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The potentially most important challenges today are related to energy and the environment. New
materials and methods are needed in order to, in a sustainable way, convert and store energy,
reduce pollution, and clean the air and water from contaminations. In this, nanomaterials and
nanocomposites play a key role, and hence knowledge about the relation between synthesis,
structure, and properties of nanosystems is paramount.
This thesis demonstrates that solution-chemical synthesis, using amine-modified acetates and
nitrates, can be used to prepare widely different nanostructured films. By adjusting the synthesis
parameters, metals, oxides, and metal–oxide or oxide–oxide nanocomposites were prepared
for two systems based on Co and Zn:Fe, respectively, and the films were characterised using
diffraction, spectroscopy, and microscopy techniques, and SQUID magnetometry.
A variety of crystalline cobalt films—Co metal, CoO, Co3O4, and composites with different
metal:oxide ratios—were synthesised. Heat-treatment parameters and control of the film
thickness enabled tuning of the phase ratios. Random and layered Co–CoO composites were
prepared by utilising different heating rates and gas flow rates together with a morphology
effect associated with the furnace tube. The Co–CoO films exhibited exchange bias due to the
ferromagnetic–antiferromagnetic interaction between the Co and CoO, whereas variations in
e.g. coercivity and exchange bias field were attributed to differences in the structure and phase
distribution.
Ordered structures of wurtzite ZnO surrounded by amorphous ZnxFeyO were prepared through
controlled phase segregation during the heating, which after multiple coating and heating cycles
yielded ZnO–ZnxFeyO superlattices. The amorphous ZnxFeyO was a prerequisite for superlattice
formation, and it profoundly affected the ZnO phase, inhibiting grain growth and texture, already
from 1% Fe. In addition, ZnO–ZnxFeyO exhibited a photocatalytic activity for the oxidation
of water that was higher than results reported for pure ZnO, and comparable to recent results
reported for graphene-modified ZnO.
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Abbreviations

The abbreviations are listed in alphabetical order, with a separate section for Greek
letters and other clarifications at the end.

AFM
BF
dc
DMS
EA
EDS
FC
Fe3O4
FM
FTO
FWHM
GIXRD
GMR
H
Hc
Hcool
Hex
HAADF
HRTEM
Ibias
Ic
Im
Is
m
M
Mn
MR
MS
MS, n
MFM
MRAM
NHE
NO3−
OAc−

Antiferromagnetic
Bright field
Direct current
Diluted magnetic semiconductors
Ethanolamine
Energy dispersive spectroscopy
Field-cooled
Magnetite
Ferromagnetic
Fluoro-doped tin oxide
Full width at half maximum
Grazing incidence x-ray diffraction
Giant magnetoresistance
Magnetic field
Intrinsic coercivity/ coercive field
Cooling field
Exchange bias field
High angle annular dark field
High resolution transmission electron microscopy
Bias current
Critical current of the junction
Critical current of the dc SQUID
Circulating supercurrent
Magnetic moment
Magnetisation
Nominal magnetisation
Remanent magnetisation
Saturation magnetisation
Nominal saturation magnetisation
Magnetic force microscopy
Magnetoresistive random access memory
Normal hydrogen electrode
Nitrate
Acetate (CH3CO2−)

PEY
rf
RSO
RT
RTFM
S
S*
SAED
sccm
SCE
SEM
SQUID
STEM
Tc
TC
TN
TEA
TEM
TEY
TGA
TM
TMR
UV-vis
XAS
XPS
XRF
XRR

Partial electron yield
Radio frequency
Reciprocating sample option
Room temperature
Room temperature ferromagnetism
Remanence squareness
Coercive squareness
Selected area electron diffraction
Standard cubic centimeter per minute
Saturated calomel electrode
Scanning electron microscopy
Superconducting quantum interference device
Scanning transmission electron microscopy
Critical transition temperature
Curie temperature
Néel temperature
Triethanolamine
Transmission electron microscopy
Total electron yield
Thermogravimetric analysis
Transition metal
Tunnelling magnetoresistance
Ultraviolet and visible absorption spectroscopy
X-ray absorption spectroscopy
X-ray photoemission spectroscopy
X-ray fluorescence
X-ray reflectivity

Abbreviations starting with Greek letters, and other clarifications
α-Fe2O3
Hematite
γ-Fe2O3
Maghemite
μB
Bohr magnetron
μFe = μB/Fe
Magnetisation per iron atom
Ф
Magnetic flux
Ф0
Magnetic flux quantum
χ
Susceptibility
%
For precursor solutions and synthesised materials, % refers to
atomic percent (at%) of the constituent metal ions. For gases,
it refers to volume percent (vol%).
°C and K
Synthesis temperatures are provided in °C, while temperatures related to magnetism are provided in Kelvin, K.
Superlattice In this thesis, this refers to the periodic multilayers of alternating ZnO and ZnxFeyO in the Fe:Zn-study, even though the
term is more commonly used for epitaxial crystals.

1 Introduction

In this day and age there is a constant demand for materials with unique or
improved properties to meet our ever-changing world of technology. Reports
on technological advances appear constantly that change and improve our
lives, from how we connect to the world by smartphones and computers to
the development of equipment for treatment of different diseases. A wish to
invent a new device might initialise the quest for a material to make it possible, or the opposite; the development of a material might give rise to a range
of new applications. Who could have guessed 200 years ago what our lives
would be like today? Who could have foreseen the development of cars,
computers, and credit cards among other things? And who knows where we
will be 200 years from now?
Depending on the type of application, different material properties will be
in focus. For applications such as information storage, the magnetic properties are of great interest, whereas in other applications the catalytic, electronic or optical properties may be more important. The ferromagnetic transition metals (TMs) cobalt (Co), iron (Fe) and nickel (Ni) have been widely
investigated as potential candidates in material systems for several applications based on their magnetism or other properties, e.g. in energy conversion
and storage [1–6], gas and vapour sensing [7–11], catalysis [12–16], and
information storage [17–21]. Material systems containing the 3d metal zinc
(Zn) have also been widely studied, e.g. ZnO and TM-doped ZnO for photocatalysis [22–24], dye-sensitised solar cells [25–27], and as diluted magnetic
semiconductors (DMS) for spintronics [28,29]. Factors such as morphology,
crystal size, and a combination of phases, can have a great effect on the material properties. In nanocomposites, such as multilayers and core-shell structures, the combination of different properties displayed by the constituent
phases can lead to enhanced properties as well as multifunctionality [30–32].
A prerequisite for the development of materials is the synthesis method,
which could be a unique method previously unheard-of, or a modified or
improved already-existing one. The number of synthesis methods to choose
from is vast. Many different methods have been used to synthesise various
3d-metal oxide and composite structures, spanning from solid-state synthesis
[33–35], and methods relying on gas phase reactions (e.g. chemical vapour
deposition, CVD) [36–38] to methods involving solutions, such as various
forms of precipitation [23,39–41], electrodeposition [27,42–44] and sol–gel
techniques [41,45–48]. This thesis focuses on solution-based synthesis
11

which uses organic complexing agents and salts as reactants. This method
involves large flexibility and can be used for a number of material systems.
Here, the focus is on the synthesis of oxides and composites of the 3d metals
Co, Fe and Zn.

1.1 Scope of this thesis
This thesis focuses on solution-based synthesis of 3d-metal compounds of
Co, Fe and Zn, and the characterisation thereof. Starting from alcohol solutions of salts, and amines as organic complexing agents, films of metal, oxides and composites were prepared by spin coating and subsequent heating.
Synthesis methods for crystalline Co metal, oxide and composite films (the
Co-study); and ZnO–ZnxFeyO superlattices of crystalline ZnO and amorphous ZnxFeyO (the Fe:Zn-study) are presented, together with the characterisation using techniques such as TGA, SEM, TEM, XRD, XRR, Raman spectroscopy and XAS. The magnetic properties are a common denominator for
the two studies, and subsequently an important part is the characterisation of
these, as measured mainly by SQUID magnetometry, and understanding of
the relation between magnetic properties and microstructure. Preparation of
films on rough FTO substrates, and an initial photocatalytic study were also
carried out in the Fe:Zn-study.

1.2 Thesis outline
The introduction and scope of this thesis are followed by a theory chapter on
solution-synthesis methods, solution-coating techniques, magnetism, and
SQUID theory. After that come the experimental chapters describing the
synthesis, and the applied characterisation techniques and how they were
used. The results and discussion starts with a discussion about the synthesis
method and how the precursor system is transformed from a gel-like material
to the target oxide or composite material, followed by two subchapters to
allow for the two studies in this thesis to be presented one at the time; first
the Co-study and then the Fe:Zn-study. Conclusions from the studies are
given at the end of each subchapter. The thesis ends with concluding remarks and future outlook.
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2 Theory

2.1 Sol–gel synthesis and solution-based synthesis
Sol–gel synthesis has received its name from the intermediate states that, in
principle, occur during synthesis. Precursors that consist of small molecules
in solution are used, and by hydrolysis and condensation reactions a sol is
formed, which by further reactions forms a gel, and eventually is transformed into a solid material, typically by heating (Figure 1). A heating step
is generally needed to transform an amorphous arrangement in the gel into a
crystalline material. The definition of a sol is a stable dispersion of large
colloidal particles, whereas a gel is defined as an infinite solid network in a
continuous liquid network [45]. However, in reality, for many transition
metal (TM) systems, hydrolysis and condensation reactions are so fast that
gelation occurs more or less immediately on contact with water, and a proper
sol in the synthesis is not distinguishable.

Figure 1. Schematic illustration of the sol–gel synthesis. The precursors in solution
form a sol by hydrolysis and condensation reactions. The sol is transformed by further reactions into a gel, which then is transformed into a solid material, e.g. by heat
treatment.

The versatility of sol–gel processing makes it attractive for synthesis of materials in many different shapes, such as aerogels, sponges, particles, thin
films and coatings [45,49–51]. It is also an excellent method for preparation
of multicomponent materials, as different precursor solutions easily can be
admixed in stoichiometric ratios and homogeneity can be maintained
through the different synthesis steps. The use of precursors in solution also
makes it a suitable method for coatings of large and complex shapes where
other methods, such as physical vapour deposition (PVD), are less successful
in creating a uniform coating with good step coverage. Also, solution-
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deposition techniques require less expensive equipment compared to vacuum
technologies.
Alkoxides, which are compounds with one or more metal or semi-metal
bonded to alkoxo (OR) groups, are common and popular precursors for sol–
gel synthesis. They are very versatile and highly reactive, e.g. with water,
and provide highly pure and controllable processes [52–55]. However, in
some systems, such as the synthesis of cobalt compounds, the alkoxide route
is less common, most likely due to the limited number of soluble and reactive homometallic alkoxides, and the challenge associated with their synthesis [56–60]. Alkoxide routes using cobalt methoxy-ethoxide as the Co source
have been reported, e.g. for the preparation of La–Sr–Co perovskites [60]. In
situations where there are no suitable alkoxides available, a more common
type of precursor is metal salts, for instance nitrates (NO3−) and acetates
(OAc−, i.e. CH3CO2−), which to date have been used as starting materials in
the synthesis of a wide variety of compounds, including Co oxides, ZnO, and
TM-doped ZnO to mention a few that are relevant for this thesis
[41,46,48,61–63]. These metal salts are generally easily dissolved in common solvents such as water and alcohols, and they are relatively inexpensive,
which is an attractive aspect at the industrial scale and thus adds to the interest for further studying and developing this kind of synthesis.
Traditional sol–gel processing can be described as following either an organic route or an inorganic route, depending on which precursors and solvents are used. An organic route uses metalorganic precursors, such as
alkoxides and alkoxide acetates, in organic solvents, whereas an inorganic
route is based on metal salts in water where different parameters such as pH
(Figure 2) and temperature are modified to obtain hydrolysis and condensation.
Z
O2−

+6
OH−

+4
+2

H2O

pH
7
14
0
Figure 2. Schematic illustration of the effects of pH in inorganic sol–gel chemistry.
Shown are the domains where aquo (H2O), hydroxo (OH−), and oxo (O2−) ligands
are most likely to coordinate to the metal centre. Also shown in the diagram is that
the cation charge (Z) also has an effect on the chemistry. The schematic figure is
based on Ref. [64].
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The type of solution-based synthesis employed in this thesis uses salts in
polar solvents (alcohols) with additions of organic complexing agents, and
can be described as an organic-on-the-border-to-inorganic route. This is not
a true sol–gel route as there is no proper gel formation involved; instead a
gel-like, viscous concentrate is formed as the solvents are evaporated, e.g.
during spin coating. In this thesis, the gel-like concentrate will be referred to
as a gel, and its formation will be referred to as gelation, for the sake of simplicity. While the chemistry of the purely inorganic route [51,65] and traditional organic sol–gel synthesis (especially for silicon-based systems)
[45,49], have been widely studied and presented in the literature, the chemistry of borderline systems is more complex, as is indicated in Chapter 2.2.

2.2 Synthesis on the inorganic-organic border
Methanol, the primary solvent used in this synthesis, is similar to water in
terms of polarity and viscosity, and metal salts can be expected to behave
similarly in methanol as in water solutions. Thus, like in the inorganic route,
coordination and complexes will be influenced by variations in pH, temperature, concentration, counter ions and various additives. If the additive is an
amine—such as the complexing agents ethanolamine (EA) and triethanolamine (TEA) used in this thesis—the chemisty becomes even more complex,
as amines are bases that produce OH– in aqueous solutions, and CH3O– in
methanol [61,66]. The counter ions used in this thesis, acetate (OAc−) and
nitrate (NO3−) groups (Figure 3, bottom row), may act as monodentate, bidentate or bridging ligands. They will not be removed during gelation but
remain in the gel for the sake of charge balance, and will thus influence the
reactions occurring during heating and the final material, as discussed below.
Polydentate organic complexing agents, such as ethanolamine (EA) and
triethanolamine (TEA), are added to coordinate to the metal centre in the
solutions (Figure 3, top row). While OAc− and NO3− have weak interactions
with metal ions in solution, TEA and EA coordinate strongly to the metal
ion, which is observed as a colour change (e.g. the cobalt solutions prepared
for the Co-study turned into a darker shade of purple upon the addition of
TEA). They will not be removed by evaporation or hydrolysis but will remain in the gel and can thus be used to modify the properties and chemistry
of the gel.
A complexing agent serves several purposes. It may help to stabilise the
precursor solutions and prevent issues with precipitation. It also prevents
crystallisation of the parent salts on evaporation of solvents, and makes films
more gel-like (i.e. enabling smoother coatings with better wetting properties), and may serve as reducing agent in the redox reactions, as utilised in
the Co-study.
15
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Figure 3. The complexing agents and ligands used in this thesis. (Top left): Complexing agent ethanolamine (EA). (Top right): Complexing agent triethanolamine
(TEA). (Bottom left): Ligand nitrate (NO3−). (Bottom right): Ligand acetate (OAc−).
For simplicity, only the nonbonding valence electrons of nitrogen (N) are shown in
the figure, whereas those belonging to oxygen (O) have been left out. EA and TEA
can coordinate to one or more metal atoms. Both NO3− and OAc− display resonance,
but only one resonance structure of each is shown here.

