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Abstract 

 

In this thesis, the results of an investigation into the template-assisted synthesis of the YSZ/LSM 

composite for solid oxide fuel cells (SOFCs) are presented. This project is motivated by the 

prospective application of this technique in SOFCs. Extensive characterization of all samples 

formed has been carried out using a range of spectroscopic and microscopic techniques. 

The fabrication of the three-dimensionally ordered macroporous (3-DOM) composite mainly 

involves the creation of a periodic lattice of colloidal crystals via the self-assembly approach, the 

synthesis of 3-DOM yttria-stabilized zirconia (YSZ) frameworks using the sol-gel route and the 

infiltration of the lanthanum strontium manganite (LSM) precursor into the YSZ template. 

One objective of this project was to obtain a greater understanding of the self-assembly growth 

process. Since the quality of self-assembled template plays an important role in determining the 

quality of resulting products, different synthesis conditions that affect the crystallinity have been 

individually investigated. Based on the results the optimal parameters were proposed. Although 

cracking phenomena in the template films were observed, and they were intrinsically inevitable in 

the fabrication of multi-layer colloidal crystal. By carefully control the synthesis parameters, the 

number of cracks can be minimized. The consequently obtained films exhibited good long-range 

ordering. All the characterization results confirmed that the obtained polystyrene films were 

suitable for using as templates in the synthesis of 3-DOM materials. 

Another objective was the use of colloidal crystal templates for the formation of 3-DOM YSZ and 

LSM thin films, which have potential applications in SOFCs. The synthesis of 3-DOM materials 

using the template-assisted approach has been proven as a complex process. A large variety of 

parameters showed apparent influences on the ultimate quality of 3-DOM films. All these 

parameters can be classified as four types, namely the template, precursor chemistry, infiltration 

process and calcination. The effect of each type was investigated and is discussed in this thesis. 

3-DOM films exhibited large shrinkage which is attributed to the large difference in the density of 

the precursor and dense ceramics. A systematic study was carried out to investigate the shrinkage 
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mechanism during the synthesis procedure, and a “floating model” was proposed to interpret the 

attachment of most ceramic domains when a large shrinkage was observed. 

Finally 3-DOM YSZ/LSM composites were successfully fabricated using template-assisted 

growth. The obtained film exhibited partially filled microstructure. Since YSZ/LSM composites 

have potential uses as the cathode material in solid oxide fuel cells, the microstructure and 

electrical performance of 3-DOM composites were investigated. In order to evaluate the possible 

performance of the 3-DOM composite as a cathode, the electrical conductivity was assessed using 

AC impedance spectroscopy. The impedance spectra exhibit high frequency and low frequency 

arcs attributed to complex electrical responses of YSZ/LSM composites. The activation energy of 

the composite film was obtained according to the modified Arrenius equation, and the result 

showed a typical value for YSZ/LSM composites with a LSM volume fraction of 30-40%. The 

low conductivity of the composite film is ascribed to the poor structural contact of the 3-DOM 

composite. 

In this study, large, ultra-fine polystyrene colloidal crystals were successfully fabricated. 3-DOM 

YSZ and LSM thin films of high quality were prepared using the polystyrene films as templates. 

Finally YSZ/LSM composite films were synthesized and characterized to investigate its potential 

uses as the cathode in SOFCs. All the work presented in this thesis provides a better understanding 

on the key parameters and mechanisms involved in template-assisted growth. 
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1 Introduction 

 

In this chapter the basic principles of solid oxide fuel cells (SOFCs) are introduced, followed by 

an analysis of the requirements for a SOFC cathode. The underlying principles of a composite 

cathode are then described. As the work undertaken for this thesis is focused on investigating a 

novel cathode microstructure, much attention is concentrated on the template-assisted fabrication 

of three-dimensionally ordered macroporous (3-DOM) ceramics using colloidal crystals as the 

inverse template. Finally some principles related to light diffraction are introduced. 

 

1.1 Basic principles of solid oxide fuel cells 

1.1.1 Introduction to solid oxide fuel cells 

A fuel cell is an electrochemical energy conversion device. It produces electricity directly from 

external supplies of fuel (on the anode side) and oxidant (on the cathode side), which react in the 

presence of an electrolyte. The principle of fuel cells was first introduced by William Robert 

Grove in 1839. His prototype, called a gas voltaic battery, used a dilute sulphuric acid electrolyte, 

a hydrogen anode and an oxygen cathode1. At the anode side, hydrogen is oxidized, 

 2(g)H 2H 2e+ −→ +  (1.1) 

and the ionic species are transported by the sulphuric acid electrolyte. Oxygen reduction occurs at 

the cathode, 

 2(g) 21 2O 2H 2e H O+ −+ + →  (1.2) 

Currently the demand for reliable and inexpensive sources of energy is increasing as the world 

population increases. Solving the problems of an increasing world energy demand is probably the 

most important task facing mankind today. Fuel cells have recently attracted wide attention due to 
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their environmentally friendliness, high efficiency and reliability for use in stationary and 

distributed electric power stations as well as in transportation applications. 

Five types of fuel cells, i.e. the alkaline fuel cell (AFC), the polymeric electrolyte membrane fuel 

cell (PEMFC), the phosphoric acid fuel cell (PAFC), the molten carbonate fuel cell (MCFC) and 

the solid oxide fuel cell (SOFC) have been developed2. These fuel cells are characterized by their 

electrolytes, which to a large extent determine the operating temperature. The characteristics of 

different types of fuel cells are listed in Table 1.1. 

 
Type Electrolyte Working 

Temperature
Fuel Oxidant 

AFC Aqueous alkaline solution 
(e.g., KOH) 

70°C H2 O2 (air) 
(CO2 removal)

PEMFC Polymer membrane (e.g., 
Nafion™) 

80°C External Reforming 
H2, CO (CO2 

removal) 

O2 (air) 

PAFC Molten phosphoric acid 
(H3PO4) 

100~120°C External Reforming 
H2, CO2 

O2 (air) 

MCFC Molten alkaline carbonate 
(e.g., NaHCO3) 

600~650°C Internal Reforming 
H2, CO, CO2 

O2 (air)  
(CO2 removal)

SOFC O2- conducting ceramic 
oxide (e.g., CeO2) 

500~1000°C Internal Reforming 
H2, CO 

O2 (air) 

 
Table 1.1 Summary of fuel cell types 

 

Although different types of fuel cells have been developed and investigated, the requirement of 

complicated fuel purification processes restrains the practical application for many of them3. As 

summarized in Table 1.1, AFC has the lowest operation temperature of the five types, but it cannot 

be operated in the reformate gas mixture due to the presence of CO2, which degrades the alkaline 

electrolyte. The other two types of lower-temperature fuel cells, PEMFC and PAFC, essentially 

demand pure H2 to be supplied to the anode. As a result, incorporation of an external fuel 

processor into the system is required. However, using the external fuel processor not only 

increases the cost and complexity of the system, but the purification process also decreases the 

overall efficiency3.  

In contrast, the SOFC, which is operated at higher temperatures, has the advantage of multi-fuel 
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adaptability. Both H2 and CO, in some cases even CH4, can be electrochemically oxidized at the 

anode. Accomplishing the fuel-processing reaction within the system improves the thermal 

integration and management, promoting the system efficiencies as well as simplifying the system 

design3-5. Such exceptional advantages for use as electric power generation systems make the 

SOFC one of the most promising possibilities for future energy generation, and its development 

has become of great interest in recent years. 

 

Fig 1.1 Schematic configuration of the SOFC 

 

A SOFC is composed of three main components: anode, cathode and ionically conductive 

electrolyte. A schematic illustration of the SOFC is presented in Fig 1.1. The cathode and anode 

typically have porous microstructures to maximize the gas interfacial area. The electronic/mixed 

conducting cathode supplies electrons to the reaction sites at which oxygen is reduced. The oxide 

ions produced in the reduction of molecular oxygen are subsequently conducted to the electrolyte. 

The electrolyte is a dense ceramic solid that exhibits high ionic conductivity, i.e. only O2- migrates 

from the cathode side to the anode side, and the electronic conductivity of the electrolyte is 

negligible. The oxide ions oxidize the fuel, e.g. hydrogen, at the porous anode, and the chemical 

energy is consequently converted into electrical power. The electrode reactions are expressed as 

Cathode:  
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 2
2(g)O 4e 2O− −+ →  (1.3) 

Anode: 

 2
2(g) 2 (g)H O H O 2e− −+ → +  (1.4) 

Overall: 

 2(g) 2(g) 2 (g)2H O 2H O+ →  (1.5) 

 

1.1.2 Electrical conductivity 

The ability of a material to conduct charge under an electric field is defined as the electrical 

conductivity. For a given material, the electrical conductivity σ can be calculated as 

 c neσ μ=  (1.6) 

where c is the concentration of the charge carrier, μ is the charge carrier mobility which is defined 

as the velocity per unit field of charge, n is the number of unit charge carried by the charge carrier, 

and e is the electron charge. Two types of electrical conductivity can be observed in materials, 

namely ionic conductivity and electronic conductivity. 

 

1.1.2.1 Ionic conductivity 

Ionic conductivity is a mass transport process requiring the formation of defects within the crystal 

structure. It can be a result of interstitial migration of ions and/or the movement of 

crystallographic vacancies. For example, transport of oxide ions in yttria-stabilized zirconia occurs 

via oxygen vacancies. In ionic conductivity, the concentration of charge carriers (instrinsic defects) 

depends on the temperature. At elevated temperature, the ionic mobility is increased, and ions are 

able to migrate into neighbouring vacant lattice sites under an electric field.  

In the crystalline solid, point defects are the most important type of defects, and they have 

significant influences on ionic conductivity. The defects can be vacancies, interstitials or 



23 

substitutionals. A schematic illustration of typical defects is shown in Fig 1.2 . 

 

Fig 1.2 Schematic illustration of different types of defects in ionically conductive materials 

 

A high level of ionic conductivity requires a large concentration of defects. In SOFC materials this 

is usually achieved by doping, e.g. doping zirconia with yttria (YSZ), or doping ceria with 

gadolina (CGO). Substituting a cation with another cation possessing a different valence results in 

a charge imbalance, and charge compensation can be achieved by introducing point defects, e.g. a 

host lattice oxygen vacancy, a dopant interstitial ion, a host interstitial cation, etc. 

 

1.1.2.2 Electronic conductivity 

The charge carrier in electronic conductivity can be either electron holes (p-type) or electrons 

(n-type). As described in Equation (1.6), both the mobility and concentration of charge carriers 

affect the electronic conductivity. In metals, the concentration of charge carriers, i.e. free electrons, 

does not significantly vary with temperature. When increasing the temperature, thermal energy 

causes atoms to vibrate and interact with electrons. As a result, the mean free path of electrons is 

reduced, leading to decreased electron mobility. In semiconductors, the concentration of charge 

carriers is dominated by Fermi-Dirac statistics, 

 ( )( ) 1
1i Bk T

in e ε μ −−= +  (1.7) 
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where ni is the possibility of a fermion, e.g. an electron, in a state i, εi is the energy of the state i, μ 

is the Fermi level, kB is Boltzmann’s constant, and T is the absolute temperature. When increasing 

the temperature, the possibility of a fermion at a higher energy state increases, resulting in a higher 

concentration of charge carriers. In SOFC materials the high electronic conductivity is typically 

achieved by using elements with variable valences, e.g. manganese, cobalt.   

 

1.1.3 Triple phase boundary 

The triple phase boundary (TPB) is a geometrical parameter that is of great significance for the 

performance of SOFC. The concept of TPB holds that the electrochemical reactions, either 

reduction of oxygen or oxidation of fuel, can only occur at sites where ionically conductive 

electrolyte, gas and electronically conductive electrode are all in contact. A simplified schematic 

of the TPB is shown in Fig 1.3. 

 

Fig 1.3 Schematic illustration of the triple phase boundary (TPB) 

 

The TPB is electrochemically catalytic, and generally it involves three significant processes in the 

reaction6.   

1) Transport of oxide ions from/to the electrolyte via an ionically conducting phase. 

2) Transport of electrons from/to the current collector to/from the reaction site via an 

electronically conducting phase. 

3) Transport of electrons and oxygen ions to the gas phase adsorbed on the electrode, to 
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complete the reducing/oxidizing reaction. 

It is therefore apparent that the catalytic TPB provides the site for electrochemical reactions within 

the SOFC, and it also performs as the bridge of the charge transfer. It has been pointed out that the 

length of the TPB is decisive to the electrode performance2, 7-12. As a result, the ability to control 

the microstructure and electrocatalytic activity of the TPB is of crucial importance. 

 

1.1.4 Cell efficiency 

Since SOFCs do not operate with a thermal cycle, they are not constrained by the maximum 

Carnot cycle efficiency13. As a result an SOFC is able to achieve a high efficiency, up to 50~70%14. 

If the SOFC is assumed to be a perfect reversible system without losses, the efficiency of an 

SOFC, μ, is normally defined by comparing the theoretical cell voltage under open circuit (E0) to 

the actual output voltage (E) and is given by 

 
0

f G
E
E

μ μ μ=  (1.8) 

where μf is the fuel utilization coefficient which describes the percentage of the fuel reacting at the 

anode, and μG is the Gibbs efficiency2, 15.  

 0
G

nFE
H

μ =
Δ

 (1.9) 

where n is the number of electrons involved per reaction, F is the Faraday constant, E0 is the cell 

potential under open circuit, and ∆H is heat of the overall cell reaction2.  

At standard state, the standard potential under open circuit, E0, can be calculated as  

 
0

0 −Δ
=

GE
nF

 (1.10) 

where ∆G0 is the Gibbs free energy at standard state. However, fuel cells usually operate under 

non-standard conditions. The corresponding open-circuit cell potential, E0, is smaller than the 

standard potential, and it can be deduced from the Nernst equation16  
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 0
0 ln= −

RTE E Q
nF

 (1.11) 

where R is the universal gas constant, T is the absolute temperature, Q is the reaction quotient. In a 

general chemical reaction, where the reactant A (a moles) reacts with the reactant B (b moles) and 

produces the product C (c moles) and the product D (d moles), the reaction quotient Q can be 

consequently defined as 

 
[ ] [ ]
[ ] [ ]

c d

a b

C D
Q

A B
=  (1.12) 

Assuming the SOFC using hydrogen as the fuel, according to Equation (1.5) the reaction quotient 

is expressed as 

 2

2 2

2
0

2

( )
( )

= H O

H O

p p
Q

p p
 (1.13) 

where pH2O, pH2, pO2 and p0 represent the partial pressure of product (H2O) at the anode outlet, the 

partial pressure of reactant (H2) at the anode inlet, the partial pressure of oxygen at the cathode 

inlet and the environmental pressure, respectively.  

The Nernst equation describes the effect of the pressures of the reactants and product on cell 

voltage17. At equilibrium, open-circuit cell potential, E0, is 0, and the reaction quotient is 

equivalent to the equilibrium constant, K. Accordingly the standard potential under open circuit 

can be expressed as  

 0 ln=
RTE K
nF

 (1.14) 

In a typical SOFC, the actual output voltage (E) is smaller than E0 due to different types of 

polarization. The relationship between E and E0 is given by 

 0= − − −Ohm Con ActE E η η η  (1.15) 

Here ηOhm, ηCon, ηAct represent three types of polarization, namely the ohmic polarization, the 

concentration polarization and the activation polarization2, 10, 15. According to Equation (1.8), in 

order to operate SOFCs at a relatively low temperature, minimizing the polarization is of great 

significance. 
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The ohmic polarization consists of two types of resistance, namely the resistance of the electrolyte 

and that of the electrode. Since the contribution of the resistance of the electrode to the total ohmic 

polarization is negligible, compared with the resistance of the electrolyte, the ohmic polarization 

can be simplified as 

 Ohm eIRη =  (1.16) 

where I is the current passing through, and Re is the electrolyte resistance. Consequently the ohmic 

polarization can be reduced by decreasing the thickness of the electrolyte layer. 

Concentration polarization occurs when the gas diffuses through the gas filled electrode to the 

reaction sites, i.e. the triple phase boundaries (TPBs). During the reaction, the gas partial pressure 

at the TPB is less than that in the bulk of the gas stream, thus the difference of partial pressure 

may give rise to polarization and lead to limited reaction. The diffusion process in a porous 

electrode plays a crucial role in the concentration polarization. Basically two kinds of diffusion 

occur in a porous electrode, namely ordinary diffusion and Knudsen diffusion. The former 

dominates when the pore size is much larger than the mean free path of the gas molecules, while 

the latter one becomes primary when the pore diameter is comparable or smaller than the mean 

free path. An effective diffusion coefficient was proposed by Chan et al.17 and expressed as 

 
1

( )
1 1

A eff
AB AK

D
D D

ε
ξ

−
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

 (1.17) 

where ε stands for the porosity, ξ is the tortuosity which describes the complexity of the gas 

pathway, DAB is the ordinary diffusion coefficient, and DAK represents the Knudsen diffusion 

coefficient. These two kinds of diffusion in electrodes have been reported by Zhang et al18, and a 

close inspection revealed that the microstructure of electrodes, represented as ε and ξ, play a 

decisive role in the diffusion process. Equation (1.17) apparently indicates that an ordered porous 

microstructure may facilitate diffusion by increasing ε and decreasing ξ. 

Electrochemical reactions usually involve the energy barrier, known as activation energy, to be 

overcome by the reacting species. The activation polarization thus occurs due to the transfer of 

charges between the electronic and ionic conductor, and it can be described by the Butler-Volmer 

equation 
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 ( )0 exp exp 1e Act e Actn F n Fi i
RT RT

β η ηβ⎧ ⎫⎛ ⎞ ⎡ ⎤= − − −⎨ ⎬⎜ ⎟ ⎢ ⎥⎝ ⎠ ⎣ ⎦⎩ ⎭
 (1.18) 

where i0 stands for the exchange current density, β is the transfer coefficient, ne is the number of 

electrons transferred per reaction, and F, R, T represent the Faraday constant, the universal gas 

constant and the absolute temperature, respectively. Under high activation polarization, 

corresponding to cathode activation, the latter term is much less than the former term, and this 

equation can be simplified as  

 
0

lnAct
e

RT i
n F i

η
β

⎛ ⎞
= ⎜ ⎟
⎝ ⎠

 (1.19) 

This is known as the Tafel equation. Since F, R, T, β and ne are certain for a specific reaction, the 

only way to reduce the activation polarization is to increase the exchange current density i0. A high 

exchange current density corresponds to a high electrochemical reaction rate which can be 

enhanced by improving the catalysis17, in other words, increasing the area of active TPB. 

 

1.1.5 Cathode 

The cathode is a thin porous layer where oxygen reduction takes place. The porous structure 

facilitates the gas transport to the reaction site, i.e. the TPBs. The performance of a cathode is 

affected by the operation temperature, since both of the cathodic activity (catalysis) and the 

electrical conductivity largely depend on the temperature. At the intermediate temperature region 

(500~800°C), reduced cathode kinetics become key restraints of the SOFC performance. In order 

to improve the cathode performance, different strategies have been proposed.  

Initially the performance of the cathode can be strengthened by using novel materials. Efforts to 

reduce the cathodic polarization result in a large number of potential materials under investigation. 

Much work has been done on the optimization of lanthanum-based perovskites. Simner et al 

suggested La0.8Sr0.2FeO3 as a potential candidate, however its performance at low temperature was 

poor19, 20. Further research indicated La0.3Sr0.7Fe0.8Ga0.2O3 as a promising material with a high 

conductivity (~100Scm-1) at intermediate temperature (600°C). Other than lanthanum-based 



29 

perovskites, Sm0.5Sr0.5CoO3 (SSC) has also attracted significant interest as a potential cathode 

material. Liu et al reported the fabrication of a novel SSC cathode with dual-scale porosity18, 21.  

An alternative route for the fabrication of a SOFC cathode is the functionally graded or 

multi-layer graded configuration. This concept was initially discussed by Hart et al22, 23. Their 

prototype composed of a four-layer structure of yttria stabilized zirconia (YSZ), cerium 

gadolinium oxide (CGO), lanthanum strontium manganite and La1-xSrxCoO3. Later on a cathode 

with nine layers was fabricated using a similar approach, and improved electrochemical 

performance compared to conventional cathodes was reported24.  

The performance of SOFC cathodes can be also improved by using composite materials25-30. The 

composite material is a mixture of the electrically conductive cathode material and the ionically 

conductive electrolyte material. In this case both the electron holes and oxygen vacancies 

contribute to the total electrical conductivity of the cathode. The reduction of oxygen molecules is 

no longer restrained to the contact boundary between the cathode and electrolyte, but also 

extended to the entire surface of the composite cathode31. The composite cathode also decreases 

the charge transfer resistance between the cathode and electrolyte at intermediate temperature25, 29, 

30. Furthermore, it has been suggested that the addition of YSZ substantially strengthens the 

adhesion of the cathode to the base electrolyte 25, 32. A detailed introduction on composite cathodes 

will be made in Chapter 7. 

 

1.1.6 Materials 

1.1.6.1 Yttria stabilized zirconia 

Due to its thermal and chemical stability, as well as its high strength and fracture toughness, 

zirconia (ZrO2) is widely used as a high-performance ceramic in high-temperature applications33. 

However, the monoclinic phase of zirconia transforms to tetragonal and cubic phases at elevated 

temperatures34, 35. The transformation can result in the formation of cracks due to the stress 

developed associated with phase transformation36.  
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Fig 1.4 Schematic illustration of the cubic fluorite structure YSZ 

 

Yttria-stabilized zirconia (YSZ) is a thermally stable phase obtained by doping37. In SOFCs, the 

substitution of zirconium (Zr4+) for yttrium (Y3+) introduces vacancies into the lattice (Fig 1.4), 

producing more oxygen vacancies and enhancing ionic conductivity. The defect reaction can be 

expressed as 

 2ZrO x
2 3 Zr O OY O 2Y 3O V••′⎯⎯⎯→ + +  (1.20) 

It has been reported that the addition of 8~10 mol% Y2O3 to ZrO2 result in the optimum electrical 

conductivity38, 39. The material with this doping level typically exhibits a cubic fluorite structure34.  

The ionic conductivity of YSZ (8~10 mol%) at 600°C is approximately 2.5 mS/cm depending on 

the composition and the synthesis route40. When increasing the doping level, higher activation 

energy at low temperature is reported. Due to the ‘trapping’ of oxygen vacancies by the yttrium 

dopant, the defect cluster of YZr′VO
•• is formed41, 42. It has also been reported that YSZ may react 

with cathode materials at elevated temperatures (>1000°C). For example, YSZ reacts with 

lanthanum strontium manganite and forms detrimental insulating phases, e.g. La2Zr2O7, SrZrO3 26, 

43, 44.  

 

1.1.6.2 Lanthanum strontium manganite 

Lanthanum strontium manganite (LSM) is one of the most common cathode materials in SOFCs. 

LSM exhibits a perovskite crystal structure, which has the general form of ABO3. In this crystal, 

the ‘A’ sites are occupied by lanthanum and strontium atoms, while the ‘B’ sites are occupied by 
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manganese atoms (Fig 1.5). It has been reported Mn ions can be either trivalent or tetravalent in 

LSM45. The substitution of Sr2+ for La3+ can be compensated by either electron holes (h•) or 

oxygen vacancies (VO
••), and this process results in the oxidation of Mn ions31. The following 

possible defect equations are given. 

 3LaMnO x x
2 3 2(g) La Mn O

12SrO Mn O O 2Sr 2Mn 6O 2h
2

•′+ + ⎯⎯⎯⎯→ + + +  (1.21) 

 3LaMnO x x
2 3 La Mn O O2SrO Mn O 2Sr 2Mn 5O V••′+ ⎯⎯⎯⎯→ + + +  (1.22) 

 

 

Fig 1.5 Schematic illustration of the perovskite structure (ABO3) LSM 

 

The oxidation of Mn3+ to Mn4+ occurs in order to maintain the charge equilibrium. By introducing 

electron holes according to Equation (1.21), the electronic conductivity can be enhanced. 

Moreover, oxygen vacancies can be also formed, as demonstrated in Equation (1.22).  

It has been reported that LSM with high Sr doping levels (>30 mol%) is more likely to react with 

YSZ at elevated temperatures, forming the insulating phase of SrZrO3. On the other hand, low 

doping levels may result in the formation of La2Zr2O7
26, 31, 43, 44. Consequently a compromise of 20 

mol% doping level is typically used for the LSM cathode in SOFCs, i.e. La0.8Sr0.2MnO3. 
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1.2 Colloidal crystal templating 

1.2.1 Synthetic colloidal crystal 

The self-assembly of monodispersed colloidal particles has the ability to generate a 

three-dimensionally ordered macroporous (3-DOM) thin film. A wide range of applications have 

been proposed using this technique, e.g. catalysts, chemical sensing, and photonic devices46-49. To 

achieve these targets, the colloidal structure is usually infiltrated with different functional 

materials48, 50. In these cases, the colloidal structure is able to provide mechanical support as well 

as act as the template.  

 

Fig 1.6 An example of 3-DOM polystyrene crystals prepared via the self-assembly technique 

 

The initial explanations on synthetic colloidal crystals were proposed by Nagayama et al51-53, who 

monitored the two-dimensional crystallization of colloidal particles. Early attempts to prepare 

synthetic colloidal crystals focused on the natural sedimentation of colloidal spheres54-57. However 

this technique lacks the ability to control the ordering and morphology of deposited samples, as 

well as the number of deposited layers. Subsequently a variety of other fabrication approaches, 

namely spin coating58-60, patterned deposition61-63, electrophoresis64 have been proposed. Colvin et 

al reported the so called ‘self-assembly technique’65-67, which is widely used today for the 

synthesis of 3-DOM colloidal crystals. In this route monodispersed colloidal spheres, e.g. poly 

(methyl methacrylate) (PMMA), polystyrene (PS), or silica, are self-assembled into close packed 
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arrays. The self-assembly technique does not have intrinsic limitations on size, and is able to 

produce highly ordered sphere arrays over large areas (>5cm2)68, 69. However, cracking 

phenomena are intrinsically inevitable in the fabrication of multi-layer colloidal crystal. They are 

formed due to drying-induced stress70. With the respect to the state of the art, the number of cracks 

can be reduced by controlling the synthesis conditions. However they can not be completely 

eliminated71-74. An example of 3-DOM synthetic colloidal crystals (polystyrene) is shown in Fig 

1.6, and a detailed introduction of the mechanism and procedure will be made in Chapter 4. 

 

1.2.2 Structure 

In a self-assembly synthesis of 3-DOM colloidal crystals, colloidal spheres are induced together 

by inter-particle capillary forces to form into an ordered close-packed array. The colloidal spheres 

are packed together to minimize the system energy51. As illustrated in Fig 1.6, each sphere on the 

top surface is surrounded by six neighbouring spheres. Consequently three possible close-packed 

stacking arrangements should be considered, i.e. face centered cubic (fcc), hexagonal close-packed 

(hcp) and random hexagonal close-packed (rhcp). Assuming two layers are stacked (AB), the third 

layer can be placed on either the A site or C site. A fcc structure is obtained when stacking as the 

ABCABC arrangement, while the hcp is ABABAB. A random arrangement of the third layer, i.e. 

ABABCAB, results in the formation of rhcp75. A schematic illustration of the hcp and fcc lattices 

is plotted in Fig 1.7.  

 

Fig 1.7 Schematic illustration of a) face centered cubic and b) hexagonal close-packed 
stacking arrangements 
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Woodcock pointed out that the stacking of the fcc structure is more thermodynamically stable than 

the hcp structure based on theoretical calculations76. A small difference of 0.13 meV per sphere in 

Gibbs free energy was found between these two stacking arrangements. The first experimental 

evidence of the fcc structure in self-assembled colloidal crystals were reported by Miguez et al77. 

By cleaving the synthetic colloidal crystal sample, internal facets were revealed and characterized 

using SEM, as shown in Fig 1.8. Fig 1.8(a) exhibits the typical (111) plane of the top surface with 

six neighbouring spheres. The square arrangement in Fig 1.8(b) corresponds to a {100} type facet 

of a fcc structure with a center-to-center distance of √2D, where D is the diameter of the sphere. 

Another {111} type facet, possibly (-111) plane, is clearly revealed in Fig 1.8(c). An angle of 

70.5° is formed between the (-111) and (111) planes. Finally a {110} type facet is also observed77, 

showing the rectangular lattice. All these facets correspond to sphere arrangement in the fcc phase. 

Further evidence in the literature confirms the packing of the self-assembled colloidal crystals is 

fcc78. 

 

Fig 1.8 SEM micrographs of cleaved colloidal crystals showing different internal facets: a) the 
(111) plane on the top surface; b) the {100} type facet exhibits the square arrangement; c) a 
{111} type facet forms an angle of 70.5° with the (111) plane; (d) a {110} type facet shows a 
rectangular lattice77. 
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1.2.3 Inverse 3-DOM materials 

The self-assembled colloidal crystals exhibit a highly ordered, periodic, interconnected porous 

structure. If the voids between colloidal spheres are filled with a material, then by subsequently 

solidifying the material and removal of the colloidal crystal a 3-DOM material is obtained. The 

obtained material is a direct inverse replica of the original colloidal crystal, and the entire process 

is usually referred to as the template method, or template-assisted growth. A typical procedure of 

preparing 3-DOM materials via template-assisted growth consists of three steps, i.e. self-assembly 

of the template, infiltration of the desired precursor and removal of the template.   

Initially this technique is used to prepare photonic band gap materials49, 68, 79. By using different 

functional materials, the template-assisted growth finds extensive applications in various fields. A 

large variety of periodically porous solids have been successfully fabricated by Stein et al46, 49, 54, 

80-82. More recently, this technique was used in the fabrication of ordered porous electrodes for 

solid oxide fuel cells (SOFCs)18, 21, 83, 84. The prepared films typically exhibited limited size, 

numerous structural defects and incontinuous coverage of domains on the substrate. A detailed 

introduction on the fabrication of inverse 3-DOM materials using the template-assisted growth 

will be given in Chapter 5. 

1.3 Light diffraction 

In physics, Bragg’s law, which was presented by William Lawrence Bragg in 1912, describes the 

angles for coherent and incoherent scattering from a crystal lattice. Although Bragg’s law was 

initially derived based on X-ray diffraction, its application can be also extended to light 

diffraction85. According to the theory, crystal lattices are considered as regular planes, and the 

incident radiation can be reflected by the constructive interference if the Bragg condition is 

fulfilled. The condition is normally expressed as 

 2 sin( )dλ θ δ= ±  (1.23) 

where n is the order, λ is the wavelength of the incident radiation, d is the inter-planar spacing, θ is 

the so called Bragg angle between the incident ray and the scattering plane, δ is a small range of 
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angles determined by how strong the atoms scatter the X-rays86. When the Bragg condition is 

fulfilled, the incident and diffracted beams form equal but opposite angles with the normal to the 

plane. 

In synthetic colloidal crystals, the crystals exhibit periodic structures, which are similar to the 

atomic lattice in X-ray diffraction. They should be able to diffract radiation, and consequently 

Bragg’s law can be applied85. However, refraction of the beam at the surface of the specimen 

should also be considered. Snell’s law, which describes the relationship between the angles of 

incident radiation and refraction through a boundary between two homogeneous media, is 

combined with Bragg’s law. Snell’s law is typically given by  

 1 1 2 2sin sinn nθ θ=  (1.24) 

where n is the refractive index, θ1, θ2 are the incident angle and the refractive angle respectively. 

The interaction of light taking place at the colloidal crystal interface is schematically illustrated in 

Fig 1.9.  

 

Fig 1.9 Interaction of light at the colloidal crystal interface 

 

According to the definition of the refractive index n, the following relationship can be given 

 2 1 1

1 2 2

n c
n c

λ
λ

= =  (1.25) 

where c1, c2 are the speed of light in different media respectively. If n1=1, Equation (1.25) can be 

derived as 
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 1 2 2nλ λ=  (1.26) 

The following relationship is obtained from Fig 1.9. 

 2 22 sin 2 sin(90 )Bd dλ θ θ′= = −  

Hence combining with Equation (1.26), λ1 is calculated as 

 2
1 2 2 2 22 sin(90 ) 2 1 sindn dnλ θ θ= − = −  

From Snell’s law in Equation (1.24),  

 
2

1
1 2 2

2

sin2 1dn
n
θλ = −  

Consequently the following combined Bragg/Snell equation is derived 

 2 2
1 2 12 sind nλ θ= −  (1.27) 

When applying Equation (1.27) to the synthetic colloidal crystal system, the refractive index, n2, is 

eventually composed of two components in the fcc lattice, i.e. the dielectric material and the air65. 

Therefore an effective refractive index, neff, is commonly used in Equation (1.27) instead of n2 and 

calculated by the weighted average of each component as follows 

 eff i in n f=∑  (1.28) 

where ni and fi represent the refractive index and volume fraction of the ith components 

respectively87. 

For the fcc unit cell, the volume fraction of the dielectric material can be obtained by calculating 

the volume of spheres in the cubic unit cell. As illustrated in Fig 1.10, only the spheres across the 

face diagonal are in contact with other spheres. The face diagonal and two sides form a right 

angled triangle. If the radius of each sphere is r, the length of side of the cubic unit cell (cell 

parameter a) can be calculated as  

 
4 2 2

2
ra r= =  (1.29) 
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Furthermore, each of six face centered spheres is equally shared by two neighbouring units, while 

each of eight corner spheres are equally shared with another seven adjacent units. Consequently 

the number of spheres completely possessed by this unit cell is 8×1/8+6×1/2=4. The volume 

fraction of the dielectric sphere can be calculated as 

 ( )3
344 8 0.74

3spheref r rπ⎛ ⎞= × =⎜ ⎟
⎝ ⎠

 (1.30) 

As a result, in the fcc lattice 74% of the unit cell is occupied by dielectric spheres, and the 

remaining 26% is unoccupied. In the current study, polystyrene was used as the material for 

colloidal crystals, and a refractive index of nPS=1.59 is reported in the literature70. The effective 

refractive index is consequently calculated as 

 0.74 0.26 1.44eff PS airn n n= × + × =  (1.31) 

 

Fig 1.10 Schematic illustration of the fcc unit cell and spheres in contact along the face 
diagonal 

 

 

1.4 Principles of reflectance spectroscopy 

As discussed in the previous section, optical or X-ray diffraction provides a non-destructive 

approach to investigate the internal order of synthetic colloidal lattices. If the Bragg condition is 

fulfilled, strong reflection can occur from the 3-D lattice when illuminated by monochromatic 

radiation88. Consequently both reflection and transmission of radiation can be used to study the 
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lattice arrangement as increased reflection or decreased transmission over a range of wavelengths 

when the combined Bragg/Snell’s law is satisfied (Equation (1.27))89.  

When light with a series of wavelengths is focused on 3-DOM colloidal crystals, the reflectivity 

exhibits an intense peak in the reflectance spectrum, containing the frequency of which the 

constructive interference occurs. In the obtained spectra, the diffraction from different planes of 

the specimen is an indication of the crystallinity and order90. Consequently reflectance 

spectroscopy is routinely used in this project to study the ordering of polystyrene templates. In the 

wavelength range of 370~1400nm, which is typically used in the reflectance characterization, 

noticeable absorption of light is not observed for polystyrene91. The instrument used to obtain the 

angle resolved reflectance spectra will be introduced in the next chapter.  

 

Fig 1.11 Typical angle resolved reflectance spectrum for 327nm polystyrene spheres 

 

An example of a typical angle resolved reflectance spectrum for a self-assembled template 

composed of 327nm polystyrene spheres is plotted in Fig 1.11. The reflectance peak shifts to a 

shorter wavelength when increasing the incident angle, confirming that the reflection arises from 

Bragg diffraction (Equation (1.27)). Since the polystyrene spheres exhibit an fcc structure, the 

intense reflection peaks result from constructive interference of the reflected waves from (111) 

planes70. As the incident angles increased, the incident light moves away from the <111> direction. 

Reflection peaks of 10°~50° generally exhibit a trend of reduced peak intensity. Since the angle 

between (111) and (-111) planes is 70.5°77, additional reflection from other sets of (111) planes 



40 

increases the intensity when illuminating the specimen from a high angle, e.g. 70°. As a result, 

increased intensity is observed in the spectrum at 60° and 70° respectively. A series of small 

reflection peaks are also observed at shorter wavelengths (350~500nm), and they are attributed to 

reflection from other planes, e.g. (100) and (110)77. 

The profile of reflection peaks depends on the periodicity and the dimension of the specimen. The 

light probe is typically focused to a 1mm2 spot on the specimen. Compared to the size of spheres 

(diameter: 200~400nm), a relatively large area of the specimen is illuminated. The presence of 

point defects, stacking faults, polydispersity in this area is inevitable, resulting in a decrease of the 

signal intensity89, 92. Increasing the thickness of the sample leads to the increase of crystal layers, 

which improves the reflection. Consequently the full width at half maximum (FWHM) of the 

reflection peaks is decreased66. A threshold of ~10 layers was reported, and further decrease in 

FWHM was not observed65, 66. In the current study, all samples have a thickness far exceeding the 

threshold. 

 

1.4.1 Interpretation of the reflectance spectrum  

Since the most intense reflection peak of fcc structured colloidal crystals arises from the reflection 

from (111) planes, the combined Bragg/Snell equation can be modified as 

 2 2
1112 sineffd nλ θ= −  (1.32) 

As shown in Fig 1.11, different incident angles correspond to different peak positions, i.e. λ values. 

Thus by plotting a straight line of λ2 versus sin2θ, d111 and neff can be derived from the y-intercept 

and the gradient of the line. A fitting line is plotted in Fig 1.12 as an example. 
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Fig 1.12 An example of the linear fits of λ2 versus sin2θ 

 

The fitting is performed based on the least squares method. For a series of data points possessing 

the coordinates (xi, yi) (i=1, 2, ···, n), the gradient (G), the y-intercept (Iy) and the squared 

correlation coefficient (R2) can be given by 

 2 2

( )
( ) ( )
i i i i

i i

n x y x y
G

n x x
−

=
−
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 (1.33) 
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 (1.35) 

The R2 value is regarded as an indicator that shows the closeness of the fitting to the data set. R2 

falls in the range of 0~1, and when its value is closer to 1, the trendline is more reliable.  

Based on Equation (1.32)~(1.34), d111 and neff can be derived as 

 111
1

4
d

G
= −  (1.36) 

 eff yn I=  (1.37) 

The inter-planar spacing of a cubic unit cell can be calculated from the cell parameter (a) and the 
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miller indices (hkl) 

 
2 2 2hkl

ad
h k l

=
+ +

 (1.38) 

When referring to the result obtained in Equation (1.29), the following relationship can be derived 

 111
6

2
D d=  (1.39) 

where D is the diameter of the colloidal sphere (D=2r). Consequently the diameter of the colloidal 

sphere can be calculated from the reflectance spectrum. 

 

1.4.2 Fabry-Perot oscillations 

In low-angle reflectance spectra, a series of consecutive oscillations can be observed, as shown in 

Fig 1.13.  

