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Pollution of water resources is a growing problem in the world and this has drawn the
attention to photocatalysis, which is an emerging technology for water purification. In this
thesis, low dimensional zinc oxide and copper oxides, which are promising photocatalytic
materials, have been studied. In the initial work, an approach for determining the crystal
orientation in ZnO nanomaterials was developed based on polarized Raman spectroscopy.
The approach was extended to non-polarized Raman spectroscopy for convenient crystal
orientation determination. The results were corroborated by density functional theory (DFT)
calculations providing a full vibrational mode analysis of ZnO, including higher-order Raman
scattering. Photocatalyst materials based on both ZnO and copper oxides were synthesized,
starting with visible light absorbing Cu2O prepared by low temperature thermal oxidation of
flat and 3D structured Cu-foils. Defect induced Raman scattering revealed Raman activity in
modes that are only IR active or optically silent in pristine Cu2O, with mode assignments
supported by DFT calculations. Experiment with solar light illuminated Cu2O showed efficient
degradation of organic water-soluble molecules and degradation rates could be further increased
by 3D structuring into nanopillars. With the aim of creating a combined photocatalyst that
use favourable properties from several materials, nanoparticles of ZnO were synthesized
and deposited onto Cu2O, Cu4O3 and CuO. ZnO of sufficiently small size exhibit quantum
confinement, which allowed for tuning of the electronic and optical properties of ZnO and
this was utilized for energy level alignment in heterojunctions with copper oxides. The
heterojunctions were shown to facilitate charge transfer which improved the photocatalytic
properties of the dual catalysts compared to the single components. The quantum confinement
effects in ZnO nanoparticles were further investigated by more detailed electrochemical
measurements. The main finding was that quantum confinement results in a large decrease in the
available electronic density of states which has clear implications on the capacitance and photon
absorption in the material. Raman spectroscopy has been a central tool in all work, and the thesis
ends with a study that goes through and explain spurious Raman signals. The contribution shows
how to identify and avoid spectral artefacts and other light generating processes that compete
with the Raman signal and guide the acquisition of good quality spectra.
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“When curiosity is alive, we are attracted to many things;
we discover many worlds.”

 
Eric Booth 
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Abbreviations 

AE Auger electron 
AM1.5G Spectrum corresponding to sunlight that has traveled 

through 1.5 atmospheres 
BET Brunauer-Emmett-Teller 
BSE Backscattered electron 
BZ Brillouin zone 
CB Conduction band 
CCSD(T) Coupled cluster single-double and perturbative triple 
CE Counter electrode 
CPE Constant phase element 
CV Cyclic voltammetry 
DFT Density functional theory 
DFT+U Density functional theory with a potential U added 
DOS Density of States 
DPV Differential pulse voltammetry 
ECSA Electro chemical surface area 
EDS Energy dispersive X-ray spectroscopy 
EDX Energy dispersive X-ray spectroscopy 
EIS Electrochemical impedance spectroscopy 
EQE External quantum efficiency 
FCC Face centered cubic 
FIB Focused ion beam lithography 
FTO Fluorine doped tin oxide 
GGA General gradient approximation 
GIXRD Grazing incidence X-ray diffraction 
HF Hartree-Fock 
HOMO Highest occupied molecular orbital 
ICSD Inorganic crystal structure database 
IR Infrared light 
ITO Indium tin oxide 
LDA Local density approximation 
LHE Light harvesting efficiency 
LUMO Lowest unoccupied molecular orbital 
MB Methylene blue 
MP2 Møller-Plesset perturbation theory (second order) 



MP4 Møller-Plesset perturbation theory (fourth order) 
NIR Near infrared light 
PE Primary electron 
PL Photo luminescence 
PV Photovoltaic 
PVD Physical vapor deposition 
PZC Point of zero charge 
RE Reference electrode 
ROS Reactive oxygen species 
SE Secondary electron 
SAED Selected area electron diffraction 
SCE Saturated calomel electrode 
SEM Scanning electron microscopy 
SHE Standard hydrogen electrode 
Spiro-OMeTAD 2,2’,7,7’-tetrakis[N,N-di(4-methoxyphenyl)amino]-9-

 9’-spirobifluorene 
TCO Transparent conductive oxide 
TEM Transmission electron microscopy 
UV Ultra violet light  
VB Valence band 
VIS Visible light 
WE Working electrode 
XRD X-ray diffraction 
ZnO nps Zinc oxide nanoparticles 
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1 Introduction 

1.1 The importance of water 
Water is one of the pillars on which our civilization strongly relies. It is needed 
for the society’s survival, development and progress. Water is necessity for all 
life and is needed in vast amount for agricultural, industrial, municipal, do-
mestic, recreational and environmental use. (du Plessis, 2017) Water is abun-
dant but unevenly distributed both geographically and with time, trough out 
the yearly cycle. (Liu et al., 2017) The world map in figure 1 shows to what 
extent the most basic water need, the access to clean drinking water, fails to 
be met though out the world. Recently WHO released a report declaring that 
2.2 billion people worldwide lacked safely managed water (WHO, 2021).  

Water availability is also dependent on economic factors since the retrieval 
and distribution of water require resources and infrastructure and, in this area, 
recent economic and infrastructure development have made a clear difference. 
Recent data (WHO 2020) show that almost all countries with water availabil-
ity issues have seen a steady increase in water availability for the last 20 years. 

Figure 1. World map of water inaccessibility 2020. The countries are coloured by the 
percentage of the country´s population that lack access to a treated water source,
where bright red is 100% and white is 0%. 
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But, as shown in figure 1, there is still a long way to go and there are also 
negative trends which need to be taken into account. The main issue is water 
pollution, which threaten many of our current water sources. Many human 
activities pollute water and there has been a large increase of organic pollu-
tants in the aquatic environment (Sousa et al., 2018; Tang et al., 2019). Per-
sistent organic pollutants are especially troublesome as they fail to be removed 
by conventional water treatment technologies and tend to accumulate in the 
food chain, at which humans reside at the top (Jones and de Voogt, 1999). The 
retrieval, desalination, distribution, irrigation, and treatment of water requires 
large amounts of energy. Water can also be used to generate energy through 
hydroelectric power, which is one large source of renewable energy. This in-
tertwined relationship of water and energy is called the water-energy Nexus 
and can make issues and conflicts over water complex and difficult to solve 
(Schnoor, 2011; Hussey and Pittock, 2012; Hamiche, Stambouli and Flazi, 
2016). There are now strong movements to strive towards a sustainable soci-
ety and to reach such a state, water cannot be treated as a consumable that is 
discarded after use.(Jhansi and Mishra, 2013) In a sustainable society there is 
a need for more and better water treatment methods to remove all pollutants, 
including the persistent and emerging pollutants, making it possible to reuse 
more water and make better use of the available water resources. Photocatal-
ysis is one emerging technology that has a potential to be used for this (Chong 
et al., 2010; Lee et al., 2016; Opoku et al., 2017; Vaya and Surolia, 2020; Kar 
et al., 2021). Catalysts can speed up pollutant degradation reactions and re-
duce the energy need for water treatment processes. The use of light as the 
energy source opens for using sunlight as a free renewable energy source and 
for applications in remote locations without electricity grid access (Liou and 
Chang, 2012; Ran, Jaroniec and Qiao, 2018). In this thesis zinc oxide and 
copper oxide based photocatalytic materials have been synthesized and stud-
ied. They are inexpensive and abundant materials and could therefore be used 
in large scale applications. Apart from studying their photocatalytic proper-
ties, more fundamental investigations of their electronic and vibrational prop-
erties are also presented. 

1.2 Photocatalysis 
1.2.1 Principles 
A catalyst is a material or compound that can increase the rate of a chemical 
reaction without being consumed. If we start by considering a chemical reac-
tion that involve a reactant AB that is transformed into a product A+B. The 
driving force of the reaction is determined by thermodynamics, specifically 
by the difference in Gibbs free energy between the initial and final state ΔG0. 
The direction of the reaction is towards the lowest energy which means that if 
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ΔG0 is negative, the reaction is spontaneous. The rate of the reaction, however, 
is dependent on the activation energy required to transform the reactant to the 
product. This can be illustrated in reaction coordinate diagrams, such as the 
ones shown in figure 2. At the bottom of the diagrams it is illustrated what the 
different steps in the catalytic reaction could represent in the case of a reaction 
at the surface. 

In the thermal reaction path shown in figure 2a the diatomic molecule AB 
dissociates to A+B without any interaction with the surface which requires 
overcoming a large energy barrier. A catalyst reduces this activation energy 
barrier by enabling a reaction route with a lower energy barrier. The new re-
action path may introduce more energy barriers and intermediate states, as in 
the example of the catalytic reaction in figure 2a, but as long as the highest 
barrier is lower than the initial barrier, the reaction rate is increased. 

A photocatalytic reaction is more complex. It includes a photon absorption, 
creating an electron-hole pair in the catalyst. The charges can then be trans-
ported to an active site and transferred to molecules adsorbed at, or residing 
in a proximity to, the surface of the catalyst, giving it a higher energy, over-
coming the barrier towards the higher energy product and increasing its reac-
tion probability. The use of the energy in the incoming light can thus promote 
a reaction to a product with a higher free energy, something that is not possible 
with conventional catalysis that instead depend on that the product have a 
lower free energy. A reaction coordinate diagram for a photocatalytic reaction 
that include charge transfer to a surface bound intermediate is shown in figure 
2b. Reaction coordinate diagrams and the anticipated reaction rates can be de-
rived from Marcus-Hush charge transfer theory (Marcus, 1956; Hush, 1961; 

 
Figure 2. (a) Reaction coordinate diagram of a reaction (ABA+B), with and with-
out a catalyst present and the corresponding catalytic reaction. I and I* represent in-
termediate states. (b) Reaction coordinate diagram of a photocatalytic reaction 
(A+BAB). 
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Marcus and Sutin, 1985) which is an extension of the transition state theory 
by Eyring (Eyring, 1935), to also include description of outer sphere electron 
transfer reactions without the need for partial bond-formation as in the Eyring 
theory. In the Marcus-Hush theory, the reactants can be weakly coupled where 
instead the reorganization energy of the surrounding outer sphere play an im-
portant role to create a favorable geometric situation for the electron transfer 
to occur from the donor to the acceptor. Electronic coupling between the donor 
and acceptor can occur if there is spatial overlap between their electronic or-
bitals. This increases the probability of tunneling and is in the graph and equa-
tion 2 represented by HAB. A high electronic coupling thus reduces the energy 
barrier ΔG# for the reaction. The rate of electron transfer Ket is described by  

 𝐾 = 𝐴𝑒 ∆
 (1) 

where the preexponential factor A is 
 𝐴 = 2𝜋ℏ |𝐻 | 14𝜋𝜆𝑘 𝑇 (2) 

and kB is Boltzmann’s constant, T is the temperature, λ is the reorganization 
energy, ΔG0 is the formation energy and ℏ is the reduced Planck’s constant. 
Charge transfer between the catalyst surface and molecules, or between mol-
ecules, here occur through electron tunneling. The probability of electron tun-
neling is very low unless the initial and final state are at similar energy level, 
or at least very similar energy levels. In Marcus-Hush theory electron donor 
and acceptor states are described by two intersecting harmonic oscillators, par-
abolic energy functions, where the abscissa is represented by a configurational 
coordinate q representing the atomic positions of the molecule. This is shown 
in figure 3. At the intersection between these curves, at qx, where the atomic 
positions and the energy levels are the same for the donor and acceptor, elec-
tron tunneling can occur. In the figure, the difference in energy between the 
initial and final state ΔG0 represents the driving force of the reaction. The en-
ergy difference between the initial state and the intersection at qx is denoted 
ΔG# and represents the kinetic energy barrier. The reorganization energy λ is 
the energy needed to move the atoms of the reactant into the geometry of the 
product.  
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A photocatalytic reaction includes several different steps: Light absorption, 
where the photocatalytic material absorbs an incoming photon and an electron 
hole pair is created, charge separation, where the electrons and holes are sep-
arated from each other, charge transport through the material to the active sites 
on the catalyst surface and catalytic reaction at the active sites where the 
charge is transferred to a reacting molecule. These steps are illustrated in fig-
ure 4. 

Figure 3. Illustration of Marcus theory and how reaction coordinate diagrams can be 
derived from it. ΔG0 is the formation energy, ΔG# represents the energy barrier of 
the reaction, λ is the reorganization energy, qx is the configurational coordinate at 
which electron tunneling occur and HAB is a tunneling probability factor. 

Figure 4. The steps of a photocatalytic reaction: light absorption, charge separation, 
charge transport and catalytic reaction at active site. 
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 The efficiency of the photocatalytic reaction is defined as the fraction of the 
incident photons that take part in the catalytic reaction and is called external 
quantum efficiency (EQE). The EQE depends on the efficiency of all included 
steps and can be written (Jacobsson et al., 2013)  
 𝐸𝑄𝐸 𝜆 = 𝐿𝐻𝐸(𝜆) ∙ 𝜙 (𝜆) ∙ 𝜙 ∙ 𝜙  (3) 
were LHE(λ) is the light harvesting efficiency and φsep(λ), φtrans and φcat are the 
quantum efficiencies of charge separation, charge transport and the catalytic 
reaction, respectively. 

1.2.2 Light absorption and electronic structure 
The light absorption and optical properties of a crystalline semiconductor is 
determined by its electronic band structure which is formed by numerous en-
ergy levels. From a solid-state physics point of view the energy levels can be 
described as solutions of the Schrödinger equation for the wavevectors k 
within the Brillouin zone (BZ). The Brillouin zone is a primitive unit cell of 
the material in reciprocal space. The band structure is multi-dimensional 
which makes it difficult to visualize. Most often it is chosen to plot the energy 
dependence as a path between certain high symmetry points like the Γ-point 
(center of BZ), center of BZ face, BZ corner, center of BZ edge, etc., depend-
ing on the symmetry of the crystal. An example of this is shown in the left part 
of figure 5 and referred to as an energy band-dispersion diagram. From a 
chemistry point of view, the band structure is often described as a result of 
atomic and molecular orbitals that split up and degenerate into narrowly 
spaced energy states, referred to as energy bands. This explanation does not 
offer any means to calculate the full details of the band structure but is intui-
tively easier to understand and will be used later in the section on Quantum 
confinement. The energy levels represent available energy states in the mate-
rial and integrating the available states with respect to the energy gives the 
electronic density of states (DOS) which is shown in the middle part of figure 
5. For a metal there is a continuum of states and no energy gap in-between 
occupied and unoccupied electronic states, whereas for a semiconductor there 
is a gap between the occupied states and the unoccupied states. This is called 
the bandgap and is one of the most important properties of semiconductor ma-
terials since it determines its light absorption and a route to control the con-
ductivity by an applied field or illumination. The band structure is often sim-
plified even further into a single valence band (VB) describing the occupied 
states and a single conduction band (CB) describing the unoccupied states as 
shown to the right in figure 5. This simplification is a sufficient description in 
many cases since it is this bandgap region, around the Fermi level that takes 
part in reactions and interact with photons, while it is not sufficient if one 
wants to understand a semiconductor with an indirect bandgap or analyze 
other properties that are k-dependent. 
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The light absorption in a semiconductor is ultimately dependent on the inter-
action between light and matter. In quantum mechanics, the time dependent 
Schrödinger equation for this interaction can be written as (Heitler, 1984; 
Edvinsson, 2018)  
 𝐻 (𝑟) + 𝐻 (𝑡) 𝜑 = 𝑖ℏ 𝜕𝜑𝑑𝑡  (4) 

where H0 is the time independent Hamiltonian and H’ is the first order time 
dependent perturbation and ℏ is the reduced Planck’s constant. H0 and H’ are 
defined as 
 𝐻 (𝑟) = 𝑝2𝑚 + 𝑉(𝑡) (5) 

and 
 𝐻 (𝑡) = − 𝑒𝑚 𝑝 ∙ 𝐴 (6) 

Where m0, e and p are the electron rest mass, charge, and momentum, V is the 
potential, A is the oscillating electromagnetic field of the incoming light, ϕ is 
the electron wave function, r is the space coordinate and t is time. The general 
solution to H0 is known and if the light induced perturbation is a direct transi-
tion between an initial (v, valence band) and final (c, conduction band) state 

Figure 5. Three examples of how the band structure of a material, in this case Cu2O 
with cubic structure (Pn3m), can be illustrated. To the left a band structure diagram, 
plotting high symmetry directions in reciprocal space, in the middle, density of states 
(DOS) for the same material and to the right a simplified illustration of the conduc-
tion and valence band levels, often used when discussing bandgaps. The band struc-
ture diagram and the DOS graphs are taken from Materialsproject.org and are calcu-
lated using GGA-DFT, which is known to underestimate the bandgap value. 
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in a material Hvc’ the probability for a transition between the initial and final 
state. 
 𝑇 → = 2𝜋ℏ |𝐻 | 14𝜋 𝛿(𝐸 − 𝐸 − ℏ𝜔)𝑑𝑘 (7) 

Here we consider direct transitions where there is no change in the momentum 
of the wave vector k. The perturbation factor H’ can then be considered inde-
pendent of k (Edvinsson, 2018). The integral over the Brillion zone represents 
the joint density of states consisting of the donor states in the valence band 
and the acceptor states of the conduction band. Using that the conduction band 
and valance band energies have a parabolic energy dependence with k, equa-
tion 7 can be reformulated to 
 𝑇 → = 2𝜋ℏ |𝐻 | 1ℏ𝜋 2𝑚∗ℏ ℏ𝜔 − 𝐸  (8) 

Assuming that the transition is dipole-allowed and that the direction of the 
polarization field is matching with the direction of available states, a scalar 
value of 𝐻  can be used and equation 8 above can be written as  
 𝑇 → = 𝐶 ℏ𝜔 − 𝐸  (9) 

Where C1 is a constant. The absorption coefficient of a material α(ℏω) de-
scribes the absorbed energy per incoming photon flux and can in turn be for-
mulated as 
 𝛼(ℏ𝜔) = 𝑇 →𝑆 ℏ𝜔 (10) 

Where S is the Poynting vector and S/ℏ is the photonflux. This gives the 
dependence of α on ℏω and Eg 

 𝛼(ℏ𝜔) ∝ ℏ𝜔 − 𝐸  (11) 

And shows that if the photon energy is plotted against the square of the ab-
sorption coefficient, the bandgap can be extracted. This was done for a direct 
allowed bandgap but similar derivations can be made for other transitions and 
the exponent in equation will then be different. For direct allowed transitions 
it is ½, for indirect allowed transitions 2, for forbidden direct transitions ⅔ and 
for forbidden indirect transitions 3 (Elliott, 1957; Ridley, 2013). This forms 
useful scaling relations and we have used this for determination of bandgaps 
in so-called Tauc plots (Tauc, 1968). 