After evaporation of solvents, e.g. during spin coating, heating is needed to
convert the precursors into the target material. When nitrates and acetates are
used as precursors, as compared to using alkoxides in traditional sol–gel
synthesis, a proper gel is not obtained, but rather a gel-like concentrate is
formed as a result of the polydentate complexing agents. Acetates and nitrates form weaker interactions in solution, but remain in the gel and will
together with the complexing amine influence the chemistry during heating.
Nitrates are strong oxidation agents where the presence of pentavalent nitrogen, N(V), produces violent exothermal reactions (which are utilised in
explosives). Ignition and self-propagating reactions can occur in the presence of ‘oxidisible substances’, i.e. reducing agents such as organic compounds. For synthesis, this property of the nitrates can be utilised to prepare
highly porous powders as shown in studies by Azadmanjiri [67], Kumar
Saha et al. [68], and Toniolo et al. [69]. The porous structure stems from
evolution of gases such as NOx. In thin films, however, there is not enough
material for the exothermal reaction to ignite and a more controlled reaction
pathway is obtained (see Chapter 5.1). The difference in reactivity of nitrates
compared to e.g. acetates has been observed and reported in the literature,
e.g. by Bahadur et al. who prepared ZnO films of rather different morphologies depending on if nitrates or acetates constituted the precursor solution
[61].
In an inert heat-treatment atmosphere, organic substances such as OAc−,
EA and TEA may reduce the metal ion (if its reduction potential is sufficiently high) but also form carbon residues in the material. The added ni16

trates work to oxidise the organic substance to prevent the formation of carbon residues. Thus, to achieve a balanced redox reaction for the preparation
of metals, the synthesis needs a sufficient amount of nitrates to oxidise and
remove the organics, but there still has to be enough organics left to enable
the reduction of the metal. By carefully combining the function of the nitrates and organic substances, the reaction process may be controlled. The
studies by Ekstrand et al. on preparation of fcc Co-metal [70] and Ni-metal
[71] in inert atmosphere showed that the ratios nitrate:acetate 9:1 and
TEA:metal 0.5:1 yielded such balanced redox reactions, and this was utilised
in this thesis for the Co composite study.
In an oxidising heat-treatment atmosphere (air or O2), the reducing effect
of the organic ligands is suppressed, and they are burnt off as carbon monoxide (CO) or carbon dioxide (CO2). This may cause problems with formation
of carbonates, e.g. MIICO3, if there are basic ions in the gel. Basic ions, such
as barium (Ba2+) and strontium (Sr2+) ions, are prone to form carbonates
which then require high temperatures to decompose into oxide and CO2 [72].
However, carbonate formation has not been an issue in the Fe:Zn-study
where heat treatment in air was used. In the Fe:Zn-study, the oxidising
power of NO3− was utilised to assist in preserving the trivalent oxidation
state of iron, and the oxidising atmosphere was used to assist in this and to
ensure the complete removal of carbon species which might otherwise form
carbon residues.

2.3 Solution-chemical coating methods
There are various ways to deposit a solution in order to prepare thin films
and coatings. Spray coating, dip coating and spin coating are all widely explored methods for coating surfaces using solutions. While a method such as
dip coating may involve large containers and solution volumes and are suitable for many different shapes, spin coating is a nice way of depositing a
material onto flat surfaces of limited sizes. Dip coating is a convenient
method to employ for the coating of both sides of a substrate, as this is done
simultaneously in one step, whereas coating of only one side is easily
achieved using spin coating. A positive aspect of spin coating is the smaller
risk of contamination as the same solution volume is not being used multiple
times. With spin coating, a new volume of solution is deposited from a dispenser on to each new surface, whereas with dip coating the same solution
volume can easily be used for consecutively coating a large number of surfaces. At an industrial scale the use of spin coating is limited by the surface
size, i.e. when the surface is so large that it requires ‘impossibly high’ spin
velocities, another coating method, such as dip or spray coating, needs to be
used instead. Dip coating is, however, limited by container size, although the
method can be used for coating of e.g. fairly large windows. For extremely
17

large surfaces, other methods such as spray coating or roll-to-roll slot die are
more suitable.
In spin coating and dip coating, the film thickness can be controlled by
parameters such as the solution viscosity, concentration, and spinning velocity or withdrawal velocity, respectively [45]. In dip coating, the withdrawal
angle will also influence the thickness [73], and the possibility of varying the
withdrawal velocity during deposition allows for the preparation of thickness
gradients [74].
The films studied in this thesis were prepared by spin coating. A short
overview about spin coating is available in Ref. [45]. Broadly, spin coating
involves dispensing, high-speed spinning and subsequent evaporation. During these steps the precursor solution is deposited on to the substrate surface,
forced outwards to yield an even coverage of the entire surface as well as a
thinning of the film by the spinning motion, followed by evaporation of the
remaining solvents. The spinning often constitutes an acceleration step and a
contant-speed step. Two common strategies for deposition by spin coating
are static dispensing and dynamic dispensing. In static dispensing, the solution is deposited on to a non-moving substrate after which spinning starts. In
dynamic dispensing, the deposition is performed on to a rotating substrate
(Figure 4). Thus, with static dispensing, the deposited solution is always
subject to acceleration as well as spinning at constant speed. With dynamic
dispensing, depending on when the dispensing is made, solutions are either
subject to both acceleration and constant speed or to constant speed only.

Gel film
Figure 4. Spin coating (dynamic dispensing): The solution is deposited on to a spinning substrate. The spinning motion forces the solution outwards and creates an even
coverage of the surface while excess solution leaves the substrate and solvents
evaporate. The resulting gel film is now ready for heat treatment to yield the finished
film.

The choice of dispensing strategy is made based on such factors as the precursor system, the design of the spin coater equipment or simply the force of
habit. In this work, spin coating was made by dynamic dispensing due to the
design of the spin coater which did not have its interior well protected. Using
static dispensing would, thus, involve a considerably higher risk of leaking
solvents damaging the equipment during the slow-spin startup. In addition,
18

the dispensing in this work was performed after the acceleration step, i.e.
when a constant speed had been reached.

2.4 Magnetism and magnetic properties
Materials can be classified according to their magnetic properties, because
all materials are affected in some way when a magnetic field is applied. Examples of different materials and types of magnetism are given in Table 1.
The magnetic susceptibility (χ), which is defined as χ=∂M/∂H, is a useful
parameter that explains how a material will respond to an applied magnetic
field. A material that has no atomic magnetic moments is a diamagnet and its
χ is small and negative, e.g. −10−5 [75], the negative sign indicating that the
magnetisation in diamagnets opposes the applied field. A material that contains magnetic moments which are randomly ordered, i.e. there are no interactions between the magnetic moments, is a paramagnet, and χ is small and
positive, around 10−5 to 10−2 [75]. Diamagnets and paramagnets, as well as
superparamagnets, show non-permanent magnetisation since the magnetisation disappears when the magnetic field is removed. Superparamagnets,
which are strongly associated with small single-domain nanoparticles, have a
magnetisation behaviour similar to that of regular paramagnets, but they
have a much larger magnetic moment and χ, hence the name superparamagnetism.
Materials in which the magnetic moments interact with each other will at
a low-enough temperature become magnetically ordered and can be divided
into ferromagnets, antiferromagnets and ferrimagnets. Magnetically ordered
materials have a specific transition temperature below which they are magnetically ordered, and above which they exhibit a paramagnetic behaviour.
In ferromagnets, χ is positive and large, and the magnetic moments are
aligned in parallel creating a large net magnetic moment [76]. In antiferromagnets, χ is comparable to or somewhat smaller than the value for paramagnets [77], and the magnetic moments are aligned antiparallel with respect to one another, thus resulting in a net magnetic moment of zero in zero
field. In ferrimagnets, χ is positive and large, and the magnetic moments of
different magnitudes are aligned antiparallel with respect to one another [76]
(Figure 5, left).
Ferro- and ferrimagnets in the absence of applied magnetic fields contain
sub-volumes known as magnetic domains characterised by magnetisation
vectors directed along different easy axes of magnetisation and with magnitude equal to the saturation magnetisation. Both types of magnets are
strongly attracted to an external magnetic field source. The transition metals
Co, Fe and Ni are important examples of solids that exhibit ferromagnetism.
Also some rare earth metals (e.g. gadolinium, Gd) exhibit ferromagnetism at
low-enough temperatures. The transition temperature below which ferro19

magnetic and ferrimagnetic materials are magnetically ordered is known as
the Curie temperature (TC). Equivalently, the Néel temperature (TN) indicates the ordering temperature for antiferromagnets.

a)
b)
c)
d)

χ
Para

FM

AFM
TN

TC

T

Figure 5. (Left): Schematic of a) paramagnetic (para), b) ferromagnetic (FM), c)
antiferromagnetic (AFM), and d) ferrimagnetic behaviour. (Right): Temperature
dependence of the susceptibility (χ) for para, FM, and AFM.

The magnetic susceptibility often exhibits a temperature dependence (Figure
5, right). For paramagnets, it is given by the Curie law, χ=C/T (where C is
the Curie constant), and for ferromagnets (FM) and antiferromagnets (AFM),
it is given by the Curie–Weiss law, χ=C/(T−θ). θ is approximately equal to
TC for FM, and −TN for AFM, and the law applies to the paramagnetic region, i.e. at temperatures above their respective ordering temperature. In
para- and superparamagnets, χ is proportional to m2/T, where m is the fluctuating magnetic moment (fluctuating due to the temperature). As a result of
m, χ of superparamagnets is much larger than χ of paramagnets, and hence
superparamagnets find important applications, e.g. in the biomedical field
[78].
Ferrimagnetism is found in transition-metal oxides known as ferrites. A
well-known example of a ferrimagnetic material is magnetite (Fe3O4), which
is a cubic ferrite. Cubic ferrites are spinels, some of which have the inverse
structure, and the general formula is MO·Fe2O3 or MFe2O4 (where M is e.g.
Fe, Ni or Co). They are soft magnetic materials, with the exception of cobalt
ferrite (CoFe2O4), which is magnetically hard. In addition, there are hard
ferrites with a hexagonal structure, e.g. SrO·6Fe2O3 and BaO·6Fe2O3 [76].
The difference between hard and soft magnets is explained below.
Magnetic (and other) properties can, however, vary quite significantly for
the same compound. The spinel ZnFe2O4 is a good example: Bulk ZnFe2O4
is a normal spinel with Zn2+ in the tetrahedral (A) sites and Fe3+ in the octahedral (B) sites, and it is antiferromagnetic below its TN [79,80], while
ZnFe2O4 nanostructures [80–85] exhibit unusual magnetic properties, which
have been attributed to a partially inverse spinel structure with random distribution of Zn and Fe in the A and B sites.
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Table 1. Magnetic properties of some elements and oxides relevant to this thesis.
Transition temperatures TC and TN are provided where applicable.
Magnetic property

Element / oxide

Curie temp.
(TC)

Néel temp.
(TN)

Reference

Diamagnetic

Si
[76]
Zn
[75]
ZnO
[86]
Paramagnetic
Al
[76]
Ferromagnetic
Co
1388 K
[87]
Fe
1043 K
[76]
Ni
631 K
[76]
Antiferromagnetic
CoO
291 K
[87]
33 K
[88]
Co3O4
α-Fe2O3 *
956 K
[89]
ZnFe2O4
10.5 K
[90]
Ferrimagnetic
Fe3O4 **
858 K
[75]
* Hematite (α-Fe2O3) is antiferromagnetic below the Morin transition 260 K, and a canted
antiferromagnet (weakly ferromagnetic) at temperatures from 260 K and below its Néel temperature (TN) of 956 K [89].
** Oxidation of magnetite (Fe3O4) generates maghemite (γ-Fe2O3). γ-Fe2O3 is unstable and
transforms into hematite (α-Fe2O3) when heated above ca 670 K [76].

M

MR

MS

Hc

H

Figure 6. Schematic illustration of the hysteresis curve (M vs. H), showing the saturation magnetisation (MS), remanent magnetisation (MR) and intrinsic coercivity
(Hc) in the solid curve. Also shown is the difference between a hard magnet (solid
curve) and a soft magnet (dashed curve).

The relationship between magnetisation and an applied magnetic field in
ferromagnets and ferrimagnets is described by the hysteresis curve (Figure
6). As the applied field is increased, the magnetisation (M) eventually
reaches saturation, MS. If the external field is removed, the remaining magnetisation in the material is the remanent magnetisation (MR). Another important piece of information in the hysteresis curve is the intrinsic coercivity
(Hc), which is the magnetic field where the magnetisation is zero.
Ferromagnets and ferrimagnets can be classified as hard or soft magnets
depending on the magnitude of the coercivity (Figure 6). Soft magnetic materials have small coercive fields, and the hysteresis curve can be described
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as narrow. Such materials are easily magnetised and demagnetised, i.e. small
applied fields are needed, and they are used in applications such as electromagnets, generators and transformers. Hard magnetic materials have large
coercive fields (broad hysteresis curves) and can be used as permanent magnets and in recording media. In for example hard-drives, a large coercivity is
needed to avoid unintentional demagnetisation and loss of data. Also, a hysteresis curve with a large remanence squareness (S), defined as S=MR/MS, is
important, as large S facilitates reading. Ideally, S=1, which corresponds to a
rectangular curve.
Studies of the magnetic properties of core-shell structures and layered
films are interesting because different phases are in close contact with each
other. In magnetic nanocomposites such as Co–CoO, where Co is ferromagnetic and CoO is antiferromagnetic, interesting phenomena arise, such as
exchange anisotropy.

2.5 Exchange anisotropy / exchange bias
Exchange anisotropy was first discovered by Meiklejohn and Bean on compacts prepared from Co particles partially oxidised into CoO [91,92]. Exchange anisotropy appears as a shifted hysteresis curve and is caused by an
exchange interaction at the interface between two connected materials with
different magnetic ordering, e.g. a ferromagnet (FM) and an antiferromagnet
(AFM). This phenomenon, which can be utilised in spintronics, has been the
subject of many review articles, e.g. Refs. [93,94].
Exchange anisotropy is revealed by studying the hysteresis curve of a
FM–AFM sample after cooling it through TN of the AFM in an applied magnetic field. Generally, applying a positive magnetic field will result in a shift
towards negative fields, and a negative field will result in a shift towards
positive fields. An important prerequisite for exchange anisotropy is that TC
of the FM material must be larger than TN of the AFM.
In spintronics, the spin of the electrons is used, and not just their charge.
One example of a spintronics application is the magnetoresistive random
access memory (MRAM). Magnetoresistance can be obtained in magnetic
multilayers, either by giant magnetoresistance (GMR), where FM layers are
separated by a nonmagnetic metallic layer, or by tunnelling magnetoresistance (TMR), where the separating layer is a nonmagnetic insulator. Nowadays, MRAMs are mostly based on TMR technology.
A TMR-type MRAM consists of a large number of TMR elements. In a
TMR element (Figure 7), FM layers are separated by an insulating layer, and
there is an AFM layer adjacent to one of the FMs. During data storing, an
applied external magnetic field affects only the magnetisation of the ‘free’
FM layer (the top layer in the figure), while the magnetisation of the other
FM (the ‘fixed’ layer) is kept unchanged by the adjacent AFM. The AFM
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pins the magnetisation of the neighbouring FM by exchange anisotropy, and
the relative alignment of the magnetisation of the FM layers results in data
storage as ‘1’ or ‘0’. When the FM magnetisations are aligned in parallel, the
resistance is small and electrons can tunnel through the insulating layer,
whereas if the magnetisations are aligned antiparallel, the resistance is large
and electrons find it difficult to tunnel through the insulator.
FM
insulator
FM
AFM

Figure 7. Schematic illustration of a TMR element. The AFM layer pins the magnetisation of the adjacent (‘fixed’) FM, while an external magnetic field affects only
the magnetisation direction of the other (‘free’) FM.