 

Fig 1.13 An example of reflectance spectrum obtained at 10° exhibiting consecutive 
Fabry-Perot oscillations 

 

The generation of these oscillations can be explained as follows. If the thickness of the colloidal 

film does not exceed 8μm66, the refractive light is able to penetrate through the thin film. It 

undergoes reflection at the underlying substrate. Interference may take place between the 

reflection from the substrate and the reflection from the surface of the film at some wavelength, 
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resulting in a Fabry-Perot oscillation, as illustrated in Fig 1.14. By altering the wavelength, 

Fabry-Perot oscillations of different orders can be obtained in the spectrum. If the thickness is 

greater than 8μm, all diffraction is from the periodic structure of the film, and Fabry-Perot 

oscillations cannot be observed. 

 

Fig 1.14 Schematic illustration of the origin of the Fabry-Perot oscillations in a reflectance 
spectrum 

 

It is apparently the interference in the Fabry-Perot oscillation is associated with the thickness of 

the film, and their relationship can be deduced as follows. If the thin film is composed of m layers, 

the combined Bragg/Snell relationship in Equation (1.27) can be modified as 

 2 2 2 2
0 2 sin 2 sineff effm md n T nλ θ θ= − = −  (1.40) 

where λ0 is the wavelength of the zero order resonance (Fig 1.13), T is the thickness of the film 

and T=md. For the wavelength of the pth order resonance, a similar relationship can be given by 

 ( ) 2 22 sinp effm p T nλ θ− = −  (1.41) 

Consequently the following relationship between λ0 and λp can be obtained. 

 
0

p

p

p
m

λ
λ λ

=
−

 (1.42) 

By rearranging Equation (1.40) and (1.42), the thickness T is then expressed as 
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2 2
02( ) sin

p

p eff

p
T

n

λ λ

λ λ θ
=

− −
 (1.43) 

The thickness can be obtained simply by using a wavelength of high order oscillation in Equation 

(1.43). However depending on the oscillation used, slight variations can be generated. 

Alternatively an average thickness can be calculated by the linear fitting of the oscillation order (p) 

versus 2 2
0 02( ) sinp eff pnλ λ θ λ λ− − . The gradient of the plotted line is the thickness. 

 

1.5 Structure of thesis 

The research on the template-assisted synthesis of the YSZ/LSM composite is motivated by the 

prospective application of this technique in SOFCs. The fabrication of the 3-DOM composite 

mainly involves the creation of a periodic lattice of colloidal crystals via the self-assembly 

approach, the synthesis of 3-DOM YSZ frameworks using the sol-gel route and the infiltration of 

the LSM precursor into the YSZ template. In the following chapters, experimental procedures and 

obtained results will be discussed.  

Template-assisted growth is one novel route used in the fabrication of the composite cathode for 

SOFC. In order to characterize the properties of either the template material or SOFC materials, a 

variety of techniques have been used in this project. The techniques and related instrumentation 

are introduced in Chapter 2. In Chapter 3 the polymerization technique used in the preparation of 

polystyrene colloidal crystals, as well as the synthesis process, is introduced, and different factors 

affecting the synthesis are also discussed. The self-assembly synthesis of polystyrene thin films 

using colloidal spheres is presented in Chapter 4. 

The prepared polystyrene thin films were used as the template in this project. Both 3-DOM 

yttria-stabilized zirconia (YSZ) and lanthanum strontium maganite (LSM) thin films are prepared 

via the template-assisted growth, and introductions as well as discussion of these two materials are 

made in Chapter 5 and Chapter 6, respectively. Using the 3-DOM YSZ as a template, the 

YSZ/LSM composite was subsequently fabricated. This composite has the potential to be used as 

the cathode material in SOFCs. All related experimental details and characterization are given in 
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Chapter 7. 

Although discussion of obtained results and summaries are presented at the end of each chapter, 

an overall conclusion of the project is made in Chapter 8. Possible future work is also indicated.  
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2 Instrumentation 

 

2.1 X-ray diffraction 

X-ray diffraction (XRD) is a non-destructive technique that is used to characterize the 

crystallography and chemical compositions of crystalline materials. The principle of X-ray 

diffractions is based on Bragg’s law; 

 2 sind nθ λ=  (2.1) 

where d is the lattice spacing, θ is the Bragg angle, n is the integral order of the reflection (or 

diffraction), and λ is the wavelength of the incident X-ray. As schematically illustrated in Fig 2.1, 

the incident X-ray beam (beam 1 and 2) is directed to the sample and scattered at different planes. 

If the extra distance travelled by the second X-ray wave (AO'+BO'=2dsinθ) equals an integral 

multiple of the wavelength (nλ), the second X-ray beam can be regarded as in-phase at point A and 

B. As a result these two reflections (1' and 2') are completely in-phase. Constructive interference is 

generated, resulting in a diffraction peak in the XRD pattern. The intensity and angles of the 

reflected X-rays are indicative parameters of the lattice position. Consequently the specific lattice 

structure can be investigated based on information obtained from the X-ray diffraction patterns.  

 

Fig 2.1 Schematic illustration of X-ray reflections in adjacent planes 
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X-rays are generated by bombarding a metal target with a beam of accelerating electrons. When 

incident electrons strike the target, inner-shell electrons (1s) of the metal atoms can be knocked 

out. In the meantime, electrons from the outer energy levels (2p or 3p) immediately drop down to 

fill the vacant positions and produce characteristic X-rays simultaneously. During this procedure 

the energies released is characterisitic of a particular metal atom, and accordingly the wavelength 

of the resulting X-ray is unique.   

For a copper target, which is the most common one in laboratory X-ray diffractometers, X-ray 

emissions typically contains two characteristic X-ray wavelengths. The Kα (λ=0.15418nm) and Kβ 

(λ=0.13922nm) radiations are associated with 2p→1s and 3p→1s transitions respectively. 

Experimentally a monochromator is used to filter out the Kβ radiation, leaving only the Kα. The 

monochromator is an oriented single crystal93, e.g. quartz , and only the X-ray with a desired 

wavelength can diffract. The Kα radiation is actually a doublet, consisting of two wavelengths of 

Kα1 and Kα2. This is attributed to the slightly different spin states of 2p electrons. These two 

wavelengths are too close to be filtered, and because of diffraction from both wavelengths the 

diffraction peaks consequently split at high 2θ angles.  

A general illustration of the X-ray diffractometer is shown in Fig 2.2. The sample is rotated around 

a central axis, and a diffraction beam is generated if the sample is precisely orientated at the Bragg 

diffraction angle. Subsequently a detector counts the intensity of the diffraction beam, and a 

diffraction peak is accordingly recorded at the same angle.  

 

 
Fig 2.2 A general configuration of the X-ray diffractometer 



48 

2.2 Thermal analysis 

Thermal analysis comprises a variety of techniques which measure physical properties of a 

material as a function of temperature and time. By monitoring the physical and chemical changes 

taking place during the heat treatment, the thermodynamic data as well as the possible reactions 

can be interpreted.  

 

2.2.1 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is the most common type of thermal analysis. The instrument 

generally consists of a high-precision balance with samples loaded in a platinum crucible, a 

thermocouple to accurately measure the temperature and relevant heating elements. During the 

measurement, samples are heated up at a constant heating rate, changes in weight are recorded in 

relation to change in temperature and/or time. 

 

2.2.2 Differential thermal analysis 

Differential thermal analysis (DTA) is a thermoanalytical technique for measuring the temperature 

difference between the sample and an inert reference, e.g. alumina. Both the sample and the 

reference material are subjected to identical heating conditions during the measurement. 

Consequently any temperature difference between them, either exothermic or endothermic, can be 

related to physical or chemical changes occurring in the sample material, e.g. glass transition, 

crystallization, decomposition.  

A general configuration of the instrument is schematically illustrated in Fig 2.3. The key feature is 

the existence of two thermocouples connected to a voltmeter. One is connected to the sample 

under study, while another one is placed in the inert reference. If a reaction or phase transition 

takes place in the sample, there will be a deflection of the voltmeter, and accordingly the 

temperature difference can be deduced. 
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Fig 2.3 A schematic illustration of DTA 
 

The area under a DTA peak, which is between the peak and the interpolated baseline, is interpreted 

as the enthalpy change in the sample, and the peak area A can be given by 94 

 
mqA
gK

=  (2.2) 

where m is the sample mass, q is the enthalpy change per unit mass, g is a measured shape factor 

which is associated with the sample weight and the applied heating rate95, and K is the thermal 

conductivity. In practice K usually varies with temperature. Consequently DTA is mainly used to 

detect reactions or phase transitions rather than perform a quantitative analysis. 

 

2.2.3 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) is a technique for measuring the energy difference 

required to establish an identical temperature between a substance and the inert reference material. 

Both the sample and the reference are subjected to the same temperature regimes in a controlled 

environment during the test. In this project a heat-flux DSC instrument has been used (Fig 2.4). 

The system is similar to DTA, but with a subtle modification. The sample and reference crucibles 

are connected by a good heat-flow path, normally a platinum plate. During the test the sample and 

reference are placed in the same furnace. When the sample undergoes a phase transition or a 

physical change, the temperature difference between the sample and reference give rise to a heat 
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flux through the path, which is simultaneously recorded by the instrument. 

A typical DSC curve exhibits exothermic and/or endothermic peaks, as illustrated in Fig 2.4. The 

area under the peak can be used in the qualitative or quantitative analysis of physical and chemical 

changes of the sample. The enthalpy change ΔH can be calculated by 95 

 
AkH
m

Δ =  (2.3) 

where A is the area between the peak and the interpolated baseline, m is the sample mass, and k is 

a constant. 

 
 

Fig 2.4 Schematic illustration of DSC and a typical DSC curve 

 

2.3 Reflectance spectroscopy 

In this project, reflectance spectroscopy has been used to investigate the optical properties of 

self-assembled colloidal crystals. As for X-ray diffraction (Section 2.1), if incident light satisfies 

Bragg’s law, it will not propagate through the sample. Consequently the light can be detected as a 

peak in the reflectance spectra. 

The optical characterization of all colloidal crystals was carried out using a Bentham 200 Series 

optical bench. The major components in this system are a white light source (100W quartz 

halogen lamp), a triple grating monochromator (TM300V), a series of focusing lenses, a sample 

mount and a detector with a lock-in amplifier. The entire optical system is schematically 

illustrated in Fig 2.5. The white light emitted from the light source initially passes a filter, which 

removes the second harmonic of the light attributed to the broad spectral emission of the lamp. In 
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the monochromator wavelengths in the range of 300~1100nm are selected. The monochromatic 

beam subsequently passes through an aperture, which reduces the beam diameter to a controllable 

range of 0.7~10mm. A lens system is used to focus the beam to a ~1mm2 spot on the specimen. 

The specimen is mounted on a goniometer, which is able to rotate from 0° to 75° so that light from 

various incident angles can be measured. The reflected light from the specimen is then focussed 

by a series of lenses and collected by a photomultiplier tube (PMT) connected to a lock-in 

amplifier. The intensity of the beam is recorded as a function of the incident wavelength by a 

computer, and accordingly the angle resolved reflectance spectra can be obtained. 

 

 

Fig 2.5 Schematic illustration of the optical bench set-up 
 

Due to the instrumental set-up, the PMT blocks the incident beam when measuring at an incident 

angle of 0°. Consequently the angle of the specimen is normally altered from 10° to 70°. A typical 

experiment requires a minimum of five angles in order to calculate the sphere size of the colloidal 

crystal. Since the response of the PMT is non-linear across the wavelength region, a 

background/reference is taken prior to each measurement to subsequently remove its effect on any 

obtained spectra. 
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2.4 Scanning electron microscopy 

The resolution of an optical microscope is defined as the minimum distance at which two spots 

can be individually distinguished. Its theoretical value can be given by Abbe’s relationship,  

 
0.61

sinn
λδ
θ

=  (2.4) 

where δ is the resolution, λ is the wavelength of incident light, n is the refractive index of the 

viewing medium, and θ is the half-angle subtended by the objective lens at the object96, 97. 

Consequently the maximum resolution can be estimated. Considering that the objective is placed 

in air (n=1), and sinθ is always less than 1, a minimum distance of 0.61λ is obtained. If the 

average wavelength of white light (λ: 380~780nm) is assumed to be 580nm, a resolution of better 

than ~350nm can not be achieved. In order to further improve the resolution, scanning electron 

microscopy (SEM) is introduced.  

 

2.4.1 Electron properties 

According to the principle of wave-particle duality, a particle, in the current case an electron, is 

able to exhibit a wave-like character. The wavelength of an electron (λ) can be calculated by the de 

Broglie relationship 
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where h is Plank’s constant, p is the momentum, m0 is rest mass of the electron, v is the electron 

velocity, e is the electron charge, and V is the accelerating voltage. For a 15 kV accelerating 

voltage the wavelength is calculated as 0.01nm. Comparing to the wavelength of visible light 

(380~780nm), the small wavelength of electrons allow the spatial resolution to be improved. 
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2.4.2 Electron-specimen interactions 

During the SEM characterization, the specimen is irradiated by high energy electrons. When the 

electron beam interacts with a bulk specimen, a variety of electrons, photons, phonon, and other 

signals can be generated within a pear-shaped region of damage, usually known as the “interaction 

volume”. These secondary signals arising from various mechanisms have different angular ranges, 

and this process in a thin film is schematically illustrated in Fig 2.6. Among them, backscattered 

electrons, secondary electrons and characteristic X-rays are commonly used to provide 

topographic and/or chemical information and will be introduced in the following sections. 

 

Fig 2.6 Schematic illustration of signals generated when an electron beam interacts with the 
specimen 

 

2.4.2.1 Backscattered electrons 

When incident electrons penetrate into the specimen, they may undergo interactions with sample 

atoms through the electrostatic potential. The potential varies the trajectory and deflects incident 

electrons with negligible energy loss. In this case the interactions between them can be regarded as 

elastic scattering, and deflected electrons are consequently called backscattered electrons. 

Backscattered electrons have relatively large energy, >50eV, and are typically generated within 

1μm beneath the sample surface.  
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The energy of a backscattered electron can be described by the scattering amplitude f(θ) which is 

given by 

 ( )
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mef Z f

h
λθ
θ

⎛ ⎞= −⎜ ⎟
⎝ ⎠

 (2.6) 

where m is the electron mass, e is the elementary charge, h is Planck’s constant, λ is the 

wavelength, θ is the scattering angle, Z is atomic number of the sample atom, and fx is the atomic 

scattering factor98. Equation (2.6) clearly demonstrates that the scattering amplitude f(θ) is 

influenced by the atomic number. As a result, backscattered electrons carry information about the 

composition and phase distribution. 

 

2.4.2.2 Secondary electrons 

In SEM, secondary electrons are generated due to the inelastic scattering between the incident 

electron beam and sample atoms. During the scattering, incident electrons lose some energy by 

Coulombic interactions with the outer-shell valence electrons99. The Coulombic interactions 

usually result in collective oscillations of electrons resonating through the specimen, forming 

plasmons. The electrons in the valence band, which have relatively low critical ionization energy, 

receive the energy transferred by plasmons. The plasmon energy is related to the density of the 

valence electrons. If the received plasmon energy is higher than the critical ionization energy of 

the valence electrons, these electrons can be ejected from the valence band, forming the secondary 

electrons (SE1)100. Secondary electrons can also be generated as the backscattered electrons pass 

through the specimen (SE2). The SE2 signals carry information similar to that of backscattered 

electrons and contribute to the overall SE signals. 

The secondary electrons have relatively low energy (<50eV), thus they can be easily stopped by 

further collisions in the sample. Typically secondary electrons escaping from the specimen 

originate within ~10nm beneath the surface.  
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2.4.2.3 Characteristic X-rays 

When the electron beam interacts with the specimen, the incident electron may undergo inelastic 

scattering with a bound inner shell electron (K) of the specimen atom. In this case the beam 

electron transfers an amount of energy to the inner shell electron. If the energy is at least equal to 

the critical ionization energy Ec, the bound electron is ejected from the atom, resulting in a 

vacancy in the K shell. The excited specimen atom only remains in the excited state for a few 

picoseconds100, and subsequently an electron transition takes place between the L and K shells to  

fill the vacancy and lower the energy back to the ground state. As a result, the excess energy 

difference between the L and K shells is released in the form of electromagnetic energy, i.e. an 

X-ray photon, and can be expressed as 

 L Kh E Eυ = −  (2.7) 

where h is Planck’s constant, ν is the frequency of the photon, and EL and EK are the orbital energy 

of the L and K shells respectively. Because the energy levels of the atomic shells are sharply 

defined and specific to each element, the produced X-ray is characteristic of the particular atomic 

species. Measuring the energy of the characteristic X-ray forms the basis of X-ray spectrometry99. 

 

Fig 2.7 Schematic illustration of the process of characteristic X-ray and continuous X-ray 
generation 
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Some incident electrons penetrate through the electron shells without interacting with any orbital 

electrons. Instead they interact inelastically with the nucleus, producing continuous X-rays, i.e. 

Bremsstrahlung X-rays99. The Bremsstrahlung radiation exhibits a continuous X-ray spectrum, 

and its intensity depends on the atomic number. In a typical energy dispersive X-ray (EDX) 

spectrum, Bremsstrahlung X-rays are usually plotted as a decreasing background. The generation 

of both characteristic X-rays and Bremsstrahlung X-rays is schematically illustrated in Fig 2.7. 

 

2.4.3 Configuration 

Although different types of SEM instruments are available, generally all of them have some basic 

components, which are illustrated in Fig 2.8. In this section, mechanisms and roles of some key 

elements will be introduced. 

 

 

 

Fig 2.8 Schematic illustration of the typical configuration of a SEM 

 



57 

2.4.3.1 Electron gun 

In a scanning electron microscope, the electron gun provides the source of electrons. Typically an 

electron gun is composed of three major parts, a tungsten electron source (cathode), a Wehnelt 

cylinder where the cathode is mounted and an anode at a high positive potential99. The tungsten 

source and the Wehnelt cylinder are connected to the negative pole of a high voltage supply. 

Therefore when electrons are generated the potential difference between the source and anode 

creates an accelerating field and draws the electrons towards the anode. The electron energy is 

determined by the accelerating voltage. In most scanning electron microscopes accelerating 

voltages of 1~30kV are commonly used99.  

The brightness of the electron gun is one of the most important characteristics in SEM. It is 

defined as the current density per unit solid angle and affected by both the accelerating voltage 

and the type of the electron source96. Furthermore, the size of the electron probe determines the 

resolution of the instrument99. Consequently obtaining the smallest possible probe size with the 

maximum possible current density is of great significance in SEM. The current density depends on 

the type of electron source, and typically two different types of electron sources are used in 

modern SEM instruments, namely thermionic emission and field emission sources. 

Thermionic emission takes place when a material is heated at a high temperature. The thermal 

energy provides conduction electrons with sufficient energy to overcome the work function and 

escape from the material99. Generally two types of source materials can be used in thermionic 

emission. The most common one is to use a tungsten needle which has a high melting point. The 

source can be heated up to ~2500°C, and this high temperature provides electrons with sufficient 

energy to overcome the work function of tungsten (~4.5eV). The tungsten source is inexpensive, 

and it can work under relatively high vacuum (~1mPa). Alternatively materials with a low work 

function, e.g. lanthanum hexaboride (LaB6), can be used as the electron source. It offers 

advantages of operating at low temperatures as well as increased brightness. However due to the 

high chemical reactivity of LaB6, a low vacuum of <0.1mPa is required. 

Field emission offers the ability of generating electrons without the thermal input. The cathode has 

an extremely small tip (~100nm) compared to tungsten or lanthanum hexaboride (~100μm). When 
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a large negative potential is applied to the cathode, the electric field at the tip is sufficiently strong 

to overcome the reduced potential barrier. As a result, electrons can escape the cathode without 

requiring thermal energy99. The cathode material is usually a well orientated single crystal of 

tungsten, since the work function depends on the orientation96. An extremely low vacuum (~10 

nPa) is also required to ensure the cleanliness of the cathode surface. The brightness obtained from 

a field emission gun (FEG) is typically in the range of 1×107~1×109Acm-2sr-1, which is orders of 

magnitude higher than that of the thermionic emission (3×106Acm-2sr-1 for tungsten and 1×107 

Acm-2sr-1 for lanthanum hexaboride)100.  

 

2.4.3.2 Electron lenses 

As previously demonstrated, the spot size of the electron probe determines the resolution of the 

SEM. In a SEM, the trajectory of electrons is controlled using electromagnetic lenses. There are 

two principal lens systems in the SEM, namely the condenser and the objective lenses. The 

condenser lenses determine the current and narrow the diameter of the beam, ensuring an effective 

imaging probe. They also cause the electron beam to converge and pass through a focal point. The 

objective lens system focuses the beam on the specimen and controls the final spot size, which 

determines the ultimate resolution. 

Generally all these lenses consist of two components, a soft iron pole-piece (magnetic part) and 

copper coil (electrical part)99. The pole-piece is a cylindrically symmetric core with a central hole, 

through which electrons travel. The copper coil surrounds the pole-piece, and when a current 

passes through it a magnetic field is created in the core. The negatively charged electron is 

subjected to the Lorentz force when travelling through the magnetic field, and consequently its 

path can be altered. By varying the current applied to the coil, the strength of the magnetic field 

can be controlled, resulting in altering the interaction with the electron beam.  
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2.4.3.3 Detectors 

During the SEM characterization, electrons are focused into a small probe which is scanned across 

the specimen surface in a raster fashion. A number of signals are produced as electrons interact 

with the sample (Fig 2.6). Each of the signals contains chemical or physical information of the 

specimen. They can be collected and amplified if the correct detector is used.  

Secondary electrons provide a low energy signal (<50eV) which can be collected for the purpose 

of imaging topography. The conventional secondary electron detector is based on the 

Everhart-Thonley model99. In the detector, secondary electrons are captured by a Faraday cage 

held at ~300V. Electrons enter the Faraday cage through a mesh and subsequently are accelerated 

to ~10keV towards a scintillator. When being struck by the electrons, the scintillator produces 

photons, which are converted to electrical signals. 

However, less backscattered electrons emit in the solid angle subtended by the Everhart-Thornley 

detector, and this result makes the detector, which is conventionally used for secondary electron 

detection, inefficient in detecting backscattered electrons. Moreover, because of the higher energy 

possessed by backscattered electrons, the positively charged Faraday cage has little ability to 

capture backscattered electrons. In order to detect backscattered electrons, alternative ring type 

backscattered electron detectors are placed above the sample. These detectors are concentric with 

the incident electron beam and are able to collect symmetric signals. This arrangement maximise 

the solid angle of collection. However in order to produce strong topographic contrast, an 

asymmetrical, directional detector can be also used. The resulting image exhibits illumination of 

the topography from the detector side99. 

SEM is also equipped with an X-ray detector, namely the energy-dispersive spectrometer (Fig 2.9). 

The detector is located under the objective lens and consists of a semiconducting silicon or 

germanium crystal to collect the emitted X-ray. The angle between the detector and the 

horizontally placed sample stage is defined as the X-ray takeoff angle, typically in the range of 

0~70°. Generally a larger takeoff angle is desired to reduce the X-ray travel distance and 

consequently minimise the absorption of X-rays. 
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Fig 2.9 Schematic illustration of an energy dispersive X-ray detector equipped in SEM100 

 

 

2.4.4 Imaging 

In practical SEM characterization, several aspects should be considered in order to obtain optimal 

images. Some of the key practical issues will be introduced in this section.  

In the SEM characterization of a semiconductor or insulator, providing a grounding pathway for 

electrons is essential, and this is usually achieved by sputter coating of a thin layer of conductive 

material, e.g. gold, silver, or carbon, over the sample surface. Conductive tape or silver paint is 

also used to improve the electrical contact between the substrate and the sample holder. Failing to 

do this may give rise to a charging effect on the sample surface. The charging effect is a complex 

process in which negative charges builds up in the sample. Sudden release of the accumulated 

charge may result in bright flashes in the obtained image. It may also deflect the incident beam 

and generate secondary/backscattered electrons, leading to a distortion in the image.  

The accelerating voltage also affects the imaging process. In backscattered electron images, the 

backscattering coefficient η depends on the electron energy E. There exists an optimum electron 

energy value Eop, which gives the maximum value of η. The Eop also depends on the element and 

particle size in the sample100. In secondary electron images, higher incident electron energy 
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improves the beam broadening and reduces the probe size100. When increasing the accelerating 

voltage, the electron beam has greater energy, and thus the penetration depth is increased. 

However a larger interaction volume also leads to the generation of additional noise, which results 

in a loss of topographical details in the obtained image96. In the current study, an accelerating 

voltage of 5-10kV was commonly used and gave optimum results. 

Working distance is defined as the distance between the objective lens and the highest point of the 

sample, and it affects the imaging process. A small working distance decrease the depth of field, 

and it also limits the lowest magnification. Furthermore, different working distances eventually 

alter the travel length of generated signals to detectors. 

 

2.5 Focused ion beam 

The focused ion beam (FIB) instrument operates under similar principles to SEM. The design of 

both facilities is analogous, and therefore the previous introduction on SEM is also applicable to 

FIB. The major difference between these two is the nature of incident beams. In a FIB instrument 

gallium ions are used instead of electrons in the SEM. The much higher mass of a gallium ion, 

compared to an electron, enables destructive milling at the surface of the sample. The milling rate 

and depth can be controlled by the beam current. 

In a typical FIB, the gallium beam is generated using a liquid-metal ion source (LMIS). In a 

gallium LMIS, metallic gallium is positioned in close contact with a tungsten needle. When heated, 

molten gallium wets the tungsten and undergoes ionization by a large electric field (>1010V/m). 

Consequently gallium ions are generated and drawn from the tungsten needle by field emission. 

The ion beam is subsequently accelerated to energies of 1~50keV, depending on the required 

current density. Because of the much larger mass of gallium ions, conventional electromagnetic 

lenses utilized in SEM are less effective on ions than they would be on electrons. Accordingly a 

series of electrostatic lenses are used to focus the beam instead. Generally the electrostatic lenses 

are composed of two vertically placed metal plates and a central core. A high tension is applied to 

the first plate while the end one is held at zero potential. When the ion beam passes through the 
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centre of these components, the potential difference is altered to produce a focussing effect.  

As schematically illustrated in Fig 2.10, the primary gallium ion beam hits the sample surface, and 

a small amount of material atoms are sputtered away. During this procedure, either secondary ions 

or neutral atoms are produced, and the primary beam also generates secondary electrons. 

Correspondingly two imaging modes, i.e. secondary ion and secondary electron, are available in 

the FIB instrument. Because of the charge property of ion beams, non-conducting specimens 

become positively charged when exposed to gallium ion beams. Consequently the emission of 

secondary electrons is restrained, resulting in a poor imaging. In that case the secondary ion mode 

can be utilized, though the generation of secondary ions is inherently less than that of secondary 

electrons. 

 

Fig 2.10 Schematic illustration of the principle of FIB 

 

The FIB is commonly used in the precise removal of materials by sputtering. It possesses the 

ability to precisely control the current density and geometry of the area exposed to the ion beam, 

and accordingly specific areas of the sample can be removed while surrounding areas remain 

intact. A typical example is shown in Fig 2.11. The sample was a polystyrene thin film fabricated 

on an indium tin oxide (ITO) glass substrate. A gallium ion beam bombarded the sample from a 

low-angle, and consequently a small-angle ramp was created throughout the entire cross section of 

the polystyrene thin film, revealing the internal structure of the film as well as the interface 
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between polystyrene and the substrate. The FIB can be also used to deposit metals or insulators at 

a nm scale on the sample. Although high-resolution imaging (~5nm) can be obtained by FIB101, it 

is not designed to replace the SEM. During this project the FIB was used for controlled removal of 

polystyrene on ITO glass substrate. 

 

Fig 2.11 FIB image of an eroded polystyrene film on an ITO glass substrate 
 

 

2.6 AC impedance spectroscopy 

The electrical conductivity of samples is generally measured by either AC impedance 

spectroscopy or a four-probe DC technique. However due to the complexity of electrochemical 

processes occurring in electrical systems, e.g. SOFCs, the DC measurement cannot resolve the 

individual contributions, for instance the bulk material, the grain boundary, the electrode. 

Alternatively AC impedance spectroscopy can be used on these occasions by providing the 

approach of separating different components of the material according to their electrical relaxation 

times or time constants 

2.6.1 Principles 

Generally the excitation signal, namely a small AC voltage, can be express as a function of time 

 0( ) i tV t V e ω=  (2.8) 
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where V(t) is the potential at time t, V0 is the amplitude, and ω is the angular frequency. Similarly 

the current response can be given by 

 ( )
0( ) i tI t I e ω ϕ−=  (2.9) 

Here a phase shift of φ is added to the current response. Consequently the complex impedance is 

derived as  

 0 0
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where Z0=V0/I0. The complex impedance Z can be separated into two parts: the real impedance Z´ 

and the imaginary impedance Z".  
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Frequency response analyzers are able to measure impedance and separate the real and imaginary 

parts. If an AC voltage with increasing frequencies, typically in the range of 0.1~107Hz, is applied, 

the electrical response of the sample can be detected by the frequency response analyzer. 

Accordingly a Nyquist plot is obtained by plotting the imaginary part Z" against the real part Z´ 102. 

A typical Nyquist plot showing bulk and grain boundary components is illustrated in Fig 2.12.  

 

Fig 2.12 Nyquist plot showing bulk and grain boundary components and the equivalent circuit 

 

In the Nyquist plot, each semi-circle is assigned to an electrical component and simplified as a RC 
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element, i.e. the parallel connection of a pure resistor (R) and a pure capacitor (C)102. The 

relationship between R and C is given by 

 max 1RCω =  (2.12) 

where ωmax is the frequency of maximum loss obtained from the maximum amplitude of the 

semi-circle. The value of R is measured from the intercepts of the corresponding semi-circle on 

the Z´ axis. The characteristic relaxation time τ of each component is expressed as 

 RCτ =  (2.13) 

For most ceramic systems, each component is assigned to a specific region of the sample in 

accordance to the magnitudes of the capacitance103. In the current study, the Nyquist plot typically 

contains semi-circles corresponding to the bulk and grain boundary. The former is attributed to the 

dielectric response of the material, while the latter one arises from the polarization at the interface 

between grains103, 104. A possible interpretation of different capacitance values is summarized in 

Table 2.1.  

 
Capacitance (F/cm2) Phenomenon responsible 

10-12 Bulk 

10-11 Minor, second phase 

10-11~10-8 Grain boundary 

10-10~10-9 Bulk ferroelectric 

10-9~10-7 Surface layer 

10-7~10-5 Sample-electrode interface 

10-4 Electrochemical reactions 

 
Table 2.1 Capacitance values and possible phenomenon responsible103 

 

 

2.6.2 Depression angle 

The interpretation of the Nyquist plot and the simulated RC circuit model was proposed by 
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Bauerle et al.102. The theoretical impedance spectrum exhibits perfectly symmetrical semi-circles, 

as shown in Fig 2.12. However in real ceramic systems, experimental data rarely produce 

semi-circles with their centre exactly on the real axis. Typically a depression of the semi-circle 

below the real axis can be observed. The degree of depression is usually characterized by the 

depression angle θ. The depression originates from the fact that the distribution in the current 

density lead to a continuous or discrete time constant. Because of the depression of the semi-circle, 

the relaxation time τ eventually turns from a single value to a distribution around a mean 

relaxation time τm105. 

The depressed semi-circle below the real axis is difficult to be accurately modeled by the simple 

RC circuit model. In order to ideally interpret the experimental impedance spectrum, a constant 

phase element (CPE) is proposed and used instead of a pure capacitor104, 106, 107. 

 

Fig 2.13 Schematic illustration of a depressed semi-circle of impedance response with a 
depression angle θ 

 

The impedance of a CPE (ZCPE) is given by 

 
1

( )CPE nZ
T iω

=  (2.14) 

where T is a constant independent of frequency, n (0≤n≤1) is an exponent which describes the 

deviation of the CPE from an ideal capacitor. The CPE behaves like a pure capacitor when n=1, 

while being a pure resistor for n=0. If n falls with the range of 0~1, a parallel connection of the 

resistor and the CPE is formed, producing a semi-circle with a depression angle104. The true 
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capacitance is normally expressed as 

 
1( ) n

CPE
RTC

R
=  (2.15) 

Consequently through the introduction of the CPE, in place of the capacitor, the semi-circle in the 

depressed impedance spectrum can be ideally model by the equivalent circuit. 
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3 Synthesis of colloidal spheres 

 

3.1 Introduction to polymer spheres 

The synthesis of polymer spheres was first performed and introduced by the Dow chemical 

company108, 109. The polymerization method used in the preparation was emulsion polymerization, 

which is straightforward and one of the most common polymerization techniques. In a typical 

emulsion polymerization, only four reagents, i.e. a monomer, an emulsifier, an initiator and an 

aqueous medium, are involved. The choice of the initiator should be carefully considered, and the 

most significant requirement is that the initiator must be chemically stable and soluble in the 

aqueous medium while insoluble in the monomer110. After the polymerization, a stable dispersion 

of colloidal polymer particles, known as latex, can be obtained in water. Latex spheres typically 

have diameters ranging from 50nm to 1-2μm111. 

Subsequently it was shown that the presence of emulsifier may lead to undesired synthesis 

results112, 113. Firstly, the emulsifier ions can be arranged in different ways on the particle surface, 

resulting in either flat hydrocarbon chains or extending to the surrounding medium. Moreover, the 

properties of the latex may be affected by the emulsifier. The particle surface is often partly 

stabilized by adsorbed emulsifier and an apparent increase in diameter can be observed. 

Furthermore, the adsorbed emulsifier also has influences on the surface charge. The removal of 

the surfactant from the synthesized spheres is difficult, and this process can lead to coagulation or 

flocculation112, 114. Accordingly, a novel polymerization technique without the addition of 

emulsifier was developed. In 1965, Matsumoto and Ochi demonstrated that the synthesis of 

monodispersed polystyrene could be performed in the absence of emulsifier115, and “clean” 

polymer particles were obtained. In the emulsifier-free (also called soap-free, soapless) 

polymerization, the surface stabilization of the latex particles is typically achieved by the free 

radical initiator. Later on, this emulsifier-free technique was extensively investigated by Goodall 

et al112, 114, 116, and a range of polymerization issues, e.g. nucleation period, size distribution, stir, 

surface charge, were investigated.  
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3.2 Polymerization mechanism 

3.2.1 Emulsion polymerization 

The investigation of the mechanism of emulsion polymerization can be traced back to the 1930s, 

when the early work was conducted by Fikentscher117. To date the mechanism proposed by 

Harkins has been widely accepted108, 109 and matched well with the experimental results118.  

In his theory, most of the monomer is in droplets (1-10μm) and most of the surfactant is in 

micelles112. An extremely small amount of solubilized monomer in the micelle is surrounded by a 

monolayer of surfactant molecules. In the presence of an initiator the polymerization of the 

monomer starts from the solubilized monomer, and polymer particle nuclei are formed inside the 

micelle. The reactions are illustrated below112, where * is the free radical, M stands for monomer. 

 4 1 4 1SO * M SO M *− −+ →  (3.1) 

 4 1 2 4 1 2SO M * M SO M M *− −+ →  (3.2) 

 4 1 2 3 4 1 2 3SO M M * M SO M M M *− −+ →  (3.3) 

The nuclei are free radical species, and continuously capture the monomer molecules from the 

aqueous medium, while the captured monomer polymerizes within the polymer-monomer micelle. 

As the reaction proceeds, the nuclei grow larger in the micellar cores until another radical enters 

the micelle and terminates the entire polymerization process. Accordingly the micelle transforms 

to polymer particles in the aqueous phase.  

 

3.2.2 Emulsifier-free polymerization 

Latexes and polymeric colloids are commonly synthesized by emulsion polymerization of 

monomers. This procedure involves the application of surfactant, which provides sites for particle 

nucleation and maintains the colloidal stability for their adsorption at the particle-water 

interface110. However the surfactant can be aggregated in different ways, resulting in changes of 
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particle diameter and other properties113. From a colloidal chemistry point of view, only the 

polymer particles prepared without the addition of emulsifier can be considered as an ideal 

colloidal suspension. Some mechanisms of emulsifier-free polymerization have been proposed, 

including coagulation, homogeneous nucleation and oligomeric micellisation112, 114, 118. The 

mechanism may vary depending on the specific system or material used in the synthesis. The 

theory developed by Goodall et al is widely accepted for the styrene/potassium persulfate/water 

system in the current study7.      

The core of Goodall’s theory is the presence of a large number of styrene oligomers during the 

nucleation. An oligomer is a low-molecular-mass polymer formed by linking two or more 

monomer units together. The initiator provides primary free radicals to oligomers (MW~1000)118, 

and the oligomers with ionic tails aggregate to form a micelle phase in the aqueous medium. The 

effect of free radicals is to initiate the polymerization in the micelle, and the entire process 

resembles Equation (3.1) - Equation (3.3). When stable latex particles are formed, the predominant 

polymerization occurs within the polymer-monomer micelle due to the relatively high solubility of 

the formed polymer and monomer in the micelle. This process is similar to that of emulsion 

polymerization108.  

 

3.3 Emulsifier-free emulsion polymerization 

Free radical addition polymerization was used to synthesize the polystyrene spheres in the current 

study. Although it is a general technique and can be applied to emulsion polymerization, the 

introduction of the method is mainly based on emulsifier-free polymerization. Basically 

free-radical addition polymerization is one of most common chain polymerization routes and the 

entire procedure can be divided into three stages, i.e. initiation, propagation and termination70.  

 

3.3.1 Initiation 

During the initiation stage, the free radical active center is formed. The complete process consists 
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of two major steps. In the first step, persulfate ions are generated due to the electrolysis of the 

potassium persulfate in aqueous medium. When heating is applied (normally 60~90°C), the 

persulfate ions decompose to form the sulfate free radical119 (Fig 3.1). Goodall et al proposed two 

mechanisms of the formation of the free radical112, 114. In his theory the free radical can be 

generated by either single electron transfer from an ion or molecule, or homolysis of a single O-O 

bond. The latter reaction can be affected by temperature and undergo thermolysis in the range of 

50-100°C. 

 

 
Fig 3.1 Thermal decomposition of persulfate forming the sulfate free radical 

 

Subsequently the generated free radical reacts with the π-bond of a styrene molecule, and a new 

free radical, usually called “active center”112, is formed. Two possible reactions of adding a free 

radical to a styrene molecule are demonstrated in Fig 3.2. Basically the benzylic radical in reaction 

(1) is more stable than the methylene radical in reaction (2) because the position of the radical is 

closer to the aromatic ring112, and the relatively straight carbon chain in (1) is sterically preferred 

for the free radical attacking the π-bond. Accordingly the reaction (1) is favored compared to the 

latter one. 

