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Abstract 

A general introduction to solid oxide fuel cells, sol-gel chemistry, and soft lithographic 

patterning is presented. A special emphasis is on the various facets of sol-gel chemistry, 

since it forms the experimental ‘backbone’ of all the experimental work described. The 

research is mainly focussed on the facile and low-temperature synthesis of materials 

used in fuel cell or energy storage applications. The chapter is concluded with an outline 

and the scope of the thesis. 
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The current global energy demand is ever growing, while at a staggering rate the fossil 

fuel reserves are diminishing. With the extensive use of these non-renewable energy 

source, the impact on the environment is extensive. In order to be able to supply the 

energy demand in the (near) future, new and more environmentally friendly alternative 

energy sources are necessary. Although research on materials for renewable energy re-

ceives a lot of global attention, new breakthroughs are necessary to become (more) in-

dependent of the use of fossil fuels. Currently existing technologies are being improved, 

while fundamental research on new (better) materials is explored. Besides solar, wind, 

and water energy, fuel cells are also used as an alternative energy source. The latter 

technology, in particular the solid oxide fuel cell (SOFC), offers great possibilities, due 

to its high efficiency. 

 

1.1 Solid Oxide Fuel Cells 

1.1.1 Working Principle 

The SOFC is an electrochemical device capable of converting chemical energy into elec-

trical energy, and consists of three main components: cathode, electrolyte, and anode 

(see Figure 1.1). 

 

Figure 1.1 Schematic representation of the active components of a fuel cell. 

 

The oxidant (air) is reduced at the cathode into oxygen ions (Eq. (1.1)). These subse-

quently diffuse through the gas impermeable electrolyte layer, and react at the anode 

interface with the fuel (Eq. (1.2)). 
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2    Eq. (1.2) 

The overall reaction of the fuel cell can thus be described as: 

 O HO
2

1
H 222   Eq. (1.3) 

Under a constant supply of oxidant and fuel, the produced electrical energy can, theo-

retically, be used infinitely. Since ionic conduction through the electrolyte membrane is 

a thermodynamically activated process, fuel cells often operate at high temperatures, 

ranging 800-1000 °C. The chosen temperature depends on the chosen electrolyte ma-

terial.[1] Under high temperature conditions, a high fuel-to-electricity efficiency conver-

sion is obtained, without the emission of polluting side products.[2-4] In addition, the 

excess heat may be used to help maintain the high temperatures, or in combined heat 

and power applications. The high operational temperatures, however, result in longer 

start-up times, higher material costs, and material degradation, which contribute to a 

reduced life time of the cell. The characteristics of the individual components are dis-

cussed below. 

 

1.1.2 Cathode 

The cathode electrode comprises of an interconnected pore network in which the oxy-

gen reduction reaction can take place. For this reason, the cathode must be catalytically 

active towards the reduction of oxygen and exhibit a high ionic conductivity to transport 

the ions towards the electrolyte membrane. Often mixed ionic and electric conducting 

oxides (MIEC) are used. The reduction of oxygen only occurs at the triple-phase boun-

dary (TPB), where the cathode, electrolyte, and air meet. Furthermore, the structure 

should be stable under the high operating temperatures and have a matching thermal 

expansion coefficient with the electrolyte. State-of-the-art cathodes are: lanthanum 

strontium manganite (LSMO) and lanthanum strontium cobalt ferrite (LSCF). 
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1.1.3 Electrolyte 

The electrolyte, positioned between the cathode and anode, is a gas-impermeable mem-

brane through which the oxygen ions diffuse. Its general requirements for usage are 

high ionic conductivity, low electronic conductivity, and good mechanical, chemical, 

and thermal stability under both oxidizing and reducing conditions.[1, 5] Three of the 

most commonly used electrolyte materials are: yttria-stabilized zirconia (YSZ), gadolin-

ium-doped ceria (CGO), and magnesium-doped lanthanum gallate (LSGM).[5] A path-

way for oxygen ions to diffuse is created by the incorporation of lower valency ions in 

the crystal lattice. Consequently, oxygen vacancies are created due to charge compensa-

tion, through which the ionic transport is possible. For example, the oxygen vacancies 

in YSZ are created by the introduction of Y3+ ions in the fluorite ZrO2 lattice: 

 
 O

x
O

'
Zr32 VO 3Y 2OY  Eq. (1.4) 

Where Kröger-Vink notation is used, in which '
ZrY , x

OO , and 
OV  are the yttrium atom 

on a Zr-site, a lattice oxygen, and an oxygen vacancy, respectively. 

 

Proton Conduction 

The working principle of a proton conducting electrolyte is equal to an oxygen ion con-

ducting electrolyte, except that the charge carriers are different. Protons are transported 

from the anode electrode interface through the membrane either via hydrogen bond 

formation and cleavage of the oxygen atoms in the lattice due to rotational movement 

and reorientation (Grotthuss mechanism),[6, 7] or via a ‘vehicle’ mechanism. In the latter 

mechanism, the protons are transported with bigger species, e.g. with water as H3O+. 

The conductivity is then dependent on the diffusivity of the ‘vehicle’ species.[6-8] The 

hydroxyl defects are created by hydration, according to: 

 
  OO

x
O2 OH 2VOOH  Eq. (1.5) 

where, 
OOH  is the hydroxyl defect. Due to a change in charge carrier (i.e. protons in-

stead of oxygen ions), the half-reactions at the anode and cathode electrode interfaces 

of a proton conducting fuel cell are, respectively: 

 heat) (  2e2H H2    Eq. (1.6) 
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 O H2e  2HO
2

1
22    Eq. (1.7) 

 

1.1.4 Anode 

Analogous to the cathode, the anode electrode exhibits a porous nature which should 

be catalytically active towards (in this case) the fuel oxidation. In addition, it should be 

mechanically stable and good electronically conducting. The most commonly used ma-

terial for anodes is the Ni/YSZ cermet. 

 

1.1.5 Challenges 

Although SOFCs are capable of producing a high power output with high chemical-to-

energy efficiency, the high operational costs hinder the economic feasibility of a more 

widespread usage. Especially the high operating temperatures and the material’s degra-

dation severely affect the fuel cell life time. A reduction of the operating temperature to 

intermediate temperatures (400-700 °C), however, enables the use of cheaper materials 

(e.g. stainless steel), and concurrently reduces the thermal stress in the system.[5] Fur-

thermore, the reduced operational temperature gives opportunities for portable power 

generation by using e.g. micro-SOFCs.[9, 10] A major problem however, is that the re-

duced temperature leads to an increased Ohmic resistance in the electrolyte membrane, 

and a reduction of the overall ionic conductivity. This can be compensated by e.g. de-

creasing the electrolyte film thickness. For example, a decrease of film thickness from 

15 μm to 500 nm for a 10 mol% YSZ electrolyte, allowed for the reduction of opera-

tional temperature from 700 to 525 °C (for an area-specific resistance of 0.15 Ω·cm2).[2] 

 To address these technological challenges, a significant amount of research is 

focused on developing new materials that can be used at intermediate temperatures and 

on the improvement of the currently used materials. Thin electrolyte films are currently 

prepared using a wide array of deposition techniques, like e.g. pulsed laser deposition 

(PLD),[11, 12] spin coating,[13] spray casting,[14] and sputtering techniques.[15] In addition, 

back-etching procedures (used in MEMS technology) are employed to increase the sur-

face area of the electrolyte membrane,[16-18] and thus increasing the TPB length. Com-

pared to a flat electrolyte geometry, a corrugated membrane showed a substantially im-

proved performance at 450 °C.[17, 18] 
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1.2 Sol-gel Chemistry (of transition metal alkoxides) 

In general, sol-gel chemistry comprises the formation of colloidal suspensions of solid 

particles in a liquid phase (sol), and their transformation to an integrated network (gel). 

It is a popular synthetic route for the preparation of nano-crystalline metal oxide pow-

ders and thin films, due to its low cost, versatility in material’s choice, and reaction 

control on small length scales.  

 

1.2.1 Basic Principles 

Hydrolysis and Condensation 

In the initial stage of sol formation, the metal alkoxide precursor is hydrolyzed after a 

reaction with water, followed by a sequence of polymerization reactions. In the simplest 

case, for Si alkoxides, the hydrolysis and condensation reactions are two distinct reac-

tions.[19] The hydrolysis can be written as: 

 ROH    OHM    O  H  ORM  
2   Eq. (1.8) 

Depending on the reactive groups involved in the condensation reactions, polymeriza-

tion proceeds via either oxolation or alkoxolation, respectively: 

 O  H  MOM    M  HO  OHM 2
   Eq. (1.9) 

 ROH    MOM    MRO    OHM    Eq. (1.10) 

For coordinatively saturated metals, the hydrolysis and condensation reactions are be-

lieved to follow a SN2 reaction scheme, involving the nucleophilic attack of the free 

electrons of water, proton transfer, and subsequent removal of either an alcohol or wa-

ter.[20, 21] Unlike for Si alkoxides, the hydrolysis and condensation reactions for transition 

metal alkoxides (M = Ti or Zr) constitute of a single step reaction in which poly-oxo-

complexes are rapidly formed.[22-25] The greater reactivity of transition metal alkoxides 

towards nucleophilic agents like H2O is the cause of the enhanced reaction kinetics.[19] 
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Table 1.1 The electronegativity (EN), partial charge (δM), coordination number (N) – oxidation state (Z) of 
Si, Ti and Zr, and the overall reactivity of the corresponding metal alkoxides.[20, 26] 

 

Precursor EN δM N-Z Gel formation rate 

Si(OiPr)4 1.74 + 0.32 0 Very slow 
Ti(OiPr)4 1.32 + 0.60 2 Fast 
Zr(OiPr)4 1.29 + 0.64 3 Fast 

 

 

1.2.2 Chemical Modification 

The precursor reactivity can be influenced by one or more factors: (1) steric hindrance 

of the surrounding ligands; (2) the ability to increase the oxidation state of the complex; 

and (3) the effective charge on the metal.[20, 26] The effect of the latter two parameters is 

shown in Table 1.1. The higher effective partial charge and lower electronegativity on 

the Ti or Zr metal centers in comparison to Si, increase the susceptibility of a nucleo-

philic attack, and thus the hydrolysis/condensation reactions, i.e. Zr > Ti >> Si.[22] 

 To allow for easier handling and greater control over the process, metal alkox-

ide precursors are often chemically modified. Enhanced reactivity can be achieved by 

changing the: (1) the inductive effect; (2) chelating effect; and (3) bridging effect of the 

ligands. 

 

Inductive Effect of the Ligand 

The inductive effect of the ligand, caused by its size and electron attractive/repulsive 

characteristics, influence the reactivity. The partial charge model as proposed by Livage 

et al. enables the calculation of the average electronegativity of a particular ligand, and 

the effect on the partial charge of the metal atom:[20, 26] 

 0
Ti

0
Ti

Ti



k


  Eq. (1.11) 

Here, δTi is the partial charge on Ti, k the Pauling’s electronegativity constant,   the 

mean electronegativity of the ligand, and 0
Ti  the electronegativity of a neutral Ti atom. 

The alkoxide reactivity in a homologous series thus decreases according to Ti(OnMe)4 

> Ti(OnEt)4 > Ti(OnPr)4 etc. 

 



8 Chapter 1

 

Chelating Effect of the Ligand 

The reactivity of metal alkoxide is greatly enhanced by changing the binding mode of 

the ligand. An increase in the number of donor groups in the ligand (bidentate or mul-

tidentate) that are able to form a bond with the central atom, effectively increases the 

coordination number of the complex. Popular chelating ligands are e.g. β-ketonates, 

carboxylic acids, and functional alcohols like acetylacetone, acetic acid, and 2-methoxy-

ethanol.[22-24, 27-29] The bidentate binding of these modifiers has been extensively studied 

using a wide range of spectroscopic techniques such as Fourier transform infrared 

(FTIR), nuclear magnetic resonance (NMR), X-ray absorption near-edge spectroscopy 

(XANES), and extended X-ray absorption fine-structure spectroscopy (EXAFS). Mod-

ification of a monomeric Ti(OiPr)4 precursor[30] with glacial acetic acid, led to an exo-

thermic reaction and an expansion of coordination number from N = 4 to 6.[31] Con-

currently, the frequency separation between the symmetric and asymmetric vibration of 

(-COO) confirmed the bidentate binding of the acetate ligand to the Ti atom.[28] In 

addition, modification of the Ti(OiPr)4 precursor with acetic acid increased the gelation 

time from mere seconds to several months.[28] Primary zirconium alkoxides like 

Zr(OnPr)4 or Zr(OnBu)4, on the other hand, form dimeric structures and have a coordi-

nation number N = 6.[32] Contrary to Ti alkoxides, only monodentate binding modes 

were found for Zr alkoxides after modification with acetic acid.[33] Terminal alkoxy 

groups could only be substituted by acetate due to the dimeric Zr-Zr unit. Addition of 

acetylacetone, however, instantly led to the formation of monomeric Zr(acac)4 species, 

in which Zr expanded its coordination state to N = 8.[33] Besides binding to one single 

atom, multidentate ligands also have the ability to bridge between two metal centers. 

This opens the possibility to form complexes containing different metal atoms while 

using only one type of ligand. Single-source precursors,[24, 34-36] which allow for greater 

control of reactant stoichiometry, may thus be obtained. Control over the hydrolysis, 

condensation, and gel formation greatly depends on the nature of the alkoxide (mono-

meric, dimeric etc.) and the choice of modifier. Moreover, the manner in which the sol 

is processed eventually determines the optimal combination of both. 

 

1.2.3 Gel Formation 

As a result of ongoing hydrolysis and condensation reactions, the length of the polymer 

chains and the viscosity of the sol-gel precursor increases concurrently. The clusters 
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grow to such an extent, that eventually different branches link, and a continuous 3D 

network is formed. This point is marked by the rapid increase of the viscosity (i.e. gel 

point). The time of gelation can be determined by monitoring the rheological changes 

using a viscometer.[37] Although for slow gelling systems the gel point may be accurately 

determined, significant discrepancies arise for rapid gelation. From the changes in vis-

cosity, a distinction between types of polymer growth can be observed using e.g the 

mass-fractal growth (MFG), or near-linear growth (NLG) models.[38, 39] 

 

Aging of Gels 

The formation of an infinitely large cluster does not mark the end of all condensation 

processes. Within the gel, the polymeric chains still enjoy a certain degree of freedom, 

and additional bonds are formed. During this aging stage, the viscoelasticity of the gel 

is further reduced, until a more rigid gel is formed. The liquid precursor, trapped within 

the pores of the gel, are slowly expelled by contraction. This process, driven by the 

reduction of surface energy (i.e. shrinkage gel), is called syneresis. It is believed that 

syneresis follows the same pathway as the condensation reactions that lead to gelation, 

see Eq. (1.5)-(1.6).[19] Finally, due to the increased stiffness as a result of aging, the gel 

is often unable to dissipate the stress caused by the shrinkage, and cracks in the mono-

lithic gel may appear. 

 

Drying 

The first stages of drying are marked by the volume reduction of the gel, in which the 

volume linearly decreases by the volume of evaporated solvent; up to one-tenth of its 

original size.[40] During this stage, the solid gel surface is still covered by a liquid film. 

However, once the gel is exposed, an energetically more favorable solid-vapor interface 

appears. In order to reduce the internal energy of the gel, the liquid phase is expelled 

from its interior by capillary pressure; the solid-liquid interface is reinstated. The capil-

lary pressure in the liquid (P) is related to the curvature of the formed meniscus (r) by:[19, 

40] 

 r
P

 cos2 LV  Eq. (1.12) 
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where γLV is the interfacial energy of the liquid-vapor interface, and θ the contact angle 

between the liquid phase and the pore wall. For a liquid retained in a cylindrical-shaped 

pore of radius a, the meniscus radius is r = -a/cos θ. If θ = 0°, the liquid film is com-

pletely covering the gel’s surface, whereas if θ = 90° the liquid is not wetting the surface. 

As the drying proceeds, the viscoelasticity of the gel is further reduced by shrinkage 

through syneresis, resulting in a decreased meniscus radius. Once the meniscus is equal 

to the pore radius, no more liquid is expelled. 

 Due to the relatively low permeability of water in gels, the liquid pressure is 

higher close to the surface than the interior of the gel. Consequently, cracks form due 

to different shrinkage rates caused by the pressure gradient. To circumvent cracks to 

appear during the drying stage, painstakingly low drying rates are necessary to dissipate 

the pressure gradient within the gel. Likewise, the problem may be overcome by aging 

the sol precursor prior to drying. The greater strength of the polymer network is able 

to reduce chances of fracture. 

 

1.2.4 Sol-gel Processing 

One of the major advantages of sol-gel chemistry is that a wide variety of microstruc-

tures is obtained by merely changing the processing conditions or techniques. A sche-

matic overview of various processing procedures and their effect on the obtained mor-

phologies is presented in Figure 1.2. 

 

 

Figure 1.2 Schematic overview of the various morphologies obtained using sol-gel processing. 
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1.3 Soft Lithography 

1.3.1 Introduction to Lithographic Patterning 

The recent trend towards the miniaturization of devices and individual components 

resulted in new fabrication methods to pattern materials in the sub-micrometer range. 

Among these methods, photolithography has been the most extensively used technique 

in industry. Photolithography employs stencil masks for the patterning of photosensi-

tive polymers (or photoresists). The exposed and non-exposed areas are subsequently 

changed by UV illumination. The obtained chemical contrast is then used to e.g. selec-

tively etch one phase or to attach new moieties. Usually, multiple processing steps are 

necessary to manufacture the required devices structures. The high costs of equipment 

(used under clean room conditions) are considered the major drawback of photolithog-

raphy, and more cost-effective methods for patterning devices were investigated. 

Among these methods, soft lithography has gained considerable attention due to its low 

cost, simplicity, and flexibility regarding size, shape of the patterned materials.[41-43] 

 

1.3.2 Basics of Soft Lithography 

Mold Preparation and Characteristics 

In soft lithography, elastomeric molds (or stamps) with arranged relief structures are 

used to obtain patterned microstructures. Soft poly(dimethylsiloxane) (PDMS) stamps 

are prepared by pouring a mixture of the polymer and cross-linking agent over a Si 

master with pre-defined features. A solid stamp is obtained by heating at elevated tem-

peratures (< 70 °C) and subsequent cross-linking via the hydrosilylation reaction.[44] 

 In addition to the ease of mold preparation, the use of PDMS stamps has sev-

eral other important advantages:[41] (1) the low interfacial energy of the PDMS (γSV = 

21.6 mN·m-1)[45] enables easy release from the Si master after molding, and in particular, 

the patterned structures. (2) No swelling under humid conditions. (3) Due to its natural 

porosity, gases permeate easily through the mold. (4) Good thermal stability (to ~186 

°C). (5) The PDMS stamp is optically transparent, which enables visual inspection dur-

ing pattern preparation, and (6) due to its elasticity, conformal contact between mold 

and substrate is made, and patterning on non-planar surfaces is viable. 

 On the other hand, the use of PDMS as stamp material also entails several 

drawbacks that could limit the extent in which soft lithography will be used as a general 

approach for microfabrication. 
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Firstly, the high solubility of nonpolar solvents like dichloromethane[46] and C5-C7 al-

kanes[46, 47] in PDMS micropores give rise to enormous swelling, and consequently the 

loss of conformal contact between stamp and substrate. Secondly, the elasticity and 

softness of the material limits the aspect ratios and dimensions of the relief patterns that 

can be used (Figure 1.3). Replication without pattern distortion is feasible when the 

dimensions of h, d, and l are in the range of 0.2-20, 0.5-200, and 0.5-200 μm, respec-

tively.[41, 48] 

 

Types of Soft Lithography 

The various types of soft lithographic patterning can be categorized in two main groups: 

(1) the mold is used to modify the surface of the substrate (i.e. chemical contrast), using 

e.g. oxygen plasma or self-assembled monolayers (SAMSs). (2) The patterns are directly 

obtained from the mold.[43] From the molding-based techniques, three are discussed 

below with respect to the patterning of ceramic materials (see Figure 1.4 for a schematic 

overview): 

 

Figure 1.3 Schematic illustration of the limited range of aspect ratios for successful pattern rep-
lication: (a) buckling of protruding pillars for high aspect ratio features; (b) sagging due to com-
pressive forces between stamp and substrate for low aspect ratio features with large spacing. 

 

1.3.3 Microtransfer Molding (µTM) 

A liquid precursor is applied on the patterned surface of the PDMS stamp with μTM.[49] 

The excess material is removed by e.g. spin coating (a) or with a jet of N2. The mold – 

filled with precursor solution – is then gently placed on the substrate (b) and cured at 

elevated temperatures. The final structures are obtained by mold removal (c) and addi-

tional heat treatment (d). The technique provides a facile procedure for the patterning 

of interconnected or isolated features on non-planar surfaces. Also, it allows the use of 
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a variety of precursor solutions, like e.g. polymers,[49] sol-gel precursors,[50, 51] ceramic-

loaded colloidal suspensions.[52, 53] Nonetheless, residual layers between the patterned 

features can form if the excess material is incompletely removed (a), and additional 

etching steps may be required to attain isolated features. Which, in turn, may damage 

the uniformity (and surface morphology) of the patterned structures. For this reason, 

optimization of the precursor solution is necessary for successful replication. The cur-

rent limits of lateral resolution achieved by µTM are < 500 nm.[50, 54] 

 

 

Figure 1.4 Three different types of molding-based soft lithography: (a)-(d) microtransfer mold-
ing; (e)-(h) micromolding, and (i)-(m) micromolding in capillaries. 

 

1.3.4 Micromolding 

Micromolding provides perhaps the easiest route towards nanopatterned structures. A 

thin precursor film is applied on the substrate’s surface by e.g. spincoating (e), or just 

by depositing a droplet of precursor. Subsequently, the mold is placed on the substrate 

(f) and the liquid is forced into the formed microchannels. To ensure conformal contact 

and reduce the formation of a residual layer, the liquid precursor should dewet on the 

stamp’s surface.[55] In addition, soaking the stamp with solvent prior to placement on 
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the substrate, may also result in a residual-free pattern, although this remains difficult 

to achieve.[56] Further drying (g), mold removal, and additional heat treatment (h) result 

in the final pattern formation. The drying rate can be enhanced by increasing the tem-

perature to approximately 60 °C. Above this temperature, the PDMS detaches from the 

surface and loss of conformal contact may result in the spreading of the not yet dried 

solution. Application of pressure on the mold circumvents this problem, and higher 

drying temperatures are achieved.[56] Depending on the geometry and dimension of the 

mold, too much applied pressure may result in buckling or sagging (see Figure 1.3). 

 

1.3.5 Micromolding in Capillaries (MIMIC) 

With MIMIC,[45] the elastomeric stamp is gently placed on a cleaned substrate. If nec-

essary, the hydrophilicity of the stamp may be enhanced by oxygen plasma treatment, 

prior to placing on the substrate (i). To improve adhesion, the mold is softly pressed to 

ensure conformal contact. A drop of precursor solution is placed at the openings of the 

microchannels formed between the mold and substrate (j). Subsequently, capillary suc-

tion forces the precursor to fill the channels (k). Lack of conformal contact results in 

incomplete filling or the spreading of precursor (i.e. film formation). After complete 

filling, the precursor inside the microchannels is dried at elevated temperatures, and 

subsequently the mold is released from the substrate (l). Further heat treatment results 

in densification and shrinkage of the as-patterned features, after which the final struc-

tures are obtained (m). 

 One of the main advantages of MIMIC over e.g. micromolding and μTM is 

that a residual layer is avoided, and the desired architectures are readily obtained. A 

drawback however, is that a network of interconnected microchannels is necessary to 

completely fill the stamp; fabrication of isolated features with MIMIC is thus not real-

izable. Moreover, only precursors with sufficiently low viscosity (to enable complete 

filling of the stamp) can be used for patterning. The rate dz/dt in which the microchan-

nels are filled, is inversely proportional to the viscosity of the liquid phase η:[45] 
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  Eq. (1.13) 

Here, z is the penetration length of the capillary, R the hydraulic radius of the channels, 

θ the contact angle of the precursor’s meniscus inside the microchannels, and t is time. 



Introduction 15

 

The surface tensions of the precursor and air, PDMS wall and air, and PDMS wall and 

precursor are γLV, γSV, and γSL, respectively. 

 The use of sol-gel precursors in combination with MIMIC often results in the 

formation of double peak features,[57, 58] where the height at the edges of the patterns 

are higher than in the center. It results from the more rapid drying of the precursor sol 

in the corners of the stamp, since these areas have a higher surface-to-volume ratio than 

elsewhere under the mold.[57] Slower drying, however, reduces the effect of double peak 

formation. 

 

 

1.4 Scope of the Thesis 

This thesis is comprised of six research chapters, in which the low-temperature, wet-

chemical approach to various functional inorganic oxide materials is described. The 

main focus of this research is to control the material’s synthesis from liquid precursor 

to metal oxide powder or thin film; while understanding its formation mechanism. In 

addition, the synthetic approaches should be compatible with deposition techniques 

that allow for the upscaling to larger deposited surface areas. The research focuses 

mainly on the preparation and patterning of fluorite-type yttria-stabilized zirconia (YSZ) 

thin films and the synthesis of perovskite-type barium titanate (BTO) and yttrium-

doped barium zirconate (BZY) nanocrystalline powders, respectively. Throughout the 

thesis, sol-gel chemistry is used as a versatile route to prepare nanocrystalline metal ox-

ides. 

 The YSZ thin films are used as thin film electrolyte material in solid oxide fuel 

cell applications. The reduction of thin film thickness enables lower operational tem-

peratures, and thus the use of cheaper materials. However, the preparation of a gas-

impermeable thin electrolyte film remains a major challenge. In addition, the lower ionic 

conductivity at intermediate temperatures needs to be addressed. 

 Barium titanate is used as a high-k dielectric material in multilayer ceramic ca-

pacitors (MLCC), however, the commercially used tape-casting method has reached its 

limit of downscaling. In order to comply with the current trend of miniaturization, this 

research is focused on new synthetic routes to yield finer starting powders and compa-

tible deposition techniques. 
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 Due to its refractory nature, the sintering of proton conducting BZY only oc-

curs at very high temperatures. As a consequence, element evaporation and segregation 

occurs, resulting in a loss of conductivity. The preparation of nanocrystalline BZY 

might overcome the currently faced challenges, as lower sintering temperatures are ex-

pected. In order to achieve all of the above, a better understanding of the underlying 

chemistry and formation mechanisms is necessary.  

 In Chapter 2 and 3 the reaction mechanism of the low-temperature (23-78 °C) 

one-pot synthesis of BaTiO3 (BTO) is described. In Chapter 2 the formation of the 

crystalline phase was studied by investigating the stability and interaction of the precur-

sors with each other and the solvent. In addition, computational models were used to 

explain the experimental data. 

 The influence of temperature, water amount, and precursor concentration and 

stoichiometry on the BTO formation kinetics were described in Chapter 3. Time-re-

solved small-angle X-ray scattering (SAXS), X-ray diffraction (XRD), and high-resolu-

tion transmission electron microscopy (HR-TEM) were used to gain insight in nuclea-

tion, growth, and crystallization phenomena. 

 This gained knowledge was used to expand this facile approach for the synthe-

sis of other perovskite ceramics, and the incorporation of dopants. In Chapter 4 the 

synthesis and characterization of proton-conducting yttrium-doped barium zirconate 

(BZY; BaZrxY1-xO3-δ) is presented. 

 A method to measure the thin film density of sol-gel derived YSZ was described 

in Chapter 5. This facile approach is based on X-ray reflectivity (XRR) in which elec-

tron density of the material is determined by the critical angle (of total external reflec-

tion). The method describes the mathematical calculation of a so-called pseudo-critical 

angle. Calibration curves, illustrating the correlation between simulated XRR curves and 

their corresponding pseudo-critical angles, were used to determine the density of the pre-

pared thin films.  

 In Chapter 6, the abovementioned method was used to investigate the densi-

fication behavior of YSZ thin films. In particular, the effect of dopant concentration, 

heating rates, temperatures, and substrate choice on the final density was studied. Dense 

thin films are the key requirement for fuel cell applications, since fuel and oxidant need 

to be separated by the electrolyte membrane. Underlining, once more, the necessity of 

the method described in Chapter 5. 
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 The reduction of the overall electrolyte film thickness to < 5 µm, has led to an 

increased performance for SOFCs operating at intermediate temperatures. Which even-

tually might lead to better economic feasibility for use in e.g. portable energy storage 

applications. In my opinion, an additional increase of electrolyte surface area will lead 

to a higher possibility of oxygen ion formation, and thus enhanced properties. To this 

end, the soft-lithographic patterning of ionically conducting YSZ patterns is described 

in Chapter 7. A combination of sol-gel chemistry and micromolding in capillaries 

(MIMIC) was used to obtain isolated features with aspects ratios of ~1. Both methods 

comprise a low-cost, and up-scalable approach with great flexibility regarding shape and 

composition. The combined knowledge of Chapter 5, 6, and 7 may result in the suc-

cessful fabrication of gas-impermeable thin film electrolytes with increased surface area 

and, hopefully, signify a step towards the increased commercial implementation of 

SOFC technology. In Chapter 8, general conclusions are drawn, and an outlook for 

future research and synthesis strategies is presented. 
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2 
The Formation of Nano-Crystalline Barium 

Titanate in Benzyl Alcohol at Room Temperature* 
 

 

 

 

 

Abstract 

Nano-crystalline barium titanate (8-10 nm crystallite size) was prepared at temperatures 

of 23-78 °C through reaction of a modified titanium alkoxide precursor in benzyl alco-

hol with barium hydroxide octahydrate. The room temperature formation of a perov-

skite phase from solution is associated with the use of benzyl alcohol as solvent me-

dium. The formation mechanism was elucidated by studying the stability and interaction 

of each precursor with the solvent and with each other using various experimental char-

acterization techniques. Density Functional Theory (DFT) computational models 

which agreed well with my experimental data could explain the formation of the solid 

phase. The stability of the Ti precursor was enhanced by steric hindrance exerted by 

phenylmethoxy ligands that originated from the benzyl alcohol solvent. Electron mi-

croscopy and X-ray diffraction indicated that the crystallite sizes were independent of 

the reaction temperature. Crystal growth was inhibited by the stabilizing phenylmethoxy 

groups present on the surface of the crystallites. 