2.6 SQUID measurements—introduction and theory
This chapter presents an introduction to SQUID measurements based on
more detailed descriptions that can be found in Refs. [95,96].
A superconducting quantum interference device (SQUID) consists of a
closed superconducting ring with one or two thin insulating barriers known
as Josephson junctions. SQUIDs are frequently used as sensors in equipment
for magnetic measurements due to their extreme sensitivity to small changes
in magnetic flux. There are two main types of SQUIDs: the radio frequency
(rf) SQUID, which contains one Josephson junction and uses an rf excitation, and the direct current (dc) SQUID, which contains two Josephson junctions connected in parallel and is operated with a constant bias current. The
first SQUIDs were made of materials that needed very low temperatures to
be superconducting (e.g. niobium, Nb), and they were typically cooled with
liquid helium (He), which boils at 4.2 K. Work by e.g. Bednorz and Müller
[97] and many others [98] in the 1980s has since lead to the development of
SQUIDs that can operate at higher temperatures (e.g. YBa2Cu3O7 SQUIDs).
High-temperature SQUIDs can be cooled with liquid N2, which boils at 77
K, but these will not be discussed further here.
A SQUID combines two important phenomena: Flux quantisation and
conservation in a closed superconducting ring, and Josephson tunnelling of
electron pairs through a thin insulating barrier. A superconductor is a perfect
electric conductor and a perfect diamagnet at temperatures below a critical
transition temperature (Tc). Being a perfect diamagnet means that external
magnetic flux cannot penetrate the material due to supercurrents at the surface (Meissner effect) forming an opposing magnetic flux. The magnetic
flux in a closed superconducting ring is quantised, i.e. it changes in steps of
the magnetic flux quantum Ф0=2.07×10−15 Wb. Also, the magnetic flux is
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conserved. This means that, when the ring is placed in a magnetic field, supercurrents will start to flow, which in turn creates an opposing magnetic
flux that will balance the effect of the external flux. The presence of a thin
insulating layer (Josephson junction) in the superconducting SQUID ring is
essential to obtain the functions of a SQUID. The Josephson junction—
named after Brian Josephson who in 1962 predicted that a current can flow
by means of electron tunnelling between two superconductors separated by a
thin insulating layer—acts as a weak link that limits the magnitude of the
supercurrents that can flow through it [99]. The maximum supercurrent is
the critical current (Ic) of the junction. As long as the supercurrent in the ring
is smaller or equal to Ic, the flux in the ring will remain the same. But if I>Ic,
a supercurrent can no longer flow through it, which implies that external
magnetic flux can enter. As the supercurrent disappears, a voltage will appear across the junction (there is no longer resistanceless conduction). This
voltage is detected and used in the magnetic measurements with a SQUID.
The general idea with the rf and dc SQUID is the same, i.e. to utilise that
a voltage appears when superconduction in the SQUID ring ceases. The
main differences lie in the number of junctions (one or two), the applied
current (rf or dc), and how the measured voltage is related to the magnetic
moment of the sample. Hence, for explaining SQUID theory and how magnetic measurements are conducted, the dc SQUID will be used as an example.
The dc SQUID is operated with a constant bias current (Ibias). With no external magnetic field applied, Ibias will divide into two equal parts; one
through each junction. If the two junctions are identical, the critical bias
current that can be applied to the SQUID ring is Im=2Ic. Im is called the critical current of the dc SQUID.
When a magnetic flux Ф is present, a circulating supercurrent (Is) will appear in the ring to generate an opposing magnetic flux. The supercurrent will
add to the portion of Ibias flowing through one junction (I1=Ibias/2+Is), and
subtract from the portion flowing through the other junction (I2=Ibias/2−Is). A
consequence of the circulating supercurrent is that the critical current of
junction 1, and therefore also of the SQUID ring, will decrease by Is. As the
external magnetic flux increases, the circulating supercurrent increases while
the critical current decreases, which continues until the external flux has
increased by Ф0/2. At Ф0/2, a flux quantum Ф0 enters the SQUID ring and
the circulating supercurrent changes sign (direction). Now it is the critical
current of junction 2 that has decreased by Is. It is also at this value of the
external flux that the critical current of the SQUID ring displays its smallest
value. As the external flux continues to increase, the supercurrent in the ‘opposite direction’ will decrease (i.e. from a large negative value towards
smaller negative values), become zero when Im is at its largest value and the
external flux equals Ф0, and then increase in magnitude until 1.5Ф0 (or more
generally (n+½)Ф0) where the circulating supercurrent once again reaches its
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largest value while the critical current of the SQUID ring is at its smallest
value. At this point, the supercurrent will once again change direction and
another flux quantum will enter the SQUID ring. Thus, the critical bias current Im oscillates with the period Ф0. Using a bias current Ibias≈2Ic also implies that the voltage measured over the SQUID ring will oscillate with the
period Ф0.
The main components of a SQUID magnetometer are a superconducting
transformer circuit consisting of a pickup coil and a coil coupled inductively
to the SQUID ring, and additional circuits and electronics needed for detecting the sample magnetic moment during the measurement. The superconducting components are kept at a temperature below Tc using a cooling medium (often liquid He) in a dewar. During measurement, the sample is magnetised by an applied magnetic field from the superconducting magnet. By
moving the sample up and down in the middle of the pickup coil, the magnetic moment of the sample creates a magnetic flux that will induce a supercurrent (Is) in the circuit containing the pickup coil. The supercurrent creates
an opposing magnetic flux in the transformer circuit which is coupled inductively to the SQUID ring (Figure 8).

−

Ibias

Is

+
Sample

Ф

V

+
−
Figure 8. Schematic illustration of a measurement setup containing a dc SQUID.
The SQUID ring with its two Josephson junctions (right side), and the sample in the
middle of the pickup coil (left side). The signs, + and −, indicate how the loops of
the pickup coil are wound with respect to each other.

During measurement, a constant bias current of about 2Ic is used, which, as
explained above, makes the voltage (V) across the ring oscillate between two
extreme values. However, it is preferred to conduct the measurements at a
fixed value of V in the oscillating V vs. Ф curve, since it results in a linear
relationship between the sample magnetic moment and the measured voltage. The chosen voltage is maintained by negative feedback, which means
that an additional inductive circuit couples to the SQUID ring with the right
amount of flux to force the voltage back to the chosen working point. Meas25

uring this negative feedback current gives a linear relationship to the magnetic moment of the sample as well as a sensitivity in the SQUID measurements that enables flux changes much smaller than a flux quantum to be
measured.
It is fairly simple and straightforward to conduct magnetic measurements
using a SQUID magnetometer, as compared to the evaluation of the results.
A number of factors, such as a diamagnetic background from the Si substrates and differences in volume and porosity of different samples, need to
be dealt with before the results of different samples can be compared.
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3 Synthesis

3.1 The Co-study: Co oxide and composite films
Cobalt precursor solutions were prepared by dissolving cobalt nitrate hexahydrate (Co(NO3)2×6H2O) and cobalt acetate tetrahydrate (Co(OAc)2×4H2O)
in methanol in the molar ratio 9:1 NO3−:OAc−, after which the complexing
agent triethanolamine (TEA) was added in the molar ratio 0.5:1 TEA:Co.
The recipe was originally developed by Ekstrand et al. for the synthesis of
nanophase fcc Co and corresponding Ni metals [70,71]. All chemicals were
used as-purchased.
The precursor solutions with Co concentrations of 0.25 M, 0.50 M, 0.75
M, and 1.0 M were deposited on to silicon (100) substrates by spin coating
0.1 ml solution for 50 s at 1000 rpm, 2000 rpm, and 3000 rpm. The substrates were typically cleaned with methanol and ozone, and occasionally
also sonicated in methanol, prior to the spin coating. The spin coating was
performed using a Spin-Coater KW-4A (Chemat Technology).
The as-obtained single-deposition gel films were heat treated in a flowing
atmosphere at 5°C/min to 500°C in a tube furnace. A heating rate of
20°C/min was also used for comparison. Inert atmosphere (N2 or Ar) and
oxidising atmosphere (O2) respectively, were used to yield different phase
contents in the films. Prior to heating, the gel films were left in the sealed
tube in a flowing atmosphere for 45 minutes to assure that all the ambient air
had been removed from the tube. As the furnace was not equipped with any
cooling device, it was left to cool at its own pace. After the heat treatment
and cooling to RT, the films were normally handled and analysed in the ambient air at RT (‘RT-oxidised’).
Heat treatments were also performed using a sealable furnace tube designed to fit into the antechamber of a glove box, in order to prevent all exposure to air. A schematic of the tube is shown in Figure 9. In this tube,
which will be referred to as the designed tube, films were heated under an
inert atmosphere (Ar or N2) and reducing atmosphere (Ar with 10 vol% H2),
respectively. After the heat treatment and subsequent cooling to RT, the
designed tube was sealed and transferred into a glove box, where the films
could be handled and mounted for characterisation in the presence of an inert
atmosphere (Ar).
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Figure 9. The designed tube is a sealable furnace tube designed for inert transfer to a
glove box. The inner tube helps in pre-heating the flowing gas before it reaches the
samples. The gas inlet and outlet are indicated by arrows, and possible sample positions in the heating zone are indicated by the letters A, B, and C.

To investigate the effect of having O2 present at different stages of the synthesis, a controlled exposure to an oxidising atmosphere at elevated temperatures was carried out following two different routes: (i) switching from inert
atmosphere to oxidising (O2 or air) atmosphere at different elevated temperatures during cooling, and (ii) switching from inert atmosphere to a weakly
oxidising (N2 with 1 vol% O2) atmosphere at different elevated temperatures
during heating and/or cooling. The whole synthesis for the Co-study, from
the precursor solutions to the heat treatments, is outlined in Figure 10.

,

Figure 10. Synthesis route for the preparation of cobalt metal, cobalt oxides, and
cobalt composites.

3.1.1 Films with different morphologies
Following the same, general synthesis route described above, a range of
composite films with different morphologies were prepared and characterised in detail by e.g. magnetic measurements using a SQUID magnetometer.
A 1 M cobalt precursor solution was deposited on silicon (Si) substrates by
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spin coating at 3000 rpm for 50 s. The as-obtained gel films were heat
treated in a flowing inert atmosphere (Ar) to 500°C at 5°C/min and
20°C/min, respectively, and using two gas flow rates; high flow rate (190
standard cubic centimetres per minute, sccm) and low flow rate (110 sccm),
respectively. The subsequent oxidation was achieved by exposure to air at
room temperature (i.e. by RT-oxidation). The designed tube was used for the
heat treatment, except in the case of one film which was heated in the regular
(longer and wider) tube. The discovery of an interesting ‘morphology effect’—that heat treatment of multiple films placed along the direction of the
gas flow yields different morphologies in the films depending on their relative position in the tube (Chapter 5.2.2)—was utilised to simultaneously
prepare films with different morphologies (Table 2). The different films
were used for studying the effects of the morphology and particle size on the
exchange bias.

3.2 The Fe:Zn-study: ZnO–ZnxFeyO superlattices
Precursor solutions of zinc and iron were prepared from zinc acetate dihydrate (Zn(OAc)2×2H2O) which was dissolved in 2-methoxyethanol
(CH3O(CH2)2OH), and iron nitrate nonahydrate (Fe(NO3)3×9H2O) which
was dissolved in methanol, respectively. Ethanolamine (EA) was added to
both the zinc and iron solutions in the EA:metal ratio 1:1. The stock solutions were mixed to yield solutions with different Fe:Zn concentrations in
the range 1–25 at% Fe. The Fe:Zn solutions (metal concentration 0.35 M)
were spin coated on Si substrates at 3000 rpm for 30 s with an isothermal
heat treatment at 600°C in air for 5 minutes following after each deposition.
In total, 50 depositions with subsequent heat treatments were made to obtain
the samples for the magnetic studies, whereas samples prepared by 4–10
depositions were used for other characterisations. In addition, single-phase
reference samples of ZnO (0% Fe), ZnFe2O4 (67% Fe), and α-Fe2O3 (100%
Fe) were prepared following the same scheme.
Films (1–5 depositions) were also prepared on fluoro-doped tin oxide
(FTO) substrates by different deposition sequences using the 5% and 10% Fe
solutions, and the Fe stock and Zn stock solutions, with isothermal heating at
500°C in air for 5 minutes after each deposition. An overview of the samples
and deposition sequences is provided in Table 4 in Chapter 5.3.3.
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4 Characterisation

A number of different analysis techniques were employed for the characterisation of the samples in this thesis. Thermogravimetric analysis was performed to study the heat treatment process. Raman spectroscopy and grazing-incidence x-ray diffraction were used for phase identification, locked
couple x-ray diffraction was performed for texture analysis, whereas x-ray
reflectivity (XRR) and x-ray fluorescence (XRF) were employed as complementary techniques for film thickness measurements. With XRR, the film
thickness was calculated and layer structures were detected, and with XRF a
theoretical film thickness corresponding to the amount of material per unit
area was measured. Scanning electron microscopy was used for surface and
cross section imaging and film thickness measurements, and transmission
electron microscopy was performed for high-resolution imaging and identification and mapping of elements and phases. X-ray photoemission spectroscopy and x-ray absorption spectroscopy were used to study the electronic
structure, superconducting quantum interference device magnetometry was
carried out to determine the magnetic properties, and magnetic force microscopy was used to investigate the presence of local magnetic stray fields. For
the optical and photocatalytic characterisation, ultraviolet and visible absorption spectroscopy and solar water splitting measurements were performed.

4.1 TGA
In thermogravimetric analysis (TGA), the mass change of a sample is studied as a function of the temperature (or time) in a selected atmosphere. TGA
is a useful tool for studying thermal decompositions.
In this work, TGA was used to investigate the behaviour of the precursor
system during heat treatment and to determine the end temperature needed
for the heat treatments. The end temperature is important since the heat
treatment has to continue up to a temperature where all reactions are completed and the organic materials are burnt off.
TGA measurements were conducted in the temperature range RT–1000°C
with a heating rate of 5°C/min, using platinum (Pt) sample pans, in inert (N2
or Ar) and oxidising (O2 or air) atmospheres. Measurements in Ar and O2
were performed with a PerkinElmer Pyris 1 TGA instrument, while the
measurements in N2 and air were performed with a TA Instruments TGA
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Q500. Some measurements were also performed employing a Netzsch STA
409 PC Luxx instrument with atmospheres of N2 and air, using Al2O3 sample
pans.
The TGA measurements were performed on small amounts of solution
from which most of the solvent had been evaporated to form a viscous concentrate (gel powder). The samples were prepared immediately prior to the
start of the analysis to avoid absorption of water/moisture from the atmosphere, and to avoid precipitation. In addition, to closer examine the behaviour of the films during heat treatment, a number of measurements were
performed on gel films, with the size of ca 5 mm × 5 mm, prepared on Si
substrates by spin coating.

4.2 XRD
The analysis of the crystalline phases of the films was performed by grazing
incidence x-ray diffraction (GIXRD) using a Philips X’Pert MRD system or
a Siemens D5000 diffractometer. In GIXRD, x-ray diffraction is performed
with a small and fixed incidence angle while scanning the detector in 2θ. The
advantage of using GIXRD as compared to regular θ–2θ scans for thin films
is that the intensities are increased because the diffraction volume from the
film is increased.
The analyses with the Philips X’Pert MRD diffratometer were performed
using CuKα radiation with an incidence Ni/C x-ray mirror and a secondary
0.18° parallel plate collimator and a graphite monochromator. The monochromator was used to decrease the high background that cobalt causes due
to fluorescence, and thus obtain diffractograms with significantly lower
background. The incidence angle was typically 2°, but in order to vary the
information depth and enable the surface to be compared to the whole film
(surface and bulk), scans with lower incidence angles were also performed.
Analyses in inert atmosphere were performed employing a Siemens
D5000 diffractometer equipped with a parallel beam set-up, Ni/C primary xray mirror and a 0.40° parallel plate collimator, using a sample holder with a
protective dome.
For ZnO–ZnxFeyO, locked couple (θ–2θ) scans were performed to analyse
texture and to calculate the grain sizes, whereas GIXRD was used for phase
identification and for calculation of the cell parameters.

4.3 XRR
XRR is an x-ray scattering method that can be used for measuring film and
superlattice thicknesses. The method is very sensitive to the roughness of the
films, which means that it requires smooth films. XRR was measured with a
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Philips X’Pert MRD diffractometer using an x-ray mirror with a small primary beam size, typically 0.1 mm, and a 0.09° parallel plate collimator with
a receiving slit. The thickness was either calculated from the oscillation frequency of the Kiessig fringes or simulated in the program Reflectivity.
The thickness values obtained with XRR for smooth, dense films in the
Co-study were used together with the measurements of x-ray fluorescence
(XRF) to create a standard curve, as is described in Chapter 4.4.