 

Fig 3.2 Possible reactions of adding a free radical to a styrene molecule 
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3.3.2 Propagation 

After initiation, the generated “active center” sequentially adds monomer molecules to itself and 

the polymer will continuously grow. When a styrene molecule reacts with the active center, there 

are generally two modes of propagation, either head-to-tail polymerization (Fig 3.3(a)) or 

head-to-head (Fig 3.3(b)) polymerization. When comparing these two modes, the head-to-tail may 

be preferred due to its relatively longer carbon chain between the aromatic rings, which makes the 

propagation sterically favorable and increases the stability of the product. Systematic research 

confirmed that although the latter one may exist occasionally, the head-to-tail propagation 

predominated in the reaction120. 

 

Fig 3.3 Two modes of growing a polystyrene chain: (a) head-to-tail polymerization, (b) 
head-to-head polymerization 

 

During the propagation, the free radical transfers from one benzylic position to another, and a long 

styrene chain is formed. This process is schematically illustrated in Fig 3.4. 

 

Fig 3.4 Schematic illustration of the propagation of a polymer chain (head-to-tail mode) 
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3.3.3 Termination 

The propagation process will not terminate unless the active center is deactivated. The termination 

usually occurs through the reaction of two reactive chains, either combination or 

disproportionation114. In combination (Fig 3.5(a)), two reactive chains link with each other 

through the free radical, forming a saturated polymer. In disproportionation (Fig 3.5(b)), the 

hydrogen atom at one free radical of a polystyrene chain is attracted and deprived by another free 

radical. In that case, two stable chains are formed, one with a saturated (red) and another one with 

an unsaturated end group (blue).  

 

Fig 3.5 Two modes of termination: (a) combination, (b) disproportionation 

 

A high concentration of initiator results in an increase in radical concentration, consequently the 

possibility of the termination reaction increases. The free radicals interact quickly to form inactive 

polystyrene chains, while the lengths of chains are still small. Accordingly it can be hypothesized 

that the size of the polystyrene spheres can be controlled by varying the concentration of initiator. 

 

3.4 Growth control 

In the current study, the factors used to evaluate the quality of polystyrene spheres are sphere 

diameter and polydispersity. The polydispersity is a term which describes the sphere size deviation, 

and recent research suggested that the value should be <3-4% for synthesizing colloidal thin films 

of good quality63, 81, 121. Controlling the polymerization process depends on the raw materials and 
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the synthesis conditions. In this section, a few controllable variables, e.g. reagent concentration, 

synthesis temperature, agitation rate, are discussed.    

 

3.4.1 Reagent concentration 

The raw materials involved in an emulsifier-free emulsion polymerization are the monomer and 

the initiator. As discussed in Section 3.3, the active center reacts with monomers in the aqueous 

medium, and the propagation will not terminate until deactivated by another free-radical active 

center. It can be hypothesized that a large monomer concentration enables the formation of longer 

polymer chains because of the higher possibility of polymerizing with monomers rather than being 

deactivated by other reactive chains. This hypothesis was supported by recent research carried out 

by Madaeni and Ghanbarian110. In addition, they also pointed out that higher monomer 

concentration increases the time during which the viscosity of the latex particles permits 

coalescence. This results in producing larger polymer spheres.  

In a typical emulsifier-free emulsion polymerization, the styrene oligomers aggregate to form the 

micelle phase in the aqueous medium, and the free radicals diffuse into the micelles to initiate 

polymerization112, 114, 118. The number of the micelles is a few orders of magnitude of the number 

of free radicals generated over a wide range of concentration110. Higher initiator concentration 

results in a larger amount of free radicals reacting simultaneously, and a higher reaction rate can 

be predicted. According to the termination mechanism discussed in Section 3.3.3, theoretically a 

polymer chain contains one or two free radicals. Consequently increasing the amount of initiator 

will lead to an increase in the number of synthesized particles, and the particle size is expected to 

be smaller if the concentration of the monomer is maintained the same. The trend of decreasing 

sphere size with increasing initiator concentration has been documented in the literature114, 118.   

The relative ratio of monomer/initiator may control the sphere size by affecting the propagation 

and termination procedures. However, since the monomer and initiator concentration also 

influence the growth individually110, the emulsifier-free polymerization has been demonstrated to 

be a complex procedure and rigorous control of the diameter may be difficult. 
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3.4.2 Synthesis temperature 

The effect of synthesis temperature on sphere diameter is mainly associated with increasing the 

free radical concentration. Normally the synthesis of polystyrene spheres is performed in the range 

of 60-90°C if potassium persulfate is used as the initiator, and working at temperatures below 

60°C is not convenient because of the slow decomposition rate of the initiator110. When the 

reaction temperature increases, the initiator decomposition rate and proportion also improve, 

creating more free radicals and thus generating a larger number of nuclei. It is reported that the 

total number of spheres at the end of the reaction may be proportional to the rate of formation of 

free radicals114. Besides, the solubility of monomers is also increased at elevated temperature, 

resulting in more monomer dissolving in the solvent and forming more nuclei110. The ultimate 

effect is that more particles are created, and accordingly smaller sphere diameters are obtained. 

Although varying the synthesis temperature can alter the sphere diameter, in the current study the 

particle size is mainly controlled by changing the reagent concentration. The temperature was 

fixed at a constant 70°C for all synthesis discussed in this thesis. 

 

3.4.3 Agitation rate 

The agitation rate during the polymerization process plays a significant role in size control, and 

the stability of the rate also affects the size distribution, i.e. polydispersity, of the obtained spheres. 

The major effect of agitation rate on the sphere size is through varying the number of polymer 

nuclei generated in the polymerization. When the agitation rate increases, the micelles are more 

intensively blended, and more micelles are accordingly generated in the aqueous medium. The 

increase in the number of nuclei results in formation of more particles, similar to the effect of 

increasing synthesis temperature. 
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3.5 Experimental procedure 

3.5.1 Starting materials 

Submicron sized polystyrene spheres were synthesized by emulsifier-free emulsion 

polymerization of monomers. Styrene (C6H5CH=CH2, ReagentPlus® grade, 99%, Sigma-Aldrich) 

was used as the monomer and potassium persulfate (K2S2O8, 99%, reagent grade, Aldrich) as the 

initiator. Both reactants were used as received. De-ionized water with ultra high purity (UHP) 

quality was used in the synthesis of polystyrene spheres.  

In order to prevent the thermal-induced self-initiation during transit and storage, a small amount of 

4-tert-butylcatechol (C10H14O2, 10-15ppm) was added to the styrene as inhibitor by the 

manufacturer122. As the inhibitor has a relatively high solubility in water, the styrene was washed 

thoroughly using de-ionized water for 4-5 times to completely remove traces of inhibitor. 

The initiator was dissolved in de-ionized water and sonicated for 5 minutes to ensure complete 

dissolution. Typically 2g of potassium persulfate would be dissolved with around 200ml 

de-ionized water. Since the amount of initiator consumed in a synthesis is very small (<0.1g), by 

dissolving the salt in a large quantity of aqueous solvent the addition of the initiator can be more 

accurately controlled. The rest of the solution was stored in a fridge and used within six months. It 

was reported that the half life of potassium persulfate in aqueous solution is around two years (of 

the order of 106 minutes) at room temperature70, so the variation in concentration could be ignored 

during current study. 

 

3.5.2 Polymerization procedure 

The polymerization of styrene monomers was performed in a jacketed reaction flask, which is 

shown in Fig 3.6. The entire apparatus consisted of a twin-paddled overhead stirrer driven by an 

electric motor, a nitrogen/reagent inlet, a reflux condenser, a hot water inlet/outlet and sealed 

necks. The hot water was pre-heated to 70 ± 0.5°C in a water tank and maintained at this 

temperature during the polymerization. The water flow circulated in the jacket through the water 
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inlet/outlet and provided a water bath for the reaction vessel.  

 

(1) Jacket reaction flask  (6) Fixing clamp (11) Flask hot water inlet

(2) Electric motor  (7) Nitrogen inlet (12) Heating tank 

(3) Twin-paddled overhead stirrer  (8) Condenser cold water outlet (13) Plastic spheres 

(4) Reflux condenser  (9) Condenser cold water inlet (14) Outlet thermometer

(5) Sealed neck  (10) Flask hot water outlet (15) Inlet thermometer 

Fig 3.6 Experimental setup of the polymerization reaction 

 

In order to minimize the oxidation of styrene, the added water was de-oxygenated by bubbling 

with nitrogen for 2 minutes before use. In a typical polymerization, 200ml of de-ionized water was 

added to the sealed polymerization vessel and stirred at 450rpm for at least 30 minutes to allow it 

to be heated to 70°C. During the entire polymerization, nitrogen flow was continuously provided 

through a sealed neck. Subsequently a calculated volume of styrene was added using a syringe 

(12ml for ~300nm spheres, equal to ~0.5mol/L) under continuous stirring. After 20 minutes 6ml 

(2g/200ml) of the initiator solution was added into the vessel via a syringe. The agitation rate was 

reduced to 350rpm after the addition of the initiator. After one hour, the solution became opaque, 

indicating that the emulsion polymerization was progressing. It was reported in the literature that 

at 70°C the sphere diameter was constant after 9~10 hours112, however the synthesis was carried 
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out for 24 hours to ensure complete reaction. After the suspension was completely cooled, it was 

filtered with a filter of 542 grade and glass wool (Merck KGaA), and then sealed in a glass bottle 

for future use. 

As discussed in the previous section, both synthesis temperature and agitation rate affect the 

sphere diameter and polydispersity. The reaction temperature was measured at both the inlet and 

outlet of the tank individually and checked once an hour. Before the addition of styrene monomers, 

no temperature difference (<0.2°C) could be observed at both sites, indicating the reaction 

temperature was stabilized at 70°C. In order to eliminate the temperature fluctuation introduced by 

adding water to the tank, small plastic balls floated and covered the surface of the tank to 

minimize the evaporation. As a result, addition of water was not required during the 

polymerization procedure. The twin-paddled overhead stirrer was switched on an hour before the 

synthesis to normalize the agitation rate, and the agitation rate was carefully calibrated with a 

fixed digital tachometer (Testo 470). The agitation rate was checked once an hour, and the 

recorded deviation was <5rpm. 

 

3.6 Characterization of the polystyrene spheres  

3.6.1 Sphere size 

Sphere diameter and size distribution, i.e. polydispersity, are two of the most significant factors for 

assessing the quality of the obtained polystyrene spheres, therefore the accurate measurement of 

the sphere diameter is of great importance. Typical sizing techniques include reflectance 

spectroscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM). 

As discussed in Chapter 1, reflectance spectroscopy can be used to measure the sphere diameter 

by calculating the lattice parameter from the combination of Bragg’s law and Snell’s law123. 

However, reflectance spectroscopy is an indirect method for measuring the sphere size. The 

polystyrene spheres must be packed into a 3-D ordered colloidal crystal, and the crystallinity 

affects the measurement. Besides the synthesis of the colloidal crystal involves heating and 

contact with other chemicals, which may also slightly vary the sphere size. As documented in the 
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literature, SEM was employed to visualize the size and shape of polystyrene spheres110. Although 

it provides a direct sizing method, the main restriction is that the sample must be coated to ensure 

sufficient conductivity, which may increase the apparent size of spheres. The thickness of coating 

is controlled by altering the working current and coating time. The typical thickness of the Au 

coating is 10-20nm, and a relatively large deviation of ~5nm can be predicted even if the variables 

are maintained the same. In that case, the large deviation increases the systematic error and makes 

the measurement inaccurate and incomparable between each result.  

In the current study, measurements were performed using a TEM (JEOL 2000FX), which was 

operated at 200kV. Compared with the other two techniques, TEM provides reliable and accurate 

sizing results. However, different microscope parameters of alignments can introduce 

magnification errors which lead to variations in the sizing results100. Accordingly the TEM was 

calibrated. The calibration is described in Appendix 1. 

 
 

Fig 3.7 A typical TEM micrograph of polystyrene spheres with a small polydispersity 

 

Before sizing the polystyrene spheres, the colloidal suspension was further diluted with de-ionized 

water, and then sonicated for 20 minutes to prevent any aggregation or sedimentation. For each 

colloidal suspension, 200 spheres were measured from the acquired TEM micrographs and their 

absolute diameters were determined by calculating from the calibration fits. A typical TEM image 

of the spheres of 327 ± 6.0nm is illustrated in Fig 3.7. Four representative sizes of the polystyrene 
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spheres synthesized are summarized in Table 3.1. All synthesis results show relatively narrow size 

distributions (<5%) except the third sample (344 ± 27.3nm). This sample was a comparative group 

and used to demonstrate the effect of large polydispersity on the long-range ordering of 

polystyrene thin films in the following study. The large size deviation was achieved by 

intentionally introducing a temperature variation (±5°C) and altering the agitation rate in the range 

of 250-450rpm. 

 
Sphere diameter (nm) Standard deviation (nm) Polydispersity 

272 7.2 2.6% 

327 6.0 1.8% 

344 27.3 7.9% 

313 13.7 4.4% 

 
Table 3.1 Sizes and standard deviations of the PS spheres synthesized in current study 

 

 

3.6.2 Colloidal concentration 

The accurate suspension concentration is required for the future thin film synthesis. The colloidal 

concentration is typically represented by the weight fraction of the polystyrene in the suspension. 

Theoretically the weight fraction can be derived from the quantities of raw materials involved in 

the synthesis. However a variety of factors, e.g. evaporation, incomplete polymerization, 

aggregation of polymer, may affect the ultimate result.  

 
No. Boat (mg) suspension + 

boat (mg) 
Dried spheres 
+ boat (mg) 

Weight 
fraction (%)

Average weight 
fraction (%) 

1 546.76±0.02 4178.48±0.02 631.24±0.02 2.33% 

2 517.54±0.02 3415.30±0.02 585.74±0.02 2.35% 

3 510.86±0.02 3846.86±0.02 588.54±0.02 2.33% 

 

2.34±0.01% 

 
Table 3.2 A typical measurement of the weight fraction for polystyrene spheres (313 ± 13.7nm) 
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In a typical measurement, the obtained colloidal suspension was sonicated for 30 minutes to break 

up any possible aggregates. Three plastic boats were weighed using an electronic analytical 

balance (Mettler AE 163) with a readability of 0.01mg. Then ~4ml suspension was extracted from 

the bottle using a syringe and dropped on the boats respectively. These boats were weighed again 

before being placed in an incubator for 4 hours. The temperature inside the incubator was set to be 

60°C, which was similar to the growth temperature of colloidal crystal films. Subsequently the 

weight of boats with dried polystyrene was measured for the third time, and the weight fractions 

of these three samples were calculated and averaged. A typical result is summarized in Table 3.2. 

According to Section 3.5.2, the theoretical weight fraction is calculated to be ~4.9%, which is 

twice the experimental result. This distinct gap between theoretical and experimental results was 

also observed in other polymerizations. A possible reason could be that some polymers aggregate 

during the polymerization, and they were filtered out after the synthesis procedure, resulting in a 

weight loss of polystyrene in the system. Another possibility can be ascribed to the volatilization 

of some unreacted monomers or oligomers at elevated temperature in the incubator. 

 

3.6.3 Thermal analysis 

In order to thermally remove the polystyrene templates in subsequent steps, the decomposition 

temperature of the polystyrene spheres should be determined. However, different decomposition 

temperatures are documented in the literature. Yan et al reported that the polystyrene spheres were 

completely removed at ~ 350°C54, while higher decomposition temperatures in the range of 

400-450°C were also quoted70, 124-126. A systematic research on the thermal decomposition was 

carried out by Malhotra et al127. Their investigation highlighted the complexity of different factors, 

e.g. molecular weight, initial mass, heating rate, which affect the decomposition procedure. 

Among all of them the heating rate demonstrates the most distinct influence on the decomposition 

temperature. When increasing the heating rate the decomposition temperature also increases. This 

conclusion is consistent with previous research, in which a low heating rate of 1°C resulted in the 

lowest decomposition temperature of 350°C54.  

The decomposition temperature of polystyrene spheres (327 ± 6.0nm) used in later research was 
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investigated by thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC). 

Initially the colloidal suspension was dried at 60°C in an incubator and then carefully ground 

using a mortar. The grinding is a necessary process since the bulk size affects the homogeneity of 

the decomposition reaction and may also vary the resulting temperatures. Subsequently 11.61mg 

of polystyrene powder was heated in flowing air (from room temperature to 900°C) against an 

alumina reference using a simultaneous thermal analyzer (NETZSCH STA 449C). A minimum 

heating rate of 5°C per minute was applied. 

 

Fig 3.8 TGA and DSC curves for ground polystyrene spheres (327 ± 6.0nm). The polymer 
completely decomposes at ~390°C. 

 

The resulting TGA and DSC curves are shown in Fig 3.8. According to the DSC curve the 

decomposition begins at ~90°C. The steep curve in TGA from 330°C to 390°C indicates that 

decomposition of polystyrene is occurring, which corresponds to the sharp exothermic peak in the 

DSC curve. The polystyrene is completely removed at around 390°C. The medium decomposition 

temperature (heating rate 5°C/min) is coincident to previous results, i.e. 350°C (1°C/min)54 and 

400-450°C (10°C/min)70, 124-126, demonstrating the trend of increasing decomposition temperature 

with increasing heating rate127. A further weight loss (~1%) is also observed, and it is ascribed to 

the decomposition of the initiator and polystyrene residues. Accordingly the small exothermic 

peak at ~520°C may correspond to the decomposition of the initiator-introduced thermal product 
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and the crystallization of the thermally stable product. Ultimately a small amount of residue (~2%) 

remained constant after ~540°C, indicating the end of all reactions. 

 

3.7 Summary of the chapter 

The synthesis of colloidal templates and the fabrication of 3-D ordered macroporous thin films in 

the future study have involved polystyrene spheres, and the quality of spheres plays an important 

role in determining the quality of resulting products. The polystyrene spheres in this project were 

synthesized by emulsifier-free emulsion polymerization, and the reaction conditions that affect the 

sphere size and polydispersity were carefully discussed and controlled. The polymer synthesis has 

been shown to produce reproducible results with an acceptable degree of error. The thermal 

analysis of polystyrene spheres was carried out using TGA and DSC, and the obtained results were 

consistent with those published in the literature. 
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4 Synthesis of colloidal templates and 

characterization 

 

4.1 Colloidal crystallization techniques 

A variety of synthesis routes have been developed and investigated for creating the 

three-dimensionally (3-D) ordered colloidal crystal lattice. Generally five methods are widely used 

in fabrication of 3-D crystals, namely centrifugation46, 54, 80, sedimentation55-57, Langmuir-Blodgett 

technique128-130, patterned deposition61-63 and convective self-assembly66, 67, 131, 132. Each of these 

techniques is briefly discussed in the following sections. 

 

4.1.1 Centrifugation 

Centrifugation is a simple method to fabricate the colloidal templates47, 133-135. The colloidal 

suspension is usually spun at a given speed for 5 to 48h to completely separate water and the 

colloidal spheres, and then the spheres are left in air to dry. This route is straightforward and is 

able to prepare templates around a few centimeters in diameter. Consequently it is preferred when 

sequentially depositing multilayers of colloidal crystals.  

In order to control the thickness of the colloidal templates, a spin coating technique has been 

developed based on centrifugation58-60. In a typical operation, an excess of the colloidal 

suspension is initially dispensed on a hydrophilic substrate, which is either stationary or slowly 

rotating. Subsequently the substrate is accelerated to a preset rotation velocity. A large portion of 

the suspension is removed from the substrate due to the centrifugal force, leaving a film which 

continually thins because of the radial outflow and solvent evaporation. During this process, the 

colloidal suspension is gradually concentrated and becomes more viscous. Consequently the radial 

outflow ceases and a dry thin film can be obtained after the solvent has completely evaporated. 

This procedure is illustrated in Fig 4.1. 
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Fig 4.1 Schematic illustration of synthesizing colloidal thin films by spin coating 

 

The advantage of spin coating is the ability to produce thin films of precise thickness. Rehg et al. 

investigated the physics during this process and highlighted the parameters that govern spin 

coating of the colloidal suspensions58. Well ordered binary colloidal crystals were successfully 

synthesized using the spin coating technique59. However, the drawback of preparing colloidal thin 

films using spin coating is the poor long-range ordering. Radial striations caused by evaporative 

convection were observed on the film, which remarkably degraded the uniformity58. 

 

4.1.2 Sedimentation 

The ideal colloidal crystal reveals a close-packed structure. One of the first and most common 

techniques employed for the synthesis of such self-assembled layers of colloidal spheres is 

gravitational sedimentation55-57. Conceptually the process of gravitational sedimentation only 

relies on gravity to settle the colloidal spheres down on the substrate. However this technique is 

actually not straightforward. Numerous defects such as dislocations, vacancies and stacking faults 

can be formed during the sedimentation.  

A variety of considerations should be taken when gravitationally settling the spheres. First of all, 

since ideally gravity is the only force that controls the settlement of the spheres, the influences 
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from thermal convections and occasional agitation should be avoided. Electrostatic control is 

required to prevent static-induced sticking between particles, and temperature control should also 

be conducted to maintain the subtle balance between gravity and Brownian motion136. Secondly, 

some research illustrated that the interaction between colloidal spheres and substrate, as well as 

the substrate surface pattern, influence the stacking sequences137. Therefore ensuring the 

cleanliness and smoothness of the substrates may be significant to the overall uniformity of the 

colloidal stacks121.   

Moreover, the sphere size also dominates the sedimentation time. The sedimentation time is 

approximately 3 weeks for forming 10mm high colloidal film using 330nm and 460nm silica 

spheres138, 139. However, if the spheres are too small (<300nm), the sedimentation could be 

extended to months due to the compensation of gravitational forces by the thermal agitation 

according to the Boltzmann distribution136, 138. The Boltzmann distribution equation is 
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where N/Ni is the fractional number of particles occupying the energy state i, kB is the Boltzmann 

constant, T is the temperature, gi is the number of states possessing the energy Ei and Z(T) is the 

partition function. 
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Here the energy Ei can be simplified as the kinetic energy of the particle 

 21
2iE mv=  (4.3) 

Therefore, a smaller sphere size, i.e. the smaller particle mass, will strongly vary the Boltzmann 

distribution. Although the colloidal crystal growth period can be reduced to a few hours by using 

the centrifugation discussed in 4.1.156, 121, 136, special attention should be taken to the rotation 

velocity chosen. Excessive high velocity leads to the over-densification of the sphere arrays81, and 

different orientations in the same film were also reported54.   

On the other hand, large spheres sizes (>550nm) decrease the sedimentation period, however no 

obvious ordering can be achieved139. Under this circumstance, the gravitational energy is much 
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larger than the thermal energy, which breaks the equilibrium in the sedimentation procedure. The 

excessively fast sedimentation makes it impossible to obtain ordered arrays. As a result, the 

application of natural sedimentation is limited to colloidal particles in the diameter range of 300 to 

550nm. 

 

Fig 4.2 Schematic illustration of the setup of a typical electrophoretic deposition 

 

Beyond this range of diameters, electrophoresis has been successfully employed to either speed up 

or slow down the process64. The mechanism and setup are illustrated in Fig 4.2. A vertical 

electrical field is applied cross a suspension of colloidal spheres. Normally silica and latex spheres 

(polystyrene, poly (methyl methacrylate), etc.) are slightly negatively charged, so they are 

attracted by the oppositely charged conductive substrate (indium tin oxide glass, copper, gold 

coated glass, etc.). By altering the field direction and adjusting the current density, the electrical 

field is able to inhibit or facilitate the natural sedimentation and eventually control the 

sedimentation rate. Since the electrical field in electrophoresis is much stronger than the gravity 

that settles the colloidal particles to the substrate, the overall quality as well as the orientation is 

improved.  

Although electrophoresis seems to be an ideal route, structured defects were reported when 

increasing the sedimentation rate64. These defects were ascribed to the decomposition of water at 

the anode site in aqueous suspension140. 

 2 (l) 3 (aq) 2(g)6H O 4H O O 4e+ −→ + ↑ +  (4.4) 
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In the case of increasing the sedimentation rate, colloidal arrays also form on the anode. The tiny 

bubbles of oxygen generated penetrate through the deposited layers and prevent the subsequent 

formation of ordered arrays. Addition of alcohol reduces the dielectric constant of the aqueous 

medium but meanwhile maintains the polarity. Hence gas evolution is inhibited and the crystal 

packing is improved140. 

Sedimentation provides a straightforward route to prepare 3-D colloidal crystal arrays, however it 

lacks the reliability and reproducibility to effectively controlling the thickness and morphology. 

Although further efforts have been made on controlling the settling process using centrifugation or 

electrophoresis, and improvements have been reported in some cases, both these techniques 

increase the systematic complications and bring other difficulties. 

 

4.1.3 Langmuir-Blodgett deposition 

A typical Langmuir-Blodgett deposition consists of three steps128-130. Firstly the colloidal spheres 

are made hydrophilic and then centrifuged several times to remove any large particles. 

Subsequently a monolayer of colloidal particles is assembled on the surface of a suspension. 

Finally it is deposited on the surface of a solid substrate as the substrate is removed from the 

suspension. It was reported that an ordered, thirty layer structure was formed over an area of 

1-2cm2 based on this technique129. However, the weak ability to precisely control the thickness is a 

key limitation of this route, and the modification as well as the purification of the colloidal spheres 

described in the first step increases the complexity of the entire process.  

4.1.4 Patterned deposition 

Centrifugation, sedimentation, the Langmuir-Blodgett technique and convective self-assembly 

offer a variety of advantages in forming ordered colloidal arrays. However, these techniques are 

restricted when synthesizing more complex geometries, e.g. different orientations and complex 

artificial structures. A promising solution of inducing growth along a specific crystal plane would 

be the self-assembly of colloidal spheres onto a patterned substrate62. Typically, a substrate is 

patterned physically, chemically or electrically to form a purpose-built cell61-63. Subsequently the 
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colloidal suspension is applied. As the solvent evaporates, the colloidal spheres fill the patterns 

and form the desired structure. Research also highlighted that the ratio between the sphere size and 

the patterned period plays an important role in the determination of the structure63. By choosing 

different sphere sizes and altering the designed patterns, the geometry and the orientation of the 

products can be controlled. 

 

4.1.5 Convective self-assembly 

Convective self-assembly is a superior route in which colloidal spheres are induced together by 

inter-particle capillary forces in the meniscus to form into an ordered close-packed array. 

Nagayama and co-workers first investigated the self-assembly of polystyrene colloids on a 

substrate using capillary forces51-53. Then this method was successfully employed to prepare 3-D 

SiO2 thin films by Jiang et al66, 67. Later the detailed mechanism of convective self-assembly was 

further discussed131, 132.  

 

Fig 4.3 Schematic illustration of the colloidal template growth 

 

The convective self-assembly is schematically illustrated in Fig 4.3. This procedure is not fully 

understood although some discussions have been made in the literature52, 53, 132. Currently this 

process is described as follows. A hydrophilic substrate is inserted into a colloidal suspension, and 

a thin layer of the suspension is slightly drawn upward along the substrate near the water-air 

interface. Consequently a meniscus is formed near the substrate-water-air triple-phase boundary. 

Since the suspension layer has a relatively large surface to volume ratio, the evaporation of the 

solvent occurs faster in that region. When the thickness of the solvent layer approaches the sphere 
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size, a sphere, usually called the nucleus, attaches to the substrate. With the continuous 

evaporation of the solvent, a few adjacent nuclei detach from the solvent surface and pull together 

due to surface tension. Subsequently the initial arrays are formed. As the remaining solvent 

between the initial spheres evaporates, an exterior influx of solvent is caused due to the capillary 

force. Some research pointed out that the capillary force is several orders of magnitude to the 

thermal dynatics141, this evaporation-induced convective flow draws more suspension towards the 

meniscus and transfers colloidal particles there. The capillary forces between “precursory” spheres 

then drive wet “successive” ones towards them and assemble them into arrays.  

The self-assembly process is clearly demonstrated in Fig 4.4. When two spheres contact, the 

direction of the capillary force is vertical to the line connecting the centers of these two spheres, 

and these three spheres incline to form an equilateral triangle structure. If a fourth sphere is 

attracted by the capillary force, to reach a static equilibrium these four spheres tend to maintain a 

regular tetrahedron structure. As a result, the colloidal spheres finally assemble themselves into 

ordered close-packed arrays, generally face-centered cubic (fcc) lattices, on the substrate. 

 

Fig 4.4 Formation of fcc structure by capillary force in the convective self-assembly process 

 

Compared with the previous routes, convective self-assembly offers a variety of advantages. First 

of all, convective self-assembly is straightforward and economically efficient. The starting 

materials are easy to obtain, and special treatment and additional purification are not required. 

Besides the entire procedure can be carried out with common experimental equipment, and 

sophisticated apparatus are unnecessary. The deposition relies on the balance between sphere 
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sedimentation and evaporation of the solvent142. Since the evaporation rate and thus the 

evaporation-induced convective flow can be controlled by choosing different solvents and 

temperatures, this technique is able to synthesize colloidal crystals with thickness ranging from 

one layer to hundreds of microns143. The resultant films show good ordering and sufficient 

mechanical stability over a large area (2-4cm2). However, further developments of this technique 

are still required since the product also exhibits some structural defects, e. g. voids, dislocations, 

multi-orientation, etc.  

 

4.2 Related variables in convective self-assembly 

Although the convective self-assembly is a simple route to fabricate three-dimensionally periodic 

thin films, there are quite a few variables that affect the growth process. This deposition technique 

is widely used and referred to in the literature50, 128, 144, 145, however very few authors mention the 

detailed experimental conditions, and the variables influencing the growth have not been 

systematically discussed until recently. Based on the studies carried out by McLachlan et al68, 69 

and Kuai et al90, a few key factors have been identified, e.g. growth temperature, relative humidity, 

colloidal concentration and sphere diameter. The following section will discuss the effect of 

varying some of these parameters. 

 

4.2.1 Temperature 

As introduced in 4.1.5, in the process of convective self-assembly the colloidal spheres are 

generally driven by the gravitational sedimentation, evaporation-induced convective flow142 and 

the thermal kinetics of the particles (although a few orders of magnitude smaller than the capillary 

force). Therefore the temperature at which the growth occurs is of great significance. Intuitively 

changing temperature will have a distinct influence on the solvent evaporation rate. But the real 

effect of temperature is far more complicated. Increasing the temperature will also increase 

thermal motion of the spheres, and it usually increases the relative humidity of the growing 
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environment.  

Initially the temperature adopted for convective self-assembly was usually room temperature, i.e. 

around 18-22°C66, 146. However, low temperatures greatly increase the growth time. Although 

ethanol was chosen as a substituted solvent for its faster evaporation rate, due to its low density (ρ: 

0.8g/cm3) compared to water (ρ: 1g/cm3), the gravitational sedimentation rate of polystyrene (ρ: 

1.008g/cm3 147) increases. It seems that an alcohol/water mixture can be an alternative choice, 

however due to their different evaporation rates the ratio of alcohol/water actually changes all the 

time. The change in composition of solvent also affects the kinetics of the solvent and within 

spheres, which increases the complexity of the deposition process. Currently growth temperatures 

in the range of 55-65°C have been widely adapted as the preferred temperature, and thin films of 

good quality have been reported50, 63, 69, 70. Higher temperatures (~95°C) are also used to 

synthesize films with large spheres up to 2.5μm in diameter148. However, the obtained colloidal 

films were not quite uniform. 

Not only the synthesis temperature but also the temperature stability is crucial to the quality of the 

colloidal thin films. Large temperature variation (±1°C) actually changes the evaporation rate and 

also affects the growth rate. Consequently this uneven growth rate results in periodic horizontal 

striping149. In order to eliminate the temperature variation, the growth temperature with a 

maximum variation of ±0.2°C is required. This synthesis condition is usually achieved in a closed 

chamber, e.g. incubator, under precise temperature monitoring69.   

 

4.2.2 Relative humidity 

Relative humidity is a crucial factor during the synthesis of colloidal films. In the common 

experimental environment, a higher relative humidity results in a slower evaporation rate due to 

the phase equilibrium. Based on this, the relative humidity plays two roles in the film growth 

procedure. First of all, weak evaporation reduces the evaporation-induced convective flow, which 

leads to a slow growth rate. Secondly, low evaporation prolongs the drying period of the 

close-packed spheres, and the spheres have more chances to explore possible lattice sites when 

pulled together by the surface tension.  
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A high relative humidity of 90-95% was proposed as the optimum condition at room temperature 

range150, while other research highlighted that ~70% provided the best growth result90. McLachlan 

et al suggested a value of 10-20% for synthesis at 55-65°C68, but further study did not reveal 

visible differences within this range (7%, 11%, 16%)71. Different optimum relative humidity 

mentioned in the literature implies that the effect of relative humidity is far more complicated, and 

it is difficult to make a universal conclusion. As the film growth relies on the balance between the 

gravitational sedimentation, evaporation-induced convective flow and thermal motion of 

particles142, it can be hypothesized that the optimum relative humidity may not be the same over 

different temperature ranges. Generally high humidity may favor high temperature conditions 

since it slows down the fast evaporation and brings the process back to balance. Besides, it also 

extends the drying period and may accordingly reduce the number of cracks formed by 

drying-induced tension68, 69.  

 

4.2.3 Sphere size 

The diameter of the colloidal spheres is an important factor in the self-assembly process. Similar 

to the sedimentation route discussed in 4.1.2136, the Brownian motion of the spheres and the 

gravitational sedimentation also affect the balance of the deposition. Although the 

evaporation-induced convective flow dominates the process to a large extent, with small (<200nm) 

or large spheres (>1μm) the thermal motion and gravitational sedimentation should also be 

carefully considered. The gravitational sedimentation is compensated by the thermal agitation at 

an elevated temperature for small spheres, thus a slightly low synthesis temperature may be 

preferred. Moreover, for the same concentration a suspension of small spheres forms a colloidal 

film of more layers. Consequently under the same synthesis conditions, more defects could be 

expected. For large spheres the gravitational sedimentation plays an important role during the 

deposition, and higher temperature is required to increase the evaporation rate. Successful 

depositions of large spheres up to 2.5μm were reported by increasing the growth temperature to 

95°C148. Colloidal spheres of medium diameters were also used to prepare thin films68, and results 

demonstrates that the sphere size in the medium diameter range (200-500nm) exhibits limited 
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influence on the film growth and is not considered as a key factor. 

Polydispersity is a term which describes the particle size deviation. Large polydispersity results in 

the disorder of the close-packed structure, and this could be another factor responsible for the fault 

stacking and irregular orientations. Early studies suggested that the standard deviation should be 

<8%66, later on a smaller deviation of <5% was proposed to obtain acceptable results. More 

recently this value was further lowered to <3-4%63, 81, 121. Whatever the required value is, it is 

widely accepted that a large polydispersity has detrimental effects on the ordering of colloidal 

films and the deviation in diameter should be as small as possible. 

 

4.2.4 Colloidal concentration 

The effects of colloidal concentration on the synthesis of thin films have been extensively 

investigated. Systematic studies in which the concentrations vary from 0.1% to 3% can be found 

in the literature65, 66, 90, and the proportional increase of the film thickness to the increase of the 

colloidal concentration is reported. Dimitrov and Nagayama derived a theoretical relationship 

between growth rate and the concentration based on monolayer arrays53,  
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where k is the number of layers, L is the meniscus height, β is the ratio between the velocity of a 

particle in solution and the fluid velocity (a constant depending on particle-particle and 

particle-substrate interaction, taken as a value of 1 for non-absorbing particles and dilute 

suspensions), d is the particle diameter, je and vc is the evaporation rate and the film growth rate 

respectively, and φ is the particle volume fraction in solution. Assuming the evaporation rate, je, to 

be equal to the array growth rate, vc, this equation can be applied to the calculation of the 

thickness of multilayer films67.  

 
0.605 (1 )

Lk
d
β ϕ

ϕ
=

−
 (4.6) 

Since the volume fraction φ is relatively small (usually <5%) in common synthesis, in equation 
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(4.6) the relationship between the thickness and the colloidal concentration can be regarded as 

linear. If polystyrene is used as the colloidal material, the volume fraction φ can be replaced by the 

colloidal concentration since the density of polystyrene (ρ: 1.008g/cm3) is very close to that of 

water (ρ: 1g/cm3). 

During the growth of thin films, there is actually a concentration of colloidal suspension due to 

evaporation of solvent. As the growth proceeds, the suspension becomes more concentrated and 

therefore affects the thickness of the film. It can be predicted according to equation (4.6) that the 

film gradually thickens toward the bottom. This decreases the uniformity of the film and may 

bring problems to practical applications of this technique. In order to overcome it a few attempts 

have been made. One proposed route is to create a vertical temperature gradient (from 80°C at the 

bottom to 65°C near the top)151, which actually forms an artificial convective flow to compensate 

for the evaporation-induced one. Although the suspension continuously concentrates during the 

growth, the compensation flow decreases the transport of colloidal spheres to the meniscus. 

Another technique developed is that the substrate is slowly lifted up, while the meniscus drops 

down in a conventional fabrication procedure. If the lifting velocity is relatively swift compared to 

the evaporation period, the variation of the concentration can be negligible. As a result the 

thickness only relies on the lifting velocity under given conditions. Successful growth using this 

technique has been reported to fabricate films of 1-30 layers143.  

 

4.3 Experimental procedure 

4.3.1 Starting Materials 

Monodispersed polystyrene (PS) spheres of diameters 272 ± 7.2nm, 327 ± 6.0nm, 344 ± 27.3nm, 

as listed in Table 4.1, were sonicated for 20 minutes to completely remove all aggregates and form 

homogeneous suspensions. The solvent was deionised water. A small amount (0.02 vol.%) of 

TWEEN®20 (Sigma-Aldrich) was added to the de-ionised water to reduce the surface tension on 

the substrates. The polystyrene suspensions were further diluted to volume fractions of 0.05%, 

0.15%, 0.3% and 0.6%, respectively, with the TWEEN®20 solution. 
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Sphere diameter (nm) Standard deviation (nm) Polydispersity 

272 7.2 2.6% 

327 6.0 1.8% 

344 27.3 7.9% 

 
Table 4.1 The size and standard deviation of the PS spheres used in the current study 

 

The substrates used for the polystyrene template growth were indium tin oxide (ITO) coated glass 

slides (Delta Technologies, sheet resistance: 5-15 Ω) of dimension 50mm × 25mm × 1.2mm. The 

thickness of the ITO layer was approximately 120-160nm. The material of the reversed side is 

glass, and this side was used as the contrastive glass substrates. Each slide was incised into two 

equal parts of dimension 50mm × 12.5mm ×1.2mm using a diamond pen. All the substrates were 

sequentially immersed into OptiClear detergent (Fluka), acetone (BDH AnalaR©, 99%), methanol 

(BDH AnalaR©, 99.8%) and de-ionized water and sonicated for 20 minutes respectively144. All the 

solvents were of reagent quality. After a cleaning cycle the substrates were blow-dried using 

compressed nitrogen.  