When a semiconductor material absorbs a photon with an energy corre-
sponding to the bandgap, it excites an electron from the valence band to the 
conduction band. Left in the valance band there will be a hole, from the lack 
of an electron, with a phenomenological charge +1 due to the necessity of 
charge neutralization. Since the electron and the hole are in different energy 
bands, they can exist at the same time without canceling out each other. But 
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recombination, the process when the electron falls back into a defect state or 
back across the bandgap to recombine with a hole will eventually occur, if the 
charges are not spatially separated. A photo excitation is only possible if the 
photon energy is larger than the bandgap and the bandgap size therefore de-
termine which wavelengths of photons (color of the light) that can be absorbed 
and, together with the absorption coefficient and the thickness of the material, 
subsequently its light harvesting efficiency. In addition, the energetic position 
of the bands will be important for which reactions that are possible for charges 
reaching the surface which is illustrated in figure 6. 

The charge transport in the material is dependent on its conductivity, which in 
turn depend on the type of material and the extent of defects present. Electrons 
are commonly transported faster than holes but there are certain materials that 
exhibit the opposite behavior. These are called hole transport materials and 
Spiro-OMeTAD is an example of a commonly used organic hole transporting 
material in the field of solar cell research (Nakka et al., 2022). Charge recom-
bination can also occur during charge transport if an electron encounters a 
hole. In photocatalysis using nanostructures or thin films, the charges are gen-
erated close to the surface and the charge transport properties of the catalyst 
material have a smaller impact than in many other applications. The catalytic 
reaction takes place at the surface of the photocatalyst and the locations of the 
reaction are called active sites. The sites that are catalytically active depends 
on the catalyst and reaction. It can be any atom on the surface or limited to 

Figure 6. (a) Schematic illustration of the light absorption and recombination process
in a direct semiconductor, and charge transfer to HOMO and LUMO of acceptors in
an adjacent solution. Alternative degradation routes through reactive oxygen species
(ROS) are also shown. (b-e) The Lewis structures of different ROS: (b) the superoxide
anion, (c) the peroxide anion, (d) triplet oxygen, (e) singlet oxygen, (f) hydroxyl rad-
ical, (g) hydroxyl anion, (h) hydrogen peroxide, (i) nitric oxide. 
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certain elements, crystal facets, atoms in a specific oxidation state, surface 
vacancies, or to edge or corner atoms. It is not trivial to determine exposed 
facets and active sites experimentally. Selected area electron diffraction 
(SAED) in transmission electron microscopy (TEM)(Li et al., 2021), and the-
oretical calculations (Aslan, 2019) can be useful for this, but are instead ex-
perimentally challenging for amorphous catalysts and molecular systems. A 
common approach is instead to vary the number of suspected active sites and 
to see if this increases the rate or not. Generally, an increased catalyst surface 
area will result in more catalytically active sites and the catalytic activity is 
often determined indirectly through degradation experiments with a probe 
molecule. For a reaction to take place, the electrons need to have a potential 
energy high enough to overcome the redox potential of the reaction. There are 
also potential losses related to the charge separation, transport and catalysis 
reaction (electron transfer) resulting in a need for an overpotential to drive the 
reaction at an appreciable rate. 

The charge transfer between the catalyst and the molecule can also be done 
indirectly, through an intermediate specie. This can occur in aqueous solution 
where the catalyst transfer charge to the water molecules or oxygen solved in 
the water, creating reactive oxygen species (ROS), highly reactive radicals or 
ions that in turn react with the molecules. Reaction oxygen species are super-
oxide anion •O2

-, peroxide anion O2
2-, triplet oxygen 3O2, singlet oxygen 1O2, 

hydrogen peroxide H2O2, hydroxyl radical •OH, hydroxy anion OH-, and nitric 
oxide NO•. The Lewis structures of these ROS species are shown in figure 6b-
i. Reaction through ROS can in some cases be the dominating reaction path 
for degradation reactions in photocatalysis. 

1.2.3 Nano-dimensions 
Nano materials are materials that have a size in the nanometer range and they 
have attracted a lot of attention the last decades. Last year there were close to 
100 000 papers published which have nanomaterials included in their title. 
This hype for nano is more than a desire to follow the latest trend in science.  

Most of the applications were nanomaterials are used are surface oriented. 
In such applications, shrinking the material down to nano-dimensions is a way 
to strongly reduce the amount of material needed while in the same time obtain 
a large total surface area. For expensive materials like noble metals or rare 
elements this leads to significant cost reduction and improved economic com-
petitiveness. For scarce elements it can also be important to reduce the amount 
needed because of the limited supply of the material. Many applications, in-
cluding catalysts, batteries, sensors and adsorbents depend strongly on surface 
reactions and will benefit from increased surface areas. In photocatalysis this 
will lead to an increase of the active catalytic surface sites where the degrada-
tion reactions or the generation of reactive species take place. To exemplify 
this one can look at particles with close packed atoms. The minimum size of 
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a particle is a single atom. With that particle size, the atoms will naturally be 
a surface atom. If we add one layer of atoms around the core in a face-centered 
cubic (FCC) arrangement, there will be 13 atoms out of which 12 are surface 
atoms. For each shell of atoms that is added, the fraction of surface atoms will 
decrease, which is illustrated in table 1, for a selection of clusters. The fraction 
of surface atoms decreases with growing particle size and approach zero for 
bulk materials. The same trend applies to edge atoms and corner atoms that 
are often identified as efficient active sites for catalysis due to their bonding 
environment and available electrons in dangling bonds.  

 
Table 1. Full shell cluster nanoparticles of an FCC-close packed material (Owens and 
Jr, 2008). 

Number of shells 1 2 3 4 5 6 10 100 

Total number of 
atoms in particle 

1 13 55 147 309 561 2869 3.28·106 

Bulk atoms 0 1 13 55 147 309 2057 3.18·106 
Surface atoms 1 12 42 92 162 252 812 9.80·104 

Surface atom (%) 100 92.3 76.4 62.6 52.4 44.9 28.3 3.0 
 
For binary compounds, like the materials studied in this thesis work, not only 
the surface atoms, but the entire outermost unit cell exhibit properties deviat-
ing from the bulk (Raymand et al., 2012). Reducing the material dimensions 
can also affect the intrinsic material properties. Optical and electronic proper-
ties will be altered when the material dimensions approach the quantum con-
fined region (Brus, 1984; Jacobsson and Edvinsson, 2011, 2014; Jacobsson et 
al., 2014; Ahmed and Edvinsson, 2020; Thyr et al., 2021). The dimensions at 
which quantum confinement occur are material specific but are generally very 
small and the majority of the nanomaterials are not quantum confined. One 
measure of quantum confinement is to compare the physical dimension of the 
nanomaterial to the exciton Bohr radius in the material. An exciton is a non-
separated electron-hole pair where the opposite charges are attracted by Co-
lumbic forces. The exciton Bohr radius is denoted rB and describes the dis-
tance between the electron and the hole, or rather the most probable distance. 
In principle, it is a solution to the hydrogenic wave function using the dielec-
tric constant and effective masses in the material, and simply an effective mass 
scaled hydrogen Bohr radius in a medium with dielectric constant ε. In figure 
7 a probability density function for the Bohr radius is shown and it can be seen 
that approximately two thirds of the probability actually lie outside the rB, 
which defines the maximum probability. This is why quantum confinement 
effects are often reported for nanoparticles larger than the exciton Bohr radius 
in the material (Meulenkamp, 1998; Viswanatha et al., 2004; Jacobsson and 
Edvinsson, 2011; Ahmed and Edvinsson, 2020).  
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The exciton Bohr radius for a material can be calculated by the following 
equation which uses an effective mass approximation and a shielding of the 
electric attraction via the material´s dielectric constant ε (Elliott, 1957) 
 𝑟 = ℏ 𝜀𝑒 1𝑚∗ + 1𝑚∗  (12) 

where ħ is the reduced Planck’s constant, e is the electron charge, and me* and 
mh

* are the reduced masses of electrons and holes, respectively. Values of rB 
of a few nanometers are common in many materials, for ZnO it is approxi-
mately 2 nm, but in specific cases with very low effective masses like for InSb, 
it can exceed 80 nm. Conceptually, if the excitons cannot move in the material 
from the spatial restriction of the small size, their energy will be increased. 
The excitonic bandgaps of semiconductor materials are therefore increased by 
quantum confinement. The particle size dependence of the quantum confined 
optical bandgap Eg of a semiconductor material can be described by (Brus, 
1984; Jacobsson and Edvinsson, 2011) 
 𝐸 = 𝐸 . + ℏ 𝜋2𝑅 1𝑚∗ + 1𝑚∗ − 1.8𝑒𝜀𝑅 + 𝑒𝑅 𝛼 𝑟 + 𝑟𝑅  (13) 

Where Eg,bulk is the bandgap of the bulk material, R is the particle radius, αn is 
the polarizability and re and rh are the positions of the electrons and holes 
within the particle. The first term is constant while the 2nd, 3rd, and 4th terms 
all depend on the particle radius R. The second term describes an increase in 
kinetic energy due to localization of the charges, the third term describes the 
Coulomb attraction and the fourth term the energy from polarization. As the 
particles grow large and R increases, Eg will approach Eg,bulk. 

Another way to illustrate the quantum confinement effect on the bandgap 
is by using a bottom-up, molecular approach. A single molecule has molecular 

Figure 7. Probability function of the Bohr radius rB.  
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orbitals with discrete energies, an occupied HOMO orbital and an unoccupied 
LUMO orbital. When the molecules bond together the orbitals combine and 
degenerate into orbitals with slightly higher and lower energies. As the mate-
rial grows the available energy states will spread out and the states will be 
closer and closer together, eventually forming the continuous energy bands of 
the bulk crystal. This is illustrated in figure 8 where it is also shown how this 
gives a larger bandgap for quantum dots that not yet have converged energy 
bands, compared to bulk crystals. 

There are two main approaches for making quantum confined structures and 
materials: The top-down approach where a bulk material or a thin film is struc-
tured into dimensions commensurable to the exciton Bohr radius in the mate-
rial. The patterning is usually done with lithography techniques like photoli-
thography, electron beam lithography or focused ion beam lithography (FIB). 

The second approach is the bottom-up approach illustrated above, where 
the starting materials are molecules or ions which react to form small quantum 
confined structures. This approach can use patterning on surfaces, where nu-
cleation points are used as starting points for the crystal growth, but it also 
allows for self-assembly in solution were the particle nucleation is spontane-
ous. Self-assembly is an advantage if nanomaterials are to be produced at a 
larger scale, since there is less need for expensive equipment 

Figure 8. Molecular orbitals that combine and degenerate to form the electronic struc-
ture of quantum dots and eventually the continuous energy bands of a bulk crystal.  
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1.2.4 Niche 
Photocatalysis is as we have explained a promising technology which has 
shown good results for water purification at lab scale. But it is important to 
put photocatalysis into perspective in relation to other water cleaning methods 
to understand its strength and weaknesses, so that it can be used were it is most 
suitable. It needs to be emphasized that photocatalysis is still an emerging 
technology. several pilot plants have been built (Malato et al., 2002), but the 
use in industry and large scale water treatment is very limited. (Mukherjee and 
Ray, 1999; Loeb et al., 2019; Wang et al., 2021). Photocatalysis degrade the 
pollutants on a molecular level and is therefore unsuitable to purify water from 
macroscopic waste, large particles, micro plastics or biomatter. These should 
instead be removed prior to the photocatalysis step by standard methods like 
filtration, flocculation and sedimentation, chemical or biologic treatment pro-
cesses. These standard processes are cost effective and remove a large propor-
tion of the pollutants in the water. There are however many persistent water-
soluble organic molecules like pharmaceuticals, dyes and toxins that cannot 
be removed by conventional methods and this is where photocatalysis has its 
strength. Since the photocatalytic processes can break covalent bonds it is pos-
sible to degrade these persistent molecules either by completely mineralizing 
them to CO2 and H2O or degrading them to non-toxic, non-soluble or biode-
gradable products. Photocatalysis could therefore be suitable for use in a late 
stage of the waste water treatment or for production of drinking water, where 
the water is already pre-filtered but needs improvements to meet drinking wa-
ter standards. There are also other competing technologies that have been pro-
posed for removal of persistent organic molecules. These include electroca-
talysis, photo-Fenton, UV-light degradation without the presence of a photo-
catalyst and adsorption on activated carbon (Yue, 1993; Simpson, 2008; Li 
and Qu, 2009). One advantage of photocatalysis that often is emphasized is 
the possibility to use free readily available sunlight as energy source. This is 
indeed a large advantage and opens up for completely freestanding water pu-
rification independent of electricity grid availability, but it also imposes limi-
tations on the design and area usage for water treatment plants as well as re-
strictions on the running hours for the facilities. If sunlight is the energy source 
there can be no 24-hour operation. This is a disadvantage and electrocatalysis 
is often proposed as an alternative technology that can run continuously if it 
can be powered from a grid. However, if the best catalytic material for a cer-
tain application is photo active and non-conductive, electrocatalysis will be 
less suitable and photocatalysis with an artificial light source could be a viable 
option. There are also a number of applications where UV light alone is used 
as a disinfection or pollutant degradation method for water, for most of these 
the addition of a large bandgap photocatalyst would be beneficial. 
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2 Thesis work, scope and aim 

This thesis is focused around low dimensional zinc- and copper oxides, their 
fundamental properties, and their use in water purification applications. These 
materials exhibit optical and charge transport properties that make them prom-
ising materials for use as photocatalysts for degrading pollutants in water. 
Since they are both inexpensive and abundant they could find use in both low 
cost and large-scale applications. The aim of the work presented in this thesis 
is to synthesize low dimensional zinc- and copper oxide and to quantify the 
electronic and vibrational properties in the materials experimentally and the-
oretically, alongside with evaluating their final intended application, their 
photocatalytic performance in water purification. Particular attention is given 
to copper oxide thin films and to how the size induced quantum confinement 
effects in zinc oxide nanoparticles (ZnO nps) makes it possible to tailor its 
properties and engineer interfaces between these materials. The materials have 
been synthesized with wet chemistry, magnetron sputtering and pulsed elec-
trodeposition with subsequent controlled oxidation. Characterization and 
evaluation have been done with a large variety of analysis techniques includ-
ing X-ray diffraction (XRD), scanning electron microscopy (SEM), profilom-
etry, photoluminescence (PL), UV-VIS, spectroelectrochemistry, and Raman 
spectroscopy. Out of these, Raman spectroscopy has played a central role in 
the thesis work and all publications use Raman spectroscopy, and two publi-
cation included in this thesis have Raman spectroscopy as the main focus (Pa-
per I and Paper V). 