 

  

                                                      
* This chapter has been accepted for publication in: S.A. Veldhuis, W.J.C. Vijselaar, T.M. Stawski, 
and J.E. ten Elshof, Inorganic Chemistry 2014, 53 (24), 13188-13196. 
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2.1 Introduction 

Barium titanate (BTO) is used as a high-k dielectric material in multi-layer ceramic ca-

pacitors (MLCC). The industrial trend towards miniaturization leads to ever smaller fea-

ture sizes. Commercially used tape casting methods have reached their ultimate limits 

in terms of downscaling layer thicknesses, so that finer starting powders and compatible 

off-contact deposition techniques are necessary to enable further miniaturization. 

 In the last decades, many wet-chemical synthesis routes have been developed 

to form homogeneous, nanometer-sized BTO particles of high purity.[1-3] Among these 

methods, sol-gel processing received much attention because of its simplicity, low cost, 

and control over the composition on a molecular level. However, a disadvantage is that 

often high post-processing temperatures are needed to crystallize the amorphous body 

into the desired BTO perovskite phase, causing phase inhomogeneity and rapid crystal-

lite growth. The alkoxide-hydroxide precipitation method,[4-6] however, is known to 

form crystalline BTO at temperatures < 100 °C, making additional heat treatment un-

necessary.[4-8] 

 Transition metal alkoxides such as Zr, and Ti alkoxides are highly reactive to-

wards nucleophilic reagents like H2O.[9] Their reactivity can be influenced by one or 

more factors: (1) steric hindrance by the ligand; (2) the ability to increase the oxidation 

state of the complex; and (3) the effective charge on the metal. Livage et al. showed the 

impact of the latter two parameters on gel formation for a range of transition metal 

alkoxides.[10,11] Gel formation occurs most rapidly for alkoxides with the highest polar-

izability and the highest tendency to expand their coordination number, i.e. Zr > Ti >> 

Si. Due to their high reactivity, metal alkoxides are often chemically modified by ligand 

exchange to lower their reactivity and allow easier handling.[9,12-14] It is therefore im-

portant to know the effect of chemical modification on the stability of the alkoxide and 

its susceptibility towards hydrolysis. 

 Most of these synthesis routes use titanium (IV) iso-propoxide in combination 

with barium hydroxide octahydrate under strongly basic conditions. Unlike for Si alkox-

ides, the hydrolysis and condensation reactions for transition metal alkoxides (M = Ti 

or Zr) constitute of a single step reaction in which well-defined poly-oxocomplexes are 

near-instantly formed.[15-18] The amount of water present in the system and the speed of 

addition are crucial to control the process. An excess of water causes too rapid hydrol-

ysis and may lead to formation of [Ti(OH)n](4-n)+ species[19] or direct precipitation of 
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amorphous TiO2,
[9] crystallite growth,[8,20] and agglomeration.[7] In order to achieve full 

control over the hydrolysis-condensation reaction, a good understanding of the under-

lying chemistry is needed.[9] 

 In this report we describe the formation of nano-crystalline BTO powder (8-

10 nm diameter) at temperatures between 23 and 78 °C. As reported earlier by Stawski 

et al., a modified Ti alkoxide precursor in benzyl alcohol in the presence of barium hy-

droxide octahydrate was used in the synthesis.[8,21] Niederberger et al. also showed the 

importance and active role of benzyl alcohol in the nonaqueous synthesis of BTO.[3] 

However, the two reactions proceed via fundamentally different pathways, i.e. hydrolytic 

in my case versus non-hydrolytic in the case of Niederberger et al. In my hydrolytic sol-

gel synthesis, the reactivity of the [Ti(OR)4] precursor is reduced by the benzyl alcohol 

solvent via ligand exchange, without impeding the hydrolysis-condensation reactions at 

these low temperatures. Essentially, the alkoxide precursor is hydrolyzed by hydrated 

water that is released from barium hydroxide octahydrate upon mild heating. 

 To elucidate the formation mechanism, we studied the stability and interaction 

of both precursors with the solvent and with each other using simplified density func-

tional theory (DFT) calculations, and compared the results with my experimental data. 

 

 

2.2 Experimental Section 

2.2.1 Chemicals and Materials 

Titanium (IV) iso-propoxide (Ti[(i-OC3H7)]4), 99.999%), barium hydroxide octahydrate 

(Ba(OH)2·8H2O, 98.0%), and 2-propanol (99.5%) were purchased from Sigma-Aldrich. 

Benzyl alcohol (99.0%) was acquired from Acros. All chemicals were used as-received 

from the suppliers without any further purification. Both titanium (IV) iso-propoxide 

and benzyl alcohol were stored and handled in a water-free environment (< 0.1 ppm 

H2O). 

 

2.2.2 Formation of Crystalline BTO 

A stoichiometric amount of Ba(OH)2·8H2O was added to a 0.2 mol·dm-3 solution of 

titanium (IV) iso-propoxide in benzyl alcohol. While stirring, the reaction mixture was 

heated to 35, 45, 60, or 75 °C, whereas one mixture was held at 23 °C (the constant 
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temperature of the lab). After reaction, the as-synthesized powder was centrifuged using 

a Heraeus Labofuge 300 centrifuge at 8000 rpm for 30 min. The supernatant benzyl 

alcohol phase was removed by decantation and replaced with 15 mL of 2-propanol. 

Subsequently, the as-prepared powder was redispersed in 2-propanol and the centrifu-

ging/redispersion steps were repeated. Finally, the dispersion of as-synthesized BTO 

powder in 2-propanol was poured into a Petri dish and dried at room temperature for 

24 h under a constant flow of N2 to prevent BaCO3 formation. 

 

2.2.3 Sample Characterization 

X-Ray Diffraction (XRD) 

Samples synthesized between 23-78 °C were characterized with X-ray powder diffrac-

tion to confirm the formation of the crystalline BaTiO3 perovskite phase using a Bruker 

D2 Phaser (Bruker AXS, Delft, The Netherlands) with a LYNXEYE™ detector. Sam-

ples were measured typically from 2θ = 25-90°, with step sizes of 0.02° and 1 s per step. 

Time-resolved X-ray diffraction was performed to determine the first formation of crys-

talline phase at temperature between 45-150 ºC. At intervals of 2-15 min samples were 

taken from the reaction vessel, and measured using an X’Pert Powder Pro (PANalytical, 

Almelo, The Netherlands) with a 1D PIXcel detector. Scans from 2θ = 27-35° of the 

(110) peak were measured with step sizes of 0.026º and 600 s per step. The patterns 

were further analyzed using the X’Pert Highscore Plus software package (version 3.0e). 

 

Thermogravimetric Analysis & Differential Scanning Calorimetry (TGA/DSC) 

Weight loss due to dehydration of barium hydroxide octahydrate was measured isother-

mally using Netzsch STA 449 F3 simultaneous TGA/DSC (Netzsch, Selb, Germany) 

at 25, 35, 45, 50, 60, and 70 °C. Samples were placed in Pt cups and heated at a constant 

heating rate of 5 °C·min-1 in technical air (N2/O2 = 80/20; flow rate 60 mL·min-1) to 

the desired temperature, and held at that temperature for 2-24 h until 7 moles of hy-

drated water had been released and barium hydroxide monohydrate had formed. All 

samples were measured at least 3 times in order to determine the experimental error. 

The weight percentage of benzyl alcohol associated with the presence of a covalently 

bonded capping layer on the surface of the BTO particles was determined for as-pre-

pared samples, synthesized at 78 ºC, and for samples heat-treated at 250 °C for 24 h 
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(bp. benzyl alcohol 205 °C). Samples were placed in Pt cups and heated to 900 °C, using 

the abovementioned conditions. 

 

Electron Microscopy Analysis 

Samples were investigated by transmission electron microscopy (TEM, 400 keV, FEI 

Instruments, Eindhoven, The Netherlands) and further analyzed using the ImageJ pro-

cessing software package (version 1.47q).[22] Crystallite size distributions of selected 

samples were based on images containing at least 200 different crystallites and recorded 

at lower magnification. 

 

Small-Angle X-ray Scattering (SAXS) 

SAXS experiments were performed on the Dutch-Belgium beam line (BM-26B) of the 

ESRF in Grenoble, France.[23] The samples were irradiated with a X-ray beam energy of 

16 keV (λ = 0.0776 nm) and measured using a 2D gas-filled proportional detector 

(512x512 pixels). The recorded scattering vector magnitude was 0.13 < q < 8.2 nm-1. 

1D scattering curves obtained from 2D patterns are plotted as a function of the absolute 

q-scale with respect to the center of diffraction (i.e. with respect to the beam-stop). The 

vertical and horizontal q-scale values of the 2D scattering patterns are relative values 

with respect to the (x,y) = (0,0) pixel of the detector. Small quantities of the individual 

and mixed precursors were measured in sealed glass capillaries (ø = 1.5 mm; glass no. 

50; Hilgenberg, Malsfeld, Germany) at different temperatures between 45 and 90 °C. 

 

2.2.4 Computational Modeling 

Consecutive Ligand Exchange Titanium (IV) iso-propoxide and Benzyl Alcohol 

The model phenylmethoxy ligand (-OCH2Ph) of the benzyl alcohol was created in Spar-

tan’10, and subsequently the equilibrium geometry at ground state was found by energy 

minimization using a Hartree-Fock 6-31G* basis set. The ligand was taken to be a singly 

charged anion in singlet state. Subsequently, the ligand was placed at 4 nm from the Ti 

core of [Ti(OiPr)4]. In 50 steps, the ligand was moved to the vicinity of the Ti atom (to 

1.9 nm distance), and concurrently, the iso-propoxide ligand was removed. For every 

step, the minimum conformation energy was calculated using the energy profile in the 

ground state, with the semi-empirical AM1 method. In the simulation, the oxygen of 

the phenylmethoxy group binds with the Ti atom of the alkoxide. All simulations were 
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performed in a polarizable benzyl alcohol continuum using the SM8 solvation calcula-

tion.[24] Coordination expansion of the monomeric [Ti(OiPr)4] species was not taken 

into account during the simulations, since the electronegative phenyl groups of the ben-

zyl alcohol solvent are thought to effectively shield the Ti-core (see Section 2.3.2). 

 

Electronegativity Changes of the Central Ti-atom 

The minimum energy states of all possible ligand exchange complexes (i.e. [Ti(OiPr)4], 

[Ti(OiPr)3(OCH2Ph)], [Ti(OiPr)2(OCH2Ph)2], [Ti(OiPr)(OCH2Ph)3], and 

[Ti(OCH2Ph)4]) in benzyl alcohol were calculated with a Hartree-Fock 6-31G* basis set 

and the SM8 solvation calculation.[24] The complexes were taken to be charge neutral 

and in singlet state. A minimum bond length between the phenylmethoxy ligand and 

the Ti core of 1.95 nm was found. 

 

 

2.3 Results and Discussion 

2.3.1 The Dehydration of Barium Hydroxide Octahydrate 

The amount of water present in the system during the alkoxide-hydroxide precipitation 

reaction influences the rate of hydrolysis, and consequently the size and morphology of 

the powders.[8,20] To control the reaction, the release of water from the Ba precursor 

was monitored using isothermal thermogravimetric measurements. The weight loss of 

samples was recorded at constant temperatures below the melting point of 

Ba(OH)2·8H2O, i.e. 78 °C. Figure 2.1a shows a typical dehydration curve obtained from 

a measurement performed at 25 °C. From the start of the measurement linear weight 

loss with time was observed until an equivalent mass of 7 moles H2O water had been 

released. The time necessary for complete dehydration varied between approximately 1 

and 19 h, at isothermal temperatures of 70 °C and 25 °C, respectively. The phase of the 

final powder was identified as Ba(OH)2·H2O using XRD (data not shown), which 

agreed well with the observed weight loss. The Ba(OH)2·8H2O phase showed no signs 

of melting at any temperature.[25] The dehydration was governed by evaporation of wa-

ter and was modeled by a zero-th order reaction, as shown in Equation 2.1 to Equation 

2.3, where k1 is the rate constant, and t is time. 
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Figure 2.1 (a) Isothermal dehydration of barium hydroxide octahydrate precursor at 25 °C as 
measured with TGA/DSC. After dehydration, 7 moles of H2O were lost and barium hydroxide 
monohydrate was obtained. Reaction constant k1 was determined by the slope of weight loss 
versus time. (b) Arrhenius representation of reaction constant k1 determined from isothermal 
measurements at 25, 35, 45, 50, 60, and 70 °C. 
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Figure 2.1b shows the exponential behavior of the rate constants obtained from the 

isothermal TGA measurements. The activation energy for the dehydration of barium 

hydroxide octahydrate to its monohydrate phase is EA ~54.7 ± 3.3 kJ·mol-1 and was 

calculated from the slope. Zero-th order dehydration kinetics has also been observed 

for dehydration of other hydrated materials.[26-28] The thermogravimetric experiments 

show that sufficient water can be released at 25 °C to initiate the hydrolysis reaction of 

the titanium alkoxide precursor. 
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Figure 2.2 1H NMR spectra of (a) partially stabilized [Ti(OiPr)4] precursor in benzyl alcohol 
at RT; i.e. [Ti(OiPr)(OCH2Ph)3]; (b) [Ti(OiPr)4] stabilized by complete ligand exchange of the 
phenylmethoxy ligands; (c) fully stabilized [Ti(OiPr)4] precursor with acetate ligands at RT. 
The measurement resolution is too low to observe an OH-signal of free iso-propanol in (a) 
and (b). 
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2.3.2 Stability of Titanium (IV) iso-propoxide in Benzyl Alcohol 

Ligand Exchange 

The hydrolytic stability of the highly reactive Ti alkoxide was enhanced by ligand ex-

change of the phenylmethoxy ligands from the parent solvent, that the precursor solu-

tion could be handled under ambient conditions.[8] Similar to hydrolysis-condensation 

reactions, the consecutive ligand exchanges are thought to follow a series of SN2 reac-

tion steps,[9,10] resulting in the overall reaction: 

 
        PrOH nORPrOTi ROH nPrOTi nn44  

ii  Eq. (2.4) 

1H NMR measurements (Bruker AV 600 MHz, Wormer, The Netherlands) were per-

formed on solutions of [Ti(OiPr)4] in benzyl alcohol to characterize the ligand exchange 

process. The ligand exchange can be followed by the change in chemical shift of the 

characteristic septet (-CH) of the iso-propoxide ligand (bound to Ti) and iso-propanol 

(exchanged ligand) from approximately δH = 4.4 ppm to δH = 3.9 ppm, respectively 

(Figure 2.2). At room temperature both septets were present, indicating partial ligand 

exchange and formation of [Ti(OiPr)(OCH2Ph)3], which is in accordance with the fin-

dings of Stawski et al.[8] After heating the mixture to 100 °C, only the septet of iso-pro-

panol at δH = 3.9 ppm was present, showing that full ligand exchange had taken place. 

These results were compared with the analogous ligand exchange process using acetate 

ligands. Acetate ligands are frequently used as bidentate ligands to stabilize metal alkox-

ide precursors.[10,12,13] Figure 2.2c shows that at RT all ligands are already exchanged. 

The bidentate binding of the acetate to the Ti atom and reduced steric hindrance make 

it energetically favorable to exchange all ligands. Doeuff et al. showed with FTIR that 

acetic acid acts as a chelating and bridging ligand.[13] Due to this unidentate binding 

behavior of acetic acid, polymeric titanium acetate species were formed, without any –

OR groups attached to Ti. My 1H NMR data agrees well with the abovementioned find-

ings, showing that all –OR groups are present as iso-propanol. 

 To obtain insight into the ligand exchange process at RT, the exchange reaction 

summarized by Equation 2.4 were simulated by DFT. The transition state energy, the 

Gibbs free energy of the product relative to the starting composition, the partial charge 

on the Ti atom, and the chemical structure at equilibrium were calculated in a polarizable 

benzyl alcohol solvent matrix, see Table 2.1 and Figure 2.3 (and Supporting Informati-

on). A clear trend was observed in the ligand exchange processes. For every consecutive 
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exchange, the transition state energy increased (i.e. increased activation energy), proba-

bly due to steric hindrance by the negatively charged phenyl groups of the phenyl-

methoxy ligands. As a result, the free energy change of the system upon exchange of 

the fourth ligand is not favorable (ΔG ~ 0), and this agrees well with the NMR data, 

which indicate that only 3 ligands are exchanged at RT. 

 
Table 2.1 Energy data obtained from the computational ligand exchange simulations. The activation energy 
(EA) and Gibbs free energy (ΔG) are calculated for both phenylmethoxy and acetate ligand exchange reac-
tions. 

 
 Phenylmethoxy ligand Acetate ligand 
# Ligand Exchange EA [kJ·mol-1] ΔG [kJ·mol-1] EA [kJ·mol-1] ΔG [kJ·mol-1] 

First 21.6 -57.4 26.0 -52.1 
Second 39.9 -26.4 33.5 -48.8 
Third 64.6 -14.9 36.7 -44.7 
Fourth 100.0 -1.9 39.1 -41.5 

 

 

Figure 2.3 Calculated energy profiles of the four consecutive phenylmethoxy ligand exchanges, 
and the distance between the approaching benzyl alcohol molecule and the Ti core. For every 
exchange, the activation energy increases, whereas the Gibbs free energy decreases to almost 
zero. 

 

These results were compared to the same process involving acetate ligands. Although 

the simulations of the acetate ligand exchange also showed a small increase in activation 

energy (Table 2.1), ligand exchange remained favorable at RT for all four exchange re-

actions (ΔG < 0). This can be explained by the smaller steric hindrance of acetate ligands 
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in comparison to phenylmethoxy ligands, and the results are in good agreement with 

the data from the 1H NMR measurements. 

 

Partial Charge 

The abovementioned results suggest that the Ti precursor is stabilized against hydrolysis 

by steric hindrance and the electronegativity of the phenyl groups. However, ligand ex-

change may also influence the partial charge of the Ti atom and, thus, the intrinsic re-

activity of the complex. Several models to calculate the partial charge of a central atom 

in a complex have been proposed. The simplest model takes only the electronegativity 

of the direct neighboring atoms into account. The partial charge is then calculated by: 

 










  · O

OTi

Ti
TiTiTi BLV




  Eq. (2.5) 

Here, Ti  is the partial charge on the central Ti atom, VTi the number of valence elec-

trons of Ti, and LTi the number of lone pair electrons involved, Ti  and O  are the 

electronegativities of the Ti and O atoms, respectively, and BO is the number of elec-

trons involved in the bond. 

 

Figure 2.4 Schematic representation of the partial charge calculation on the central Ti atom 
of the [Ti(OiPr)4] precursor. (a) The electronegativity of only the surrounding oxygen atoms 
are taken into account; (b) inductive effects of the surrounding ligands are included, as de-
scribed by Livage et al.;[10,11] (c) proposed model in which inductive effects as well as rota-
tional/vibrational effects of the surrounding ligands are included. 

 

Although the model takes the electronegativity of the direct neighboring oxygen atoms 

into account, inductive effects of the complete ligand are neglected, as shown in Figure 

2.4a. Livage et al. introduced a more complex model in which the inductive effects of 

all ligands are taken into account, see Figure 2.4b.[10,11] 
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The partial charge on the Ti atom is calculated using the average electronegativity of 

every ligand: 

 0
Ti

0
Ti

Ti





k


  Eq. (2.6) 

where   and 0
Ti  are the mean electronegativity of the ligand and the neutral Ti atom, 

respectively, and k is Pauling’s electronegativity constant (set at k = 1.36).[10] 

 
Table 2.2 Overview of the effect of consecutive ligand exchange on the partial charge of the Ti atom. The 
results are based on Equation 2.5, Equation 2.6, and my simulations, respectively. Note: the absolute values 
should not be compared between models, only the trend within a model should be compared. 

 
 Electronegativity Livage Simulation 
 -OCH2Ph -O(CO)CH3 -OCH2Ph -O(CO)CH3 -OCH2Ph -O(CO)CH3 

[Ti(OiPr)4] 1.81 1.81 0.61 0.61 2.02 2.02 

[Ti(OiPr)3(OR)] 1.81 1.81 0.62 0.65 2.02 1.37 

[Ti(OiPr)2(OR)2] 1.81 1.81 0.63 0.66 2.03 1.29 
[Ti(OiPr)(OR)3] 1.81 1.81 0.64 0.67 2.04 1.25 

[Ti(OR)4] 1.81 1.81 0.64 0.69 2.05 1.19 

 

Although the second model includes the effect of the complete ligand, the confor-

mation in which these ligands are attached cannot be predicted. My computational 

model for ligand exchange was able to include that effect too, and the rotational and 

vibrational effects of the phenylmethoxy ligand on the partial charge could be calculated 

(Figure 2.4c). The results of the different models are summarized in Table 2.2. For the 

sake of comparison, the effect of the acetate ligand on the partial charge is also shown. 

Since the numerical value of the partial charge is calculated differently by each model, 

only trends within the same model should be compared. Furthermore, the simulations 

assume the [Ti(OiPr)4] precursor to remain monomeric prior to and after ligand ex-

change,[10,29] in accordance with literature data that suggest that the [Ti(OiPr)4] precursor 

does not form dimeric or oligomeric species, nor does it expand its coordination num-

ber, in contrast to [Ti(OEt)4] and [Ti(OnBu)4].
[10,29] 

 As expected, the model described by Equation 2.5 did not predict changes in 

the partial charge as a result of ligand exchange. The other two models predicted only a 

slight increase of the partial charge on the Ti atom, implying that the phenylmethoxy 
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ligands do not contribute significantly to an increased stability towards hydrolysis.[16] On 

the other hand, a clear decrease in partial charge was observed for the acetate ligand, 

indicating that bidentate binding of the acetate effectively reduces the overall reactivity 

of the metal alkoxide/acetate. The stability of both the phenylmethoxy and acetate sta-

bilized precursors was further investigated by adding a small amount of water at RT. 

Whereas the latter solution was stable for days, the phenylmethoxy stabilized solution 

turned opaque within minutes. These results thus indicate, that the Ti precursor is not 

stabilized by a partial charge decrease of the central Ti atom, but rather by the shielding 

of the phenylmethoxy ligands (i.e. steric hindrance). Figure 2.5 illustrates the effective 

encapsulation of the Ti center by ligands for the state with the lowest conformational 

energy. Concurrently, the low miscibility of water with benzyl alcohol may also have 

contributed to the lower reactivity of the Ti precursor. 

 

 

Figure 2.5 (a) 3D view and (b) electrostatic potential map of the optimized [Ti(OCH2Ph)4] 
structure, i.e. after complete ligand exchange. 

 

2.3.3 Interaction Between the Ti and Ba Precursors 

Small-angle X-ray scattering (SAXS) and diffraction experiments were performed to 

study the structural evolution of BTO from the observed interactions between the Ti 

alkoxide and the Ba precursor in benzyl alcohol. Essentially, SAXS probes local electron 

density fluctuations of a sample by X-ray scattering at very small angles, which makes it 

possible to extract structural information on length scales up to 500 nm (typically < 200 

nm).[30,31] The scattered intensity is measured as a function of the modulus of the scat-

tering vector q (nm-1): 

 



sin
4

q  Eq. (2.7) 
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where λ is the wavelength (nm) of the incident beam, and the scattering angle is 2θ. 

Suspensions of Ba(OH)2·8H2O in benzyl alcohol were investigated at elevated temper-

atures to determine the effect of heating on the crystal structure and the release of hy-

drate water. Figure 2.6 shows SAXS data of samples heated between 60 and 90 °C. A 

clear correlation peak is observed at q ~3.9 nm-1 for samples heated at 60 °C, which is 

interpreted as a Bragg peak associated with the Ba-Ba distance in the (101) plane of the 

Ba(OH)2·8H2O crystal (ICSD # 33741),[32] see Supporting Information Figure S2.3. 

 

 

Figure 2.6 (a) Small angle X-ray diffraction pattern of barium hydroxide octahydrate at dif-
ferent temperatures. Samples measured below the melting point of 78 °C exhibit a diffraction 
peak at q ~3.9 nm-1, correlated to the crystal structure of the Ba precursor. (b) 2D represen-
tation of the recorded pattern. (c) 2D small angle X-ray diffraction pattern of a titanium (IV) 
iso-propoxide and barium hydroxide octahydrate mixture in benzyl alcohol at 45 and 75 °C, 
respectively. The correlation peak at q ~3.9 nm-1 disappeared well below the melting point of 
the Ba precursor; the long range order in the crystal is lost in the presence of the Ti precursor. 

 

 

In the proximity of its melting point, the diffraction peak was still observed. However, 

the intensity was lower, suggesting that the processes of decomposition of crystal struc-

ture and release of hydrated water was taking place. Above the melting temperature, the 
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characteristic peak at q ~3.9 nm-1 was not visible, indicating that the long range order 

of the crystal structure was absent. 

 The interaction between the Ba and Ti precursors was investigated by addition 

of titanium (IV) iso-propoxide to a Ba(OH)2·8H2O suspension in benzyl alcohol. Where 

the Ba precursor in benzyl alcohol clearly showed a Bragg diffraction below 78 °C, no 

rings were observed in the 2D detector image after [Ti(OiPr)4] had been added to the 

suspension, see Figure 2.6c. Even at 45 °C, the long range order of Ba(OH)2·8H2O was 

lost in the presence of the Ti alkoxide, showing that even at these low temperatures a 

strong interaction exists between the two precursors. 

 The interaction between the precursors, combined with the loss of hydrated 

water from the Ba(OH)2·8H2O (as described in Section 2.3.1), thus imply that all reac-

tion conditions for the formation of crystalline BTO are present, even at room tempe-

rature. 

 

2.3.4 RT Formation of Nano-crystalline BTO 

Reaction Pathway 

Syntheses with Ba(OH)2·8H2O (insoluble) and [Ti(OiPr)4] in benzyl alcohol were per-

formed at various temperatures between 23 and 78 °C. Within minutes a white precip-

itate formed in the solution, indicating that a reaction between the two precursors was 

taking place. Scanning electron microscopy/energy-dispersive X-ray spectroscopy 

(SEM/EDX) in combination with XRD confirmed that short reaction times yielded X-

ray amorphous TiOx. Reaction times between 2.5 months and 30 min were necessary 

for crystalline BTO (Figure 2.7) to form between 23 and 78 °C, respectively. 

 The exponential trend in the Arrhenius representation of the inverse crystalli-

zation time versus temperature (Figure 2.7b) shows that the formation of the perovskite 

phase is driven by the same kinetic processes in the temperature regime of 45-150 °C. 

The relatively low value of the activation energy, i.e. EA ~65.2 ± 3.5 kJ·mol-1, implies 

that the process may be governed by diffusion, possibly by diffusion of Ba2+ into the 

amorphous TiOx matrix. At temperatures < 45 °C, different rate-limiting factors seem 

to play a role in the crystallization reaction, with an activation energy > 200 kJ·mol-1. 

Two possible mechanisms have been proposed in literature for the formation of crys-

talline BTO, both based on the hydrothermal synthesis route: (1) in-situ transformation 

or via (2) dissolution-precipitation.[33] However, based on the experiments presented 
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here, I cannot distinguish between these two mechanisms and more dedicated time-

resolved work should be carried out to elucidate the earliest stages of crystalline BTO 

phase formation (see Chapter 3). 

 

 

Figure 2.7 (a) XRD pattern of crystalline BTO powder synthesized at temperatures of 23-
78 °C. A minor BaCO3 impurity was present for BTO prepared at temperatures < 45 °C. The 
baseline was subtracted from all patterns and then renormalized to the maximum intensity of 
the (110) peak at 2θ ~31.4° (offset between the patterns: 0.6). (b) Arrhenius representation 
of the inverse time of first crystalline phase formation and temperature. A linear trend is 
observed for temperatures between 45-150 °C. 

 

 

Crystallite Formation and Size 

The as-synthesized powders were characterized by XRD and TEM, see Figure 2.8. Peak 

broadening analysis of the (111) peak at 2θ ~38.9° showed that no significant changes 

in peak width were observed, i.e. no significant crystallite growth occurred, regardless 

of reaction temperature. The average crystallite sizes were estimated to be approxi-

mately 8-10 nm using the Scherrer equation. The sample synthesized at 23 °C however, 

showed equally sized crystalline regions embedded in an amorphous matrix (Figure 

2.8a). This might be caused by additional energy barriers dominant in the low reaction 

temperature regime (Figure 2.7b), and reaction times longer than 2.5 months are needed 

to further crystallize the sample at RT. The crystallites formed at temperatures between 

35 and 78 °C showed a high degree of crystallinity (Figure 2.8b-d). 
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Figure 2.8 HRTEM images of BTO synthesized at different temperatures. (a) 23 °C; crys-
talline BTO embedded in an amorphous matrix; (b) 45 °C; (c) 60 °C, and (d) 60 °C. Over-
view recorded at lower magnification. Sample placed on a Lacey support grid. 