 

4.3.2 Synthesis procedure 

The route used to synthesize polystyrene thin films was evaporation-induced convective 

self-assembly, as discussed in a previous section and schematically illustrated in Fig 4.3. Typically 

10ml of the prepared polystyrene aqueous suspension with a certain volume fraction was filled in 

a glass vial (50mm in height and 25mm in diameter) and then sonicated for 30 minutes. 

Subsequently a clean ITO glass slide was placed in the vial with the ITO side slightly facing up 

(the glass side faces up if used as a glass substrate). Usually ten to fifteen vials were grown at a 

time, and they were placed in an incubator on a metal sheet.   

A temperature stable incubator with a variation of ±0.2°C was used for the growth of thin films. 

The incubator is mechanically fixed to avoid vibration and allowed at least 24 hours to stabilize 

the temperature prior to the synthesis. A preferable temperature range of 55-65°C was documented 

in the literature50, 63, 69, 70, and through trial and error the optimum evaporation temperature under 
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current conditions was determined to be 60°C. The relative humidity was measured using a digital 

temperature-humidity logger (Dickson TM125) placed in the incubator. Typically the relative 

humidity was in the range of 15-30%, which was similar to the optimum value reported 

previously68. No detrimental effects on the growth of polystyrene films were observed in this 

range. The time taken for the film growth was at 48-72 hours, and during this period the incubator 

remained tightly closed to avoid any disturbance in temperature. All variables associated in the 

growth are listed in Table 4.2.  

 
variable Value 

Temperature 60°C 

Relative humidity 15-30% 

Volume fraction 0.05%, 0.15%, 0.3% and 0.6% 

Sphere diameter 272 ± 7.2nm, 327 ± 6.0nm, 344 ± 27.3nm 

Sphere material polystyrene 

 
Table 4.2 Variables associated with the growth of thin films 

 

 

4.4 Results and discussion 

Once grown, the colloidal thin films were analyzed using scanning electron microscope (SEM) 

and reflectance spectroscopy. Based on the characterization, the effects of some variables 

associated with the growth are discussed in detail in the following sections.  

 

4.4.1 Analysis of the colloidal crystal 

4.4.1.1 Periodicity 

Observed by the naked eye, the most distinct and immediate aspect of the prepared thin films is 

that depending on the angle of view, colors from green to red are clearly visible on the opalescent 
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films. These colors indicate the ordering of the spheres and the alignment of the planes. 

Periodicity is a significant index to assess the ordering and determine the quality of the thin films. 

Although direct observation can be achieved using SEM (Fig 4.5), the results are usually restricted 

to a small area and relative difficult to evaluate. Subsequently other analysis techniques are 

required to assess the long-range periodicity. 

 

Fig 4.5 Direct assessment of the periodicity based on high-magnification SEM images 

  

Fast Fourier Transformation (FFT) is a common and straightforward approach to assess the 

two-dimensional periodicity of the thin films based on the SEM images66, 68, 143. In typical FFTs, 

information stored in real space is mapped and displayed in reciprocal space, so the FFTs can be 

considered to represent the two-dimensional surface diffraction pattern. If the original image 

contains periodically repeating information, e.g. lattice fringes, periodically distributed spots will 

be exhibited in the FFTs. In the current case, films showing a good long-range ordering result in 

sharp, intense spots. In contrast, weak spots or ring patterns will be observed if the sample exhibits 

only short-range ordering66. 

Two SEM images of long-range ordered and poorly ordered spheres and their correspondent FFTs 

are shown in Fig 4.6. The assessments were performed based on low magnification images, and 

the area was around 20 × 20μm2. FFTs calculated from Fig 4.6(a) show weak spots and continuous 

rings, indicating that only short-range order is achieved. The inset in Fig 4.6(b) reveals typically 

intense and sharp spots and no rings can be observed, indicating an improvement in long-range 

ordering.  
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Fig 4.6 Fast Fourier Transforms (FFTs) analysis of the periodicity based on SEM micrograph: 
(a) a sample of poor ordering illustrated weak spots and continuous rings, (b) another sample 
of long-ranger ordering showed typically sharp spots 

 

In order to explore the internal order, i.e. the three-dimensional periodicity, of the synthetic 

colloidal crystal, reflectance spectroscopy is usually employed. In reflectance spectroscopy, the 

close-packed plane is probed using monochromatic light, and the diffraction from the planes 

within colloidal films is a test of crystallinity and order. In Fig 4.7 an example of typical angle 

resolved reflectance spectra for a sample composed of 272nm polystyrene spheres is shown. The 

incident angle ranges from 10° to 70°, and as the angle increases the position of the reflectance 

peak shifts to a shorter wavelength, confirming the origin of the peak comes from Bragg 

diffraction152. The most intense reflections are ascribed to the constructive interference of the 

reflected wave of consecutive (111) planes (Fig 4.8). 

 

Fig 4.7 Normalized angle resolved reflectance spectra for 272nm polystyrene spheres 
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Fig 4.8 SEM micrograph of the (111) plane of a polystyrene thin film 

 

As a comparison, the reflectance spectra of a poorly ordered sample are shown in Fig 4.9. It is 

noticed that a series of reflection peaks are clearly observed at short wavelength (λ=~300-500nm), 

and they are attributed to reflections from other planes57. As the incident angle increases, these 

reflections intensify and even overcome the relative intensity of reflections from (111) planes. 

This result demonstrates the irregular existence of different planes and indicates the poor 

crystalline quality. A high-magnification SEM micrograph shown in Fig 4.10 reveals the 

co-existence of different planes on the surface of the thin film. 

 

Fig 4.9 Normalized angle resolved reflectance spectra for a thin film showing poor long-range 
ordering 
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Fig 4.10 A SEM micrograph showing the co-existence of (111) and (100) planes on the surface 

 

A series of oscillations are observed on both sides of the main peaks in Fig 4.7, and they are 

especially obvious for low angle incidents. These oscillations are Fabry-Perot fringes that 

originate from the interference of reflections from the top surfaces of the polystyrene films and the 

substrates142, 153, indicating the high crystalline quality of the obtained thin films153.  

If the spheres are three-dimensionally ordered, Bragg’s law and Snell’s law can be combined to 

calculate the lattice parameter and effective refractive index, as described in Chapter 1. The 

calculation is according to Equation (1.32), and the wavelength of each reflection peak at each 

incident angle is required. Table 4.3 summarizes the peak positions based on the spectra shown in 

Fig 4.7. When using the wavelength, an error of ±7nm is usually considered due to the surface 

roughness71. 

 
Diffraction Angle θ / ° sin2θ Wavelength λ / nm λ2 / μm2 

10 0.030 671 0.450 

20 0.117 656 0.430 

30 0.25 637 0.406 

40 0.413 612 0.376 

50 0.589 584 0.341 

60 0.75 555 0.308 

70 0.883 534 0.285 

 
Table 4.3 Position of reflection peaks in the spectra shown in Fig 4.7 
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Accordingly the linear fits of sin2θ versus λ2 are plotted (Fig 4.11), and the sphere diameter as well 

as the effective refractive index neff can be calculated.  

 

Fig 4.11 Linear fits of the reflection peaks summarized in Table 4.3 

 

The calculated diameter of the spheres is 269 ± 2nm. The result is consistent with the one obtained 

from TEM measurement (272 ± 7.2nm). The difference of the average value is mainly statistical. 

Only 300 polystyrene spheres were measured using TEM while the result from reflectance 

spectroscopy was based on thousands of spheres within the probe spot (~1mm2), which may be 

more accurate to derive an average value. The difference of the error value is also affected due to 

distinct statistical methods. The calculated error using reflectance spectroscopy originates from the 

shift of peak positions (±7nm) due to surface roughness. However, in the literature the 

measurement of the shift is based on comparing peak positions measured in three different areas 

(~1mm2 each) using reflectance spectroscopy71. The obtained shift value (error) is not a standard 

deviation of spheres but a standard deviation of these three areas. Therefore the error value 

obtained from peak shifts was actually averaged and may not be appropriate to derive a standard 

deviation of sphere diameter. In contrast, the error value from TEM measurement, although it may 

not be the most accurate one, was based on 300 polystyrene spheres, and this statistical method 

satisfied the definition of standard deviation. Accordingly the proper diameter should be a 

compromise of these two, which is 269 ± 7nm. 

The effective refractive index neff is an average value of the refractive index of different 
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compositions in the system. In this case neff can be theoretically determined by70  

 (1 )eff PS PS air PSn n f n f= + −  (4.7) 

where nPS and nair are refractive indices of polystyrene and air between the spheres respectively, 

and fPS represents the volume fraction of the spheres in the colloidal crystal. If the colloidal crystal 

is considered to have a fcc structure90, 153, the volume fraction should be 74%. According to the 

literature, nPS is 1.59 while nair is 191, accordingly the effective refractive index neff of the 

polystyrene films is theoretically calculated to be 1.44. However based on the linear fits of Fig 

4.11, the experimental result is 1.53 which is slightly larger than the calculated one. A possible 

explanation could be that that the effective refractive index is now a combination of polystyrene, 

air and TWEEN20 (nTWEEN=1.468154). If the ratio between the volume fractions of TWEEN20 and 

polystyrene suspension is δ, the modified effective refractive index is derived by  

 (1 )eff PS PS TWEEN PS air PS PSn n f n f n f fδ δ= + + − −  (4.8) 

Considering the volume fractions of TWEEN20 and polystyrene suspension are 0.02% and 0.15% 

respectively, the modification value is calculated to be 1.52, which is comparable to the 

experimental result. 

 

4.4.1.2 Thickness 

According to the theoretically derived Equation (4.6), thickness of thin films only depends on the 

colloidal concentration under given conditions. Since the volume fraction is relatively small 

(usually <5%) in common synthesis, the relationship between the thickness and the colloidal 

concentration can be regarded as linear. Fig 4.12 is a plot of the volume fraction versus the film 

thickness based on the results summarized in Table 4.4. The obtained fit is good (R2=0.9958) and 

is consistent with the literature65, 66. In order to eliminate the evaporation-induced condensation of 

colloidal suspension, the thickness of all these four samples was measured 1cm below the top edge 

of the films. It should be also noticed that the measurements were performed using software 

Digital Micrograph© (Gatan, Inc.), and the unit length was calibrated based on the scale bar in 
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SEM images. The scale bar is actually a calibrated value and affected by the experimental set-up, 

mainly the sample height. Accordingly its value may not be completely accurate. In order to 

minimize the instrumental error, all samples were imaged using the same sample holder and fixed 

at the same height. 

 
Sample a b c d 

Volume fraction (%) 0.05% 0.15% 0.30% 0.60% 

Thickness (μm) 2.7 ± 0.1 8.9 ± 0.2 21.7 ± 0.3 50 ± 1 

 
Table 4.4 Measured thickness of the thin films grown with different volume fractions 

 

 

Fig 4.12 Linear fits of the volume fraction versus the film thickness 
 

Alternatively, optical reflectance spectroscopy can be used as a non-destructive approach for 

measuring the thickness of thin films70. The measurement is mainly based on Fabry-Perot fringes, 

so the application is restricted by special requirements. Initially Fabry-Perot fringes rely on high 

crystal quality153. Moreover the thickness of the film should not exceed 8μm66. As discussed in 

Chapter 1, the thickness of the film can be calculated from the positions of Fabry-Perot fringes66. 
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In the equation, T is the thickness of the film, neff is the effective refractive index, θ is the incident 

angle, p is an integer number of consecutive maxima (start from zero), λ0 is wavelength of the 

fringe adjacent to the main reflection peak and λp is that of the pth one. 
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In Fig 4.13, a reflectance spectrum with an incident angle of 10° is plotted, and different orders of 

Fabry-Perot fringes are visible. These fringes are pronounced especially for low-angle incidence 

because of the relatively small travel distance in the colloidal thin films. Consequently the film 

thickness can be calculated according to equation (4.9) based on the order of each fringe, and the 

results are summarized in Table 4.5. 

 

Fig 4.13 Reflectance spectrum with an incident angle of 10° showing pronounced Fabry-Perot 
fringes 

 

Fringe order Wavelength (nm) Thickness (nm) 

0 742 - 

1 771 6475 

2 802 6510 

3 836 6498 

4 874 6450 

5 915 6440 

6 960 6435 

7 1008 6460 

8 1061 6480 

 

Table 4.5 Wavelength of Fabry-Perot fringes in Fig 4.13 and the calculated film thickness 
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Based on Table 4.5, the thickness is calculated to be 6468 ± 27nm. The thickness can be derived 

by plotting p versus 
2 2

0

0

2( ) sinp eff

p

nλ λ θ
λ λ

− −
, and ideally it should be a straight line of which 

the gradient is the thickness of the polystyrene thin film. In Fig 4.14, the plot shows perfect fits 

(R2=1), and the thickness obtained is found to be 6455nm, which is close to the average data 

calculated from Table 4.5. 

 

Fig 4.14 Linear fits plotted to determine the thickness of the film 

 

4.4.2 Growth control 

As one of the most distinct advantages, convective self-assembly offers the ability to effectively 

control the growth of colloidal crystals. In this section, different variables, e.g. substrate, solvent, 

polydispersity and temperature, are modified, and all of them show immediate influences on the 

crystallinity. 

4.4.2.1 Substrate and solvent 

As discussed in 4.1.5, the deposition of colloidal spheres on the substrate relies on the continuous 

transport of colloidal spheres to the substrate. The first step is the attaching of the nuclei to the 

substrate. In order to perform a successful deposition, the substrate should be hydrophilic so that 
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the particles transported to the interface are able to stick on the substrate before the film dries. 

This procedure actually depends on the wettability of the substrate, and it can be hypothesized that 

the growth results may vary on different substrate materials.  

  

Fig 4.15 Comparison of film growth on (a) ITO and (b) glass with the same colloidal 
suspension 

 

Initially the growth of colloidal crystals on the ITO side using pure de-ionized water was 

problematic. Even if the temperature variation was maintained below ±0.2°C, periodic striping 

structures were observed after growth (Fig 4.15(a)). In contrast, a large area of the thin films 

synthesized on the reversed glass side showed improved coverage and acceptable quality under 

the same experimental conditions (Fig 4.15(b)). SEM was employed to characterize the 

microstructure of the obtained stripe patterned film. The low-magnification micrograph (Fig 

4.16(a)) showed the periodic formation of stripes, and drying cracks were also visible. The 

highlighted area in Fig 4.16(a) was further magnified, and the transition from the gap to a stripe 

was clearly observed (Fig 4.16(b)). It was apparent that in the gap there was barely a monolayer of 

polystyrene spheres attached to the substrate and the coverage was not continuous. 
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Fig 4.16 SEM micrographs of (a) periodic striping structures and (b) magnified highlighted area 

 

A systematic investigation on the mechanism of the stripe pattern formation was carried out 

recently by modifying several experimental parameters such evaporation rate, suspension 

concentration and substrate149. The stripe pattern can be formed when the volume fraction is under 

the order of 10-2, and the main reason accounted for that is determined as the surface tension.  

If the surface tension is low, a relatively mild meniscus curve will form near the 

liquid-air-substrate interface, as shown in Fig 4.17(a), and the thickness of the suspension is 

sufficiently large to continuously transport colloidal spheres to the growth site. However, when 

the surface tension is large a high contact angle (φ in Equation (4.6)) will form, and the shape of 

the meniscus may actually change (Fig 4.17(b)). This leads to the formation of a concave surface 

against the substrate. This aqueous solution between the concave surface and the substrate is 

regarded as the ‘path’ of the colloidal spheres, which connects the deposited film (region A) and 
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the suspension (region B). The convective flux to region A decreases because the “path” for 

particle transportation is restricted. If the thickness of the concave is comparable to the size of the 

colloidal spheres, no spheres can be sent to region A and the “path” is blocked. Simultaneously the 

evaporation-induced convective flow continuously transports the particles to region B, and the 

concentration there temporarily increases. When the concentration is sufficiently high, the 

particles in region B are pulled together due to surface tension, forming a dense structure. 

Subsequently the growth of the thin film continues in region B. As the entire cycle mentioned 

above repeats, finally the stripe pattern structure is obtained. Recently, Thomson et al also 

reported that the surface roughness and contaminants may also affect the shape of the meniscus 

near the sedimentation site, resulting in the formation of the stripe pattern73, 74. 

 

Fig 4.17 The formation of thin films on different substrates: a) continuous growth; b) stripe 
patterns which are attributed to the narrow ‘path’ arisen from the high surface tension 

 

The vital route to overcome this problem is to decrease the surface tension of the solvent for a 

specific substrate. By adding alcohol the surface tension is successfully lowered, however this 

approach also affects the evaporation rate and increases the complexity of thin film growth66, 146. It 

has been reported that the application of a surfactant TWEEN20, polyoxyethylene sorbition 

monlaurate, is able to decrease the surface tension155.  

Optimum concentration of TWEEN20 solution was investigated. Initially a TWEEN20 solution 

with a volume fraction of 0.2 vol.% was prepared, and the colloidal suspension was diluted to 0.15 



110 

vol.% with the TWEEN20 solution. After growth the obtained thin films demonstrated 

semi-transparent coverage on the substrate (Fig 4.18). However when the films were characterized 

by SEM, the images did not show any spheres attached to the substrate but an amorphous layer, 

indicating that high TWEEN20 concentration may attack the polystyrene spheres and inhibit the 

formation of thin films. 

 

Fig 4.18 Image showing the semi-transparent coverage for a concentrated TWEEN20 0.2% 
 

 

Fig 4.19 (a) the surface of a thin film on ITO with the addition of TWEEN20 and (b) SEM 
images of the close-packed spheres 
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Accordingly the volume fraction of TWEEN20 was further decreased to 0.02%. After another trial, 

the obtained thin films exhibited good coverage and opalescence (Fig 4.19(a)). The SEM 

characterization confirmed the ordered close-packed structure (Fig 4.19(b)). 

Reflectance spectra were employed to study the films grown on different substrates. The samples 

grown on glass used de-ionized water as the solvent while the one prepared on ITO glass used 

0.02% TWEEN20 solution. The colloidal suspensions used the same colloidal spheres and were of 

the same concentration.  

The sphere diameter and the effective refractive index neff were calculated based on the obtained 

normalized spectra (Fig 4.20) and summarized in Table 4.6. The results show comparable sphere 

diameters and effective refractive indices, indicating the successful formation of 3-D ordered 

polystyrene arrays on the ITO glass. 

 

Fig 4.20 Normalized reflectance spectra for thin films grown on different substrates: (a) ITO 
glass, (b) glass 

 

 Sphere diameter (nm) neff 

ITO 269 ± 2 1.470 ± 0.04 

Glass 271 ± 2 1.466 ± 0.04 

 
Table 4.6 Sphere diameter and neff calculated for films grown on different substrates 

 

4.4.2.2 Growth temperature 

In order to investigate the effects of temperature on the film growth, three thin films were 



112 

prepared according to the same recipe and grown in the same incubator at 50°C, 60°C and 70°

C respectively. The relative humidities were similar at the beginning (8~10%).  

  

  

  

Fig 4.21 SEM micrographs of (a)-(c) ordering of polystyrene films grown at 50°C, 60°C and 
70°C respectively and (d)-(f) evolution of cracks from 50°C to 70°C 

 

After growth all the samples demonstrated ordered close-packed structures, however close 

inspection revealed the temperature dependence of the crystalline quality (Fig 4.21(a)-(c)). Sample 

(a), which was grown at 50°C, shows pronounced structural defects such as voids and irregular 

packing. The ordering was much improved in sample (b) which was synthesized at 60°C. 

However, sample (c) prepared at 70°C exhibited vacancies, gaps and cracks, and the ordering was 

slightly worse than sample (b). Correspondingly exhibited in Fig 4.21(d)-(f) are low-magnification 

SEM micrographs of samples prepared at 50-70°C respectively. The images clearly showed the 
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evolution of cracks with increasing temperature. Meanwhile at 70°C the drying-induced cracks 

were wider than those of films deposited at 50~60°C, indicating a slightly larger shrinkage. The 

area percentage of drying cracks was measured using software ImageJ©, and the results are 

summarized in Table 4.7. It can be concluded that the area of drying cracks increases at an 

elevated synthesis temperature. 

 
Synthesis temperature (°C) Area percentage 

50 2.9 ± 0.2% 

60 3.4 ± 0.2% 

70 8.1 ± 0.2% 

 
Table 4.7 Summary of coverage of drying cracks at different synthesis temperatures 

 

Since the deposition relies on the balance between sphere sedimentation and evaporation of the 

solvent142, mismatch of the sphere size and the temperature may break the equilibrium and result 

in structural defects. When high growth temperature is applied, the transportation of colloidal 

spheres to the meniscus is excessively quick. The solvent dries before the particles are organized 

into the accurate lattice sites by the capillary force and their thermal motion. Besides, faster 

evaporation rate results in an increased drying-induced stress, and more cracks can be observed156. 

Although lower synthesis temperature will theoretically reduce the drying tension and result in 

fewer cracks, the formation of cracks is actually an intrinsic property of convective self-assembly 

and can not be completely eliminated71. At low temperature the evaporation rate is relatively small, 

and the gravitational sedimentation predominates in the competition against the growth rate. 

Accordingly the colloidal spheres are more inclined to settle down on the substrate before the 

convective flux assembles them into ordered arrays, and this leads to the formation of more 

structural defects. Moreover, although the thermal kinetics of the particles are reported to be 

several orders of magnitude smaller than the capillary force141, at low temperature the thermal 

motion of the spheres is insufficient to explore energetically favored lattice sites, which also leads 

to defects such as dislocation, vacancies and stacking faults. After comparison, the synthesis 

temperature of 60°C seems to be favourable for fabricating thin films with a sphere size of 
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~300nm. 

The temperature stability is also detrimental to the quality of colloidal films. The polystyrene thin 

film grown under a relatively large temperature variation (±1°C) exhibited periodic stripe patterns 

even visible to the naked eye (Fig 4.22(a)). SEM images revealed periodic variations of cracks 

(Fig 4.22(b)), indicating that this stripe patterns were of different film thickness. This phenomenon 

is similar to the stripe patterns induced by large surface tension. However in the previous patterns, 

there is only a monolayer or no ordered coverage of spheres in the gap area, while multilayers of 

ordered structures can be observed in the samples prepared under large temperature variation. 

 

 

Fig 4.22 (a) the surface of a thin film grown under larger temperature deviation (±1°C) showed 
periodic stripe patterns; (b) SEM images of the film exhibit periodic variations in cracks, 
indicating that this stripe patterns were of different film thickness 

 

The reason for the temperature deviation is mainly instrumental. Generally it can be ascribed to 

the poor thermal insulation of the growth chamber and the sensitivity of the temperature detector. 

Normally a well sealed incubator should be able to maintain the temperature for a long period 

even if no heating is applied. However, if there are problems with the thermal insulation, the 

temperature drops more quickly. In case there is a lag in the temperature detector, this change can 

not be fed back immediately and trigger the heating component until a large negative deviation has 

been reached. For the same reason, the incubator can be over heated as well. As this cycle repeats, 
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an undulating temperature profile is generated inside the incubator. 

 

4.4.2.3 Colloidal concentration 

Equation(4.6) demonstrates the linear relationship between the volume fraction (approximately the 

concentration for polystyrene spheres) and the film thickness. An experiment was conducted to 

investigate this relationship by increasing the colloidal concentration from 0.05% to 0.6%, i.e. 

0.05%, 0.15%, 0.3% and 0.6%. The sphere diameter was 327 ± 6.0nm, and the growth of the films 

was performed under the same conditions. Due to the evaporation-induced condensation of the 

colloidal suspension, the obtained films thickened towards the bottom of the substrates. Therefore 

the thickness of all these four samples was measured 1cm below the top edge of the films. After 

growth, the ITO glass substrates were cleaved by a diamond pen to reveal the cross sections of the 

1cm sites. The cross sections are illustrated in Fig 4.23. The related thickness values are 

summarized in Table 4.4 in the previous section. 

 

  

  

Fig 4.23 SEM images of polystyrene thin films grown with increasing concentration (a) 0.05%, 
(b) 0.15%, (c) 0.30%, (d) 0.60% 
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The evolution of drying cracks is also noticeable. A small amount of solvent between spheres is 

preserved shortly after the formation of the close-packed structure. As further evaporation 

continues, the colloidal arrays slightly reduce their sizes, and the stresses that build up between 

spheres are released, resulting in drying cracks. Low magnification SEM images exhibit the 

drying cracks (Fig 4.24). Among all images, the cracks along the <112> direction, indicated by the 

red arrow, can be clearly identified. Since this is also the growth direction, it can be hypothesized 

that most of the stresses released during the drying process are perpendicular to the growth 

direction. Moreover, other cracking directions, e.g. <121>, <211> can be observed on the films 

prepared from low colloidal concentrations (Fig 4.24(a)-(b)). The number of irregular cracks 

reduces when the volume fraction increases (Fig 4.24(c)-(d)). This may imply that when the 

thickness increases with the volume fraction, the close-packed arrays improve the firmness and are 

less likely to be torn apart by the randomly occurring stresses. It also demonstrates that the 

direction perpendicular to the growth direction is the major direction in which most of the stresses 

release. 

  

  

Fig 4.24 The evolution of crack directions with increasing concentration (the red arrow 
indicated the <110> direction) (a) 0.05%, (b) 0.15%, (c) 0.30%, (d) 0.60% 
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Higher concentrations lead to thicker polystyrene films and larger domain sizes, however the 

growth of thin films using more concentrated suspensions (>0.6%) is quite difficult. The prepared 

films become too thick, and the weak bonding forces between the spheres and the substrate can no 

longer sustain the large domain. This results in partial delamination or complete detachment of 

films from the substrate (Fig 4.25).  

 

Fig 4.25 SEM micrograph of a polystyrene film prepared with 1% volume fraction, showing 
severe delamination 

 

4.4.2.4 Polydispersity 

Polydispersity describes the deviation in sphere size and is a crucial factor that influences the 

crystallinity of the thin films. Two comparative thin films were fabricated using colloidal spheres 

of similar sizes but different polydispersity (sample 1: 344 ± 27.3nm, 7.9%; sample 2: 327 ± 

6.0nm, 1.8%). The influences on the ordering of spheres are clearly exhibited by the SEM images 

of different magnifications (Fig 4.26). Structural defects such as vacancies, irregular direction (Fig 

4.26(a)) are more inclined to form if the polydispersity is large, resulting in a poor long-range 

ordering (Fig 4.26(b)).  

Large polydispersity creates more structured defects by distorting the adjacent lattice sites. In Fig 

4.27(a), the transformation of the lattice from the common <111> direction to an irregular <100> 

direction is highlighted. The gap revealed in Fig 4.27(b) demonstrates that irregular sphere size 

may lead to surface cracks, and this implies the formation of drying cracks may also start from 

similar structurally weak sites. 
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Fig 4.26 SEM micrographs of polystyrene thin films prepared with spheres of different 
polydispersities: (a)-(b) 7.9%, (c)-(d) 1.8% 

 

  

Fig 4.27 High-magnification SEM micrographs demonstrated the formation of structural 
defects due to large polydispersity 

 

 

4.5 Summary of the chapter 

The polystyrene thin films prepared in this chapter will be used as the templates for the synthesis 

of ordered porous materials. Since the quality of colloidal crystal templates is of great significance 
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to the synthesis, it is important to investigate the growth procedure of the polystyrene films. In this 

chapter, the growth procedure was presented and different conditions which control the synthesis 

were discussed. Favorable conditions were also proposed based on the experimental results. 

Characterization techniques, e.g. reflectance spectroscopy, SEM, were used to assess the 

periodicity and thickness of the obtained thin films. The prepared polystyrene thin films shown 

good long-range ordering and controllable thickness, which demonstrate that they are suitable for 

the application as templates.  
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5 Inverse YSZ thin films via the template 

method 

 

5.1 Introduction 

Since the proposal of engineering porous materials, there has been much research interest in the 

fabrication of controllable porous materials which can be used in solid oxide fuel cells (SOFCs)18, 

21, 91, 157. Generally porous materials play two significant roles in fuel cell technology. The first is 

to transport gases to the reactive electrodes. Meanwhile they are also used to maximize the length 

of the electrochemically active triple phase boundary (TPB), a term describing the conjunction of 

an ionic conductor, an electronic conductor and the gas pore. As a traditional material in SOFCs, 

the proper technique for fabricating porous yttria-stabilized zirconia (YSZ) is becoming 

increasingly important. Work has been undertaken to generate sufficient porosity, controllable 

pore sizes and microstructure for YSZ158, 159. However traditional approaches show their inabilities 

in satisfying all the requirements and the complexity during the synthesis, and a more 

straightforward and feasible technique is still required. 

A promising technique using self-assembled colloidal crystals as templates has been proposed to 

prepare macroporous materials with well defined pore size and three-dimensional ordering46, 56, 67, 

80, 139. Although this technique was initially introduced to fabricate photonic band gap materials 

(PBG)67, 123, 160, it has quickly found applications in synthesizing three-dimensionally ordered 

macroporous (3-DOM) materials for SOFCs21, 50, 84, 157, 161, 162. The self-assembled colloidal crystal 

template originally exhibits a periodically cubic close-packed array of spheres, and each sphere 

touches its nearest neighbors at point contacts. If the voids between each sphere are filled with 

another material, after removing the template spheres a periodic, interconnected, porous structure 

can be expected. A typical procedure of preparing 3-DOM materials using colloidal crystal 

templates consists of three steps, i.e. self-assembly of the template, infiltration of the desired 

precursor and removal of the template, either thermally or chemically. A general synthesis 
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procedure is illustrated in Fig 5.1. 

 

Fig 5.1 Schematic illustration exhibiting the formation of an inverse 3-DOM structure from a 
colloidal crystal template 

 

 

5.2 Template-assisted deposition techniques 

The fabrication of 3-DOM materials has been widely investigated, and different synthesis 

techniques have been reported. In this section these techniques are briefly introduced. 

 

5.2.1 Sol-gel related deposition 

In a typical sol-gel process, the sol is made of solid particles, usually metal salts, suspended in a 

liquid phase. By being subjected to hydrolysis and polymerization reactions, the particles 

condense to macromolecules and a colloidal suspension is thus formed. The sol-gel process is a 

widely used route for materials synthesis, and it enables the preparation of a large range of metal 

oxides163-167. In this project, sol-gel synthesis is adopted for the preparation of 3-DOM materials46, 

72, 83, 134.  

5.2.1.1 Vacuum filtration 

The most common approach for synthesizing the 3-DOM materials is using vacuum filtration21, 80, 

168. In a typical vacuum filtration procedure, millimeter-size chunks of dried polystyrene spheres 

are deposited on a filter paper in a Buchner funnel attached to the vacuum46. The desired metal 

precursor solution is added dropwise to cover the template spheres while suction is applied. The 
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application of vacuum ensures the infiltration of the precursor throughout the template. Then the 

composite is dried in a vacuum desiccator. After thermal removal of the template and 

crystallization of the material, the desired 3-DOM metal oxide can be obtained. 

 

5.2.1.2 Capillary infiltration 

In some cases, the application of vacuum filtration is restricted due to experimental or 

instrumental reasons. Alternatively capillary infiltration can be used to infill the template spheres. 

Wijnhoven et al reported that colloidal crystal templates loaded in glass capillaries had been 

successfully infiltrated56. More recently a modified capillary infiltration was reported72, and 

utilization of this technique prevented the formation of dense crusts on the sample surface. 

 

5.2.1.3 Dip and fill 

The dip and fill technique is usually used when the colloidal crystal templates are grown on 

substrates50, 69, 90, 134. The use of substrates provides mechanical support for the extremely fragile 

templates and the prepared 3-DOM materials. Therefore the integrity of samples can be preserved 

after a few manipulations. Moreover the substrates restrict the growth of templates, and 

accordingly large-sized (a few square centimeters) sphere templates of good ordering can be 

prepared. If the 3-DOM material is functional, relevant testing of properties may also have 

requirements on the substrate. In that case it would be easier to make a contact to the substrate 

than to the tiny and fragile material itself. 

In a typical dip and fill process, the substrate, together with the attached film, is vertically 

immersed in the proper precursor solution. The solution penetrates the voids between spheres, and 

this process is facilitated by capillary forces within the template. Subsequently the substrate is 

slowly withdrawn from the solution and allowed to dry. As the solvent slowly evaporates, a sol-gel 

transformation occurs in the voids between spheres. Meanwhile a flow of solution is generated 

inside131, and the excess solution on the surface can be absorbed into the template.  
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5.2.2 Oxalic acid precipitation  

Successful synthesis of 3-DOM metal oxides has been reported using an the oxalic acid 

precipitation route54. In this method an insoluble metal oxalate is formed in the interstices between 

template spheres. In a typical synthesis procedure, soluble metal salts are dissolved in appropriate 

solvents, usually ethanol/water solution or acetic acid. Then a template is soaked in the solution 

and withdrawn to dry. The dried composite is subsequently dipped in oxalic acid, and the oxalate 

ions transport to the interstices and react with the metal salts, forming insoluble metal oxalates. 

After a few repeating cycles, the voids are filled with the desired metal precursors, and 3-DOM 

oxides can be obtained after calcination. However this route is chemically limited since it can not 

be applied to materials which have soluble metal oxalates. Moreover preparation of binary or 

ternary metal oxides is also limited due to the difficulty of achieving the right stoichiometry.  

 

5.2.3 ‘One-pot’ synthesis 

A significant limitation of the sol-gel synthesis is the large shrinkage of the precursor gel when the 

sample is thermally treated to remove the polystyrene template. This results in severe cracking and 

limited film size. In order to overcome these limitations ‘one-pot’ synthesis has been developed. 

Subramanian et al150, 160 reported a straightforward route where a monodispersed polystyrene 

suspension was directly mixed with a colloidal dispersion of TiO2. As the solvent in the mixture 

slowly evaporated, the polystyrene particles organized themselves in an ordered lattice. 

Meanwhile the ultrafine oxide particles packed into the voids between the spheres, followed by 

thermal removal of colloidal particles, producing an ordered macroporous oxide. 

A modified route has been proposed based on the original ‘one-pot’ synthesis169. In this route a 

solution of titanium ethoxide, pure ethanol and dried latex spheres was prepared and stored in a 

vial. Subsequently a clean quartz plate was placed vertically in the solution, and the vial was then 

placed in a temperature controlled environment for around one week. This process was similar to 

the self-assembly of polystyrene spheres introduced in Chapter 4. After evaporation of the solvent 

and removal of the template spheres, a 3-DOM oxide could be prepared. 
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5.2.4 Electrochemical deposition 

Electrochemical deposition of 3-DOM metal79 and oxide83, 170, 171 has been reported in the 

literature. In a typical electrochemical deposition the colloidal template is grown on a conductive 

substrate, e.g. ITO glass79, or gold glass73. Subsequently the template film is dipped into the 

precursor solution with connection to an anode, forming an electrochemical cell. The thickness of 

the 3-DOM film can be controlled by adjusting the current or voltage passing through79, 83, and the 

surface morphology can be modified by addition of different chemicals172-174. Since metal oxides 

can be directly deposited into the interstices between template spheres, the shrinkage of the 

desired materials can be reduced. Another advantage is that the 3-DOM structure grows from the 

bottom of the template to the top, opposite to that in a sol-gel synthesis. Therefore a high filling 

fraction can be expected after the deposition170, 171.  

 

5.2.5 Chemical vapor deposition 

The formation of inverse silicon has been reported using chemical vapor deposition (CVD)175, 176. 

In a typical CVD method the original template is placed in a high vacuum cell, and subsequently 

gaseous precursor is introduced. Then the cell is cooled down to condense the gas precursor and 

obtain a uniform deposition throughout the interior surface of the template. After calcination at an 

elevated temperature, which depends on the precursor, the desired material with a 3-DOM 

structure is formed.  

 

5.2.6 Atomic layer deposition 

Atomic layer deposition (ALD) is reported as a promising gas-phase deposition approach to form 

3-DOM materials177, 178. Theoretically ALD can be regarded as a modified CVD growth. However 

the template is only exposed to one reactant at a time. In a typical ALD of metal oxides, there are 

four stages in each deposition cycle, namely exposing the template to a metal precursor, first 

purging, exposing to an oxygen precursor and second purging178. Therefore any gaseous reaction 



125 

can be eliminated, and excellent large-area uniformity is maintained177. Another advantage of 

ALD is that it offers the ability to accurately control the film thickness and composition at an 

atomic layer level179. 

 

5.3 Sol-gel synthesis via the Pechini route 

5.3.1 Introduction to the Pechini route 

The Pechini route is a straightforward sol-gel method180, and it has been extensively used in the 

preparation of a variety of multi-component oxides181-184. In the Pechini route various metal ions 

in the solution are polymerized by encircling metal-chelate complexes with growing polymer nets. 

The initial stoichiometric ratio of metal ions could be frozen homogeneously in the precursor 

solution due to the immobilization of cations, and accordingly the segregations of different oxide 

phases, as well as the aggregations of particular metal elements, can be reduced or eliminated 

during the calcination process.  

The basic chemistry of the Pechini route is the esterification reaction of complexing agents, i.e. a 

carboxylic acid and an alcohol. In order to form a polymer net, typically multi hydroxy (-OH) 

groups and multi carboxylic groups are required for the complexing agents. The esterification 

reaction is written as 

 2HO R OH+ HOOC R' COOH HOOC R' COO R OH+ H O− − − − → − − − −  (5.1) 

The product contains both hydroxyl and carboxylic groups, so they can further polymerize with 

further acid or alcohol, which leads to a polymer chain. 

Citric acid (CA) and ethylene glycol (EG) have been widely used as the general complexing 

agents in the Pechini process25, 185. Citric acid with one hydroxyl and three carboxylate groups is a 

multidentate ligand and able to complex with many multivalent ions to form stable chelates186 or 

metal citrates134, 187. The formed metal-chelate complexes or metal citrates are further stabilized by 

esterification of the carboxylate groups with the hydroxyls from the ethylene glycol. Since the 

ethylene glycol molecule contains two carboxylate groups, a polyester resin can be further formed 
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as the esterification reaction continues. According to the molecular formula shown in Fig 5.2, 

citric acid contains two groups of carboxyls, e.g. two end carboxyls and a central carboxyl. 

Kakihana investigated the esterification procedure using 13C nuclear magnetic resonance (NMR) 

spectroscopy and pointed out that although esterification reactions took place on both sites, the 

end-group reactions predominated167. Accordingly a possible reaction between citric acid and 

ethylene glycol is illustrated in Fig 5.3. 

 

Fig 5.2 The molecular formula of citric acid showing two end carboxyls (*) and a central 
carboxyl ( ) 

 

 

Fig 5.3 A possible esterification reaction of citric acid and ethylene glycol 

 

In order to obtain the multi-component gel with maximum stoichiometric homogeneity, any 

precipitation or flocculation should be prevented during the concentration process. It has been 

reported that the solubility of some metal citrates is low in ethylene glycol-based medium, and 

precipitation may be expected during the concentration. A systematic investigation carried out by 

Kakihana indicated that increasing the pH by addition of ammonia may stabilize the metal citrate 

complexes and avoid precipitation167. 