4.4 XRF
XRF was performed in the Co-study using an Epsilon 5 XRF instrument
equipped with a tungsten anode. The CoKα peak was measured in the energy
range 6.824–7.023 keV using a germanium secondary target, with a live time
of 180 seconds, which means the dead time of the detector was compensated
for. The integrated area of the CoKα peak in XRF is proportional to the
amount of cobalt material per unit area.
Films with the same thickness can be quite different if terms of density,
i.e. the surface smoothness and/or degree of porosity may differ. Hence, the
amount of material per unit area of the films will also differ. Since for instance XRR requires smooth surfaces and is limited by the film thickness it
is not always possible to use XRR as a means of measuring film thicknesses.
Measurements with XRF, on the other hand, work well independent of the
film roughness (and film thickness). A solution is to create a standard curve
by combining results from different techniques, e.g. XRF and XRR. In the
Co-study, a standard curve was obtained by using XRF (cobalt material per
unit area) and XRR (film thickness) for a selection of similar (i.e. dense and
smooth) films with different thicknesses. The linear equation of the resulting
standard curve was used in paper I to calculate the theoretical film thicknesses from the XRF data independent of the film density.

4.5 XPS and XAS
The bending-magnet beamline D1011 at MAX-lab in Lund, Sweden, was
used for the x-ray photoemission spectroscopy (XPS) and x-ray absorption
spectroscopy (XAS) measurements. D1011 delivered soft x-rays in the energy range 30–1500 eV, and was equipped with a modified SX-700 plane
grating monochromator. D1011 had two end-stations: the front station and
back station. XAS could be performed at both end-stations. The front station
was equipped with a SCIENTA SES 200 electron energy analyzer for XPS.
Fe 2p XPS, valence band XPS, resonantly excited XPS, and Fe L2,3 XAS
were measured to study the electronic structure in the Fe:Zn superlattices.
The samples were heated to 220°C prior to measuring. The effect of different
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x-ray exposures was studied using XAS, since it takes only a few minutes to
collect an XAS spectrum, which thereby enables short as well as longer xray exposure times to be investigated. The XAS measurements were generally performed using a total electron yield (TEY), but a few of the measurements were also performed using a partial electron yield (PEY), which has a
higher surface sensitivity. For XAS, a full absolute photon energy calibration
was performed for the 1% and 10% Fe samples, while other samples were
shifted to fit with the main peak of the 10% Fe sample.

4.6 Raman spectroscopy
Raman spectroscopy is a useful complementary technique to e.g. XRD for
phase analysis, because of its high sensitivity that enables very small
amounts to be detected, and because it can also detect amorphous phases.
Raman spectra with resolution of about 2 cm−1 were collected at room
temperature in a backscattering configuration with a 100 s recording time.
The samples were illuminated by a 514 nm Ar-ion laser on a Renishaw System 2000 micro-Raman spectrometer equipped with a 50x objective. The
wave number stability and instrumental accuracy were calibrated by recording the Raman-active mode of silicon at 521 cm−1. The laser power was
set to 2 mW concentrated to a laser spot with a diameter of approximately 3
µm on the thin films. Lower laser intensities were routinely applied to certify
that no heat-induced phase transitions occurred.

4.7 Electron microscopy
Scanning electron microscopy (SEM) is used to image the surface of a sample by detecting the electrons being emitted from it due to an applied focused
electron beam. In transmission electron microscopy (TEM), a focused electron beam is applied to the sample and the transmitted electrons are detected
to create an image or diffraction pattern and to give information about e.g.
crystallinity and phase composition of the sample. Both SEM and TEM can
be combined with energy dispersive spectroscopy (EDS): The electron beam
causes the electrons to be ejected from an inner shell in the atoms of the
sample, and when the electrons from the outer shells subsequently fill the
created electron holes characteristic x-rays are emitted. The energy of the xrays is element-specific and can thus be used for elemental analysis.
A LEO 1550 SEM instrument was used to investigate surfaces and cross
sections of synthesised films and to measure the film thickness. An in-lens
detector, a working distance of 2–3 mm, and an acceleration voltage of 5 kV
were employed.
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TEM for the Co-study was performed using a FEI Tecnai G2 TF20 UT
instrument with a field-emission gun operated at 200 kV with a point resolution of 1.9 Å, equipped with EDS. Bright field (BF) and high resolution
(HRTEM) imaging, selected area electron diffraction (SAED) and EDS
mapping were performed on cross section samples. The TEM for the Fe:Znstudy was performed using a Jeol-2100F (200 kV) microscope equipped
with a Gatan Ultrascan 1000 CCD camera. SAED was combined with BF,
HRTEM, and high-angle annular dark field (HAADF) imaging.

4.8 MFM
Magnetic force microscopy (MFM) is a useful method for imaging the presence of magnetic leakage fields (stray fields) in samples. It consists of a
magnetic needle mounted on the end of a cantilever. The needle is magnetised and the magnetic stray fields that are pointing into or out of the surface
attract or repel the needle. This creates images with contrast; bright if attraction, dark if repulsion.
The magnetic stray fields due to pores were studied on surface areas of 2
µm × 2 µm using a Dimension 3100 MFM instrument working in lift mode,
where the magnetic tip probed the stray fields of the sample while keeping a
constant distance (80 nm) to the surface. Hence, there was minor impact
from other forces than the magnetic. Further, the instrument was equipped
with a specially designed electromagnet, which made MFM imaging in magnetic field accessible. Prior to the measurements, a field of 32 kA/m was
applied parallel to the sample surface. After removal of the field, MFM imaging of the remanent magnetic state of the sample was performed. In order
to ensure the magnetic origin of the contrast, the procedure was repeated also
with the field in the opposite (180°) direction.

4.9 SQUID magnetometry
Superconducting quantum interference device (SQUID) magnetometry is a
powerful tool for studying magnetic properties of materials, since extremely
small magnetic moments can be measured (see Chapter 2.6). The magnetic
measurements in this thesis were performed using a Magnetic Property
Measurement System (MPMS-XL) magnetometer from Quantum Design
containing an rf SQUID cooled with liquid helium.

4.9.1 Sample preparation and measurements
SQUID samples were prepared by cutting out ca 5 mm × 5 mm piece from
the centre part of the films. The purpose of the cutting, besides getting a
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sample that fits into the magnetometer, was to remove the uneven edges that
form on spin coated films. The piece of the film was then glued onto a strip
of paper using G-varnish, and placed in a plastic straw sealed with plastic
stoppers. One of the stoppers also acted as an attachment point for the reciprocating sample option (RSO) transport used to put the straw in place inside
the equipment.
The magnetic measurements were performed using the RSO method, and
the magnetisation (M) was measured as: (i) temperature scans (M vs. T), (ii)
isothermal field scans (M vs. H), and (iii) M vs. H with cooling fields.
M vs. T measurements were carried out within the Fe:Zn-study following
the field-cooled (FC) protocol, during which a magnetic field is applied and
M is measured as the temperature is decreased. The measurements were
carried out from a high temperature (in most cases 200 K) down to 2 K with
an applied field of 40 kA/m.
The M vs. H measurements for the Fe:Zn-study were, unless otherwise
stated, performed at 2 K in the field range ±2400 kA/m. For the Co-study,
the M vs. H measurements were performed in the field range ±1600 kA/m at
10 K and at selected temperatures in the range 100–380 K. The measurements at elevated temperatures were performed in order to study changes in
the hysteresis curve as a function of the temperature and to investigate at
which temperature the exchange bias effect had fully disappeared, i.e. to
make sure the samples were heated to a high-enough temperature in between
the cooling field measurements.
M vs. H measurements with cooling fields were performed to study the
exchange anisotropy (exchange bias) within the Co-study. Cooling fields
(Hcool), ranging from zero field to 1600 kA/m, were applied at 350 K, after
which the sample was cooled to 10 K and an M vs. H scan was carried out in
the field range ±1600 kA/m.

4.9.2 Data evaluation
The diamagnetic background from the substrate was subtracted from all reported results. The diamagnetic correction was performed by measuring an
M vs. H scan at the selected measurement temperature for a blank substrate
with the same amount of added G-varnish. The diamagnetically-corrected
magnetic moments were calculated as mcorr,T(H)=mT(H)−(H×slopeT×A/A’),
where A is the area of the sample, A’ is the area of the blank substrate, mT is
the measured magnetic moment when applying the field H, and slopeT is the
negative slope (negative susceptibility) obtained from the linear plot of the
mT vs. H for the blank substrate. In addition to the low-temperature diamagnetic corrections, a high-temperature diamagnetic correction at 280 K was
carried out for the measurements at elevated temperatures in the Co-study.
The magnetisation (M) of a sample is the measured magnetic moment (m)
divided by the sample volume (V); M=m/V; in SI units [A/m]=[Am2]/[m3].
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The magnetisation enables different samples to be compared, and the definition of the volume is thus important since the samples can also differ with
respect to e.g. porosity. The Fe:Zn samples were dense films and hence the
effective volume was given by the film area × thickness. However, for the
Co samples, the nominal volume, calculated as the film area × thickness, was
used to yield the nominal magnetisation (Mn). The Co samples differed in
porosity, but Mn is still presented in all graphs due to the difficulty associated with accurately estimating the sample porosities. The effects on the
magnetisation were, however, taken into account in the subsequent discussion and comparison of the different samples.
In the Fe:Zn-study, M was also presented as the magnetisation per iron
atom (Bohr magnetrons per iron atom, μB/Fe), as this enabled analysis of
how the magnetisation changed with the concentration of Fe. The magnetisation was obtained by calculating μFe=(M×Vu/(nZn×cFe))/μB, where Vu is the
volume of the wurtzite ZnO unit cell, nZn is the number of Zn atoms in a unit
cell, cFe is the Fe content in the sample, and μB=9.27×10−24 Am2 is the Bohr
magnetron.
Coercive field (Hc), exchange bias field (Hex), remanent magnetisation
(MR), saturation magnetisation (MS), remanence squareness (S), and coercive
squareness (S*) were determined for each sample and cooling field in the
Co-study. To determine MR and to calculate S and S*, a compensation for
the exchange bias field (Hex) was made to make all hysteresis curves centred
around zero field, and thus facilitating comparisons, e.g. of S for the different films and cooling fields.

4.10 Optical and photocatalytic characterisation
Ultraviolet and visible (UV-vis) absorption spectroscopy was performed
with an Ocean Optics spectrophotometer HR2000+ equipped with deuterium
and halogen lamps. Multiple consecutive spectra, measured in the range
190–1100 nm, were collected to obtain good statistics.
Electrochemical measurements were performed with a CH Instrument
model 760C, and 0.5 M Na2SO4 as the electrolyte. The solar water splitting
measurements were carried out by studying photo-oxidation of water under
simulated AM 1.5 light with an Oriel solar simulator xenon arc lamp
equipped with a global AM 1.5 air mass filter. The potential was swept at a
rate of 10 mV/s from +1.2 V to −0.5 V vs. Ag/AgCl, while chopping the
illumination in 5 second intervals in order to measure the light and dark currents in the same sweep. The reference electrode was Ag/AgCl, and the
counter electrode was a Pt wire.
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5 Results and discussion

5.1 Precursor system
The same type of precursor system, consisting of nitrates and acetates dissolved in alcohol, and with an amine as organic complexing agent, was used
throughout this thesis. Thus, there are general results regarding the reactions
that occur during heat treatment, and these results are presented here. For a
discussion about the function of the different constituents in this type of precursor system, see Chapter 2.2.
While the synthesis in the Co-study, which is based on balanced redox reactions under heating in mainly an inert atmosphere (see Chapter 2.2), had
both the nitrates and acetates together in the precursor solution from start,
the synthesis in the Fe:Zn-study involved a slightly different approach with
two stock solutions: The Fe stock solution was based only on the nitrates,
and the Zn stock solution was based only on the acetates. The approach for
the Fe:Zn-study was intended as one way of promoting phase segregation,
the trivalent oxidation state of Fe was another, and the oxidising power of
the nitrates (NO3−) together with the oxidising atmosphere minimised the
risk of reduction to Fe2+.
The TGA for the Fe:Zn-study was performed on viscous concentrate (gel
powder) samples in oxygen only, whereas the TGA for the Co-study was
performed on gel films and gel powders in both inert and oxidising atmospheres. As seen with TGA at 5°C/min (Figure 11 and Figure 12), the gel
decomposition process is completed at temperatures below 500°C for this
type of precursor system.
The presence of nitrates results in a fast reaction with relatively low endtemperatures for the weight-loss, which is clearly seen in the TGA for the
pure Fe solution that contained only nitrates, whereas the pure Zn solution,
that contained only acetates, displayed a slower and more continuous
weight-loss (Figure 11).
The influence of the nitrate groups on the reation rate is clearly seen also
in the Co-study (Figure 12), which had a 9:1 ratio of nitrate:acetate optimised to yield Co metal with a minimum of carbon residues [70]. For large
amounts of reacting materials (ca 10 mg) there was ignition of nitrates resulting in a fast reaction step with significant weight-loss, whereas for
smaller amounts of sample, the effect of the nitrates was smaller and the
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reaction process involved a more continuous weight-loss, which is applicable to both films and small amounts of powder.
Also, the results for the different Fe:Zn samples (different nitrate:acetate
ratios) in Figure 11 display the effect of the nitrates, as slower and more
continuous TGA profiles, resulting in higher end-temperatures, were obtained with decreasing Fe (decreasing nitrate) contents: The geldecomposition process for pure Fe (100% Fe) ended at ca 280°C, whereas
the end-temperature was 380°C for the ZnFe2 composition (67% Fe), 410°C
for 10% Fe, and 440°C for 3% Fe and pure Zn (0% Fe).
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Figure 11. TGA at 5°C/min in an oxidising atmosphere (O2) for five gel powders in
the Fe:Zn study: Fe-gel (100% Fe), Zn-gel (0% Fe), ZnFe2-gel (67% Fe), and Fe:Zngels with 10% Fe and 3% Fe, respectively.

In addition to the effects of the nitrate:acetate ratio and sample amount, the
type of atmosphere also had a general impact on the heat treatment: An oxidising atmosphere resulted in the process being completed at a lower temperature than in an inert atmosphere, as shown for Co in Figure 12 a–b.
For the gel films in the Co-study (Figure 12 a), a continuous weight-loss
was observed, starting at 70–80°C, and finishing at around 320°C in O2 and
440°C in Ar, respectively. For the corresponding gel powders (Figure 12 b)
there were two different reaction paths: (i) a continuous (‘slow’) process,
obtained for small amounts of material; and (ii) a two-step (‘fast’) process,
obtained when larger amounts of materials were analysed. In the two-step
process, an ignition of nitrates and a fast, explosion-like reaction was obtained around 100°C, where a sudden release of smoke could be seen inside
the TGA. This rapid step was followed by a plateau, after which a final step
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appeared at 240–280°C in O2 and 240–370°C in Ar, respectively. In the continuous process, a slower reaction pathway was obtained, from 70–80°C to
around 340°C in O2 and 380°C in Ar, respectively. The dependence of the
reaction pathway on the amount of sample is in agreement with the reported
observations for the corresponding Co and Ni processes in a nitrogen atmosphere [70,71]. Furthermore, the TGA results for films are consistent with the
results obtained for powder samples, as films contain such small amounts of
reacting materials and thus follow the continuous reaction pathway (cf.
Figure 12, a–b).