 

Crystallite size distributions of BTO synthesized at temperatures between 23 °C and 78 

°C revealed that the reaction temperature had no influence on the final crystallite size 

of the powder. An average final size of approximately 7-9 nm was determined for all 

samples from TEM images recorded at lower magnification (see Figure 2.9). This value 

is in good agreement to the approximate size calculated from peak broadening in the 

XRD pattern in the same temperature range. 

 Another series of experiments was carried out to investigate if crystallite growth 

could be influenced by introducing new precursor material to the reaction mixture. Af-

ter heating the reactants at 150 °C for 2 h, the mixture containing crystalline BTO was 

cooled down to RT. Equal amounts of new Ba and Ti precursor material was added, 

and subsequently the mixture was heated again at 150 °C for 2 h. A single-step synthesis 

of 4 h at 150 °C was carried out as a control experiment. The BTO powders obtained 

from both experiments were investigated by XRD and TEM, see Figure 2.10. Both 

experiments yielded crystallites of equal size and morphology. Although we showed that 
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the crystallite size increases with increasing the amount of water in previous work,[8] the 

abovementioned experiments show that the newly introduced precursor material (i.e. 

more water present) does not lead to additional crystallite growth, but rather to the 

formation of new nuclei. So the question can be raised why these crystallites all grow to 

approximately the same size of 7-9 nm, and not larger? My hypothesis is that benzyl 

alcohol plays a crucial role in the limited growth of the particles, and that it acts as a 

capping layer on the BTO crystallites’ surface (see Figure 2.11). Niederberger et al. in-

troduced benzyl alcohol as solvent to provide good control over particle shape in the 

nonaqueous synthesis of BTO, TiO2 and other metal oxide nanoparticles.[34,35] How-

ever, the particle size in their nonaqueous approach is determined mainly by the con-

centration of Ti precursor.[34] 

 I hypothesized that since the surface curvature of small crystallites is higher 

compared to large crystallites, the packing density of benzyl alcohol molecules on the 

BTO surface is probably lower (Figure 2.11), and [Ti(OiPr)4] can more easily approach 

the surface hydroxyl groups. As the crystallites grow to their final size of approximately 

7-9 nm, the surface curvature is reduced, and the packing of benzyl alcohol molecules 

on its surface becomes denser. Due to the density of the electronegative phenyl groups 

on the surface, BTO nanoparticles become effectively shielded from further growth. 

Cooke et al. showed that benzyl alcohol plays an important role in the formation of TiO2 

nanotubes from carbon nanotubes (CNTs).[36] The TiO2 nanotubes were fully covered 

by benzyl alcohol molecules, preferably parallel to the surface, while the phenyl rings 

were able to undergo π-π stacking with the CNTs. If I consider benzyl alcohol molecules 

as hard spheres covering the BTO crystallites’ surface without any interaction with its 

surroundings, then the surface area occupied by 1 molecule (~37 Å2) can be estimated 

from the molecular weight (108.14 g·mol-1) and density (1.045 g·cm-3) of benzyl alcohol. 

For non-agglomerated, fully covered BTO crystallites, the surface organic phenyl-

methoxy monolayer would then contain approximately 5% of the total mass of a BTO 

crystallite. 
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Figure 2.9 Crystallite size distribution of BTO powder obtained after synthesis at (a) 23 °C, 
(b) 35 °C, (c) 60 °C and (d) 150 °C. Crystallite sizes were calculated from at least 200 crys-
tallites from TEM images recorded at lower magnification. 

 

 

 

Figure 2.10 (a) XRD pattern of BTO synthesized for 2x2 h and 4 h at 150 °C. No difference 
in FWHM, and thus crystallite size, are observed. (b)-(c) TEM images of BTO synthesized 
for 2x2 h and 4 h at 150 °C, respectively, show equal crystallite sizes and morphology. Note: 
the synthesis denoted at 2x2 h comprises a regular 2 h synthesis at 150 °C. After cooling the 
reaction mixture to RT, new precursor material was added and subsequently heated again for 
2 h at 150 °C. 
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Figure 2.11 Schematic representation of benzyl alcohol molecules attached to BTO surface 
for different particle diameters. (a) 3 nm: high surface curvature – low packing density; (b) 9 
nm: low surface curvature – high packing density. The space occupied by one benzyl alcohol 
on the BTO surface is ~37 Å2. Effects such as molecule-molecule interactions, molecule ro-
tations, electronegativity of the side groups, stacking etc., were not taken into account. 

 

 

Figure 2.12 Thermogravimetric analysis of a BTO sample synthesized at 60 °C (red line), and 
after heat treatment at 250 °C for 24 h (black line). The weight loss of ~7.5 % between 400 
and 700 °C is probably due to loss of organic moieties such as unreacted alkoxide precursors, 
and the curing of hydroxyl defects. Since the samples were heated dynamically, mass loss is 
typically observed at higher temperatures than normal for processes like e.g. adsorbed/chem-
isorbed water. 

 

Thermogravimetric analysis of BTO powders heat-treated at 250 °C for 24 h, i.e. above 

the boiling point of 205 °C of benzyl alcohol, and as-prepared samples showed a weight 

difference of approximately 2.5 %, see Figure 2.12. This value is fairly close to the esti-

mated weight loss, and indicates that benzyl alcohol may indeed have been present on 

as-prepared samples.[37] I also observed that the color of as-prepared BTO changed 

from a slightly yellowish to white upon heat treatment at 250 °C. This also indicates 

that an organic moiety was initially attached to the surface of the crystallites. 
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2.4 Conclusions 

Nano-sized crystalline barium titanate powders were successfully synthesized at very 

low temperatures (23-78 °C) through an alkoxide-hydroxide precipitation reaction of a 

modified titanium alkoxide precursor in benzyl alcohol and barium hydroxide octahy-

drate. My experimental results and simple computational models show that benzyl al-

cohol plays a crucial role throughout the reaction, from the mixing and modification of 

the precursor to the formation and growth of the crystalline phase. The phenylmethoxy 

ligands from the solvent medium stabilized the Ti precursor by steric hindrance, and 

allowed its subsequent controlled hydrolysis from the hydrated water released by the Ba 

precursor. The formation of the crystalline phase was dependent on the reaction tem-

perature, and associated with the diffusivity of the Ba2+ ions into the amorphous TiOx 

matrix. The crystallite sizes, however, were found to be independent of the reaction 

temperatures. I hypothesized that crystal growth beyond a certain size was hampered 

by the stabilizing phenylmethoxy groups on the surface of the crystallites. 
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2.6 Supporting Information 

2.6.1 Computational Modeling – Phenylmethoxy Ligand Exchange 

The SN2 ligand exchange reactions were simulated using Spartan Wavefunction®, as 

described in Section 2.2.4 of the main text. Energy profiles of the four consecutive 

ligand exchanges were derived for both the phenylmethoxy and acetate ligand exchange 

reactions. The activation energy (EA) and Gibbs free energy (ΔG) were calculated from 

the obtained energy profiles. 

 For every consecutive ligand exchange, an energy profile was derived. In the 

simulation, the phenylmethoxy ligand approached the [Ti(OiPr)4] precursor. For every 

reaction coordinate (i.e. the distance between the oxygen atom of the nucleophile and 

the central Ti atom), the structure was optimized, and the total energy of the system 

calculated (see Figure S2.1). After an initial minimum energy during the approach of the 

phenylmethoxy ligand, a maximum energy state was reached, from which EA could be 

derived. At this point, the Ti atom had expanded its coordination number, and the re-

action intermediate was formed. Subsequently, ligand exchange took place, and the iso-

propoxide ligand moved away from the Ti atom. A minimum energy state was reached 

from which ΔG could be derived. For every following ligand exchange, the activation 

energy increased, due to less rotational freedom and more steric hindrance of the phe-

nylmethoxy ligands compared to the original iso-propoxide ligands (see Figure S2.2 and 

Table 2.1 in the main text). As a result, no Gibbs free energy was gained after the third 

exchange; more energy is needed to overcome the energy barrier. Although the simula-

tions did not take the chelating/bidentate binding of the acetic acid into account, the 

results coincided well with 1H NMR measurements described in Section 2.3.2 of the 

main text. 
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Figure S2.1 Calculated energy profile derived from the first simulated ligand exchange reac-
tion between [Ti(OiPr)4] and the phenylmethoxy ligand from the parent solvent. 

 

 

Figure S2.2 Four calculated energy profiles derived from the simulated ligand exchange re-
actions between the [Ti(OiPr)4] precursor and the phenylmethoxy ligand of the benzyl alcohol. 
Graphs (a)-(d) correspond to the consecutive ligand exchange reactions as summarized by 
Equation 2.4 in the main text. 
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2.6.2 Crystal Structure of Ba(OH)2·8H2O 

The d-spacing of 16.09 Å, corresponding to the Bragg reflection q ~3.9 nm-1 from the 

SAXS measurements, is related to the Ba-Ba distance within the (101) crystal plane of 

Ba(OH)2·8H2O (ICSD # 33741).[S1] The crystal has a monoclinic space group P 21/c 

(nr. 14), with cell parameters: a = 9.274(2) Å, b = 9.260(2) Å, c = 11.817(3) Å, α = γ = 

90°, and β = 98.95(2)°. 

 

 

Figure S2.3 Two representations of the Ba(OH)2·8H2O crystal. (a) side view; (b) 3D view. 
The (101) crystal plane in which the d-spacing of 16.09 Å was found, is highlighted in light 
blue. The images were made using the VESTA software package (version 3).[S2] 
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Abstract 

Time-resolved small-angle X-ray scattering and X-ray diffraction were successfully em-

ployed to elucidate the reaction mechanism of barium titanate nanocrystal formation in 

benzyl alcohol below 78 °C. The amorphous-to-crystalline transformation is predomi-

nantly determined by the total amount of water released from the barium hydroxide 

octahydrate precursor, and different rate-limiting regimes were found. Sufficiently high 

water concentrations enabled rapid succession of nucleation, crystallization, and growth 

events, and the formation rate was only limited by the dehydration rate of the Ba pre-

cursor. Water lean conditions resulted in impeded gel formation, and only gradual nu-

cleation, crystallization, and growth process was observed. As a result of an improved 

understanding of the effect of varying reaction conditions, elementary boundary condi-

tions could be set up for better control of the barium titanate nanocrystal synthesis. 
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3.1 Introduction 

Barium titanate (BTO) is a technologically important material, which finds its applica-

tion mainly in multi-layer ceramic capacitors (MLCC) as a high-k dielectric material. In 

order to comply with the current industrial trend towards device miniaturization, new 

synthesis routes yielding finer (monodisperse) starting powders are necessary to over-

come the down-scaling limits of the commercially used tape-casting techniques. 

 In the last decades, wet-chemical synthesis routes have received much attention 

since highly pure, nanometer-sized BTO can be formed at low temperatures with con-

trol on the molecular level.[1-10] However, the question how reaction parameters influ-

ence the formation of these particles remains unanswered. 

 In several studies, performed under hydrothermal conditions, it was attempted 

to describe the underlying formation mechanism. Two main pathways have been de-

scribed: (1) in-situ transformation,[11-14] and (2) dissolution-precipitation.[15-20] The first 

model assumes the reaction of Ba2+ ions with TiO2, forming a core-shell structure. Crys-

tallite growth proceeds via the diffusion of Ba2+ through a TiO2 shell until the titania 

core is depleted. The other mechanism is based on the local dissolution of TiO2 into 

hydrolyzed Ti species and the subsequent reaction with Ba2+ ions in their vicinity. 

Although evidence is found in favor of both mechanisms, discrepancies between the 

various studies exist, and comparison remains challenging due to the variation in pre-

cursors and reaction conditions. 

 In this chapter, I report the effect of varying reaction conditions (concentration, 

temperature, water content, and precursor stoichiometry) on the reaction rate and 

mechanism of BTO nanoparticle formation; prepared via alkoxide-hydroxide precipita-

tion in benzyl alcohol under near ambient conditions (see Chapter 2). Coprecipitation 

reactions involve concomitant nucleation, growth, and coarsening processes, in which 

the individual reaction processes are obscured.[21] Moreover, the fundamental difference 

between my nonaqueous synthetic approach and the aqueous hydrothermal syntheses 

of BTO obstructs direct comparison with the reaction mechanisms described above. 

 The amorphous-to-crystalline phase transition of barium titanate was moni-

tored using time-resolved small/wide angle X-ray scattering (SAXS/WAXS) and X-ray 

diffraction (XRD). The effect of varying reaction conditions on the nucleation, crystal-

lization, and growth phenomena during synthesis were derived using form-free and/or 

model independent analysis method of SAXS curves. The rate and extent of crystalline 
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phase formation was found to be predominantly determined by the amount of water 

present. Conversely, for off-stoichiometric precursor ratios a more complex relation-

ship between reaction parameters exists. Besides the total water concentration, also 

changes in diffusion length between Ba2+ ions and Ti atoms were found to control the 

crystallization rate. 

 

 

3.2 Model Independent Data Analysis 

3.2.1 Small-angle X-ray Scattering 

A sample, which is either particulate or bicontinuous (nonparticulate) in nature and at 

the same time exhibits nanometer-range electronic density variations, will scatter pho-

tons from the monochromatic collimated X-ray beam that passes through this sample. 

These density fluctuations may arise from a homogeneous suspension of particles (with 

electron density ) in a solvent matrix of different electron density, 0, or similarly from 

porosity within a particle. The recorded scattering intensity, I(q), is proportional to the 

square of electron density difference, (Δ)2, between the particles and the solvent ma-

trix. Conventionally, I(q) is plotted versus the magnitude of the scattering vector, q, and 

is related to the scattering angle (2θ) and the wavelength (λ) of the incident beam via: 

 





sin
4

q  Eq. (3.1) 

For particulate systems the scattered intensity can be expressed as a product of the 

number density of particles, N, the scattering contrast, (Δ)2, particle volume, V, and a 

single particle form factor P(q). 

   )()( 22 qPVNqI    Eq. (3.2) 

One can also define 22
0 )( VNI    as a convenient parameter to scale the form 

factor against the scattered intensity, since 1)0( qP . Typically, form factors express 

the shape of individual scatterers and the appropriate P(q) functions are derived for a 

variety of simple geometries.[22, 23] Furthermore, more complicate assemblies of particles 

are often referred to as form factors, like e.g. mass-fractal aggregates,[24] or polymer 

coils,[23] as long as the individual assemblies are non-interacting and monodisperse in 
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nature. Here, the entire assembly is treated as a single particle in which the form factor 

describes its internal structure. In a common case (such as considered in here), when 

the shape of particles is approximated by spheres of radius, R the form factor P(q) prod-

uct is expressed as: 
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For polydisperse spherical particles, however, Eq. (3.3) is no longer valid, and the size 

distribution function D(r) has to be included in the expression for the form factor. The 

averaged form factor of spheres is then given by Eq. (3.4): 
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where R  denotes the averaged radius, and σ is the variance of the distribution. The 

parameter d takes either values of 0, 1, or 2. Depending on the value of d, the average 

radius yields the intensity, volume (mass), or number weighted value of R , respectively. 

In such case, I0 is described as  22
0 )( VNI  , where  2V  denotes the distri-

bution-averaged squared volume of a spherical particle, because 10( qP . 

 In order to characterize a system of polydisperse spherical particles, typically, a 

certain form of D(r) is assumed and the values of R  and σ are obtained from fitting the 

expression to the intensity data. The choice of a particular D(r) function is usually lim-

ited to only a small number of mathematical expressions, which may potentially describe 

a given physical phenomenon. In quickly evolving and highly polydisperse systems, a 

simple form of D(r) is often not expected, and multimodal distributions have to be 

considered. A form-free distribution would then be far more useful for that kind of 

particulate systems. This can be achieved by e.g. the structure interference methods and 

their Monte Carlo derivatives.[25, 26] Pauw et al. have recently released a software package 

that allows for the finding of form-free size distribution histograms.[27] 
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3.2.2 Scattering Invariant 

Most of the scattering functions are based on assumptions regarding the particle shape 

(i.e. P(q)). The scattering invariant (or Porod invariant) is only dependent on the total 

scattering volume, and thus remains constant for a given concentration.[28] Conse-

quently, the extent of the total particle volume evolution during synthesis can be mon-

itored. The scattering invariant, Qinv, is determined by: 

   
0

2  )( dqqIqQinv  Eq. (3.5) 

The high intensity measured at low q, caused by scattering of the largest particles (i.e. 

large volume contribution), is thus normalized by multiplying with q2. Additionally, the 

average scattering length L , scattering surface A , and scattering volume (or Porod 

volume) Vp, of the investigated system are determined using the scattering invariant: 
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Although the calculation of the invariant is straightforward, in practice it is difficult to 

measure from q → 0 to q → ∞. If I consider the measured q-range as: qL < q < qH, the 

contributions at qL → 0 and qL → ∞ can be extrapolated using the Guinier approxima-

tion[22] and Porod’s law,[28] respectively. In this manner, good estimates of Qinv can be 

determined. A representation of the number density of the emerging phase (with chang-

ing electron density contrast) is obtained by replacing I0 by  22)( VN   in Eq. (3.8), 

resulting in  VNQ inv
22 )(2  . Subsequent division by I0 leads to: 

  
0

2

4
2

4

1

I

Q
N inv
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3.3 Experimental Section 

3.3.1 Chemicals and Materials 

Titanium (IV) iso-propoxide (Ti[(i-OC3H7)]4), 99.999%), barium hydroxide octahydrate 

(Ba(OH)2·8H2O, 98.0%), and 2-propanol (99.5%) were purchased from Sigma-Aldrich. 

Benzyl alcohol (99.0%) was acquired from Acros. All chemicals were used as-received 

from the suppliers without any further purification. Both titanium (IV) iso-propoxide 

and benzyl alcohol were stored and handled in a water-free environment (< 0.1 ppm 

H2O). 

 

3.3.2 Formation of Crystalline BTO 

Stoichiometric amounts of barium hydroxide octahydrate were added to 0.05-0.2 

mol·dm-3 solutions of titanium (IV) iso-propoxide in benzyl alcohol. While stirring, the 

reaction mixture was heated to 78 ºC. At various time intervals, samples were taken 

from the reaction vessel and thermally quenched to stop the reaction. Subsequently, the 

samples were stored at -18 °C. The samples measured by X-ray diffraction (XRD), were 

centrifuged using a Sigma 1-14 centrifuge at 14800 rpm for 15 min. The supernatant 

benzyl alcohol phase was removed, the sample was rinsed with 2-propanol, dried in air, 

and subsequently measured with XRD. More information on the synthesis can be found 

elsewhere (see Chapter 2).[7] 

 

Influence Reaction Parameters 

The effect of various experimental conditions on the reaction mechanism was investi-

gated at 78 °C by changing the [Ti(OiPr)4] precursor concentration (0.05, 0.075, 0.1, and 

0.2 mol·dm-3), the Ba:Ti ratio (0.5:1, 1:1, and 2:1), and the water content ([H2O]/[Ti] = 

h = 3.5, 7 and 14). Also, the effect of pre-hydrolysis (i.e. water was added to the Ti 

precursor solution prior to Ba(OH)2·8H2O addition) with an equivalent of 14 moles 

H2O per Ti was investigated. 

 

3.3.3 Sample Characterization 

Time-resolved X-ray Diffraction 

The synthesized samples were characterized with X-ray powder diffraction (Cu Kα ir-

radiation) to confirm the formation of the crystalline BaTiO3 phase using an X’Pert 
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Powder Pro (PANalytical, Almelo, The Netherlands) with a 1D PIXcel detector. Scans 

from 2θ = 27-35° of the (110) peak were measured with step sizes of 0.026º and 600 s 

per step. The patterns were further analyzed using the X’Pert Highscore Plus software 

package (version 3.0e). 

 

Time-resolved Small Angle X-ray Scattering (SAXS) 

SAXS experiments were performed on the Dutch-Belgian beam line (BM-26B) of the 

European Synchrotron Radiation Facility (ESRF) in Grenoble, France.[29] The X-ray 

beam energy (16 keV; λ = 0.0776 nm) was positioned on the corner of a 2D Pilatus 1M 

detector to maximize the range of scattering angles. Ag behenate was used to calibrate 

the absolute scattering vector q-range (nm-1) in my experiments. The detector was 

placed at a distance of 1.5 m from the sample, which allowed us to record the effective 

scattering vector magnitude in the range of 0.16 < q < 6.96 nm-1. Samples were meas-

ured in sealed glass capillaries (ø = 1.5 mm; glass no. 50; Hilgenberg, Malsfeld, Ger-

many) at room temperature. The absolute scattered intensity for all samples was cali-

brated with distilled water.[30] The absolute scattered intensity was not determined for 

experiments performed at 45 and 150 °C, and the values for N·(Δ)2, pVA / , and 

L  may deviate slightly. The data were only used to demonstrate the observed trends. 

For all measurements, the scattering of an empty capillary was subtracted as a back-

ground signal. 

 

Particle Size Distribution (PSD) 

Form-free particle size distributions were obtained from the scattering curves using the 

Monte Carlo based software package McSAS.[27] All scattering curves were fitted in a 

range of 0.16 < q < 6.96 nm-1, using a convergence criterion of 5, with 25 calculating 

repetitions, and 200 contributions (see Supporting Information for exemplary fits). 

 

High-Resolution Transmission Electron Microscopy (HR-TEM) 

Samples were investigated by high-resolution transmission electron microscopy (HR-

TEM; Philips CM300ST-FEG) with an acceleration voltage of 285 keV using a Gatan 

Ultrascan 1000 CCD camera and further analyzed using the ImageJ processing software 

package (version 1.47q).[31] 
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Selected-area electron diffraction (SAED) images were acquired with 5-10 s exposure 

time (10 frames) from typical areas of approximately 0.9x0.9 μm2 and 0.2x0.2 μm2 for 

[Ti] ≤ 0.075 mol·dm-3 and [Ti] ≥ 0.1 mol·dm-3, respectively. 

 

 

3.4 Results and Discussion 

3.4.1 General Overview 

The extent of crystalline BTO phase formation was followed by measuring the increase 

of the integrated (110) peak area at 2θ ~31.3°, see Figure 3.1a. As the crystallization 

process started, both the bulk crystalline volume and crystallite sizes increased rapidly, 

after which both reached a plateau. In addition, the combination of SAXS/WAXS al-

lowed also for the monitoring of structural changes in the amorphous stage, yielding 

greater insight in the formation of the crystalline phase. Figure 3.1b shows time-resolved 

SAXS curves for a reaction performed at 78 °C. The correlation peak at q ~2.4 nm-1 

shows an instantaneous shift to q ~1.8 nm-1 upon appearance of a crystalline phase (t = 

20 min; blue curves). After 40 min of reaction, a further shift to q ~1.3 nm-1 is observed 

for the correlation peak. Concurrently, the scattered intensity of the system increased 

by a factor of ~1.4. Extended reaction times showed a further shift of the correlation 

peak to lower scattering angles, until a constant value of q ~0.3 nm-1 was reached. At 

the end of the reaction, the absolute scattered intensity was a factor of ~33 higher than 

at the time of amorphous-to-crystalline transition. Moreover, a large linear regime is 

visible in the range 0.4 < q < 2.7 nm-1. 

 In a Kratky plot (Figure 3.1c), the scattering angle q is plotted versus q2·I(q), 

where the high contribution in scattered intensity of the largest particles (at low-q) is 

normalized. Here, also a distinct difference between the amorphous (black curves) and 

crystalline phase (blue curves) was observed. 

 Integration of the data in Figure 3.1c corrected by the extrapolation based on 

the Guinier approximation for the low-q regime for 0 < q < 0.16 nm-1 and the extrap-

olation based on the Porod law for the high-q regime for 6.96 < q < ∞ nm-1 (see Section 

3.2.2) yielded the scattering invariant, see Figure 3.1d. Initially, a rapid increase of the 

scattering invariant was observed. This increase in total scattering volume is most likely 

related to the growth of crystallites, since a shift of the correlation peak from q ~2.4 to 
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0.3 nm-1 was observed (Figure 3.1b). After t ~450 min, a plateau was reached, and no 

further changes in the scattering volume occurred, implying that further crystallite 

growth did not occur beyond this time. A closer look at Figure 3.1b shows quite differ-

ent slopes in I(q) for q < 0.2 nm-1. The rather steep increase in I(q) during the first 60 

min of the reaction suggests the existence of a large network or gel (with dimensions 

far greater than observable in the measured q-range) in which nucleation and growth of 

crystallites occurred. In the time interval from 75-150 min, however, the slope was ab-

sent, and only small changes in the position of the correlation peak were observed. This 

suggests that the large network ceased to exist and no significant crystallite growth oc-

curred beyond this time. The sharp inclination observed >300 min may be interpreted 

as clustering of crystallites to aggregate sizes beyond the experimental q-range. The pres-

ence of a correlation peak at q ~0.3 nm-1, however, suggests that crystallites did not 

grow further through coalescence, but rather through clustering of discrete crystallites. 

This agrees well with results from a previous study in which no growth beyond 10 nm-

sized crystallites was observed due to the presence of a dense capping layer on the crys-

tallites’ surface (see Chapter 2.3.4). In addition, the near-constant values for Qinv for 

reaction times >300 min proved that no further changes in the scattering volume oc-

curred (Figure 3.1d). 

 

 

Figure 3.1 Time-resolved data obtained from a reaction performed at 78 °C. (a) Evolution of 
(110) peak area; (b) Shift of correlation peak to lower q due to transformation from an amor-
phous (black line) to a crystalline (blue line) phase; correlation peak maxima are indicated by 
arrows; (c) Kratky plot; (d) scattering invariant as a function of time. 
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3.4.2 Nucleation and Growth 

Particle Size Distribution 

Figure 3.2 shows the particle size distribution (PSD) obtained from SAXS curves for 

different initial concentrations. It provides insight in the overall reaction pathway. In 

the early stages of the process, the appearance of a great number of tiny crystallites (1-

3 nm) was observed. These sizes coincide well with the sizes obtained from the corre-

sponding position of the correlation peaks in Figure 3.1b (for 1.3 < q < 2.4 nm-1). As 

the concentration was decreased from 0.2 to 0.075 mol·dm-3, the total number of small-

est crystallites reduced, and crystallization times increased from 20 to 120 minutes, re-

spectively. No crystallization time could be determined for the lowest concentration, 

due to the lack of a sufficient amount of large crystallites. The reduction of the total 

number of smallest crystallites does not only depend on the decrease in concentration, 

but most likely also on the availability of water for hydrolysis. The final crystallite sizes 

(mean value) for 0.05, 0.075, 0.1, and 0.2 mol·dm-3 were 4.0, 5.6, 6.4, and 10.0 nm, 

respectively. 

 

 

Figure 3.2 Particle size distributions obtained by fitting SAXS curves with the McSAS software, 
for experiments performed at 78 °C with a concentration of (a) 0.05; (b) 0.075; (c) 0.1; and (d) 
0.2 mol·dm-3. The time values (in min) denoted with an asterisk correspond to the appearance 
of the crystalline phase in XRD and WAXS. The y-axes are all equally scaled. 
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Phase Formation 

Complementary to the PSD, HR-TEM was used to visualize the size and morphology 

of the synthesized crystallites (Figure 3.3). After 24 h of reaction, only a handful of very 

small crystallites, embedded in an amorphous Ti-based matrix, were formed at 0.05 

mol·dm-3. The amorphous nature of the Ti-based matrix was confirmed with electron 

diffraction (see Figure 3.3a). At 0.075 mol·dm-3 more BTO crystallites were formed, 

however, they were still embedded in an amorphous matrix. Due to the increased 

amount of crystalline material, a polycrystalline diffraction pattern was obtained (see 

Figure 3.3b and Supporting Information). A further increase in concentration led to the 

disappearance of the amorphous network and subsequent growth of the volume frac-

tion of crystalline particles (see Figure 3.3c-d). 