In Paper I wurtzite ZnO single crystals are studied by Raman spectroscopy 
with two aims; to quantify first order and second order vibrational modes in 
ZnO, and to utilize polarized Raman information to build a basis for perform-
ing non-polarized Raman spectroscopy to determine dominating lattice exten-
sions in nanomaterials. Raman spectra were acquired in different directions in 
ZnO crystals and the directional variations of the Raman peak intensities are 
quantified. The directional dependence is determined for the five major Ra-
man peaks and presented in polar plots. DFT calculations were performed to 
theoretically assess the Raman active modes in the material and utilized to 
faithfully assign first order modes to the experimental spectral peaks, and to 
explain the behavior and origin of second order (phonon-phonon scattering) 
peaks. Although the first part of the paper is a study of fundamental material 
properties, it is also emphasized how the results can be used in practice. It is 
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proposed that the directional variations can be used to determine the direction 
of ZnO micro- and nanomaterials using non-polarized Raman spectroscopy in 
a convenient way, and on a dimensionality scale that is not easily obtainable 
with other analysis techniques. 

Paper II is a study of the electronic, vibrational, and photocatalytic proper-
ties of Cu2O and the effects of nanostructuring on the performance. It shows 
that very simple thermal treatment of Cu surfaces can be utilized to form Cu2O 
thin film surface oxide which exhibits high photocatalytic activity. The thick-
ness of the oxide layer can be controlled by varying the heat treatment duration 
and it is shown that the material includes defects in its crystal structure. The 
study includes both samples with flat surfaces and surfaces where Cu nano-
pillars have been grown by pulsed electrodeposition. The defects in the oxide 
material are investigated by Raman spectroscopy and DFT (density functional 
theory) calculations. The catalysts were tested in a photodegradation setup and 
all of them were found to have effective photocatalytic performance and sam-
ples with nanopillars and sufficiently thick oxide layer, increased the degra-
dation rate by 34% which is attributed to an increased surface area due to the 
nanostructuring. 

Paper III is an application-oriented study of photocatalysis and it shows 
that by combining two different photocatalytic semiconductor material and 
creating a heterojunction bicatalyst it is possible to obtain markedly improved 
catalytic properties. Quantum confinement effects in ZnO nanoparticles are 
used to align the electronic states of the ZnO conduction band to create an 
efficient pn-junction that will facilitate the efficiency of the catalysts by im-
proved charge separation. The quantum confined ZnO nanoparticles, selected 
from their band edge positions, were combined with three different copper 
oxides (Cu2O, Cu4O3 and CuO). The performance of the catalysts was tested 
in photodegradation experiments where the decoloration of a synthetic dye 
was measured. The intended use for the catalysts is water purification and the 
dye is used as a model substance for organic pollutants in water. It is shown 
that the best performing heterostructure is the combination of slightly quan-
tum confined ZnO and Cu2O, revealing a significant synergy effect (+140%) 
compared to its constituents. 

Paper IV is a fundamental study of the electronic properties of quantum 
confined ZnO nanoparticles. Spectroelectrochemistry methods including elec-
trochemical impedance spectroscopy (EIS), differential pulse voltammetry 
(DPV) and Burstein-Moss shift are used to study the electronic levels, elec-
trochemical density of states and the capacitive behavior in thin films of the 
nanoparticles and how these properties depend on the degree of quantum con-
finement. 

Paper V is a publication dedicated to Raman spectroscopy and specifically 
to practical Raman spectroscopy measurements and spurious peaks that occur. 
Raman is a convenient and versatile analysis technique but Raman scattering, 
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that give rise to the Raman signal, is a very low probability process. It is there-
fore easy to unintentionally pick up other types of signals in the sensitive spec-
trometers utilized for Raman spectroscopy. After giving a thorough introduc-
tion to Raman scattering, the paper goes through the different spurious signals 
that can occur in Raman spectra. These include fluorescence, cosmic rays, 
stray light and artefacts caused by spectrometer components as well as real 
Raman signals that are not intended to be measured like air, phase transformed 
samples, solvents, glass, and unintentional signals from different substrate 
materials. For each type of signal, it is described how it can be identified and 
how it can be avoided, with the intention that other scientists should be able 
to use this information to improve their measurement setups or to find the 
cause of unexplained peaks in their data. In the end, a Raman measurement 
protocol is presented which can be used as a quick-guide for appropriate meas-
urement practice. 
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3 Zinc oxide (ZnO) 

Zinc oxide (ZnO) is a large bandgap (~3.3 eV) semiconductor material that 
can exist in three different crystal structures (one hexagonal and two cubic). 
The hexagonal wurtzite structure is the most common form, that is stable un-
der ambient conditions and my research has therefore been focused on this 
structure. The other two structures of ZnO are the cubic zinc blende structure 
and the cubic rock salt structure (Özgür et al., 2005) that can form at high 
pressure. The three possible crystal structures of ZnO are shown in figure 9.  

ZnO can occur naturally in the form of zincite mineral, but it is rare and con-
tain impurities where ZnO instead is produced in large scale industrial pro-
cesses through vaporization and oxidation of zinc metal or by carbothermal 
reduction. The total yearly production of ZnO is 105 tons (Klingshirn et al., 
2010). There are also large number of laboratory scale solution-based synthe-
sis routes including one that has been used in this thesis work and that will be 
introduced in chapter 5. The main use of ZnO worldwide is as an additive in 
rubber (Rutley and Gribble, 1988)) where it has multifunctional benefits; ac-
celerator of the vulcanization process, UV-light absorber, and antifungal 
agent. ZnO is also utilized in many other areas. Some of the uses of ZnO are 
listed in table 2 together with the quite diverse properties of ZnO that are the 
reason for its use in the specific application. 

 

Figure 9. The crystallographic cells of the different crystal structures of ZnO.
(a) wurtzite structure, (b) zinc blende structure, (c) rock salt structure. The crystal 
structures were obtained from the inorganic crystal structure database (ICSD) and the
figures were produced with Vesta (Momma and Izumi, 2011) 



 

 31

Table 2. The uses of ZnO 

Application or field Use or desired property Reference 

Rubber and plastic 
production 

Accelerator, thermal conductiv-
ity, UV-absorption, antifungal 

(Moezzi, McDonagh and Cortie, 
2012) 

Paint White color pigment, UV absorp-
tion, IR reflection anticorrosion 

(Moezzi, McDonagh and Cortie, 
2012; Osmond, 2012) 

Sun cream UV-absorption (Dransfield, 2000; Serpone, 
Dondi and Albini, 2007) 

Concrete and ceramic 
industry 

High heat capacity and tempera-
ture stability, low coefficient of 
expansion, water resistance 

(Moezzi, McDonagh and Cortie, 
2012) 

Medicine Antibacterial properties, antifun-
gal properties  

(Moezzi, McDonagh and Cortie, 
2012) 

Cigarette filters Removal of HCN and H2S from 
tobacco smoke 

(Kołodziejczak-Radzimska and 
Jesionowski, 2014) 

Food additive Zn source (Hess and Brown, 2009) 
Piezo electronics Bandgap, transparent conductor, 

Piezo activity, light emission, 
photocatalytic properties 

(Jagadish and Pearton, 2006; 
Nour, Nur and Willander, 2017; 
Pandey et al., 2021) 

Transparent conduc-
tive oxides (TCO) 

Optical properties, electrical con-
duction (doped ZnO) 

(Chen, 2018) 

UV-diodes Bandgap, light emission (Asahara et al., 2010; Kato et al., 
2011; Pearton and Ren, 2014) 

Photo detectors Bandgap, light absorption (Chen et al., 2009) 
Photocatalysis Catalytic properties, bandgap, 

light absorption 
(Jang et al., 2006; Xu et al., 2009; 
He et al., 2011; Ohno et al., 2012; 
Lee et al., 2016; Di Mauro et al., 
2017; Ong, Ng and Mohammad, 
2018) 

 
Al-doped ZnO (n-type) has become a commonly used transparent conductive 
oxide. ZnO is generally an n-type semiconductor, but p-doping is also possible 
(Özgür et al., 2005). 

3.1.1 Photocatalysis using ZnO 
The photocatalytic properties of ZnO was discovered already in 1911 (Eibner, 
1911), making it the first photocatalyst material found and starting the field of 
photocatalysis, earlier than the commonly investigated TiO2. By the 1980s the 
evidence for working heterogenous photocatalysis using ZnO (as well as TiO2 
and Fe2O3) was convincing and it was proposed that water purification would 
be a suitable application (Ollis, 1985). The number of studies using ZnO in 



 

 32 

photocatalytic applications now exceed 300 yearly (Cañón, 2015) and ZnO is 
the second most studied photocatalyst only surpassed by Titanium dioxide 
(TiO2) (Cañón, 2015; Ishchenko et al., 2021). For photocatalytic applications 
there are several properties that give ZnO advantages in comparison to the 
bench mark catalyst TiO2. ZnO has a much lower charge recombination which 
leads to a longer life time of the charge carriers (Quintana et al., 2007). The 
charge transport for ZnO is also very high, at least in crystalline ZnO materi-
als. For particle based materials the charge transport is reduced by the grain 
boundaries (Galoppini et al., 2006; Quintana et al., 2007). In synthesis, the 
use of solution based methods is sometimes preferred since it can give good 
control over the sample morphology and crystal growth. TiO2 has a tendency 
to form multi-crystalline particles during synthesis whereas ZnO can easily be 
synthesized as mono crystals. By changing process parameters like tempera-
ture, pH, solvent and precursor concentration (Pawar et al., 2011) specific in-
hibitors it is possible to change the morphology of ZnO and preferred growth 
direction of the crystals and obtain, whiskers, rods, platelets or flowers shaped 
crystallites. This gives an added control over the exposed crystal facets and 
the active sites that are exposed to the solution. The direct bandgap of ZnO is 
also an advantage compared to the indirect bandgap of TiO2 due to more effi-
cient light absorption as discussed in chapter 1.2.2. For implementing nano-
technology in the product applications costs is an important factor and Liang 
(Liang et al., 2012) reported that the cost for ZnO nanoparticles was only ~1/4 
of the price for TIO2 nanoparticles.  

In direct photodegradation the pollutants need to adsorb to the surface for 
charge transfer to occur. If the pollutants are electrically charged, the surface 
needs to be oppositely charged or uncharged, otherwise they will repel each 
other. The surface charge is pH dependent and the pH value at which the sur-
face is neutral is called the point of zero charge (PZC) (Lee et al., 2016) For 
ZnO this occur at approximately pH 9 (Boschloo, Edvinsson and Hagfeldt, 
2006). In this work the pH of the solutions has not been matched with the PZC 
and the surfaces can therefore be assumed to have a positive charge in the 
neutral solutions, and therefore have an affinity towards anions and negatively 
charged degradation fragments. 

The pH stability is an issue for ZnO. It has been reported that ZnO is un-
stable and dissolves in acidic solutions and at pH 3 the dissolution is rapid 
(Heinonen et al., 2017). In photocatalytic water cleaning ZnO has been re-
ported to most efficiently remove pollutants under neutral (phenols) and basic 
(pharmaceuticals) conditions (Lee et al., 2016). 
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4 Copper oxides (Cu2O, Cu4O3, CuO) 

Copper oxide can refer to all compounds consisting of the elements copper 
and oxygen. In this thesis the copper oxides Cu2O (CuI), Cu4O3 (CuI,II) and 
CuO (CuII) have been studied, but additional copper oxides exists, including 
Cu2O3 and CuO2. The existence of many copper oxide phases can be used as 
an advantage. Their material properties are in some ways similar, where for 
example they all absorb light in the visible region, and in other aspects they 
differ and this allows for matching the properties with the needs of the appli-
cation. The many possible phases also introduce challenges, as one phase 
could transform into another under certain conditions. The crystal structures 
of the three copper oxides studied in the thesis are shown in figure 10. 

4.1.1 Cuprous oxide 
Cuprous oxide, Cu2O, is one of the two main copper oxides. It is p-type sem-
iconductor with a direct bandgap of 2.1 eV which allows it to absorb a sub-
stantial section of visible light. It can be transformed into n-type by doping 
with elements of similar size carrying one more valence electron. It is a brown-
red solid that in nature is present as the mineral cuprite. Cu2O can be produced 
through oxidation of copper metal or by reduction of cupric oxide. It has a 
cubic structure and belongs to the point group Pn3m. Cu2O has been used as 

Figure 10. The crystal structure of three copper oxides: (a) cuprous oxide, Cu2O, (b) 
cupric oxide, CuO (c) paramelaconite, Cu4O3. Crystal structures were obtained from
the inorganic crystal structure database (ICSD) and the figures were produced with
Vesta (Momma and Izumi, 2011) 
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a paint pigment since ancient times (Scott, 1997), it is also used in antifouling 
marine paints (Srinivasan and Swain, 2007) and as a fungicide in cacao plan-
tations (dos Santos Silva et al., 2020). In the technology field it is a well-
researched semiconductor that was used as rectifying diodes for several dec-
ades before silicon took over. It has been also been studied as a catalyst (Fu et 
al., 2020) and as a solar cell material where it has recently reached as far as 
8.4 % in efficiency (Shibasaki et al., 2021). The stability of Cu2O in protonic 
environments is under question as two CuI can disproportionate into one Cu0 
and one CuII in presence of H+ according to the following reaction (Su et al., 
2008). 
 Cu O + 2H → Cu (s) + Cu + H O (14) 

4.1.2 Cupric oxide 
Cupric oxide CuO is the second main copper oxide. It is a p-type semiconduc-
tor with a bandgap 1.2-1.7 eV (Siavash Moakhar et al., 2021) making it suit-
able for visible light absorption. The large variation in reported bandgaps is a 
sign that researchers may not have had full control over the phase purity of the 
material in their studies. Its natural mineral is called tenorite. The main pro-
duction of CuO results from extraction of copper from copper ores where it is 
obtained as the product of one of the steps in the Cu extraction process. It can 
also be formed by heat treatment of Cu in air at relatively high temperature. 
The crystal structure of CuO is monoclinic. One of the main uses is as a pre-
cursor compound for other copper salts. It is also used in pyrotechnics as a 
blue coloring agent, as a pigment in ceramic glazes, and for preservative treat-
ment of wood. Recent research on CuO include fundamental material studies 
of magnetic properties (Dar et al., 2008) from the ferromagnetic and antifer-
romagnetic arrangements along different directions in the structure, and pho-
tocatalysis (Raizada et al., 2020). 

4.1.3 Paramelaconite 
Paramelaconite Cu4O3 is a metastable phase of copper oxide. It has mixed va-
lence states of CuI and CuII and is a p-type semiconductor with an indirect 
bandgap of 1.5 eV (Murali and Subrahmanyam, 2016). The crystal structure 
is tetragonal and it belongs to the I41/amd point group. Due to its metastability 
it cannot be synthesized in common equilibrium synthesis processes but as we 
show in Paper III, magnetron sputtering is a suitable synthesis method. Cu4O3 
is less studied than the other two copper oxides but there are several studies 
on its synthesis (Murali and Subrahmanyam, 2016; Montero and Österlund, 
2018) optoelectrical properties (Debbichi et al., 2012; Murali and Subrahman-
yam, 2016) and catalysis (Ben Cherif, 2018; Li et al., 2020) 
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4.1.4 Photocatalysis using copper oxides 
A bandgap suitable for absorption of visible light is something that these three 
copper oxides has in common and the visible light absorption is also the mo-
tivation for many of the studies carried out on these compounds. There are 
several promising results of using copper oxides as photocatalysts. (Murali 
and Subrahmanyam, 2016; Raizada et al., 2020; Yue et al., 2020) There are 
however also some disadvantages. The relatively low bandgaps produces elec-
tron hole pairs with too low energy to degrade some stable compounds, and 
there have been reports of high charge recombination leading to low charge 
carrier transport for both Cu2O and CuO (McShane and Choi, 2009; Raizada 
et al., 2020) as well as photo corrosion for Cu2O (Zhang et al., 2021). 
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5 Methods 

5.1 Material synthesis methods 
5.1.1 Wet chemical nanoparticle synthesis of ZnO 
Synthesis of ZnO nanoparticles were done by a wet chemical method devel-
oped by Spanhel and Meulencamp (Spanhel and Anderson, 1991; Meu-
lenkamp, 1998). In this method two saturated solutions of precursors in etha-
nol are prepared, one with lithium hydroxide and one with zinc acetate. The 
LiOH solution was prepared by dissolving LiOH·H2O salt in ethanol under N2 
atmosphere and gentle stirring at low temperature heating (Paper III) or room 
temperature (Paper V). The Zn(CH3CO2)2 solution was prepared by dissolving 
Zn(CH3CO2)2·2H2O salt in boiling ethanol for 2 minutes under vigorous stir-
ring after which this solution was cooled in an ice bath. The LiOH solution is 
sensitive to oxygen, which is the reason for protecting it with N2. A schematic 
illustration of the experimental setup and nanoparticle synthesis is shown in 
figure 11. The water content in the Zn(CH3CO2)2 solution is also important 
where there are reports of problems with the synthesis with both water free 
ethanol and with ethanol containing too much water. We found that 99.8% 
ethanol worked well. The precursor solutions are then mixed in a new reaction 
flask and the precursors react according to the following reaction. 
 2 ∙ LiOH( ) + Zn(CH CO ) ( )→ ZnO + H O + 2 ∙ LiCH CO ( ) (15) 

This is creating a super saturated solution of ZnO where ZnO nanoparticles 
immediately nucleate and start to grow in the solution. The particle growth is 
slow, it continues over minutes, hours and days rather than fractions of a sec-
ond. This gives an opportunity to have good control over the particle size and 
particles of different sizes can be obtained from the same synthesis, just by 
retrieving them from the reaction flask at different times during the growth 
process. 
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To stop the growth of the particles, hexane is added which causes the particles 
to aggregate and participate. The solution is then ultra-centrifuged and the su-
pernatant is removed. The nanoparticles are then redispersed in methanol and 
deposited on a sample substrate by drop coating or doctor blading. 