Ar
O2

O2 slow
Ar slow
O2 fast
Ar fast

a)

b)

Figure 12. TGA in the Co-study at 5°C/min in inert (Ar) and oxidising (O2) atmospheres for (a) gel films, and (b) gel powders.
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5.2 Cobalt oxides and composites
5.2.1 Introduction to the Co-study
The chemistry of the d-block metals is rich, for instance due to their wide
range of oxidation states, and the possibility to form a wide range of coordination compounds and organometallic compounds [100].
The 3d metal cobalt (Co), its oxides, and composites have been widely
studied for magnetic purposes [31,87,88,101–105], and for applications in
other fields, e.g. in catalysis [13,106], Li-ion batteries [1,107], gas sensing
[8], and electrochromic devices [108,109]. Cobalt metal, which is a ferromagnet below its TC of 1388 K [87], has a rather high affinity for oxygen
and thus readily forms oxides, particularly when the Co is nano-sized. The
two stable cobalt oxides, CoO and Co3O4, are antiferromagnetic below their
respective TN of 291 K [87] and 33 K [88]. Co3O4 has a mixed valence and a
normal spinel structure (CoIICoIII2O4), whereas the most stable form of CoO
has a rock salt structure. The high affinity of Co for oxygen makes it rather
challenging to synthesise phase-pure nano-sized Co metal. Air causes oxidation into CoO at room temperature, whereas heating in the presence of oxygen generally generates Co3O4. Thus, when handled in ambient air, oxide
will form on the Co surface [110,111].
In nanocomposites, phases with different properties are in intimate contact with each other, which can give rise to unique properties and interesting
phenomena. In Co–CoO, the connection between the ferromagnetic Co and
antiferromagnetic CoO gives rise to exchange anisotropy (exchange bias),
which can be utilised in magnetic information storage [94]. Even though
there are other material systems more suitable than Co–CoO for use in information storage applications, Co–CoO has often been studied to obtain an
improved fundamental understanding of e.g. the exchange bias effect. Co–
CoO has also been studied in order to improve information storage applications [31,112].
Solution-based processing methods are attractive due to factors such as a
large variety of precursors and solvents, relatively inexpensive equipment,
relatively easy upscaling, and large flexibility concerning the morphology
and composition of the obtained materials [49–51]. By optimising the synthesis parameters, a range of different materials and morphologies, from
nanoparticles to thin films and other nanostructures, can be obtained. Presented in this section is solution-chemical preparation of nanostructured
cobalt oxide and composite thin films. Studies of how to tailor particle sizes
and phase compositions in nanocomposites and of how the film morphology
affects the magnetic properties are included.
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5.2.2 Film morphology and effects of the heating parameters
The particle size of the synthesised films depends on the heating rate. Using
the regular furnace tube when heating to 500°C at 5°C/min, the particles
were about 10–15 nm in size, whereas 20°C/min resulted in smaller particles
(Figure 13 a–b). The particle size also depends on the end temperature; a
higher temperature yields larger particles, as can be seen when comparing
heating to 500°C and 700°C (Figure 13 a–d). The observed effect of the
heating rate on the particle size for solution-processed materials is consistent
with results presented by others, e.g. Guardia et al. and Pohl et al. [113,114],
and the effect of the temperature also agrees with work done by for example
Oh et al. and Dong et al. [115,116].

b)

a)

100 nm

100 nm

c)

100 nm

d)

100 nm

Figure 13. SEM micrographs of film surfaces obtained for a 1 M Co solution, spin
coated at 3000 rpm and heat treated in air to a) 500°C at 20°C/min, b) 500°C at
5°C/min, c) 700°C at 20°C/min, and d) 700°C at 5°C/min.

In addition, we found that the turbulence of the flowing gas during the heat
treatment also has an effect on the films. This causes a morphology effect
associated with the furnace tube being used. Films heat treated in the designed tube (Figure 9) were placed in a single row in the direction of the gas
flow due to the small tube diameter, and the subsequent SEM analysis of the
film surfaces clearly shows that the morphology of the films differs depending on their relative position in the furnace tube (Figure 14 a–c).
In the designed tube, the particle size decreases from the gas inlet to the
gas outlet, and the morphology changes from a more porous film of sintered
agglomerated particles at the inlet to a smooth and dense film at the outlet
[II]. This is not caused by temperature effects, as explained below. Instead,
this is believed to be caused by the films emitting gases (e.g. NOx, CO, and
CO2) during the combustion together with the turbulence of the flowing gas,
which is heaviest and most strongly affects the film closest to the inlet and
then decreases along the direction of the gas flow (Figure 14 a–c). This observation is also supported by tests with different gas flow rates [II], where
the effect was found to be smaller for lower flow rates.
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The designed tube was markedly shorter and had a smaller diameter than
the regular furnace tube, and the films were located about 10–20 cm from
the gas inlet, whereas the films in the regular tube were located about 50 cm
from the inlet. This gives rise to heavier turbulence, i.e. more prominent
differences in the morphology with the designed tube than with the regular
tube. Morphology effects could sometimes also be seen when using the regular tube, but these effects, if any, were not very pronounced. Also, when the
regular furnace tube was used such effects could be avoided altogether by
placing the films along the tube diameter, i.e. at the same distance from the
gas inlet.

a)

b)

c)

Figure 14. SEM micrographs of film surfaces: 0.75 M spin coated at 3000 rpm and
heat treated in the designed tube at 5°C/min to 500°C. The three films were heat
treated at the same time, and located: a) close to the gas outlet, b) in the middle, and
c) close to the gas inlet.

a)

b)
Figure 15. Schematic illustration of the designed tube positioned inside the furnace,
where a) and b) describes the two possible directions the tube could be placed in.
(The in-position, closest to the gas inlet, is represented by a white square, while the
out-position, closest to the gas outlet, is represented by a black square).

The morphology effect is more likely explained by the interactions between
the flowing gas and the emitted gases than by temperature gradients caused
by the furnace or the flowing gas. Since the same results regarding the inposition and the out-position were obtained also when the tube was placed in
the opposite direction inside the furnace (cf. Figure 15, a–b), the morphology
effect cannot be explained by an inherent temperature gradient in the furnace. Neither can it be explained by cooling caused by the flowing gas. The
designed tube pre-heats the gas by conveying it through the heating zone in
an inner tube before it reaches the films, thus minimising the risks of cooling
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by the flowing gas (Figure 9 and Figure 15). Moreover, if there had been a
temperature gradient caused by gas-cooling, the film at the in-position would
be the most cooled, and should hence have contained the smallest particles
rather than the largest as observed.

5.2.3 Phase composition and effects of the atmosphere (paper I)
Different solution concentrations, spin velocities, and heat-treatment atmospheres were included in the Co-study concerning the synthesis parameters
for the preparation of cobalt composite, cobalt oxide, and cobalt metal films,
and tuning of the phase composition [I]. TGA at 5°C/min showed that the
gel decomposition process was completed below 500°C for this type of precursor system (see Chapter 5.1), and heating to 500°C was hence used for
the Co-study. The films were typically exposed to air at RT after the heat
treatment (RT-oxidised). For films prepared from the highest concentrations,
1.0 M and 0.75 M which yielded dense films consisting of small nonagglomerated particles, an extensive study of the effects of the heattreatment atmosphere was performed.
Heating in an oxidising atmosphere (O2 or air) resulted in Co3O4, whereas
heating and subsequent cooling in an inert atmosphere (Ar or N2) yielded
Co–CoO composites. CoO was obtained by changing from an inert to oxidising atmosphere at 120°C during the cooling, whereas changing the atmosphere from inert to oxidising at temperatures between 120°C and RT yielded
Co–CoO films with intermediate Co:CoO ratios. In an inert atmosphere,
almost all Co(II) was reduced to metal by the organic components during the
decomposition stage of the heat treatment. However, small amounts of CoO
were obtained even when the samples remained unexposed to air during the
subsequent handling and analysis. It was also found that an increase of the
concentration of the acetate precursor (from 1:9 to 2:8 acetate:nitrate ratio)
was not enough to completely reduce the samples in an inert atmosphere (not
shown). To yield completely unoxidised films, we found that heat treatment
in a reducing atmosphere (Ar with 10% H2)—in addition to avoiding airexposure—was needed. This resulted in cubic Co metal with small amounts
of hexagonal Co metal (Figure 16). The cubic structure is the stable structure
for nano-sized Co [117,118], but it has been shown that heating in reducing
atmospheres of CO or H2+CO stabilises the hexagonal Co by carbon encapsulation [117]. This could explain the mix of cubic and hexagonal Co in our
samples, since formation of gases such as CO is a reasonable consequence
considering the presence of the organic precursors (OAc− and TEA) in our
synthesis.
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Figure 16. GIXRD for films (0.75 M, 3000 rpm) heated in an inert (Ar) and a reducing (Ar with 10% H2) atmosphere, respectively, and kept unexposed to air before
and during the analysis.

Some of the thicker 1.0 M and 0.75 M Co–CoO films consisted of two layers, as was evident from XRR [I]. The SEM analyses of these films showed
that the top layer of particles had formed a more dense structure compared to
the particles in the rest of the film. The sintered top layer could be due to an
increased temperature resulting from a more exothermal fast reaction pattern
due to larger amounts of reacting material in the thicker films. The films had
an increased metal content in the surface layer while the bulk consisted of
relatively more CoO, as seen with GIXRD (Figure 17). The increased
amount of Co in the sintered layer is consistent with the results for films
with larger particles prepared in the designed tube, where a layer of sintered
particles was found to compose a metal core with a thin oxide layer covering
the core [II]. (See also series B in Chapter 5.2.4.)

Figure 17. GIXRD for a film (0.75 M, 2000 rpm) at incidence angles 0.35° and 2°.
The pattern recorded at 0.35° has a larger relative contribution from the surface,
compared to the pattern at 2°, which has a larger relative contribution from the bulk.
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The impact of switching to a weakly oxidising atmosphere (N2 with 1%
O2) at different stages of the heating and cooling was also studied (Figure
18). The 1% O2 atmosphere resulted in Co3O4 when present during the entire
heating step, CoO when present from 450°C during the cooling, and Co–
CoO composites when introduced at lower cooling temperatures, e.g. 400°C.
Composites of CoO–Co3O4 were also obtained, e.g. when the 1% O2 was
introduced at 490°C during cooling, at 500°C (between the heating and cooling), and at 450°C during heating. The CoO–Co3O4 films showed no signs of
a bilayer structure. Instead an inhomogeneous distribution of the two phases
seemed to have formed.
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Figure 18. GIXRD for films (1.0 M, 3000 rpm) heated and cooled in different atmospheres: Heating in N2 with 1% O2 yielded Co3O4 (A), whereas heating in N2
followed by switching to the 1% O2 mixture on cooling resulted in composite films
or CoO depending on the temperature of the O2 addition: 500°C (B), 490°C (C),
450°C (D), and 400°C (E). Heating in N2 with cooling in N2 down to the temperature
of 100°C (F) and RT (G), respectively, at which point the atmosphere was switched
to O2, yielded Co–CoO composites.

The use of concentrations of 1.0 M and 0.75 M yielded dense films, whereas
the use of the lowest concentration (0.25 M) yielded a relatively large
amount of pores, and the use of 0.50 M resulted in films with intermediate
porosity. The film thickness was found to depend on both the solution concentration and the spin velocity, with decreasing concentrations and increasing spin velocities resulting in decreasing film thicknesses. The effect of the
spin velocity was greater for higher solution concentrations than for lower
concentrations (Figure 19).
The relative ratio between the Co and CoO phases in the Co–CoO films
was also affected by the film thickness and thereby by the solution concentration and spin velocity. When RT-oxidised, films prepared from the 1.0 M
solution contained CoO and large amounts of Co metal (relatively larger
amounts of Co at 1000 rpm), whereas films made from the 0.25 M solutions
contained CoO and only very small amounts (if any) of Co [I]. This was the
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effect of a smaller film thickness combined with the occurrence of porosity
in the films prepared from lower concentrations. The thick and dense film
structure, which was obtained with the higher concentrations, implies that a
significant part of the material in the film remained unoxidised, whereas the
higher surface-to-bulk ratio for the thinner (and more porous) films enabled
oxygen to access and oxidise a larger part of the film, which thus resulted in
a relatively higher oxide content.
Consequently, using a combination of atmosphere and e.g. solution concentration is a possible route to further tune the phase ratio in different films.
In a situation where a high degree of oxidation is the objective, an approach
could be to use a precursor solution with a lower concentration, in order to
yield thinner (and potentially more porous) films to promote the oxidation
during the thermal treatment in an atmosphere that should be oxidising from
relatively high cooling temperatures. Afterwards—should thicker films be
desired—one could increase the final film thickness by additional coatings to
compensate for the lower solution concentration. On the other hand, if a low
degree of oxidation is the objective, a precursor solution of higher concentration could be used, and the atmosphere should be oxidising from relatively
low temperatures. For thinner and more porous films—which require the use
of more dilute precursor solutions—possibly even a reducing atmosphere
could be needed during parts of the heat treatment to yield a low degree of
oxidation.
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Figure 19. Film thickness as measured by XRF as a function of the solution concentration, for films spin coated for 50 s at 1000, 2000, and 3000 rpm.

46

5.2.4 Effects of the morphology on the magnetic properties
(paper II)
Effects of the morphology on the magnetic properties of Co–CoO films were
studied by e.g. SQUID magnetometry [II]. The films, which were synthesised as described in Chapter 3.1.1 utilising the morphology effect in combination with different gas flow rates and heating rates, represented a wide
range of film morphologies.
The particle size of the films was found to depend on three factors: (i) the
heating rate, (ii) the gas flow rate, and (iii) the relative position of the sample
in the furnace tube. The lower heating rate (5°C/min) yielded films with
larger particles than the higher heating rate (20°C/min), the higher gas flow
rate (190 sccm) yielded films with slightly larger particles than the lower gas
flow rate (110 sccm), and a position closer to the gas inlet yielded films with
larger particles than a position closer to the gas outlet. The effect of the position in the tube was found to be considerably larger for the lower heating
rate compared to the higher heating rate (Figure 20), and slightly larger at
higher gas flow rates compared to lower flow rates.
Based on the particle size and morphology obtained from SEM, the films
were divided into two series; A and B, with dense and smooth films in series
A, and films containing porosity and larger, sintered aggregates of primary
particles in series B. For an overview of the films, see Table 2. Their random
(series A) and layered (series B) Co–CoO phase distribution, and magnetic
properties are described below.

100 nm

100 nm

100 nm

100 nm

Figure 20. SEM micrographs showing surfaces of four films with different morphologies, heat treated at the same (high) gas flow rate. (Top left): 20°C/min close to
the gas outlet (A1). (Top right): 20°C/min close to the inlet (A2). (Bottom left):
5°C/min close to the outlet (A4). (Bottom right): 5°C/min close to the inlet (B3).
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Table 2. The films included in the morphology study. A1+A2, A3+B2, and A4+B3
were heated together in pairs in the designed tube. B1 was heated in the regular tube.
Furnace
Heating rate
Gas flow
Position in
rate*
tube**
tube
(°C/min)
Series A
A1
Designed
20
High
Out
(‘random’)
A2
Designed
20
High
In
A3
Designed
5
Low
Out
A4
Designed
5
High
Out
Series B
B1
Regular
5
N/A
N/A
(‘layered’)
B2
Designed
5
Low
In
B3
Designed
5
High
In
* The high gas flow rate was 190 sccm (High), and the low flow rate was 110 sccm (Low).
** The position was specified as ‘close to the gas inlet’ (In) and ‘close to the gas outlet’ (Out).
Film name

The four dense and smooth films in series A had a film thickness of 110–120
nm, and were prepared at 20°C/min at the out-position (A1) and in-position
(A2), and at 5°C/min at the out-position with a low flow rate (A3) and high
flow rate (A4). The order A1–A4 reflects the increasing particle size in the
films; smallest in A1 and largest in A4. Films A1 and A2 had a typical particle size of 10 nm (5–30 nm) and 15 nm (10–40 nm), respectively. A3 and A4
contained larger particles and wider size distributions; A3 with typically 30
nm particles (10–50 nm), and A4 with typically 40 nm particles (10–70 nm).
Included in series B were films heated at the in-position at 5°C/min (B2
with a low flow rate, and B3 with a high flow rate). These films had a thickness of 70–75 nm and a considerably different morphology compared to
series A, with a rather prominent porosity and larger, sintered aggregates of
10–25 nm primary particles. This was supported by TEM, which showed
that some of the Co particles were single crystals while others were polycrystalline, with no CoO in the Co–Co grain boundaries. A third film, B1,
heated at 5°C/min in the regular furnace tube, was also included in this series
as it had a similar structure with larger particles, and a film thickness of
about 60 nm. The order B1–B3 is associated with the porosity of the films;
B1 with a low degree of porosity limited to interparticle voids, B2 with intermediate porosity, and B3 with a highly porous structure and large pores.
From EDS mapping in the TEM, the pores were clearly seen as oxygen-rich
areas (Figure 21).
Also justifying the division into series A and B are the results from
GIXRD and TEM. A TEM analysis of B1 (Figure 21) revealed the presence
of a Co layer with a thin layer of CoO on the film surface and an additional
thin CoO layer between the metal core and the substrate, and no amorphous
grain boundaries. The presence of a layer structure in B1 is supported by
GIXRD data (Figure 22), which showed an increasing CoO:Co peak ratio as
the incidence angle was decreased, thus revealing that there was more CoO
at the film surface compared to the average film composition. GIXRD of B3
showed a similar pattern as for B1, thus indicating that also this sample had a
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layer-like structure. The corresponding GIXRD data for series A, on the
other hand, showed no significant differences between different incidence
angles, thus indicating a more even distribution of Co and CoO throughout
these films. TEM analyses of A1 and A2 revealed a rather random mix of
nanocrystalline Co grains and CoO grains, and there were amorphous grain
boundaries but no layer structure. The two films looked alike, but A2 had
slightly larger Co grains than A1 and some were covered by CoO. The increase in size in series A, from A1 up to A4 (Figure 23), occured mainly for
the Co grains, as indicated by an inspection of the Co peak width (FWHM)
at 44.2°, while the CoO grains were similar in size in all four films.