 

 

Figure 3.3 HR-TEM images of BTO prepared at 78 °C for 24 h using various concentrations: 
(a) 0.05; (b) 0.075; (c) 0.1; and (d) 0.2 mol·dm-3. Insets are SAED patterns acquired from typical 
areas as shown in the images; all scale bars are of 4 nm-1 length. 
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MacLaren et al. also observed the consumption of a hydrous Ti gel after prolonged 

heating at 80 °C under hydrothermal conditions,[13] albeit that the Ba precursor in their 

study was dissolved in water, and thus an enormous excess was available for the hydrol-

ysis of Ti. The nano-sized BTO crystals initially formed within the amorphous matrix 

and subsequently coalesced into larger single crystals after the collapse of the gel. Viviani 

et al. observed the growth of spherical crystalline particles (<10 nm) at the expense of 

larger amorphous particles (ca. 100-200 nm).[32] A crystalline phase was only found in 

the sub-10 nm-sized particles. The disappearance of the Ti gel in my samples ([Ti] > 0.1 

mol·dm-3) suggests that crystallite growth also occurs at the expense of the amorphous 

phase. Moreover, prolonged irradiation of the focused electron beam on a single spot 

induced the crystallization of very small BTO crystallites (observed in sample [Ti] = 

0.05 mol·dm-3; data not shown), suggesting that Ba2+ ions were present within the gel 

matrix. Given the porous nature of these hydrolyzed Ti networks, high concentrations 

of adsorbed Ba2+ ions may be expected on the gel’s surface.[13, 33] Favorable conditions 

to crystallize may therefore be dependent on the availability of sufficiently high Ba con-

centrations within the amorphous network.[34] 

 

Scattering Invariant 

The scattering invariant provides access to several parameters that enable a better un-

derstanding of the nucleation and growth process of BTO in benzyl alcohol. The spe-

cific surface area, defined as the ratio between A  and Vp provides a measure of the 

appearance of small nuclei (large pVA / ) and their subsequent growth into larger 

clusters/crystallites (low pVA / ). The number density changes of the emerging new 

phase(s) can be monitored via Eq. (3.9). Figure 3.4 shows an overview of these param-

eters in relation to the average crystallite size and scattering length L , Eq. (3.6). The 

highest measured concentration (0.2 mol·dm-3; Figure 3.4d) shows the rapid emergence 

of a vast number of stable primary clusters, as witnessed by the fast increase in both 

N·(Δ)2 and pVA / , and their subsequent growth. The peak for N·(Δ)2 at ~65 min 

coincides with the disappearance of the gel matrix and the sudden shift of the correla-

tion peak from q ~1.3 to 0.3 nm-1 (Figure 3.1b). Due to the high growth rate, these 

larger 10 nm-sized crystallites are thus most likely formed through the aggregation 

and/or coalescence of smaller crystallites. The rapid decrease implies a strong reduction 

of the contribution of N in the product N·(Δ)2, in which the scattering contrast be- 
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tween the newly evolved phase and the supernatant liquid presumably reached its max-

imum value. Additionally, the fast decay observed for pVA /  at ~105 min also ex-

plains the loss of surface-to-volume ratio due to rapid crystallite growth well. The sur-

face area of as-formed aggregates was still large, due to the surface area contribution of 

the individual crystals. Over time, this contribution was reduced as a result of particle 

smoothening, leading to a decrease of A . The fact that pVA /  decayed ~40 min 

later than N·(Δ)2 may thus be explained by the time necessary to create smooth crys-

tallites. A plateau was reached for both parameters after crystal growth stopped. For the 

lowest concentration (0.05 mol·dm-3; Figure 3.4a) no real nucleation burst of primary 

particles (amorphous or crystalline) was observed. The rather gradual change in specific 

surface area suggests the appearance and dissolution of small (unstable) clusters, until 

their precipitation onto larger (more stable) clusters.[35] However, no (real) growth be-

yond 4 nm-sized (in diameter) crystallites was observed. At intermediate concentrations 

(0.075-0.1 mol·dm-3; Figure 3.4b-c) precipitation and growth of stable crystallites 

through coalescence or Ostwald ripening was favored, and a peak for N·(Δ)2 (Figure 

3.4b-c), albeit less sharp and high than for 0.2 mol·dm-3, was observed. 

 

 

Figure 3.4 Schematic overview of the mean crystallite size (black circles), scattering length <L> 
(black squares), specific surface area <A>/Vp (in nm-1; red line), and the product of particle 
number and scattering density N·(Δ)2 (in nm-7; blue line) for (a) 0.05; (b) 0.075; (c) 0.1; and 
(d) 0.2 mol·dm-3. The dashed vertical lines represent the times of crystallization determined by 
XRD, and serve only as a guide to the eye. 
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Figure 3.5 Schematic overview of the mean crystallite size (black circles), scattering length <L> 
(black squares), specific surface area <A>/Vp (in nm-1; red line), and N·(Δ)2 (in nm-7; blue line) 
for reactions performed at (a) 45 °C; and (b) 150 °C. [Ti] = 0.2 mol·dm-3. The dashed vertical 
lines represent the times of crystallization determined by XRD, and serve only as a guide to the 
eye. 

 

3.4.3 Varying Reaction Conditions 

Temperature Dependence ([Ti] = 0.2 mol·dm-3) 

My previous study on BaTiO3 formation in benzyl alcohol showed that the crystalliza-

tion process was thermally activated (see Figure 2.7). An activation energy for crystalli-

zation of EA = 65.2 kJ·mol-1 was found in the temperature range 45-150 °C. This is 

slightly higher than EA = 55.1 kJ·mol-1 (150-200 °C) found for the crystallization of 

BTO from a hydrothermal reaction using a hydrous amorphous titania precursor.[18] 

Figure 3.5 shows the effect of temperature on the nucleation and phase formation of 

BTO. Changes in temperature affected the rate of crystal water release from the Ba 

hydroxide precursor (zero-th order; see Figure 2.1). Although equal of amounts of water 

are released, the dehydration is faster at higher temperatures, and thus nucleation and 

crystallization rates were affected. At lower temperatures, nucleation and growth took 

place over a longer period of time due to the slower release of water, whereas at high 

temperatures, the reaction proceeded very rapidly. Similar trends found for the reaction 

performed at 78 °C (Figure 3.4d) indicate that the rates of hydrolysis and subsequent 

crystallization and growth are indeed determined by the release rate of water. Moreover, 
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thermogravimetric analysis at various temperatures from my previous study showed that 

the formation of a crystalline phase takes approximately 2 times longer than the dehy-

dration of barium hydroxide octahydrate (see Chapter 2.3.4). 

 

Influence of water ([Ti] = 0.05-0.2 mol·dm-3) 

The concentration of water present in the system has a profound influence on the man-

ner in which the reaction proceeds. An excess of water may lead to uncontrolled pre-

cipitation and growth of crystallites,[36, 37] while a lack of water may result in no reaction 

at all. The barium hydroxide octahydrate precursor was used for the controlled release 

of 7 moles of water per mole of Ba during heating (i.e. independent of the starting con-

centration). Thus, the reduction of the overall Ti precursor concentration from 0.2 to 

0.05 mol·dm-3 effectively reduced the overall water concentration in the system from 

2.46 to 0.63 vol%, respectively, while keeping h = [H2O]:[Ti] = 7. The zero-th order 

dehydration reaction of the Ba precursor ensured equal water release rates for all inves-

tigated concentrations, although the total water concentration available for hydrolysis 

was 4 times higher for 0.2 mol·dm-3 than for 0.05 mol·dm-3. Figure 3.6a shows that an 

increased Ti concentration led to reduced crystallization times and increased mean crys-

tallite sizes (red and black squares, respectively). From Figure 3.6a it is evident that not 

the ratio [H2O]:[Ti], but rather the total water concentration determines the rate of crys-

tallization (also see Table 3.1 for an overview of all reaction conditions and crystalliza-

tion times). To investigate this issue further, two additional experiments were per-

formed: (1) the water content of a reaction performed with [Ti] = 0.1 mol·dm-3 was 

carefully adjusted from 1.25 to 2.46 vol% (h = 7 to 14, respectively); (2) a reaction was 

performed with [Ti] = 0.4 mol·dm-3 (4.80 vol% H2O; h = 7). The influence of the in-

crease of h by a factor 2, and the influence of the total water concentration on the 

crystallization time, respectively, was determined. In both experiments it was found that 

a crystalline phase started to appear after ~20 min. Thus, independent of the precursor 

concentration and h, comparable times for crystallization were found as for [Ti] = 0.2 

mol·dm-3. Above a critical water concentration of 2.46 vol%, the crystallization pro-

ceeded seemingly via a zero-th order reaction rate, corresponding to the dehydration 

rate of barium hydroxide octahydrate. Moreover, crystallization was not affected by the 

shorter diffusion length of the reactive species for [Ti] = 0.4 mol·dm-3 compared to 0.2 

mol·dm-3. 
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Table 3.1 Overview of the influence of reaction conditions on the crystallization time. 
 

Concentration 
[mol·dm-3] 

[Ba]:[Ti] 
[-] 

H2O added h 
[-] 

H2O concentration 
[vol%] 

Crystallization time 
[min] 

0.05 1 - 7 0.63 n.d. 
0.075 1 - 7 0.94 120 
0.1 1 - 7 1.25 40 
0.2 1 - 7 2.46 20 
0.1 1 Yes 14 2.46 22 
0.4 1 - 7 4.80 20 
0.2 2 - 14 4.80 10 
0.2 0.5 - 3.5 1.25 > 720 
0.2 0.5 Yes 7 2.46 40 
0.2 0.375 Yes 7 2.46 123 

  n.d.: not determined 

 

 

Figure 3.6 Influence of the overall volume percentage of water on the crystallization time and 
final mean crystallite size (determined by PSD from SAXS curves). (a) Varying concentration 
([Ti] = 0.05-0.2 mol·dm-3); (b) precursor stoichiometry Ba:Ti = 2:1 (with [Ti] = 0.2 mol·dm-3. 
Note: the crystallization time of [Ti] = 0.05 mol·dm-3 in (a) could not be determined. 

 

This implies that the gel formation rate (through subsequent hydrolysis and condensa-

tion reactions) is rate-limiting, rather than the flux or diffusion of Ba2+ ions. For [Ti] = 

0.1 mol·dm-3, below the water threshold, the amorphous network formation was im-

peded by the lower supply of water. Although the hydrolysis and condensation reactions 

are expected to be very rapid in the presence of water,[36] the diffusion of water mole-

cules towards to reactive Ti species was limiting the reaction rate. The crystalline phase 

was formed after 40 min; exactly twice as long as for [Ti] = 0.2 mol·dm-3. At [Ti] < 0.1 
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mol·dm-3, the time of crystal formation was not linearly related to the precursor con-

centration. Hence, the crystallization reaction was presumably limited by both the dif-

fusion rate of water molecules and of Ba2+ ions.  

 

Influence Ba:Ti Stoichiometry ([Ti] = 0.2 mol·dm-3) 

An increased Ba:Ti ratio of 2:1 (4.80 vol% H2O; h = 14) had no significant effect on the 

final crystallite size (Figure 3.6b; black circle), but it reduced the crystallization time 

from 20 to 10 min (red circle), respectively. Although an excess of Ba was present, only 

an equimolar amount participates in the BTO formation reaction. Since the water con-

centration is sufficiently high, the reduction in crystallization time was thus linked to 

the decrease of the diffusive path length of Ba2+ ions. In later stages of the reaction, the 

excess of Ba resulted in the formation of secondary phases, such as BaCO3. 

 The more water lean conditions when Ba:Ti = 0.5:1 (1.25 vol% H2O; h = 3.5) 

led to a crystallization time >720 min (Table 3.1). Although the water concentration 

was equal to that in a stoichiometric reaction performed at [Ti] = 0.1 mol·dm-3, the 

crystallization was significantly slower. The crystallization rate is determined by a corre-

lation between the water concentration, h, precursor stoichiometry and flux of water, 

rate of gel formation, and flux of Ba2+ ions, respectively. To clarify this relationship, the 

water concentration in reaction mixtures with two sub-stoichiometric Ba:Ti ratios, 

namely 0.5:1 (1.25 vol% H2O; h =3.5) and 0.375:1 (0.94 vol% H2O; h = 2.6), was care-

fully adjusted to 2.46 vol% (i.e. the water amount normally present for Ba:Ti = 1:1; h = 

7). Effectively, both reactions should yield an equivalent amount of BTO as performed 

under stoichiometric conditions using [Ti] = 0.1 and 0.075 mol·dm-3, respectively. My 

hypothesis was confirmed by the near-identical reaction rates that were found for the 

water-adjusted reactions compared to the latter reactions performed under stoichio-

metric conditions (see Table 3.1). Provided that sufficient water is supplied for hydrol-

ysis and gel formation, the crystallization times are determined predominantly by the 

lower flux of Ba2+ ions and the longer diffusion length towards the Ti atoms. 

 

3.4.4 Rate-limiting Regimes 

An overview of the dependencies of the investigated reactions conditions on the rate-

limiting regimes for crystal formation is presented in Figure 3.7. Three regimes have 

been identified in which (1) the gel formation (red area), (2) the water or Ba2+ flux (blue 
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area), and (3) a combination of both (green area) are the rate-limiting factors. For reac-

tions performed under stoichiometric precursor ratios, the crystallization rate is deter-

mined by the amount of water and the rate at which it is released from the barium 

hydroxide octahydrate. For [Ti] ≥ 0.2 mol·dm-3 sufficient water is provided by the Ba 

precursor and crystal formation is limited by the dehydration of the Ba precursor, and 

thus the rate of gel formation. At lower concentrations, the distance between water 

molecules to the reactive Ti atoms, and thus the diffusion of water, rather than the 

formation of an amorphous network is rate-limiting. 

 For reactions performed with off-stoichiometric precursor ratios, the rate of 

crystallization is not only determined by the absolute water concentration, but also by 

h. The hydrolysis and condensation reactions are severely impeded at h < 7. In addition, 

variations in the Ba:Ti ratio change the diffusion length of Ba2+, and thus also influence 

the rate at which crystals are formed. 

 

 

Figure 3.7 Overview of rate-limiting regimes for reactions performed under (a)-(b) stoichio-
metric, and (c)-(d) off-stoichiometric precursor conditions. The red, blue, and green areas rep-
resent the regimes in which the gel formation rate, water concentration, and a combination of 
both are the rate-limiting conditions, respectively. The red circles indicate the reactions per-
formed with adjusted water concentrations. 



Kinetics of Barium Titanate Nanocrystal Formation in Benzyl Alcohol 69

 

3.5 Conclusions 

The reaction mechanism and kinetics of BTO phase formation in benzyl alcohol at 

temperatures below 78 °C were elucidated successfully by employing time-resolved 

SAXS and XRD measurements. The effect of precursor concentration, reactant stoi-

chiometry, and temperature on the amorphous-to-crystalline transformation was de-

scribed in detail. It was established that BTO nanocrystal formation is a thermally acti-

vated process.  

 For stoichiometric reactions ([Ba]:[Ti] = 1; h = 7) performed at 78 °C, the total 

amount of water released from the barium hydroxide octahydrate precursor was the key 

factor in the rate of crystalline phase formation. Sufficiently high water concentrations 

enabled a quick succession of the nucleation, crystallization, and growth events. The 

rate of BTO nanocrystal formation was only limited by the dehydration rate of the Ba 

precursor, and thus by the formation of an amorphous gel network. Water lean condi-

tions resulted in impeded gel formation and only a gradual nucleation, growth, and crys-

tallization process was observed.  

 For reactions performed under off-stoichiometric precursor ratios, not only the 

total water concentration, but also h determined the reaction rate. In addition, it was 

found that the changes in the diffusion length between Ba2+ ions and the reactive Ti 

atom affected the kinetics. 

 A better understanding of the effect of modified reaction parameters on the 

synthesis of nanocrystals enable to set up elementary boundary conditions for improved 

control over the reaction. 
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3.7 Supporting Information 

3.7.1 Particle Size Distribution with McSAS Software Package 

 

 

Figure S3.1 Examples of scattering curves fitted with the McSAS software package,[S1] and the 
corresponding particle size distributions for a synthesis performed at 78 °C. Samples taken at 
different time intervals: (a)-(b) t = 4 min, and (c)-(d) t = 1440 min, respectively. 

 

3.7.2 Selected-Area Electron Diffraction 

 

Figure S3.2 Selected-area electron diffraction (SAED) pattern acquired with 5 s exposure time 
(10 frames) from an area of approximately 0.2x0.2 μm2 (at 285 keV). Polycrystalline BTO was 
formed at 78 °C using [Ti] = 0.2 mol·dm-3. The corresponding crystal lattice planes are pre-
sented. 
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4 
The Low-Temperature Synthesis of Proton 

Conducting Yttrium-doped Barium Zirconate 

– A Structural Characterization 
 

 

 

Abstract 

Proton conducting yttrium-doped barium zirconate was prepared via a low-temperature 

wet-chemical synthesis in benzyl alcohol. The synthesis yielded a highly sinter-active 

nano-crystalline phase, and densification was achieved at much lower temperatures than 

for bulk samples. A maximum density of 95.6 % was achieved after sintering for 24 h 

at 1350 °C. Although no secondary phases were formed after sintering, yttrium segre-

gation at the grain boundaries was observed with transmission electron microscopy. 

Furthermore, a lack of grain growth during sintering, resulting in a large grain boundary 

contribution on the total proton conductivity was recorded. A maximum proton con-

ductivity of 1.6·10-4 S·cm-1 was achieved at 600 °C in wet H2 atmosphere. 
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4.1 Introduction 

Perovskite oxide materials (ABO3) have attracted considerable attention since Iwahara 

et al. discovered high proton conductivity in some members of this family in the 1980s.[1] 

In particular, B-site doped barium cerates (BaCexM1-xO3-δ) and barium zirconates 

(BaZrxM1-xO3-δ) respectively, where M = Y, La, Sc, Yb, Gd) are among the most thor-

oughly investigated ones. Although doped barium cerates have superior proton con-

ducting properties over zirconates and are of comparable mechanical strength, their 

chemical instability in CO2 containing atmospheres, i.e. easy formation of BaCO3,
[2] fa-

vors the use of doped barium zirconates. This ceramic material is a promising candidate 

as electrolyte material in fuel cells operating at intermediate temperatures (500-700 

°C).[3, 4] 

 A high proton conductivity can be obtained by introducing dopants of lower 

valency such as Y3+ ions onto regular 4+ lattice sites. Point defects with a negative 

effective charge are thus formed and oxygen vacancies are incorporated into the perov-

skite lattice due to charge compensation.[5, 6] Exposure of the formed yttrium-doped 

barium zirconate (BZY) to humid atmospheres then results in the formation of hy-

droxyl defects, see Eq. (4.1), and thus in a pathway for proton transfer. 

 
  OO

x
O2 OH 2VOOH  Eq. (4.1) 

where, x
OO , 

OV , and 
OOH are the oxygen atoms in the crystal lattice, the oxygen va-

cancies, and hydroxyl defects, respectively. Protons are transferred either via hydrogen 

bond formation and cleavage of the oxygen-hydrogen bonds in the lattice due to rota-

tional movement and reorientation (Grotthuss mechanism),[7, 8] or via a ‘vehicle’ mech-

anism. In the latter mechanism, the protons are transported with bigger species, e.g. 

with water in the form of H3O+. The conductivity is then dependent on the diffusivity 

of the ‘vehicle’ species.[7-9] 

 The refractory nature of BZY ceramics contributes to processing challenges 

due to the very high sintering temperatures (1600-1700 °C) that are needed to obtain 

fully dense bodies. Therefore, finding suitable anode supports that can withstand these 

high temperatures without degradation remains a challenge. Furthermore, the materials 

properties are closely related to the synthesis method and its subsequent heat treatment, 

and many attempts have been made to improve either of these steps in order to lower 
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the sintering temperature. Sintering aids, e.g. ZnO and NiO, are commonly used in the 

solid state reaction of BaCO3, ZrO2, and Y2O3 to form BZY.[10-15] These sintering aids 

form sub-phases, and liquid phase sintering and densification is observed at tempera-

tures of approximately 200-300 °C lower than without the use of sintering aids.[14] How-

ever, only small amounts (< 1 at%) can be used without affecting the conductivity of 

the samples,[12, 13] due to the diffusion of the sub-phases into the grain boundary (GB). 

Other sintering aids such as TiO2, MgO, Mo, Al2O3, and Bi2O3 have been tested, but 

also resulted in an increased activation energy.[16] 

 As an alternative to solid state syntheses, wet-chemical synthesis routes, such 

as a reversed micellar process,[2] sol-gel methods,[17-19] and chemical solution precipita-

tions[20] are described. Although nano-crystalline ceramics are obtained at relatively low 

temperatures when employing the wet-chemical syntheses, it is quite problematic to 

obtain a pure single phase at these temperatures,[2] and higher temperatures are often 

needed. Depending on the synthesis route, the additional heat treatment may lead to 

BaO evaporation.[10, 11] The resulting A-site deficiency may then cause the formation of 

secondary phases such as BaCO3, Y2O3, and ZrO2 at the grain boundaries,[3, 10, 12] alt-

hough this is not always observed.[11] Also, yttrium incorporation on the A-site is ob-

served. The cubic perovskite structure is maintained due to charge compensation from 

loss of oxygen vacancies,[21] according to: 

 
  Ba

x
O32O

x
Ba Y 2OBaO 2OYVBa 2  Eq. (4.2) 

where x
BaBa and 

BaY are the barium atoms in the lattice and the yttrium atoms incorpo-

rated on the A-site, respectively. Conductivity thus decreases as a result of reduction in 

the oxygen vacancy concentration, as shown in Eq. (4.2). To compensate for possible 

barium deficiency on the A-site, an excess of BaCO3 is often added on top and around 

of a BZY pellet during the sintering step.[8, 22] Table 4.1 gives an overview of the effect 

of various synthesis routes and sintering conditions on the final density and conductiv-

ity. It is evident that low synthesis and processing temperatures (while keeping full con-

trol over the stoichiometry) are paramount to obtain high quality ceramics suitable for 

fuel cell applications. Here I describe a low-temperature synthesis of nano-crystalline 

BaZr0.8Y0.2O3-δ (BZY20) and its full characterization and structural development. I ob-

served that the synthesized nano-crystalline powders are highly sinter-active and dense 

bodies (rel = 95.6 %) were obtained at relatively low sintering temperatures. By carefully 
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controlling the reaction conditions, the evolution of secondary phases was suppressed. 

However, yttrium enrichment at the grain boundaries was observed. 
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4.2 Experimental Section 

4.2.1 Chemicals and Materials 

Zirconium (IV) n-propoxide (Zr[(OC3H7)]4), 70 w/w% in propanol) and yttrium (III) 

iso-propoxide (Y[(OC3H7)]3), 25 w/w% in toluene) were purchased from Alfa Aesar 

GmbH and ABCR GmbH & Co. KG, respectively. Benzyl alcohol (> 99.0 %), 2-pro-

panol (99.5 %), and barium hydroxide octahydrate (Ba(OH)2·8H2O, > 98.0 %) were 

acquired from Sigma-Aldrich. All chemicals were used as received from the suppliers 

without any further purification. Due to their high reactivity, the zirconium (IV) n-

propoxide and yttrium (III) iso-propoxide solutions were stored and handled in a water-

free environment (< 0.1 ppm H2O). 

 

4.2.2 Synthesis of Nano-crystalline BZY20 

Metal-alkoxide Precursor Solution 

A solution of 0.2 mol·dm-3 zirconium (IV) n-propoxide in benzyl alcohol was prepared. 

While stirring, a diluted solution of yttrium (III) iso-propoxide in 15 mL toluene was 

added to this solution so that the resulting ratio [Zr] to [Y] was 4:1, and a clear yellowish 

solution was obtained. Due to the extreme reactivity of yttrium (III) iso-propoxide, the 

reaction vessel was heated to 150 °C and subsequently cooled to RT in water-free envi-

ronment to remove all trace amounts of water. The solution was stirred in inert atmos-

phere for 2 h to ensure good mixing of the metal alkoxide precursors. The stabilized 

solution was then sealed and subsequently transferred to atmospheric conditions, where 

it was heated for 4 h and 24 h at 100 °C under reflux conditions. The samples are 

denoted BZY1 and BZY2, respectively. After full ligand exchange (see Chapter 2), the 

mixture was cooled down to room temperature. 

 

Reflux Synthesis 

A stoichiometric amount of barium hydroxide octahydrate was added to the cooled 

precursor solution under vigorous stirring, so that the resulting molar ratio was Ba:Zr:Y 

= 5:4:1. Subsequently, the reaction mixture was heated under atmospheric conditions 

in an oil bath and kept at 150 °C for 20 h (BZY1) or 48 h (BZY2), respectively, under 

refluxing conditions. Barium zirconate (undoped), BaZrO3 (BZ), was synthesized as a 

phase reference sample under the same conditions as mentioned above. A stoichio-

metric ratio of [Ba] and [Zr] was used. 



80 Chapter 4

 

Drying of As-synthesized Powder 

The as-synthesized powder was centrifuged using a Heraeus Labofuge 300 for 15 min 

at 8000 rpm. The benzyl alcohol phase was removed by decantation and replaced with 

15 mL of 2-propanol. Subsequently, the as-prepared powder was re-dispersed in 2-pro-

panol and centrifuged again for 15 min at 8000 rpm. The abovementioned procedure 

of solvent replacement and re-dispersion was followed again. Finally, the dispersion of 

as-synthesized BZ or BZY powder in 2-propanol was poured into a petri dish and dried 

in an oven at 100 °C for 12 h. The dried powders were then heat treated for 24 h at 250, 

450, 850, and 1000 °C in air, with heating and cooling rates of 5 °C·min-1. Below 1000 

°C, no significant structural differences between BZY1 and BZY2 were observed. 

 

4.2.3 Powder Characterization 

X-ray Diffraction (XRD) 

Samples were measured with X-ray powder diffraction to confirm the formation of 

barium zirconate, the incorporation of yttrium in the lattice for the BZY samples, and 

for a possible secondary phase formation using a PANalytical X’Pert Pro with a PIXcel 

1D detector (PANalytical, Almelo, The Netherlands). Samples were typically measured 

from 2θ = 20-90°, with step sizes of 0.026° and 400 s per step. The patterns were further 

analyzed using the X’Pert Highscore Plus software package (version 3.0e). ICDD-card 

# 06-0399 was used as a reference for the determination of the lattice parameters. 

 

Thermogravimetric Analysis & Differential Scanning Calorimetry 

Samples were measured using a Netzsch STA 449 F3 simultaneous TGA/DSC (Ne-

tzsch, Selb, Germany). Information on the amount of water adsorption, amorphous 

phase, organic residues and crystallization temperature could be derived by heating the 

samples in Pt cups at a constant heating rate of 5 °C·min-1 to 900 °C in air (N2/O2 = 

80/20) or dry nitrogen. 

 

Dilatometry 

The densification behavior of powders annealed for 24 h at 450 °C were measured using 

a Netzsch DIL 402C Dilatometer (Netzsch, Selb, Germany). The samples (pellets) were 

heated at a constant rate of 2 °C·min-1 to 1350 °C, and held at this temperature for 24 

h. Then, the samples were cooled to RT at 2 °C·min-1. Prior to the measurement, the 
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samples were filtered using a 125 µm sieve, and pellets of the filtered powders (diameter 

10 mm) were first uniaxially and subsequently isostatically pressed for 3 min at 500 bar 

and 6 min at 4000 bar, respectively. The green and final density of the pressed and 

sintered pallets, respectively, were determined by the water displacement method. 

 

Electron Microscopy 

A top-view of a polished sample was investigated by scanning electron microscopy (HR-

SEM; Zeiss Merlin at 1.4 kV). The sample was polished using Minimet 1000 with a 

Trident™ ø 73 mm PSA microcloth disc (Buehler, Lake Bluff, USA) for 60 min at 50 

rpm, and subsequently annealed for 1 h at 1250 °C in N2 (heating and cooling rates of 

2 °C·min-1). Grain boundary regions were investigated with high-resolution transmis-

sion electron microscopy (HR-TEM; Philips CM300ST-FEG) with an acceleration volt-

age of 300 keV using a Gatan Ultrascan 1000 CCD camera. Selected areas were analyzed 

with energy-dispersive X-ray spectroscopy (EDX) using an acceleration voltage of 280 

keV (acquisition time of 100 s). An ellipsoid-shaped beam (~2.2 nm width; 10-15 nm 

length) was created by astigmatism, in order to measure a complete grain boundary. For 

quantification, the Zr-K and Y-K lines, and Ba-L line at approximately 15.7, 14.9, and 

32.1 keV, respectively, were used. 

 

Proton Conductivity Measurements 

The proton conductivity of selected samples was measured using electrochemical im-

pedance spectroscopy (EIS). Samples were measured from 1 MHz to 1 Hz with an ac 

voltage amplitude of 50 mV, using an Autolab PGSTAT 128N (Metrohm Autolab B.V., 

Utrecht, The Netherlands). Au electrodes were applied using gold paste (MaTeck con-

ducting paste 85-Au, Jülich, Germany), and subsequently annealed in static air at 900 

°C for 2 h (heating and cooling rates of 2 °C·min-1). Samples were measured in a tem-

perature range of 450-600 °C in wet H2 atmosphere (H2/N2 = 3/97; pH2O = 0.030 

atm). 
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4.3 Results and Discussion 

4.3.1 Synthesis of BZ and BZY20 

The incorporation of yttrium in the barium zirconate lattice is crucial to create the oxy-

gen vacancies necessary for good proton conductivity. Figure 4.1a shows XRD patterns 

of BZ and BZY annealed at temperatures between 150-1000 °C. Except for a minor 

BaCO3 impurity, observed in some of the samples, no secondary phases were formed. 

Furthermore, the peaks of the as-prepared BZY are shifted to lower diffraction angles 

compared to as-prepared BZ, indicating that yttrium is fully incorporated in the lattice. 

For increasing annealing temperatures, a shrinkage of the lattice volume (i.e. peak shift 

to higher diffraction angles) and minor crystallite growth was observed (see Figure 4.1b). 

In addition, the lattice volume of the synthesized BZY is significantly larger than found 

for prepared and bulk BZ powders. The fact that my prepared BZ has larger lattice 

parameters than the reported bulk value (ICDD-card # 06-0399) may indicate the in-

corporation of internal pores or OH defects, which are an intrinsic effect of the alkox-

ide-hydroxide precipitation method. Small nano-sized pores were also found in BaTiO3 

grains prepared using a similar synthetic pathway.[23] Although normally undesirable, 

these additional hydroxyl defects may lead to enhanced proton conduction, as more 

sites are available for proton transport than normally achieved by only doping with 

lower valency ions. Cervera et al. utilized this phenomenon beneficially in the double-

alkoxide synthesis of a fully hydrated BaScO2(OH) perovskite,[24] and reported the high-

est proton conductivity so far (1.7·10-2 S·cm-1 at 500 °C). 

