the corresponding
reflection spectra. All the detecting fluids can be identified from the different photonic band
gap positions. A more detailed data analysis reveals that the sensitivity of the system increases

as the pore size of the WOj3 inverse opal increases.

In addition, a temperature responsive block copolymer was infiltrated into WO3 inverse opals.
By washing with water with different temperatures and measuring the corresponding change
in reflection spectra, the difference in water temperature were transduced into optical signal,
which enables a new type of optical sensor to detect water temperature. Further work will
focus on finding other adsorbable stimuli-responsive materials to expand applications of metal

oxide inverse opals in optical sensing.

Furthermore, the application of WO3 inverse opals with different photonic band gap positions
for optical hydrogen sensing was investigated. The optical responses of these WO3 inverse
opals to H, at different concentrations were tested. Based on the responses to 1 vol% H, at
various wavelengths, the strong refractive index dispersion of WOj3; upon H; was
reconstructed. A satisfactory fitting of the dispersion shape was provided by Drude model,
indicating free carrier absorption being the predominant physical origin of the optical
response. The dispersion curve provides a useful tool for the determination of the wavelength
associated to the maximum modulation of refractive index, and thereby, the maximum gas

induced optical response.

Free carrier density is the key parameter determining the dispersion of free carrier absorption

and the conductance of semiconducting metal oxides. As suggested by resistive type sensors,
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the conductance of metal oxides is greatly affected by test gases, which indicates a strong gas
induced variation of the free carrier density. Therefore, upon exposure to the corresponding
test gases, optical responses are expected for most metal oxides. However, in order to achieve
a measurable optical response the spectral range for measurement needs to be close to the
strong dispersion region of the optical constants of metal oxides. According to the magnitude
of free carrier density variation, the spectral range is determined to be in the IR region for
most metal oxides as gas sensors. In the following steps, further investigation will be carried
out on the fabrication and application of metal oxides inverse opals with larger photonic band

gap positions, to broaden the choice of sensing materials for optical gas sensors.
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6. Zusammenfassung

In der vorliegenden Arbeit wurden zehn verschiedene Metalloxid-Inversopale wie CeO,, CuO,
Cry03, Fe;03, Gay03, In203, SN0y, TiO,, WO3 und ZnO mithilfe kolloidaler Kristalltemplate
erfolgreich synthetisiert. Dabei wurden PMMA-Opale als Template eingesetzt. Monodisperse
PMMA Kugeln wurden hierfiir als Baueinheiten verwendet, um eine Selbstorganisation von
PMMA-Opalen zu erziehen. Alle hergestellten Metalloxid-Inversopale zeigen schillernde
Strukturfarben mit hoher optischer Reflektivitat auf (Tabelle 6.1).

Tabelle 6.1: Fotografie der hergestellten Metalloxid-Inversopale
CeO, CuO CI’203 F6203 68.203 |n203 SnO, T|Oz WO3 ZnO
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Jede der zehn Typen der Inversopale bendtigte unterschiedliche Arten von Prékursoren und

Verarbeitungsbedingungen, um die jeweilige Reflektivitdt zu optimieren. Das jeweilige
Metallnitrat wurde als Prakursormaterial verwendet, um die Inversopale aus CeO,, CuO,
Cry03, Fe,03, Gay03, In203, und ZnO herzustellen. Aus diesen kdnnen die hoch geordneten
Cr,03, Ga,03, Fe;,03 und In,O3 mit reinem Metallnitrat hergestellt werden. Jedoch sei darauf
hingewiesen: Im Falle von CeO,, CuO und ZnO wurden nur ungeordnete Strukturen anhand
der gleichen Syntheseschritte gebildet. Eine ausfuhrliche Analyse des Prékursor-
Konversionsprozesses und der thermischen Stabilitit von PMMA-Opalen ergab, dass
Glasuibergangstemperatur des PMMA und der Nitratumsetzungstemperaturen der Prékursors
auf die strukturelle Qualitat der Inversopale beeinflusst werden. Im Allgemeinen muss der
Metalloxid-Prakursor ein strenges Netzwerk bilden, bevor die Template wahrend des
Glasubergangsprozesses ihre mechanische Stabilitat verlieren. Dartiber hinaus wurde auch
bestatigt, dass eine Verfestigung der Prékursornetzwerke fir die Bildung hoch geordneter
Inversopalstrukturen wirksam ist. In der vorliegenden Arbeit wurden drei unterschiedliche
Modifizierungsmethoden angewendet, einschliellich der organischen Chelatisierung, die Sol-
Gel-Polymerisation von TEOS und die Polyacrylamid-Gelierung, um die Prakursornetzwerke
zu verfestigen. Nach Modifikationen wurden die geordneten Inversopalen von CeO,, CuO
und ZnO erfolgreich synthetisiert. Die Prinzipien des Designs und die Methoden der
Prakursormodifikation konnen weitgehend ebenso auf die Synthese anderer Metalloxid-

Inversopale angewendet werden.
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Neben Metallnitrate wurden Nanopartikel des gewtinschten Oxids zur Herstellung der SnO,-
und TiO,-Inversopale verwendet. Unter Verwendung von hydrolysierbarem SnCl, und
Ti(OC4Hg)s wurden Kkolloidale SnO,- und TiO,- Nanopartikeln in der jeweiligen
Préakursorlésung gebildet und anschlieend direkt in die Hohlrdume der PMMA-Template
infiltriert. Die anschliefende Entfernung der PMMA-Kugeln fiihrt zu den geordneten
makropordsen Strukturen, wobei die Oxidpartikeln die Wande der Poren bilden. Durch die
Verwendung von Nanopartikeln anstelle von Metallnitraten wurde die Strukturschrumpfung

signifikant reduziert.