20 nm

2 nm
Figure 21. TEM images obtained for B1. (Top left): BF, and SAED (inset). (Bottom
left): STEM, and the EDS maps of Co and O. (Right): HRTEM.
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Figure 22. GIXRD for B1 at incidence angles 0.35°, 0.5°, 1°, and 2°. The difference
between the scans clearly shows there was a layer-like structure in the film.
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Figure 23. (Left): GIXRD (2° incidence angle) for A1, A2, A3, and A4. (Right): The
corresponding SEM surface micrographs of A1–A4. All scale bars represent 100
nm, and the order of the SEM micrographs follows the order of the GIXRD patterns.

Considering only the GIXRD results could suggest that B2 should belong to
series A, as there was only a small difference between the B2 scans at different incidence angles. SEM, on the other hand, showed that B2 was more
similar to series B regarding porosity and sintered particles, which suggest
that there was a similar layered structure as in B1 and B3. A probable explanation for the GIXRD results for B2 is that B2—unlike B1 and B3—
contained a large number of small unaggregated primary particles in addition
to the larger sintered entities. Small particles are more prone to be fully oxidised due to their high surface-to-bulk ratio, and consequently, it is reasonable to expect these small nanoparticles to be CoO. As these particles were
distributed over the entire film volume (in pores and voids) it could explain
the rather similar GIXRD patterns at different incidence angles obtained for
B2.
Common for the films in series A and B, is that they all exhibited magnetic hysteresis and exchange bias. The magnetic hysteresis is a natural consequence of the Co contents, while the exchange bias originated from the
Co–CoO interaction. However, there were also several differences in the
magnetic response for series A and B. The hysteresis curves of the films in
series A looked similar to one another, while the shapes (S and S* squareness) of the hysteresis curves in series B reflected the B1–B2–B3 porosity
trend; the squareness of the hysteresis was largest for B1 (least porous), and
then decreased from B2 (intermediate porosity) to B3 (most porous) (Figure
24). The decreasing remanence squareness (S) and coercive squareness (S*)
for B1–B2–B3 were caused by increasing local stray fields (local demagnetising fields) which were induced by the porosity, as supported by MFM [II].
Further differences were the coercivity (Hc) and exchange bias field (Hex),
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which were significantly larger for series A, while the nominal saturation
magnetisation (MS,n) was larger for series B.
The MS,n values for all the A and B films were significantly smaller than
the MS value for fcc Co (MS=1353 kA/m) [119,120], which is consistent
with the oxidation of part of the Co to CoO [111]. For series B, the volume
fraction of pores also affected MS,n. The larger MS,n values for series B compared to series A were indicative of a larger amount of oxide in series A, just
like the larger amount of oxide in B2 was manifested in a lower MS,n compared to for B1 and B3.
The larger Hc for series A compared to series B can be explained by the
smaller grain sizes in series A. Hc for series A increased in the order
A4<A3<A2<A1, which originates from the grain size decreasing from A4
down to A1 (i.e. more single-domain-like) [121]. The shifts (Hex), which
were small for series B and larger for series A (with A4,A3<A2,A1 within
series A), are likely explained by larger Co–CoO interface areas for series A,
consistent with the observed microstructures, where the small grains and
random phase distribution for series A resulted in larger Co–CoO interface
areas, while the layered phase distribution for series B resulted in smaller
Co–CoO interface areas. The origin of the exchange bias and the factors
affecting it are, however, still not fully understood [122].

100 nm

100 nm

100 nm

Figure 24. SQUID cooling field measurements and corresponding SEM surface
micrographs of series B. (Left): B1, (Middle): B2, and (Right): B3.

Lastly, a comment that applies to both series A and B; the exchange anisotropy effect in the two series remained in the films below TN for CoO, but the
effect was temperature dependent and decreased as the temperature in51

creased. The shift (Hex) decreased with increasing temperature (10–200 K),
and at higher temperatures (300 K and above) the shift had disappeared and
the hysteresis curves were centred around zero field, which confirm that 350
K was, indeed, a sufficiently high temperature to use in between cooling
field measurements. The decrease in Hc with increasing temperature can
likely be explained by a combination of temperature fluctuations and temperature-dependent contributions to the magnetic anisotropy.

5.2.5 Conclusions for the Co-study
A solution-chemical route to cobalt oxides and composites, and to cobalt
metal was demonstrated, and both the heat-treatment atmosphere and the
film thickness were found to be important parameters in controlling the
phase ratios. Heating in an oxidising atmosphere yielded Co3O4, whereas
heating and cooling in an inert atmosphere resulted in Co–CoO, and a reducing atmosphere was needed to yield completely unoxidised Co films. CoO
was obtained by changing from an inert atmosphere to O2 or air at 120°C
during the cooling, or by switching from an inert to a weakly oxidising atmosphere at 450°C during the cooling. Also, composite films with different
phase ratios were obtained depending on the temperature for the change
from an inert to an oxidising atmosphere. In addition, the film thickness,
which depended on the solution concentration and spin velocity, was found
to affect the Co:CoO phase ratio. Thus, the atmosphere applied during the
heating and cooling can be used for tuning the phase ratio, although it needs
to be adjusted to the film thickness. The latter opens up for further tuning of
the film properties.
Co–CoO composites with different morphologies were also prepared using the same solution-chemical route. It was found that the heating rate, gas
flow rate, and a morphology effect associated with the furnace tube, affect
the film morphology and allow variations of the microstructure and phase
distribution, and thereby variations of the magnetic properties. The magnetic
characterisation of the Co–CoO composites showed that all films exhibited
exchange bias as a result of the FM–AFM interaction between Co and CoO.
The films with a random distribution of Co and CoO (series A) showed significantly larger coercivity (Hc) and exchange bias field (Hex) compared to
the films with a layered structure (series B), which can be explained by the
smaller particles and larger Co–CoO interface for the randomly ordered
films. Furthermore, in the random films, Hc increased with decreasing Co
particle size. The layered films, on the other hand, showed larger nominal
saturation magnetisation (MS,n) than the random films, which is consistent
with a smaller oxide contents in the layered films. In the layered films, it was
also found that increasing magnetic stray fields, caused by progressively
larger porosity, resulted in decreasing S and S* squareness.
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5.3 ZnO–ZnxFeyO superlattices
5.3.1 Introduction to the Fe:Zn-study
ZnO nanostructures and thin films have been prepared using numerous techniques, e.g. sol–gel synthesis [47,123] and vapour deposition methods
[38,124], and have received tremendous attention for potential use in a wide
range of applications, including solar cells [125], spintronics [29], and
photocatalysis [22,126,127].
TiO2 has for years been one of the most important and widely studied materials for photocatalysis and solar cells, but ZnO is currently receiving more
and more attention. ZnO and TiO2 are wide band gap semiconductors with
advantages such as low toxicity, low cost and the fact that they are relatively
easy to produce. Because the conduction band edge of ZnO and TiO2 is located at approximately the same level (ca −0.5 V vs. SCE at pH 5) while the
absorption coefficient and electron mobility are higher for ZnO [128], one
can expect ZnO to be a promising alternative to TiO2 in these applications.
ZnO with higher photocatalytic activity than TiO2 has been reported [129–
131], but a disadvantage with ZnO is that it photocorrodes in acidic environments [132,133].
ZnO and TiO2 require UV light for electronic excitation, and are thus
photocatalytically inactive under visible light irradiation. To increase the
sensitivity to visible light, incorporation of transition metals (TMs) is a
common strategy, e.g. by doping with Co, Cu, and Mn [24,126,134]. TMdoped ZnO has also been widely studied with the aim to prepare diluted
magnetic semiconductors (DMS)—ferromagnetic semiconductors—which
ideally exhibit ferromagnetism at room temperature (RTFM) [29]. However,
widely different magnetic properties have been reported for the same
TM:ZnO, and the origin of the ferromagnetism and high TC is debated, as
some attribute it to actual doping while others ascribe the effect to the presence of secondary phases or defects, cf. Refs. [135–139].
It is well-known that the properties (e.g. magnetic, optical and electrical)
of nanomaterials are dependent on the shape and size of the nanocrystals,
and unique properties may often be achieved for nano-sized materials. The
key challenge in research as well as for practical applications is therefore
access to reliable synthesis routes with high control of the morphology, composition and homogeneity. Controlling homogeneity is essential regardless if
the aim is an even distribution of dopants in a single-phase material, or controlled distribution of constituent phases in a composite. Presented here in
Chapter 5.3 is the synthesis of two-phase (ZnO–ZnxFeyO) nanocomposites
with a highly ordered layered structure consisting of ZnO surrounded by an
amorphous (ZnxFeyO) phase. These ZnO–ZnxFeyO (Fe:Zn) superlattices
were prepared by tailoring the precursor system in combination with re53

peated spin coating and heating cycles, and the influence of the Fe:Zn ratio
on the structure and properties was investigated. A large number of characterisation techniques—spanning from XRD and electron microscopy to spectroscopy and SQUID magnetometry—had to be used due to the complexity
of the material. The synthesis of the Fe:Zn (including a modification with αFe2O3 layers) on FTO substrates, and an initial photocatalytic study are also
presented.

5.3.2 Structure characterisation (papers III and IV)
Fast, isothermal heat treatment at 600°C for 5 minutes was used for the
Fe:Zn synthesis due to the large number of spin coating and intermediate
heat treatment steps (50 depositions) required to yield sufficiently strong
signals for the magnetic measurements. TGA, performed at 5°C/min,
showed that the gel-to-oxide conversion of Fe:Zn was completed below
500°C, but since it is well known that a faster heating rate typically means
that the reactions are shifted to higher temperatures [60,70,140], a relatively
higher temperature (600°C) was chosen for the isothermal treatment, since
the films were placed directly into the pre-heated (i.e. 600°C) furnace.
The complexity of the materials in this study has required the use of multiple
characterisation approaches [III,IV]. For all compositions (1–25% Fe), phase
segregation occurred, resulting in a layer structure with alternating layers of
different densities, as seen with XRR (Figure 25). One deposition with a
0.35 M solution resulted in a film thickness of 15–20 nm, and Figure 26
shows an SEM micrograph of a film prepared by 50 coatings, along with a
schematic illustration of the alternating layers it consisted of. The individual
coatings were discernible with SEM, while the layer structure with the alternating phases was clearly seen with TEM; BF imaging showed the presence
of alternating layers of ca 5 nm and ca 15 nm thickness for 10% Fe (Figure
27, left).
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Figure 25. XRR patterns for samples with 0–25% Fe. The patterns for the Fecontaining films indicate the presence of alternating layers with different densities.
The positions of the ‘peaks’ A and B vary as a result of the varying superlattice
thickness, which increased with increasing Fe content (Table 3). 0% Fe (pure ZnO)
shows no signs of a layered structure.
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Figure 26. SEM cross section micrograph of a Fe:Zn sample prepared by 50 depositions with a 10% Fe solution, and a schematic illustration of the layer structure resulting from the phase segregation: The superlattice consisted of alternating layers of
crystalline ZnO of about 15 nm thickness, and amorphous ZnxFeyO of about 5 nm
thickness.

20 nm

5 nm

2 nm−1

Figure 27. TEM cross section images of a Fe:Zn sample obtained with 10% Fe (10
depositions). (Left): BF image showing the layer structure of alternating ca 5 nm and
ca 15 nm thick layers. (Middle): HR image showing ZnO grains surrounded by
amorphous ZnxFeyO phase. (Right): SAED pattern where all the reflections can be
attributed to wurtzite ZnO.

56

25%
15 %
10%
9%
8%
7%
6%
5%
4%
3%

2%
1%
0%
21

30

40

50

60

70


Figure 28. GIXRD patterns for samples with 0–25% Fe, showing wurtzite ZnO
peaks. The peak-broadening for increasing Fe content indicates a decreasing particle
size.
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5.3.2.1 Identification of the phases
Analyses with SAED (Figure 27, right) and GIXRD (Figure 28) showed that
one of the phases was wurtzite ZnO, which was the only crystalline phase
observed. The second phase present in the material was, however, less
straightforward to identify. Several research groups have reported on spinel
formation in TM:ZnO systems [47,137,138,141–144]. In this study, however, the analysis with XRD and SAED showed that the second phase was
not a spinel, but an amorphous phase. It was amorphous also at high Fe contents. The magnetic characterisation, which is described in more detail in
Chapter 5.3.2.3, also clearly showed that the second phase was not a spinel.
Spectroscopy can be very useful for detecting both crystalline and amorphous phases, particularly when the phases are difficult to detect with XRD.
Regarding the Zn–Fe oxide spinels, the spectroscopic results are challenging
to interpret on their own without a number of additional techniques because
there are different oxidation states and coordinations available for Fe, the Zn
contents in ZnxFe3−xO4 can vary ( 0  x  1 ), and ZnFe2O4 is known to display different degrees of inversion. These variations lead in turn to variations
in the spectra obtained with e.g. Raman spectroscopy and XAS. Since the
degree of inversion is influenced by the preparation procedures and morphology (e.g. bulk ZnFe2O4 forms the normal spinel while inverse spinels
have been found for nanostructures [79–85,145–147]), we also prepared a
ZnFe2O4 reference sample following the same synthesis route. This was done
to, in the most relevant way, determine if there was any ZnFe2O4 spinel in
our samples. The reference sample data showed good agreement with those
for ZnFe2O4 in the literature [145,146]; and similarly, the reference samples
prepared from the Zn stock and Fe stock solutions, respectively, exhibited
Raman spectra in good agreement with reported spectra for ZnO and αFe2O3, respectively [148,149].
The XAS spectra for the Fe:Zn samples in this study (see Figure 30)
showed similarities with results reported for spinels ZnFe2O4 and Fe3O4
[150]. Also the Raman spectra for Fe:Zn showed some similarities to that for
a spinel (Figure 29); the Raman bands with maxima at 583, 442, and 333
cm−1 correspond to ZnO, while the broad absorption band extending from ca
750 cm−1 and partly overlapping with the ZnO 583 cm−1 band, and the increased background between the ZnO 583 cm−1 and 442 cm−1 bands resemble the two broad bands (ca 750–600 cm−1 and 540–440 cm−1) of the
ZnFe2O4 reference spectrum. However, there was an obvious difference between the data for our phase and the ZnFe2O4 spinel in that there was no
absorption band corresponding to the 354 cm−1 band of ZnFe2O4, and since
TEM and XRD showed that there was only one crystalline phase (ZnO), it
follows that the second phase was amorphous but somewhat spinel-like. The
amorphous phase was therefore referred to as ZnxFeyO.

58

Figure 29. Raman spectra for ZnO and ZnFe2O4 reference samples, as well as for
Fe:Zn samples with 5% and 10% Fe. Apart from the absorption bands attributed to
ZnO, the 5% and 10% films show some similarities to the spinel in the 800–400
cm−1 region, but there is also a rather obvious difference compared to the spinel, as
they do not show a band at ca 350 cm−1.