5.1.2 DC-Magnetron Sputtering 
Magnetron sputtering is a physical vapor deposition (PVD) method. It is a fast 
deposition technique that can deposit metals, alloys and compounds (Tudose 
et al., 2019). The deposition takes place in a vacuum chamber where the dep-
osition material is added in form of a sputtering target, a solid disk, in our case 
a disk of Cu metal that is mounted in the chamber. In the chamber an inert 
sputtering gas, usually Ar, is present and a plasma is generated by a magne-
tron. A large negative bias is applied to the target which cause an acceleration 
of charged Ar+ ions from the plasma onto the target.  

Figure 11. Schematic illustration of ZnO nanoparticle synthesis and subsequent ma-
terial characterization 
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The energy of these ions exceeds the surface binding energy of the atoms in 
the target and the surface atoms are expelled from the surface in what is some-
times described as a billiard ball collision. The sputtered atoms will then travel 
through the chamber and deposit onto the sample substrate. The working prin-
ciple of magnetron sputtering is illustrated in figure 12a and figure 12b shows 
a schematic image of our sputtering setup. The sputtered copper oxides stud-
ied in this thesis were synthesized by reactive magnetron sputtering, with a 
controlled oxygen flow entering the chamber. The sputtered copper atoms re-
act with the oxygen as they move through the chamber and deposit on the 
surface of a glass substrate. The partial pressure of oxygen will decide the 
stoichiometry of the film and which copper oxide phase that is deposited can 
therefore be controlled by regulating the oxygen flow. Sputtering allows for 
deposition of metastable phases which is why Cu4O3 could be synthesized in 
Paper III.  

Figure 12. The working principle of the sputtering process (a). Schematic image of 
the Balzer UTT 400 sputtering setup used to prepare copper oxides in Paper III (b).  



 

 39

5.1.3 Pulsed electrodeposition 
Metal electrodeposition is a deposition technique where metal ions in a solu-
tion are electrochemically reduced on the surface of a substrate, where they 
are deposited as solid metal. In the electrochemical system, the substrate act 
as the cathode and to be able to run a current through the cell, the substrate 
needs to be conducting. The metal ion solution containing the metal ions is 
called a plating bath. The process is driven by a DC power supply e.g. a po-
tentiostat, that runs a current through the electrochemical cell, delivering elec-
trons for the metal ion reduction. A schematic illustration of the electrodepo-
sition setup where Cu2+ is reduced into metallic Cu0 at the cathode is shown 
in figure 13. 

Pulsed electrodeposition is a variant where pulses of controlled current (or 
potential) are alternated with zero-current pulses in consecutive cycles. This 
can improve the density and structure of the deposited film by providing a 
nucleation and subsequently reduce the inhomogeneity and build-up of inter-
nal stress in the film. Patterning of the film can be achieved by blocking the 
plating bath from coming into contact with the substrate, e.g. with tape wax 
or, as in the case of the work in Paper II, a porous membrane to enable elec-
trodeposition of nanopillars. The potentiostat used for pulsed electrodeposi-
tion in Paper II was a VersaSTAT 4 (Princeton Applied Research), the pulse 
schedule was an initial 1.5 V nucleation pulse followed by 1250 cycles of 6, 
90 and 0 mAcm-2 applied for 0.25, 0.05 and 0.5 seconds respectively. The 
plating bath contained CuSO4·5H2O 100 g/L, (NH4)2SO4 20 g/L and diethyl-
triamine 80 mL/L. 

 

Figure 13. The principle of electro deposition. A DC current supplies electron that
reduce metal cations from the solution at the surface of the cathode, depositing a solid
metal film. 
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5.2 Analysis methods 
5.2.1 Raman spectroscopy 
Raman spectroscopy is a versatile vibrational spectroscopy technique that can 
be used to analyze the chemical composition of a large variety of samples. It 
is compatible with most samples: organic, inorganic and ionic compounds are 
all possible to measure and the method allows for analysis of liquids, gases, 
and both crystalline and amorphous solids. The only exceptions are the ma-
jority of the metals and the monoatomic noble gases which are Raman inactive 
due to their electronic configuration and, in the latter case, their lack of bond-
ing. In Raman spectroscopy the sample is probed with laser light with a well-
defined wavelength. When the light interacts with matter, scattering occur. 
Most light will be elastically scattered but a small fraction of the light will 
couple to the vibrational quantum states of the molecule or crystal, resulting 
in an energy transfer and an inelastic scattering, referred to as Raman scatter-
ing. Raman scattering can be described as that an incoming photon excites the 
molecule to a virtual state and when the molecule is relaxed to a different 
vibrational state than it originated from, light of a different wavelength is emit-
ted. When the final state is of higher energy than the initial state the emitted 
light is red shifted and is called Stokes Raman and for the opposite case it is 
blue shifted and called anti-Stokes Raman. It is hence possible for the photon 
to either gain or lose energy. These is processes are illustrated in a Jablonski 
diagram in figure 14 where they are also compared to resonance Raman, elas-
tic Rayleigh scattering, IR absorption and fluorescence. 

The criterium for a molecular bond to be Raman active is that the polarizabil-
ity α of its electron cloud is changed during the vibration, i.e. if the vibration 
coordinate is q, (dα/dq)0 needs to be different from 0 at the equilibrium posi-
tion q=0. The polarizability can change in size, shape or direction which is 

Figure 14. Jablonski diagram of photon processes occurring in a material: Rayleigh
scattering, Stokes-Raman scattering, anti-Stokes Raman scattering, resonance Raman 
scattering, IR absorption and fluorescence.  



 

 41

exemplified with the vibrations of H2O in figure 15 together with an illustra-
tion of the polarizability change during a Raman active vibration.  

A comparison can be made with the other major vibrational spectroscopy tech-
nique, IR spectroscopy, where the vibrations need to have a change in dipole 
moment to be IR active.  

Vibrational Raman scattering can be derived using classical electromag-
netic theory and that the incident photon is an electromagnetic field that cou-
ples to an oscillating dipole. The acceleration of the dipole then gives the mag-
nitude of the re-radiated (scattered) field where the change of polarizability 
(𝛼′ ) dictates if the vibration should be Raman active or not. The following 
expression for the induced dipole can then be derived 
 𝑝 = 𝛼 𝐸 cos (𝜔 𝑡) + 12𝛼′ 𝐸 𝑄 cos (𝜔 ± 𝜔 )𝑡 + 𝛿  (16) 

Were α0 is the polarizability in the equilibrium position E0 is the amplitude of 
the electric field, ω1 is the frequency of the incoming photon, α’k is the change 
in polarizability at the equilibrium position, Qk0 is the amplitude of the vibra-
tion, ωk is the frequency of the vibration, and δk is a phase factor. This expres-
sion together with its contribution for the inelastic scattering is derived in Pa-
per V. The first term corresponds to the dipolar contribution to elastic Ray-
leigh scattering where the frequency remains unchanged ω1. The second term 
is the Raman scattering term. It is dependent on the change in polarizability 
and the frequency is shifted from ω1 by one vibration frequency ωk. The Ra-

Figure 15. Changes in the polarizability ellipsoid, in size, shape and direction, for
three vibrations of a water molecule. To the right a graph showing the polarizability
behavior of a Raman active vibration when plotted versus the vibration coordinate. 
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man scattering probability is very low. Only one out of approximately 10 mil-
lion photons is Raman scattered. The scattering intensity of a dipole is de-
scribed by (Long, 2002) 
 𝐼 = 𝜔 𝑝 𝑠𝑖𝑛 𝜃32𝜋 𝜀 𝑐  (17) 

Where ωs is the frequency of the scattered light, p0 is the amplitude of the 
induced electric dipole, θ is the angle between the dipole axis and the incident 
light and ε0 and c0 are the permittivity and the speed of light in vacuum, re-
spectively. The scattering intensity has a strong dependence on the scattering 
frequency and Raman scattering using a short wavelength excitation source 
will therefore yield higher Raman signal.  

The low intensity of the inelastically scattered signal causes difficulties in 
Raman spectroscopy. Firstly, the Rayleigh scattering from the sample, that is 
caused by the same laser excitation, is of much higher intensity and has to be 
efficiently removed. This is commonly done with dichroic Rayleigh rejection 
filters. Secondly, fluorescence also carry a significantly higher intensity, and 
it will in most cases completely cover the Raman signal if it is occurring in 
the same wavelength range. The broad fluorescent emission cannot be filtered 
away, like the well-defined peak of Rayleigh scattered light, but by changing 
the wavelength of the excitation laser the fluorescing wavelength region can be 
avoided. Since all chemical compounds have a different structure and vibra-
tional bond arrangement they exhibit a unique set of active vibrational frequen-
cies and can therefore through their spectrum signature be identified by Raman 
spectroscopy. Chemical identification is arguably the most common use of Ra-
man spectroscopy but the technique can also give information about formation 
or breaking of chemical bonds, degree of crystallinity, crystal orientation and 
material stress. For a more comprehensive description of Raman spectroscopy 
theory, principles, and practical measurements it is refered to Paper V. 

Three different Raman systems have been used for the measurements in-
cluded in this thesis: Two Invia Reflex (Renishaw plc) and one Invia Qontor 
(Renishaw plc). They are all research grade confocal Raman spectrometers 
connected to optical microscopes. The systems have different configurations 
with regards to laser wavelengths and Rayleigh blocking filters which was the 
basis for the choice of system for each measurement. The laser excitation 
wavelengths used in the thesis work were 405 nm, 514 nm, 532 nm, 633 nm 
and 785 nm, but additional wavelengths of 325 nm 355 nm and 1064 nm were 
also available. All systems achieved a spectral resolution better than or equal 
to 2 cm-1, measured as the FWHM of an atomic emission peak and at the be-
ginning of each measurement session the calibration of the system was veri-
fied against a standard Si sample to an accuracy within 0.1 cm-1.  
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5.2.2 Polarized Raman spectroscopy 
In Paper V, two special cases of Raman: polarized and non-polarized Raman 
spectroscopy, are applied. These techniques use the same instruments as the 
normal Raman measurements discussed above, with a few small modifica-
tions. The lasers used for Raman spectroscopy are in most cases emitting po-
larized light. As mentioned in the section of Raman principles the Raman sig-
nal depend on a change in polarizability of the electron cloud. If the incident 
light has a polarization direction perpendicular to the bond vibration, no dipole 
moment will be induced and the vibration will not be activated. In single crys-
tal samples or domains, all the unit cells are aligned the same way and Polar-
ized Raman can be a way to determine the orientation of the crystal. In Paper 
V this was done by introducing a rotatable sample holder that allowed for 360-
degree rotation of the sample perpendicular to the propagation of the light, and 
by inserting a polarizer unit only letting light through with the same polariza-
tion direction as the incident light, to the detector. The sample was rotated in 
5-degree steps and depending on the relation between the polarization of inci-
dent light and crystal direction the signal intensity from different vibrations 
varied. This directional behavior cannot be studied for molecules in solution 
or gas phase because their movements, in amorphous solids because of their 
lack of long-range repeatability, or in powder samples where the grains are 
randomly oriented. Polarized Raman can in such cases still be used to study if 
the emitted light from compounds is random, parallel or rotated (optically ac-
tive) with respect to the incident light. In non-polarized Raman the incident 
light is scrambled or changed to circular polarization. This is most conven-
iently done by inserting a ¼ waveplate into the beam path, before the sample. 
All directions in the crystal, that are perpendicular to the propagation direction 
of the light, will then be equally activated and directional differences will be 
averaged out. 

5.2.3 Photoluminescence spectroscopy 
Photoluminescence (PL) is a light emitting process that can occur after exci-
tation in materials and molecules. PL can be divided into two categories: flu-
orescence and phosphorescence. In fluorescence, the emission is from a sin-
glet-singlet transition whereas phosphorescence originates from a triplet-sin-
glet transition that formally is spin-forbidden, but due to state-mixing leaks 
out and show long time emissions up to seconds and even minutes. In the PL 
measurements done in the thesis work, fluorescence from the samples is meas-
ured. Fluorescence is an inelastic process, just like Raman. But it is not a scat-
tering process but instead originates from absorption and reemission of pho-
tons. A photon is absorbed, exciting the molecule to a higher electronic state 
where it is thermalized and loose some of its energy. When the molecule falls 
back to the electronic ground state again, either a photon is emitted or results 
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in a non-radiative decay with dissipation of the excess energy into vibrations. 
There are many possible acceptor states for the radiative emission and the re-
sulting light emission is therefore broad. The Jablonski diagram for fluores-
cence is shown in figure 14. Due to the thermalization and energy loss that 
occur in between the absorption and emission of photons, the fluorescent light 
is always red shifted compared to the absorbed light. The difference between 
the absorption maximum and the emission maximum is called Stokes shift 
after the physicist George Gabriel Stokes. As mentioned previously, fluores-
cence is a high probability process that gives strong signal. The signal is ther-
mally broadened and sometimes cooling of the sample is necessary to see the 
emission peaks. Fluorescence give information on the electronic states present 
in the material and in Paper III we use it to look at both the bandgap emission 
of our materials and to identify the position of intra band states that are related 
to defect states. Quenching of PL-signal is also used as an indicator of charge 
transfer.  

5.2.3.1 Instrumentation 
PL spectroscopy was performed with Invia Reflex Raman systems with 325 
nm and 532 nm excitation wavelengths. The optical components of PL and 
Raman spectrometers are very similar and a Raman spectrometer can be seen 
as a high-resolution PL spectrometer, with reduced spectral range. Calibration 
verification was verified to the accuracy of 1 cm-1 against standard samples 
which were diamond and Si for the UV and VIS excitations respectively. The 
325 nm laser was used together with a 2400 lines/mm grating and a 40x NUV 
objective with N.A. 0.47. The 532nm laser was used together with a 1200 lines 
/mm grating, a 50x long working distance objective with N.A. 0.5 and the 
sample was measured under cryogenic conditions in a variable temperature 
sample stage (THMS 600, Linkam Scientific). 

5.2.3.2 Temperature control 
Both Raman spectroscopy and photoluminescence spectroscopy can be done 
under high temperature or cryogenic conditions. This practically performed 
by placing the sample in a temperature stage (THMS 600, Linkam Scientific), 
a small sample cell that is heated by an electric heater or cooled by liquid 
nitrogen. The cell has a transparent window for optical access, thus enabling 
spectroscopy measurements. The obtainable temperature range is -196 °C to 
600 °C, with an accuracy of 0.1 °C. Temperature control was used in Paper 
III when PL spectra from Cu2O were measured under cryogenic conditions. 

5.2.4 Optical spectroscopy UV-VIS-NIR 
The materials studied in this thesis are photocatalytic materials. It is therefore 
crucial to understand their optical behavior in different situations. Optical 
spectroscopy was used for characterization of the materials optical properties 
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and to study their optical behavior during synthesis and experiments. Three 
different UV-VIS-NIR systems were used: a Lambda 900 (Perkin Elmer), 
HR2000+ (Ocean optics), and HR4000CG-UV-NIR (Ocean optics) 

5.2.4.1 Lambda 900 (Perkin Elmer) 
The Lambda 900 is a high-grade research system that can measure optical ab-
sorption, transmission and reflection. It was used for characterization of ma-
terial optical properties in Paper III. It is equipped with double light sources 
(tungsten/halogen and deuterium) and an integrating sphere which makes it 
possible to do both diffuse and specular measurements. Total transmission 
(diffuse and specular) was measured in the wavelength range of 300-2500nm. 

5.2.4.2 HR2000+ and HR4000CG-UV-NIR (Ocean optics) 
The Ocean optics spectrometers are fiber optically coupled spectrometers that 
are easy to integrate into other experiments or setups. In this work they were 
used for in situ monitoring of the material synthesis process, photodegradation 
experiments, bandgap determination and spectroelectrochemistry. These 
spectrometers measure in transmission mode, have a fixed wavelength range 
and have been used together with either a UV-VIS-NIR light source (deuter-
ium, halogen, Mikropack DH-2000-BAL) or a VIS-NIR light source (tung-
sten/halogen, HL-2000-FHSA) depending on experiment requirements. The 
spectrometer control software is easy to set up for time-measurements so that 
multiple spectra can be obtained through out a process or experiment. 