 

4.3.2 Effect Heat Treatment 

Thermogravimetric Analysis 

The as-prepared and annealed samples were further analyzed using a combination of 

thermogrivametric analysis (TGA) and differential scanning calorimetry (DSC), see Fig-

ure 4.2. For samples heat treated < 250 °C a significant mass loss was observed at ~420 

°C, which can be attributed to the oxidation of organic residues. The additional mass 

loss at approximately 240 °C is only found for the as-prepared samples, and is related 

to the loss of phenylmethoxy ligands (i.e. from the parent alcohol) attached to the par-

ticles (see Chapter 2). 
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Figure 4.1 (a) XRD patterns of as-prepared and annealed BZY20 powders. As-prepared BZ 
sample is added as a reference. (b) The effect of annealing temperature on the cubic mpm 3  
cell parameters and crystallite size of the synthesized BZY20. The dotted/dashed lines represent 
the a-axis length of BZ synthesized using the described synthesis and annealed for 24 h at 1000 
°C, and of bulk BaZrO3 (ICDD-card # 06-0399), respectively. 

 

 

Figure 4.2 (a) Thermogravimetric and (b) calorimetric analysis of an as-prepared sample and 
samples heat-treated in synthetic air (N2/O2 = 80/20) for 24 h at temperatures between 250-
1000 °C, respectively. 
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Figure 4.3 Densification behavior of BZY20 sample heated at 1350 °C for 24 h with heat-
ing/cooling rates of 2 °C·min-1. The ‘bump’ observed in the heating stage (600-1000 °C), could 
be the result of a reorganization of the pore structure. 

 

 

Figure 4.4 XRD patterns of BZY1 and BZY2 after sintering for 24 h at 1350 °C in N2 atmos-
phere. No secondary phases were observed. 

 

Dilatometry & Sintering 

The densification behavior of samples heat-treated for 24 h at 450 °C was determined 

using dilatometry, as shown in Figure 4.3. A final density of rel = 95.6% was achieved 

after sintering the nanocrystalline BZY for 24 h at 1350 °C. In the low temperature 

regime of approximately 120-350 °C a slow linear densification is observed, which re-

sulted in a relative density increase of ~3 %. The heating stage between 350 and 1000 

°C is characterized by a ‘bump’ and an increased densification of ca. 12 %. The latter 
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may be due to the reorganization of the pore structure within the material, curing, or 

perhaps the dehydration of the sample (as observed with TGA). 

 Compressed pellets of BZY1 and BZY2 were sintered for 24 h at 1350 °C in 

N2 atmosphere with an excess BZY powder to prevent Ba evaporation. X-ray diffrac-

tion showed that the pellets were composed of phase pure BZY; no secondary phases 

were present after the heat treatment (see Figure 4.4). Remarkably, only minor crystallite 

growth was observed for both samples. Final crystallite sizes of 43 and 40 nm, respec-

tively, were determined from the peak broadening of the (110) peak using the Scherrer 

equation. The calculated lattice parameters agree well with the plateau value of approx-

imately 4.21 Å as presented in Figure 4.1b. 

 

 

Figure 4.5 Electron microscopy images of a BZY2 pellet annealed for 24 h at 1350 °C in N2. 
(a) HR-SEM of polished (bulk) sample; (b) HR-TEM of a grain boundary region. 
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Scanning electron microscopy revealed that the interior of the pellet (= bulk) consisted 

of particles ranging 10-120 nm in diameter (Figure 4.5a). The average crystallite sizes, 

calculated from the XRD patterns, were thus determined mainly by the much larger 

volume of the larger crystallite fraction, rather than by the more common smaller frac-

tion. The presence of the ultrafine grains accounts for a significant GB surface area, and 

may thus have a negative effect on the overall proton conductivity (i.e. large grain 

boundary contribution). HR-TEM showed that the GB region is free of defects (Figure 

4.5b), and a sharp transition between the crystal planes of two adjacent crystallites was 

observed. Besides the large GB surface area, the formation of a space charge layer may 

have a negative effect on the GB conductivity. A positive GB core can be formed due 

to oxygen vacancy segregation, and consequently, acceptor dopant accumulation.[25] 

This leads to a depletion of protons in its vicinity.[26, 27] The degree to which this occurs 

is influenced by the sintering conditions and the dopant mobility under these condi-

tions.[25] 

 

 

Figure 4.6 (a) HR-TEM image of grain boundary region after sintering for 24 h at 1350 °C in 
N2. (b) The Y concentration in the ellipsoid-shaped areas in (a) measured with EDX. The dotted 
lines indicate the average Y concentration at the GB and grain interior, respectively, measured 
from at least 5 different regions. (c) EDX spectra obtained from the GB (red line) and grain 
interior (black line), respectively. 
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Energy-dispersive X-ray spectroscopy (EDX) on various grain boundaries and grain 

interiors showed that a subtle Y accumulation at the GB occurred (see Figure 4.6). Due 

to the standard measurement error and the small number of investigated GBs, the ab-

solute values may deviate from the real value. However, for all measured areas a slight 

Y enrichment was found at the grain boundary. 

 

4.3.3 Performance 

The proton conduction of the sintered pellets was measured during cooling from 600-

450 °C in wet atmosphere (3% H2 in N2; pH2O is 0.030 atm). Typical impedance spec-

tra, obtained in this temperature range, are presented in Figure 4.7. Prior to fitting the 

recorded impedance spectra with the ‘Equivalent Circuit for Windows’ software pack-

age,[28] the data were validated using the Kramers-Kronig transformation test.[29] From 

the fitted curves, the conductivity was calculated according to: 

 AR

d


  Eq. (4.3) 

where, d and A are the sample thickness, and electrode surface area, respectively. R is 

either the bulk, GB, or total resistance. 

 

 

 

Figure 4.7 Typical Nyquist representation of the BZY impedance spectra measured in the range 
of 450-600 °C. Data were fitted according to the shown equivalent circuit. 
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Table 4.2 Proton conductivity measured at 600 °C and activation energies. 

 

Sample Conductivity [S·cm-1] Activation Energy [eV] 
 Bulk GB Total GB Total 

BZY1 9.4·10-4 1.4·10-4 1.2·10-4 0.84 ± 0.03 0.79 ± 0.02 
BZY2 9.3·10-4 2.0·10-4 1.6·10-4 0.70 ± 0.02 0.65 ± 0.03 

 

 

Figure 4.8 Arrhenius representation of: (a) the bulk and grain boundary conductivity; (b) the 
total proton conductivity for BZY1 (black squares) and BZY2 (red circles), respectively. Both 
samples have a relative density of approximately 94 %. 

 

An overview of the maximum conductivities, measured at 600 °C, is presented in Table 

4.2. Although the bulk conductivity is near the reported values in Table 4.1, the total 

conductivity was mainly determined by the low GB conductivity. The slight distortion 

in the semicircle, observed in the Nyquist plot (Figure 4.7), may be related to inhomo-

geneities in the sample’s composition (e.g. secondary phases) or the microstructure.[26] 

Since the total amount of secondary phases was below the XRD detection limit, it is 
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unlikely that they caused the distortion. The effect may rather be explained by the large 

GB area due to the presence of many ultrafine grained crystallites, and the observed Y 

enrichment at the GB. Based on the current measurements, however, it cannot be con-

cluded which of the two is predominantly governing the low GB conductivity. Figure 

4.8 shows the Arrhenius representation of the measured bulk, GB, and the total con-

ductivity. The bulk conductivity for the BZY1 and BZY2 samples are equal above 500 

°C. At 450 °C, an increase of the bulk conductivity was observed for both samples. 

Although the nature of this increase was not investigated, hydration (i.e. water uptake) 

of the proton conducting oxide, and consequently hydroxyl formation are thermody-

namically more favorable at lower temperatures.[3] The GB and total conductivity of 

BZY2 are higher than that of BZY1 in the measured temperature range. Also, the acti-

vation energy for both the GB and total conductivity, calculated from the slope, is lower 

for BZY2 (see Table 4.2). Most likely, this is related to the longer time the Zr and Y 

precursor were mixed prior to the reaction (24 h versus 4 h, respectively), resulting in a 

more homogeneous dopant distribution. The activation energies correspond well with 

the reported values in literature.[2, 11, 30] 

 

 

4.4 Conclusions 

The low-temperature synthesis of proton conducting yttrium-doped barium zirconate 

in benzyl alcohol was presented. Due to the nano-sized grains, rapid densification was 

observed at lower temperatures than common used during solid state sintering. A max-

imum relative density of ~95.6% was achieved after sintering for 24 h at 1350 °C. The 

as-sintered material exhibited defect-free grain boundaries, with a sharp transition be-

tween two adjacent grains. The total conductivity was mainly determined by the grain 

boundary contribution, which was caused by the Y enrichment at the grain boundaries 

and the presence of ultrafine grains (10-20 nm) after the sintering procedure. A maxi-

mum proton conductivity of 1.6·10-4 S·cm-1 was achieved at 600 °C in wet H2 atmos-

phere. Longer precursor intermixing resulted in a more homogeneous dopant distribu-

tion, and consequently in a lower activation energy and higher grain boundary conduc-

tivity. 
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5 
A Facile Method for the Density Determination of 

Ceramic Thin Films using X-ray Reflectivity* 
 

 

 

 

 

Abstract 

A fast and non-destructive method based on X-ray reflectivity was developed to deter-

mine the density of sol-gel derived ceramic thin films, without prior assumptions on the 

microstructure of the system. The thin film density is calculated from the critical angle 

θc, i.e. the maximum angle at which total external reflection is still observed, which be-

comes increasingly difficult for imperfect films. I propose a simple numerical approach, 

instead of laborious fitting procedures, to determine the thin film density. A pseudo-

critical angle, θpc, was defined by the first minimum in the 3rd derivative of the reflec-

tivity curves. The measured samples were compared with calibration curves obtained 

from simulations with changing film densities. Although the absolute positions of θc 

and θpc are different, similar shifts are observed with changing density. The accuracy of 

the described method was validated by determining the density of single crystal sub-

strates (rel = 100%) and by Rutherford backscattering spectroscopy in combination 

with scanning electron microscopy. Varying sample size, film thickness, and film/inter-

face roughness of yttria-stabilized zirconia films were found to have no influence on 

the final calculated density. 

 

                                                      
* This chapter has been published in: S.A. Veldhuis, P. Brinks, T.M. Stawski, O.F. Göbel, and 
J.E. ten Elshof, Journal of Sol-Gel Science and Technology 2014, 71, (1), 118-128. 
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5.1 Introduction 

Material properties of thin films are strongly affected by their microstructure, and for 

many applications it is crucial to optimize the deposition and thermal treatment condi-

tions to control parameters such as film thickness, crystallinity and orientation, density, 

and surface roughness. Most of these parameters can be quantified by standard analyt-

ical techniques such as scanning and transmission electron microscopy (SEM/TEM), 

X-ray diffraction (XRD), and atomic force microscopy (AFM). However, the density of 

thin films is difficult to quantify experimentally. In this chapter, I propose a simple and 

accurate method to determine the film density of ceramic thin films. The method, based 

on well-established and easily accessible techniques, is demonstrated by the experi-

mental determination of the density of single crystals and polycrystalline thin films. 

There are several known methods of density determination, each with their own ad-

vantages and disadvantages as outlined below, but the method I propose here is appli-

cable to all types of ceramic thin films, and is even suitable for use on a routinely basis 

by virtue of its simplicity, while it does not require prior knowledge of the microstruc-

ture of the system under investigation.  

 The best known example of density determination is Archimedes’ method. 

However, it is not applicable to thin films since the volume displacement caused by a 

film is too small to be accurately determined. More common is to analyze a film cross-

section by SEM. The film density can be calculated from the ratio of particles and pores 

as determined from the local variation in optical contrast. Often, laborious computer 

procedures are needed.[1,2] The underlying assumption is that the fraction of surface area 

covered by pores and particles in the 2D cross-section is equivalent to their volume 

fractions in 3D, which may not always be the case. 

An alternative strategy is to determine the film thickness or the mean particle diameter 

and compare it with the thickness of a fully sintered film or the mean diameter of a fully 

sintered particle, respectively.[3,4] The difference can be described as the entrapment of 

pores, and the relative density rel is calculated from: 
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where filmd , densed , expd , and 0d  are the thin film thickness of the measured and a fully 

dense film, and the experimental and theoretical (= dense) mean particle diameter, re-

spectively. This implies that prior knowledge on the densification behavior of the film 

is necessary. Besides, this technique is also destructive to the sample. 

 The Swanepoel method is a non-destructive method that can be used to accu-

rately determine (<1% error) both the film thickness and density.[5-7] The calculations 

are based on the transmittance spectrum of a thin film on an optically transparent sub-

strate. The experiments are simple, but the different models that are needed to fit the 

data can lead to varying refractive indexes, and thus to varying densities.[6] Moreover, in 

general the data cannot be extrapolated to other (non-transparent) substrates, since 

strain caused by differences in thermal expansion coefficients between film and sub-

strate affects the densification behavior of the thin films.[8,9] 

 Rutherford backscattering spectroscopy (RBS) is a common, non-destructive 

technique for thin film analysis. It is based on the recoil of high energy (1-2 MeV) He2+ 

ions off a sample’s surface under a well-defined angle, and can be used to obtain infor-

mation on element stoichiometry and either film thickness or density. Also, it can be 

used to measure impurities, and for depth profiling. Although nearly all elements of the 

periodic table (Z > 6) can be detected, it is not equally sensitive for all elements (error 

1-5%). Lastly, the relatively high experimental costs prohibits its use as routine analysis 

technique. 

 Ellipsometry is another non-destructive optical technique that is often used for 

thin film analysis. The reflectance of a polarized light beam that irradiates a sample is 

measured. Optical constants and thin film thickness are determined indirectly by meas-

uring the amplitude and phase difference between two reflected beams. However, only 

in the simplest case of an infinitely homogenous thick film, the optical constants and 

film thickness can be determined directly. In all other cases the amplitude and phase 

difference are calculated via iterative modeling procedures. In general, one can accu-

rately determine the density with ellipsometry, but a combination of complex models is 

necessary to fully describe the investigated sample, since the used parameters have no 

direct (universal) physical meaning.[10] 

 Another well-established and non-destructive technique for thin film analysis 

is X-ray reflectivity (XRR); a versatile method that can be used for crystalline, amor-

phous, and even liquid samples.[11,12] An X-ray beam impinges the thin film surface at a 
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low angle of incidence. Below the critical angle of total reflection, cθ , the surface acts 

as a mirror, and the beam is totally reflected. At angles larger than cθ , the measured 

beam intensity rapidly drops and film thickness, roughness, and chemical composition 

can be obtained by fitting the full reflectivity curve with well-known models.[11-13] The 

value of the critical angle determined by the curve fit is directly related to the electron 

density, which is proportional to the average thin film mass density. Although this tech-

nique is widely used in thin film analysis of films grown by chemical vapor deposition 

(CVD) or pulsed laser deposition (PLD), it is not often used in the field of sol-gel and 

other wet chemistry-derived ceramic thin films.[14-16] 

 An overview of all of the abovementioned techniques is presented in Table 5.1. 

I was interested in developing a high throughput, high accuracy method. And although 

RBS measurements qualify with respect to accuracy, the technique is rather expensive 

for routine analyses of large numbers of samples. I therefore chose XRR for density 

determination, since the measurements are fast and easy to perform using standard la-

boratory diffractometers. The theory behind the models is well-understood, which sim-

plifies data analysis. In general the method assumes an isotropic film, but a density gra-

dient can be taken into account.[17] 

 As was mentioned above, XRR is often used for thin films grown with physical 

vapor deposition techniques. Since these films are typically stoichiometric and of high 

density, the reflectivity curves are only partially fitted at angles cθ  to determine the 

thickness and the interface roughness. Consequently, the calculated densities obtained 

via these partial fits are rather inaccurate and may deviate largely from the real density 

values. Since the thickness, microstructure, and roughness of sol-gel and other ceramic 

thin films are usually evaluated during the optimization of the deposition process, e.g. 

from SEM images on cross sections and AFM, only an accurate determination of the 

critical angle or inflection point is additionally needed to determine the density of the 

thin film. 

 In this chapter I describe a simple and quick numerical approach to accurately 

determine the inflection point of X-ray reflectivity curves. With this method I deter-

mined the density of sol-gel derived yttria stabilized zirconia (YSZ) films. The method 

was validated by measuring the density of sapphire and zinc oxide single crystal sub-

strates (theoretical = 100%) and RBS measurements, and was subsequently extended to 

thin films deposited on a substrate. It is demonstrated below that film thickness, surface 
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roughness, and choice of substrate have no apparent effect on the final calculated den-

sity. The key advantage of my approach is that an often very challenging complete curve 

fit is not required. 

 

 

 
Table 5.1 Overview of available methods for the density determination and their properties. 
 

Technique Based on Error Advantages Disadvantages 

Archimedes Volume displace-
ment 

n.d. Simple, fast Not applicable for thin films 

SEM Contrast particles / 
pores 

n.d. Widely applicable Assumes fraction 2D cross-section 
is equivalent in 3D, laborious pro-
cessing 

 Difference in film 
thickness dense / 
porous 

n.d. Simple Knowledge of densification behav-
ior necessary 

Swanepoel Refractive index < 1% Non-destructive, simple, fast, 
film thickness 

Only valid for transparent sub-
strates, applicable for films < 300 
nm 

RBS Recoil He2+ ions 
off sample surface 

1-5% Non-destructive, whole peri-
odic table (Z > 6) covered, 
stoichiometry, depth-profil-
ing, film thickness 

Not sensitive to all elements, ex-
pensive, slow 

     

Ellipsometry Reflectance of a 
polarized light 
beam 

< 1% Non-destructive, fast, high 
resolution, film thickness 

Indirect, difficult data interpreta-
tion (via modeling) 

XRR Total external re-
flection under low 
incidence angles 

< 1% Non-destructive, fast, small 
number of fitting parame-
ters, film thickness / rough-
ness 

Difficult to determine the density 
of imperfect films 

n.d.: not determined / unknown 
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5.2 Theory 

5.2.1 General 

X-ray reflectivity or reflectometry is an X-ray technique that is based on the scattering 

effects of smooth surfaces measured at very low angles of incidence. It was first de-

scribed by Compton in 1923.[18] He found that the density of metal substrates was re-

lated to a so-called critical angle. Due to the low angles of incidence, the penetration 

depth of the X-rays is low and only structural information of the top surface is obtained, 

which can be extrapolated for completely homogeneous films. Moreover, below the 

critical angle, it leads to the phenomenon of total external reflection for smooth films, 

where the angle of incidence equals the angle of reflectance, ri    (see Figure 5.1a). 

 

 

Figure 5.1 Schematic representation of the reflection and transmission of a film of infinite (sub-
strate) and finite (thin film) thickness. (a) an X-ray beam impinges the surface of a polished 
substrate on very low angle, θi, θr and θt are the angle of incidence, reflection, and refraction 
(transmittance), respectively. The vertical wave vectors of the incident and transmitted beam are 
described by zk  and '

zk , respectively; (b) as the X-ray beam impinges a finite thin film (thick-
ness Δd), a phase shift related to the difference in refractive index between film and substrate is 
observed, and an infinite sequence of reflections is possible. 

 

Another surface phenomenon, refraction, is observed when the X-ray beam passes 

from one medium to another, and is described by Snell-Descartes’ law: 
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where i , t , n0, and n1 are the angles of incidence and refraction, and the refractive 

indices of media ‘0’ and ‘1’, respectively. X-ray reflectivity measures the angles with 

respect to the sample’s surface instead of its normal, therefore, cosines are used. Since 

the refractive index of air (=n0) is 1, the expression can be written as: 

 ti n  coscos 1   Eq. (5.3) 

This technique does not rely on diffraction, and for this reason amorphous films can 

also be investigated. 

 

5.2.2 Refractive Index of X-rays & Critical Angle 

The refractive index of X-rays in media is slightly smaller than unity. The complex re-

fractive index can be described as a deviation from unity with a real dispersive part 

(associated with density and chemical composition) and an imaginary dissipative part 

(associated with absorption effects): 

  in  1  Eq. (5.4) 

Here   and   are the dispersive and dissipative part of the refractive index, respec-

tively, and can be described as: 

 e
er 




π2
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  Eq. (5.5) 

 
π4

  Eq. (5.6) 

where   is the X-ray wavelength (typically 1.5418 Å for Cu Kα), re the classical electron 

radius (2.818·10-15 m), e  the electron density, and   the attenuation coefficient. The 

latter is related to the material’s density via the mass attenuation coefficient  /  (in 

cm2·g-1), and can be found in the International Tables of Crystallography.[19] The dis-

persive part   has typically values in the range of 10-5 to 10-6, for the dissipative part   

the values are approximately an order of magnitude smaller. The deviation from unity 

caused by the imaginary dissipative part is so small, that it is often neglected, i.e. 0 . 

The expression for the refractive index is then described by: 
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  1n  Eq. (5.7) 

Since the transmittance into the material then equals zero, the relationship, after deriva-

tion, between the angle of incidence and the real dispersive part can be written as: 

 022   it  Eq. (5.8) 

and total external reflection can only be observed under very small angles, when 2
i  < 

2  is still valid. The critical angle of total external reflection is thus described by 

2θc  , which usually lies in the range of 0.1-0.4° for Cu Kα irradiation. For materials 

with known stoichiometry, the mass density of the measured material m  is directly 

calculated from e  in Eq. (5.5): 

 ZN

Ae
m 




A


  Eq. (5.9) 

Here m  and e  are the mass and electron density, NA Avogadro’s number, A the 

atomic weight, and Z the atomic number. This equation, however, can only be used for 

mono-atomic materials. For more complex structures such as fluorite or perovskite ma-

terials, the mass density may be calculated using the sum of the individual atoms in the 

unit cell.[11] 

 

5.2.3 Fresnel Reflectivity 

An X-ray beam can be described as a propagating wave; the magnitude and direction in 

which the beam propagates is described by wave vectors for the incident, reflected, and 

transmitted waves. The wave vectors describe the X-ray beam’s behavior when propa-

gating through media with different refractive indices: 
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  Eq. (5.10) 

The Fresnel coefficients, r, are calculated for the electric field of the beam perpendicular 

(s-polarization) and parallel (p-polarization) to the scattering plane. Since the difference 

between s- and p-polarization is small, it is often neglected. The ratio of total reflected 
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and incident intensity of the measured sample, Ir/I0 = 1, is thus the product of the 

calculated coefficients, see Eq. (5.10). Here zk  and '
zk  are the vertical components of 

the wave vectors of the incident and transmitted beam (for the s-polarized electric field), 

respectively, as shown in Figure 5.1a.  

 

5.2.4 Parratt’s Formalism 

Homogenous Media of Infinite Thickness 

The reflection of smooth and homogenous media can be calculated by substitution of 

Snell-Descartes’ law into the Fresnel equations.[20] In view of Eq. (5.11) and Eq. (5.12), 

the ratio of reflected and incident intensity of the beam is only dependent on the critical 

angle, cθ , and the absorption of X-rays in the medium,  / . 
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Figure 5.2 Simulated reflectivity curves according to Parratt’s formalism, see Eq. (5.11) and Eq. 
(5.12), with a fixed critical angle of θc = 0.65°. At increasing layer imperfection, the absorption 
of X-rays into the films increases, and thus the coefficient β/δ increases. The determination of 
the critical angle of total external reflection then becomes increasingly difficult. 
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Figure 5.2 shows the calculated reflectivity of a homogeneous medium (bulk) with a 

smooth top surface at a fixed critical angle of 0.65°, according to the abovementioned 

formulas. When the sample acts as a perfect mirror, all the incident beam’s energy is 

reflected below the critical angle and Ir/I0 = 1. The critical angle is easily determined as 

the angle where an abrupt decrease of intensity occurs. With increasing interface imper-

fection or surface roughness, the absorption of X-rays into the film (and thus  / ) 

increases, and a gradual decrease in the beam’s intensity is also observed below the crit-

ical angle, i.e. Ir/I0 < 1. As a result, an abrupt intensity drop at the critical angle does not 

occur, which makes its experimental determination challenging. Although in absolute 

terms both   and   are dependent on the material’s stoichiometry and density, the 

ratio  /  does not change with varying density, see Eq. (5.5) and (5.6). 

 

Thin Film(s) on a Substrate 

In more complex cases than the reflectivity of a substrate or an infinitely thick film, e.g. 

thin films on a substrate, multilayers, and superlattices, Parratt’s formalism can be used 

in a recursive manner. The Fresnel coefficients of the individual interfaces (starting 

from the substrate) are used to calculate the reflectivity according to:  
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For a thin film on a substrate as depicted in Figure 5.1b, the Fresnel coefficients are 

calculated for the film-substrate and air-film interface, from which the total reflected 

intensity can be calculated: 
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Here 1,0r  and 2,1r  are the Fresnel coefficients of the air-film and film-substrate interface, 

respectively, and d is the film thickness. The reflected beam intensity is thus reduced by 

reflection at the separate interfaces and absorption in the individual layers (incorporated 

in the wave vectors of Eq. 5.13).[11] 

 Figure 5.3 shows simulated reflectivity curves based on Parratt’s recursive for-

malism, and illustrates the effect of changes in the film density, thickness, and roughness 
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on the shape of the curve. An increase in the film density results in a shift of the com-

plete curve towards higher angles, as shown in Figure 5.3a. A change in the film thick-

ness results in a phase shift, the cosine term in Eq. (5.14), and is related to the difference 

in refractive index between the thin film and the substrate. Oscillations are observed in 

the reflectivity curve (for cθθ  ) as a result of this phase shift, and an infinite sequence 

of reflections is possible, see Figure 5.1b. These oscillations are known as Kiessig 

fringes,[21] and their periodicity decreases, according to 2π/d, for increased film thick-

nesses as shown in Figure 5.3b. Due to the angle dependence of the penetration depth 

of the X-ray beam into the film, the oscillations are only observed at incident angles 

cθθ  . 

 

Figure 5.3 Influence of different fitting parameters on the X-ray reflectivity simulations, where 
, d, and Rq are the film density, thickness, and interfacial roughness, respectively. The simulated 
curves are based on a 3 mol% yttria-stabilized zirconia (3YSZ) film deposited on a sapphire 
single crystal substrate: (a) at increased density, the reflectivity curve (and critical angle) shifts 
linearly to higher angles; (b) at increased film thickness, the periodicity of the Kiessig fringes 
decreases according to 2π/d; (c) at increased interface roughness, a more rapid intensity drop is 
observed at angles > θc. 

 

Whereas at low incident angles the penetration depth is in the order of 1-5 nm (top 

surface information), the penetration depth increases rapidly to approximately 100-1000 
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nm around the critical angle. For (ideal) smooth films and interfaces, Fresnel reflectivity 

is observed and the intensity decreases rapidly according to 1/q4 = (4πλ/sin θ)4.[11] As 

shown in Figure 5.3c, a more abrupt intensity drop is observed at increased interface 

roughness between the substrate and film. Since all surfaces have some degree of rough-

ness, modifications of the Fresnel coefficients for microscopic surface roughness have 

been described by Névot-Croce:[22] 

 

2'2 zkzk
idealrough err


  Eq. (5.15) 

where   is the root mean square (RMS) value for the roughness, roughr  the surface/in-

terface modified with microscopic roughness, and idealr  the ideal smooth surface/inter-

face, respectively. The Fresnel coefficients for rough film-substrate ( 2,1r ) and air-film (

1,0r ) interfaces can thus be individually calculated and used in Eq. (5.13) and Eq. (5.14) 

to fully describe the investigated system. More information on X-ray reflectivity can be 

found in books by Birkholz et al.,[11] Als-Nielsen and McMorrow,[12] and Daillant and 

Gibaud.[13] 

 

 

5.3 Experimental Section 

5.3.1 Chemicals and Materials 

Zirconium (IV) n-propoxide (Zr[(OC3H7)]4), 70 w/w% in propanol) and yttrium (III) 

nitrate hexahydrate (Y(NO3)3·6H2O, purity 99.9%) were purchased from Alfa Aesar 

GmbH. Glacial acetic acid (99.8%), 2-methoxyethanol (99.3%) and 1-propanol (99.9%) 

were acquired from Sigma-Aldrich. All chemicals were used as-received from the sup-

pliers without any further purification. Due to its high reactivity, the zirconium (IV) n-

propoxide was stored and handled in a water-free environment (< 0.1 ppm H2O).  

 

5.3.2 Sol-Gel Precursor Preparation 

A 1.0 mol·dm-3 solution of zirconium (IV) n-propoxide in 2-methoxyethanol was made 

in a glove box and stirred for 24 h under nitrogen atmosphere. After addition of glacial 

acetic acid, the reactants were allowed to mix for 5 min; subsequently, an yttrium (III) 

nitrate hexahydrate solution in 1-propanol was added, resulting in a final [Zr] = 0.6 



Facile Method for the Density Determination of Ceramic Thin Films 105

 

mol·dm-3. The amount of yttrium (III) was equivalent to 3 mol% Y2O3 to ZrO2, i.e. to 

form 3YSZ. 

 

5.3.3 Substrate Preparation 

Prior to thin film deposition, single crystal sapphire (10x10x0.5 mm3, ( 0211 ) orienta-

tion; CrysTec) substrates were cleaned with a jet of pressurized CO2 on a hot plate at 

250 °C and subsequently treated with oxygen plasma (Harrick Plasma, Ithaca, USA) 

operating at 24 W for 150 s to remove organic residues attached to the surface. The 

substrates were used directly after this surface treatment. As a reference for a fully dense 

film (rel = 100%), sapphire and zinc oxide single crystal substrates (10x10x0.5 mm3, 

( 0211 ) and ( 0001 ) orientation, respectively; CrysTec) were measured as received. 