A modified Pechini route, known as the citric route, has been proposed188, and successful 

synthesis of multi-component metal oxides was reported in the literature187, 189-191. The major 

difference between the Pechini route and citric route falls on the recipe of complexing agents, and 

in a typical citric route only citric acid is added as the complexing agent. According to this route, 

the low solubility of some metal citrates in ethylene glycol-based medium can be avoided. 
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Although this route has been extensively used, the chemistry of the citric route has not been 

systematically investigated and understood. Previous research indicates that both the citric 

acid/metal ratio and the pH value of the initial solution are of great significance to obtain a clear 

gel without precipitation188. Some research also pointed out that the gelation was achieved by the 

cross-linking of hydrogen bonds in the citrate187.  

 

5.3.2 Experimental procedure 

5.3.2.1. Starting materials 

The YSZ was synthesized by the sol-gel route using citric acid and ethylene glycol as gelation 

agents. Zirconium (IV) oxychloride octahydrate (ZrOCl2•8H2O, Sigma-Aldrich, ≥99.5%), yttrium 

(III) nitrate hexahydrate (Y(NO3)3•6H2O, Sigma-Aldrich, 99.8%), citric acid (C6H8O7, 

Sigma-Aldrich, ≥99.5%) and polyethylene glycol (C2n+2H4n+6On+2, Alfa-Aesar, MW~8000, 99.8%) 

were used as the starting materials. Ammonia solution (32%, VWR International) was employed 

to adjust the pH value in this study. De-ionized water with ultra high purity (UHP) was used in the 

synthesis of polystyrene spheres. 

 

5.3.2.2. Synthesis procedure 

In a typical synthesis of the YSZ gel, stoichiometric amounts of ZrOCl2•8H2O and Y(NO3)3•6H2O, 

yielding the composition of Zr0.92Y0.08O2-x, were first weighed and dissolved into de-ionized water 

(~0.4mol/200ml). In another beaker, the gelation agents were also dissolved into de-ionized water. 

In this study, two agents-to-YSZ mole ratios were used, i.e. citric acid/polyethylene glycol/YSZ = 

2:2:1 (sample A) and citric acid /YSZ = 2:1 without the addition of polyethylene glycol (sample 

B). The solutions were agitated using magnetic stirrers for 20 minutes at room temperature to 

facilitate the dissolution of precursors. Subsequently solution containing metal salts and 

complexing agent were slowly mixed and heated to 80ºC in a water bath under continuous stirring. 

After half an hour, a small amount of white floccules appeared in sample A while sample B 
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remained transparent. Accordingly ammonia solution was added dropwise to sample A, and the 

floccules dissolved when the pH value increased to the range of 8~10. As the solution evaporated, 

it became viscous and turned light yellow, and finally a YSZ gel of 1M was obtained. A small 

volume of gel was dried at 200ºC in a decomposition oven, and the remainder was sealed in a 

glass bottle and stored in a fridge for future use. The dried gel was ground and then separated into 

several parts. Each part of the YSZ precursors were calcined in a box furnace (Elite BRF15/5) at a 

constant heating rate of 5ºC / min to various temperature targets ranging from 400ºC to 700ºC and 

then held at the specified temperature for six hours. Then the thermal products were allowed to 

cool slowly to room temperature. The entire synthesis procedure is shown schematically in Fig 

5.4. 

 

Fig 5.4 A flow chart of the sol-gel synthesis of YSZ 

 

In order to provide accurate and reproducible synthesis conditions in the future study, during the 

entire project all calcinations of bulk materials were carried out in the same box furnace, and the 

furnace was carefully calibrated. The calibration is described in Appendix 2.  
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5.3.3 Characterization 

5.3.3.1. X-ray diffraction 

After calcination, the YSZ samples were further pulverized and then characterized using a Philips 

PW 1710 X-ray diffractometer with Cu Kα radiation (λ=1.5418Å, 20º~80º, 0.04º/step, 1s/step). 

Powder XRD patterns of the YSZ calcined at various temperatures are shown in Fig 5.5 (sample A: 

prepared with the addition of polyethylene glycol) and Fig 5.6 (sample B: prepared without the 

addition of polyethylene glycol). 

 

Fig 5.5 XRD patterns for YSZ (sample A: CA/EG/YSZ=2/2/1) calcined at 600°C and 700°C for 
5 hours 

 

The XRD patterns have been indexed to JCPDS 30-1468. The dashed lines in Fig 5.6 are the 

positions of the reflections from the JCPDS pattern and the 2θ values for this pattern are 

summarized in Appendix 3. The XRD patterns for both samples show that the YSZ has 

crystallized and the fluorite cubic phase has formed50, 192. The slight shift in 2θ of the XRD 

patterns relative to the JCPDS pattern can be ascribed to the difference in the composition of the 

YSZ(8/92) prepared in this study and YSZ(12/88) in the reference respectively.  
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Fig 5.6 Indexed XRD patterns for YSZ (sample B: CA/YSZ=2/2/1) calcined at 400°C, 500°C 
and 600°C for 5 hours 

 

Further heat treatment at higher temperature makes the peaks sharper, indicating that the YSZ 

becomes more crystallized, but it maintains the same diffraction patterns of cubic phase structure. 

Phase segregation has been reported for the presence of a monoclinic phase in yttria poor regions50, 

and it was ascribed to the mismatch of zirconium and yttrium salts in the precursor. However, this 

result has not been observed at 700ºC in the current study. During this project, 600ºC was selected 

as the standard calcination temperature because the ITO glass substrate involved in later research 

may melt at ~650ºC. 

 

5.3.3.2. Crystallite size 

Scherrer’s equation is commonly used to estimate the crystallite size from XRD patterns and 

expressed as193, 194. 

 
0.9
cos B

t
B

λ
θ

=  (5.2) 

Where t is crystallite size and λ is the wavelength of the incident X-ray, which is 1.5418Å for Cu 

Kα radiation. B is the full width at half maximum (FWHM) and measured in radians, and θB is an 
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angular degree in terms of θ (not 2θ). It is notable that whether a value of 0.9 or 1 is used depends 

on the shape of the crystallites assumed to be in the sample194. Further study pointed out that the 

instrumental broadening effect should be eliminated to achieve an accurate FWHM193, therefore B 

was calculated as  

 2 2
m iB B B= −  (5.3) 

where Bm is the (111) peak FWHM of YSZ in the pattern, Bi is the instrumental broadening. The 

value of Bi was measured as 0.002793 radians based on the (111) peak FWHM of a silicon 

standard. According to the XRD pattern shown in Fig 5.5 and Fig 5.6, the FWHM of the most 

intensive (111) peak was measured using MDI Jade©(Materials data Inc.), and the resulting 

crystallite sizes were summarized in Table 5.1. 

 

 Calcination temperature (°C) Bm (radian) t (nm) 

Sample A 600 0.01414 10.4 ± 0.05 

Sample A 700 0.01154 12.8 ± 0.05 

Sample B 400 0.01688 8.7 ± 0.05 

Sample B 500 0.01559 9.4 ± 0.05 

Sample B 600 0.01363 10.8 ± 0.05 

 

Table 5.1 Crystallite sizes of YSZ synthesized by different recipes and under various 
calcination temperature 

 

The trend of crystallite sizes increasing with the increasing temperature is obvious according to 

the calculated results, indicating an improvement in the crystallinity. When comparing the YSZ 

prepared with different recipes (sample A: EG/CA/YSZ=2:2:1, sample B: CA/YSZ=2:1), the 

slightly larger crystallite size of sample B compared with that of sample A demonstrates that 

synthesis of YSZ without the addition of ethylene glycol may facilitate the crystallization. 
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5.3.3.3. Thermal analysis 

In order to investigate the decomposition process of the YSZ precursor, thermal analysis was 

performed on sample A using thermal gravimetric analysis (TGA) and differential thermal analysis 

(DTA). Initially the pre-dried YSZ precursor, of which the mole ratio of CA/EG/YSZ was 2:2:1, 

was carefully ground to ensure homogeneous reaction. Subsequently 34.80mg YSZ precursors 

were heated in flowing air (from room temperature to 600ºC) against an alumina reference using a 

Rheometric Scientific STA 1500 thermal analysis system. A minimum heating rate of 5ºC per 

minute was applied.   

 

Fig 5.7 TGA and DTA curves for the YSZ precursor (sample A: CA/EG/YSZ=2/2/1). The 
precursor completely decomposes at ~500°C. 

 

The resulting TGA and DTA curves are shown in Fig 5.7. The slight slope at the beginning is due 

to the pre-drying of gel in the furnace at 200ºC. It is notable that the slope of the weight loss 

slightly varies at about 250ºC, and this change in slope is coincident with an endothermic peak in 

the DTA curve. Based on the TGA/DTA data obtained, the decomposition process of YSZ 

(CA/EG/YSZ=2/2/1)) can be divided into two stages.  

The first stage, which is below 250ºC, corresponds to the decomposition of ammonium citrate and 

a small amount of ammonium nitrate derived from the starting materials195. The ammonium was 
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introduced due to adjusting the pH value using ammonia solution. These reactions are thought to 

be endothermic195, and accordingly an endothermic peak appeared in the DTA curve. With the 

addition of ethylene glycol, most of the citrates esterified with ethylene glycol during the gelation 

process. The second stage, which falls between 250ºC and 470ºC, is associated with the 

decomposition of the thermally stable structure formed by the esterification of metal salts. If the 

final product is assumed to be Zr0.92Y0.08O2, the molecular mass of the thermally stable structure 

can be calculated as ~300g/mol according to the weight loss during the second stage. At elevated 

temperature (~200ºC), the citric acid group begins to convert to aconitic acid group by the 

reaction189 

 ~200 C
6 8 7 6 6 6 2C H O C H O + H O(g)°⎯⎯⎯→  (5.4) 

Considering the ethylene glycol/YSZ ratio, a possible structure can be proposed in Fig 5.8. 

 

Fig 5.8 A possible formula of the thermally stable structure (M=Y, Zr, and Y/Zr = 8/92) 

 

This decomposition of the thermally stable product is exothermic, and this process is associated 

with the large exothermic peak ~450ºC in the DTA curve. According to the previous XRD 

characterization, the crystallization of the fluorite phase of the YSZ could be achieved at 400ºC. 

However the corresponding exothermic crystallization peak was not observed in the DTA result. 

One possible explanation is that the crystallization peak overlaps with the large exothermic peak 

associated with the decomposition of the thermally stable structure during the second stage.  
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5.4 Sol-gel synthesis via hydrolysis of metal alkoxide 

5.4.1 Introduction to alkoxide-derived sol-gel process 

The alkoxide-derived sol-gel synthesis relies on the formation of a polymeric network, and the 

entire process involves two significant reactions in the solvent, i.e. hydrolysis of the metal 

alkoxide and dehydration or condensation196, 197. Metal alkoxides readily undergo hydrolysis in the 

presence of water, and the reaction can be represented by Equation (5.5). 

 2M O R H O M OH R OH− − − + → − − + −  (5.5) 

Where M stands for a metal ion and R is an alkyl group. The hydrolysis reaction is followed by the 

condensation to form —M—O—M— bonds, and this procedure can take place generally in two 

modes, i.e. dehydration (Equation (5.6)) and condensation (Equation (5.7)). 

 2M OH HO M M O M H O− − + − −→ − − − − +  (5.6) 

 M O R HO M M O M R OH− − − + − −→ − − − − + −  (5.7) 

The synthesis of multi-component gels containing a few types of metal ions is much more 

complicated, and the final quality of the obtained metal oxide highly depends on the chemical 

homogeneity of the hydrolysis and condensation reactions of different metal species. In this 

procedure, the stoichiometric composition of metal components is not only governed by the 

mixing level of different starting materials, but also by the reactivity of each species towards water 

and hydrolyzed products. Considering a gel system containing two different metal ions, i.e. Am+ 

and Bn+, normally the hydrolysis of alkoxide is much faster than the polymerization by 

condensation mechanism196, and the metal ions become completely hydrolyzed before the 

cross-linking of metal atoms. This case usually leads to the formation of metal hydroxide 

precipitates, i.e. A(OH)m and B(OH)n, and accordingly segregations of different oxide phases can 

be predicted after calcination. Moreover, the hydrolyzation of Am+ and Bn+ should progress more 

or less simultaneously. If the hydrolysis of Am+ is much faster than Bn+, the obtained 

multi-component oxide may have an incorrect stoichiometric ratio, and the excessive Bn+ ions will 

result in the segregation of B2On oxide phase in the final product.  
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Theoretically all of the metal salts involved in the synthesis should be metal alkoxides. However, 

the use of alkoxides is practically restricted by the affordability and commercial availability of 

various metal alkoxides. To some extent, hydrolysable inorganic metal compounds can be used as 

alternatives since they also undergo hydrolysis and form metal hydroxide species, and the process 

is illustrated in Equation (5.8)167. 

 [ ] (z y)z
2 n 2 u y 2u 2 n y u 3M(H O) yH O MO (OH) (H O) yH O

−+ +
− − +⎡ ⎤+ +⎣ ⎦€  (5.8) 

The hydrolysis reaction is subsequently followed by the condensation of different metal hydroxide 

species, which are similar to Equation (5.6) and Equation (5.7), to form —M—O—M’— bonds. 

A successful synthesis of multi-component gel via hydrolysis of metal alkoxides involves two 

significant aspects. Firstly the pH value should be precisely controlled, and normally a neutral or a 

high-pH condition favors the forward reaction in Equation (5.8). Secondly the rate of hydrolysis, 

which is much faster than the condensation, should be reduced to make these two reactions 

progress simultaneously. This process is usually achieved by adding acetylacetone (AcAc), which 

strongly complexes with the metal atoms and slows hydrolysis196-198. The influence of 

acetylacetone on the kinetics of hydrolysis was studied by Debsikar199. He pointed out that the 

hydrolysis was hindered by the enol form of acetylacetone, and the enol form reacts with the metal 

alkoxide through a chelating effect (Equation (5.9)).  

 (5.9) 

 

5.4.2 Experimental procedure 

5.4.2.1. Starting materials 

The YSZ was synthesized by the sol-gel route via hydrolysis of metal alkoxide. Zirconium (IV) 
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tetra-n-propoxide (Zr(OPrn)4, Sigma-Aldrich, 70 wt% in n-propanol), yttrium (III) nitrate 

hexahydrate (Y(NO3)3•6H2O, Sigma-Aldrich, 99.8%) and acetylacetone (CH3COCH2COCH3, 

Sigma-Aldrich, RegentPlus® grade, ≥99%) were used as the starting materials. 

2-propanol(CH3CHOHCH3, Fluka, ≥99.9%) was used as the solvent, and the water used in the 

synthesis of polystyrene spheres was de-ionized water with ultra high purity (UHP) quality.  

 

5.4.2.2. Synthesis procedure 

Zirconium propoxide is sensitive to humidity and quickly undergoes hydrolysis when exposed to 

moist atmosphere. In order to prevent the undesired reaction, the entire synthesis process was 

carried out in a glove box at room temperature (22-23ºC). The glove box was pre-dried using the 

silica gel and remained sealed during the synthesis.  

In a typical synthesis, stoichiometric amounts of Zr(OPrn)4 and Y(NO3)3•6H2O, yielding the 

composition of Zr0.92Y0.08O2-x, were first weighed and dissolved into 2-propanol (~0.25mol/60ml). 

In another beaker, a small volume of acetylacetone, ranging from 0.5 to 2.5ml, was dissolved in 

20ml of 2-propanol. Both of the solutions were agitated respectively using magnetic stirrers for 20 

minutes to facilitate the dissolution of precursors. Subsequently these two solutions were slowly 

mixed under continuous stirring. During this procedure, the beakers were sealed with plastic film 

to prevent the volatilization of propanol. After half an hour, a small volume of water, 4ml or 10ml, 

was added dropwise to the mixture using syringes. Different results, i.e. white precipitate, yellow 

“jelly” and light-yellow solution, were obtained according to various recipes. The light-yellow 

solution (~0.25M) was sealed in a glass bottle and stored for future use. A small volume of 

solution was further dried in air, and subsequently a viscous gel was obtained. The gel was dried at 

200ºC in a decomposition oven and then ground with a mortar. The YSZ precursors were calcined 

in a box furnace (Elite BRF15/5) at a constant heating rate of 5ºC/min to 500ºC and 600ºC for six 

hours respectively. The entire synthesis procedure is shown schematically in Fig 5.9. 
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Fig 5.9 A flow chart of the synthesis of YSZ via hydrolysis of Zirconium propoxide 

 

5.4.3 Characterization 

5.4.3.1. X-ray diffraction and crystallite size 

Powder XRD patterns of YSZ calcined at 500ºC and 600ºC are shown in Fig 5.10. The dashed line 

is generated by indexing to JCPDS 30-1468 (Appendix 2), which indicates the crystallization of 

YSZ and the formation of the fluorite cubic phase.  

 

Fig 5.10 Indexed XRD patterns for YSZ calcined at 500°C and 600°C 
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The crystallite sizes were calculated according to Scherrer’s equation shown in Equation (5.2), and 

the resulting crystallite sizes are summarized in Table 5.2. The results are consistent with the data 

listed in Table 5.1. 

 
Calcination temperature (°C) Bm (radian) t (nm) 

500 0.01562 9.2 ± 0.05 

600 0.01357 10.6 ± 0.05 

 

Table 5.2 Crystallite sizes of YSZ synthesized via hydrolysis of metal alkoxide. These results 
are comparable to those shown in Table 5.1. 

 

 

5.4.3.2. Thermal analysis 

YSZ synthesized by the Pechini route crystallized at a temperature below 400ºC. The XRD 

patterns of YSZ via hydrolysis of metal alkoxide, shown in Fig 5.10, confirmed that the YSZ 

crystallized by 500ºC. In order to investigate the decomposition process of the YSZ precursor 

prepared via hydrolysis of metal alkoxide, thermal analysis was performed using thermal 

gravimetric analysis (TGA) and differential scanning calorimetry (DSC). Initially the pre-dried 

YSZ precursor was carefully ground with a mortar to ensure homogeneous reaction. Subsequently 

23.90mg of YSZ precursors were heated in flowing air (from room temperature to 900ºC) against 

an alumina reference using a simultaneous thermal analyzer (NETZSCH STA 449C). A minimum 

heating rate of 5ºC per minute was applied. 

The resulting TGA and DSC curves are shown in Fig 5.11. The slight slope at the beginning of the 

TGA curve was due to the pre-drying of the gel in the furnace at 200ºC. According to the TGA and 

DSC curves, the decomposition process can be divided into two stages. In the range from room 

temperature to ~370ºC, the weight loss was mainly due to removal of the propanol content. A 

sharp exothermic peak and a quick weight loss was observed at ~290ºC, and this corresponds to 

the decomposition of nitrate200, 201. Another exothermic peak at ~340ºC is attributed to the thermal 

decomposition of acetylacetone202. The second stage started at ~370ºC, and in this stage residue 
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organics and other thermal products decomposed. The third peak at ~500ºC corresponds to the 

crystallization of YSZ and formation of the fluorite cubic phase, which was exothermic. No 

further weight loss could be observed above ~600ºC, indicating that the decomposition process 

was complete.  

 

Fig 5.11 TGA and DSC curves for ground YSZ precursor prepared via hydrolysis of metal 
alkoxide. 

 

Xia et al reported that the crystallization temperature of YSZ prepared via hydrolysis of metal 

alkoxide was ~510ºC198, which was consistent with the result found in this study. It is obvious that 

the weight loss of YSZ precursor synthesized via hydrolysis of metal alkoxide (~35%) is smaller 

when compared with the result of YSZ prepared by Pechini route (70%). This difference is 

ascribed to the greater organic contents, mainly citric acid and polyethylene glycol, existing in the 

YSZ precursor prepared by Pechini route. It is also noticeable that the crystallization temperature 

of ~500ºC, also confirmed by the literature198, is much higher than that of YSZ prepared by 

Pechini route (~400ºC), however the crystallite sizes of these two samples at 600°C are similar. 
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5.4.4 Controlling the hydrolysis and condensation of metal alkoxide 

As discussed in previous sections, the successful sol-gel synthesis of YSZ precursor via hydrolysis 

of metal alkoxide highly depends on the simultaneous progresses of hydrolysis and condensation. 

Generally the hydrolysis rate of metal alkoxide is much faster than the condensation, resulting in a 

precipitate or polymeric “jelly”197, 199. This result is not ideal in the current study since the 

obtained product can not dissolve in alcohol, preventing the further infiltration of polystyrene 

templates using the precursor. Moreover, because of the relatively slow hydrolysis rate of yttrium 

nitrate in the presence of water when compared with that of zirconium tetra-n-propoxide, rapid 

hydrolysis rate of metal alkoxide may lead to incorrect stoichiometry in the product. 

Acetylacetone (AcAc) was used in the current study as a complexing agent to slow the rate of 

hydrolysis of zirconium tetra-n-propoxide. In this section, the influences of acetylacetone, water 

and synthesis temperature were investigated and are discussed. 

 

5.4.4.1. Influences of acetylacetone and water 

In order to investigate the effects of acetylacetone and water on the preparation of the YSZ 

precursor, experiments were performed using different mixture of reagents, mainly by varying the 

volumes of acetylacetone and water respectively. In all of these experiments, the moisture was 

strictly controlled and the synthesis temperature was around 22ºC. Since the actual viscosity was 

difficult to measure due to the limited space in the glove box and fast gelation of the metal 

alkoxide, the gelation time was measured qualitatively as that, at this point, the gel did not change 

its shape immediately when the beaker was inclined. The results are summarized in Table 5.3. 

It can be seen in Table 5.3 that without the addition of acetylacetone, the alkoxide precipitated 

immediately and the gelation progressed quickly. The white colloidal gel, rather than a transparent 

one, was considered as the molecular aggregate of hydrated zirconium hydroxide198. The existence 

of zirconium hydroxide confirmed that the hydrolysis of alkoxide was much faster than the 

condensation199, and a large amount of hydroxide was formed immediately after the addition of 

water and could not be completely polymerized by the condensation-introduced polymerization 
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before the stable gel was formed. When a small volume of acetylacetone (0.5~1.5ml) was added, 

the zirconium propoxide could be partially stabilized and the hydrolysis was hindered. 

Consequentially the immediate precipitation was prevented, and a yellow transparent gel can be 

obtained finally. With the increasing volume of acetylacetone, the gelation time increased. When 

the molar ratio of AcAc/YSZ approached ~1 (2 and 2.5ml), the gelation time increased sharply 

and no gelation could be observed for the latter group during this study (>300 days). Similar 

results can be also found in the literature198, 199. The experimental results indicated that zirconium 

propoxide (Zr(OPrn)4) could be modified by adding acetylacetone, and accordingly the hydrolysis 

was restrained. In that case, the relatively slow condensation reaction could be progressed 

simultaneously and clear solutions were obtained. A volume of 2ml was favoured under similar 

conditions in this study, since the obtained solution was stable for a period long enough for the 

fabrication of YSZ thin films. The gelation time versus the molar ratio of AcAc/YSZ is plotted in 

Fig 5.12. 

 

AcAc 
(ml) 

Water 
(ml) 

AcAc/Water/YSZ molar 
ratio 

Product 
description 

Gelation time

0 4 0/0.222/0.025 White colloidal gel ~5 seconds 

0.5 4 4.9E-03/0.222/0.025 Yellow gel ~10 seconds 

1.0 4 9.8E-03/0.222/0.025 Yellow gel ~2 minutes 

1.5 4 0.0147/0.222/0.025 Yellow gel ~2 hours 

2 4 0.0198/0.222/0.025 Yellow sol ~60 days 

2.5 4 0.0245/0.222/0.025 Yellow sol No gel after 
300 days 

2 10 0.0198/0.556/0.025 Yellow gel ~7 hours 

2.5 10 0.0245/0.556/0.025 Yellow sol >90 days 

* Amount of other reagents: Zr(OPrn)4 – 10ml, Y(NO3)3•6H2O - 0.7428 g, 2-propanol – 80ml 

**Synthesis temperature: 22ºC 

Table 5.3 Dependence of gelation time on the molar ratio of acetylacetone and water 
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Fig 5.12 Gelation time as a function of AcAc/YSZ ratio 

 

When increasing the volume of water from 4ml to 10ml, the gelation time decreased dramatically, 

as illustrated in Table 5.3. The volume of water also affected the gelation process by facilitating 

the hydrolysis. Besides, adding more water to the solution resulted in the dilution of acetylacetone, 

which may also influence the gelation time. 

 

5.4.4.2. Influence of temperature 

As discussed in the previous section, an acetylacetone-modified zirconium propoxide can form a 

stable YSZ sol with an expected gelation time. However, the gelation time depends not only on the 

concentration of reagents, but also on the temperature. In order to investigate the effects of 

temperature on the gelation time, reference groups of precursor solutions were stored in a fridge at 

~6ºC immediately after being prepared, and the resulting gelation time were summarized in Table 

5.4.  

Obviously the temperature had distinct influences on the gelation time, and the gelation time 

extended dramatically as the temperature decreased. Since the sol had already been modified by 

acetylacetone before moving into the fridge, the temperature mainly affected the reverse reaction 
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shown in Equation (5.9). With slower generation and less Zr(OPrn)4 in the solution, the resulting 

dehydration (Equation (5.6)) and condensation (Equation (5.7)) reactions were restrained, leading 

to a longer gelation time.  

 
AcAc (ml) Water (ml) Product description Gelation time / 22°C Gelation time / 6°C

1.5 4 Yellow gel ~2 hours ~40 days 

2 4 Yellow solution ~60 days No gel after 300 days

2 10 Yellow solution ~7 hours No gel after 300 days

* Amount of other reagents: Zr(OPrn)4 – 10ml, Y(NO3)3•6H2O - 0.7428 g, 2-propanol – 80ml 

Table 5.4 Influence of temperature on the gelation time 

 

 

5.5 Synthesis of 3-DOM YSZ thin films 

Since the YSZ precursors prepared in Section 5.3 and 5.4 are either a viscous gel or solution, the 

most common infiltration technique for the fabrication of 3-DOM films will be dip and fill. In this 

section, the YSZ precursors are further diluted with ethanol to decrease the viscosity and reduce 

the surface tension. Subsequently the PS templates prepared in Chapter 4 are infilled with the 

precursor solutions, followed by heat treatment at 600ºC to remove the templates and crystallize 

the YSZ. 

5.5.1 Experimental procedure 

5.5.1.1 Dilution of YSZ precursors 

A successful infiltration of a YSZ precursor involves two critical aspects54. Initially the 

liquid-solid transformation taking place in the voids between spheres must be well designed, i.e. 

the precursor should have high solubility and stability in the solvent to allow maximum precursor 

loading. Moreover in order to increase the wettability of the solution into the template arrays and 

leave no defects in the obtained 3-DOM thin films, the surface tension of the solvent should be 
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sufficiently low to facilitate the infiltration of solution. An additional requirement for the solvent 

is also applied when infiltrated into polystyrene arrays, i.e. the solvent should not attack or react 

with polystyrene. Ethanol was used as the solvent because of its relatively small surface tension 

(22.27 mN/m, 20ºC), compared to that of water (71.97 mN/m, 25ºC)203, and chemical stability 

when in contact with polystyrene. 

In order to determine the most appropriate dilution route, the YSZ gel synthesized via the Pechini 

route (Sample B, prepared without the addition of polyethylene glycol), as described in Section 

5.3, was separated into equal parts, and each part was diluted using ethanol (ACS reagent grade, 

Sigma-Aldrich, ≥99.5%) and de-ionized water. Subsequently different volumes of concentrated 

ammonia solution (VWR International, ~32%) were added dropwise using syringes of 1ml, and 

the pH value of each part was measured using a calibrated pH meter (Whatman PHA230).  

A typical procedure would be that 3ml YSZ gel was initially diluted with 1ml de-ionized water to 

decrease the viscosity. Subsequently 7ml ethanol, yielding a YSZ concentration of ~0.25M, was 

added to the gel in a small beaker of 20ml under continuous stirring. Different results were 

observed at different pH values in the dilution procedure. The initial pH value of the solution 

(without the addition of ammonia solution) was measured to be ~0.88, and the results observed at 

different pH values are summarized in Table 5.5. A narrow pH window for forming the clear 

solution, which was around 2~4, was clearly observed in Table 5.5. 

 

pH value Result 

0.88 White precipitate 

1.37 White precipitate 

1.92 Clear solution 

3.97 Clear solution 

5.43 White precipitate 

7.31 White precipitate 

12.56 White precipitate 

 
Table 5.5 Summary of dilution results at different pH values. 
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The YSZ precursor prepared via the hydrolysis-condensation route, as described in Section 5.4, 

was a solution. As a result, it can be directly used to infiltrate the template without further dilution. 

Both YSZ solutions prepared via the Pechini route and the hydrolysis-condensation route 

remained stable for a period longer than 60 days at room temperature. 

 

5.5.1.2 Infiltration 

The infiltration is a simple but critical step in the synthesis of 3-DOM YSZ thin films. In the 

current study, the dip and fill method is used as the infiltration route, which involves a few 

infiltration-drying cycles. Generally there are various guidelines that can be used to evaluate a 

successful infiltration. Firstly, the infiltration must be performed throughout the entire polystyrene 

templates, and after the infiltration-drying cycles all the voids between spheres should be filled 

with precursor. Incomplete infiltration will lead to structural defects, which results in the collapse 

of 3-DOM films during the calcination. However, over-infiltration must also be avoided, since a 

thick layer of crust may form on the thin film and leave no porosity on the final product. Secondly, 

the templates should preserve their integrity and remain attached to the substrate after the 

manipulations.  

 

Fig 5.13 Schematic illustration of the infiltration process 
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In a typical infiltration procedure, a polystyrene template, mentioned in Chapter 4, was vertically 

lifted and dipped into the YSZ precursor (~0.25M) stored in a glass vial. After being kept in the 

precursor solution for 10 seconds, the slide was slowly withdrawn from the solution, and the 

lifting speed was 10cm/min. The infiltrated template was placed horizontally in air at room 

temperature for 30 minutes to allow the complete drying of the solution. Subsequently the 

infiltration-drying cycle was repeated 2-3 times to achieve complete infiltration. The infiltration 

process was schematically illustrated in Fig 5.13.This procedure was similar to the technique 

reported by Gu et al131, 143, however performed manually rather than mechanically.  

 

5.5.1.3 Calcination 

Calcination plays two roles in the synthesis of 3-DOM YSZ thin films. Initially the polystyrene 

template is removed thermally. Moreover the YSZ precursor decomposes its organic contents and 

crystallizes when calcined at an elevated temperature. Previous study indicates that polystyrene 

completely decomposes at ~390ºC, and the crystallization of YSZ can be achieved at ~500ºC. 

According to the results of the thermal analysis discussed in Section 5.3 and 5.4, higher 

calcination temperature was favored to achieve complete decomposition of organics and improve 

the crystallinity of YSZ. The target temperature in the current study is mainly restrained by the 

melting temperature of the ITO glass, which starts to melt at around 650ºC. Consequently a target 

temperature of 600ºC was adopted and applied to all synthesis in this study.  

The calcination of YSZ was carried out with a tube furnace (Carbolite MTF 12/38/400). In order 

to provide accurate and reproducible synthesis conditions in the future study, the furnace was 

carefully calibrated under a mild air flow, and the calibration process is described in Appendix 4. 

During the entire project all calcinations of 3-DOM thin films were carried out in the same 

furnace.  

In a typical calcination procedure, 1-2 pieces of infiltrated templates are placed horizontally in a 

glass tube (500mm × 30mm), and then the tube is placed in the tube furnace. Because of the 

temperature gradient near the both ends of the furnace, the position of the templates is carefully 

adjusted to ensure they are in the central region of the furnace (~200mm in the middle). 
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Subsequently a mild flow of compressed air is applied to the tube, and it is heated to 600°C at a 

slow heating rate of 1°C/min. The templates are held at that temperature for 5 hours before 

cooling down, and the air flow continues until reaching the room temperature. 

 

5.5.2 Characterization of 3-DOM YSZ films 

5.5.2.1 XRD 

After calcination the 3-DOM thin films grown on glass and ITO glass were characterized by XRD 

to investigate the crystalline. XRD patterns taken from YSZ thin films on a glass substrate (10mm 

× 10mm) and another ITO glass are illustrated respectively in Fig 5.14. The pattern of a blank ITO 

glass substrate is also shown as a comparison. 

 

Fig 5.14 XRD patterns for ITO glass and YSZ on different substrates 

 

The diffraction peaks of YSZ are indicated by the dashed lines. However, the pattern of YSZ on 

ITO glass not only reveals the diffraction peaks of YSZ, but also those of ITO. Some of the YSZ 

peaks overlap with the diffraction peaks of ITO, making the cubic fluorite phase YSZ difficult to 
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be identified. The change of relative intensities between the top and the middle patterns, 

corresponding to ITO glass and YSZ on ITO glass respectively, at 2θ equal to 30° and 35° 

indicates the presence of YSZ phase. Compared the XRD pattern of YSZ on glass with that of the 

bulk YSZ shown in Fig 5.6, the diffraction peaks show slight broadness, and the broadness of the 

peaks can be attributed to the smaller crystallite sizes. 

The overlap of peaks of different phases shown in the second pattern is ascribed to the diffraction 

from the ITO layer. In order to eliminate the diffraction of ITO and obtain the real pattern of YSZ, 

the maximum penetration depth of X-ray in 3-DOM YSZ films was calculated. Theoretically the 

penetration of X-rays in matter obeys the Beer-Lambert law204, which is commonly written as  

 0
dI I e ρμ−=  (5.10) 

Here I0 is the original intensity of the X-ray, I is the intensity of the X-ray at a distance d, μ is the 

mass absorption coefficient of X-rays and ρ is the effective density of the material. For a 

compound material, e.g. YSZ, the mass absorption coefficient can be calculated as 

 i i
i

μ μω=∑  (5.11) 

Where μi stands for the mass absorption coefficient of the ith element, and ωi is the weight fraction 

of the ith element in the compound. When the Beer-Lambert law is applied to porous materials 

with air voids, the effective density is expressed as  

 0(1 )airρ ερ ε ρ= + −  (5.12) 

Where ε is the porosity, i.e. the volume fraction of voids in the material, ρair stands for the density 

of air at the given condition and ρ0 is the density of the dense material.  

In order to estimate the density of 3-DOM YSZ, the thin film is assumed to be the perfect fcc 

structure, and accordingly a YSZ occupation of 26% is derived. Subsequently the density of YSZ 

(ρ=6.04g/cm3 26) and that of air (ρ=0.0012g/cm3, 25°C) are applied, and the average density of the 

3-DOM YSZ thin film is calculated to be 1.57g/cm3.  

To calculate the mass absorption coefficient, the composition of YSZ is assumed to be 

(ZrO2)0.92(Y2O3)0.04. The element mass absorption coefficients for the constituents of YSZ at a 
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wavelength of 1.55Å and the weight fractions are summarized in Table 5.6205. As a result, the 

overall mass absorption coefficient of YSZ is calculated as 103.6cm2/g according to Equation 

(5.11).  

 
Element Weight fraction μ (cm2/g) 

Zr 68.59% 136 

Y 5.81% 126 

O 25.60% 11.6 

 
Table 5.6 Mass absorption coefficients and weight fractions for the elements of YSZ 

 

If 99% absorbance of X-ray is assumed for the sample, a path length of 0.0283cm is derived based 

on Equation (5.10). Finally, the middle point of the 2θ-angle range shown in Fig 5.14, i.e. the 2θ 

degree of 45º, is chosen as a typical incident angle. A film thickness of ~54.2μm is then obtained. 

Therefore, in order to eliminate the diffraction from the ITO layer, the YSZ thin films should be at 

least ~54.2μm thick. However, as discussed in Chapter 4, the preparation of thick polystyrene 

templates is difficult due to the delamination. Beside, thick templates also encounter detachment 

from the substrate when the dip and fill technique is used as the infiltration route. 

 

Fig 5.15 XRD pattern for 3-DOM YSZ films removed from the substrates 
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Consequently in order to characterize the crystallinity of the obtained YSZ, YSZ films were 

carefully removed from ~15 substrates and combined. They were then characterized using a 

powder diffractometer. The XRD pattern shown in Fig 5.15 confirms the formation of crystallized 

YSZ. Based on the diffraction pattern, the crystallite size is calculated to be ~10.2 ± 0.05nm using 

Scherrer’s equation (Equation (5.2)). This result is slightly smaller than those of the bulk YSZ 

mentioned in previous sections, summarized in Table 5.7. It can be attributed to the presence of 

greater organic content, i.e. polystyrene templates. 

 
 Samples t (nm) 

1 Pechini route: Sample A 10.4 ± 0.05 

2 Pechini route: Sample B 10.8 ± 0.05 

3 Hydrolysis route 10.6 ± 0.05 

4 3-DOM YSZ (hydrolysis route) 10.2 ± 0.05 

 
Table 5.7 Crystallite sizes of bulk YSZ synthesized by different routes (1-3) and 3-DOM YSZ 
(4) 

 

5.5.2.2 SEM 

The periodicity and microstructure of the 3-DOM YSZ thin films was characterized by scanning 

electron microscopy (SEM) using a LEO 1525 field emission gun scanning electron microscope 

(FEG SEM). Since YSZ is a pure ionic conductor and does not show electronic conductivity, the 

ITO glass supported 3-DOM YSZ thin films were coated with gold by vacuum sputtering before 

being analyzed. In order to control the coating thickness and avoid eliminating the surface 

morphology of the 3-DOM films, the current and coating time were precisely adjusted to obtain 

gold layers of ~20nm thickness.  

SEM images shown in Fig 5.16 exhibit the prepared 3-DOM YSZ thin films. A large film 

shrinkage is clearly observed in low-magnification images (Fig 5.16 (a) & (b)), and the substrate 

is covered by isolated domains rather than a continuous film. A close inspection shows that the 

YSZ domains more or less reveal rectangular shapes, suggesting that shrinkage occurred 
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isotropically during calcination. Moreover, the presence of periodic porosity in high-magnification 

micrographs ((c) & (d)) shows good long-range ordering. The polystyrene spheres were 

self-assembled into a fcc lattice, and each sphere was closely contact with 12 nearest spheres. 

Therefore when the YSZ precursor infiltrated into the interstices between the polystyrene spheres, 

it could not reach the contact areas. Accordingly interconnected pores can be observed in these 

contact areas after the removal of template spheres. In Fig 5.16(d) three holes in the adjacent layer 

are visible through pores on the surface. This result is consistent with the fcc structure of inverse 

polystyrene templates, confirming that template-assisted fabrication of 3-DOM YSZ was 

successful. The pore size, including the thickness of the wall, is measured to be around 160nm, 

which is relatively small when compared with the original sphere size of the polystyrene templates 

(~320nm). Therefore it can be concluded that the discontinuous coverage of 3-DOM YSZ is 

induced by film shrinkage rather than the delamination of 3-DOM domains.  