5.2.4.3 Synthesis monitoring 
The ZnO nanoparticle synthesis has been described previously in chapter 5.1.1 
and after adding the two supersaturated solutions together a sample was re-
trieved from the reaction flask and added to a PMMA cuvette which was 
placed in the spectrometer. The optical absorbance was measured at regular 
intervals and it could be monitored in real time how the bandgap absorption 
changed due to the growth of the particles. Figure 16 shows the optical ab-
sorption edge move to higher wavelengths due to the decrease in bandgap that 
follows the increase in particle size. 
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5.2.4.4 The scaling in the absorption – Tauc plots 
In the chapter 1.2.2 it was shown how the light absorption depend on the 
bandgap and absorption coefficient α. Here the scaling relations are utilized to 
extract bandgap from optical measurement using Tauc plots. In a Tauc plot 
the photon energy is plotted against (αhν)η where hν is the photon energy and 
η is an exponent dependent on the absorption process, and in turn the type of 
bandgap. For a direct optically allowed transition like the one in ZnO, η = 2.  

The steep linear region of the absorption curve is fitted with a linear function 
which is extrapolated down to the x-axis. The intersection with the x-axis then 

Figure 16. Process monitoring of the ZnO nanoparticle synthesis process. Absorbance
spectra taken at different stages of the synthesis process are shown for the near UV
spectral region. For clarity, only a selected number of spectra are shown. The legend 
shows the time in minutes, counted from the start of the experiment to 3108 minutes 
(51.8 h). 

Figure 17 Tauc plot showing how the bandgap is extracted from the intersection of
the linear fit of the steep absorption edge and the x-axis. 
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gives the bandgap as shown in figure 17. The Tauc plots in this work are based 
on absorbance data acquired in transmission mode. To avoid errors due to 
scattering through the sample, a collecting lens was placed close to the sample 
as to collect all light. For nanoparticles in solution this was sufficient but for 
particles deposited on glass scattering sometimes occurred and resulted in an 
increased baseline. The spectrum was then baseline-subtracted which give an 
uncertainty of the exact bandgap position. The relative positions and trends, 
however, are well determined. 

5.2.4.5 Degradation experiments 
To assess the photocatalytic performance of the studied catalysts photodegra-
dation experiments were performed where a synthetic dye molecule was used 
as a model substance for water soluble organic pollutants. The dye molecules 
are in the solvent but diffuse and are degraded at the photo catalytic surface, 
and as a result they lose their extended conjugation and ability to absorb visi-
ble light. The color of the dye solution is measured by optical spectroscopy in 
the presence of a catalytic surface under illumination. The probe dye is not 
prototypical to all real pollutants, but it is a reasonable to assume that if the 
photocatalyst can break covalent bonds in the probe organic dye molecule, it 
should be able to do so also for other organic molecules. The optical setup of 
a degradation experiment includes a light source for sample illumination and 
to exclude interference from this light source in the optical measurement the 
optical measurement is done perpendicular to the sample illumination, as 
shown in figure 18a. In figure 18b the structure of the dye molecule methylene 
blue is shown, a commonly used molecule for degradation experiments. When 
designing degradation experiments, one need to consider the following: the 
light absorption of the photocatalyst, the choice of light source and its spec-
trum, the choice of dye and its light absorption, the light transmission of the 
vessel, dye concentration, adsorption of dye on surfaces in the setup and on 
the catalyst surface, evaporation of the solution, light induced heating of the 
solution, and transport of dye to the catalyst surface. There could be a need 
for extra experiments to exclude spontaneous degradation of dye or dye re-
moved from the solution via adsorption processes. 
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5.2.5 X-ray diffraction (XRD) 
X-ray diffraction (XRD) is an analysis technique that utilize destructive and 
constructive X-ray scattering to probe repetitive distances in between electron 
clouds of atoms. The technique is used to identify the set of distance between 
atomic planes in the crystalline material and thus the ability to determine crys-
talline phases and unit cell parameters with a high accuracy. In XRD the sam-
ple is probed by a beam of monochromatic X-rays which are elastically scat-
tered by the electrons surrounding the atoms in the sample. The atoms in a 
crystalline material are arranged periodically in three dimensions, in an ar-
rangement according to its crystal structure, and they form evenly spaced crys-
tal planes. When the X-rays are scattered by electrons surrounding the nuclei 
in a crystal plane, there will be constructive interference at a certain angle θ 
which is determined by the distance d between the planes. This constructive 
interference result in an angle dependent diffraction pattern which is called a 

Figure 18. (a) Experimental setup of a degradation experiment and (b) the structure of
the methylene blue dye molecule, one of the most common dyes used as a model
substance for organic pollutants. 
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diffractogram. The angles at which diffraction occurs can be described by 
Bragg’s law of diffraction 
 2𝑑𝑠𝑖𝑛(𝜃) = 𝑛𝜆 (18) 

where n is an integer describing the order of diffraction and λ is the wavelength 
of the incoming X-rays. Figure 19a shows a geometrical illustration of the 
Bragg condition when the difference in travel distance for two X-rays corre-
spond to an integer number of wavelengths and therefor result in constructive 
interference. This also correspond to that the wave vector of the diffracted 
beam minus the wave vector of the incident beam equals the crystal plane 
vector in reciprocal space. 

Figure 19. (a) Illustration of Bragg law and a condition with constructive interference
of the incoming X-rays, where the wavelength equals half the distance between the
crystal planes. (b) The different rotations used to orient the sample in an XRD setup. 

A crystal contains many different crystal planes but only the planes parallel to 
the plane of analysis will give signal. For a powder sample with randomly 
oriented crystals there will always be crystals that have the correct orientation 
and signal from all crystal planes within the range of the measurement will be 
obtained. For single crystals and films with preferred orientation this is how-
ever not the case. This was seen in the XRD characterization of the single 
crystals studied in Paper I, where each sample only exhibited XRD peaks cor-
responding to its crystal direction. This is a major strength of XRD and by 
having good control of the geometry, plenty can be learned about the structure 
and orientation of the sample. XRD is commonly used to investigate if a pol-
ycrystalline sample has a preferred grain orientation or for reciprocal space 
mapping were an epitaxial thin film’s orientation compared to the substrate is 
determined. This requires a precise control of the orientations. A measurement 
will be dependent on three different orientations: The diffractometer orienta-
tion, the crystal orientation and to correlate these the sample orientation. The 
sample is often mounted in a Eulerian cradle which enables variation the sam-
ple out of plane tilt (ω), rotation (ϕ) and in plane tilt (χ). In addition to this, 
the angle of the incoming beam (θ) and the detector angle (2θ) can be varied. 
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A schematic illustration of an XRD setup and the rotation directions for sam-
ple orientation is shown in figure 19b. 
It should be emphasized that XRD can only be used to analyze crystalline 
materials, since the method is based on periodic repetition of crystal planes. 
The method does not apply to amorphous materials where other methods must 
be used. 

5.2.5.1 X-ray diffraction of thin films  
Many of the samples used in my research are thin film samples. The penetra-
tion depth of the X-rays is therefore a factor that needs to be considered. For 
incident angles above about one degree, the X-ray penetration depth τ1/e can 
be approximated by τ1/e = sinα/µ where α is the incident angle and µ is the 
linear attenuation coefficient. Applying this to ZnO with a linear attenuation 
coefficient of µZnO = 227.5 cm-1 yields a penetration depth of over 4 µm which 
exceeds the typical film thicknesses used. Therefor grazing incidence XRD 
(GIXRD) has been used for measurements of thin film samples. GIXRD uses 
a parallel incident beam at a very low angle, close to the materials critical 
angle, were the total reflection regime starts. The penetration depth is then 
limited as the X-rays travel a longer distance in the uppermost layer. This is 
beneficial in two ways. Firstly, the contribution from the substrate is mini-
mized and secondly, and most important, the signal from the thin film is 
strongly enhanced. 

5.2.5.2 Crystallite size and Scherrer broadening 
XRD measurements have also been used to determine the crystallite size of 
the studied material. Small particles contain a limited number of crystal planes 
and this reduce the before mentioned constructive interference of the scatter-
ing which leads to a broadening of the XRD peaks. The broadening can be 
calculated by the Scherrer equation. 
  = 𝐾𝜆𝛽𝑐𝑜𝑠𝜃 (19) 

Where τ is the crystallite size, K is the particle shape factor, which is typically 
0.9 for spherical particles, β is the FWHM of the diffraction peak, with the 
instrumental broadening subtracted, and θ is the diffraction angle.  

5.2.5.3 Instrumentation 
XRD measurements have been carried out on a Siemens D5000 diffractometer 
using Cu Kα radiation (λ = 1.5418 Å). Measurements on ZnO Single crystals 
were done in Bragg-Brentano geometry and the thin film measurements were 
done in parallel beam geometry with a grazing incidence angle of 1 degree. 
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5.2.6 Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) is an imaging technique that operates 
under vacuum and use an electron beam to image sample surfaces. The elec-
tron beam is generated by an electron gun were an applied voltage pulls out 
electrons from a filament, commonly made from tungsten or LaB6. The elec-
tron beam is then conditioned by electromagnetic lenses and focused onto the 
sample in a few nm large spot. The electrons interact with the sample and 
several types of electrons and radiation are emitted, including backscattered 
primary electrons (PE), secondary electrons (SE), Auger electrons (AE) and 
X-ray radiation. The different scattering processes are illustrated in figure 20. 
For the imaging process it is most common to detect the secondary electrons 
or the backscattered electrons (BSE).  

The depth of field in a SEM image is very high compared to optical imaging. 
This comes from the use of long working distances and makes SEM ideal for 
imaging microstructures and crystallites were optical microscopy would only 
be able to have part of the sample within the focus depth. In SEM, more scat-
tering occurs from vertical surfaces than from horizontal surface and the signal 
intensity difference gives a shading and an intuitive perception of 3-dimen-
sionallity and topography. The electron scattering for backscattered electrons 
also depend on the atomic number of the scattering element which gives a 
possibility to identify particles with heavy elements already in the images 
(Lloyd, 1987). SEM is often combined with energy dispersive X-ray spectros-
copy (EDS or EDX) with an X-ray detector that can be mounted in the SEM 
chambers and provide elemental analysis in the system. SEM has in Paper II 
and Paper III been used to image the surface of the catalyst surfaces. SEM 
images were acquired with a Zeiss Gemini 1550 SEM system using an accel-
eration voltage of 10000 V (Paper II) and a Zeiss Leo 1530 SEM system using 
an acceleration voltage of 5000 V (Paper III) and in both systems the imaging 

Figure 20. Electron and photon processes caused by electron bombardment, occurring
in a sample: (a) backscattering of primary electrons, (b) secondary electron emission, 
(c) X-ray fluorescence and (d) Auger electron emission. 
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of the catalyst materials was done by using an in-lens detector to detect sec-
ondary electrons. These are scattered close to the surface and therefore give 
higher resolution images. In Paper III, the small ZnO nanoparticles are chal-
lenging to image in SEM, their size of 7 nm is close to the limit of what this 
imaging technique can resolve and the low conducting ZnO results in that 
charge build up at the surface. Despite of this, structures of approximately the 
expected size was seen, but size determination of single crystallites could not 
be done via SEM. SEM was instead used to show the presence of pores, micro 
structure and homogeneity on the sample surfaces. 

5.2.7 Electrochemistry 
Electrochemistry is, despite of its simple experimental setups, a powerful and 
versatile technique that can deliver data with high accuracy in solution. In this 
section the experimental setup which is a common denominator for all the 
electrochemical techniques will be presented, after which all the methods used 
are explained. The electrochemical and spectroelectrochemical measurements 
used in this work are all based on a three-electrode cell which consist of a cell, 
usually glass or quartz, containing an electrolyte solution. The three electrodes 
are the working electrode (WE), a reference electrode (RE) and a counter elec-
trode (CE). A schematic image of a three-electrode cell is shown in figure 21 
together with the connection scheme of the system. 

The working electrode consists of the sample that we want to investigate. The 
semiconductor material is here deposited as a thin film on an electrically con-
ducting substrate, either a metal foil, or if transient optical techniques will be 
used on the same sample, a transparent conductive oxide (TCO) like Sn-doped 
indium oxide (ITO) or F-doped tin oxide (FTO). The counter electrode is the 
counterpart of the working electrode, this electrode should be inert and remain 

Figure 21. (a) A three-electrode electrochemical cell compatible with spectroelectro-
chemistry and (b) circuit sketch of a three-electrode electrochemical cell. 



 

 53

unaffected by the applied potentials and electrolyte. A platinum wire or plati-
num mesh is often used. The reaction occurring at the reference electrode has 
a well-defined equilibrium potential against which the potential of the other 
electrodes can be compared. There are many different reference electrodes 
available including Ag/AgCl in aqueous systems, Ag/Ag+ in non-aqueous sys-
tems, saturated calomel electrode (SCE), standard hydrogen electrode (SHE) 
(Bard and Faulkner, 2001), as well as internal standards, e.g. adding small 
amounts of ferrocene into the solution. For our investigations in aqueous so-
lutions, we have used an Ag/AgCl electrode as reference electrode and for 
investigations carried out in acetonitrile, an Ag/Ag+ electrode. 

The electrolyte solution consists of a solvent and a supporting electrolyte 
salt. We here preferred to mainly use water as solvent, because the reactions 
investigated take place in aqueous solution. There can however be good rea-
sons for choosing another solvent. Each solvent has an electroactive window 
within which the solvent is stable. In the case for H2O, the thermodynamic 
stability window is only 1.23 V, but this can be extended due to overpotential 
if the electrodes are not good catalysts. If the required potential range super-
sede this, a different solvent needs to be chosen. Acetonitrile is solvent with a 
very large electroactive windows, which range from approximately -2.5 to 
+2.5 V vs SCE (Bard and Faulkner, 2001). The supporting electrolyte is a salt 
that is added to enable charge transport in the cell. Without it there will be a 
buildup of charge at the electrodes and no current will flow through the sys-
tem. The supporting electrolyte should be inert under the conditions used for 
the experiment and it should be soluble in the solvent to enable high enough 
concentrations to supply the charge transport needed for the current range 
used. 

When performing spectroelectrochemical measurements there needs to be 
a free optical path in the cell so that light can go from the light source, through 
the sample and to the spectrometer. This means that the reference and counter 
electrodes needs to be positioned so that they do not block this path. It is also 
beneficial to have a cell with flat sides. A cell with rounded sides will act as a 
lens and distort or divert the light beam which reduce the throughput. The 
material of the cell could also be important. Glass absorbs UV light and if 
measurements are to be conducted in the UV range, quartz, which is UV trans-
parent, is a more appropriate choice of material. If silver salt based reference 
electrodes are used, care have to be taken to also protect the reference elec-
trode from light, as photoreactions in the silver salts otherwise could compro-
mise the reference electrode. To perform the measurements, the electrodes are 
connected to a potentiostat the can measure and control current and voltage. 
The voltage is measured between the working electrode and the reference 
electrode whereas the current is measured between the working electrode and 
the counter electrode as shown in the connection scheme in figure 21b. De-
pending on the applied voltage, the working electrode may act as either anode 
(oxidation reactions) or cathode (reduction reactions) in the setup, the same 
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naturally applies to the counter electrode. The cathode is defined as the elec-
trode where the electrons enters the solution and reduction reactions take 
place. For the electrochemical measurements two different potentiostats were 
used. In case of Electrochemical impedance spectroscopy, Mott-Schottky and 
Burstein-Moss a 760C workstation (CH-instruments) was used and for differ-
ential pulse voltammetry a SP-200 (BioLogic Science instruments) was used. 
Cyclic voltammetry was performed with both instruments and the Burstein-
Moss measurement also employed a fiber optic spectrometer (Ocean optics) 
described in chapter 5.2.4.2. 

5.2.7.1 Cyclic voltammetry (CV) 
In cyclic voltammetry a potential E is scanned, with a constant scan rate. At 
the end of the range of the measurement the scan direction is reversed and the 
scan is continued until it reaches the starting point, completing a full cycle. 
(Bard and Faulkner, 2001; Elgrishi et al., 2018) During the scan, the current 
A is measured and any reactions that involve electron transfer that take place 
at the electrodes can then be measured, and quantified. The electrochemical 
potential of reaction is denoted E1/2 and is in-between oxidation and reduction 
current peaks, and thus positioned halfway between the peak position in the 
forward and the reverse scan. An example of a CV curve where ferrocene 
molecules are reduced and oxidized is shown in figure 22a. This reaction oc-
curs at a well-defined potential (0.624 V vs SHE) and is often used to check 
and calibrate reference electrodes or as an internal reference. It is common 
that several CV cycles are measured and this could give information about 
system stability. If the range is only scanned in one direction it would instead 
be a named linear sweep. 