5.3.2.2 Iron valency and coordination
The XPS and XAS results indicated that the Fe was divalent and trivalent
(mainly trivalent), and found in octahedral and tetrahedral sites. This mixed
valency of Fe is the result of the observation technique, which caused a reduction of Fe3+ to Fe2+ upon the exposure to the x-ray beam. Fe L3 XAS of
the 2% Fe sample after different x-ray exposure times (Figure 30) showed
that the Fe2+ was induced by the x-ray beam, as increasing x-ray exposure
times resulted in an increasing pre-edge feature (which corresponds to Fe2+)
while the main peak (corresponding to Fe3+) decreased. Moreover, exposure
to air after heating to 400°C in vacuum caused re-oxidation of the 2% Fe
sample, yielding an almost pure Fe3+ character as measured after short x-ray
exposure (red dashed spectrum in Figure 30), whereas after longer exposure
times, the reduction to Fe2+ started again.
A possible interpretation regarding the tetrahedrally coordinated Fe is that
it belonged to the amorphous (ZnxFeyO) phase. Another possibility is partial
doping of the ZnO phase, which is supported by the changes seen in the ZnO
cell parameters for different Fe contents (Table 3). These changes, although
very small and not linearly continuous, indicate that low levels of doping
cannot be ruled out, even though the great majority of the Fe most likely was
present in the ZnxFeyO phase. Complete doping (i.e. the incorporation of all
Fe into the wurtzite ZnO structure) is, however, not a possibility even at low
Fe concentrations, since phase segregation occured already at 1% Fe.

59

Figure 30. Fe L3 XAS for the 2% Fe sample after different x-ray exposure times.
The intensity of the pre-edge peak, which corresponds to Fe2+, increases as the intensity of the main peak, Fe3+, decreases. The arrows indicate the expected positions
of Fe2+ (left) and Fe3+ (right). The red dashed spectrum shows 2% Fe after heating to
400°C in vacuum followed by air-exposure (yielding an oxidised sample, i.e. Fe3+).

5.3.2.3 Cluster formation
The M vs. T results for all measured samples (1–10% Fe) showed a paramagnetic behaviour with no signs of spin ordering even at 2 K (Figure 31,
left). The M vs. H data at 2 K showed that the magnetisation per Fe atom
(μB/Fe) decreased with increasing Fe content (Figure 31, right)—a typical
magnetic behaviour for TM-doped semiconductors, which can be attributed
to cluster formation with AFM nearest-neighbour interactions between
dopants [143,151–154]. Theoretical calculations on doped ZnO have indicated a tendency for the dopants to form small clusters [155], and this is also
supported by reported low-temperature M vs. H results [155–157].
Consequently, the magnetic results for Fe:Zn indicate cluster formation,
and the next question deals with the nature of these clusters. A comparison
of the results for the 10% Fe sample with those for a ZnFe2O4 reference
(Figure 32) showed that the magnetic results obtained for the Fe:Zn samples
cannot be explained by formation of ZnFe2O4 nanoclusters. Bulk ZnFe2O4
exhibits a normal spinel structure and is antiferromagnetic below its TN of
10.5 K [79,80,90], whereas ZnFe2O4 thin films [81–84] and nanoparticles
[80,85] exhibit unusual magnetic properties, e.g. high magnetisations and
high spin-freezing temperatures, attributed to a partially inverse spinel structure with random distribution of Zn and Fe in tetrahedral (A) and octahedral
(B) sites. The reported high magnetisation is due to the strong superexchange interaction between the Fe in A and B sites [83]. It is clear from the
comparison with the ZnFe2O4 reference data (Figure 32) that the Fe:Zn re60

sults cannot be attributed to nanoclusters of ZnFe2O4. Rather, a more likely
explanation would be clustering in the amorphous phase without crystallisation. As pointed out above (in Chapter 5.3.2.2), most of the Fe in the Fe:Zn
samples was most likely found in the amorphous (ZnxFeyO) phase, even
though low levels of Fe-doping of the ZnO phase cannot be ruled out. With
the Fe located to the amorphous phase, i.e a higher Fe:Zn ratio in ZnxFeyO
compared to the whole sample, formation of small Fe-rich clusters within
this phase is a reasonable consequence. The decreasing magnetisation as the
Fe content increases is proof of AFM nearest-neighbour interactions between
the Fe moments, and that higher Fe contents result in larger cluster sizes.

Figure 31. Magnetic measurements for Fe:Zn samples with 1–10% Fe. (Left): M vs.
T measured with an applied magnetic field of 40 kA/m. (Right): M vs. H measured
at a temperature of 2 K.

Figure 32. Magnetic measurements for the 10% Fe sample and the ZnFe2O4 reference sample. (Left): M vs. T measured with an applied magnetic field of 40 kA/m.
(Right): M vs. H measured at 5 K.
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5.3.2.4 Texture and superlattice structure
Although the exact composition of the amorphous phase remains to be determined, it is clear that the amorphous phase affects the ZnO structure; it
inhibits ZnO grain growth and texture in the films. Table 3 shows a dramatic
drop in the grain size when going from pure ZnO (0% Fe) to 1% Fe, which is
followed by a gradual decrease to 25% Fe. The same holds for the texture
(Figure 33): The relative texture—defined as the 002:100 peak-intensity
ratio for the locked couple XRD scans, normalised against random powder—
drops significantly from 64 for pure ZnO to 25 when 1% Fe is introduced,
after which the further decrease is notably smaller (e.g. the texture is 20 for
2%, 13.3 for 3%, 8.4 for 4% Fe, and 2.6 for 25% Fe). This is also seen in the
corresponding SEM images in Figure 33, where there is a columnar structure
for the pure ZnO, which is not seen for any of the Fe-containing samples.
Table 3 also shows data for the superlattice thickness, which increases as
the Fe content increases. The increasing thickness corresponds to the decreasing distance between ‘peaks’ A and B in the XRR patterns in Figure 25.
However, for 1% Fe, peak B could not be observed, the likely explanation
being that, although inhibiting the grain growth, the amount of amorphous
phase was not large enough to yield superlattice formation at 1% Fe. This is
also supported by a comparison between the grain size and expected superlattice thickness: From the thickness trend in Table 3, a reasonable superlattice thickness for 1% Fe would be 16 nm or less, but this does not agree with
the ZnO grain size of 40 nm, as this would mean that the size of the ZnO
grains exceeded the thickness of the superlattice.
Table 3. ZnO grain sizes and cell parameters calculated from XRD patterns, and
superlattice thicknesses calculated from XRR patterns, for samples containing 0–
25% Fe (samples prepared by 10 depositions).
ZnO
ZnO
ZnO
Superlattice
grain size
cell parameter
cell parameter
thickness
Fe content
(%)
002 (nm)
a (Å)
c (Å)
(nm)
103
0
3.248
5.208
40
1
3.249
5.208
23
2
3.248
5.207
16
19
3
3.251
5.204
17
17
4
3.252
5.202
19
16
5
3.251
5.200
17
13
6
3.253
5.202
18
13
7
3.252
5.200
19
12
8
3.254
5.197
19
11
9
3.255
5.190
19
9.3
10
3.254
5.199
21
6.9
15
3.257
5.190
21–24
7.2
25
3.25
5.21 *
23–28
* Small and poorly separated peaks in GIXRD for 25% Fe (see Figure 28) make the cell
parameter value uncertain.
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Figure 33. Relative texture for 0–25% Fe, and corresponding SEM micrographs for
the pure ZnO (0% Fe), and for the Fe:Zn sample with 4% Fe. There is a significant
decrease in the relative texture when going from 0% to 1% Fe, after which the decrease is smaller.

In all the samples, the total metal concentration (i.e. the sum of Fe and Zn)
was the same, which means that an increased amount of Fe also implies a
decreased amount of Zn. The most probable scenario is therefore that an
increased amount of Fe results in more amorphous phase and less ZnO. This
is supported by the increasing superlattice thickness for increasing Fe contents, since amorphous phases generally are less close-packed (more voluminous) than crystalline phases.
In summary, our studies of Fe:Zn deposited on smooth Si substrates [III,IV]
show that this synthesis method yields layered heterostructures consisting of
a ZnO phase and an amorphous (ZnxFeyO) phase, with Fe-rich clusters forming in the amorphous phase, and that the prepared superlattices are x-ray
photoactive. It is therefore interesting to investigate if these superlattices can
be used in photocatalytic applications, and this is described next (in Chapter
5.3.3).
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5.3.3 Films on FTO substrates (paper V)
For realistic photocatalytic applications, rougher substrates than Si are
needed, and thus an additional Fe:Zn study [V]—which is described here—
was performed with the aim to investigate if Fe:Zn can be prepared on such
substrates (in terms of wetting properties, coverage, and phase segregation
yielding layer structures), and if so, to also conduct an initial photocatalytic
study.
For this study, films (1–5 depositions) were synthesised on conductive
fluoro-doped tin oxide (FTO) substrates, which have a rough surface. The
isothermal heat treatment was carried out at 500°C owing to the FTO substrates being more heat-sensitive than Si. XRR measurements on samples
prepared on (flat) soda-lime glass confirmed that heating at 500°C yielded a
layer structure.
On FTO, Fe:Zn films with 5% and 10% Fe were prepared (samples 1–5),
and we also included a modification with alternating hematite (α-Fe2O3)
layers for improving the light harvesting (samples 6–7). Resulting from the
phase segregation in the Fe:Zn gel films upon heating [III], the number of
depositions, and the solution-deposition sequence, the prepared samples
should consist of different layer sequences as presented in Table 4. From the
synthesis of Fe:Zn films on Si substrates [III], we know that one deposition
with the 5% Fe solution yielded a 17 nm thick film, where ca 16 nm ZnO
crystals were surrounded on both sides by amorphous ZnxFeyO; and that the
10% Fe solution yielded a 21 nm thick film in which a ca 15 nm layer of (ca
9 nm) ZnO crystals was surrounded by amorphous ZnxFeyO (see Table 3,
Figure 26, and Figure 27). We also know that a deposition with the Fe stock
solution yielded a ca 20 nm layer of α-Fe2O3, while a deposition with the Zn
stock solution yielded a ca 20 nm layer of ZnO.
Table 4. The samples (1–7) included in the study, showing the solutions used, and
the expected film composition/ layer sequence.
Sample
1

Sample names used in
paper V
5%–1d
5%–4d
5%–5d
10%–1d
10%–5d

Solutions

Layer sequence *

5% Fe

aZa
aZa–aZa–aZa–aZa
aZa–aZa–aZa–aZa–aZa
aZa
aZa–aZa–aZa–aZa–aZa

2
5% Fe
3
5% Fe
4
10% Fe
5
10% Fe
H5%
aZa–H–aZa–H–aZa
6
5% Fe, Fe stock
H10%
aZa–H–aZa–H–aZa
7
10% Fe, Fe stock
* ‘a’ indicates the amorphous (ZnxFeyO) phase and ‘Z’ indicates the ZnO phase, resulting
from a coating with the 5% and 10% Fe solutions (both solutions yielding ZnO surrounded by
ZnxFeyO). The composition of ‘a’ depends on which solution was used—the 5% or 10% Fe
solution. ‘H’ indicates a hematite-modification coating with the Fe stock solution.
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The FTO-coated glass has a very uneven surface due to the large crystal
facets. Even though the prepared films were thin, they showed good wetting
properties with complete substrate coverage achieved already after one
deposition (Figure 34, left). A few random craters, ca 100 nm in size, were
formed on the faces of the FTO crystals. For the multiple-deposition samples, the individual coatings were distinguishable with SEM—both for the
unmodified and the hematite-modified films (Figure 34, right). The distinguishable coatings for the unmodified films indicate that the ZnO was separated by an amorphous phase (cf. Figure 33 and Table 3, where Fe:Zn
yielded superlattices, whereas the pure Zn solution resulted in larger grains
rather than a layered structure after multiple coatings). It is thus reasonable
to assume that the phase segregation resulted in superlattice structures after
multiple coatings on FTO in the same way as previously found for Si substrates and soda-lime glass. However, because of the surface roughness of
FTO, XRR is not a feasible characterisation technique to confirm this for
these films.

200 nm

200 nm

Figure 34. SEM micrographs of films prepared on FTO. (Left): Surface of the unmodified sample 1, prepared from one deposition of 5% Fe solution. (Right): Cross
section of the hematite-modified sample 6, prepared from five depositions of alternating 5% Fe and Fe stock solutions.

5.3.3.1 Optical characterisation
The UV-vis absorption spectroscopy results for all seven samples are presented in Figure 35. As expected, the absorption of light increases as the film
thickness increases, which is clearly seen for samples 1–5 in the region below ca 380 nm. Samples 6–7 absorb more light than samples 1–5 in this
region, which could result from an additional contribution from the hematitemodification, but it cannot be ruled out that the ZnO might have a different
thickness compared to samples 1–5.
The unmodified samples (samples 1–5), which consisted of the ZnO–
ZnxFeyO sequences only, showed an absorption behaviour that is consistent
with the behaviour of wurtzite ZnO: The samples exhibited antireflective
behaviour (negative absorption) over a wavelength interval, and interference
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patterns in the spectra, as observed before for thin films of wurtzite ZnO
[127]. Also, the absorption onset at around 380 nm is in good agreement
with the expected band gap (3.3 eV) of wurtzite ZnO [158,159].
Absorption into the visible region (400–700 nm) was only seen for samples 6–7, which contained the hematite-modification coatings resulting from
the use of the Fe stock solution. The higher absorption of samples 6–7 compared to samples 1–5 in this region is consistent with the iron oxide contents
in samples 6–7 (Figure 37). Samples 6–7 also showed some antireflective
behaviour, but over a smaller wavelength interval compared to samples 1–5.
Band gap analyses were also performed. Because of the antireflective behaviour, an absorption correction was performed by adding the absolute
value of the minimum absorption to the original data. Figure 36 shows the
square and square-root of the as-corrected absorption data (i.e. A2 and A1/2)
as a function of the photon energy. For a material with a direct band gap,
such as ZnO, the band gap value corresponds to the energy value where the
tangent of the linear region intercepts the energy axis in the A2 graph. For a
material with an indirect band gap, such as α-Fe2O3, the value of the band
gap is obtained in a similar way from the A1/2 graph.
The unmodified samples (1–5) exhibited a direct band gap, which for the
multiple-deposition samples 2, 3 and 5 was in the range 3.30–3.31 eV
(Figure 36 a) which is in good agreement with the bulk value for wurtzite
ZnO (3.3 eV) [158,159]. The analysis of the single-deposition samples 1 and
4 (3.32 and 3.35 eV, respectively) was slightly more uncertain due to their
lower absorption, but all values were close to the wurtzite ZnO bulk value
and there was thus no apparent effect of the amorphous (ZnxFeyO) phase on
the band gap.
The hematite-modified samples (6–7) exhibited an indirect band gap
value of 2.1 eV (Figure 36 c), which agrees well with the expected value (2.1
eV) for α-Fe2O3 [160,161]; and a direct band gap value of 3.2 eV (Figure 36
b), which can be attributed to ZnO–ZnxFeyO. This is in good agreement with
the α-Fe2O3 peaks and wurtzite ZnO peaks seen in GIXRD (Figure 37). In
addition, Figure 36 b indicates a direct transition of approximately 2.6–2.8
eV for samples 6–7 (not indicated with tangent lines). This value is in line
with previous reports for Zn–Fe spinels [81,162,163], and it is consistent
with the appearence of spinel peaks in the XRD pattern for sample 7 (Figure
37). For the spinel, an indirect transition of ca 1.8–1.9 eV has also been reported [81,162,164]. Sample 6, however, displayed no peaks beyond those of
ZnO and α-Fe2O3, which suggests that there was spinel in sample 6 as well,
although not in detectable amounts for XRD. For sample 7, there additionally seemed to be an indirect transition at around 2.5 eV, as shown in Figure
36 c (not indicated with a tangent line).
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Figure 35. UV-vis absorption spectra for samples 1–7, deposited on FTO.

a)

Sample 3
Sample 2
Sample 5

c)

b)

Sample 6
Sample 7

Sample 6
Sample 7

Figure 36. Band gap analysis: Square of the absorption (A2) as a function of the
photon energy (showing direct band gap values) for a) samples 2, 3 and 5; and b)
samples 6 and 7. c) Square-root of the absorption (A1/2) as a function of the photon
energy (showing indirect band gap values) for samples 6 and 7.
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Figure 37. GIXRD for the unmodified samples 3 and 5, and the hematite-modified
samples 6–7 (from bottom: sample 3, 5, 6, 7). Spinel (S) peaks were found for sample 7 only. H=hematite (α-Fe2O3), ZnO=wurtzite ZnO, S=spinel ZnxFe3−xO4, while
the FTO is due to the substrate.