  

  

Fig 5.16 SEM micrographs of different magnifications showing 3-DOM YSZ 

 

As shown in Fig 5.16, the obtained 3-DOM YSZ film exhibits good periodicity with few defects 

formed. The long-range ordering of the sample is further evaluated using the 2-D Fast Fourier 

Transformation (FFT). Fig 5.17 shows a SEM micrograph of the 3-DOM YSZ, and the 
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corresponding FFT is calculated based on an area of ~100μm2 in the image. The indicative 

reciprocal spots shown in the calculated FFT confirm the highly ordered pore arrangement. 

 

Fig 5.17 SEM image of the surface of the 3-DOM film and the corresponding FFT 

 

5.5.2.3 Shrinkage 

A noticeable aspect in Fig 5.16 is the large shrinkage of the domains found in the 3-DOM YSZ. 

When comparing the 3-DOM YSZ film with the original polystyrene template, both of them 

exhibit a similar alignment, as illustrated in Fig 5.18. After calcination the major drying cracks 

along the <112> direction, which separated the adjacent domains, remain visible in the obtained 

3-DOM YSZ film, however the separation between domains increases. Drying cracks along other 

directions can be also observed in the template (Fig 5.18(a)). During calcination these cracks 

further evolve and broaden, leading to the split of the strip domains. Typically the width of the 

YSZ domains is approximately 40-100μm, while that of the polystyrene domains is 80-200μm. 

Accordingly the width between each YSZ domain is about 50-80μm. These results indicate that a 

large contraction of the material occurs during the thermal treatment. 
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Fig 5.18 Low-magnification SEM micrographs of (a) polystyrene template and (b) 3-DOM YSZ 
thin film showing the similar arrangement 
 

In order to accurately measure the shrinkage, two different routes have been used. The first route 

measures the total area of 3-DOM YSZ domains in a given region. The shrinkage is then derived 

by calculating the coverage of 3-DOM domains using the software ImageJ©. In order to minimize 

the statistical discrepancy the area of interest is normally 0.3~0.8mm2, and at least 50 domains are 

counted. Since the measurement is based on the contrast between domains and the substrate, the 

thresholds of the contrast and the brightness were adjusted before the measurement to ensure a 

clear resolution of domains. Fig 5.19 shows typical examples of original and processed images. 

The average sphere size of the original polystyrene templates is 327 ± 6nm. The results for the 

3-DOM YSZ films are summarized in Table 5.8. Based on the results shown in Table 5.8, the 

average linear shrinkage of the 3-DOM YSZ is calculated to be 49.9±0.5%. 

 

  

Fig 5.19 A typical example of (a) original and (b) processed micrographs 
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 Area of YSZ 
domains (μm2) 

Total area (μm2) Coverage Linear 
shrinkage 

A 87088 356534 24.4 ± 0.6% 50.6 ± 0.5% 

B 96796 392217 24.7 ± 0.6% 50.3 ± 0.5% 

C 186074 723886 25.7 ± 0.6% 49.3 ± 0.5% 

D 83614 332220 25.2 ± 0.6% 49.8 ± 0.5% 

E 177673 699225 25.4 ± 0.6% 49.6 ± 0.5% 

 

Table 5.8 Summary of coverage of YSZ domains on the substrate 

 

Alternatively, the shrinkage can be calculated by measuring the center-to-center distance of the air 

void in the 3-DOM structure. Subsequently the distance is divided by the sphere size, and the 

linear shrinkage is obtained. However a large measurement error may arise when measuring a 

single center-to-center distance, leading to a relatively large standard deviation. In order to 

minimize the measurement error, the center-to-center distance was measured in the following 

manner. Using the measurement tool in the SEM the center-to-center distance of 20 pores was 

measured. If the measurement error of a single test is assumed to be Δd, the measurement error of 

a single center-to-center distance can be reduced to Δd/20. Additionally, two requirements must be 

fulfilled when measuring in this manner. First, the centers of all the 20 pores should be well 

aligned to ensure that the total length is precisely the sum of each center-to-center distance. 

Second, the pore must be regular and not distorted to ensure that the shrinkage derived is isotropic. 

Fig 5.20 illustrates two examples of where incorrect measurements might occur. 

  

Fig 5.20 Examples of where incorrect measurements of shrinkage might occur: (a) poor 
alignment and (b) distorted pores 
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In order to calculate the shrinkage of 3-DOM YSZ films, the average pore-to-pore distance was 

measured based on 200 pores in the manner mentioned above. The films were prepared using 

templates with three different sphere sizes. The sphere diameter of different polystyrene templates 

and the average pore-to-pore distance of prepared 3-DOM YSZ films are listed in Table 5.9. 

Similar shrinkages are obtained from samples prepared using polystyrene spheres of different 

sizes while an average value is calculated as 48.2%.  

 
 A B C 

Sphere size (nm) 272 327 344 

Polydispersity 2.6% 1.8% 7.9% 

Pore size (nm) 132 156 166 

Shrinkage 48.5% 47.7% 48.3% 

 

Table 5.9 Summary of diameter of the polystyrene spheres and the corresponding 3-DOM YSZ 

 

When comparing the shrinkages measured by two different approaches, the former result is 

slightly larger. The reason is that the area of drying cracks in polystyrene templates has been 

included in the calculation when using the first approach, while the drying cracks are not 

considered in the latter one. Each measurement approach has advantages and limits. In the first 

method the shrinkage is measured based on a large area, while the second one is derived from only 

200 pores. Therefore the statistical discrepancy may be applied in the latter route. However since 

the area of drying cracks are excluded in the second approach, the calculated result is more 

indicative as the real shrinkage. Moreover when using the first method, a small measurement error 

may occur because of the relatively weak software resolving ability at the low-contrast edge of the 

YSZ domains (as shown in Fig 5.19).   

 

5.6 Optimization of the 3-DOM thin films 

The quality of the 3-DOM YSZ films is affected by a large variety of parameters, and some of 
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their influences have been briefly discussed in the literature47, 67, 80, 131, 143. However, a detailed 

systematic study on the synthesis conditions is required in order to understand the mechanisms of 

reaction and transformation during the synthesis of 3-DOM YSZ. In this section, parameters that 

may affect the synthesis have been investigated according to the sequence of synthesis. 

 

5.6.1 Templates 

5.6.1.1 Ordering 

Highly ordered porosity is required for the 3-DOM YSZ thin films. Poor ordering normally results 

in a relatively large tortuosity in the 3-DOM structure, which increases the complexity of the gas 

path and in some cases blocks the porosity. Theoretically the 3-DOM structure is the inverse 

replica of the polystyrene template. Consequently the long-range ordering of the templates plays a 

significant role in the quality of the obtained 3-DOM YSZ.  

In order to investigate the effect of template ordering, 3-DOM YSZ thin films were prepared using 

two polystyrene colloidal solutions of different polydispersity, i.e. colloidal B and C in Table 5.9. 

The SEM micrographs of original templates and obtained 3-DOM YSZ films are illustrated in Fig 

5.21, and the long-range ordering can be readily evaluated by the FFTs shown on the top right of 

each image. 

As discussed in Chapter 4, a large polydispersity results in formation of structural defects in the 

polystyrene templates. When synthesizing the 3-DOM YSZ with these templates, the structures of 

templates have been mirrored in the corresponding products, and accordingly the defects are also 

formed. In Fig 5.21(a), voids, dislocations and irregular packing can be observed. During the 

calcination, these defects become the structural weakness of the 3-DOM YSZ. Since the 

contraction of the YSZ films is no longer homogeneous and isotropic, cracks and stacking faults 

are formed due to the collapse of the structure from the weak points, as shown in Fig 5.21(b). In 

contrast the smooth and ordered top surface shown in Fig 5.21(d), which originated from a more 

ordered template (polydispersity ~1.8%), suggests a uniform growth and contraction during the 

calcination. 
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Fig 5.21 SEM micrographs of (a) polystyrene template with a polydispersity of 7.9% showing a 
large amount of structural defects; (b) the corresponding 3-DOM YSZ from (a) revealing a poor 
long-range ordering; (c) polystyrene template with a polydispersity of 1.8% showing good 
arrangement; (d) the corresponding 3-DOM YSZ from (c) exhibiting ordered porosity 

 

In some areas of the polystyrene templates, close-packed spheres in the (100) plane of a fcc crystal 

are observed, as exhibited in Fig 5.22(a). Rather than showing a hexagonal arrangement, the 

spheres in the (100) plane exhibit a square packing with each sphere surrounded by another eight. 

The transformation from <111> to <100> direction is attributed to the mismatch of spheres in the 

template, which may result from the dislocated sedimentation or polydispersity. When using this 

polystyrene thin film as a template, the prepared 3-DOM YSZ domains inherit the co-existence of 

(100) and (111) planes on the top surface (Fig 5.22(b)). A close inspection on Fig 5.22(b) 

demonstrates that cracks or gaps are more likely to be formed at the boundary between (100) and 

(111) planes. The irregular packing near the boundary results in structural weakness, and 

accordingly these two regions may slightly split apart due to the asymmetric contraction from two 

directions.    
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Fig 5.22 SEM images showing (a) co-existence of square (100) and hexagonal (111) planes on 
the top surface of polystyrene template and (b) prepared 3-DOM YSZ 

 

5.6.1.2 Sphere size 

The size of polystyrene spheres involved in the current study is in the range of 270-350nm. 

Spheres in this size range exhibit favorable aspects. For example, the synthesis of polystyrene 

spheres exhibits a good reproducibility, and a relatively small polydispersity can be readily 

achieved70. Moreover, as discussed in Chapter 4 a successful deposition of close-packed 

polystyrene thin films is dominated by the balance between gravitational sedimentation, 

evaporation-induced convective flow and thermal motion of particles142, and the sphere size 

around 300nm is preferred.  

Although the polystyrene templates are prepared using spheres in a limited size range, the effect of 

sphere size on the 3-DOM YSZ films has been investigated. The current study on the effect of 

sphere size mainly focused on the shrinkage of prepared thin films. As summarized in Table 5.9, 

3-DOM YSZ thin films prepared using spheres of different sizes show similar shrinkage results, 

which are around 48%. When altering the sphere size, no consistent trend can be observed in the 

shrinkage. It may indicate that sphere size in the current range does not have a significant 

influence on the quality of 3-DOM YSZ.   
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5.6.2 Precursor 

5.6.2.1 Chemistry 

Two synthesis approaches for preparing the YSZ precursor, i.e. the Pechini route and the 

hydrolysis-condensation route, are used in the current study. Through either of them crystalline 

YSZ can be obtained after being sintered at 600°C, as illustrated in Fig 5.23. However due to the 

different chemistry involved in these two routes, the synthesis of 3-DOM YSZ may be slightly 

different, and the differences has been investigated.  

 

Fig 5.23 XRD patterns indicating the crystalline of YSZ prepared via different synthesis routes 
(600°C) 

 

According to the thermal analysis results shown in Fig 5.7 and Fig 5.11, two precursors exhibit 

different characteristics during the decomposition procedure. Since the YSZ precursor prepared 

via the Pechini route contains more organic contents, the weight loss (~70%) is larger than that of 

the hydrolysis-condensation route (~35%). When synthesizing the 3-DOM YSZ films, a large 

shrinkage was observed. The shrinkage of prepared 3-DOM YSZ using two precursors is 

measured by calculating the coverage of YSZ domains based on low-magnification SEM 
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micrographs, as introduced in Section 5.5.2.3. 

Generally the shrinkage is ascribed to the decomposition of organics during calcination and the 

large difference in the density of the YSZ precursor and dense YSZ71. Consequently the theoretical 

shrinkage can be estimated by comparing the densities of dried precursors and the bulk YSZ 

according to the law of conservation of mass, which can be expressed as 

 0 0 1 1(1 )V Vρ η ρ− =  (5.13) 

Here ρ0 and ρ1 represent the density of dried precursor and that of the bulk YSZ respectively, V0 

and V1 are the corresponding volume, and η is the weight loss during the calcination. If the 

shrinkage of YSZ domains is considered to be isotropic, the theoretical linear shrinkage ξ can be 

derived as 

 3 3
1 0 0 11 1 (1 )V Vξ ρ η ρ= − = − −  (5.14) 

The theoretical density of YSZ is reported to be 6.04g/cm3 26. In order to measure densities of two 

precursors, they were dried at room temperature. Subsequently their densities were measured by 

Archimedes’ principle. The measured density, weight loss, theoretical and experimental shrinkages 

are summarized in Table 5.10.  

 

 Pechini route Hydrolysis-condensation route 

Weight loss 70% 34% 

Density of dried precursor (g/cm3) 2.21 1.13 

Calculated shrinkage 52.1% 50.2% 

Measured shrinkage 49.9 ± 0.5% 46.8 ± 0.5% 

Crystallite size (nm) 10.5 ± 0.05 10.2 ± 0.05 

 

Table 5.10 Summary of theoretical and experimental shrinkages of YSZ synthesized by the 
Pechini route and the hydrolysis-condensation route 

 

Although large differences exist in the weight loss and precursor density, both the calculation and 

measurement show similar results, and the theoretical densities exhibit good consistency with the 
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experimental data. The slightly larger value of calculated shrinkage can be attributed to the 

porosity and the incomplete infiltration in the 3-DOM structure. 

 

5.6.2.2 Water content 

Water has been involved in the synthesis of the YSZ precursor and the dilution procedure. In the 

hydrolysis-condensation route, water is used as a significant reactant which initiates the 

polymerization of metal alkoxides. As illustrated in Table 5.3, a small change in the water content 

induces a large variation in the gelation time. Therefore increasing the water content in the starting 

materials eventually alters the chemistry of the hydrolysis reaction and remarkably decreases the 

gelation time of the YSZ precursor. Consequently the effect of water on the dilution and 

infiltration stages is difficult to be estimated because of the change in the precursor chemistry.  

In this section, the study of water content mainly focuses on the precursor prepared via the Pechini 

route, since the water has little effect on its chemistry. The YSZ gel with a concentration of 1M 

was diluted to 0.25M by water and ethanol of different ratio, and subsequently the pH value was 

adjusted to ~3 by adding a small amount of concentrated ammonia solution. Polystyrene templates 

on ITO substrates were infiltrated using the dip and fill technique mentioned in Section 5.5.1.2. 

The volume of solvents and pH value are listed in Table 5.11, and the corresponding SEM images 

of YSZ thin films are illustrated in Fig 5.24. 

 
 YSZ gel (ml) Ethanol (ml) Water (ml) Ethanol:water ratio pH value 

a 3 2 6 1:3 3.01 

b 3 4 4 1:1 3.24 

c 3 7 1 7:1 2.78 

 
Table 5.11 Summary of the solvent volume and the pH value 

 

The distinct phenomenon shown in Fig 5.24 is attributed to the variation of surface tension with 

increasing water content. According to the literature, the approximate surface tension values for 
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precursor solution with volume ratio of 1:3, 1:1 and 7:1 are extrapolated as ~35, 29 and 24mN/m 

respectively206 (25°C). When synthesizing the 3-DOM YSZ, the precursor solution can hardly 

penetrate into the voids between template spheres if surface tension is high, and accordingly a 

large fraction of YSZ precursor dries on the top surface, forming the crust. If the ratio is further 

increased to 1:1, the situation becomes complicated. A possible explanation can be made on the 

result in Fig 5.24(b) as follows. A thin layer of precursor is left on the top surface just after the 

infiltration. Due to the intermediate surface tension, the remainder slowly but not completely 

penetrates into the voids between spheres before it dries. Consequently a layer of precursor 

remains on the surface of spheres while the interstices are infilled, outlining the 

close-packed-spheral structure. When the ratio increases to 7:1, surface tension further decreases 

to 24mN/m, which is comparable to that of pure ethanol (22.27mN/m, 20°C)203. The precursor 

solution is able to easily permeate the template, and perfect 3-DOM structures can be obtained 

after calcination.  

  

 

Fig 5.24 SEM micrographs of YSZ thin films prepared using precursor solutions of different 
ethanol/water volume ratio: a) 1:3, b) 1:1 and c) 7:1 

 

It can be concluded that high water content has detrimental influence on the synthesis of 3-DOM 

YSZ by increasing the surface tension and hindering the infiltration of precursor into the 
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interstices. Therefore when the YSZ precursor prepared via the Pechini route is used, the water 

content should be minimized during the dilution procedure in order to facilitate the infiltration. 

 

5.6.2.3 Concentration 

The effect of concentration on the shrinkage has been investigated in this study. The YSZ 

precursor synthesized via the Pechini route was used, and it was then diluted to three different 

concentrations, namely 0.1M, 0.25M and 0.4M. Higher concentration is not desirable since the 

precursor is too viscous to infiltrate into the templates. The precursor was diluted with minimal 

amount of water to ensure a good infiltration. The shrinkage of prepared 3-DOM thin films was 

subsequently measured and summarized in Table 5.12.  

 
Concentration 0.1M 0.25M 0.4M 

No. of dips 3 3 3 

Shrinkage 49.5 ± 0.5% 49.3 ± 0.5% 50.3 ± 0.5% 

 
Table 5.12 Summary of the concentrations and their corresponding shrinkage values 

 

Considering the measurement errors, precursor solutions of different concentrations exhibit 

consistent results. Consequently it can be concluded that the concentration used in this study has a 

minimal influence on the shrinkage. 

 

5.6.3 Infiltration 

As introduced previously the synthesis of 3-DOM YSZ starts with an ethanol-diluted precursor 

solution which conducts a sol-gel transformation during its drying process. In order to obtain an 

optimum 3-DOM structure, the voids between template spheres are required to be fully filled with 

the YSZ precursor. Therefore a proper infiltration is crucial to the synthesis result, and different 

aspects associated with the infiltration process are investigated.  
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5.6.3.1. Infiltration route 

Although dip and fill has been adopted as the infiltration method, more details about the optimum 

manipulation still need to be investigated. In this study four different dip and fill routes, listed in 

Table 5.13, were applied to permeate the polystyrene templates, and the results have been 

compared. 

 
Route Operation 

1 Dip in solution vertically 

2 Dip in solution with a coverslip 

3 Dip in solution with a coverslip, remove the coverslip during drying 

4 Drop solution on the template using a syringe 

 
Table 5.13 Summary of five different dip and fill routes used for infiltration 

 

Using a glass coverslip parallel to the substrate has been reported as a possible route for improving 

the infiltration, and it has been also hypothesized that the close-contacted coverslip is able to 

facilitate the capillary force and completely infiltrate the template70, 72. The mechanism of this 

route is illustrated in Fig 5.25(b). An advantage of this route is that the progression of infiltrating 

the sol into the template can be monitored from the color transformation of the infilled template. 

However due to the reduced area exposed to atmosphere, the volatilization of the solvent is slow, 

and each drying cycle lasts at least 12 hours. A major disadvantage of this route emerges after the 

dip and fill cycles. Due to the sol-gel transformation during the drying procedure, the YSZ 

precursor becomes viscous and sticky. When separating the top coverslip a large fraction of 

infilled template is removed from the substrate, inducing a poor coverage of 3-DOM YSZ after 

calcination. Both the YSZ precursors prepared via different routes have been used, however the 

problem remains. 
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Fig 5.25 Schematic illustration of a) traditional dip and fill route and b) dip and fill with a glass 
coverslip 

 

In the third route, the glass coverslip was removed immediately after withdrawing from the 

precursor solution. Compared to the second route, the drying process, which takes 15-30 minutes, 

was relatively fast due to the large area exposed to atmosphere. However due to the surface 

tension on the coverslip, a proportion of the infilled template was removed from the substrate. 

After a few fill-dry cycles and calcination, the obtained YSZ thin films exhibit disordered 

arrangement and missing domains, as shown in Fig 5.26. Polystyrene templates are fragile, and it 

can be concluded that direct contact with the glass coverslip has a detrimental influence on the 

3-DOM YSZ and should be avoided. 

  

Fig 5.26 SEM micrographs showing disordered arrangement and missing domains 

 

In route four the YSZ precursor solution was dropped onto the template film from above using a 

syringe, as schematically illustrated in Fig 5.27. The initial thought was that in this route the 

template could be infiltrated without immerging into the precursor solution, which could make the 
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infiltration of thick films feasible and prevent the delamination. In early experiments the template 

was placed horizontally during the manipulation. The main problem was that the domains under 

the precursor drop were eventually submerged with fluid, making the template delaminate from 

the substrate. Subsequently the template was held vertically, however a flow was generated on the 

surface of templates when dropping down the liquid. When repeating the operation, the flow 

washed down some template domains. Another problem with this route is that the top part of the 

film suffers from insufficient infiltration due to the fast flow down to the bottom. Best results were 

obtained when the templates were placed at an intermediate angle, e.g. 40-50°. However even then 

the SEM characterization indicates that a uniform infiltration is difficult to achieve using this route. 

A large fraction of the template (~40%) suffers from insufficient infiltration, resulting in a poor 

coverage of YSZ thin films and collapse of the 3-DOM structure. 

 

Fig 5.27 Schematic illustration of the fourth dip and fill route 

 

In the first route the polystyrene template is slowly dipped into the precursor solution and 

withdrawn to dry. It has been identified to give optimum filling and 3-DOM YSZ with minimal 

delamination and good ordering. Therefore this dip and fill method has been used to infiltrate all 

the films in the study. A high-magnification SEM image shown in Fig 5.28 reveals the surface 

morphology of an infilled template. The voids between spheres are filled with precursor, and some 

tiny cracks are observed. They are attributed to the drying of the precursor. 
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Fig 5.28 SEM image showing the polystyrene template after infiltration but before calcination 

 

5.6.3.2. Concentration and number of dips 

The effect of the concentration of YSZ precursor and the number of dips has been investigated in 

this project. In order to completely fill the voids between spheres both the concentration and the 

number of dips should be considered together in the experiments. The number of dips is mainly 

restricted by the adherence of polystyrene templates to the substrate. For a ~10μm thick 

polystyrene film, the domain starts to delaminate after 3 dips, and about 80% domains detach from 

the substrate after 5 or 6 dips. Generally a higher concentration requires less filling operations. 

However for precursors synthesized via the Pechini route, a maximum concentration of 0.4M is 

applied since precursors of higher concentration are too viscous to infiltrate into the interstices. 

For precursors prepared by the hydrolysis-condensation route, the concentration should not exceed 

0.5M. Due to the densification of the concentrated YSZ precursor on the film surface during 

drying, infilled domains may delaminate from the substrate and induce poor coverage.  

Through experiments it has been found that a YSZ concentration of 0.2-0.3M and 3 successive 

dips give the best results of film quality and coverage after calcination.  

 

5.6.3.3. Substrate angle upon drying 

When polystyrene templates are withdrawn from the precursor in a dip and fill cycle, a thin layer 
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of YSZ solution remains on the top surface. Ideally the excess solution infiltrates into the template 

by the capillary force as the solution evaporates and gelates within the thin film. However, results 

may vary depending on how the substrate is placed upon drying. When the infilled template is 

held vertically, this liquid layer generates a down flow on the surface due to gravitational force. 

The excess precursor solution cumulates at the bottom of the template. After a few dips, a YSZ 

crust may form due to over-filling at the bottom region. Meanwhile because of the down flow, the 

top area suffers from insufficient infiltration, and the interstices there are not completely filled 

with the YSZ precursor. Shown in Fig 5.29 are SEM micrographs of a 3-DOM YSZ held vertically 

upon drying. Low and high-magnification images in Fig 5.29(a) and (b) respectively reveal the top 

area of the sample. In Fig 5.29(a) the YSZ domains are fragmented, and a close inspection of Fig 

5.29(b) indicates that the template is insufficiently infiltrated. The incomplete infiltration induces 

mechanically weak points in the 3-DOM structure, and during calcination the domains are split 

from these points by contraction. Fig 5.29(c)-(d) exhibit the bottom area, and in the 

high-magnification image the YSZ crust on the surface, together with the 3-DOM structure below, 

is visible. 

  

  

Fig 5.29 SEM micrograph showing (a)-(b) top area, (c)-(d) bottom area of a vertically dried 
3-DOM YSZ 
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Consequently the infilled templates were placed horizontally upon drying. By eliminating the 

influence of gravity, no surface flow was generated after dipping, and the excess solution was 

completely infiltrated into the template by capillary force. The obtained 3-DOM YSZ films were 

then characterized by SEM, as shown in Fig 5.30. The integrated domains in (a)-(b) indicate the 

infiltration has been improved, and the interstices within the original template have been fully 

filled. In Fig 5.30(c), since the excess precursor has been completely infiltrated into the template 

domains, the substrate between domains seems to be “cleaner” when compared to that in Fig 

5.29(c). The high-magnification image (Fig 5.30(d)) substantiates that no crust is formed on the 

film surface. Consequently after being withdrawn from the precursor solution, the infiltrated 

template is preferred to be placed horizontally upon drying.  

  

  

Fig 5.30 SEM micrograph showing (a)-(b) top area, (c)-(d) bottom area of a horizontally dried 
3-DOM YSZ 
 

5.6.3.4. Atmosphere 

The drying rate may vary depending on the conditions applied, and accordingly different 

infiltration results could be obtained. The solvent evaporates and the infilled template dries 

quickly when directly exposed to atmosphere. However the evaporation of solvent will slow down 
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if the template is placed in a small, airtight container. The slow evaporation rate can be attributed 

to the saturated vapor pressure within the container.  

In order to investigate the effect of drying rate on the 3-DOM YSZ thin films, two groups of 

polystyrene films were dipped into the YSZ precursor prepared via the hydrolysis-condensation 

route. Immediately after being lifted, they were placed horizontally under the conditions 

mentioned above, respectively. The samples exposed to atmosphere completely dried after ~5 

minutes, while the procedure of those in a sample box lasted ~12 hours. After 3 successive 

infiltration-drying cycles and calcination, the samples were characterized by SEM. The samples 

dried in the sample box exhibited thick crusts on the top surface, as shown in Fig 5.31, while 

3-DOM structures were obtained from those dried in air.  

 

Fig 5.31 SEM micrograph showing a dense crust on the surface and the 3-DOM structure 
beneath 

 

The formation of the crust is ascribed to the slow infiltration due to the weak capillary force. After 

being dipped into the precursor solution, a layer of excess solution remains on the top surface. As 

discussed in a previous section, this layer should gradually infiltrate into the template by the 

capillary force as the solvent evaporates. Capillary force is generated due to the presence of voids 

in the film. However as the evaporation rate has been hindered by the saturated vapor pressure, the 

interstices within the template are filled with liquid. In that case the absorption of excess solution 

on the surface becomes relatively slow. The excess solution then slowly evaporates and gelates on 

the surface, forming the crust structure. Therefore in order to facilitate the capillary force and 

eliminate the crust induced by poor infiltration, the sample should be directly exposed to 
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atmosphere upon drying. 

 

5.6.4 Calcination 

The calcination conditions of the infiltrated film play a crucial role in determining the 3-DOM 

microstructure. As shown in the TGA graphs, there is an acceleration of the weight loss during the 

calcination due to the decomposition of YSZ precursors and polystyrene. The decomposition 

procedure is highly exothermic, and the heat, as well as the by-products, generated in this process 

may be detrimental to the microstructure54. Consequently maintaining a mild decomposition is of 

great significance to the synthesis of 3-DOM thin films. In this section, two key issues affecting 

the calcination, i.e. the heating rate and the air flow, are discussed.  

5.6.4.1 Heating rate 

Experiments have been conducted to investigate the effect of heating rate on the synthesis of the 

3-DOM YSZ thin films. Three different heating rates, typically 1°C/min, 5°C/min and 20°C/min, 

were used during the calcination, which were representative of the low, intermediate and high 

heating rate respectively. Subsequently the obtained thin films were characterized by SEM. 

Initially the film shrinkage was studied based on low-magnification images, and the results are 

summarized in Table 5.14. 

 
Heating rate (°C/min) Shrinkage 

1 49.6 ± 0.5% 

5 49.9 ± 0.5% 

20 50.3 ± 0.5% 

 
Table 5.14 Measured shrinkage for samples calcined at different heating rates 

 

Although the incremental results may imply that the shrinkage with respect to the original 

polystyrene templates increases accordingly with the ramp rate, it may be hasty to conclude that 

the heating rate has significant influences on the shrinkage. All experiments under different 
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heating rates exhibit similar shrinkage values, and the distribution of data falls within the margin 

of measurement error. 

  

 

Fig 5.32 High-magnification SEM micrographs showing samples calcined at different heating 
rates: a) 20°C/min, b) 5°C/min and c) 1°C/min 

 

However, high-magnification SEM micrographs shown in Fig 5.32 indicate the heating rate has 

remarkable effects on the microstructure. A close inspection reveals that the pore structure is 

incomplete and highly distorted when a high heating rate of 20°C/min is applied during 

calcination (Fig 5.32(a)). Moreover, larges holes can be observed on the surface of all domains, 

and they are ascribed to the excessive bubbling of the gaseous by-products upon the fast 

decomposition of polystyrene. An intermediate heating rate of 5°C/min decreases the 

decomposition rate and accordingly eliminates the damage of 3-DOM structure by bubbling. 

However the nearly oval pore in Fig 5.32(b) indicates a large degree of distortion, and the 

center-to-center distance also shows a large variation (~35%) with respect to the relatively small 

polydispersity of the original spheres (~1.8%). A possible explanation can be given that the 

close-packed polystyrene spheres not only serve as a reverse template upon infiltration, but also 

provide structural support at the early stage of calcination. If the decomposition of polystyrene is 
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fast, the YSZ framework suffers from insufficient support from template and contracts 

anisotropically, resulting in distortion and large size dispersity. The optimum result has been 

obtained using a low heating rate of 1°C/min, as illustrated in Fig 5.32(c). The resulting domains 

exhibit a perfect 3-DOM microstructure with circular pores and a small dispersity of ~5%. 

 

5.6.4.2 Air flow 

The homogeneous decomposition requires the transport of the gaseous by-products away from the 

reaction site during the calcination. Accordingly the air flow may result in the even combustion of 

polystyrene and precursor materials. In order to investigate the effect of the air flow, three 

different conditions have been applied in experiments of comparison, namely no air flow, a mild 

air flow (~500ml/min in a quartz tube with an exterior diameter of 30mm) and a humidified air 

flow. While high-magnification SEM images have not revealed any noticeable differences 

between these three samples, the shrinkage values are measured based on low-magnification 

micrographs, as summarized in Table 5.15. 

 
Conditions Shrinkage 

No air flow 54.7 ± 0.05% 

Mild air flow (~500ml/minute) 49.6 ± 0.05% 

Humidified air flow (~500ml/minute) 50.1 ± 0.05% 

 
Table 5.15 Summary of shrinkage depending on the air flow 

 

A slightly larger shrinkage is observed when no air flow is applied. It has been reported that the air 

flow accelerates the decomposition reaction of polystyrene/precursor composites and aid the 

transport of by-products54. Therefore a more homogeneous combustion can be expected. Moreover, 

since the tube furnace was calibrated under the air flow, the effective temperature may exceed 

600°C if no air flow is provided. Similar results have been obtained using dry and humidified air 

flows during the calcination, indicating that the moisture does not have a significant influence and 

therefore is not necessarily required. Consequently it can be concluded that the optimum condition 
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is providing a mild air flow continuously during the entire calcination procedure. 

 

5.7 Shrinkage mechanism of the YSZ thin film 

Ordered macroporous YSZ thin films were fabricated using the colloidal crystal as a template. 

SEM images of the YSZ 3-DOM thin film are shown in Fig 5.16. The pore structure (Fig 

5.16(d)) in the interior of the sample confirms the formation of a close-packed structure. This 

well-ordered interconnected framework can be observed in domains that are 50-200μm in size 

(Fig 5.16(a)), and it is obvious that the thermal removal of polystyrene templates does not 

destroy the ordered structure replicated into the YSZ matrix. However as shown in Fig 5.33, it 

is clear that original colloidal crystal domains have ‘shrunk’ considerably. In fact the outline 

of the original domains can be seen in the image as areas of light contrast. Based on Fig 

5.33(b), the linear shrinkage of the 3-DOM domains is approximately 50%. This can be 

further confirmed by comparing the pore size in Fig 5.16(d) (~100nm plus the thickness of 

wall ~40nm) with the original polystyrene sphere size (~272nm).  

  

Fig 5.33 Low-magnification SEM micrographs of (a) polystyrene template; b) A large shrinkage 
is observed. However the YSZ domains preserve similar shapes and directions to the PS 
templates, outlined by the white domains and boundaries on the substrate. 

 

This shrinkage is ascribed to the decomposition of organics during calcination and the large 

difference in the density of the YSZ precursor and dense YSZ71. The density of the precursor 

was measured to be ~2.21g/cm3 by drying the YSZ-ethanol solution at room temperature, and 

the theoretical density of YSZ was 6.04 g/cm3 26. Shown in Fig 5.7 is the TGA result of the 
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YSZ precursor, which indicates that the decomposition as well as the weight loss is complete 

at ~480˚C (while the polystyrene is completely removed at 400˚C70). A remarkably large 

weight loss, ~70%, is observed in this result. Therefore, the theoretical shrinkage can be 

calculated as ~52.1%. Considering the porosity and the incomplete infiltration in the 3-DOM 

structure, this theoretical result is coincident with the actual shrinkage observed (~50%). The 

entire procedure can be briefly described below: with the increasing temperature, the 

polystyrene spheres begin to burn off, and their diameters reduce. The YSZ precursor, filling 

the voids between the spheres, decomposes its organic content and crystallizes gradually, 

leading to an increase in the density. Accordingly a large shrinkage of the thin film is 

observed.  

It might be expected that if such a large shrinkage takes place, the domains would simply 

delaminate from the substrate. This is clearly not the case here. Although delamination of 

YSZ domains is observed during manipulation, the YSZ domains, to a large extent, preserve 

similar shapes and directions to their original template domains despite the large shrinkage, 

which are outlined by the white domains and boundaries on the substrate (Fig 5.33(b)). 

 

Fig 5.34 A plane of YSZ framework is visible on the substrate. {111} can be identified as one 
hexagonal wall being surrounded by another six, an example of which is highlighted by the 
dashed line. 

 

The white area around the thin film, generated during shrinkage, was closely inspected. Fig 

5.34 illustrates that a plane of the YSZ network is visible on the substrate, indicating that the 

infiltration was successful throughout the entire polystyrene thickness. A few significant 
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aspects about this plane should be emphasized. First of all, this single plane of the YSZ 

network shows poor order, however in some areas {111} surface can be identified for one 

hexagonal wall being surrounded by another six. Moreover, the pore size of this 

interconnected network, measured to be ~220nm on average, is much larger than that of the 

YSZ thin film (~100nm). If the thickness of the wall (~45nm on average) is taken into account, 

the shrinkage is almost negligible when comparing with the original sphere size (~272nm). 

Due to the delamination of PS domains, a cross section is revealed (Fig 5.35(a)), showing that 

the PS spheres were close packed layer by layer. The thickness of the PS template is measured 

to be ~17μm. Inspection of the substrate left behind after delamination reveals that a rather 

disordered, sub-monolayer coverage of spheres remains, suggesting that delamination 

occurred at a PS-PS interface rather than the ITO-PS interface. (Fig 5.35(b)). The PS spheres 

in colloidal crystals interact via relatively weak hydrogen bonds and van der Waals 

interactions70. The presence of this layer suggests that the interactions between the bottom 

layer and its adjacent layer are relatively weaker than those between the ITO substrate and the 

bottom layer. This might be ascribed to the poor long-range order of the bottom layer (Fig 

5.35(b)) and/or strong interactions between ITO and the first layer of PS spheres. It should 

also be noticed that the arrangement of spheres in the bottom layer is similar to the reverse 

YSZ framework shown in Fig 5.34. 

  

Fig 5.35 SEM micrographs of polystyrene template on ITO coated glass substrate: a) A cross 
section shows the PS spheres were close packed layer by layer; b) Increased magnification 
image of the substrate in (a), marked by the circle, shows a single layer of PS spheres retains 
its tight adherence with the ITO glass. 

 

In order to investigate the bottom layer directly while maintaining its order, a focused ion 
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beam (FIB) was used. The conventional approach to creating a FIB cross-section of a PS film 

would be to mill the structure with the gallium ions in a direction perpendicular to the {111} 

surface. Accordingly the bottom area of the PS thin film could be revealed and then 

characterized by SEM. Considering the thickness of the thin film (~18μm), a large ion beam 

current (~2000pA) was required. However due to the relatively low glass transition 

temperature (93-125˚C54, 70), the PS spheres may melt and lose all the structural details at such 

a high beam current. However, if a low beam current (~200pA) is used, the milling time 

becomes impractical (~12h). Moreover, the vertical milling means that the interface between 

the substrate and the colloidal crystal is spatially, relatively narrow, from which it is difficult 

to get a clear understanding of the structure.  

 

 
Fig 5.36 Schematic illustration showing the creation of the slope using FIB: a) the cross 
section of the PS thin film. b) A small-angle ramp (~5˚) was created using a high beam current 
(~2000pA). c) Another ramp (~10˚) was created at the bottom of the previous ramp using a low 
beam current (~200pA). 

 

Alternatively a modified route was used. First of all, a small-angle ramp (~5˚) was created 

throughout the entire cross section of the polystyrene template using a high beam current 

(~2000pA). Then the bottom area of the slope was sputtered again by a low beam current 

(~200pA), and another ramp (~10˚) was created. The procedure is schematically illustrated in 

Fig 5.36. The advantage of this route was that it preserved the structural details at the bottom 
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of the thin film, while keeping the milling time to a manageable value. In addition the 

interface region is ‘stretched’ out over a larger area of the image.   

 

Fig 5.37 Low-magnification SEM image showing the polystyrene template processed by FIB 

 

A low-magnification image of the FIB-processed sample are illustrated in Fig 5.37, and 

high-magnification images of the interface region between the ITO and PS spheres are shown 

in Fig 5.38(a) and (b). It is clear that the first layer is poorly ordered with cracks and/or voids 

observed. Inspection of the PS layers in regions further from the interface (Fig 5.38(c)) shows 

that the ordering is much improved, although defects are still observed. This result, consistent 

with that shown in Fig 5.35(b), confirms the poor long-range order of the bottom layer. It is 

concluded that the combination of disorder and voids in the first few layers of the colloidal 

crystal is the weakest part of the structure and consequently when delamination occurs it is 

between layers of the colloidal crystal rather than at the interface with the substrate. This has 

major implications for the formation of inverse structures from such templates.  

Fig 5.35(b) and previous discussions demonstrate that the connection between the ITO and the 

bottom layer of PS spheres is stronger than that between the bottom and the above layers. The 

bottom spheres tend to maintain their original positions on the substrate during the calcination. 

As a result, the shrinkage of the bottom YSZ layer is constrained by the bottom PS layer, 

leading to a minimal shrinkage (Fig 5.34). Thus the large shrinkage of the YSZ thin film 

actually took place at the layers adjacent to the bottom plane.  
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Fig 5.38 SEM micrographs of the ramp created by FIB: a) and b) The bottom layer of 
polystyrene spheres is revealed, and defects, e.g. poor long-range ordering and cracks, are 
indicated above. c) The above layers show an improved ordering. 