 

5.3.4 Thin Film Preparation 

Thin films were prepared by spin-coating the sol-gel precursor using a Laurell spin-

coater (Model WS-400B-6NPP/LITE/AS/OND). Substrates were held in place using 

a vacuum stage and the deposition chamber was continuously purged with dry nitrogen 

gas. All films were obtained by rotating the samples for 40 s at 3000 rpm. Directly after 

thin film deposition, the samples were placed on a hot plate at 150 °C, on which they 

were allowed to dry for 1 h. Subsequently, the samples were annealed for 1 h in a pre-

heated microwave oven (MultiFAST, Milestone, Sorisole, Italy) at temperatures ranging 

from 650-1000 °C.  

 

5.3.5 Thin Film Characterization 

X-ray powder diffraction (Bruker D2 Phaser, Bruker AXS, Karlsruhe, Germany) was 

used to confirm the formation of the 3YSZ phase. The average film thickness of the 

samples was determined by high-resolution scanning electron microscopy (HR-SEM, 

2.5 keV, Zeiss 1550, Zeiss, Sliedrecht, The Netherlands). To reduce image drift as a 

result of the non-conducting sapphire substrate, approximately 13 nm of Cr was depos-

ited on the 3YSZ thin film (RF sputtering). Cross-sections of at least 5 different areas 

were investigated. Atomic force microscopy (AFM; Dimension Icon, Bruker Nano, 

Santa Barbara, CA, USA) was used to determine the surface roughness of the thin films. 

Per sample, the RMS surface roughness was determined on three different locations 

with an area of 5x5 µm2, using the Gwyddion software package (version 2.25). RBS 
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measurements were carried out as a reference method for the density determination by 

Detect99, Utrecht, The Netherlands. The measurements yielded the individual number 

of (Y + Zr) and O atoms per cm2 from which the average thin film density could be 

calculated. 

 

5.3.6 X-ray Reflectivity Measurements 

X-ray reflectivity measurements were carried out using a Bruker D8 reflectometer 

(Bruker AXS, Karlsruhe, Germany). Samples were scanned under very low incident an-

gles using Cu Kα irradiation (λ = 1.5418 nm), from 2θ = 0.4-1.0º (step sizes of 0.001°; 

1.5 s per step; 0.2 mm slits) with an acceleration voltage and current of 45 kV and 40 

mA, respectively. All samples were measured and re-aligned at least 5 times to determine 

the average measurement error. 

 

Sample Alignment 

All samples were aligned and measured according to the following procedure, see Figure 

5.4 for a schematic representation. (1) Prior to starting the measurements, the detector 

(2θ axis) was aligned with respect to the direct beam within a 0.001° error margin. (2) 

Spin-coated samples often show height variation at the edges of the substrate, the x- 

and y-axis of the sample were therefore aligned at the center of the sample. (3) The 

sample surface was aligned in the center of the direct beam using a z-axis scan. Subse-

quently, the maximum intensity in a rocking curve was selected. (4) The sample was 

aligned below the surface with a second z-axis scan, and subsequently (5) a chi-scan was 

executed to remove a possible tilt from the sample mounting. (6) Again the sample 

surface was aligned in the center of the direct beam using a z-axis scan, and finally (7) a 

second rocking curve was measured (at 2θ = 0.4°), and the maximum peak intensity was 

selected to correct for sample tilt. 

 

X-ray Reflectivity Simulations 

Reflectivity curves of thin 3YSZ films on sapphire substrates were simulated using the 

DIFFRACplus LEPTOS software package (version 7.03). Fitting parameters (Table 

5.2) such as layer thickness and surface roughness were obtained from results of HR-

SEM and AFM analyses, respectively. Simulation curves of 3YSZ thin films with differ-
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ent density values, ranging from 5.05 to 6.05 g·cm-3, were made. As a reference, reflec-

tivity curves of Al2O3 ( = 3.984 g·cm-3; RMS roughness 0.150 nm) and ZnO ( = 5.655 

g·cm-3; RMS roughness 0.150 nm) single crystal substrates were simulated. 

 

 

Figure 5.4 Schematic representation of the sample alignment. The x- and y-axis are aligned at 
the center of the sample. Subsequently, the height of the sample is aligned at the center of the 
direct X-ray beam by changing the z-axis. Finally, possible sample tilt perpendicular and parallel 
to the beam path is corrected with a χ- and ω-scan, respectively. 

 

 

5.4 Results and Discussion 

5.4.1 Method for Thin Film Density Determination 

From Figure 5.2 it is apparent that critical angle determination becomes increasingly 

difficult for increasingly imperfect films or interfaces (higher  /  value). Although the 

critical angle for all simulated reflectivity curves is equal, the 2θ position of the inflection 

point (where the rapid intensity decrease is observed) changes. In order to accurately 

determine the density of my sol-gel derived thin films, the following steps were carried 

out: (1) Reflectivity curves with different layer thickness and surface roughness, repre-

senting my real samples, were simulated for different thin film densities. The simulation 

parameters are shown in Table 5.2. The results were also compared to simulations with 

under- and overestimated interface roughness and density, to verify the method’s ro-

bustness. (2) A pseudo-critical angle (θpc; inflection point) was accurately derived (numer-

ically, see section below) from both the measured and simulated reflectivity curves. (3) 

The thin film density of the measured samples was directly determined by comparing 

the 2θ position of its pseudo-critical angle with a calibration curve obtained via the sim-

ulations. The calibration curve was obtained by plotting the inflection points (2θ posi-

tion) of the simulated reflectivity curves versus its manually changed densities. 
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Table 5.2 Parameters for the X-ray reflectivity simulations. 
 

 
Thickness 

[nm] 
RMS roughness 

[nm] 
Density 
[g·cm-3] 

3YSZ 50 - 300 0 - 2.000 5.05 - 6.05 
Al2O3 substrate ∞ 0.150 3.984 

 

Determination of the pseudo-Critical Angle 

The pseudo-critical angle was numerically calculated for the simulated reflectivity curves 

using the Origin Pro 8.1 software package, by determining the first minimum of the 3rd 

derivative (see Figure 5.5). I chose this procedure since it yields a reproducible value 

very close to the real critical angle while systematic errors between the pseudo-critical 

angle and the real critical angle are cancelled out via the calibration curve. The 1st deriv-

ative of the intensity is not suitable to determine θpc, since it is located where the steep 

intensity drop cθ   occurs (see Figure 5.5b). Changes in sample/interface roughness 

significantly influence the slope in this regime, and thus a correct determination of the 

position of θpc is not possible. The simulations are based on the assumption of an infi-

nitely large sample. Thus, no effect of the beam footprint is observed below the critical 

angle, i.e. Ir/I0 = 1. For these simulations, the 2nd derivative would be suitable to reliably 

estimate θpc (see Figure 5.5c). However, when small ‘real’ samples are being measured, 

the intensity increase caused by the beam footprint (most pronounced for sample sizes 

smaller than approximately 5 cm2;[11] see Figure 5.5a) might easily influence the reliability 

of the determination of the pseudo-critical angle. I therefore used the 3rd derivative to get 

a value for θpc, because its first minimum was not influenced by the size, thin film thick-

ness or roughness of the samples. Significant changes in sample thickness (50-300 nm) 

and thin film roughness (0.0-2.0 nm), had no influence on the position of this experi-

mentally determined pseudo-critical angle. Thus, the effect of minor deviations within a 

batch of samples can be neglected. 

 Because my results are compared with simulations of imperfect films (the real 

surface/interface roughness of both sample and substrate taken were into account), 

shifts of the pseudo-critical angle can only be caused by changes in the density. The ob-

served shifts are thus equal to the shifts observed for the real critical angle, demonstrat-

ing that my method is independent of sample size or roughness, and thus applicable to 

various thin film deposition techniques. 
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Figure 5.5 Numerical calculation of the pseudo-critical angle used for the density determination 
of thin films: (a) simulated X-ray reflectivity curve of a 50 nm thin 3YSZ film ( = 6.05 g·cm-3; 
Rq = 0.500 nm) on a Al2O3 single crystal substrate (Rq = 0.150 nm). The dashed black lines show 
the steep intensity increase at angles < θc observed for samples of decreasing size (i.e. beam 
footprint). (b) 1st derivative; (c) 2nd derivative; and (d) 3rd derivative of the calculated XRR 
curve. The first minimum of the 3rd derivative determines the pseudo-critical angle. No differences 
are observed in the calculation of this point as a result of decreasing sample size. 

 

5.4.2 X-ray Reflectivity of Single Crystal Substrates 

Single crystal substrates of sapphire and zinc oxide were used to quantify the accuracy 

and experimental error of the proposed method. The pseudo-critical angles of simulated 

reflectivity curves for different densities were determined for both materials, with rela-

tive densities ranging from rel = 90-100%. Figure 5.6 shows the 2θ values of the calcu-

lated pcθ  plotted versus the simulated densities; calibration curves were obtained using 

linear curve fits (dashed lines; R2 > 0.995). The average measurement error was esti-

mated to be within 1.0%. As expected, a 100% theoretical density for both single crystal 

substrates was found within the error margin of the measurement: Al2O3 100.7 ± 1.0% 
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and ZnO 99.9 ± 1.0%. The accuracy is thus comparable or even higher than methods 

such as RBS and ellipsometry, without the need for complex models or calculations. 

 

 

Figure 5.6 Reflectivity curves for both Al2O3 and ZnO single crystals were simulated at different 
densities, and plotted versus the calculated pseudo-critical angle. The calibration curve was ob-
tained by using a linear curve fit (dashed line). The single crystal substrates were measured five 
times; the average value and error bars were plotted (red square/dot and bars, respectively). 

 

5.4.3 X-ray Reflectivity of Thin Films on a Substrate 

Prior to simulating the reflectivity curves and preparing the calibration curves, test sam-

ples were made. The influence of the annealing temperatures on the surface roughness 

(by AFM) and the average film thickness (by SEM) were determined. For samples an-

nealed at 650, 850, and 1000 °C, the average RMS surface roughness was approximately 

0.3, 0.5, and 0.9 nm, respectively. Since the layer thickness of the film is determined 

presumably by only a few particles, the observed exponential increase in surface rough-

ness is closely related to the particle growth at increasing temperatures.[24] The average 

film thickness of samples annealed between 650 and 1000 °C was determined, and 

ranged from approximately 75 to 65 nm, respectively. All calibration curves were simu-

lated using an average film thickness of 70 nm. The changing surface roughness with 

increasing annealing temperature was taken into account, however. 

 Cross-sectional SEM was used to verify the homogeneous distribution of par-

ticles in the deposited films. A homogeneous layer is important, because with XRR the 

density information is extrapolated from the derived density of the top-layer. For sol-

gel-derived films, the densification is rather difficult to control due to strain caused by 

the substrate, by crystal growth, or by homogeneous and heterogeneous crystallization 
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in the bulk and at the interface, respectively.[8,25] All these phenomena can cause differ-

ent densification behavior in the thin film or at the thin film-substrate interface (density 

gradient), which may lead to deviations in the XRR curves, and thus in the calculated 

densities. For such films, more parameters are needed in the simulations, and a density 

gradient should be taken into account (available in the software).[17] 

 

 

Figure 5.7 Determination of the pseudo-critical angle for a 3YSZ thin film on a single crystal 
Al2O3 substrate annealed for 1 h at 850 °C in air, by using the first minimum of the numerically 
calculated 3rd derivative. (a) the measured reflectivity curve, and its (b) 1st derivative; (c) 2nd 
derivative; and (d) 3rd derivative. When the measured reflectivity curve is plotted with a logarith-
mic intensity scale, the Kiessig fringes at higher angles are more pronounced, see inset in (a). 

 

Figure 5.7 schematically shows how the XRR method was used for a thin film annealed 

at 850 °C. First, an XRR curve was recorded, and the θpc was determined by the first 

minimum of the 3rd derivative (Figure 5.7d). The density was then determined by the 

corresponding position of the θpc in the calibration curve (Figure 5.8). All heat treated 

samples were measured at least five times. For the annealing temperatures 650, 850, and 
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1000 ºC, the density was determined to be 83.7%, 89.6%, and 91.6%, respectively (Fig-

ure 5.9). The observed trend (dashed line) in densification coincides well with what is 

generally expected for sintering. 

 

 

Figure 5.8 The relative density of a 3YSZ thin film on a single crystal Al2O3 substrate annealed 
for 1 h at 850 °C in air (rel= 89.6%) is calculated in the calibration curve by using the θpc deter-
mined in Figure 5.7. The data points of the calibration curve are based on simulations of thin 
3YSZ film with a film thickness of 70 nm, a RMS surface roughness of 0.500 nm, and densities 
ranging from  = 5.05-6.05 g·cm-3. 

 

 

Figure 5.9 Comparison between derived thin film density of the proposed XRR method and 
the combined RBS and SEM analysis, as a function of the annealing temperature. The results 
obtained via the XRR method are well within error margin of the established techniques. The 
dashed lines are exponential fits to guide the eye. 

 

Validation Results with RBS & SEM analysis 

To check the validity of my method, the density of the abovementioned samples was 

verified by a combination of RBS and SEM cross-sectional analysis. RBS analysis 
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yielded the total concentration of (Zr+Y) atoms·cm-2, from which the mass·cm-2 could 

be calculated. The mass per volume ratio was calculated from the sum of the individual 

atoms, according to: 

 





AN
ii MWX

A

m  Eq. (5.16) 

where m/A is the total mass per area, Xi and MWi are the total number of atoms and 

the molecular weight of species type i, respectively, and NA is Avogadro’s number. In 

combination with the film thickness derived from cross-sectional SEM analysis, the 

density of the samples was determined with a combined error of both techniques of 

approximately 5.0%, due to elemental inaccuracy, and statistical and systematic errors. 

 The results are summarized in Table 5.3. As shown, the total YSZ mass depos-

ited on the three samples is almost equal, indicating that the sol-gel deposition method 

is very reproducible, and batch-to-batch errors can be neglected. The differences in the 

density are thus only determined by shrinkage of the sol-gel film during heat treatment. 

Figure 5.9 summarizes the results obtained using the XRR method and a combination 

of RBS and SEM. The density values determined using the XRR method are well within 

the error margin of the established analytical techniques. Also, the densification behav-

ior of the thin film follows the same trend. These results clearly demonstrate that my 

method is a fast, simple and accurate method to determine the density of sol-gel derived 

materials. 

 
Table 5.3 Thin film densities of spin-coated 3YSZ films on sapphire substrates calculated by a combination 
of RBS and SEM analysis. 
 

RBS SEM Density 

Temp. Element [at·cm-2] Total Thickness Abs. Rel. 

[ºC] Zr Y O [at·cm-2] [µg·cm-2] [nm] [g·cm-3] [%] 

650 1.7·1017 1.1·1016 3.6·1017 5.3·1017 3.66·10-5 73.1 5.022 83.0 ± 5% 

850 1.7·1017 1.1·1016 3.6·1017 5.4·1017 3.68·10-5 67.4 5.461 90.3 ± 5% 

1000 1.7·1017 1.1·1016 3.6·1017 5.4·1017 3.68·10-5 65.7 5.603 92.6 ± 5% 
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5.5 Conclusions 

I have successfully demonstrated a simple and fast approach to determine the density 

of sol-gel derived ceramic thin films using XRR. The method shows no apparent effect 

of changing sample size, interface roughness, or film thickness of different samples on 

the final determined density, and has an average measurement error of only 1%. A 

pseudo-critical angle was determined from the first minimum of the 3rd derivative of the 

reflectivity curves. Simulations of films of various densities were used to obtain calibra-

tion curves, where the calculated θpc was plotted versus the material density. Subse-

quently, the experimental thin film density was determined using these calibration 

curves according to the position of the determined pseudo-critical angle. The method 

was validated by determining the density of single crystal Al2O3 and ZnO substrates (rel 

= 100%) within 1% of the expected value. The density of ceramic thin YSZ films heat 

treated at 650, 850, and 1000 °C were calculated using XRR, and validated using a com-

bination of well-established techniques such as RBS and SEM analysis. The density val-

ues obtained using the XRR method were well within the error margin of the combined 

RBS and SEM analysis, and the same trend in densification was observed. The XRR 

method can be used to study the impact of sintering temperature and substrate strain 

on densification behavior of sol-gel derived ceramics. Also the densification of amor-

phous gels, as a result of dehydroxylation and surface contraction during drying can be 

studied, since XRR does not rely on diffraction. Thus, new possibilities emerge to follow 

the sol-gel process in depth from the liquid phase (precursor solution), via gel formation 

to the final crystalline ceramic film. 
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Rapid Densification of Sol-Gel Derived 
Yttria-Stabilized Zirconia Thin Films* 

 

 

 

 

 

Abstract 

A method based on X-ray reflectivity was used to study the densification behavior of 8 

mol% yttria-stabilized zirconia for use in solid oxide fuel cells. Sol-gel derived thin elec-

trolyte films were prepared via spin coating. Subsequent microwave-assisted rapid ther-

mal annealing at 650-1000 °C resulted in crack-free 70 nm thin films. A maximum den-

sity of approximately 95 % was achieved within 5 min at 1000 °C. X-ray photoelectron 

spectroscopy depth analysis on the thin films showed that the shorter annealing times, 

as opposed to conventional heating, resulted in lower Si concentrations at the top sur-

face and at the substrate interface. 

 

  

                                                      
* This chapter has been submitted to an international peer-reviewed scientific journal. 
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6.1 Introduction 

Yttria-stabilized zirconia (YSZ) is one of the most commonly used electrolyte materials 

in solid oxide fuel cells (SOFC). Due to the thermal activation of ionic conduction 

through the electrolyte membrane, fuel cells mostly operate at high temperatures (800-

1000 °C). The high operational temperatures result in long start-up times, high material 

costs, and material degradation, which contributes to a reduced life time of the cell. 

 A reduction of the operating temperature to intermediate temperatures (400-

700 °C) would enable the use of cheaper materials (e.g. stainless steel supports), and 

concurrently reduce the thermal stresses in the system.[1] A major problem, however, is 

that the reduced temperature leads to an increased Ohmic resistance in the electrolyte 

membrane, and thus to a reduction of the overall ionic conductivity. This can be com-

pensated by decreasing the electrolyte film thickness. It has been shown that a decrease 

of film thickness from 15 μm to 500 nm for a 10 mol% YSZ electrolyte allowed for the 

reduction of the operational temperature from 700 to 525 °C (for an area-specific re-

sistance of 0.15 Ω·cm2).[2] Thin electrolyte films are currently prepared using a wide 

array of deposition techniques, like e.g. pulsed laser deposition (PLD),[3, 4] spin coating,[5] 

spray casting,[6] and sputtering techniques.[7] 

 The fabrication of micro-SOFCs based on thin film electrolytes for portable 

power generation has received considerable attention due to their high power output, 

exceeding 200 mW·cm-2 at temperatures < 600 °C.[8-10] Micro-electro mechanical sys-

tems (MEMS) technology based on Si supports and back-etching procedures is often 

employed for their fabrication.[7, 9, 11, 12] However, the use of Si in the fabrication proce-

dure may lead to the formation of undesirable glassy siliceous phases.[13-15] These phases 

segregate at the grain boundaries and severely impede the ionic conduction through the 

electrolyte.[16] The high temperatures necessary to form dense membranes may thus be 

problematic due to the high mobility of Si. Consequently, fast densification may be an 

advantageous approach to achieve high density, while impeding the Si mobility. 

 Here, I describe the densification behavior of 8 mol% YSZ thin films on 

SiO2/Si (001) and Al2O3 (0001) single crystalline substrates by microwave-assisted rapid 

thermal annealing (RTA) and conventional heating. The thin film density was deter-

mined by using the X-ray reflectivity (XRR) method described in the previous chapter. 

Thin films with a density of approximately 95 % were obtained within 5 min at 1000 °C 

when RTA was employed. 
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The short times at high temperatures, resulted in less siliceous phases in the thin films 

compared to films annealed by conventional heating. In addition, the usefulness of the 

XRR method for thin film density determination is illustrated in the presented densifi-

cation study. 

 

 

6.2 Experimental Section 

6.2.1 Chemicals and Materials 

Zirconium (IV) n-propoxide (Zr[(OC3H7)]4), 70 w/w% in propanol) and yttrium (III) 

nitrate hexahydrate (Y(NO3)3·6H2O, purity 99.9%) were purchased from Alfa Aesar 

GmbH. Glacial acetic acid (99.8%), 2-methoxyethanol (99.3%) and 1-propanol (99.9%) 

were acquired from Sigma-Aldrich. All chemicals were used as-received from the sup-

pliers without any further purification. Due to its high reactivity, zirconium (IV) n-

propoxide was stored and handled in a water-free environment (< 0.1 ppm H2O). 

 

6.2.2 Sol-Gel Precursor Preparation 

A 1.0 mol·dm-3 solution of zirconium (IV) n-propoxide in 2-methoxyethanol was made 

in a glove box and stirred for 24 h under nitrogen atmosphere. After addition of glacial 

acetic acid, the reactants were allowed to mix for 5 min; subsequently, an yttrium (III) 

nitrate hexahydrate solution in 1-propanol was added. The sol was hydrolyzed by addi-

tion of water, and further diluted with 2-methoxyethanol to a final concentration [Zr] 

= 0.6 mol·dm-3. The amount of yttrium (III) was equivalent to 8 mol% Y2O3 to ZrO2, 

i.e. to form 8YSZ. 

 

6.2.3 Substrate Preparation 

Prior to thin film deposition, 10 nm thermally oxidized SiO2/Si (001) and single crystal 

sapphire (10x10x0.5 mm3, (0001) orientation; CrysTec) substrates were cleaned with a 

jet of pressurized CO2 on a hot plate at 250 ºC and subsequently treated with oxygen 

plasma (Harrick Plasma, Ithaca, USA) operating at 24 W for 150 s to remove organic 

residues attached to the surface. The substrates were used directly after this surface 

treatment. 

 



120 Chapter 6

 

6.2.4 Thin Film Preparation 

Thin films were prepared by spin-coating the sol-gel precursor using a Laurell spin-

coater (Model WS-400B-6NPP/LITE/AS/OND). Substrates were held in place using 

a vacuum stage and the deposition chamber was continuously purged with dry nitrogen 

gas. All films were obtained by rotating the samples for 40 s at 3000 rpm. Directly after 

thin film deposition, the samples were placed on a hot plate at 150 ºC, on which they 

were allowed to dry for 1 h. Subsequently, the samples were annealed for 1 h in a pre-

heated microwave oven (MultiFAST, Milestone, Sorisole, Italy) or 12 h in a conven-

tional oven at temperatures ranging from 650-1000 ºC. 

 

6.2.5 Thin Film Characterization 

X-ray powder diffraction (X’Pert Pro MRD, PANalytical, Almelo, The Netherlands) 

was used to confirm the formation of the YSZ phase. Atomic force microscopy (AFM; 

Dimension Icon, Bruker Nano, Santa Barbara, CA, USA) was used to determine the 

surface roughness of the thin films. Per sample, the RMS surface roughness was deter-

mined on three different locations with an area of 5x5 µm2, using the Gwyddion soft-

ware package (version 2.25). 

 

Density Determination 

The thin film density was determined using the method based on X-ray reflectivity, as 

discussed in Chapter 5.[18] X-ray reflectivity measurements were carried out using an 

X’Pert Pro MRD diffractometer (PANalytical, Almelo, The Netherlands). Samples were 

scanned under very low incident angles using Cu Kα irradiation (λ = 1.5418 nm), from 

2θ = 0.4-1.0º (step sizes of 0.002º; 1.5 s per step; 1/16° slits) with an acceleration voltage 

and current of 45 kV and 40 mA, respectively. 

 

X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) was used to determine the atomic concentra-

tion of Si in thin films annealed using rapid thermal annealing and conventional heating. 

Spectra were acquired using a Quantera SXM scanning probe XPS (Physical Electron-

ics) with a monochromatic Al Kα X-ray at 1486.6 eV. The data were further analyzed 

using the PHI Multipak (version 9.4.0.7) software package. A depth profile was created 

by sputtering with an Ar ion beam at 3 kV in an area of 3x3 mm2. 
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6.3 Results and Discussion 

One of the main requirements for electrolyte membranes in fuel cells applications is a 

high film density (i.e. gas impermeable). Knowledge of the grain growth, thin film den-

sity, and the densification behavior will enable optimized processing conditions, in 

which e.g. the times at high temperatures can be minimized. This is especially important 

for the fabrication of micro-SOFCS and the integration in Si-based MEMS technology. 

Due to the high mobility of Si, fast densification is necessary to limit the segregation in 

the electrolyte’s grain boundaries. 

 

6.3.1 Crystallite Growth 

Samples were annealed for t = 0, 5, 15, 30 and 60 min in a pre-heated microwave oven 

at temperatures ranging from 650 to 1000 °C, where t = 0 is defined as the time that 

was required to heat the oven to the desired temperature after heat loss due to opening 

of the microwave oven after loading samples. After the heat treatment, the crystallite 

sizes were determined by analyzing the XRD peak broadening of the (111) peak of YSZ 

using Scherrer’s equation, see Figure 6.1. The figure shows that irrespective of the sub-

strate’s choice, the crystallites grew from approximately 6.6 to 17 nm after annealing at 

650 and 1000 °C, respectively. Scherrer et al. found significantly different crystallite sizes 

for samples deposited on Al2O3 and Si substrates.[16] After annealing for 20 h at 1000 

°C, the average crystallite sizes were approximately 130 and 48 nm, respectively. Silicon 

is known to impede the grain growth of YSZ even in very low concentrations,[19, 20] due 

to segregation in the grain boundaries (GB) and the subsequent reduction of GB mo-

bility. Segregation of Si was already observed after heat treatment for 5 h at 800 °C.[21] 

However, due to the different heating profiles (i.e. thermal shock) and the annealing 

temperatures of our samples, strain from the substrate played a more important role. 

Instead, crystallite growth may be inhibited due to compressive strain exerted by the 

substrate, since the thermal expansion coefficient of 8YSZ (10.8·10-6 K-1)[22] is signifi-

cantly higher than that of Si (2.6·10-6 K-1)[23] and Al2O3 (5.5·10-6 K-1; from datasheet 

Crystec GmbH), respectively. 
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Figure 6.1 Crystallite sizes of an 8YSZ thin film after microwave-assisted rapid thermal anneal-
ing for 1 h at 650-1000 °C on a SiO2/Si (black) and Al2O3 (blue) substrate. 

 

6.3.2 X-ray Reflectivity Method 

The densification behavior of the 8YSZ thin films was monitored by using the X-ray 

reflectivity (XRR) method described in Chapter 5.[18] With XRR in general, samples are 

measured under very low incident beam angles. The material’s density is directly related 

to the critical angle of external reflection, which is ideally marked by a sudden drop of 

intensity. For more real films, however, the determination of the critical angle becomes 

increasingly difficult because the critical angle cannot be determined easily. The used 

method is based on the determination of a so-called pseudo-critical angle, defined as the 

3rd derivative of the XRR curve versus angle.[18] The measured samples are then com-

pared with a calibration curve, from which the thin film density can be calculated. The 

calibration curve is based on simulations of the investigated samples (Figure 6.2a-b) 

with manually adjusted densities. For each simulated density, the pseudo-critical angle 

was determined. Figure 6.2c shows typical experimental XRR curves for thin films de-

posited on SiO2/Si and Al2O3 substrates. The pseudo-critical angle for both curves was 

located at 2θ ~0.6°. Beyond this angle, a rapid intensity drop and Kiessig fringes[24] (i.e. 

oscillations) were observed, which are associated with the interface roughness and film 

thickness, respectively. 
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Figure 6.2 Schematic representation of the investigated system: a 70 nm 8YSZ film on (a) 10 
nm SiO2/Si (001); (b) Al2O3 (0001). (c) Typical X-ray reflectivity curves of thin films annealed 
for 1 h at 1000 °C on SiO2/Si (black) and Al2O3 (blue), respectively. 

 

 

Figure 6.3 Densification behavior of 8YSZ films on (a) Al2O3 (0001) and (b) SiO2/Si (001) 
substrates at 650 °C (black), 850 °C (red), and 1000 °C (blue), respectively. The absolute meas-
urement error is ~1 %. 

 

6.3.3 Thin Film Densification 

The results obtained from analysis using the XRR method are presented in Figure 6.3. 

It clearly illustrates that the thin film densification by rapid thermal annealing proceeded 

very fast. A maximum density was achieved within 5 minutes of isothermal heating, 
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irrespective of annealing temperature. In addition, the choice of substrate had no sig-

nificant effect on the final density. Maximum densities of approximately 86.3, 91.4, and 

95.0 % were achieved after annealing at 650, 850, and 1000 °C, respectively. Scanning 

electron microscopy images showed that the resulting films were crack-free, smooth 

and consisted of fine grained crystallites (see Figure 6.4). 

 In order to achieve a film density of ca. 95 % using a conventional oven, a dwell 

time of 12 h at 1000 °C (heating/cooling rates 5 °C·min-1) was necessary. Naturally, 

such a long time at elevated temperature increases the susceptibility of Si to diffuse into 

the thin film, and segregate at the GBs. Furthermore, the average crystallite sizes after 

conventional heat treatment were approximately 2 times larger than after RTA. 