5.2.7.2 Differential pulse voltammetry (DPV) 
In differential pulse voltammetry, a series of short potential pulses with small 
amplitudes is superimposed on a linear sweep (Westbroek, Priniotakis and 

Figure 22. (a) Cyclic voltammetry scan of ferrocene. (b) Potential modulation during
differential pulse measurement. 
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Kiekens, 2005; Venton and DiScenza, 2020). The current can be measured 
anytime during the pulsing, but is commonly measured just before the pulse 
and at the end of the pulse. The first current value is attributed to the linear 
sweep and the difference between the two readings is the current that results 
from the pulse itself. The method strongly reduces the contribution from ca-
pacitive currents, due to charge buildup and results in high sensitivity meas-
urements and a flat baseline curve with more narrow voltammetric peaks. The 
peak maximum in a DPV plot minus half the pulse height used, corresponds 
to the E1/2 value obtained from a CV curve. A schematic of the applied poten-
tial is shown in figure 22b.  

5.2.7.3 Electrochemical impedance spectroscopy (EIS) 
Electrochemical impedance spectroscopy (EIS) can be used to study the char-
acteristics of charge transport in material or device and it allows for separation 
of processes occurring at different frequencies. Spectroscopy here does not 
refer to a light spectrum as in the other spectroscopy techniques discussed. 
Instead the method produces an electrical response spectrum in the frequency 
domain where phase shift (a delay in the time-domain) corresponds to a loss 
from absolute resonance and thus motivates the use of spectroscopy. An im-
pedance measurement is an AC- current-voltage measurement were the fre-
quency of small voltage modulations is scanned over a large frequency range 
(0.1 Hz-100 kHz). If we assume a voltage signal modulated with frequency f 
have an angular frequency of ω = 2πf the voltage can be expressed as 
 𝑉 = 𝑉 𝑒  (20) 

 
Where the current response of V has the same frequency dependence but can 
be phase shifted with the phase angle ϕ 
 𝐼 = 𝐼 𝑒 ( ) (21) 

The impedance can then, in analogy with Ohm’s law, be written as 
 𝑍 = 𝑉(𝑡)𝐼(𝑡) = 𝑉 𝑒𝐼 𝑒 ( ) = 𝑍 𝑒 = 𝑍 + 𝑖𝑍  (22) 

The impedance can thus be seen as a complex form of the resistance, contain-
ing both a real component (ZR) and an imaginary component (iZI), where i2 = 
-1. When a high frequency voltage is applied to a film of particles in a solution, 
charges will start to move where only fast electronic processes, like direct 
conduction, will respond to the changes in the electric field. At intermediate 
frequency slower processes like charge transport over grain boundaries will 
occur, and at low frequencies slow processes, like ion diffusion or redox reac-
tions occurring at the interface of the material. The processes probed can have 
a resistive behavior, a capacitive behavior, or both. In that way a theoretic 
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model circuit, called an equivalent circuit, can be constructed and the meas-
ured impedance can be compared to the calculated response of this equivalent 
circuit. In figure 23a schematic image of an impedance spectrum is shown in 
a Nyquist plot where the axis are the real and imaginary components of the 
impedance. Figure 23b shows an example of an equivalent circuit representing 
charge transport over a double layer, presented by Randles (Randles, 1947). 
In the circuit a Warburg element W is present. This is related to diffusion in 
the electrolyte and in a Nyquist plot it is seen as a straight line at 45˚angle.  

The impedance behavior of a resistor is simply R, whereas the impedance be-
havior of a capacitor is 1/iωC. The impedance of circuit elements in series 
adds up like  
 𝑍 = 𝑍 + 𝑍  (23) 

And circuit elements in parallel ads up like  
 1𝑍 = 1𝑍 + 1𝑍  (24) 

The impedance of the circuit shown in figure 23b then correspond to 
 Z=Rs+ Rct1+2Rct2 Cdl2 − iRct2 Cdl1+2Rct2 Cdl2  (25) 

 
  

Figure 23 (a) Schematic illustration of a Nyqvist plot with an ideal impedance spec-
trum showing processes occurring on different time scales. The 45˚angle linear part 
corresponds to a diffusion process in solution. (b) A simple equivalent circuit corre-
sponding to the impedance spectrum in (a). (c) an equivalent circuit including a con-
stant phase element (CPE).  
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where the real part  
 𝑍 =Rs+ Rct1+2Rct2 Cdl2  (26) 

and the imaginary part is  
 𝑍 = − Rct2 Cdl1+2Rct2 Cdl2  (27) 

To account for non-ideal plate capacitance behavior of e.g. a rough surface at 
an interface in the system, the behavior is better modeled by a distribution of 
plate capacitors, a constant phase element (CPE) denoted Q can be introduced. 
It allows for that charge transfer across a rough interface and its impedance 
can be calculated from  
 𝑍 = 1𝑄(𝑖𝜔)  (27) 

Where β is a phase angle: 0 ≤ 𝛽 ≤ 1. In figure 23c the symbol of a CPE is 
shown in a modification of Randles circuit, where the capacitance has been 
replaced by a CPE. 

 
Different charge transfer processes can also overlap in frequency space and 
the spectra are in most cases more complex than the ideal spectrum shown in 
figure 23a. 

5.2.7.4 Mott-Schottky 
A common electrochemical method that can be used to determine doping den-
sity and flat band potential of a semiconductor thin film is Mott-Schottky anal-
ysis. The potentiostat is setup so that a constant frequency AC current is used 
and the potential is scanned over a defined range. From the measurement, the 
capacitance of the thin film is extracted. The capacitance of a capacitor de-
pends on the area A, the dielectric constant ε, and the distance d between the 
parallel plates according to equation 28. 
 𝐶 = 𝜀 𝐴𝑑 (28) 

In the context of our thin film measurement the gap of the capacitor consists 
of a charge depletion layer at the interface (Gelderman, Lee and Donne, 2007). 
This layer can be described by equation 29. 
 𝑑 = 2𝜀𝑞𝑁 𝑉 + 𝑉 − 𝑘 𝑇𝑞  (29) 
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Where Vbi is the flatband potential ND is the doping density and q is the elec-
tron charge. Substituting into equation 28, squaring both sides and rearranging 
the expression gives us the Mott Schottky equation shown in equation 30. 
 𝐶 = 2𝑞𝐴 𝜀𝑁 𝑉 + 𝑉 − 𝑘 𝑇𝑞  (30) 

The Mott-Schottky equation shows us that by plotting 1/C2 against the applied 
voltage we get a linear dependence. This plot is called the Mott-Schottky plot. 
From the slope of the line the doping density can be extracted, assuming that 
the dielectric constant is known, and the intersect point between the line and 
the potential axis gives the flatband potential. 

5.2.7.5 Burstein-Moss shift 
The Burstein-Moss shift is an apparent change of the optical bandgap that oc-
curs when heavy doping of a semiconductor results in that electrons start pop-
ulate the conduction band. The shift in optical bandgap upon this was quanti-
fied by Burstein (Burstein, 1954) and the apparent shift is described by equa-
tion 31. 
 𝐸 = 𝐸 + 1 + 𝑚∗𝑚∗ 𝐸 − 𝐸 − 4𝑘 𝑇  (31) 

A Burstein-Moss shift can also be induced by an external potential applied to 
nano-dimensional semiconductors with population of CB states in a spectro-
electrochemical setup (Redmond et al., 1993; Jacobsson and Edvinsson, 
2012). Here, the optical transmittance of the sample can be measured with a 
spectrometer during a linear sweep with the sample acting as the working elec-
trode. The applied potential is continuously scanned from a position within 
the bandgap towards the conduction band. Once the applied potential reaches 
the conduction band level the electrons starts to populate states in the conduc-
tion band. These states are then no longer available as acceptor states for photo 
excitations and the onset energy for photo absorption will increase, which is 
in turn registered by the optical measurements that monitor the materials 
bandgap absorption. The voltage applied at the time when the increase occurs 
therefore give the position of the conduction band. To this potential a small 
adjustment of 4KBT from the thermal contribution needs to be done. This can 
easily be seen if the right most parenthesis of equation 31 is set to equal to 0. 
This method’s applicability depends on the spread of the states at the edge of 
the conduction band. They need to be populated by an external potential which 
means that they need to be electronically accessible. They also need to have a 
lifetime long enough to stay occupied, if they decay faster than the rate at 
which they are filled, they will still be accessible as acceptor states (Jacobsson 
and Edvinsson, 2012). Once the position of the conduction band is known the 
position of the valence band can be determined by deducting the bandgap 
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which can be retrieved from the same optical measurements (see section 
5.2.4.4)  

5.3 Computational methods 
5.3.1 Density functional theory (DFT) 
Theoretical modeling is sometimes needed to give a detailed description of 
chemical bonds, surfaces or to find the energetically most favorable structure 
of materials. It can be used as a complement to experimental results to support 
a theory, resolve spectroscopic data, or be used as a tool to predict materials 
properties. To calculate the electronic and structural properties scientists pre-
dominately use quantum mechanical theory and modeling. A material system 
containing electrons and ions can here be described by the Hamiltonian. 𝐻 = − ℏ2𝑚 − 𝑍 𝑒4𝜋𝜀 𝑅 − 𝑟 +  12 𝑒4𝜋𝜀 𝑟 − 𝑟

− ℏ2𝑀 + 12 𝑍 𝑍 𝑒4𝜋𝜀 𝑅 − 𝑅  
(32) 

Where the lower-case letters r, m and e represent the positional vector, the 
mass and the charge of the electrons, respectively. The upper-case letters R, 
M and Z represent the positional vector, the mass and the atomic number of 
the ions ε0 is the dielectric constant, while   is the Laplace operator defined 
as  
 

  = 𝜕𝜕𝑥 + 𝜕𝜕𝑦 + 𝜕𝜕𝑧  (33) 

and i and j are summation indices. The terms in the Hamiltonian in equation 
32 all represent certain interactions within the modeled system. The first term 
represents the kinetic energy of the electrons, this is followed by the electron-
ion Coulomb attraction, the electron-electron Coulomb repulsion, the kinetic 
energy of the ions, and the ion-ion Coulomb repulsion. The size of the system 
studied is one important factor in determining which methods that are suitable. 
An exact solution to the Schrödinger equation has only been found for the 
hydrogen atom whose proton and electron make up a two-body system. For 
larger systems, approximations have to be made and solutions have to be de-
termined numerically. The first approximation is the Born-Oppenheimer ap-
proximation which states that since the ions are much heavier than electrons, 
the electrons will move much faster and instantaneous readjust to the move-
ments of ions. This allows for the ions to be treated as a static background and 
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the term for the kinetic energy of ions can be omitted. The Hamiltonian now 
reduces to  
 𝐻 = − ℏ2𝑚 − 𝑍 𝑒4𝜋𝜀 𝑅 − 𝑟

+ 12 𝑒4𝜋𝜀 𝑟 − 𝑟 + 𝐸  
(34) 

 
Where EII is an ion-interaction term that contribute to the system energy but 
is independent of the electrons. The first and third term of equation 34 will be 
the same for all systems containing the same number of electrons. It is there-
fore sufficient to supply the positions Ri for the ions and their charges Zi to 
describe the system. This is the basis for the ab initio methods out of which 
Hartree-Fock (HF) is a first order perturbation approach to solve the Schrö-
dinger equation numerically. In Hartree-Fock calculations the total energy of 
the material system involve electron exchange that comes from an interaction 
between electrons with parallel spin and HF is especially accurate in predict-
ing this term. The electron correlation which is caused by interaction between 
electrons of opposite spin is however neglected in HF and to improve the pre-
dictions, higher level calculations are needed. 

There are several more advanced calculation methods e.g. MP2, MP4, and 
CCSD(T), but they are computationally expensive and are therefore mainly 
suitable for systems with a low number of electrons, like small molecules. In 
the field of solid state physics the main interest lies in crystal lattices or bulk 
solids which are considerably larger. The most suitable method for these is 
density functional theory (DFT) using periodic boundary conditions. It is rel-
atively inexpensive in computational demand which makes it suitable for cal-
culations of larger structures and systems. 

DFT uses functionals to model the materials electronic structure. Function-
als are mathematical functions that uses other functions as input, and in DFT 
the modeled parameter is the electron density, ρ(r). An assumption made by 
Kohn and Sham stipulates that the electron-ion system described in equation 
32 can be described in terms of a system of non-interacting particles. In a non-
interacting system containing N electrons the electron density can then be de-
scribed by orbital functions ϕ 
 

(𝑟) = |𝜑 (𝑟)|  (35) 

The total energy EKS of an interacting system can then be expressed as 
 𝐸 () = 𝑇 () + 𝑑𝑟 𝑣 (𝑟)(𝑟) + 𝐸 () + 𝐸 () (36) 
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where TS is the kinetic energy of the independent particle veff is the effective 
potential acting on the system EH is the Coulomb interaction and Exc is the 
exchange correlation (Parr and Yang, 1989). The different methods used in 
density functional theory depend on the approximations used for the Exc term.  
The simplest approximation is called local density approximation (LDA) and 
assumes that Exc term in the functional is a function of the local electron den-
sity ρ only. In a less restrictive approximation, the general gradient approxi-
mation (GGA) assumes that Exc depends on both the local electron density and 
the electron density gradient (ρ+Δρ)  

The aim of the DFT calculation is to find the energetically most probable 
state of the system, in other words the state with the lowest energy. The cal-
culation is iterated until it converges i.e. the decrease in energy falls below a 
predefined threshold value. For regular energy optimization this value is usu-
ally 10-8 EH (1 Hartree = 27.21 eV) whereas for vibrational spectroscopy a 
convergence level of 10-10 EH is needed, 100 times lower. This is because the 
energy converges before the atomic positions converge and vibrational spec-
troscopy is highly dependent on the force constant in the bond which in turn 
depend on the second derivative on the positions. The output of a DFT calcu-
lation give optimized energy, atomic coordinates, crystal lattice parameters, 
information on which orbitals that are occupied by electrons, and their spatial 
distribution. After subsequent perturbation calculations, the IR and Raman 
fundamental vibrational frequencies and their intensities can be extracted. A 
material property that DFT calculations using the GGA method tend to under-
estimate, is the electronic bandgap. This is called the bandgap problem and 
has for insulators predicted significantly lower bandgaps, compared to exper-
imental values, and that several Cu oxide and Fe oxide semiconductors should 
be metallic (Perdew, 1985). There are several approaches to compensate for 
this. One is to add a potential U to the calculation (DFT+U). Another ap-
proach, which has been used in our calculations, is to use hybrid-DFT where 
a portion HF is used in the calculation which improves the accuracy of the 
prediction of the electron exchange energy and give a better description of the 
optical and dielectric properties. DFT calculations were carried out on a local 
computer with the Crystal17 software using GGA and hybrid DFT with 
Gaussian basis sets together with different functionals with varying percent-
age of HF exchange. 
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6 Results 

In this chapter the main results from Paper I to V will be summarized and 
discussed. The first part summarizes the first- and second order Raman scat-
tering in ZnO that are thoroughly analyzed in Paper I, together with the use of 
polarized and non-polarized Raman Spectroscopy for crystal orientation de-
termination (Paper I). The second section examines the use or Cu2O as a stand-
alone catalyst where special attention is given to defect induced Raman scat-
tering (Paper II). In the third section, the combination of quantum confined 
ZnO with different copper oxides is investigated and the principles for per-
forming energy alignment by mere change of size in one of the materials in a 
heterojunction is presented, together with the enhanced performance that can 
be realized in a photocatalytic application (Paper III). The fourth section is 
dedicated to electrochemical characterization of ZnO quantum dots and how 
the quantum confinement effects influence the properties (Paper IV). The 
summary is concluded by a section on Raman spectroscopy, which has been 
a major analysis technique throughout my research. Emphasis is put on the 
practical aspects of the Raman Spectroscopy and origin of spurious peaks, 
their potential mitigation, and a guide for an appropriate measurement proto-
col for Raman spectroscopy (Paper V). For a more comprehensive description 
of the results, we refer to the appended papers and manuscripts.  