Neben der Synthese und Charakterisierung der Metalloxid-Inversopale liegt ein weiterer
Fokus dieser Arbeit in der optischen Sensorik. Dabei wurden Inversopale aus WOj3 verwendet.
WOgs-Inversopale wurden auch mithilfe kolloidaler Kristalltemplate von PMMA-Opalen
synthetisiert. Durch Verwendung von PMMA-Kugeln mit unterschiedlichen Partikelgrélien
wurden die photonische Bandlicken der WO3-Inverseopale von sichtbarem Bereich bis zum
NIR Bereich variiert. Die Durchmesser der PMMA-Kugeln wurden mit unterschiedlichen

Monomer-konzentrationen eingestellt.

WOs-Inversopale wurden zunachst in die Flissigkeits-Sensorik eingesetzt. Die Anderungen
des Brechungsindexes der Flussigkeit in den Poren von Inversopalen fihren zu
unterschiedlichen Peak-Verschiebungen in den entsprechenden Reflexionsspektren. Alle
getesteten Flussigkeiten konnen anhand der verschiedenen Peak-Positionen identifiziert
werden. Eine detailliertere Datenanalyse zeigt, dass die Empfindlichkeit des Systems mit

zunehmender Porengrélie des WOgs-Inversopals zunimmt.

Dariiber hinaus wurde ein temperaturempfindliches Blockcopolymer in die WOs-Inversopale
infiltriert. Durch Waschen mit Wasser unter unterschiedlichen Temperaturen und Messen der
entsprechenden Anderung der Reflexionsspektren wurde die Differenz der Wassertemperatur
ins optische Signal umgewandelt, wobei es einem neuen Typ von optischem Sensor méglich
ist, die Wassertemperatur zu priifen. Weitere Arbeiten werden sich auf die Suche nach
anderen adsorbierbaren und stimulierungsempfindlichen Materialien konzentrieren, damit die
Anwendungen von Metalloxid-Inversopalen in der optischen Sensorik erweitert werden

kdnnen.

WOs-Inversopale mit unterschiedlichen photonischen Bandliicken wurden auch als optische
Wasserstoffsensoren eingesetzt. Die optischen Responses von WOs-Inversopale mit

verschiedenen H,-Konzentrationen wurden getestet. Aus der Response bei 1 vol% H, unter
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unterschiedlichen Wellenlangen (Bandliicken) wurde die starke Brechungsindexdispersion
von WOj3; nach Reaktion mit H, (ndmlich H\WO3) rekonstruiert. Die Form dieser Dispersion
kann durch das Drude-Modell angepasst werden, was darauf hindeutet, dass die freie
Ladungstrégerabsorption der vorherrschende physikalische Ursprung der optischen Response
ist. Die Dispersionskurve ist eine niitzliche Richtlinie, um die Wellenlange fur die maximale
Anderung des Brechungsindex zu finden, um damit die maximale gasinduzierte optische

Response zu ermitteln.

Der Schlisselparameter fur die freie Ladungstrdgerabsorption ist die freie
Ladungstragerdichte, die die Dispersion dieser Absorption und die Leitfahigkeit der
halbleitenden Metalloxide bestimmt. Von den resistiven Sensoren ist bekannt, dass die
Priifgase die Leitfahigkeit von Metalloxiden effektiv verandern kénnen, was auf eine starke,
gasinduzierte Variation der freien Ladungstragerdichte hinweist. Dementsprechend sollten die
optischen Response fur die meisten Metalloxide beobachtet werden, wenn sie auch den
entsprechenden Testgasen ausgesetzt werden. Jedoch um messbare optische Response zu
beobachten, sollte der zu messende Spektralbereich in der N&dhe der stark dispersiven Region
der optischen Konstanten von Metalloxiden liegen. Fir die meisten Metalloxide liegt dieser
Bereich wéhrend der Gasmessung im IR-Bereich. Dieser wiederum wird durch die Grol3e der
Variation der Ladungstragerdichte bestimmt. Fir weitere Untersuchungen werden die anderen
Metalloxid-Inversopale mit groReren photonischen Bandliicken hergestellt und eingesetzt, um

die Wahl der Sensormaterialien flr optische Gassensoren zu erweitern.
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8. Appendix
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Nerf

Nfree

NIR
P(DEVBP-b-NIPAAm)
PDI

PMMA

PS

P-XRD

RIU

one-dimensional

two-dimensional

three-dimensional

interplanar spacing

particle diameter

dynamic light scattering

differential scanning calorimetry
derivative thermogravimetry

electronic charge

ethylene glycol dimethacrylate

volume fraction

face-centered cubic

fourier-transform infrared spectroscopy
full widths at half maximum

infrared

Joint Committee on Powder Diffraction Standards
extinction coefficient

effective conduction-band mass
methyl-methacrylate

mass spectrometry

effective refractive index
free electron density

near-infrared

poly(diethyl-4-vinyl-benzyl phosphonate-b-N-isopropylacrylamide)
polydispersity index

poly methyl-methacrylate

polystyrene

powder X-ray diffraction

optical response

refractive index unit
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sensitivity

scanning electron micrographs
surfactant-free emulsion polymerization
critical solution temperature
glass transition temperature
thermogravimetric analysis
tetraethyl orthosilicate
ultraviolet—visible

reflection peak position
absorption coefficient
damping coefficient

relative permittivity

standard deviation

plasma frequency
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