 

 

Figure 6.4 Scanning electron microscopy cross-sections of 8YSZ films annealed for 1 h at 1000 
°C in a microwave oven on (a) Al2O3 (0001) and (b) SiO2/Si (001) substrates, respectively. For 
better imaging stability, sample (a) was tilted and a ~15 nm Au/Pd layer was deposited on top 
of the 8YSZ film. 
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6.3.4 Thin Film Chemistry 

X-ray photoelectron spectroscopy was used to investigate the composition of the sur-

face and bulk region of the thin films. Segregation of Y and Si species in YSZ electro-

lytes is a well-known problem. The lowering of the interfacial energy is the driving force 

of segregation, and results in the tendency to transport the segregated species from the 

bulk to the surface.[25] Theunissen et al. showed with Auger electron spectroscopy (AES) 

that independent of the bulk Y concentration, the surface layer (2-4 nm) consisted up 

to 36 at% Y.[13] De Ridder et al. used low-energy ion scattering (LEIS) and observed 

concentrations in a 5 Å top-layer ranging from 36 to 60 at% Y for 3YSZ and 10YSZ, 

respectively.[14] Secondary ion mass spectroscopy (SIMS) experiments between 800 and 

1400 °C showed that at 1000 °C, the highest Y enrichment was found, irrespective of 

oxidizing or reducing atmosphere.[25] It was postulated that the effect of temperature on 

segregation results from a competition between thermodynamic and kinetic factors. 

 Figure 6.5 shows the depth profiles of thin film (on SiO2/Si substrates) an-

nealed in a microwave and a conventional oven. Although the Y concentration is fairly 

constant throughout both films, differences in Si concentrations at the top surface and 

substrate interface were observed. Samples annealed for 12 h at 1000 °C showed a Si 

concentration of ca. 4.1 at% at the top surface, compared to 1.1 at% for the sample 

annealed in the microwave oven. In the interior of both films, the Si concentration 

remained < 0.5 at%. This is consistent with the values found by Scherrer and co-work-

ers.[16] They found a surface and bulk concentration of approximately 9 and 1.1 at%, 

respectively, for thin films deposited on SiO2 single crystal substrates, after annealing 

for 20 h at 1000 °C. Near the film-substrate interface, significant differences in Si con-

centrations were observed between the two heating protocols. Especially for the con-

ventionally heat treated sample, the Si concentration increased rapidly at approximately 

15 nm distance from the substrate interface. For a fast annealed sample, the increase 

was only observed at ca. 8 nm from the substrate. 

 The effect of RTA on the surface and bulk composition of an 8YSZ film de-

posited on Al2O3 is presented in Figure 6.6. The major advantage of using sapphire 

substrates is that Si diffusion does not play a role in the densification and film compo-

sition. No Si was found at the surface, and the film interior showed an average Si con-

centration of < 0.3 at%. The minor impurities may arise from impurities from the used 

chemicals. The Y enrichment at the surface was reduced to ~3 at%. 
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Figure 6.5 Elemental depth profile from XPS for a 70 nm 8YSZ thin film on a SiO2/Si (001) 
substrate, annealed in a (a) microwave oven for 1 h at 1000 °C; (b) conventional oven for 12 h 
at 1000 °C. 

 

 

Figure 6.6 Elemental depth profile from XPS for a 70nm 8YSZ thin film on an Al2O3 (0001) 
substrate, annealed in a microwave oven for 1 h at 1000 °C. 
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 To summarize, the results show that the rapid thermal annealing can be effec-

tively used to obtain dense electrolyte films within several minutes. Faster annealing 

seems to reduce the degree of Si diffusion, and may allow for improved fabrication of 

micro-SOFCs based on MEMS technology. Two-step sintering techniques may be ex-

plored to further exploit the difference between grain boundary diffusion and migra-

tion.[26] 

 

 

6.4 Conclusions 

A method for the density determination of sol-gel derived 8YSZ thin films was used to 

study the densification behavior on various substrates. Microwave-assisted rapid ther-

mal annealing was employed to form dense films in the temperature range of 650 to 

1000 °C. A maximum relative density of approximately 95% was reached after annealing 

for 1 h at 1000 °C. However, no significant densification was observed after 5 min. The 

shorter annealing times at high temperature, as opposed to long conventional heating 

procedures, resulted in lower Si concentrations at the top surface of the films and at the 

substrate interface. Rapid thermal annealing in combination with sol-gel derived elec-

trolyte thin films may prove a good alternative for Si-based micro-SOFC devices. 
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7 
Concentration Dependence on the Shape and Size 

of Sol-Gel Derived Yttria-Stabilized Zirconia 
Ceramic Features using Soft Lithographic 

Patterning* 
 

 

 

Abstract 

Surface areas of typically 5x5 mm2 were patterned with high aspect ratio micron- and 

submicron-sized structures of yttria-stabilized zirconia using a combination of mi-

cromolding in capillaries and sol-gel chemistry. The influence of precursor solution 

concentration and mold geometry on the final shape and dimensions of the patterned 

structures was investigated. At a precursor concentration [Zr] = 0.724 mol·dm-3, iso-

lated objects – due to controlled cracking of patterned films – such as crosses (height 

1.4 µm; width 6.0 µm) and ‘dog-bones’ (height 800-900 nm; width 900 nm) or patterned 

films (height 450 nm) were obtained, depending on the mold geometry. Lower precur-

sor concentrations led to differently sized and shaped structures, with changes in di-

mensions of more than an order of magnitude. Employing a precursor concentration 

[Zr] = 0.036 mol·dm-3 yielded isolated rings (height 100-150 nm; line width 20 nm) and 

squares (height 40 nm; line width 40 nm). A better understanding of the relationship 

between precursor concentration, mold geometry and the observed coherent crack pat-

terns in as-dried sol-gel structures may lead to new techniques to pattern isolated fea-

tures. 

                                                      
* This chapter has been published in: S.A. Veldhuis, A. George, M. Nijland, and J.E. ten Elshof, 
Langmuir 2012, 28, (42), 15111-15117. 
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7.1 Introduction 

Yttria-stabilized zirconia (YSZ) is a high performance and technologically important 

ceramic material, due to its outstanding properties such as high mechanical strength, 

chemical resistance, high ion conductivity and biocompatibility. For instance, YSZ is 

used in (oxygen) sensors[1] as catalyst and catalyst support,[2] as electrolyte material in 

solid oxide fuel cells (SOFC),[3] and in thermal barrier coatings.[4] 

 Structuring of YSZ films on the micro and nanoscale could be a very beneficial 

method to fabricate electrolyte monoliths for micro-SOFC and oxygen sensor technol-

ogy. Furthermore, an increase of interfacial surface area between the electrodes and the 

electrolyte could lead to decreased oxygen ion transport resistance through the interface, 

and thus to improved performance of the fuel cell. The large surface area of the pat-

terned structures could also be beneficial when exploited in sensing devices. 

 Extensive research has been done on the patterning of nanostructures and thin 

films from functional metal oxides.[5-9] Micropatterned titanium dioxide (TiO2) and zinc 

oxide (ZnO) have attracted significant attention due to their application in (dye-sensi-

tized) solar cells,[10] semiconductors[11] and light-emitting diodes.[12] The patterning of 

thin film zirconium oxide (ZrO2) has also attracted considerable attention and new 

routes towards nanopatterns and thinner films have been explored.[13-15] Although these 

routes provide good control over the size and shape of the patterns, they often make 

use of expensive production techniques. 

 To my knowledge, no reports have been published on the micropatterning of 

YSZ. I describe here the patterning of arrays of isolated YSZ structures by a combina-

tion of micromolding in capillaries (MIMIC)[14] and sol-gel processing. Both are known 

for their low cost, technical simplicity and flexibility regarding shape and composition. 

In contrast to what is demonstrated in this study, MIMIC normally allows only the 

formation of continuous features and micropatterns. The aim of this research is to in-

vestigate the influence of the metal alkoxide precursor concentrations and PDMS mold 

geometry on the final shape and dimensions of the patterned YSZ structures. The sol-

gel process comprises the hydrolysis and condensation of a stabilized metal alkoxide 

precursor into an amorphous gel and its crystallization after subsequent heat treatment. 

Since I was aiming at realizing microstructures with relatively high aspect ratios, i.e. ~1 

or higher, high precursor concentrations are beneficial as they lead to reduced volume 

shrinkage during solidification.[7] I employed concentrated solutions in which the di- 
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meric Zr-clusters[16] of the zirconium (IV) n-propoxide precursor solution were stabi-

lized by ligand exchange, the bidentate binding of 2-methoxyethanol,[17] and coordina-

tion number expansion of the Zr-atom.[17,18] The pH of the precursor solution was de-

creased by addition of glacial acetic acid (HAc). At low pH values yttrium is mostly 

present as Y3+ ions. Acetic acid can also act as a chelating agent and further stabilize the 

Zr-clusters. 

 

Figure 7.1 Schematic overview of the MIMIC patterning, (a) a plasma-treated mold is gently 
placed on a Si-substrate; (b) a drop of concentrated sol is placed at the openings of the micro-
channels; (c) capillary forces drag the precursor solution into the microchannels; the solution is 
subsequently dried in the mold at 60 °C for 1 h; (d) the mold is gently released from the sub-
strate, leaving a pattern of amorphous YSZ gel; (e) top view of the obtained structures; (f-h) 
same as step b to d for a diluted sol-gel precursor solution; (i) top view of the obtained structures 
at lower concentration. 

 

Figure 7.1 shows a schematic diagram of the patterning process. An elastomeric mold 

with a micropatterned relief structure is brought into conformal contact with a sub-

strate. When the sol-gel precursor is placed at the side entrances of the thus formed 

microchannels, capillary forces drag the sol-gel precursor into the microchannels of the 

mold, where it dries. During drying, the solvent(s) of the sol-gel precursor solution dif-

fuse(s) into the elastomeric mold due to its natural porosity. The shrinkage of the pat-

terned amorphous materials in the channels of the mold can be attributed to physical 
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loss of solvent by evaporation. In the final stage of drying, the percolation threshold is 

reached and an infinite network (an amorphous gel) is formed by condensation of sur-

face hydroxyl and alkoxy groups, i.e. Zr-OR, where R = H or (CH2)2OCH3, respectively, 

causing contraction and loss of mass. As I will show below and is illustrated in Figure 

7.1, the equivalent solids concentration in the precursor solution has a large effect on 

the final shapes that are obtained in the patterning process. After removal of the mold 

and subsequent heat treatment, solidified structures of desired composition and shape 

are obtained. I employed rapid thermal annealing (RTA), which causes surface modifi-

cation and expels the liquid phase, trapped in the pores, from the gel. The main ad-

vantage of RTA over conventional thermal processing is that materials can be heated 

so quickly that densification is favored over crystallization and crystal growth is inhib-

ited or postponed to higher temperatures than when lower heating rates are em-

ployed,[19] yielding higher density films and patterns. 

 

 

7.2 Experimental Section 

7.2.1 Chemicals and Materials 

Zirconium (IV) n-propoxide (Zr[(OC3H7)]4), 70 w/w% in propanol) and yttrium (III) 

nitrate hexahydrate (Y(NO3)3·6H2O, purity 99.9 %) were purchased from Alfa Aesar 

GmbH. Glacial acetic acid (99.8 %), 2-methoxyethanol (99.3 %) and 1-propanol (99.9 

%) were acquired from Sigma-Aldrich. All chemicals were used as-received from the 

suppliers without any further purification. Due to its high reactivity, zirconium (IV) n-

propoxide was stored and handled in a water-free environment (< 0.1 ppm H2O). Due 

to the toxic nature of 2-methoxyethanol, all experiments that require the handling of 

this material were carried out inside a fume hood or in a place with proper ventilation. 

 

7.2.2 Sol-Gel Precursor Preparation 

A 1.0 mol·dm-3 solution of zirconium (IV) n-propoxide in 2-methoxyethanol was made 

in a glove box and stirred for 24 h under nitrogen atmosphere. After addition of glacial 

acetic acid, the reactants were allowed to mix for 5 min; subsequently an yttrium (III) 

nitrate hexahydrate solution in 1-propanol was added. The amount of yttrium (III) was 

equivalent to 3 mol% Y2O3 to ZrO2, commonly described as (ZrO2)0.97(Y2O3)0.03 or 
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3YSZ. The sol was allowed to mix for 5 min and hydrolyzed with distilled water. The 

molar ratios in the sol were Zr:HAc:H2O = 1:4:5, with [Zr] = 0.724 mol·dm-3. Slow 

hydrolysis of the stabilized zirconium precursor solution by addition of water caused 

the formation of aqueous zirconium (IV) species. Further condensation of these species 

leads to the formation of an amorphous Zr-O-Zr network. The sols were diluted 20 

times to [Zr] = 0.036 mol·dm-3 by addition of 2-methoxyethanol. 

 

 

Figure 7.2 Schematic overview of the different PDMS molds, (a) areas of 450 x 450 µm2 of 
circular protruding pillars with a diameter, height and spacing of 3 µm. Patterned areas are inter-
sected with wide channels of 100 µm width; (b) whole patterned area consist of square protru-
ding pillars with a diameter of 5 µm and height and spacing of 3 µm. 

 

7.2.3 PDMS Mold Preparation 

Poly(dimethylsiloxane) (PDMS) prepolymer and a curing agent (Sylgard® 184, Dow 

Corning Corporation) were mixed in a mass ratio 10:1 and subsequently poured onto a 

micropatterned silicon master. PDMS was left to polymerize at 70 °C for 48 h. After 

curing, the PDMS mold was removed from the silicon master and cut into 5x5 mm2 

pieces. Prior to patterning, the PDMS molds were treated in an oxygen plasma chamber 

(Harrick Plasma, Ithaca, USA) operating at 24 W for 150 s, to increase the hydrophilic 

nature of the mold. The molds that were used consisted of an array of circular or square 

protruding pillars with differences in the diameter, spacing and height. A schematic re-

presentation of the shapes and dimensions of the used molds are shown in Figure 7.2. 
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7.2.4 Substrate Preparation 

Silicon substrates (100) were cleaned with a jet of pressurized CO2 on a hot plate at 250 

°C and subsequently with oxygen plasma for 150 s to remove organic residues attached 

to the surface. The substrates were used directly after this surface treatment. 

 

7.2.5 Pattern Fabrication 

3YSZ structures were prepared by means of MIMIC. An oxygen-plasma treated micro-

patterned PDMS mold was gently placed on a clean silicon substrate. To promote ad-

hesion, the mold was softly pressed to ensure the conformal contact with the substrate 

(Figure 7.1a). A drop of freshly prepared 3YSZ sol was placed at the openings of the 

microchannels formed between the mold and the substrate. Due to the capillary suction 

of the microchannels, the sol was forced into the channels and filled them (Figure 7.1b-

c and 1f-g). After complete filling of the microchannels, the substrate and mold were 

placed on a hot plate at 60 °C for 1 h to dry the sol-gel precursor. After drying, the mold 

was gently released from the substrate, leaving behind a large array of uniformly-sized 

structures (Figure 7.1d-e and 1g-i). The patterned substrates were then thermally an-

nealed in a pre-heated microwave oven (MultiFAST, Milestone, Sorisole, Italy) at 850 

°C for 1 h. 

 

7.2.6 Characterization 

Samples were measured with X-ray powder diffraction (XRD) to confirm the formation 

of 3YSZ, using a diffractometer with a Cu anode and a Ni filter (Philips PW1830, PAN-

alytical, Almelo, The Netherlands). Samples were investigated by high-resolution scan-

ning electron microscopy (HR-SEM, 2.0 keV, Zeiss 1550, Zeiss, Sliedrecht, The Neth-

erlands) and Atomic Force Microscopy (AFM; Veeco Dimension Icon, Bruker AXS, 

Wormer, The Netherlands) to determine the surface morphology and height profile of 

the patterns. The AFM data were further analyzed using the Gwyddion (version 2.25) 

software package. 
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7.3 Results and Discussion 

7.3.1 Phase Determination and Microstructure 

X-ray diffraction (Figure 7.3) confirmed that the patterned structures were of the crys-

talline 3YSZ (3 mol% Y2O3) phase after annealing.[20] No other crystalline phases 

formed during heat treatment. The sharp peaks at 2θ ~37.8° and 44.2° can be attributed 

to the Al holder on which the sample was placed. Sintering in amorphous materials to 

eliminate porosity, such as in sol-gel derived structures, is driven by viscous flow. Due 

to the porous nature of gels, the driving force is large enough for sintering to occur at 

much lower temperatures than for bulk materials,[17] and therefore small crystallite sizes 

are expected. Crystallite sizes were calculated using the Scherrer equation. On average, 

the cross-shaped structures contained crystallites of ~9 nm size (FWHM ≈ 1.0° for the 

(111) peak at 2θ ~30.4°), from which I can conclude that densification occurred rapidly, 

without significant crystallite growth. 

 

 

Figure 7.3 XRD pattern of 3YSZ measured from 2θ = 25 to 60°. The substrate was mounted 
on an Al disk (denoted with an asterisk). 

 

7.3.2 Influence of Precursor Concentration 

High Concentration – Formation of Cross-shaped Structures 

During the MIMIC process, the rate at which the microchannels of the mold are filled 

with liquid sol-gel precursor is inversely proportional to the viscosity of the liquid phase 

η. Liquid is dragged into the microchannels due to capillary forces. The interfacial free 

energies of the precursor, PDMS mold and substrate play an important role: 
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θ cos SLSVLV  Eq. (7.1) 

Here z is the penetration length of the capillary, and R the hydraulic radius of the chan-

nel. γLV, γSV and γSL are the surface tensions of sol precursor and air, PDMS wall and air 

and PDMS wall and sol precursor, respectively, and t is time.  

 The solubility of nonpolar solvents such as dichloromethane[22] and C5-C7 al-

kanes[22,23] in the micropores of PDMS is high, and can give rise to enormous swelling, 

making PDMS unsuitable as a mold material. Polar solvents such as 2-methoxyethanol 

and water are also soluble in PDMS, but do not swell the matrix, and are therefore much 

more suitable. On the other hand, polar solvents are repelled by the hydrophobic PDMS 

surface and do not have a favorable contact angle θ to allow capillary infiltration in 

micrometer-scale channels. However, the hydrophilicity of the PDMS mold surface can 

be increased by oxygen plasma treatment, thus enhancing the capillary infiltration of the 

microchannels by solvents, while not affecting the solubility of the solvents in the 

PDMS matrix. Metal alkoxides,[22] or stabilized metal oxide clusters are dragged along 

with the solvent matrix into the microchannels, but they have more difficulties to diffuse 

into the micropores of the PDMS walls upon drying than the small solvent molecules. 

I may therefore assume that the micropores of the PDMS walls are primarily infiltrated 

by solvent and not by the stabilized zirconium n-propoxide clusters used here. At 60 

°C, the rate of evaporation of 2-methoxyethanol (bp. 124-125 °C, vapor pressure ~88 

mbar) is low compared to water (bp. 100 °C, vapor pressure ~199 mbar). Thus, the 

drying and shrinkage of the sol-gel precursor under a mold can be attributed to the 

diffusion of solvent into the PDMS mold rather than to evaporation. 

 

 

Figure 7.4 Cross sections of PDMS mold (solid line), as-dried gel structure, 60 °C for 1 h 
(dashed line), and the annealed crystalline 3YSZ structure, 850 °C for 1 h (dotted line). 
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The cross-sectional view in Figure 7.4 of a dried cross-shaped structure shows a plateau 

height of ca. 2.6 µm. The peak formation on the edges of the patterned structures re-

sulted from a more rapid drying of the precursor sol in the corners of the mold, since 

the corner areas have a much higher surface area-to-volume ratio than elsewhere under 

the mold.[24] The variation in gel times can be partially overcome by lowering the tem-

perature during drying, or by replacing the square edges by curved ones.[24] The deposits 

act as a point for pinning[25] during evaporation or solvent loss via infiltration into the 

PDMS matrix. The solid phase thus grows from the PDMS interface towards the inte-

rior of the channel. In the final stages of drying, the microchannels are no longer com-

pletely filled by liquid and the remaining precursor solution accumulates in the center 

between four protruding pillars, see Figure 7.5a. Due to high local stresses around the 

protruding pillars, as illustrated by the high local density of force lines in Figure 7.5b-c 

and the low cohesive strength of the formed gel, the as-formed structures cracked, re-

sulting in isolated cross-shaped structures (Figure 7.6a-b). The cracking phenomena oc-

curred in an entirely homogenous fashion over the entire patterned surface area. Since 

the interfacial free energy of the PDMS mold (γSV = 21.6 mN·m-1)[21] is much lower 

than the Si-substrate (γSV = 72.0 mN·m-1),[21] the gelled structures adhere preferentially 

to the substrate and the patterned structures remain intact upon mold removal. Further 

heat treatment in a microwave oven at 850 °C resulted in more shrinkage and crystalli-

zation of the amorphous structures. On average, the patterning technique yielded uni-

formly sized and shaped structures over the whole patterned area, with an average plat-

eau height of approximately 1.4 µm (Figure 7.4). This corresponds to ~46.2 % shrinkage 

in vertical direction, compared to the height of the initial as-dried structure. 

 

 

Figure 7.5 Schematic overview of formation of cross-shaped structures. The blue circles repre-
sent the protruding pillars of the mold; (a) precursor is continuously dragged into the micro-
channels, accumulating the solid content of the precursor at the center of four pillars. To simplify 
the actual flow of precursor, the flow from the depicted area into an identical neighboring area 
is not shown; (b) In the final drying stage, a viscous gel-structure has formed, and due to high 
local stresses around the circular protruding pillars the gelled structures crack at the locations as 
pointed out by arrows; (c) densification of force lines around the circular protruding pillars. The 
dashed line represents the location and direction in which the crack is observed. 
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I calculated the maximum mass of precursor material in case of complete filling of the 

microchannels by precursor solution and its subsequent transformation into crystalline 

3YSZ. 

 Remarkably, my calculations showed that approximately 750 % more solid ma-

terial had accumulated in the channels than is present in the equivalent volume of liquid 

precursor solution. I suggest that this significant accumulation is explained by the high 

permeability of 2-methoxyethanol into the micropores of the wall of the PDMS mold, 

which enables new precursor solution from the outside of the mold to be continuously 

dragged into the microchannels. In view of Equation (7.1), the existence of 100 µm 

wide channels intersecting the patterned areas (Figure 7.2a) facilitate a low resistive 

transportation route for larger volumes of precursor material than the individual pillar 

spacing of 3 µm. Consequently, more precursor material is able to penetrate further into 

the interior of the mold in a shorter period of time. 

 

 

Figure 7.6 HR-SEM pictures of cross- and ring-shaped structures after annealing at 850 °C 
for 1 h; (a) overview of a larger patterned area of cross shapes; (b) cross pattern at higher 
magnification. Pictures (a-b) were taken in-lens at 2.0 kV for higher topographical resolution; 
(c) overview of a larger patterned area of ring shapes; (d) ring pattern at higher magnification. 
Pictures (c-d) were taken with secondary electrons at 2.0 kV. 
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Evolution of Pattern Formation – From Cross- to Ring-shaped Patterns 

Occasionally, patterns near the edges of the PDMS mold showed different structures 

than the interior parts, e.g. due to the presence of less precursor material at the edges, 

the effect of faster drying, blocked microchannels, and/or a lower degree of conformal 

contact between the stamp and the substrate. These different structures provide im-

portant information of the various stages of pattern formation. The stages were found 

not only to be concentration dependent, but also a mass dependency was found. For 

example, when only a small volume of the concentrated precursor solution was used to 

create a pattern, ring structures were obtained instead of cross shapes. Figure 7.7 shows 

the gradual evolution of ring formation from cross-shaped structures by AFM upon 

lowering the supply of solids. 

 

 

Figure 7.7 AFM height images of different stages of structure formation, from cross-shaped 
to ring-shaped structures; (a) complete filling of microchannels at high precursor concentra-
tion, cross formation; (b) lower mass of solids present, cross shapes (1.0 µm height) and small 
rings (10 nm height) were formed concurrently; (c) further reduction of the amount of solid 
mass in the precursor solution led to the patterning of rings connected via solid ‘necks’; (d-
e) a further mass decrease resulted in ring formation with decreasing line width. 

 

At high precursor concentration and after complete filling of the channels, the whole 

patterned area was filled with cross-shaped structures (Figure 7.7a). At locations where 

a smaller mass of solids was present, high aspect ratio cross- and ring-shaped structures 

were formed concurrently, with heights of approximately 1.0 µm and 10 nm, respec-

tively (Figure 7.7b). A further reduction of supplied mass resulted in ring-shaped struc-

tures connected with three solid ‘necks’; no cross-shaped structures were observed (Fig-

ure 7.7c). Neck formation is a result of Rayleigh-Plateau instability during the final stages 

of drying, and depends on the rate of loss of solvents and/or the formation of polymer 

networks of higher molecular mass (gelling).[7,26] As the amount of liquid precursor in 

the microchannels decreased, droplets are formed to reduce the total surface energy of 

the system. Further shrinkage of the droplets as a result of solvent diffusion into the 
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PDMS increases the instability, and will eventually cause the droplet to collapse. I always 

observed the formation of three solid ‘necks’ connecting the rings as result of this col-

lapse. At lower concentrations, no necks were observed and only ring-shaped structures 

with decreasing line widths were obtained (Figure 7.7d-e). The formation of these rings 

is discussed in the next section. 

 

Low Concentration – Formation of Ring-shaped Structures 

Dilution of the precursor to [Zr] = 0.036 mol·dm-3 caused a drastic change in the ob-

tained structure sizes and geometry, as schematically shown in Figure 7.1f-i. HR-SEM 

pictures of an array of uniformly sized and shaped rings (Figure 7.6c-d) are shown, with 

a diameter of approximately 3.5 µm and a line width of roughly 20 nm. Differences 

between individual rings of ca. 25% in height and line thickness were observed with 

AFM measurements (Figure 7.8b). These differences, however, were not observed with 

HR-SEM (Figure 7.6c-d). They are most likely AFM scanning artifacts resulting from 

the small feature width (~20 nm) and high aspect ratio of the rings. The rate of diffusion 

of 2-methoxyethanol into the micropores of PDMS is most rapid in the square corners 

of the mold, and the zirconia precursor was initially deposited there.  

 

 

Figure 7.8 AFM height images (30 x 30 µm2 area) of: (a) cross-shaped structures, annealed 
in air at 850 °C for 1 h; (b) ring-shaped structures from diluted sol, annealed in air at 850 °C 
for 1 h. Three-dimensional representations of both structures are shown (7 x 7 µm2 area) 
from the highlighted areas (dashed squares). 

 

Since gravitational forces are negligible at this length scale, deposition of solids on the 

walls of the less preferential protruding PDMS pillars takes place as well. At the end of 

the drying stage, as the flux of precursor material into the microchannels has ceased, 

the PDMS (side) walls are covered with as-gelled zirconia precursor. 
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After mold removal, only the solids deposited near the PDMS-Si interface remain at-

tached to Si due to the higher interfacial free energy of the Si-substrate compared to 

PDMS.[21] Shi et al. reported a similar mechanism for the formation of TiO2 ring struc-

tures from dilute colloidal solutions in ethanol.[27] For similar concentrations and drying 

temperatures (45 ºC) as reported here, they obtained rings with a height and line width 

of approximately 170 and 185 nm, respectively. Although the height of the rings is quite 

similar to my findings, the line width is an order of magnitude larger. This significant 

difference can be explained by the fact that most precursor material was deposited on 

the PDMS side walls, and not on the Si-substrate. Furthermore, the crystallite sizes of 

sol-gel derived materials have much smaller dimensions than the sizes of the used col-

loidal TiO2 particles. 

 A three-dimensional representation (Figure 7.8b) clearly shows a lower height 

in parts of the ring-shaped structure. Rayleigh-Plateau instability in the final drying stage 

caused the decreasing precursor droplets to collapse (as explained in the previous para-

graph), and material was locally expelled and deposited elsewhere on the same ring. The 

direction of the collapse is related to the position inside the PDMS mold, i.e. different 

directions were observed for the corners, sides and center of the mold (Figure 7.9). 

Moreover, the side with the lower height was always directed towards the interior region 

of the mold. A lower partial pressure outside the mold forces the drying precursor ma-

terial to move towards the edges during the drying stage; random collapse directions 

were observed for ring structures in the center of the mold. 

 

7.3.3 Effect of Mold Geometry 

The mold geometry plays an important role in the final shape and size of the patterned 

structures. In order to show the importance, the geometry was carefully changed and 

continuous patterns and aligned isolated structures were obtained. A mold with square 

protruding pillars (mold features: 5 µm diameter, 3 µm spacing and 3 µm height; Figure 

7.2b) was used successfully. 

 

Square-shaped Patterns 

The channels of the PDMS mold were completely filled with the concentrated sol pre-

cursor. Unlike the circular patterned mold, the dried structure did not crack and a pat-

terned film was formed, as illustrated by the RTA annealed patterns in Figure 7.10a-b. 
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It appears that the quality of the patterned film was influenced by the shape of the 

protruding pillars. In particular, stress accumulation around the pillars during the drying 

of as-gelled structures plays an important role as was noted above. But unlike the sig-

nificant densification of force lines around the circular protruding pillars (Figure 7.5c), 

the more evenly distributed force lines around the edges of the square protruding pillars 

dissipate the stress more efficiently. Consequently, the rigid as-dried pattern remained 

intact. No cracks were observed even after RTA. Also, a lower overall pattern thickness 

reduces the vertical shrinkage during drying and sintering, and thus the formation of 

cracks.[24] Similar to the cross-shaped structures, peak formation on the edges was also 

observed here in the patterned film. Figure 7.10a-b clearly show that the procedure 

yielded a high quality pattern with an average height of ca. 450 nm. The features are 

uniformly sized and shaped with sharp edges. 