 

As discussed in the previous paragraph, due to the poor order of the bottom polystyrene layer, 

the forces between it and subsequent layers are relatively weak compared to those between the 

bottom plane and ITO substrate or the above planes, making the movement, or ‘glide’ of the 

top layers over the bottom one feasible. Previous reports indicate that the glass transition 

temperature (Tg) of polystyrene spheres is in the region of 93-125˚C54, 70. When the 

calcination temperature exceeds Tg, the infilled template domains can be regarded as, to a 

certain extent, “floating” on the bottom layer. This “floating” state facilitates the relatively 

unrestrained shrinkage of the above layers during decomposition, but meanwhile the 

intermolecular forces, though relatively weak, maintain the adherence to the bottom layer and 

prevented the film from removal. This mechanism of shrinkage is illustrated in Fig 5.39. Since 

the decomposition of the organics throughout the template domains is fairly homogeneous due 

to the low ramp rate on heating and even temperature distribution in the tube furnace, the 

stress introduced by the decomposition was isotropic. As a result the well-ordered alignment 

of the YSZ thin film can be retained, as the resultant image shows in Fig 5.33(b).  
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Fig 5.39 Schematic illustration shows the mechanism of shrinkage during calcination. During 
calcination the top layers starts to shrink and ‘glide’ over the bottom one. Finally a shrunk 
3-DOM domain is obtained on a bottom layer with the minimal shrinkage.  

 

Further research should be done to find out the proper approaches to reduce the shrinkage 

through the template-assisted fabrication. A smaller shrinkage of the YSZ thin film 

(20%~25%) was reported by directly infiltrating the PS template with ZrO(NO3)2 and 

Y(NO3)3 solution50. Generally this small shrinkage is achieved by reducing the organic 

content in the precursor. However, compared with the YSZ synthesized by the sol-gel route, 

the crystallization temperature was higher and the phase segregation was observed at different 

calcination temperature. Recently, some research has highlighted electrolytic deposition as a 

promising method to obtain homogeneous and crack-free YSZ films207, 208. In this route the 

formation of YSZ is more straight forward, and the precursor contains relatively less organics, 

which together may reduce the shrinkage. Therefore this route may be applicable in the 

template-assisted fabrication though further investigation is required. 

 

5.8 Summary of the chapter 

In this chapter a novel polystyrene-based template approach for preparing three-dimensionally 
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ordered macroporous (3-DOM) thin films for solid oxide fuel cells (SOFCs) is introduced. 

This is a general route and should be applicable to not only yttria-stabilized zirconia (YSZ) 

but also any other metal oxides of which the precursor can be dissolved in alcohol. The 

chemistry of precursors synthesized by different routes was investigated using XRD and 

thermal analysis, and a few experimental issues that may influence the growth of 3-DOM thin 

films were detailed discussed.   

The large shrinkage of the thin film is remarkable. However the YSZ domains still retain 

adherence to the substrate and preserve the original alignment. The shrinkage is attributed to 

the large difference in the density of the YSZ precursor and densified YSZ. A close inspection 

of SEM images indicates that the bonding between the bottom layer and its above layers is 

relatively weak, and the polystyrene domains are more likely to be torn off from this site. 

Based on these results, a “floating” model is proposed in this study to describe the mechanism 

of shrinkage observed in the experiment. During the calcination, the shrinkage of the infilled 

thin film takes place above the bottom layer, since movement of the thin film is relatively 

unrestrained at this weakly bonded site. On the other hand, such weak molecular forces still 

perform a significant part in retaining the adherence to the substrate and well-ordered 

alignment of the 3-DOM thin film. 
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6 Inverse LSM thin films via the template 

method 

 

6.1 Introduction 

Lanthanum strontium manganites (La1-xSrxMnO3, LSM) are oxide ceramic materials, and x 

describes the doping level which is usually less than 0.7209. In other words, the oxide can be 

regarded as lanthanum manganite doped with strontium oxide. These materials exhibit 

perovskite-based crystal structures, which have a general formula of ABO3. The ‘A’ sites are 

occupied by lanthanum and strontium atoms, and the ‘B’ sites are occupied by manganese atoms. 

LSM has good high temperature phase stability in oxidizing atmospheres210, and its thermal 

expansion coefficient is close to that of YSZ4. Furthermore, it has also been reported that 

La1-xSrxMnO3, when x=0.1~0.2, provides optimal electronic conductivity211-213. Consequently 

LSM is commonly used as the cathode material in YSZ-based SOFCs. 

 

6.2 Sol-gel synthesis via the Pechini route 

6.2.1 Introduction to the sol-gel synthesis of LSM 

In order to infiltrate polystyrene templates, an aqueous LSM precursor is preferred in the current 

study83. Therefore, the sol-gel route is considered as the appropriate synthesis approach for LSM. 

Different sol-gel routes for LSM preparation have been developed and documented in the 

literature, with the glycine-nitrate combustion route widely used165, 214. In this route, La(NO3)3, 

Sr(NO3)2 and Mn(NO3)2 were used as starting materials, and glycine (NH2CH2COOH) was added 

as the complexing agent. The presence of NH2- makes glycine a strong reducing agent, and it 

undergoes redox reaction when reacted with oxidizing nitrate ions (NO3
-) at elevated temperatures. 

However the glycine-nitrate reaction is quite fierce, and in order to ease the reaction rate, a 
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modified glycine-nitrate route has been developed215. Ethylene glycol (C2H6O2) was added, 

together with glycine, as a complexing agent, and the polymerization reaction between glycine 

and ethylene glycol partially stabilized the NH2- and reduced the reaction rate.  

More recently, another sol-gel route, namely the epoxide route, was proposed for LSM 

synthesis211. In this synthesis, metal salts were initially dissolved in methanol, and subsequently 

propylene oxide was added to the solution under continuous stirring. The gel formation relies on 

the proton-scavenging properties of the epoxide, and it is reported to take place in two steps: (1) 

the epoxide ring reversibly protonates by hydrolysis of the aquocation; (2) the protonated epoxide 

ring is attacked by the nucleophilic counterion. Consequently the cations continuously hydrolyze 

and condenses to form gel network216.  

The Pechini route introduced in Chapter 5 also found applications in the preparation of LSM217. 

Citric acid and ethylene glycol were used as complexing agents and underwent esterification with 

metal salts in the aqueous medium at elevated temperatures (60°C ~80°C). A modified Pechini 

route, known as the citrate route, has been further developed for the synthesis of LSM218. The 

major difference between the Pechini route and the citrate route concerns the complexing agent, 

and in a typical citrate route only citric acid is added as the complexing agent. According to this 

route, the low solubility of some metal citrates in ethylene glycol-based media can be avoided.  

 

6.2.2 Experimental Procedure 

6.2.2.1 Starting materials 

In this study, the Pechini route, as well as the citric method, was adopted. The LSM was 

synthesized by the sol-gel route using citric acid and ethylene glycol as gelation agents, similar to 

the preparation of YSZ introduced in Chapter 5. Lanthanum (III) nitrate hexahydrate 

(La(NO3)3•6H2O, Fluka, ≥99.0%), strontium (III) nitrate (Sr(NO3)2, Sigma-Aldrich, ≥99.0%), 

manganese (II) acetate tetrahydrate (Mn(Ac)2•6H2O, Sigma-Aldrich, ≥99%), citric acid (C6H8O7, 

Sigma-Aldrich, ≥99.5%) and polyethylene glycol (C2n+2H4n+6On+2, Alfa-Aesar, MW~8000, 99.8%) 

were used as the starting materials. Ammonia solution (32%, VWR International) and nitric acid 
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(68%, VWR International) were employed to adjust the pH value in this study. De-ionized water 

of ultra high purity (UHP) was used in the synthesis of LSM precursor and the subsequent dilution 

procedure. 

 

6.2.2.2 Synthesis procedure 

In a typical synthesis of the LSM gel, stoichiometric amounts of La(NO3)3•6H2O, Sr(NO3)2 and 

Mn(Ac)2•6H2O, yielding the composition of La0.8Sr0.2MnO3 (LSM20), were first weighed and 

dissolved into de-ionized water (~0.4mol/200ml). In another beaker, gelation agents were also 

dissolved into de-ionized water. In this study, three different complexing agents-to-LSM mole 

ratios were used, i.e. citric acid/polyethylene glycol/LSM = 2:2:1 (sample A), citric 

acid/polyethylene glycol/LSM = 2:0.5:1 (sample B) and citric acid/LSM = 2:1 without the 

addition of polyethylene glycol (sample C). The solutions were agitated using magnetic stirrers for 

20 minutes at room temperature to facilitate the dissolution of precursors. Subsequently solution 

containing metal salts and complexing agent were slowly mixed and heated to 80°C in a water 

bath with continuous stirring. After half an hour, a small amount of white floccules appeared. 

Ammonia solution was added dropwise, and the floccule dissolved when the pH value increased 

to ~9. As the solution evaporated, it became viscous and exhibited the color of claret, and finally a 

LSM gel of 1M was obtained. The viscous gel was sealed in a glass bottle and stored in the fridge 

for future use. A small volume of gel was dried at 200°C in an oven, and the dried gel was ground 

with a mortar and then separated into several parts. Each part of the LSM precursor was calcined 

in a box furnace (Elite BRF15/5) at a constant heating rate of 5°C/min to various target 

temperatures ranging from 500°C to 900°C. The sample was held at the specified temperature for 

6 hours. Subsequently the thermal products were allowed to cool slowly to room temperature. The 

entire synthesis procedure is shown schematically in Fig 6.1. 
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Fig 6.1 A flow chart of the sol-gel synthesis of LSM 

 

6.2.3 Characterization 

6.2.3.1 X-ray diffraction 

After sintering, the LSM samples were further pulverized and then characterized using a Philips 

PW 1710 X-ray diffractometer with Cu Kα radiation (λ=1.5418Å, 20°~80°, 0.04°/step, 1s/step). 

Powder XRD patterns of LSM samples prepared with different complexing agents/salts ratios, 

which have been sintered at 600°C, are shown in Fig 6.2. All XRD patterns have been indexed to 

JCPDS 51-0409. The dashed lines in Fig 6.2 are the positions of the reflections from the JCPDS 

pattern, and the 2θ values for this pattern are summarized in Appendix 5. XRD patterns for all 

samples show that LSM has crystallized and the typical perovskite structure has formed215, 219-222. 

Diffraction patterns clearly indicate that synthesis of LSM without the addition of ethylene glycol 

may facilitate the crystallization and improve the crystallinity. Therefore the synthesis route for 

sample C is preferred in the sol-gel synthesis of LSM. 
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Fig 6.2 Indexed XRD patterns for LSM samples calcined at 600°C for 6 hours. Sample A: citric 
acid/polyethylene glycol/LSM = 2:2:1; sample B: citric acid/polyethylene glycol/LSM = 2:0.5:1; 
sample C: citric acid/LSM = 2:1 without the addition of polyethylene glycol. 

 

Further heat treatments at higher temperatures have been applied on sample C (Fig 6.3). The 

characteristic peaks obtained at higher temperatures become sharper, indicating the improvement 

in crystallinity. Slight phase segregation has been observed in the patterns heated at 800°C and 

900°C, which are indexed by the dashed lines in Fig 6.3. After matching with different patterns, 

the possible composition of the second phase was identified as Mn3O4. The formation of Mn3O4 is 

attributed to the slight over-saturation of Mn in the composition of LSM. As introduced in Chapter 

1, LSM exhibits a typical perovskite structure of ABO3 with lanthanum at the A-site partially 

being substituted by strontium. The sintering behaviour of LSM in air is mainly governed by two 

factors: the ionic radius of the diffusing species and the defect chemistry210, 223. Since the radius of 

La3+ (1.32Å) and Sr2+ (1.40Å) are similar, the dominant factor is the defect chemistry224. LSM, 

which can be expressed as (La1-xSrx)yMnO3+δ, is a line compound and has limited ability to 

increase the A- or B-site vacancies beyond a narrow range of y225. A sharp transition in the 

sintering density has been reported at y=1223, indicating the formation of other phases even if y 

slightly deviates from 1 at the elevated temperature. Generally A-site deficient compositions (y<1) 

are expected to contain B3O4 compounds while B-site deficient compositions (y>1) result in 
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A2BO4 phases in addition to the LSM perovskite phase225. 

 

Fig 6.3 XRD patterns for LSM (sample C) calcined at different temperatures. The dashed lines 
indicate the phase segregation at elevated temperatures 

 

The crystallization behavior at a low calcination temperature (500°C) has been investigated in this 

study, with a view to decreasing the calcination temperature. In the experiment, the dried LSM 

precursor was carefully ground prior to being placed in the furnace. This was to ensure the 

homogeneous calcination of LSM. Subsequently the precursor was heated to 500°C and held at 

this temperature during the entire experiment (~16 days). When the temperature reached the target, 

the sintered LSM was successively sampled ever 8~12 hours. All samples were cooled in air and 

subsequently characterized by XRD. The scanning range was limited to 30-35°, where the most 

intensive characteristic peak (014) existed, and the scanning time was increased to 10s/step to 

reduce the noise-signal ratio.   

A few XRD patterns are successively illustrated in Fig 6.4. In Fig 6.4(a), patterns clearly 

demonstrate the trend of crystal growth with increasing calcination time, indicating the 

crystallization of LSM is not only governed by the temperature but also affected by sintering time. 

The characteristic peak emerged after 32 hours, and the intensity of the characteristic peak 

continuously increased while the proportion of the amorphous part decreased. The bottom graph 
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obtained from a 2θ range of 20~70° also confirms the crystallization of LSM after a longer heat 

treatment. However the background exhibited in the diffraction pattern indicates that a proportion 

of LSM is still amorphous even after calcination for more than 2 weeks. Moreover, a tiny 

diffraction peak, which does not belong to any characteristic peak of LSM, is observed at 2θ=~25°, 

and it is indexed by the dashed line (Fig 6.4(b)). This impurity is likely to be SrCO3 after matching 

with different possible diffraction patterns. This carbonate phase disappears when the sample is 

treated at elevated temperature. 

 
Fig 6.4 XRD patterns for LSM calcined at 500°C for different time periods. Image (a) indicates 
the crystalline growth with increasing calcination time; while image (b) confirms that the 
sample is not fully crystallized even being calcined for ~2 weeks. 
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6.2.3.2 Crystallite size 

Crystallite sizes of LSM were calculated according to Scherrer’s equation shown in Equation (5.2). 

The calculation is based on the diffraction patterns in Fig 6.2 - Fig 6.4. Because the (111) peak of 

LSM does not exist in the diffraction patterns, Bm is determined as the FWHM of the most intense 

(014) peak, which is close to the (111) peak of the silicon standard. The resulting crystallite sizes 

of LSM are summarized in Table 6.1.  

 

 Calcination temperature (°C) Calcination time (h) Bm (radian) t (nm) 

Sample A 600 6 0.008151 18.9 ± 0.05

Sample B 600 6 0.007889 19.6 ± 0.05

Sample C 600 6 0.007627 20.4 ± 0.05

Sample C 700 6 0.006632 24.0 ± 0.05

Sample C 800 6 0.006196 26.1 ± 0.05

Sample C 900 6 0.006109 26.6 ± 0.05

Sample C 500 364 0.005864 28.0 ± 0.05

 

Table 6.1 Calculated crystallite sizes of LSM synthesized by different recipes and under 
various calcination temperature 
 

When comparing LSM prepared with different material ratios (sample A: EG/CA/LSM=2:2:1, 

sample B: EG/CA/LSM=0.5:2:1, sample C: CA/LSM=2:1), the incremental crystallite sizes 

demonstrate that synthesis of LSM without the addition of ethylene glycol facilitates the 

crystallization and improves the crystallinity. The trend of crystallite sizes increasing with the 

increase in calcination temperature is also obvious according to the calculated results, indicating 

an improvement in the crystallinity at elevated temperatures. Furthermore, the crystallite size of 

LSM sintered at 500°C for 364 hours is also estimated by subtracting the amorphous background 

from the pattern. The calculated result, which is ~28nm, is even larger than that of the sample 

calcined at 900°C for 6 hours, indicating enhanced crystal growth when increasing the calcination 

period.  
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6.2.3.3 Thermal analysis 

The decomposition process of the LSM precursor (sample C) has been studied using thermal 

gravimetric analysis (TGA) and differential thermal analysis (DTA). The gel, of which the mole 

ratio of CA/LSM was 2:1, was pre-dried at 200°C and ground to ensure homogeneous reaction. 

Subsequently 30.20mg dried LSM precursor was heated in flowing air (from room temperature to 

600°C) against an alumina reference using a Rheometric Scientific STA 1500 thermal analysis 

system. A minimum heating rate of 5°C per minute was applied during the experiment. 

It has been reported in the literature that the LSM precursor thermally decomposes in three 

stages226. 100°C~300°C corresponds to the decomposition of ammonium nitrate, ammonium 

acetate, a small amount of metal nitrates, etc, which originated from the synthesis process and 

existed along with the LSM precursor in the dried gel. More thermally stable structures are also 

believed to form within this stage. 300°C~400°C corresponds to the decomposition of thermally 

stable structures, and subsequently at 400°C~500°C a small amount of residues decompose. 

 

Fig 6.5 TGA and DTA curves for the LSM precursor. The crystallization took place between 
300~400°C. 

 

TGA and DTA plots of LSM are shown in Fig 6.5, and generally the obtained results are consistent 
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with the literature226. The slight slope before 40min is due to the drying of the LSM gel in the 

furnace at 200°C. The decomposition process was completed at about 650°C, and further mass 

reduction was not observed. A sharp slope corresponding to a sudden weight loss was observed at 

330°C~380°C. Since an intense exothermic peak also existed in the DTA curve within this range, 

which corresponded to the citrate combustion process, the decomposition of the thermally stable 

structure was considered to take place at this stage187, 190. Besides, the weight loss before 330°C 

was 44%, namely the decomposition of ammonium acetate, ammonium nitrate and ammonium 

citrate, which derived from the starting materials. 

Notably, a smaller slope was observed at 300°C~330°C, where a slight exothermic peak lay in the 

DTA curve. Since the decomposition of ammonium acetate, ammonium nitrate and ammonium 

citrate was thought to be endothermic195, the nitrification of citrate was considered to be a possible 

explanation. It has been discussed in Chapter 5 that the citrate complexes are further linked by the 

hydrogen bond due to the existence of hydroxyl, and the hydrogen bond breaks up when being 

heated. At an elevated temperature, the nitrate may nitrify the hydroxyl, which is an exothermic 

reaction. This reaction can be expressed by the following formula. 

 * *
3 2NO O H O NO OH− + − → − + −  (6.1) 

In order to investigate the decomposition and nucleation mechanisms of LSM, the molecular 

formula of the thermally stable precursor is of great significance. However, little evidence is 

available in the literature concerning the possible structures. By analyzing the TGA-DTA data 

simultaneously, hints will be available to conclude the possible formula of this thermally stable 

structure. If the product after the second stage was considered to be La0.8Sr0.2MnO3, its weight 

percentage in the precursor was determined as 32% according to the TGA curve. Besides, the 

weight percentage at 330°C was 56%. Thus, the molar mass of the thermally stable precursor 

formed at 330°C was calculated to be around 410g/mol, and a possible molecular formula can be 

proposed, as shown in Fig 6.6. 
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Fig 6.6 A possible molecular formula of the thermally stable structure (m=Sr, La, and mole ratio 
of Sr/La=1:4) 

 

According to the XRD data, crystallized LSM formed at 600°C, but the exothermic crystallization 

peak cannot be identified in Fig 6.5. Taguchi et al. reported that LSM crystallized at 400°C when 

prepared by polyacrylic acid method227. In the present case it appears that, assuming 

crystallization at ~400°C, the crystallization peak in the DTA curve has merged with the peak 

corresponding to the highly exothermic combustion reaction. A tiny amount of carbonate, 

probably strontium carbonate, decomposed at the last stage, which started from 380°C. The 

existence of strontium carbonate coincides with the literature227 and XRD patterns shown in Fig 

6.4, which indicates that a tiny amount of carbonate decomposes at a temperature from 400°C to 

650°C. 

The theoretical assumption based on the DTA/TGA results indicated that single phase LSM could 

be synthesized at 500°C. However, the calcination of LSM at 500°C demonstrated that the 

crystallization of LSM is affected by the calcination period, and the amorphous phase still existed 

even after a long heat treatment. The gap between theory and experiment indicates that the 

decomposition and nucleation mechanisms of LSM have not been fully understood, and further 

investigation involved in this field may be needed. 

 

6.2.4 Corrosion of substrates by highly acidified precursors 

In order to decrease the viscosity and increase the wettability of the LSM gel228, it was diluted 
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using ethanol as the solvent. However white precipitates emerged immediately after the addition 

of ethanol. In order to eliminate the precipitates, the pH value of the mixture was carefully 

adjusted by adding either concentrated ammonia or nitric acid solution, and finally the precipitates 

disappeared when the pH value reached ~0. 

The glass substrate is coated with a thin layer of ITO, and the direct exposure of oxides to highly 

acidified solution may be detrimental to the oxide layer. In order to investigate the influence of the 

highly acidified solution on the ITO substrate, a comparative experiment was carried out. A clean 

ITO glass, used as a reference (sample A), was calcined at 600°C for 5 hours which was the same 

condition applied during the synthesis of 3-DOM thin films. Subsequently two pieces of ITO glass 

were immersed in the LSM solution for 12 hours. After being withdrawn, one of them (sample B) 

was washed using de-ionized water and dried using compressed nitrogen, while the other one 

(sample C) was calcined in the tube furnace at 600°C for 5 hours. Subsequently all samples were 

characterized by XRD. The XRD patterns are illustrated in Fig 6.7. 

 

Fig 6.7 XRD patterns of ITO glass under different treatment: A) calcined ITO glass, B) 
immersed in the sol and subsequently washed and C) immersed in the sol and calcined  

 

The XRD patterns clearly demonstrated that the highly acidified LSM solution had a detrimental 

effect on the ITO glass. In the pattern of sample C all characteristic peaks were eliminated, leaving 

an amorphous background attributed to the glass substrate. A slight change in the relative intensity 
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was also observed in the pattern of sample B, which had been immersed in the LSM solution and 

was subsequently washed. However, the pattern of sample B illustrated that most of the ITO layer 

was preserved. Consequently it can be concluded that the ITO layer could be completely removed 

by the LSM solution, and this process was believed to take place during the calcination. 

Sample C was also characterized using scanning electron microscopy (SEM) and energy 

dispersive X-ray (EDX) analysis. The experiments were performed using a LEO 1525 field 

emission gun scanning electron microscope (FEG SEM), and the experimental parameters were 

optimized as the zeta height of 15mm and an accelerating voltage of 10kV. 

 

Fig 6.8 Characterization of the ITO glass using SEM and EDX. No surface morphology can be 
imaged under SEM, indicating the low surface conductivity. The corresponding EDX spectrum, 
obtained from the square area, confirmed the removal of the ITO layer. 

 

The obtained results, illustrated in Fig 6.8, confirmed the complete removal of the ITO layer. No 

surface morphology can be imaged under SEM. This was attributed to the charging effect caused 

by the low surface conductivity. The EDX presented in Fig 6.8 did not show any characteristic 
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peaks for indium and tin. All elements revealed by EDX typically arose from the glass substrate 

which should be beneath the ITO layer. Consequently the SEM and EDX results are consistent 

with the XRD patterns, confirming that the acidified solution had a detrimental effect on the ITO 

glass. 

In order to avoid the corrosion of ITO glass in future experiments, the lowest pH value that can be 

applied to the ITO glass has been investigated. Since the detrimental content of the LSM solution 

was determined as nitric acid, acidified solutions of different pH values were prepared by adding 

nitric acid to de-ionized water. Namely three different pH values, pH=0, 1.37 and 3.97, were used 

in the study. Three pieces of ITO glass were immersed in the solutions for 24 hours. After being 

dried in air, they were calcined at 600°C for 5 hours. The obtained samples were then 

characterized by XRD, and diffraction patterns are shown in Fig 6.9. 

 

Fig 6.9 XRD patterns of ITO glass showing the change of relative intensity under different pH 
values 

 

The patterns clearly indicate that the ITO layer was eroded under a low pH value (pH=0). 

Therefore direct contact with the highly acidified solution should be avoided in future experiments. 

The pattern of pH=0 shows tiny discrepancies from sample C in Fig 6.7, implying that there may 

be a slightly different corrosion effect between the acidified LSM sol and nitric acid. The sample 
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immersed in a solution of pH=3.97 showed a similar pattern to the ITO glass, and the change of 

the most intense peak was attributed to the change of the preferred orientation. When the pH value 

was reduced to 1.37, the relative intensity of the characteristic peaks slightly decreased, indicating 

a tiny change in the ITO layer. Consequently it can be conclude that the application of ITO glass 

in an extremely acidified condition should be avoided, and the safe pH range should be 

approximately higher than pH=2.  

 

6.2.5 Revised synthesis of the LSM precursor 

As discussed in the previous section, a low-pH solution is detrimental to the ITO layer. Therefore 

the original synthesis procedure should be revised in order to dissolve the LSM gel with ethanol at 

higher pH values. By dissolving all starting materials with ethanol, it was found that manganese 

(II) acetate (Mn(Ac)2) has a low solubility while other chemicals can be successfully dissolved. 

This is thought to be the reason for the formation of precipitates during dilution. Instead various 

manganese (II) salts, e.g. manganese (II) nitrate (Mn(NO3)2), manganese (II) sulfate (MnSO4) and 

manganese (II) chloride (MnCl2), were used, and MnCl2 were found to have the highest solubility 

in ethanol. Consequently the LSM gel was prepared using MnCl2 as an alternative to Mn(Ac)2. 

The prepared precursor gel was successfully diluted with ethanol, and no precipitate formed in the 

solution. In order to study the final product, a small amount of the LSM gel was dried and calcined 

at 600°C, and the obtained powder was subsequently characterized by XRD. Diffraction patterns 

shown in Fig 6.10 confirm the formation of crystalline LSM using MnCl2 as one of the starting 

materials, and the crystallite size was calculated to be 20.7 ± 0.05nm, which exhibited a similar 

crystallinity to the sample using Mn(Ac)2 as the starting material (20.4 ± 0.05nm) shown in Table 

6.1. 
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Fig 6.10 Indexed XRD patterns for LSM prepared using MnCl2 (blue line) and Mn(Ac)2 (red line) 
respectively as the starting materials 
 

 

6.3 Synthesis of 3-DOM LSM thin films 

The detailed synthesis procedure for preparing 3-DOM materials, as well as a large variety of 

factors that may affect the process, have been discussed in Chapter 5, and long-range ordered 

films have been successfully prepared using the dip and fill technique. Since this technique is a 

general route, it has been also applied to the preparation of 3-DOM LSM thin films. 

6.3.1 Experimental procedure 

6.3.1.1 Dilution of the LSM precursor 

In order to increase the wettability and fluidity of the obtained LSM precursor228, the viscous 

precursor gel was diluted using ethanol (ACS reagent grade, Sigma-Aldrich, ≥99.5%) as the 

solvent. The dilution process for LSM followed a similar route to that used fro preparing YSZ, 

which was successfully performed and discussed in the previous chapter. A typical dilution 

procedure would be that the LSM gel (3ml) was diluted with ethanol (9ml) in a small beaker under 
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continuous stirring. A stable light yellow LSM solution was successfully obtained, and it was not 

necessary to adjust the pH value by adding nitric acid or ammonia solution. The prepared solution 

had a LSM concentration of ~0.25M. 

Water has been involved in the Pechini synthesis of the LSM precursor, not only as the solvent but 

also as the reactant. Consequently the effect of water was investigated. In the experiment, the 

LSM gel of 1M was diluted to 0.25M using ethanol and de-ionized water of different volumes 

under continuous stirring. The obtained solution was sealed in a glass vial and stored at room 

temperature (22~24°C). The volumes of the solvents and observed results are listed in Table 6.2. 

The results clearly indicate that when ethanol is used as the major solvent, the water content has a 

detrimental effect on the dilution and results in flocculation. The formation of white floccules is 

probably attributed to the hydrolysis and/or condensation. However when water dominates in the 

mixed solvent, a stable solution can be prepared. This result demonstrates that the formed 

floccules have relatively low solubility in ethanol but are soluble in water. Excessive water content 

may decrease the wettability of the solution206, and hence pure ethanol is the preferred solvent for 

the dilution process.  

 
LSM gel 

(ml) 
Ethanol 

(ml) 
Water 
(ml) 

Results 

3 9 0 Floccule emerged after ~5 days 

3 7 2 Floccule emerged after ~7 hours 

3 5 4 Floccule emerged after ~10 minutes 

3 3 6 Floccule emerged immediately as water being 
added and disappeared when all water was added  

3 1 8 Stable solution 

 
Table 6.2 Summary of the solvent volume and results 

 

6.3.1.2 Infiltration & calcination 

In the current study, the dip and fill method is used as the infiltration route, which involves a few 

infiltration-drying cycles. The infiltration process exactly followed the optimized infiltration route 
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proposed in Chapter 5, which can be described as follows. Initially a polystyrene template was 

vertically lifted and dipped into the LSM precursor (~0.25M). After being kept in the precursor 

solution for 10 seconds, the slide was slowly withdrawn from the solution, and the lifting speed 

was 10cm/min. The infiltrated template was held horizontally in air at room temperature for 30 

minutes to allow complete drying. Subsequently the infiltration-drying cycle was repeated twice to 

achieve complete infiltration. After the infiltration of the LSM solution, the template was calcined 

in a tube furnace (Carbolite MTF 12/38/400) at 600°C for 5 hours. The heating rate was controlled 

at 1°C/min to ease the excessive bubbling of the gaseous by-products upon the fast decomposition 

of polystyrene. 

 

6.3.2 Characterization of 3-DOM LSM films 

6.3.2.1 XRD 

After sintering the 3-DOM thin films were characterized by XRD to investigate the crystallinity. 

The XRD pattern taken from LSM thin films on the ITO glass substrate (10mm × 10mm) is 

illustrated in Fig 6.11, and the characteristic peaks for LSM are highlighted (*). The pattern of a 

blank ITO glass substrate is also shown as a comparison.  

 

Fig 6.11 XRD patterns for LSM on ITO glass and the blank ITO glass 
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In order to characterize the crystallinity of the obtained LSM, LSM films were carefully removed 

from ~15 substrates and combined. They were then characterized using a powder diffractometer. 

The XRD pattern shown in Fig 6.12 confirms the formation of crystallized LSM, and a crystallite 

size of 19.5 ± 0.05nm is calculated from the diffraction pattern using Scherrer’s equation193, 194. 

The derived crystallite size is smaller than that of the bulk LSM (t=20.7 ± 0.05nm), and the 

decrease in crystallinity is attributed to the presence of greater organic content, e.g. polystyrene 

templates. 

 

Fig 6.12 XRD pattern for 3-DOM LSM films removed from the substrates 

 

6.3.2.2 SEM 

Scanning electron microscopy was used to characterize the microstructure and the periodicity of 

3-DOM LSM thin films. Although LSM is an electronic conductor, vacuum sputtering was still 

used to coat a thin layer of gold (15-30nm) on the sample, ensuring sufficient conductivity to 

acquire good images.  

The obtained SEM images of 3-DOM LSM thin films are shown in Fig 6.13. In the 

low-magnification image (Fig 6.13(a)), a large film shrinkage can be clearly observed, which is 

similar to that observed with YSZ thin films. A close inspection shows that LSM domains are 

rectangular, indicating the shrinkage occurred homogeneously during the calcination. When 
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increasing the magnification (Fig 6.13(c) - (d)), the presence of the periodic porosity confirms the 

formation of a 3-DOM structure. In Fig 6.13(d) three interconnected holes in the adjacent layer are 

visible through pores on the surface. This is a typical feature of the template-assisted fabrication of 

3-DOM materials46, 72, 80, 131, 169, 175, which is consistent with the fcc structure of inverse 

polystyrene templates. Consequently the fabrication of 3-DOM LSM is successful, and the 

product is an inverse of the original template. 

  

  

Fig 6.13 SEM micrographs of different magnifications showing 3-DOM LSM 

 

The shrinkage was further measured by calculating the coverage of 3-DOM domains on the 

substrate. Based on low-magnification SEM micrographs similar to Fig 6.13(a), an average 

coverage was derived to be 36.2±0.6%, and the linear shrinkage was subsequently calculated as 

39.8±0.5%. The shrinkage of LSM thin films is less than that of the YSZ thin films discussed in 

Chapter 5 (49.9±0.5%). In order to estimate the theoretical shrinkage of LSM thin films, Equation 

(5.14) was applied. The LSM gel was dried at room temperature, and the density of the dried 

precursor was subsequently measured by the Archimedes’ principle. If the composition of LSM is 

considered to be La0.8Sr0.2MnO3 (LSM20), the theoretical density of LSM can be calculated as 

6.49g/cm3 from the XRD pattern in Fig 6.12. The weight loss during calcination was directly 
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obtained from the TGA result shown in Fig 6.5. The calculated shrinkage, as well as the measured 

result, is listed in Table 6.3. The theoretical densities exhibit good consistency with the 

experimental data, confirming that the shrinkage arises from large difference in the density of the 

precursor and dense oxide ceramic71. The slightly larger value of the calculated shrinkage can be 

attributed to the porosity and the incomplete infiltration in the 3-DOM structure. This result 

further confirms that the shrinkage is ascribed to the decomposition of organics during calcination 

and the large difference in the density of the LSM precursor and dense LSM71. 

 
Weight loss 70% 

Density of dried precursor (g/cm3) 3.46 

Density of LSM (g/cm3) 6.49 

Calculated shrinkage 45.7% 

Measured shrinkage 39.8 ± 0.5% 

 
Table 6.3 Summary of theoretical and experimental shrinkages of LSM thin films 

 

The long-range ordering of the 3-DOM LSM was evaluated using the 2-D Fast Fourier 

Transformation (FFT). A SEM micrograph of the 3-DOM LSM, as well as the corresponding FFT 

result, is illustrated in Fig 6.14. The indicative reciprocal spots shown in the calculated FFT 

confirm the highly ordered pore arrangement. 

 

Fig 6.14 SEM image of the surface of the 3-DOM film and the corresponding FFT. The large 
grain size was attributed to the double coating of carbon and gold on the 3-DOM film. 
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6.4 Summary of the chapter 

In this chapter, template-assisted fabrication has been successfully used to prepare 

three-dimensionally ordered macroporous (3-DOM) LSM thin films. The obtained 3-DOM thin 

films can be used either directly as the cathode or as a template for forming a composite cathode. 

In order to completely dissolve the precursor gel in ethanol and subsequently infiltrate the voids in 

the polystyrene templates, the solubility of starting materials in ethanol was considered. Moreover, 

it was found that the ITO glass used as the substrate in the current study was attacked by the 

low-pH solution, and a pH value higher than 2 was identified as being necessary to avoid the 

corrosion of the ITO layer. 

Similar to 3-DOM YSZ thin films, a large film shrinkage has been observed in the 3-DOM LSM. 

A theoretical calculation on the nominal shrinkage has been performed, and the calculated results 

show a good consistency with the measurement. Together with the similar calculation carried out 

for 3-DOM YSZ, it can be concluded that the large shrinkage mainly arises from the different 

densities of the infiltrated precursor and the prepared oxide. 
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7 Toward 3-DOM composites 

 

In this chapter the synthesis of 3-DOM YSZ/LSM composites using the template-assisted method 

is discussed. 3-DOM YSZ thin films prepared previously are infiltrated by the LSM precursor, and 

an interpenetrating composite structure is obtained after calcination. The YSZ framework not only 

provides the mechanical support for the composite structure, but also preserves the essential 

porosity for gas diffusion.  

7.1 Introduction 

As demonstrated in the previous chapter, 3-DOM LSM thin films can be prepared using the 

template route. Although LSM is widely used as the cathode material in SOFCs215, 229, due to the 

low O2- conductivity in bulk LSM the electrochemically active triple-phase boundary (TPB) is 

largely confined to a relatively small 2-D region where the cathode and the electrolyte contact230. 

One way to enhance the cathode performance of SOFCs is to replace the pure LSM electrode with 

a YSZ/LSM composite electrode5, 231. In a composite cathode, the electrolyte material, e.g. YSZ, is 

extended deep into the cathode layer, e.g. LSM, forming a binary oxide layer. Consequently the 

obtained composite cathode exhibits both ionic and electronic conductivity, and the area of the 

TPB is enlarged by increasing contact sites between electrode and cathode materials, as illustrated 

in Fig 7.1. Compared to the traditional LSM cathode, the decreased charge transfer resistance of 

the composite cathode at intermediate temperatures has been reported and documented in the 

literature25, 29, 30. By suppressing the coalescence of LSM grains at high temperatures the 

long-term stability of the cathode can be also improved232. Furthermore, it has been suggested that 

the addition of YSZ substantially strengthens the adhesion of the cathode to the base electrolyte 25, 

32.  

It has been pointed out that the reaction rate at the TPB critically depends on the rate of gas 

transport within the electrode18. Accordingly geometrical factors may affect the cathode 

performance, and generally an ordered porous structure is preferred for facilitating the gas 
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diffusion to the reaction site17. The composite cathode is traditionally fabricated by screen 

printing9, 25, air borne spraying28, dry pressing185 and electrostatic spraying233. However, controlled 

microstructures are difficult to achieve via these techniques, and the ability to effectively control 

the porosity is still required.   

 

Fig 7.1 A schematic comparison between the traditional cathode and the composite cathode 
showing increased TPB sites  

 

To date, a variety of templating methods have been used to create highly controllable macroporous 

structures160, 175, 176. Using colloidal crystals as templates has been highlighted as a promising 

route46, 50, 72. Boaro et al. used polymethyl methacrylate (PMMA) to synthesize porous YSZ for 

SOFCs234. However the large size dispersity (10~100μm) results in a poor ordering of pores. 

Porous YSZ was prepared by mixing monodispersed PMMA (~500nm) with the YSZ powder and 

polyvinyl alcohol. After impregnating with different oxide slurries, both the composite cathode 

and anode were obtained235. However due to the random arrangement of PMMA spheres, the 

ordering of the product was still poor. A better result was reported by Zhang et al. using a 

modified route18. Vacuum filtration was also used in the template route, and the porous composite 

Ni/YSZ anode was prepared236. More recently self-assembled colloidal crystals were used as 

templates, and the long-range ordering was largely improved. Via this technique 3-DOM 

composite Ni/YSZ anodes were successfully prepared83. In this project, self-assembled 

polystyrene templates were used to prepare 3-DOM YSZ/LSM composites, which can be used as 

the cathode in SOFCs.  
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7.2 3-DOM composite via the template method 

7.2.1 Experimental procedure 

3-DOM YSZ and LSM thin films have been successfully synthesized via the template-assisted 

method, and corresponding synthesis procedures are described in Chapter 5 and 6 respectively. 