6.1 Paper I 
A major difficulty when analyzing micro- and nanomaterials is that they are 
so small that it is difficult to both to determine where you are measuring and 
to limit the measurement to a specific particle. These problems lie at the core 
of our work with polarized and non-polarized Raman on ZnO presented in 
Paper I. How can we study the orientation of a particle or group of particles in 
the range from 200 nm to 1-2 micrometer? Selective area electron diffraction 
in TEM can be used for smaller dimensions and XRD for millimeter to centi-
meter areas. There is here a range of dimensions that are not easily assessable 
with the most common analysis techniques. We worked around this problem 
by developing the method using a model system consisting of macroscopic 
single crystals of ZnO with known orientation. Due to the structure of the unit 
ZnO cell, with the c-axis being different from a and b, and indications from 
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previous studies on other materials (Tian et al., 2012, 2012; Jang et al., 2015), 
one can anticipate an angular dependence of the Raman signal and by using 
the single crystal model system to assign modes and relative intensity varia-
tions, a thorough investigation of the behavior of the different Raman modes 
and their directional behavior could be performed using polarized Raman 
spectroscopy. The results of this investigation are presented as polar plots in 
figure 24 and the directional behavior for ZnO in polarized Raman is by itself 
one of the main results of Paper I. Measurements were done in three orthogo-
nal directions, thus spanning the entire space. The experimental Raman spec-
tra were highly resolved and many first and second order peaks could be iden-
tified and assigned. The Raman measurements were corroborated by DFT cal-
culations to assign the experimental peaks to vibrational modes and directions 
in the crystal. The “missing” polar plot in figure 24 comes from that the A1 
mode at 378cm-1 vibrates along the 0001 direction and therefore is unaffected 
by light polarization perpendicular to this. ZnO were also shown to contain 
many combination modes, so-called second order Raman scattering. In the 
polar plots it could be seen that the Raman spectra measured on the 0001 facet 
showed no angular dependence whereas the Raman spectra measured in the 
1-100 and 11-20 facet showed large and identical angular dependence. This 
means that Raman cannot be used to faithfully distinguish between different 
directions in the ab-plane, while it is easy to determine if a surface is oriented 
in the 0001 direction by doing a pole figure. This information is however dif-
ficult to use in practice. Firstly, performing many angular dependent measure-
ments to construct a full pole for each measurement point in a material is a 
tedious work and secondly, when measuring on a real sample it will be a 
higher probability of finding a crystal that is aligned close to the polar direc-
tion rather than exactly on the polar direction and therefore exhibiting some 
degree of angle dependence. Ideally one would want to do the orientation de-
termination from a single spectrum, like a peak intensity fraction. It is also 
much better to use a comparison of two peaks from the same spectrum than to 
rely on absolute intensities due to the large intensity variations that can occur 
due to other factors (system alignment, laser focus laser, intensity fluctuations) 
in Raman spectroscopy. The fact that all peaks in the non-polar directions ex-
hibited large angle variation was still a problem. But then the idea if using 
non-polarized Raman spectroscopy was spawned. This is easily achieved ex-
perimentally by inserting a 1/4 waveplate into the beam path. The light will 
then be equally polarized in all directions perpendicular to the beam and this 
corresponds to integrating all the peak intensities of the polar plots reducing 
them to a single value. By this it was possible to construct a model for single 
spectrum evaluation by comparing a typical peak for the non-polar facet (A1, 
378 cm-1) with a typical peak for the polar facets (E2(high), 438 cm-1). As the 
378 cm-1 peak could approach 0, it was chosen as numerator to avoid the ex-
pression going to infinity. 
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The following model equation for the peak ratio as a function of the polar 
plane fraction x was derived 
 𝑅(𝑥) = 𝐴𝑥 + 𝐵𝐶𝑥 + 𝐷 (37) 

Were A, B, C and D are constants with the values -1.982, 2.356, 6.023 and 
4.567 respectively. These constants can be calculated from the peak intensities 
of non-polarized Raman measurements of the three single crystals. The model 
graph presented in Paper I, shown here as figure 25, can be directly used to 
interpret Raman data from ZnO samples. An equal distribution of polar and 
nonpolar planes (Re, x = 50%) will not correspond to a random distribution 
since there are two non-polar dimensions and only one polar dimension. The 
random distribution peak ratio is denoted Rr and corresponds to an x-value 
of 33%. 

Comparing the peak ratio form a sample measurement to the model graph is 
trivial; from the peak intensity ratio a polar plane fraction is obtained. The 

 

Figure 25. (figure 5 from Paper 1). Model curve showing the intensity ratio between
the 378 cm-1 and 438 cm-1 Raman peaks (A1/E2(high)) as a function of polar plane 
fraction, using Raman spectroscopy with a non-polarized 532 nm laser for predicting
the dominating plane orientation of a crystal sample. The model uncertainty is shown
in brackets. The valued for Rr and Re corresponding to random and equal distribution 
of polar and non-polar planes are marked.  
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interpretation of what that value represents is dependent on the type of sample 
and the domain size. If the measurement was done as an average of a large 
number of points on the sample it can be said to represent the average plane 
orientation and conclusions can be drawn about the preferred orientation of 
the sample. If the measurement instead is performed on a single crystal do-
main the value will rather represent that domains orientation compared to the 
0001 axis. This allows for mapping the crystal orientation over the surface. If 
the crystal domains are smaller than the laser spot a mean value of the material 
in the measurement spot/volume will be obtained. In figure 6 in Paper I we 
present 6 different examples of hypothetical samples and orientation arrange-
ments and discuss what the measurement result would be, as a guideline to 
help interpret experimental results. There are limits to how small particles that 
can be measured with this method. In the paper we estimate that a spatial res-
olution down to the diffraction limit of light can be obtained or even beyond, 
if combined with techniques like TERS or SNOM. In Paper II we applied this 
method to extremely small particles (2.6-7.4 nm) but then the method could 
not give reliable results due to the very large Raman peak broadening of such 
small quantum confined particles and poses a lower limit of particles that can 
be analyzed with this approach. A strength of the approach is that it can be 
used together with Raman mapping that is a commonly used method also on 
complex samples, larger samples and devices. A weakness of the model would 
be that it can only distinguish between polar and non-polar directions, not be-
tween the two non-polar ones.  

Although all experimental work was done in ZnO it is highly likely that the 
same type of model curves can be constructed for other compounds with crys-
tal direction dependent Raman scattering. For other hexagonal compounds 
with wurtzite structure, like GaO, the same model equation should be appli-
cable, just with other constants. For other compounds with tetrahedral and or-
thorhombic structures, the model equation will need to be adjusted according 
to the anisotropic Raman scattering in respective system, but we anticipate 
that the same principles and approach as used in our work can still be used to 
construct a model. That is probably a larger scientific contribution than the 
ZnO model presented, and that is why we put an extra effort into clearly ex-
plaining the approach for deriving the model and how the model constants 
were calculated. It is also possible that models for other materials could dis-
tinguish between more crystal directions. It will be especially interesting to 
look into orthorhombic materials where all three principal axes are different. 
As water is a weak Raman scattered, the approach can also be utilized for in-
situ and operando characterization of catalyst or sensor materials in aqueous 
environments.  
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6.2 Paper II 
In this application-oriented paper, we investigate the use of Cu2O as a 
standalone photocatalyst for water cleaning. There have been plenty of photo-
catalytic studies using Cu2O in combinations with other materials, but few on 
Cu2O alone. The catalyst material is synthesized by a low temperature heat 
treatment of copper metal which makes the method very simple, low tech and 
low cost and therefore ideal for third world implementation. To this we add 
the benefit of a nanostructured 3D-surface which increase the surface area and 
improve the pollutant degradation capability. The 3D-structuring adds com-
plexity, but the electrodeposition should still be possible to do at low cost and 
technology level, providing that the plating bath chemicals and the patterning 
membrane can be sourced. This is because the low voltage levels and the pulse 
times enables the replacement of the Galvanostat with a battery and a chip 
pulse generator. 

The oxide formed during the heat treatment at 150 ˚C is Cu2O. This is con-
firmed by XRD and Raman spectroscopy. But for the longer heat treatment 
times a small signal from a CuO phase is also seen. This is reasonable since 
the oxide formation is an oxidation process and further oxidation of Cu2O 
leads to CuO. The intermediate phase Cu4O3 is not seen and this is expected 
since it is a metastable phase and the transition from Cu2O directly to CuO is 
more energetically favorable. SEM images of a planar catalyst and a catalyst 
structured with nanopillars are shown in figure 26. The SEM image of the 
nanopillar sample also revealed the formation of extremely thin (~10 nm) 
nanoneedle structures protruding from the pillars. Such needles did not form 
on the planar samples and it is proposed that they are CuO since their for-
mation is consistent with previously published formation mechanisms and our 
XRD results. Needle-shaped structures are known to puncture cell membranes 
of bacteria and are therefore beneficial in water disinfection applications.  

Figure 26. SEM images of a planar copper surface oxidized for 8 minutes (a) and a
3D structured surface with copper nanopillars oxidized for 8 minutes (b). 

The Raman data show Cu2O peaks consistent with several other studies but 
there are variations and inconsistences in the spectra published for Cu2O in 
literature. We therefore performed linear response DFT calculations with the 
hybrid functionals B3LYP and PBE0 to assign all possible vibrational modes 
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and support the experimental findings. The DFT only returned one Raman 
active mode in agreement with the crystal symmetry of Cu2O, in contrast to 
the many peaks seen in the experimental data. After further literature studies 
it was found that defects at certain locations in the crystal structure, can acti-
vates also the IR active and silent modes and a peak assignment could then be 
made based on the DFT-results with the full set of vibrational modes shown 
in table 3. It was found that several defects activate the modes that we see 
experimentally. The possible defects are: a vacancy at an oxygen site, a Cu at 
an oxygen site, an interstitial oxygen at a tetrahedral site or a shared Cu va-
cancy. If the experimental measurement range would have included the T2u 
mode at ~55 cm-1, the presence of the shared oxygen vacancy could have been 
determined.  
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The catalytic performances of the different samples were evaluated in photo-
degradation experiments where the organic dye methylene blue (MB) acted as 
a model substance for pollutants and was degraded in an aqueous solution by 
the photocatalyst under illumination from an AM 1.5 G solar simulator with 
light intensity corresponding to 1 sun (100 mWcm-2). The initial concentration 
of MB was 10 µM and the decrease in concentration was monitored by UV-
VIS absorbance measurements. The visible absorption of the MB during the 
degradation is shown in figure 27 and it is evident that in all the experiments, 
apart from the blank, where no surface is present, the MB is degraded to a 
large extent (> 93 %). The blank also show a small decrease in the MB ab-
sorption, which means that sunlight can degrade MB via a non-catalyzed pho-
tolysis reaction, although this reaction is slow. The optical measurement of 
the photocatalytic degradation using the nanopillars oxidized for 2 minutes 
was compromised and has therefore been excluded from the analysis. The dye 
concentration that is used is very low and all catalysts are able to remove most 
of the dye during the period of the experiment. To see the difference and com-
pare their photocatalytic performance it is therefore necessary to look at the 
initial degradation rate. This is plotted in figure 28 where the normalized value 
of the and show that the catalysts with Cu nanopillars oxidized for 4-8 minutes 
had 34% higher catalytic efficiency than the other catalysts. 

The flat metal with a native oxide is performing relatively well, better than 
expected. The surface and catalytic sites are assumed to be very similar as in 
the oxidized surface since oxidation will occur on Cu in aqueous environment. 
This flat thin native oxide seems to be close to sufficient for the MB degrada-
tion at these very low pollutant concentrations (10 μM).  

Figure 28. The normalized dye concentration dependence of time for the different Cu
oxide catalysts and reference samples. The initial degradation rate is determined by
the slope of the curve (trendline). 
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The best performing catalysts were the Cu nanopillars that had been heat 
treated for 4 and 8 minutes. These catalysts had both the increased surface area 
created by the 3D structuring and the presence of a small fraction of CuO 
phase. It is unlikely that the CuO phase alone is causing this increase in cata-
lytic efficiency since we showed in Paper III under similar experiment condi-
tions that Cu2O has a higher catalytic efficiency than CuO under visible light 
illumination. We attribute the higher efficiency to the increase in surface area 
provided by the supporting Cu nanopillar structures. 

The issue of Cu2O long term stability should also be mentioned. In this 
application the possible disproportionation of Cu2O into Cu0(s) and Cu2+ as 
discussed in chapter 4.1.1 would be less problematic from a catalyst point of 
view as the solid copper would be deposited on the surface and could be re-
generated into Cu2O by additional heat treatment. 

6.3 Paper III 
The works presented in Paper I and Paper II are both studies on single catalytic 
materials. The different photocatalytic materials have their advantages and 
disadvantages and eventually further improvements of the catalytical perfor-
mance will be difficult due to the intrinsic properties and limitations of the 
materials. In the study in Paper III we go beyond the limits of the single com-
pound materials to achieve a combination material which outperforms the in-
going components. This is done by using two different approaches. For ZnO 
we synthesize the material in dimension small enough to be in the quantum 
confined regime and we utilize the quantum confinement effects to control 
and tune its energy levels. The second approach is to combine two different 
materials, in our case the n-type ZnO with different p-type copper oxide ma-
terials, in a heterostructured catalyst, to be able to make use of the advantages 
(light absorption, electrical properties) of each component. Also, creating a 
pn-heterojunction between the two materials creates an electric field that fa-
cilitates charge separation in the system. This would be beneficial since there 
is a known issue of high charge recombination in Cu2O.  

The copper oxides used in the study where Cu2O, Cu4O3 and CuO. The 
samples were prepared by reactive magnetron sputtering of a copper target 
under controlled oxygen flow and the oxides were deposited on glass, as de-
scribed in chapter 5.1.2. Using sputtering enabled the synthesis of the inter-
mediate phase Cu4O3 which is metastable and difficult to synthesize with 
many methods. ZnO nanoparticles were synthesized using the bottom-up non-
templated wet chemical method described in chapter 5.1.1. The ZnO particle 
growth was followed by monitoring the optical absorption edge with UV-VIS 
spectroscopy and the relatively slow kinetics of the growth reaction enabled 
good control over the particle size, which determine the degree of quantum 
confinement and the resulting optoelectrical properties. Using Tauc plots for 
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bandgap extraction, as described in chapter 5.2.4.4 and revisiting equation 13, 
that describe how the quantum confined optical bandgap is related to the bulk 
bandgap and the particle size, enabled the conversion of optical absorption 
into particle sizes. The quantum confinement effect in ZnO was tuned with 
the purpose of aligning its conduction band level to a position that would result 
in an overlap with the CB of the copper oxides and thus forming an efficient 
p-n heterojunction to be used for photocatalytic water purification. The com-
bination of the materials was done by drop coating a ZnO np containing solu-
tion onto a 10x10 mm glass substrate coated with copper oxide. This was a 
fast and simple coating technique that was suitable for small samples. It did 
however produce thicker ZnO coatings than anticipated and the deposition 
technique cannot be upscaled to large samples. But there are several other 
coating techniques for deposition from solution e.g. dip coating, spin coating, 
spray coating and slot-die coating if the material needs to be used at larger 
scale. The heterostructured material, as well as all individual components were 
evaluated in photodegradation experiments to evaluate their photocatalytic ef-
ficiency. One finding was that the Cu2O was significantly more efficient than 
the other two copper oxides: Cu4O3 and CuO both under VIS illumination and 
UV illumination. For visible light Cu4O3 and CuO absorb light over a much 
larger wavelength range than Cu2O but at 405 nm the wavelength of the deg-
radation experiment, the light absorption for Cu2O is higher. The difference in 
light absorption is however not large enough to explain the increased catalytic 
performance of Cu2O compared to the other two copper oxides and it is there-
fore concluded that Cu2O has better photocatalytic properties. To combine two 
materials, an n-type and a p-type, in a heterostructure resulted in improved 
photodegradation under visible light and the best performance was seen for 
the combination of ZnO and Cu2O for which there was a clear synergy effect 
and an improvement of 140% compared to the individual components. For the 
UV light degradation ZnO-np only gave the best result. Figure 29 shows a 
comparison of the degradation of orange III under VIS and UV light where 
ln(C/C0) has been plotted. The possibility to use pn-heterojunction opens up 
new possibilities for improving the performance of photocatalysts. This is not 
the only study that has indicated that pn-junctions are beneficial for photocata-
lytic performance, but here we show how quantum confinement can be used 
as a tool for tuning the energy levels of a semiconductor material to achieve a 
heterostructure with an efficient energy aligned pn-junction, and this is the 
main result of this work. By using the data gathered in this work one can build 
an overview of the energy levels of the individual components in the pn-hetero 
junction. 
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The valence and conduction band levels for quantum confined ZnO were ob-
tained from Burstein-Moss shift and UV-VIS absorption, the small shift of the 
conduction band was obtained from PL spectroscopy band emission peak 
shift, the donor level of the intra band PL emission was taken from literature 
(Jacobsson and Edvinsson, 2013), the acceptor levels of the intra band emis-
sion were calculated from the wavelength of the intra band PL emission. A 
schematic picture of the pn-heterojunction is shown in figure 30a. The two 
strong indications for a successful formation of an improved charge transfer 

 

Figure 29. Comparison of the heterostructured material and individual components
photo removal performance under visible light illumination (405 nm) and UV-light 
illumination (310 nm). 
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in the pn-junction were the synergy effect in the visible photodegradation ex-
periments and the results from the PL-spectroscopy investigations shown in 
figure 30. The PL spectra revealed a quenching of certain intra band surface 
states at 550 nm which indicate good physical contact and a shift of the 
bandgap emission peak, in turn indicating a good electrical contact and that 
the formation of the heterojunction affect the energy levels in the ZnO.  