 

 

Figure 7.9 Schematic representation of ring collapse in the amorphous structures during the 
drying stage. Evaporation of the sol precursor is directed towards the edges of the mold (as 
indicated with the arrows). The places where the rings collapsed (lower height) were always 
directed to the interior of the mold. However, the direction became more random when the 
rings were located further away from the edges. 

 

The significant difference in height between the cross-shaped structures and the pat-

terned film by more than a factor of 3 is caused by the geometry of the mold: the mold 

with square protruding pillars lacks the 100 µm wide channels in between patterned 

areas (Figure 7.2), so that the rate at which liquid precursor accumulates in the micro-

channels is lower. Moreover, instead of accumulation of solids in isolated features, all 

precursor material was distributed equally throughout the patterned film, yielding pat-

terns with lower average heights. Dilution of the sol to [Zr] = 0.036 mol·dm-3 led to the 

formation of squares, with solid material only deposited on the edges (Figure 7.10c-d). 
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Figure 7.10 HR-SEM pictures of patterns obtained from square-shaped molds. All images 
were taken after heat treatment at 850 °C for 1 h in air; (a) overview of patterned, crack-free 
film; (b) patterned film at higher magnification. Sharp edges and uniform size and shape of 
patterned film are clearly visible; (c-d) square line-patterns from diluted sols ([Zr] = 0.036 
mol·dm-3). Some PDMS residue is visible; (e) overview of patterned area with ‘dog bone’ 
shapes. The patterned film was deliberately cracked by addition of extra precursor sol during 
the drying stage; (f) ‘dog bone’ shaped structure at higher magnification. The location of crack 
formation is clearly visible (as indicated with the arrows) and the shape of the structure fol-
lows the curvature of the crack. Pictures a, c and e were taken with secondary electrons at 1.3 
kV. Pictures b, d and f were taken in lens at 1.3 kV for higher topographical resolution. 

 

Re-filling of the Square-shaped Patterns 

To increase the height of the patterned film, new precursor solution was placed at the 

openings of the mold’s channels after 10 min of drying. Although the final pattern 

height increased from 450 to approximately 800-900 nm after annealing for 1 h at 850 

°C, the patterned film could not be kept intact. This could be either the result of an 

increased pattern height-to-width ratio,[24] or possible stress accumulation as a result of 

solvent retention. Diffusion of solvent, retained in the first deposited pattern, into the 

micropores of the PDMS may be impeded after the microchannels were re-filled with 

new precursor material. 

 Interestingly, the cracking occurred in a completely orderly fashion, and re- 
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sulted in uniformly sized ‘dog bone’ shaped structures (Figure 7.10e-f). Moreover, the 

‘dog bone’ shaped structures did not show the typical double peak profile on the 

edges;[24] flat top surfaces were obtained. The HR-SEM image (Figure 7.10f) clearly 

shows that the cracks formed and propagated from the center point where four squares 

pillars meet. The arrows point to locations where cracks initiation took place. The shape 

of the structure follows the curvature of these cracks. Thus, by deliberately inducing 

cracks in the patterned film, a large array of uniformly sized isolated structures was 

obtained. 

 

 

7.4 Conclusions 

I have successfully demonstrated the patterning of high aspect ratio 3YSZ structures by 

combining micromolding in capillaries and sol-gel chemistry. This technique resulted in 

structures of similar shape and dimensions over the whole patterned area. When circular 

protruding pillars were used, cross-shaped structures with an average plateau height of 

~1.4 µm were obtained for concentrated precursor solutions ([Zr] = 0.724 mol·dm-3). 

The shape was determined by the geometry of the mold, shrinkage, and cracking of the 

as-formed gel during the drying stage and subsequent heat treatment. Dilution of the 

precursor solution by 20 times ([Zr] = 0.036 mol·dm-3) resulted in ring-shaped struc-

tures that were more than an order of magnitude smaller in dimension. Addition of new 

precursor solution during the drying stage induced cracks in the as-gelled structures, 

and ‘dog bone’ shaped structures were obtained over the whole patterned area. Changes 

in pillar geometry and density, or channel height can lead to unwanted effects such as 

cracking and/or the appearance of randomly shaped structures. The evolution of these 

cracks and the direction in which they propagate is not yet understood. Computer mod-

eling might lead to a better understanding of the connection between the PDMS mold 

geometry and the cracking behavior of the sol-gel precursor solutions. Predictions of 

the cracking behavior of precursor solutions may lead to new patterning techniques 

based on adjusted mold geometries that facilitate controlled cracking in order to obtain 

isolated structures of preferred shape and dimensions. The cracking phenomenon al-

lows the formation of isolated features by MIMIC, a soft patterning methodology which 

normally allows only continuous patterns to be formed. 
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General Conclusions and Outlook 

 

 

 

 

 

 

Abstract 

In this chapter general conclusions and remarks regarding the conducted research are 

presented. In addition, various experimental ideas for possible future research are dis-

cussed, with a particular focus on the effect of the synthetic pathway and the resulting 

microstructure on the structural properties. Finally, it is emphasized that the future of 

sol-gel chemistry in industrial applications lies in the use of its possibilities, rather than 

its limitations. 
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8.1 General Conclusions 

The work described in this thesis concerns various low-temperature synthesis and pro-

cessing approaches to perovskite and fluorite-type nanoceramics. Throughout the chap-

ters, sol-gel chemistry was used as a main ‘tool’ for the preparation of these inorganic 

oxides. The main focus lies on the relationship between the synthetic pathway (and 

processing conditions) and the resulting crystalline phase or microstructure and result-

ing properties. 

 At first glance, a sol-gel synthesis may appear as simply the mixing of precursors 

in the appropriate ratios, their subsequent gelling, and heat treatment to form a crystal-

line product. Dissecting the different elements of sol-gel, however, shows that in prac-

tice this is hardly the case. Unfortunately. Subtle changes in concentration, stirring 

speed, or even precursor volume may have severe consequences on the final stoichiom-

etry and/or microstructure of the desired product. A full understanding of the role of 

modifying ligands, the stability of precursors, and the interactions with each other and 

the solvent is therefore necessary to fully control the synthesis from molecular precursor 

to final product. The results in Chapter 2 underline that the choice of solvent deter-

mines if a crystalline phase is formed or not,[1] and also may control the extent to which 

the nanocrystals are allowed to grow. 

 Time-resolved small angle X-ray scattering (SAXS) was used to probe the local 

electron density variations occurring during BaTiO3 (BTO) nanocrystal formation in 

solution. The use of the scattering invariant method, based on the total scattered inten-

sity of the system, allowed for a model independent analysis of the crystalline phase 

formation. The effect of variations in processing parameters on the amorphous-to-crys-

talline phase transition could be described, and rate-limiting regimes were discerned 

(Chapter 3). Advanced knowledge of the mechanism of crystal phase formation ena-

bled the expansion of this synthesis method to other perovskite materials, and the in-

troduction of dopants. In Chapter 4, the synthesis of phase-pure proton conducting Y-

doped BaZrO3 is described. Although a dense nano-crystalline ceramic was obtained at 

much lower processing temperature than needed for the bulk material, the high tem-

perature processing caused local inhomogeneities at the grain boundaries. In addition, 

the limited crystallite growth during sintering resulted in a high grain boundary contri-

bution on the total proton conduction. Further optimization of the processing condi-

tions is thus necessary to increase its performance. 
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 A method based on X-ray reflectivity is developed in Chapter 5. Its goal was 

to provide a simple methodology to accurately determine the density of ceramic thin 

films, and to utilize this method to study the effect of high temperature processing con-

ditions on the density of thin yttria-stabilized zirconia (YSZ) films. In Chapter 6, it is 

demonstrated that the proposed method is an excellent tool for microstructural analysis 

of large sample quantities and optimization of annealing procedures. Achieving a high 

thin film density, while limiting the annealing time at high temperatures, may result in 

better quality films. By using microwave-assisted rapid thermal annealing instead of con-

ventional heating, it was possible to reduce the annealing time at 1000 °C from 12 h to 

5 min. 

 Soft lithographic patterning in combination with sol-gel chemistry was used for 

the large area patterning of high aspect ratio YSZ features (Chapter 7). Isolated features 

were obtained by a specific combination of precursor concentration and patterning 

mold geometry. Patterning of these isolated features on top of dense YSZ films, greatly 

enhances the total surface area, and may result in higher ionic conductivity. 

 

 

8.2 Outlook 

This section presents various experimental ideas for possible future research, in which 

the properties of the synthesized materials are the main focus of investigation. In par-

ticular, the effect of the synthetic pathway and the resulting microstructure on the struc-

tural properties are worth further investigation. The work described in this thesis can 

be used as an experimental framework for the production of high-quality nanoceramics 

with control over the subtle chemistry. 

 

8.2.1 Total Scattering Experiments 

Although much has been learned about the formation of BTO nanocrystals in benzyl 

alcohol (Chapter 2 and 3), the initial stage structure and the mechanism of crystallite 

formation (in-situ transformation or dissolution-precipitation) is still unknown. Total 

scattering experiments (using a synchrotron radiation source) allows to record a pair 

distribution function (PDF). It describes the distribution of distances of particles within 

a certain volume, and thus contains information on the short-, middle-, and long-range 
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order in a material. Time-resolved total scattering measurements may help to answer 

the question which mechanism is predominant in the formation of BTO nanocrystals, 

and what the average structure (at various time intervals) really looks like. 

 

8.2.2 Improved Performance of Proton-conducting BZY 

Spark plasma sintering 

Due to the refractory nature of BZY ceramics, typically very high sintering temperatures 

are necessary to obtain dense bodies (as outlined in Chapter 4). As a consequence, 

phase inhomogeneity as a result of dopant segregation or secondary phase formation 

may occur, resulting in lower proton conductivity. To circumvent long dwell times at 

high temperatures, spark plasma sintering (SPS) is often employed.[2] Samples are sin-

tered under a high dc current along with a uniaxially applied pressure. High density 

ceramics are typically formed after only several minutes at high temperature, resulting 

in much cleaner grain boundaries without phase segregation or dopant inhomogenei-

ties.[3] 

 Sample BZY1* has been sintered for 5 min at 1600 °C by SPS (heating rate 100 

°C·min-1) under a uniaxial load of 2.5 kN, resulted in a final relative density of approx-

imately 95%. X-ray diffraction confirmed that the as-sintered ceramic was phase-pure 

BZY, and no secondary phases were observed. The average crystallite size was approx-

imately 3 times larger than obtained after conventional sintering for 24 h at 1350 °C, 

120 nm versus 43 nm, respectively. The proton conductivity of the as-sintered pellets 

was measured using electrochemical impedance spectroscopy between 450 and 600 °C 

in wet H2 atmosphere (pH2O 0.030 atm), see Figure 8.1. The initial results show that 

the proton conductivity of a spark plasma sintered pellet is ca. 3-6 times higher than 

what is achieved by conventional heating, as summarized in Table 8.1. A maximum 

conductivity of 4.2·10-4 S·cm-1 was measured at 600 °C. In addition, the activation en-

ergy of the total proton conductivity is much lower than for a sample sintered by con-

ventional heating. In fact, it is much lower than the reported literature value of ~0.65 

eV.[4, 5] Further investigation on the effect of longer Zr and Y precursor intermixing and 

dopant distribution at the grain boundaries is recommended. 

                                                      
* Sample BZY1 was prepared by mixing a Zr and Y alkoxide solution in benzyl alcohol for 4 h 
at 100 °C. After cooling to room temperature and subsequent Ba(OH)2·8H2O addition, the re-
action mixture was refluxed for 20 h at 150 °C (see Chapter 4.2.2 for more experimental details). 
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Table 8.1 Comparison of the bulk, grain boundary, and total proton conductivity achieved by SPS and 
conventional heating. 
 

 SPS Conventional Heating 

Bulk Conductivity 5.5·10-3 S·cm-1 9.4·10-4 S·cm-1 
Grain Boundary Conductivity 4.5·10-4 S·cm-1 1.4·10-4 S·cm-1 
Total Conductivity 4.2·10-4 S·cm-1 1.2·10-4 S·cm-1 
Activation Energy 0.43 ± 0.02 eV 0.79 ± 0.02 eV 

 

 

Figure 8.1 Impedance spectra of a spark-plasma sintered BZY pellet at 1600 °C. Inset: Arrhe-
nius representation of the bulk (black), grain boundary (red), and total (blue) proton conductiv-
ity, respectively. 

 

Synthesis of Single-source Zr-Y Precursors 

Alternatively, the preparation of a single-source precursor, as opposed to precursor in-

termixing, may help to achieve a more homogeneous dopant distribution. The synthesis 

of various heterometallic intermediates using Zr alkoxides in combination with less re-

active lanthanide acetates has been described by Hubert-Pfalzgraf.[6] Initial results show 

that the use of benzyl alcohol, besides the reported use of toluene or 2-methoxyethanol, 

also resulted in the formation of a single-source precursor. The yttrium (III) acetate 

tetrahydrate powder was added to a 0.1 mol·dm-3 solution of zirconium (IV) n-propox-

ide, and subsequently the mixture was heated for > 20 h at 100 °C. Subsequently, 

Ba(OH)2·8H2O was added to the as-formed precursor, and the reaction mixture was 

refluxed for 24 h at 150 °C, yielding a phase-pure BZY powder. Interestingly, the yt-

trium acetate tetrahydrate only dissolves in benzyl alcohol in the presence of the Zr 

alkoxide precursor. 
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8.2.3 Effect of Microstructure on Ionic Conductivity of YSZ Thin Films 

The optimized annealing conditions, as described in Chapter 6, can be utilized to in-

vestigate: (1) the ionic conductivity of dense YSZ thin films, and (2) the effect of addi-

tional surface area (see Figure 8.2). An increased surface area may be achieved by e.g. 

the deposition of an additional porous film, or alternatively, by (soft lithographic) pat-

terning of YSZ features (as described in Chapter 7). 

 In addition, a columnar microstructure in the thin films may be achieved by the 

deposition of multiple very thin layers by using strongly diluted sols (Figure 8.3). This 

method has been successfully used for the preparation of e.g. BTO thin films with co-

lumnar crystallites.[7] For a granular microstructure, the total ionic conductivity is mainly 

determined by the grain boundary contribution (Figure 8.3a), whereas for columnar 

grains the ionic transport is only limited by the grain interior (Figure 8.3b). An increased 

ionic conductivity of approximately 2 orders of magnitude is expected,[8] which may 

lead to a further decrease in SOFC operating temperatures. 

 

 

Figure 8.2 Schematic overview of thin film electrolytes with increased surface area: (a) a 
dense/porous film; (b) dense/patterned film. 

 

 

 

Figure 8.3 Schematic representation of the microstructural effect on the bulk and grain bound-
ary conductivity in thin YSZ films, for (a) a granular structure, and (b) a columnar structure. 
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8.3 Final Remarks 

The work described in this thesis undoubtedly showed that sol-gel chemistry can be 

used as a cheap, and facile approach to high-quality ceramic materials. A better under-

standing of the sol-gel process will lead to an improved control over the desired crys-

talline phase and resulting microstructure. Although control on a molecular level can be 

exerted, sol-gel processing is not often used in industrial applications. Perhaps a shift in 

the perspective on how ‘we’ look at sol-gel chemistry is necessary to increase its use to 

a larger platform. A perspective in which the focus lies on the possibilities of the tech-

nique, rather than on the limitations. 
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Summary 
 

 

In Chapter 1, an introduction to the low-temperature wet-chemical approach to various 

perovskite and fluorite-type materials is presented. The main focus of the research de-

scribed in this thesis is to control the material’s synthesis route from liquid precursor to 

ceramic oxide powder or thin film; while understanding its formation mechanism. In 

addition, the synthetic approaches should be compatible with deposition techniques 

that allow for the upscaling to larger deposited surface areas. The scope of the thesis is 

presented at the end of the chapter. 

 In Chapter 2 and 3 the reaction mechanism of the low-temperature (23-78 °C) 

one-pot synthesis of BaTiO3 (BTO) is described. In Chapter 2, the formation of the 

crystalline phase was studied by investigating the stability and interaction of the precur-

sors with each other and the solvent. Additional computational models could explain 

the experimental data well, showing that the phenylmethoxy ligand (from the parent 

alcohol) enhanced the stability of the Ti precursor by steric hindrance, and inhibited the 

growth of the BTO by forming a dense ‘capping layer’ on the surface of the crystallites. 

 The influence of temperature, water amount, and precursor concentration and 

stoichiometry on the BTO formation kinetics are described in Chapter 3. Time-re-

solved small-angle X-ray scattering (SAXS), X-ray diffraction (XRD), and high-resolu-

tion transmission electron microscopy (HR-TEM) were used to gain insight in nuclea-

tion, growth, and crystallization phenomena. The amount of water in the system (re-

leased from the barium hydroxide octahydrate precursor) was found to predominantly 

determine the rate of hydrolysis and consequently the rate of crystallization. At high 

precursor concentrations, crystallization followed the apparent zero-th order dehydra-

tion kinetics of the Ba precursor. Lower precursor concentrations constituted a de-

creased water availability, and resulted in impeded crystallization times. 
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Careful adjustments of the total water concentration and precursor stoichiometry ena-

bled to discern three rate-limiting regimes for the crystal phase formation. 

 The knowledge gained from the previous two chapters was used to expand this 

facile approach for the synthesis of other perovskite ceramics, and the incorporation of 

dopants. In Chapter 4 the synthesis of proton-conducting yttrium-doped barium zir-

conate (BZY; BaZrxY1-xO3-δ) is presented. The formation of nano-crystalline BZY pow-

ders enhanced the sintering temperature, and dense, phase pure, ceramic bodies were 

obtained at significantly lower temperatures than necessary for bulk materials. The pro-

ton conductivity of the prepared BZY ceramic was mainly determined by the grain 

boundary contribution to the total resistance. The existence of ultrafine BZY grains 

after sintering (i.e. lack of grain growth) contributed to an enhanced grain boundary 

area, which negatively enhanced the proton conduction. 

 A method to measure the thin film density of sol-gel derived YSZ is described 

in Chapter 5. This facile approach is based on X-ray reflectivity (XRR) in which elec-

tron density of the material is determined by the critical angle (of total external reflec-

tion). The method describes the mathematical calculation of a so-called pseudo-critical 

angle. Calibration curves, illustrating the correlation between simulated XRR curves and 

their corresponding pseudo-critical angles, were used to determine the density of the pre-

pared thin films. The method was validated by determining the thin film density of 

single crystal substrates and by using a combination of Rutherford backscattering (RBS) 

and high-resolution scanning electron microscopy (HR-SEM). 

 In Chapter 6, the aforementioned method was applied to investigate the den-

sification behavior of YSZ thin films. In particular, the effect of annealing temperatures 

and substrate choice on the final density was studied. A final thin film density approxi-

mately 95 % was achieved after annealing for only 5 min. Dense thin films are the key 

requirement for fuel cell applications, since fuel and oxidant need to be separated by 

the electrolyte membrane. Underlining, once more, the necessity of the method de-

scribed in Chapter 5. 

 The soft-lithographic patterning of ionically conducting YSZ patterns is de-

scribed in Chapter 7. A combination of sol-gel chemistry and micromolding in capil-

laries (MIMIC) was used to obtain (isolated) features with aspects ratios of ~1. The 

influence of the mold geometry and precursor concentration on the final patterned 

structures was investigated. At high precursor concentration, the use of a circular mold 

yielded micrometer-sized isolated features through crack formation during drying, 

whereas a square mold resulted in a continuous patterned structure. The use of diluted 
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precursor solutions resulted in ring-shaped structures more than an order of magnitude 

smaller. The soft lithographic patterning of YSZ structures results in an increased elec-

trolyte surface area. The combined knowledge of Chapter 5, 6, and 7 may result in a 

cost-effective fabrication method for gas-impermeable thin films with increased elec-

trolyte surface area, and present a step towards improved economic feasibility and im-

plementation of solid oxide fuel cell (SOFC) technology. 

 In Chapter 8, general conclusions are drawn. It is stated that sol-gel chemistry 

can be used as a cheap, and facile approach for the synthesis of high-quality nanocera-

mics. Although it is often described as an easy-to-use technique, subtle changes often 

have major consequences. Therefore, a full understanding of relevant synthesis param-

eters, e.g. the role of modifying ligands, precursor stability, and water concentration, is 

necessary to fully control the process from molecular precursor to final product. A 

change in perspective on how sol-gel chemistry is perceived, focusing on possibilities 

rather than on limitations, may contribute to a larger industrial platform. In addition, 

various experimental strategies, for future research are described, with a clear focus on 

the influence of synthesis parameters on the material’s properties. 
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Samenvatting 
 

 

In Hoofdstuk 1 beschrijf ik, hoe ik getracht heb de verschillende keramisch materialen 

(van de perovskiet en fluoriet kristalstructuur) via nat-chemische syntheses te maken. 

Het liefst, bij een zo laag mogelijke temperatuur. De belangrijkste focus ligt hierbij op 

het controleren èn begrijpen van het gehele proces, van precursors (grondstoffen die de 

benodigde chemische elementen bevatten) en oplosmiddelen tot keramisch poeder of 

dunne laag. Tevens is geprobeerd de syntheses zodanig te ontwikkelen, dat deze 

makkelijk opgeschaald kunnen worden. Aan het einde van het hoofstuk worden de 

kernonderwerpen van dit proefschrift beschreven. 

 In Hoofdstuk 2 en 3 wordt het reactie mechanisme van barium titanaat 

(BaTiO3; BTO) beschreven. Deze reactie is uitgevoerd in slechts één stuk glaswerk (ook 

wel één-pots reactie genoemd), bij temperaturen tussen 23 en 78 °C; een barium zout is 

toegevoegd aan een oplossing van een titaniumhoudend molecuul in benzyl alcohol. In 

Hoofdstuk 2 is de formatie van de kristallijne* fase bestudeerd, door de interactie van 

de precursors met elkaar en het oplosmiddel te onderzoeken. De computermodellen die 

hiervoor ook gebruikt zijn, konden de verkegen experimentele data goed verklaren. Er 

is aangetoond dat de chemische groepen van het titaniumhoudend molecuul (titanium 

precursor) zich uitwisselen met het oplosmiddel. Dit wordt ook wel ligandenuitwisseling 

genoemd. Door de sterische hinder van de uitgewisselde oplosmiddel moleculen is de 

stabiliteit van de titanium precursor verhoogd. Tevens vormen deze ligand moleculen 

een dunne laag op het oppervlak van de nanodeeltjes, waardoor de groei van deze 

deeltjes geremd wordt. 
  

                                                      
* De atomen in een kristallijn materiaal zijn periodiek gerangschikt in 3 dimensies. Het 
tegenovergestelde is een amorf materiaal. 
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 De invloed van temperatuur, de hoeveelheid water, en de precursor concentra-

tie en stoichiometrie op de barium titanaat formatiesnelheid is beschreven in 

Hoofdstuk 3. Tijdsafhankelijke kleine-hoek röntgen verstrooiing (SAXS; bij ESRF in 

Grenoble), röntgen diffractie (XRD), en hoge-resolutie transmissie elektronen micro-

scopie (HR-TEM) zijn gebruikt om inzicht te krijgen in de nucleatie (het onstaan van 

de deeltjes), groei, en kristallisatie fenomenen. De hoeveelheid water die aanwezig is in 

het systeem (vrijgelaten door het barium zout) blijkt grotendeels de snelheid van 

hydrolyse, en daardoor, de kristallitie te beïnvloeden. Bij hoge barium precursor concen-

traties kristalliseren de barium titanaat deeltjes even snel als dat het barium zout 

dehydrateert. Bij lagere precursor concentraties (en dus bij lagere beschikbare hoeveel-

heden water) wordt de kristallisatie vertraagd. Door het voorzichtig aanpassen van de 

totale hoeveelheid water en de precursor stoichiometrie (de verhouding tussen de pre-

cursors), konden drie verschillende reactie-limiterende regimes van kristalformatie 

worden onderscheiden. 

 De verkregen kennis van de vorige twee hoofdstukken, is gebruikt om deze 

makkelijke synthetische route uit te breiden naar de productie van andere keramische 

perovskieten èn om de materiaaleigenschappen te veranderen door deze te doteren†. In 

Hoofdstuk 4 is de synthese van protonengeleidend yttrium-gedoteerd barium zirconaat 

(BZY; BaZrxY1-xO3-δ) gepresenteerd. De vorming van nano-kristallijne BZY deeltjes 

verandert de sintertemperatuur zodanig, dat compleet verdichte, zuivere, keramische 

pellets gevormd worden bij significant lagere temperaturen dan gebruikelijk voor bulk 

materialen. De protonengeleiding van het geproduceerde keramiek is voornamelijk be-

paald door de contributie van de korrelgrenzen op de totaal gemeten weerstand in het 

materiaal. De aanwezigheid van de zeer kleine BZY korrels na het sinteren (d.w.z. geen 

deeltjesgroei) draagt bij aan een vergroot korrelgrensoppervlak, en daarmee, helaas, aan 

een lagere protonengeleiding. 

 Een methode om de dichtheid van dunne lagen‡ yttrium-gestabiliseerd zirconia 

(YSZ) te bepalen, is beschreven in Hoofdstuk 5. Deze makkelijke aanpak is gebaseerd 

op de reflectie van röntgenstralen (XRR), waarbij de elektronendichtheid van een 

materiaal (en daarmee de materiaaldichtheid) wordt bepaald door de kritische hoek van 

totale externe reflectie. De methode beschrijft de mathematische berekening van een 

zogeheten pseudo-kritische hoek. 

                                                      
† Doteren is het inbrengen van ‘onzuiverheden’ om materiaaleigenschappen te veranderen. 
‡ Deze dunne lagen zijn verkregen door een sol-gel oplossing op een snel roterend oppervlak te 
deponeren (‘spin coaten’). 
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Kalibratiecurves, die de correlatie tussen gesimuleerde XRR curves en de overeenko-

mende pseudo-kritische hoek laten zien, zijn gebruikt om de dichtheid van de geprodu-

ceerde dunne films te bepalen. 

 In Hoofdstuk 6, wordt de bovengenoemde methode gebruikt om de verdich-

tingseigenschappen van dunne YSZ lagen te bestuderen. Met name, het effect van de 

sintertemperatuur en substraatkeuze op de uiteindelijke dichtheid is onderzocht. De 

maximale laagdichtheid van 95 % is bereikt in slechts 5 minuten verhitting bij 1000 °C. 

Verdichte lagen zijn de belangrijkste vereiste voor gebruik in een brandstofcel, omdat 

de oxidant (lucht) en brandstof ten allen tijde gescheiden moet worden door het elektro-

lytmembraan (de YSZ laag). Dit laat nogmaals de noodzaak van een methode voor 

dichtheidsbepaling, zoals beschreven in Hoofdstuk 5, zien. 

 De formatie van ionengeleidende YSZ patronen met behulp van zachte 

elastomere stempels is beschreven in Hoofdstuk 7. Een combinatie van sol-gel chemie 

en zogeheten ‘micromolding in capillaries’ (MIMIC) is gebruikt om geïsoleerde patro-

nen met een aspect ratio van ~1 te fabriceren. De invloed van de stempelgeometrie en 

de precursorconcentratie op de uiteindelijke structuren is onderzocht. Bij hoge 

concentraties, resulteerde het gebruik van een cirkelvormige stempels in micrometer-

grote geïsoleerde structuren, die gevormd zijn door het scheuren tijdens het drogings-

proces. Een vierkante stempel daarentegen, resulteerde in een continu gepatroneerde 

structuur. Het gebruik van lagere concentraties resulteerde in ringstructuren die meer 

dan een ordergrootte§ kleiner waren dan bij het gebruik van hoge concentraties. De 

patronering van YSZ structuren met behulp van zachte stempels, zorgde voor een 

vergroting van het totale oppervlak. De kennis verkregen van Hoofdstuk 5, 6, en 7 

kan mogelijk bijdragen aan een goedkopere, kostenefficiënte fabricage methode voor 

gasondoordringbare dunne elektrolyt lagen, met een vergroot oppervlak. En kan zo-

doende een stap zetten richting de economische haalbaarheid en implementatie van 

vaste oxide brandstofcel (SOFC) technologie. 

 In Hoofdstuk 8 worden algemene conclusie getrokken. Er wordt beschreven 

hoe sol-gel chemie gebruikt kan worden als een goedkope en makkelijke route voor de 

synthese van hoogwaarde keramische producten (op nanoschaal). Ondanks dat het vaak 

beschreven wordt als een makkelijk-te-gebruiken techniek, zijn het de kleine, subtiele 

veranderingen tijdens de synthese die grote gevolgen hebben op de eigenschappen van 

het uiteindelijke product. 

                                                      
§ Een orde van grootte is een term die gebruikt wordt om de vermenigvuldiging met een factor 
10 aan te duiden. 
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Daarom is het noodzakelijk om de invloed van bijvoorbeeld de ligandenuitwisseling, de 

precursor stabiliteit en de waterconcentratie te begrijpen, om het process van begin tot 

einde te kunnen controleren. Een verandering van de manier waarop men tegen sol-gel 

chemie aankijkt, één die uitgaat van mogelijkheden in plaats van beperkingen, kan 

mogelijk bijdragen aan een breder gebruik binnen het industriele platform. Als laatste, 

worden verscheidene experimentele strategiën voor mogelijk vervolgonderzoek be-

schreven. De focus ligt hierbij vooral op de invloed van synthese parameters op de 

uiteindelijke materiaaleigenschappen. 
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