The obtained 3-DOM YSZ thin films, which would be infiltrated by the LSM precursor in the 

following step, were used as templates in this study. A general synthesis procedure is 

schematically illustrated in Fig 7.2. The synthesis of YSZ thin films followed the approach 

discussed in Chapter 5. In order to test the sheet resistance of the 3-DOM composite, the sample 

must be fabricated on an insulating substrate. As a result the 3-DOM oxides were grown on the 

glass side instead of the ITO side of the ITO glass. In a typical synthesis procedure, the LSM gel 

(~1M) was initially diluted to a concentration of 0.2~0.5M with ethanol to lower the viscosity and 

also improve the wettability of the sol228. YSZ thin films were initially immersed in ethanol. After 

being lifted, the sample slide was subsequently dipped into the diluted LSM solution. Being kept 

in the precursor solution for 10 seconds, the slide was slowly withdrawn from the solution, and the 

lifting speed was 10cm/min. The infiltrated template was placed horizontally in air at room 

temperature for 30 minutes to allow complete drying. Subsequently the infiltration-drying cycle 

was repeated 2-4 times to achieve complete infiltration.  

 

Fig 7.2 Schematic illustration showing the formation of the 3-DOM composite from an inverse 
YSZ framework 

 

Previous experiments indicated that both crystallized YSZ and LSM could be obtained after being 

calcined at 600°C, and the highest calcination temperature was currently limited to 650°C in view 

of the melting point of ITO glass. In this study, the calcination of infiltrated LSM/YSZ composites 
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was carried out in a tube furnace (Carbolite MTF 12/38/400), and the target temperature was set as 

600°C with a heating rate of 1°C/min. 

 

7.2.2 Characterization 

7.2.2.1 X-ray diffraction 

After calcination the 3-DOM YSZ/LSM composites grown on glass substrates were characterized 

by X-ray diffraction (XRD) to investigate the crystallinity. The XRD pattern taken from the 

composite thin film on the glass substrate (10mm × 10mm) is illustrated in Fig 7.3. 

 

Fig 7.3 XRD pattern of 3-DOM YSZ/LSM showing characteristic peaks of both YSZ and LSM 

 

When comparing the XRD pattern of the composite to patterns of YSZ and LSM, which are 

shown in Fig 5.15 and Fig 6.12 respectively, the presence of both crystallized YSZ and LSM 

phases in the film can be identified. However the obtained diffraction pattern of YSZ/LSM 

composites exhibits a poor signal to noise ratio, and some broadening of the diffraction peaks is 

also observed. The broadening can be attributed to the poor signal to noise ratio and reflections 

from the amorphous glass substrate. It has been reported that LSM and YSZ will react at high 

temperatures to form detrimental insulating phases, e.g. La2Zr2O7, SrZrO3 26, 43, 44. Compared with 

other synthesis routes2-4, the modified sol-gel route effectively reduces the calcination temperature. 
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As a result of the novel route to lower the calcination temperature the formation of detrimental 

phases can be avoided.  

 

7.2.2.2 SEM 

The microstructure and the morphology of 3-DOM composite films were subsequently assessed 

using a LEO 1525 field emission gun scanning electron microscope (FEG SEM). A thin layer of 

gold (10~30nm) was coated on the sample using vacuum sputtering to ensure sufficient 

conductivity. The SEM images of the prepared 3-DOM YSZ/LSM composite films are shown in 

Fig 7.4. Since the YSZ/LSM composite films were synthesized using YSZ thin films as the 

template, followed by the infiltration of the LSM precursor, the low-magnification image of 

composites (Fig 7.4(a)) exhibited similar domain coverage to YSZ thin films. As shown in Fig 

5.34, only a plane of the YSZ network is left on the substrate in the original YSZ thin films. When 

increasing the magnification (Fig 7.4(b)) a layer of LSM is visible in the area between isolated 

composite domains. Cracks can be observed in this LSM layer, and they are attributed to the 

contraction of films upon drying of precursors and decomposition of organics. In 

high-magnification SEM micrographs (Fig 7.4(c) - (d)), the original 3-DOM YSZ structure can be 

identified, and the ordered porous framework is partially filled with LSM.  

As discussed in Chapter 1, traditionally the triple-phase boundary (TPB) is located at the interface 

between the electronically conductive electrode and the electrolyte. By filling the 3-DOM 

structure with LSM, the contact area between YSZ and LSM within the thin film is extended to 

the entire cathode, which can be orders of magnitude larger than the traditional TPB18. However in 

order to increase the length of the chemically active TPB, maintaining sufficient porosity is also 

essential. Ordered pores provide significant paths for gas to be rapidly transported to the reaction 

sites, and gas transport through the porous electrode largely depends on the architecture of the 

electrode. A close inspection on the YSZ/LSM composite films confirms the presence of unfilled 

porosity (Fig 7.5). The blue rectangle inset exhibits an interpenetrating YSZ/LSM composite 

structure, and the nearby red circled inset shows the unfilled 3-DOM YSZ framework. As a result, 

it can be concluded that the synthesized YSZ/LSM composite is not fully dense, and the desired 
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composite structure is obtained while maintaining the essential porosity. 

  

  

Fig 7.4 SEM micrographs of different magnifications showing 3-DOM YSZ/LSM composites. a) 
The 3-DOM composite exhibits a similar arrangement to the YSZ thin film. b) A layer of LSM is 
visible in the area between isolated composite domains. c)-d) high-magnification images show 
the original 3-DOM YSZ structure, and the ordered porous framework is partially filled with 
LSM.  

 

 

Fig 7.5 SEM micrograph of the composite structure (YSZ backbone filled with LSM). The blue 
rectangular area shows a completely infilled region (inset), while the red circled area exhibits a 
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region where the structure is not fully dense. 
 

7.2.3 Optimization of the 3-DOM composite structure 

7.2.3.1 Concentration and number of dips 

The concentration of the LSM solution directly affects the infiltration process, and its influence 

has been investigated in this study. It was reported that a higher concentration results in less filling 

operations71. As discussed in the previous section, sufficient porosity is essential for the gas being 

transported to the chemically active TPB, and consequently the concentration together with the 

number of dips should be carefully adjusted to ensure that prepared 3-DOM composites are not 

fully dense. In this study, ethanol-diluted LSM precursors of different concentrations (0.2~0.5M) 

were used to infiltrate the 3-DOM YSZ films. It has been found experimentally that a high 

concentration (0.4~0.5M) normally results in a poor infiltration and crusts, which are illustrated in 

Fig 7.6. In some areas, thick crusts form on the top of composites. The presence of crust will 

destroy the porosity that the films possess, and the contraction of LSM crusts during the 

calcination results in the formation of cracks, which split the domains (Fig 7.6(a)). Furthermore, 

by increasing the concentration the LSM solution becomes viscous and is difficult to infiltrate into 

the 3-DOM YSZ framework. Fig 7.6(c) – (d) exhibit a poor infiltration using a concentrated LSM 

precursor (~0.5M). A thick, dense LSM crust formed between domains (Fig 7.6(c)). However 

most of the YSZ backbones remain unfilled (Fig 7.6(d)). Therefore a low concentration of the 

LSM precursor (0.2~0.3M) is preferred for the infiltration process.  

As discussed in Chapter 5, when infiltrating a polystyrene film the domain starts to delaminate 

after 3 dips, and about 80% of the domains detach from the substrate after 5 or 6 dips. 

Consequently the number of dips may also affect the synthesis procedure of YSZ/LSM composites, 

and this factor was investigated in this project. The diluted LSM precursor (0.2M) was used to 

infiltrate the YSZ thin films, and the number of dips adopted was from 2 to 6. The delamination of 

domains was assessed by SEM, and two typical images are illustrated in Fig 7.7. Unlike the 

previous experiment carried out for polystyrene templates, severe delamination was not observed 

for YSZ/LSM composite films, and most of the domains remained adherent to the substrate. As 
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shown in Fig 7.7(b), around 85% of the domains were still attached after 6 dip & fill cycles, and 

the ordering inherited from the original polystyrene template was preserved. The improved 

adherence of domains to the substrate was attributed to the sintering process. 

  

  

Fig 7.6 SEM micrographs of 3-DOM composites using a LSM solution of 0.5M: a)-b) Thick 
crusts formed on the top of composites, resulting in cracks during the calcination. c)-d) Thick 
crusts formed in the area between domains, however most of domains remain unfilled. 

 

  

Fig 7.7 SEM micrographs showing YSZ/LSM composite films which were infiltrated a) twice 
and b) six times, respectively 

 

As previously discussed, the LSM precursor with a low concentration is preferred to facilitate the 

infiltration process, and composite films exhibit good adherence to the substrate. Consequently 
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through experiments it has been found that a LSM concentration of 0.2M and 3-4 successive dips, 

depending on the thickness of films, give the best results of film quality. 

7.2.3.2 Heating rate 

Previous experiments on 3-DOM YSZ synthesis demonstrate that the heating rate has a 

remarkable effect on the microstructure, and large heating rates normally lead to destruction or 

distortion of the 3-DOM structure. In the current study, the influence of the heating rate has been 

investigated for the synthesis of 3-DOM YSZ/LSM composites. Three infiltrated composite films 

were calcined at 600°C with different heating rates, namely 20°C/min, 5°C/min and 1°C/min. The 

obtained samples were subsequently characterized by SEM, and the results are shown in Fig 7.8.  

  

 
Fig 7.8 SEM micrographs showing YSZ/LSM composites calcined at different heating rates: a) 
20°C/min, b) 5°C/min and c) 1°C/min   

 

Large holes are visible in Fig 7.8(a), which was calcined with a high heating rate of 20°C/min. 

The holes typically have sizes of 3-7μm, and the formation of them is ascribed to the excessive 

bubbling of the gaseous by-products upon the fast decomposition of LSM precursors. Previous 

experiments of synthesizing 3-DOM YSZ indicated that by decreasing the heating rate, the 
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decomposition could be eased, and accordingly the damage to the 3-DOM structure would be 

eliminated. However holes attributed to the excessive bubbling can be still observed in Fig 7.8(b), 

where a moderate heating rate of 5°C/min was applied. A close inspection illustrates that holes in 

Fig 7.8(b) generally have the sizes of 1-2μm. This result may imply a reduced reaction rate. When 

a low heating rate of 1°C/min was used, the optimal result could be obtained, as shown in Fig 

7.8(c).  

During the calcination of YSZ/LSM composites, the destruction of the 3-DOM structure by the 

bubbling exists even if a moderate heating rate (5°C/min) is applied, and this result is slightly 

different from the synthesis of 3-DOM YSZ using the same heating rate. A possible explanation is 

given below. In the synthesis of 3-DOM YSZ, polystyrene spheres, which serve as the template, 

start to decompose and shrink at elevated temperatures. Consequently interstices emerge between 

spheres and the infiltrated YSZ precursor, and these interstices provide pathways for the release of 

gaseous by-products. However during the synthesis of YSZ/LSM composites, the interspace 

within the 3-DOM YSZ framework is partially infilled with the LSM precursor. Accordingly the 

gas pathway is obstructed, and the gaseous by-products generated within can not be released 

simultaneously and rapidly, resulting in the detrimental and destructive bubbling.  

It is also noticeable that the 3-DOM YSZ framework provides sufficient structural support during 

the synthesis of YSZ/LSM composites. Distortion of the 3-DOM structure has not been observed 

when high heating rates are applied. This result indicates that the infilled LSM is well restrained 

by the 3-DOM YSZ, and the YSZ framework serves as a solid template in the decomposition and 

crystallization procedure.  

 

7.3 Electrical performance of 3-DOM YSZ/LSM composites 

The fabricated YSZ/LSM composite exhibits a porous, interpenetrating structure, which is ideal 

for using as the cathode in SOFCs. Consequently in order to evaluate cathodic performances, 

electrical properties of the composite film were tested using impedance spectroscopy. In this, AC 

impedance spectroscopy measurements were made over a wide range of frequencies, and cathodic 
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performance of 3-DOM composites was investigated based on electrical responses. 

 

7.3.1 Experimental setup 

The electrical conductivity of YSZ/LSM composites was measured by AC impedance 

spectroscopy using a two-probe method. Prior to the test, the composite film synthesized on the 

ITO glass substrate (glass side), which had the dimension of 12.5mm × 35mm × 1.2mm, was 

incised to fit the testing chamber. Accordingly a small substrate-supported sample of 12.5mm × 

6mm × 1.2mm was obtained. In the next step silver paste was carefully applied to the surface of 

both ends, ensuring sufficient electrical conductivity between the sample and electrode probes. 

The distance between these two electrodes was measured to be ~8.5mm. Two silver wires were 

then connected to the silver paste, followed by sintering at 600°C for 10 hours to improve the 

contact. The electrical set-up and the dimension of the sample are schematically illustrated in Fig 

7.9. 

 

Fig 7.9 Schematic illustration of the electrical set-up of the sample 

 

Impedance spectroscopy was performed using a Solartron 1260 frequency response analyzer with 

a Solartron 1296 dielectric interface. The frequency range was operated from 1Hz to 13MHz, and 

the amplified voltage of 0.1V was applied to the device upon test. The resistance of 3-DOM 

composites was sampled in air every 100°C from 100°C to 600°C. Generally the electrical 

conductivity of glass falls in the range of 10-12~10-8S/cm 237, which is orders of magnitude lower 
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than that of YSZ and LSM reported in the testing temperature range (≤600°C)31, 40, 238, 239. 

Consequently the conduction of the glass substrate is negligible, and it is regarded as completely 

isolating in the current study. 

 

7.3.2 Results and discussion 

7.3.2.1 Thickness of 3-DOM films 

The thickness of 3-DOM films is a significant parameter in determining the conductivity as well 

as evaluating the infiltration, and accordingly the measurement of thickness is essential. The 

previous investigation indicates that the polystyrene template has an average film thickness of 

8~10μm. If the linear film shrinkage of the infiltrated 3-DOM YSZ is considered to be 50%, the 

average thickness of prepared 3-DOM YSZ films is estimated as 4-5μm. However as 

demonstrated in Fig 7.4(a), large shrinkage is observed on the obtained 3-DOM films, and a close 

inspection illustrates that the area between domains is filled with LSM (Fig 7.4(b)). Consequently 

the final sample consists of two film structures, i.e. 3-DOM YSZ/LSM composites and bulk LSM, 

and the measured resistance eventually exhibits the electrical property of the mixture. As a result, 

an accurate thickness of the obtained film is difficult to be estimated. Alternatively an average 

thickness can be derived. The average thickness is evaluated by calculating the dimension of the 

prepared sample according to 

 
mV
ρ

=  (7.1) 

where V represents the average volume of the film, m is the total mass and ρ is the density. If the 

sample is considered to be homogeneous and isotropic, the average thickness T can be 

consequently expressed as  

 
1mT

WLρ
= g  (7.2) 

where W represents the width of the sample, and L is the length. YSZ and LSM have similar 
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densities, which are 6.04g/cm3 26 and 6.49g/cm3 respectively. When using Equation (7.2) to 

calculate the thickness, the error generally arises from using an approximate density ρave 

(6.04g/cm3<ρave<6.49g/cm3). Therefore the maximum error can be estimated as 

 max min
max

min

( ) 7.5%LSM YSZ

YSZ

T T
T

ρ ρη
ρ

− −
= = ≈  (7.3) 

The maximum error is relatively small. Consequently either of these two densities can be used as 

an approximate value of the obtained 3-DOM composites.  

The weight of YSZ/LSM composites was measured by weighing a substrate and the subsequently 

obtained composites on the substrate. The measurement was performed using a Mettler AE 163 

electronic analytical balance with a readability of 0.01mg. According to its manual240, the error of 

the balance is ±0.02mg for samples less than 5g. By weighing 5 composite films with similar film 

dimensions of 12.5mm × 14.2mm, the results are summarized in Table 7.1. Each weight listed 

below was repeatedly measured three times to minimize the measurement error. The average 

thickness was subsequently calculated according to Equation (7.2). The derived results fall in a 

narrow range of 1.03~1.34μm (±0.06μm), indicating a good consistency. 

 
Sample 

No 
Substrate 

(mg) 
Composites + substrate 

(mg) 
Composites 

(mg) 
Thickness 

(μm) 

1 1158.75±0. 02 1159.88±0.02 1.13±0.02 1.03±0.06 

2 1034.62±0.02 1035.91±0.02 1.29±0.02 1.17±0.06 

3 1198.71±0.02 1200.08±0.02 1.37±0.02 1.24±0.06 

4 1166.51±0.02 1167.79±0.02 1.28±0.02 1.16±0.06 

5 830.58±0.02 832.05±0.02 1.47±0.02 1.34±0.06 

 
Table 7.1 Summary of weight of YSZ/LSM composites prepared on glass substrates 

 

 

7.3.2.2 Electrical conductivity of YSZ/LSM composites 

The electrical property of 3-DOM YSZ/LSM composites was characterized by AC impedance 
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spectroscopy, and the Nyquist plot of a sample heated at 600°C in air is shown in Fig 7.10. The 

obtained spectrum exhibits two typical semi-circles at high frequency and low frequency ranges 

respectively. The high frenquency arc has a temperature dependency and increases with decreasing 

temperature. The low frenquency arc is not observed at low temperature range (100~400°C) and 

emerges at the temperatures above 500°C. Based on the equivalent circuit analysis of the AC 

impedance spectrum, the fitted resistances and capacitances for each arc are calculated and listed 

in Table 7.2.  

 

Fig 7.10 The AC Impedance spectrum of 3-DOM YSZ/LSM composites, measured at 600°C in 
air, showing two typical semi-circles at the high frequency and low frequency. 
 

 

 R (Ω) Q (F) n Calculated capacitance (F)

High frequency 
arc 

5.97×105 ± 
6.6×103 

6.99×10-12 ± 
2.67×10-13 

0.91 ± 
5.84×10-3 

1.74×10-12 

Low frequency 
arc 

3.45×105 ± 
1.94×104 

3.56×10-7 ± 
4.14×10-8 

0.35 ± 
1.46×10-2

3.91×10-8 

 
Table 7.2 Fitted data for the 3-DOM composite film recorded at 600°C on the equivalent circuit 
model in Fig 7.10. 

 

The literature results of conventional sintered YSZ/LSM cathodes is illustrated in Fig 7.1127. The 
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impedance spectra were obtained at 1000°C in air using three-electrode measurement. In Fig 

7.11(a), the composite cathode had a LSM (La0.75Sr0.25MnO3, LSM75) volume fraction of ~45 

vol.%, and the spectrum shows three semi-circles at the measured frequency range. However, Fig 

7.11(b), which corresponds to the spectrum of a cathode with lowere LSM (La0.85Sr0.15MnO3, 

LSM75) concentration (~32 vol.%), only two arcs are revealed. The different electrical responses 

shown in Fig 7.11 indicate that the impedance of the YSZ/LSM composite cathode is complex, as 

the high and low frequency processes may be sensitive to both the composition of ceramics 

(LSM75 and LSM85) and the volume fraction of LSM (45vol.% and 32 vol.%). Furthermore, in 

Fig 7.11(b), two arcs are similar to the result obtained in this study (Fig 7.10). It may suggest that 

the net electrical response of the 3-DOM sample is similar to that of the YSZ/LSM cathode (LSM 

~32 vol.%).  

 

Fig 7.11 Impedance spectra of LSM/YSZ composite cathodes measured at OCV and 1000°C 
27: a) LSM ~45 vol.%; b) LSM ~35 vol.% 

 

The relationship between the electrical conductivity σ and the absolute temperature T is normally 

described by the modified Arrhenius equation and expressed as193 
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 exp( )aEa
T RT

σ ⎛ ⎞= −⎜ ⎟
⎝ ⎠

 (7.4) 

Where a is the pre-exponential factor, Ea is the activation energy for conduction, and R is the gas 

constant. Equation (7.4) can be further developed to be  

 ( ) 1ln lnaET a
R T

σ = − +g  (7.5) 

Accordingly by exploring the linear relationship of ln(σT) versus 1/T, the activation energy can be 

obtained. Experimentally the electrical conductivity σ is calculated via the following equation 

 
e

L
R A

σ =  (7.6) 

In the equation, Re is the measured electrical resistance, L is the length parallel to the charge flow, 

and A is the cross section area perpendicular to the charge flow. In the current study, the cross 

section of the YSZ/LSM composite film is simplified as rectangular, possessing a width of W and 

the thickness of t. As mentioned in Section 7.3.1, the incised sample film had a width of 6mm, and 

the distance between two silver electrodes was 8.5mm. An intermediate value of thickness listed in 

Table 7.1, which was 1.2μm, was adopted as the average thickness of the composite film. 

 

Fig 7.12 The electrical conductivity of YSZ/LSM composites as a function of the reciprocal 
absolute temperature 

 

The conductivity of YSZ/LSM composites a function of the reciprocal absolute temperature (ln(σT) 
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versus 1/T) is shown in Fig 7.12. According to Equation (7.5), the activation energy can be 

calculated by multiplying the gradient with the gas constant (R=8.3145J•K-1•mol-1), and the result 

is 25.6kJ/mol. It was reported that different activation energy values were observed in YSZ/LSM 

composites containing a low LSM concentration (<20 vol.%)31. This was attributed to distinct 

conduction mechanisms dominating in different temperature ranges, i.e. the transport of electron 

holes in LSM dominated the conduction at temperatures below 400°C, while oxygen vacancies of 

YSZ controls at higher temperatures. However only one activation energy value was observed in 

this study, and the obtained value was closer to the activation energy of pure LSM (~10kJ/mol) 

than that of pure YSZ (~100 kJ/mol). Consequently it can be concluded that the conduction of 

LSM predominated in prepared YSZ/LSM composites, and the concentration of LSM is higher 

than 20%. 

Yang et al. reported that the activation energy of the YSZ/LSM composite (LSM 30~40 vol.%) 

was around 17kJ/mol31, and Ji et al. suggested that, at 30 vol.% LSM, the composite shifted from 

an ionic conductor to an electronic conductor26. The calculated activation energy in this study is 

consistent with this literature. However, the electrical conductivity of the 3-DOM composite at 

600°C (~25mS/cm), which is derived from Fig 7.10 and Equation (7.6), is much lower than the 

value documented in the literature26, 31. This discrepancy is ascribed to the poor structural contact 

of the 3-DOM composite. Two typical SEM images of the composite film are plotted in Fig 7.13. 

As previously mentioned, a layer of LSM covered the area between YSZ/LSM composite domains. 

During the calcination, contraction of the LSM layer took place due to the drying of LSM 

precursors and decomposition of organics, and the contraction resulted in the formation of cracks.  

  

Fig 7.13 SEM micrographs showing the poor structural contact of the 3-DOM composite: a) 
arrows highlight the poor connection between composite domains and the LSM layer; b) 
cracks, indicated by the arrow, are visible on the LSM layer. 
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In the current study, the charge transfer not only took place within YSZ/LSM composite domains, 

but also between the composite domains and the LSM layer. However the contact between 

domains and the LSM layer was restrained due to the contraction-induced cracks forming around 

composite domains, as highlighted by the blue arrows in Fig 7.13(a). Additionally more cracks 

were visible on the LSM layer (Fig 7.13(b)). These cracks deteriorated the film integrity, resulting 

in the formation of narrow contact ‘necks’. The overall ability of conducting the charge through 

the thin film relies on not only the bulk conductivity of materials but also the geometry of the film. 

By creating these contact ‘necks’ the charge transfer is limited, and a relatively low conductivity 

can be expected. 

 

7.4 Summary of the chapter 

The template-assisted fabrication has been extended to the preparation of 3-DOM composites. By 

infiltrating the 3-DOM YSZ framework with the LSM precursor, the YSZ/LSM composite was 

synthesized. The YSZ served as the backbone in the composite, providing the structural support 

for LSM during infiltration and calcination. The SEM characterization demonstrated that the 

prepared composite is partially infilled with LSM, and both ordered pore structures and 

close-contacted YSZ/LSM were observed. This is a desired structure which can be used as the 

cathode in SOFCs, since the porosity provides sufficient path way for gas to be transported to the 

electrochemically active TPBs.  

In order to study the potential of using the 3-DOM YSZ/LSM composite in SOFCs, the electrical 

performance was subsequently investigated using AC impedance spectroscopy. By measuring the 

resistance at different temperatures, the activation energy was derived according to the modified 

Arrhenius equation. The calculated activation energy exhibited a typical value for YSZ/LSM 

composites (LSM 30~40 vol.%). However the conductivity was relatively low compared with 

results documented in the literature. The low conductivity was ascribed to the poor structural 

contact arising from contraction of LSM. By increasing the number of cracks on the thin film, the 

charge transfer was restrained, resulting in the low conductivity. 
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8 Conclusions and future work 

 

8.1 Thesis conclusion 

The research on the template-assisted synthesis of the YSZ/LSM composite is motivated by the 

prospective application of this technique in SOFCs. The fabrication of the 3-DOM composite 

mainly involves the creation of a periodic lattice of colloidal crystals via the self-assembly 

approach, the synthesis of 3-DOM YSZ frameworks using the sol-gel route and the infiltration of 

the LSM precursor into the YSZ template. In previous chapters, experimental procedures and 

obtained results have been discussed. Some of the key results are summarized below. 

 

8.1.1 Template growth 

The synthesis of colloidal templates and the fabrication of 3-D ordered macroporous thin films in 

this project have involved polystyrene spheres, and polystyrene spheres were prepared by 

emulsifier-free emulsion polymerization of styrene monomers. Since the quality of spheres, e.g. 

the sphere size and polydispersity, plays an important role in determining the quality of resulting 

products, the reaction conditions that affect the quality were investigated and carefully controlled. 

In order to achieve a reproducible, controllable approach for the fabrication of colloidal crystals 

over large areas, the evaporation-induced self-assembly route was used. The successful fabrication 

of bulk thin films was made through this route using monodispersed polystyrene spheres 

(polydispersity<3%).  

Synthesis conditions that affect the crystallinity, e.g. the substrate, solvent, growth temperature, 

polydispersity, colloidal concentration, have been individually investigated. Based on the results 

the optimal parameters were proposed, and the consequently obtained films exhibited good 

long-range ordering. The ordering of thin films was assessed by SEM micrographs and their 

correspondent fast Fourier transforms (FFTs). Alternatively the reflectance spectroscopy can be 
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used to study the periodicity of the polystyrene films. Moreover the reflectance spectroscopy was 

able to provide further information such as the sphere size and the film thickness. All the 

characterization results confirmed that the obtained polystyrene films were suitable for using as 

templates in the synthesis of 3-DOM materials. 

 

8.1.2 3-DOM films 

The prepared polystyrene thin films exhibited long-range ordering and controllable thickness. 

Consequently they were considered as ideal templates for the fabrication of macroporous materials. 

In this project, 3-DOM YSZ and LSM were prepared via the template-assisted growth. The 

synthesis procedure was straightforward; infiltrating the voids between spheres with desired 

precursors. The properties of the precursor, however, significantly influence the final product. The 

chemistry not only determines the calcination process, but also affects the crystallinity. 

Furthermore the precursor was required to be soluble in ethanol, which was able to improve the 

wettability and consequently facilitate the infiltration. In this project, a sol-gel method named the 

Pechini route was successfully applied, and this novel route successfully reduced the calcination 

temperature and improved the crystallinity of materials at lower temperatures. The lower 

calcination temperature avoided the formation of insulating phases at elevated temperatures.  

The synthesis of 3-DOM YSZ and LSM using the template-assisted approach has been proven as a 

complex process. A large variety of parameters showed apparent influences on the ultimate quality 

of 3-DOM films. All these parameters can be classified as four types, namely the template, 

precursor chemistry, infiltration process and calcination. The effect of each type was investigated 

and discussed in Chapter 5 and Chapter 6.  

The large shrinkage of the thin film, however, still retaining adherence to the substrate and 

original alignment, is remarkable. A close inspection of SEM images indicates that the bonding 

between the bottom layer and its above layers is relatively weak, and the polystyrene domains are 

more likely to be torn off from this site. It is ascribed to the poorly ordered spheres in the bottom 

plane, which decrease the molecular bonding between adjacent layers. This result is consistent 

with the observation of prepared YSZ thin film. The single layer of interconnected framework on 
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the substrate confirms that the shrinkage took place above the bottom plane. 

Thermogravimetric analysis (TGA) was then performed on the YSZ precursor. The remarkable 

weight loss (>70%) observed confirms that the shrinkage is mainly due to the decomposition of 

organics and the large difference in the density of the YSZ precursor and dense YSZ. Based on 

these results, a ‘‘floating’’ model is proposed in this study to describe the mechanism of shrinkage 

observed in the experiment. During the calcination, the shrinkage of the infilled thin film takes 

place above the bottom layer, since movement of the thin film is relatively unrestrained at this 

weakly bonded site. On the other hand, such weak molecular forces still perform a significant part 

in retaining the adherence to the substrate and well-ordered alignment of the 3-DOM thin film. 

 

8.1.3 Towards 3-DOM composites 

One of the objectives of this project was to investigate the potential of using 3-DOM composites 

as the cathode material in a solid oxide fuel cell. The YSZ/LSM composite was prepared by 

infiltrating the 3-DOM YSZ framework with the LSM precursor. In this case the 3-DOM YSZ 

served as the backbone in the composite, providing the structural support for LSM during 

infiltration and calcination.  

As introduced in Chapter 1, the formation of the TPB requires not only the contact between YSZ 

and LSM, but also the presence of a gas phase at the contact point. As a result, maintaining 

sufficient porosity is an essential requirement for the template-assisted growth of 3-DOM 

composites. SEM characterization demonstrated that the prepared composite is partially infilled 

with LSM, and both ordered pore structures and close-contacted YSZ/LSM were observed. This 

structure is optimal for using as a cathode in SOFC. The 3-DOM composite film contained 

ionically conductive YSZ and electronically conductive LSM, which were in close contact, 

showing mixed electrical conductivity. Moreover, the ordered porosity was able to act as the 

pathway for gas to be transported to the reaction site, increasing the length of TPBs and improving 

the electrochemical activity of the composite film.   

In order to evaluate the possible performance of the 3-DOM composite as a cathode, the electrical 
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conductivity was assessed using AC impedance spectroscopy. By measuring the resistance at 

different temperatures, the activation energy was derived according to the modified Arrhenius 

equation. The calculated activation energy of conduction exhibited a typical value for YSZ/LSM 

composites. However, the conductivity was relatively low compared with results documented in 

the literature. The low conductivity was ascribed to the poor structural contact arising from 

contraction of LSM. By increasing the number of cracks on the thin film, the charge transfer was 

restrained, resulting in the low conductivity. 

 

8.2 Suggestions for future work 

The template-assisted growth is an innovative and promising technique which enables the ability 

to effectively control the microstructure and fabricate ideal electrode architectures for SOFC 

applications. Although in this project the size of films was restrained by the dimension of 

substrates, this technique has no intrinsic limitations on the film size. The thickness of the film and 

the pore size are highly controllable by altering the original colloidal crystal template. The 

obtained product, exhibiting a three-dimensionally ordered macroporous (3-DOM) microstructure, 

inherently possesses a large number of interfaces and consequently has distinct advantages for 

SOFC applications. In this project, the template-assisted growth was successfully used to fabricate 

engineered nanocomposites with an immediate application as the cathode in the SOFC. 3-DOM 

YSZ, LSM and YSZ/LSM composite films have been prepared. The YSZ/LSM composite film 

showed close contact of YSZ/LSM in an open framework, which contains three interpenetrating 

networks, i.e. YSZ, LSM and air. As a result, the length of TPBs can be increased compared with 

conventional cathodes in SOFCs. Moreover, the synthesis procedure is highly controllable, and a 

homogeneous distribution of TPBs through the electrode can be expected. The template-assisted 

growth is a general, straightforward approach for preparing 3-DOM materials, and consequently 

this technique is applicable to not only YSZ and LSM but also other cathode/electrolyte materials 

used in SOFCs.   

In terms of future work, in order to practically utilize this interesting and promising technique in 

SOFC applications, the synthesis and processing procedure of 3-DOM composite materials should 



226 

be further investigated and improved. 

The large shrinkage of metal oxide domains that occurred during the calcination apparently leads 

to undesired results. Firstly the shrinkage splits the 3-DOM material, resulting in isolated domains 

on the substrate. This result prevents the characterization of 3-DOM materials using reflectance 

spectroscopy, since a large proportion of the illuminated area (~1mm2) will be bare substrate, 

rather than 3-DOM materials. Secondly the relatively small domain size induces difficulties and 

inaccuracy in the characterization of electrical performance. As demonstrated in Chapter 7, the 

measured resistance and consequently obtained activation energy are eventually the mixture of the 

bulk LSM and YSZ/LSM composite. Direct electrical measurement on the composite is difficult.  

As discussed in previous chapters, the large shrinkage of films arises from the large difference in 

densities between the precursor and final metal oxide, which is almost inevitable in the sol-gel 

route. Consequently other possible infiltration techniques, which are able to deposit the desired 

material into the voids while maintaining a minimal density variation, are required. 

Zhitomirsky and Petric have reported the use of electrochemical deposition to form metal oxide 

films on conductive substrates173, and successful depositions of yttria, zirconia and YSZ have been 

reported207, 208, 241, 242. In their work, the oxides were directly deposited onto the substrate, forming 

a dense metal oxide layer. Consequently the variation in densities between precursor materials and 

final products could be avoided, which should lead to a much smaller shrinkage. However a 

successful electrochemical deposition requires both the substrate and deposited material to be 

sufficiently conductive. Since YSZ has an extremely low electronic conductivity, formation of an 

insulating YSZ layer on the substrate may prevent the further sedimentation of YSZ. They 

suggested that the addition of a small amount of poly(diallyldimethylammonium chloride) (PDDA) 

resulted in the conductive metal-PDDA chelate complex, which could be continuously deposited 

on the substrate. However, the chemistry of PDDA in this procedure is not clearly understood, 

results may differ when conditions are varied. Moreover in their work the substrate used was a 

nickel or platinum plate, which directly exposed to the electrolyte solution. The template-assisted 

growth requires colloidal crystals attach to the substrate. In that case the deposition area is reduced 

due to the presence of colloidal spheres, which may cause difficulties and different deposition 

results. Although uncertainties remain, the electrochemical deposition provides a possible 
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approach to reduce the shrinkage none the less.  

In the current work, the composition of the composite film is not optimized. The activation energy 

exhibited a typical value for the YSZ/LSM composite (LSM ~30vol.%)31. However, since the 

obtained sample was composed of two film structures, i.e. 3-DOM YSZ/LSM composites and 

bulk LSM, the calculated activation energy eventually exhibited the electrical property of the 

mixture. As a result, the volume fraction of LSM in the real composite may be lower. Kilner et al 

pointed out that the electrochemical properties of the composite cathode are sensitive to the 

composition9, and a LSM volume fraction of 42.5% was proposed as the optimal composition for 

YSZ/LSM composite cathodes8. Furthermore, the porosity may also be of great significance in 

determining electrical performance of the electrode6, 9, 243, and a porosity of 35~45% was 

suggested to give the optimum result243.  

The composite cathode fabricated by the template-assisted growth inherently has the advantage of 

possessing the optimal composition. The theoretical calculation indicates that in the 

self-assembled colloidal crystal film, the volume fraction of voids between spheres is ~24%. 

Previous studies also pointed out that due to the contraction of spheres during calcination and the 

grain growth of YSZ, the volume fraction of YSZ in the obtained 3-DOM thin film may be 

slightly larger. Assuming that the volume fraction of bulk YSZ is ~30vol.%, a porosity of 

~45vol.% is accordingly obtained if a YSZ/LSM volume ratio of ~57/43 is achieved.  

Controlling the filling fraction of LSM in the 3-DOM YSZ framework is consequently of crucial 

significance. In the dip and fill route used in this project, the filling fraction is affected by several 

factors, e.g. the concentration of the precursor solution, the number of dips, the chemistry of the 

precursor, the thickness of template films, etc. In order to understand the effect of each factor on 

the filling fraction, further investigation on the quantitative relationship between the filling 

fraction and these factors needs to be conducted. 
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Appendix 1 

Calibration of TEM 

 

TEM was calibrated using a calibration grid. This carbon grid was patterned with 2160 lines per 

millimeter, i.e. 463.0nm between two adjacent lines. The grid was placed at the eucentric plane to 

ensure the optimum objective lens current and reproducible magnification. A series of nominal 

magnifications used in the sizing procedure were applied and the grid spacing was imaged at each 

magnification. Subsequently distances between the patterned lines were measured from the 

obtained micrographs. This enabled a calibration plot to be obtained (App Fig 1). 

 

 

 

App Fig 1 Linear fits of actual magnifications versus nominal magnifications 
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Appendix 2 

Calibration of the box furnace (Elite BRF15/5) 

 

A series of nominal temperatures were switched to and the actual values were measured using a 

thermocouple. A linear fit is plotted in App Fig 2, and the actual temperatures were derived from 

the calibration line when using the furnace. 

 

 

 

 

App Fig 2 Linear fit of actual temperature versus nominal temperature of the box furnace 
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Appendix 3 

JCPDS pattern 30-1468 

 

Yttria-stabilized zirconia, Zr0.88Y0.12O2-x 

 

Cubic unit cell a=b=c=5.139Å 

 

 

d (Å) 2θ (°) Relative intensity hkl

2.968 30.084 100 111

2.571 34.868 25 200

1.818 50.136 55 220

1.550 59.597 40 311

1.484 62.538 6 222

1.285 73.660 5 400

1.179 81.587 10 331

1.149 84.195 6 420

1.049 94.496 10 422

0.989 102.296 6 511

0.908 115.939 3 440
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Appendix 4 

Calibration of the tube furnace (Carbolite MTF 12/38/400) 

 

A series of nominal temperatures were switched to and the actual values were measured using a 

thermocouple. A linear fit was plotted in App Fig 3, and the actual temperatures were derived from 

the calibration line when using the furnace. 

 

 

 

 

App Fig 3 Linear fit of actual temperatures versus nominal temperatures of the tube furnace 
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Appendix 5 

JCPDS pattern 51-0409 

 

Lanthanum strontium manganite, La0.7Sr0.3MnO3+x 

 

Rhombohedral unit cell a=b=5.419Å, c= 13.325Å  

 

 

d (Å) 2θ (°) Relative intensity hkl d (Å) 2θ (°) Relative intensity hkl 

3.847 23.101 22 012 1.584 58.194 10 030 

2.736 32.704 92 110 1.581 58.315 38 214 

2.719 32.914 100 104 1.571 58.722 22 018 

2.33 38.609 1 113 1.373 68.253 17 220 

2.234 40.339 25 202 1.364 68.766 21 208 

2.216 40.681 11 006 1.294 73.064 2 312 

1.932 46.993 65 024 1.29 73.327 2 036 

1.779 51.314 1 211 1.283 73.793 2 1010 

1.734 52.747 6 122 1.227 77.772 16 134 

1.725 53.044 6 116 1.222 78.151 16 128 
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