Since the ZnO–ZnxFeyO samples in [III]—i.e prepared from up to 50 depositions with heating at 600°C and from Fe:Zn solutions with up to 25% Fe—
did not contain any spinel phase, it seems that the hematite-modification
coatings (or their high Fe content) are needed to yield the spinel. This is
reasonable considering that ZnFe2O4 spinel was obtained when the Fe content in Fe:Zn was considerably higher than 25% (i.e. 67% Fe) [III], and considering the much higher Fe concentration at the ZnxFeyO/ hematite interface
of samples 6–7 compared to at the interface of the corresponding unmodified
samples. Also, as spinel was only detected in sample 7 (10% Fe, and Fe
stock), it is suggesting that a simultaneous high Fe content in the amorphous
ZnxFeyO—which yields an even higher Fe content at the interface—further
facilitates the formation of the spinel phase. Additional characterisation of
samples 6–7, e.g. by TEM, are needed to analyse the interfaces and determine which phases the samples consist of, and thereby determine the origin
of the optical properties.
5.3.3.2 Photocatalytic solar water splitting (photo-oxidation of water)
The photocatalytic activity was investigated for photo-oxidation of water,
the O2-generating half-reaction (H2O/O2) in solar water splitting. The photoresponses of all samples are summarised in Figure 38.
The unmodified multiple-deposition samples (2–3, 5) showed higher
photoresponse than the corresponding single-deposition samples (1, 4),
which is consistent with the larger number of coatings (i.e. more ZnO layers)
in the multiple-deposition samples. For samples 2–3, the improvement com68

pared to sample 1 was quite considerable, whereas for sample 5, there was
only a minor increase compared with the corresponding sample 4. Samples
2–3 showed the highest photoresponse of all samples, and although the level
was quite modest (ca 0.12 mA/cm2 at 1.2 V vs NHE) it was still higher than
results reported for films composed of pure ZnO [165] and pure ZnO quantum dots [127], and comparable to results reported for graphene-modified
ZnO (ca 0.15 mA/cm2) [165].
Despite absorbing more in the visible, the hematite-modified samples (6–
7) displayed a lower photoresponse compared to the best unmodified samples (2–3). This indicates there were surface problems or charge transport
problems in samples 6–7. However, since samples 2–3 and 6 all had a 5% Fe
coating on top, and thereby should have a similar surface in terms of composition, this could suggest that the lower photoresponse for the hematitemodified samples was related to poorer charge transport. This seems reasonable given the notoriously poor charge mobility of α-Fe2O3 [166].
The multiple-deposition sample 3 (5% Fe) showed a higher photoreponse
than the corresponding sample 5 (10% Fe). Since increasing the Fe content
(while simultaneously decreasing the Zn) in the unmodified Fe:Zn samples
most likely results in increasing amounts of amorphous phase and decreasing
amounts of ZnO (see Chapter 5.3.2.4), it seems likely that the lower photoresponse was related to a smaller amount of ZnO. This might also be one reason for the difference in the photoresponse for samples 6 and 7, considering
that sample 6 (5% Fe, and Fe stock) showed a higher photoresponse than
sample 7 (10% Fe, and Fe stock).

Figure 38. Photocatalytic activity for water oxidation in AM 1.5 simulated solar
light for samples 1–7. The unmodified multiple-deposition samples 2 and 3 displayed the highest photoresponse.
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5.3.4 Conclusions for the Fe:Zn-study
A solution-chemical route to manufacture ZnO–ZnxFeyO composites consisting of a crystalline phase and an amorphous phase was demonstrated. With
the presence of an amorphous phase, the Fe:Zn study illustrates the importance of employing several characterisation techniques and of considering
the possibility of the presence and influence of phases not detectable with
diffraction techniques when evaluating physical properties.
The main conclusions from the Fe:Zn-study are:
1. Controlled phase segregation when heating amine-modified nitrate-acetate gels resulted in ZnO–ZnxFeyO composites, which
yielded superlattice structures after multiple coating and heating
cycles.
2. The ZnxFeyO phase was amorphous and strongly influenced the
growth of the crystalline wurtzite ZnO by inhibiting particle
growth and the development of texture.
3. The magnetisation per Fe atom decreased with increasing Fe concentration. The decrease was due to antiferromagnetic nearestneighbour interactions between the Fe moments, which originated
from the formation of Fe-rich clusters within the amorphous
(ZnxFeyO) phase.
4. The Fe in ZnO–ZnxFeyO was mainly trivalent (Fe3+) as determined
with XAS and XPS. However, the mixed valency (Fe3+/Fe2+) was
the result of the characterisation technique, which caused reduction to Fe2+ upon exposure to the x-ray beam.
5. The highest photoresponse for the photocatalytic oxidation of water, although quite modest, was obtained for the unmodified multiple-deposition ZnO–ZnxFeyO structures. The hematite-modified
structures, although absorbing more in the visible, showed a
poorer photoresponse, indicating surface or charge transport problems.
6. ZnO–ZnxFeyO superlattices with up to 25% Fe, prepared from up
to 50 depositions with subsequent heating, did not contain spinel.
Repeated coating and heating does hence not cause spinel formation. The spinel phase was only observed in the hematite-modified
samples, especially for high Fe contents in the amorphous phase.
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6 Concluding remarks and future outlook

In summary, it has been demonstrated in this thesis that solution-chemical
synthesis based on amine-modified nitrates and acetate gels provides great
versatility. It can be used for the synthesis of widely different nanostructured
films of Co, Fe, and Zn—from crystalline Co metal, oxides, and composites,
to ZnO–ZnxFeyO composites comprised of crystalline ZnO and amorphous
ZnxFeyO—by adjusting the synthesis parameters. In addition, it has been
demonstrated that the presence of an amorphous phase—not always detectable with diffraction techniques—can have great impact on both the material
structure and physical properties, which further highlights how important it
is to also consider the possibility of non-crystalline phases in materials, and
to use several complementary characterisation techniques for the phase
analysis.
The present type of precursor system with nitrates combined with organic
compounds can result in relatively violent reactions with fast release of
gaseous biproducts. As a result, the film morphology can be sensitive to the
gases above the samples during the heat treatment. This is clearly demonstrated in the Co-study, where Co–CoO composites of different morphologies were prepared by utilising different heating rates and gas flow rates
together with the morphology effect. The morphology effect is most likely
caused by the gas emissions and the turbulence in the furnace tube.
The Co-study showed that a variety of crystalline cobalt films—metallic
Co, CoO, Co3O4, and composites with different metal:oxide ratios—could be
synthesised by a combination of different heat-treatment atmospheres and
temperatures, and that simultaneous control of the film thickness through the
selection of the solution concentrations and spin velocities enables further
tuning of the phase ratios. Films with random and layered Co–CoO distributions, respectively, all exhibited exchange bias due to the FM–AFM interaction, whereas variations in coercivity, exchange bias field and other magnetic properties originated from differences in the structures and phase distributions.
Contrary to the Co synthesis, which generated various crystalline nanostructures, the Fe:Zn synthesis yielded ZnO–ZnxFeyO composites (1–25%
Fe) composed of a crystalline phase (wurtzite ZnO) and an amorphous phase
(ZnxFeyO), formed through controlled phase segregation during the heating
step. Also, while the Co-study was aimed at obtaining the various oxidation
states of Co, the aim of the Fe:Zn-study was to preserve the trivalent oxida71

tion state of Fe. From the controlled phase segregation during the heating,
highly ordered layer structures of ZnO surrounded by amorphous ZnxFeyO
were formed, which after multiple coating and heating yielded ZnO–
ZnxFeyO superlattices, whereas multiple coating and heating with pure Zn
(0% Fe) yielded columnar ZnO with no layer structure. The Fe-rich amorphous ZnxFeyO phase is thus a prerequisite for the formation of the superlattice, and it profoundly affects the ZnO phase, e.g. by inhibiting ZnO grain
growth and texture, already at an iron concentration of 1%. ZnO–ZnxFeyO
superlattice structures were also readily prepared on rough FTO substrates,
and they exhibited a photocatalytic activity for oxidation of water, however
at a rather modest level.
Regarding future studies, it would be interesting to study the morphology
effect further, especially in the designed tube due to the prominent differences in morphology that were observed when using it. One example could
be to use a coloured gas or smoke to visually investigate the turbulence of
the flowing atmosphere inside the tube and to see what happens above the
films. It would also be valuable to identify the gases that are formed during
the heat treatment in reducing, inert, and oxidising atmospheres, e.g. by using infrared (IR) or mass spectroscopy, and to study if and how the different
gas flow rates affect the formed gases.
Regarding the Fe:Zn-study, it would be valuable to carry out a detailed
investigation of the composition and Fe concentration of the amorphous
phase, and to verify, e.g. with TEM, that the ZnO phase decreases and the
amorphous phase increases when the Fe content increases. Further characterisation using TEM would also be useful for the hematite-modified Fe:Zn
structures to study the interface between the amorphous (ZnxFeyO) phase and
the hematite coating, in order to detect the presence of a spinel or other
phases. The ZnxFeyO/ hematite interface would also be interesting to study in
situ during the heating in terms of the phase development, e.g. by in situ
XRD.
Furthermore, it would be fruitful to perform in situ studies of Fe:Zn in order to investigate what effects the heating has on the ZnO cell parameters
and particle size, and also to determine at which temperature the amorphous
phase starts to crystallise, and to identify the phases which are formed then.
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8 Sammanfattning på svenska

Denna avhandling handlar om nanokompositer. En komposit är ett material
som består av minst två komponenter (faser), till exempel en metall och en
oxid eller två olika oxider, och i en nanokomposit har kornen av dessa faser
mycket små dimensioner, under 100 nm, det vill säga under en tiotusendels
mm. Nanomaterial är spännande för att de ofta får unika egenskaper som
beror av storleken på partiklarna, och genom att kombinera två faser i en
nanokomposit kan man få helt nya egenskaper, som inte finns i de enskilda
faserna, genom att faserna växelverkar med varandra.
Avhandlingen fokuserar på två typer av material, den ena typen är baserad
på kobolt (Co), och den andra är baserad på järn (Fe) och zink (Zn). I avhandlingen benämns dessa två som Co-studien respektive Fe:Zn-studien.
Metaller och föreningar av Co och Fe har ofta intressanta magnetiska egenskaper och har under många år studerats för tillämpning, till exempel i datorer till datalagring. Zinkoxid (ZnO) är vanlig i många olika tillämpningar, till
exempel i kosmetiska produkter och salvor (såsom idominsalva och zinkpasta) och i målarfärg, samt – som tas upp i denna avhandling – inom fotokatalys där man kan använda solens strålar för att bryta ner olika föroreningar
eller för att tillverka syrgas från vatten.
Flera faktorer påverkar egenskaperna hos ett material, till exempel partikelstorleken, hur de olika ingående faserna är ”arrangerade” i materialet, och
hur mycket det finns av respektive fas. Hur fasfördelningen ser ut, till exempel i Co–CoO kompositer, ger även upphov till spännade magnetiska fenomen såsom utbytesanisotropi (på engelska: exchange anisotropy eller exchange bias). Denna effekt uppstår genom att Co och CoO med sina olika
magnetiska egenskaper – Co är ferromagnetiskt och CoO är antiferromagnetiskt – ligger i direkt kontakt med varandra i materialet. En delstudie i denna
avhandling berör denna effekt och hur den påverkas av bland annat fasfördelning, partikelstorlek och porositet.
Oavsett vad det är för ett material man önskar tillverka och oavsett vilken
tillämpning som materialet behövs för så krävs det en pålitlig syntesmetod
för att kunna göra det möjligt. Med lösningskemi finns fördelar när man ska
tillverka nanokompositer såsom förhållandevis billiga kemikalier och billig
utrustning, samtidigt som material med olika former kan tillverkas – från löst
pulver till olika heltäckande beläggningar. I denna avhandling har en mycket
flexibel lösningskemisk metod använts för att tillverka vitt skilda material av
Co respektive Fe:Zn enbart genom att ändra syntesparametrarna. Metoden
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bygger på användningen av metallsalter (nitrater och acetater) lösta i alkohol
och med organiska komplexbildare för att bilda en gel. Nanokompositerna
har framställts som beläggningar på olika ytor genom att använda spinncoating – en metod där den yta man vill belägga roteras samtidigt som lösningen
sprutas på, varefter en gelfilm bildas på ytan. Efter spinncoatingen behöver
den bildade gelfilmen värmebehandlas för att nanokompositen ska få sin
slutgiltiga struktur och fassammansättning.
I Co-studien användes olika atmosfärer under värmebehandlingens uppvärmnings- och avsvalningssteg för att tillverka filmer med olika innehåll –
från metalliskt Co och koboltoxiderna CoO och Co3O4 till kompositer bestående av både metall och oxid. Vidare utnyttjades värmningshastigheten och
gasflödet i tillverkningen för att göra Co–CoO kompositer med ordnade lagerstrukturer respektive oordnade strukturer, och med olika partikelstorlek
och porositet. Under omvandlingen från gel till komposit bildas mycket gas,
och en viktig upptäckt var den stora inverkan som samspelet mellan gaser,
samt gasflödet, har på kompositens struktur och fasfördelning för den här
typen av syntes. De magnetiska egenskaperna undersöktes sedan för att ta
reda på hur utbytesanisotropin ändras för de olika Co–CoO kompositerna.
Faser kan se ut på olika sätt: de kan vara kristallina (atomärt ordnade) eller amorfa (oordnade, där atomerna sitter lite ”huller om buller”). Amorfa
faser kan vara mycket svåra att upptäcka med vissa karakteriseringstekniker
till exempel diffraktionsmetoder, vilket gör det viktigt att använda olika
komplementära tekniker för att få ”hela bilden” av ett material. Detta framgår tydligt i Fe:Zn-studien – där den ena fasen (ZnxFeyO) var amorf medan
den andra (ZnO) var kristallin – i och med att det endast var närvaron av
ZnO som kunde påvisas när materialet analyserades med hjälp av röntgendiffraktion (XRD). Samma studie visade också att den amorfa fasen påverkade materialet på olika sätt, till exempel partikelstorleken hos den kristallina (ZnO) fasen. Därutöver uppvisade ZnO–ZnxFeyO kompositerna en fotokatalytisk aktivitet för tillverkning av syrgas från vatten.
Denna avhandling bidrar till att visa hur man med hjälp av syntesparametrarna kan påverka materialets struktur och innehåll. Eftersom dessa i sin tur
påverkar materialegenskaperna öppnar detta för styrning av till exempel de
magnetiska och katalytiska egenskaperna, vilket är viktigt för utvecklingen
av nya material och användningsområden. Många av dagens stora utmaningar handlar om energi och miljö – att omvandla och lagra energi (till exempel
med solceller och batterier), och att rena både luft och vatten från olika föroreningar (till exempel med katalysatorer). För att kunna göra detta kommer
nanomaterial att vara mycket viktiga. Det krävs god förståelse för vilken
inverkan olika nanostrukturer har på materialegenskaperna och hur olika
faser påverkar varandra i materialet, så att material med de mest gynnsamma
egenskaperna för en viss tillämpning kan framställas. Och detta mål – att
erhålla de ”rätta” egenskaperna – ställer i sin tur höga krav på syntesmetoden
och möjligheten att kunna styra syntesen.
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