The results from the degradation experiments show that, apart from the 
photodegradation, there is also adsorption of dye molecules onto the surfaces 
of the catalysts. This is most evident for the ZnO-np catalyst under VIS light 
degradation where no photodegradation via ZnO can take place due to insuf-
ficient photon energy for bandgap excitation. Due to their small size, the ZnO-
nps have a very large surface area. The heterostructured materials do however 
have the same ZnO-np catalyst as an outer layer, they all have the same ZnO-
component: Same batch, same particle size, same thickness and same deposi-
tion technique and the samples are therefore considered comparable to each 
other in terms of surface adsorption. If one would like to investigate the sur-
face area aspects further, surface area can be measured in a few ways. The 
Brunauer-Emmett-Teller-method (BET) uses gas adsorption in a packed pow-
der, but this requires more material than we could produce. Instead electro-
chemically active surface area (ECSA) could be a suitable method to measure 
the accessible surface area if the material is deposited on a conducting sub-
strate. In ECSA the capacity in the double layer region of a cyclic voltammo-
gram is integrated for several sweep speeds and compared to the capacity of a 
known flat surface, usually Pt. Since Pt and the sample are obviously different 
there is a built-in error of this approach, but surface areas of two different 
samples versus a flat reference can in this way be compared relative to each 
other.  

The study reveals that the Raman spectrum for the Cu4O3 phase is distinctly 
different from the Raman spectra of Cu2O and CuO confirming that Cu4O3 is 
a separate phase rather than a mixture between the two stable phases. The 
Cu4O3 phase is difficult to measure in Raman since the excitation laser of the 
Raman measurement can cause laser induced heating of the sample, trans-
forming it to CuO. This effect is further discussed in Paper V. 
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Figure 30. (a) To scale illustration of the pn-heterojunction and its energy levels rela-
tive to NHE at pH 5.5. The values for the Cu2O were obtained from literature (Jancza-
rek and Kowalska, 2017), (b) PL from ZnO acquired with 325 nm excitation laser
showing how the combination with Cu2O induces a shift in the bandgap emission and
a quenching of part of the green intra-band emission. 
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6.4 Paper IV 
In Paper IV the electrochemical properties of the quantum confined ZnO na-
noparticles are investigated further. The material was synthesized with the 
method described in section 5.1.1 the same method that was used to make the 
ZnO-nps in Paper III. This time the material was deposited on a conductive 
substrate, indium tin oxide (ITO) to enable electric contacting. A series of dif-
ferent sized ZnO nanoparticles in the range of 3.9-6.4 nm were synthesized 
and they were deposited on ITO by doctor blading to get a thin uniform film 
suitable for electrochemical measurements. The intended wurtzite phase of 
ZnO was confirmed by XRD and Raman spectroscopy measurements showed 
that vibrational quantum confinement occur for the smallest particles where 
especially the E2(high) and E2(low) modes, and combination modes are sup-
pressed by the reduced dimensions. Several different electrochemical meas-
urements were performed on the sample series including Burstein-Moss, elec-
trochemical impedance spectroscopy, and differential pulse voltammetry. In 
accordance with previous studies it was seen that the main shift in electronic 
band levels is in the conduction band. There was however a large difference 
in the obtained values depending on if the experiment was performed in ace-
tonitrile or in aqueous solution. This effect is yet to be explained. In the elec-
trochemical impedance measurements, a large signal was seen on the negative 
side of the flat band potential for the smallest particle sizes. This is attributed 
to a quantum capacitance. The most important result obtained was however 
from the differential pulse voltammetry. Using acetonitrile as the solvent en-
abled a very large scan range and close to the full bandgap could be measured, 
including the conduction band and valence band states. The valence band en-
ergies have to be taken with care, however, as they are in the regime of the 
decomposition potential of acetonitrile. The scan is seen in figure 31a. By in-
tegrating the current and taking the film area and thickness into account, the 
density of states for the conduction band could be calculated. This is shown in 
figure 31b. The density of states has a large size dependence and for the small-
est particles only a small fraction of the states remains. This has implications 
for the use of these materials as photon absorbers since the acceptor states for 
the electrons excitations are limited. Indications of this could be seen already 
in the Tauc- plots, shown in figure 31c, where there is a continuous trend that 
the slope of the curves are less steep for smaller particles which is consistent 
with fewer acceptor states.  
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6.5 Paper V 
Paper V is a review paper dedicated to Raman spectroscopy with a special 
focus on practical Raman measurements and the difficulties and competing 
phenomena that one can encounter during measurements. Raman spectros-
copy has been a central analysis technique in my PhD studies and I have used 
it in Paper I, II, III, IV and V. The paper starts with an introduction to Raman 
spectroscopy and the physics and principles behind Raman scattering. This is 
nothing new from a scientific point of view, but necessary to give the reader 
a solid base to start from and an understanding of the method and its ad-
vantages and disadvantages. There are several other review papers on Raman 
spectroscopy available, but the practical measurement point of view and ex-
planations of the artefacts that often occur in Raman spectra had so far been 
missing. It all boils down to that Raman scattering is a very weak scattering 

Figure 31. (a) Differential pulse measurement of ZnO-nps of different sizes over a 
large range that includes both the valence and conduction bands. (b) electronic density
of states (DOS) for ZnO-nps of different sizes. (c) Tauc plots for ZnO nps of different
sizes. 
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process and to obtain a Raman signal at all, a highly sensitive detection system 
has to be used. Often this is combined with long acquisition times to improve 
the signal intensity. The result is that any available signal will be increased, 
whether it originates from Raman scattering from the sample or from other 
sources. There are plenty of sources of spurious signals and they are also from 
quite diverse origin, ranging from astronomical phenomena to spectrometer 
components, and from other light generating processes in the material to stray 
light. In the manuscript we call these spurious signals that occur in Raman 
spectra, but whose origin is not Raman scattering, false Raman peaks. It is 
utterly important that the presence false Raman peaks is noticed. If they are 
taken for real Raman signal the result of the measurement and the conclusions 
drawn can be completely different. Preferably they should be noticed at an 
early stage so that the measurement can be redone in conditions that exclude 
the cause of the false signal. It is unfortunately not uncommon that researchers 
spend weeks on trying to explain false peaks in their data as sample properties. 
If the false Raman peaks are not interfering too much with the genuine Raman 
spectrum it can however be enough just to identify and assign the false peaks 
correctly. The sources of false Raman peaks that are discussed in Paper V are 
fluorescence from the sample, cosmic rays that hit the detector, stray light 
from various sources in the vicinity of the measurement setup and faulty spec-
trometer components (laser, grating, Rayleigh rejection filter) that can give 
peak-like artefacts in the spectrum. Each phenomenon has been measured and 
documented using research grade confocal Raman systems, Invia Reflex and 
Invia Qontor (Renishaw). It was an interesting experience to intentionally de-
sign experiments that would clearly show these, essentially unwanted, phe-
nomena. Examples of the false Raman spectra are shown in figure 32. A re-
lated issue, which is also covered by the paper, is real Raman signal that orig-
inates from other sources than the sample. The occurrence of such Raman 
peaks can be equally troublesome when it comes to data analysis and interpre-
tation. These peaks are also more difficult to distinguish from the sample 
peaks since they are indeed Raman peaks. The reason that Raman signal is 
obtained from other sources is mainly from geometrical issues, that they are 
also present at the measurement location. Figure 33a illustrates this with a thin 
film sample and how the confocal measurement has a certain volume that can 
include other species, e.g. glass and solvent. Figure 32b shows the Raman 
signature from three different types of glass. 
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Figure 32. Examples of different causes of false Raman peaks: (a) fluorescence, (b)
filter transmission, (c) fluorescent light with atomic emission lines, (d) cosmic rays. 
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A small impurity in the sample or the solvent media around it might be irrel-
evant for the researcher, and therefore overlooked, but it could completely 
dominate in the signal obtained in the measurement. The sources of uninten-
tional Raman signal that are discussed are glass (slides, cover glass vessels), 
air and gases, different types of common substrate materials, contamination, 
sample purity and solvents and phase transformations in the sample caused by 
laser induced heating. Laser induced heating is especially tricky, since it is the 
measurement itself that induce this effect. As the sample is illuminated by the 
laser light during the measurement part of the light is absorbed and thermal-
ized, causing an increase in sample temperature. Sometimes this burns and 
destroys the sample, but sometimes a more subtle transformation like a phase 
transition or an oxidation takes place. This is exemplified in an experiment 
series where a nanoparticle sample of magnetite was measured. Consecutive 
measurements were taken from the same sample and the same measurements 
spot, using the same spectrometer setup. The only thing that changed between 
the measurements was the power of the incoming laser light and the measure-
ments showed how the increased laser power induced transformation of the 
sample from magnetite into maghemite and finally into hematite. The meas-
urement series is shown in figure 34. 

Figure 33. (a) Illustration of that the sampling volume can include several materials
and components. (b) A collection of glass spectra showing characteristic broad fea-
tures. 
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In the description of each case, both the false Raman and unintentional Raman, 
it is shown what the signal look like and why it appears. It is also described 
how to verify that this specific phenomenon is the cause of the spectral artefact 
and suggestions of suitable actions to exclude or minimize the effect are given.  
It has been a deliberate strategy to include many reference spectra in this work, 
both for the false Raman peaks and the unintentional Raman peaks. It is much 
easier to identify the peaks if there is something to compare with and the as-
signed false Raman peaks are uncommon in published literature, as they nat-
urally are either successfully avoided, unexplained or interpreted as part of the 
sample Raman peaks. Showing examples will hopefully also make the reader 
recognize the unnaturally sharp peak of a cosmic ray or the broad spectral 
features of glass later, when they are encountered. 

The last section of Paper V includes a suggestion for a standard measure-
ment protocol which can be used as a guideline when performing Raman spec-
troscopy measurements. By following the protocol, several of the before men-
tioned problems and spectral artefacts can be avoided. It is also discussed what 
information that should be included about the measurement setup when pub-
lishing data, where the take home message is that the reader should be able to 
assess the quality of the data and, if needed, reproduce the measurements. 

I have felt for a long time that this work should be written and that it would 
be a great help for many Raman users. Experienced Raman spectroscopists 
will certainly find parts of this work useful but they will also have discovered 
many of the phenomena and issues that is described in this work themselves. 
The primary target group is instead researchers that are new to Raman or that 
use Raman as one analysis technique amongst others. It was the intention that 
there should be an easy route to learning about artefacts that occur in Raman 
spectra, somewhere to turn to find the cause and an explanation to the strange 

Figure 34. Phase transformation of iron oxide induced by laser induced heating. Mag-
netite is first transformed to maghemite and finally into hematite. 
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looking data and somewhere to find advice on what should be done to improve 
the situation. This work can in that way save a lot of effort and time. By raising 
the awareness of this problems and preventing that researcher’s spend unnec-
essary time in looking for the origin of the peaks, or draw their conclusion 
from false Raman peaks, this work can make a difference and be beneficial 
for the science community. 
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7 Concluding remarks 

This thesis explored low-dimensional zinc and copper oxides semiconductor 
materials. It includes both applied research where the photocatalytic proper-
ties of the materials has been evaluated for the use in water cleaning applica-
tions as well as more fundamental research where the electronic and vibra-
tional properties of the materials has been studied with experimental and the-
oretical methods. For the studied materials many new insights have been made 
and several of them have direct implications on methods or on the design of 
materials for applications. For ZnO the angular dependence of the Raman sig-
nal was determined in three dimensions by the use of a model system of ZnO 
single crystals and it was shown how this directional dependence could be 
utilized in a method for determining crystal orientations in micro and nano-
materials using non-polarized Raman spectroscopy. The Raman active vibra-
tional modes were determined by DFT calculations to assign the modes of the 
experimentally obtained peaks, out of which several originate from phonon-
phonon coupling. The work in the thesis also explore dimensions small 
enough to exert quantum confinement in ZnO, where particles with diameters 
below 7.4 nm have been synthesised and characterized. Quantum confinement 
effects on the ZnO nanoparticles in the diameter range 2.6−7.4 nm showed 
that the direct optical bandgap decreased from 3.99 to 3.41 eV, with a domi-
nating shift occurring in the conduction band (CB) edge, and thus the ability 
to obtain almost 0.6 eV CB edge shift by controlling the size of ZnO in this 
regime. This was utilized to tune the energy-alignment with copper oxides. 
Reducing the size of the particles too much does have strong implications on 
the available electronic density of states in the material and with that its photon 
absorption capabilities. Three different copper oxides have been studied in the 
thesis Cu2O, Cu4O3 and CuO. The main effort was directed to Cu2O. In a com-
parison of photocatalytic properties, it was shown that Cu2O had a signifi-
cantly higher photocatalytic activity than the other two copper oxides. DFT 
calculations and symmetry arguments was used to show that IR-active and 
silent vibrations become Raman-active in Cu2O materials due to defects in the 
crystal lattice. As defects are often proposed as active sites for catalytical re-
actions this could be useful for catalysis. It was also observed that nano-needle 
structures of CuO can form at temperatures as low as 150° C on surfaces with 
high curvature, where a mechanism of this is proposed. One way to go beyond 
the limitations of a single material is to combine two catalytic materials in a 
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pn-heterojunction. The electric field created by the pn-junction facilitate 
charge separation. Using the quantum confinement effects in ZnO and the 
aforementioned energy aligned pn-hetero junction with Cu2O an efficient bi-
catalyst was created. The system showed strong signs of charge transfer in-
between the materials, with quenching of PL and improved efficiency in pho-
tocatalysis for the combined system. Two catalysts for water purification have 
been presented. A single component Cu2O catalyst which can be synthesized 
with the use of minimal resources and a more advances energy aligned het-
erojunction catalyst where the presence of a pn-junction resulted in improved 
performance. An extensive review on the different artefacts that can occur in 
Raman spectroscopy measurements was presented with the intention to make 
this knowledge more accessible and to help researchers identify and avoid 
such artefacts. 
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8 Outlook 

Performances of photocatalytic nanomaterials for water purification are gen-
erally difficult to compare in-between studies from different groups. This is 
mainly due to the lack of standard procedures, where studies often are made 
with different light sources, different illumination areas, type and concentra-
tion of model pollutants, different pH and temperatures, and in flow systems 
or cell systems. Part of this problem can be overcome by encouraging report-
ing of the formal quantum efficiency (FQE) for better comparability as done 
in Paper II. But part of the problem is due to the fact that both the photocatalyst 
materials and the “pollutants” are inherently ill defined. The nanomaterials are 
challenging to characterize, describe and compare, and there are many differ-
ent kinds of pollutants, chemically they will not behave the same and all of 
them should be removed from the water in the cleaning process. Therefor I 
believe that the breakthrough for photocatalysis will come either in a niche 
application, where the pollutant is known, or by using a catalyst that create 
reactive oxygen species (ROS) that can react in a more general way as a com-
pliment to the active sites of a catalyst surface. 

With this in mind it would be very interesting to look at how our photo-
catalyst perform in degradation of the specific pharmaceuticals that the current 
water treatment technologies fail to remove. They are relatively well defined 
and could be a niche for photocatalysis. As an alternative to photocatalysis, 
the future can also contain more efforts towards photovoltaic (PV) driven elec-
trolysis, a system that also can be off-grid and used in remote areas. In either 
case, the surface orientation and defect properties of both the photocatalysts 
and the electrocatalysts are important. To investigate which ROS species that 
are generated at the catalyst surface is another important direction to go. On 
the fundamental science side, we have started to look into the electron phonon 
coupling which could have an influence of the thermalization losses in the 
materials after photoexcitation. To develop Raman spectroscopy as an analy-
sis technique it would be a logical step to include more concepts from the field 
of XRD, including options to use grazing incident Raman or making auto-
mated polar plots using goniometers. As we have shown here in this thesis, 
Raman scattering has directional dependence which can be used for orienta-
tion analysis. Orientation analysis is also one of the main strengths in XRD 
but to do full polar plots, like in XRD, with Raman, new instrumental setups 



 

 87

with better control of the sample orientation would need to be developed. An-
other concept that could be transferred from XRD is the use of a low incidence 
excitation beam to reduce the measurement depth and to enable measurements 
on thinner films. 
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9 Populärvetenskaplig sammanfattning 

Vatten är källan till allt liv och en förutsättning för vår existens och för vårt 
samhälles utveckling. I stora delar av världen råder dock vattenbrist och även 
i tekniskt utvecklade samhällen så hotas vattenresurserna allt mer av förore-
ningar. För att nå ett hållbart samhälle så behöver vi nya metoder för att rena 
vatten så att mer av det vatten vi använder kan återanvändas. Fotokatalytisk 
vattenrening är en av de metoder som skulle kunna bidra till detta. I denna 
avhandling studeras zink- och kopparoxider som är lovande fotokatalytiska 
material. De är billiga och tillgängliga i riklig mängd och skulle därför kunna 
användas för storskalig vattenrening. Utöver att studera de fotokatalytiska 
egenskaperna, har även materialens elektroniska egenskaper och vibrationer 
studerats. En katalysator är ett ämne som underlättar och ökar hastigheten på 
en kemisk reaktion utan att själv förbrukas. Katalysatorn kan då vara aktiv 
under en mycket lång tid och ett exempel på det är de katalysatorer för av-
gasrening som renar avgaserna från bilars förbränningsmotorer. En fotokata-
lysator är något mer komplex. Förutom att sänka aktiveringsenergin för reakt-
ionen så tillför den även energi i form av elektriska laddningar. Laddningar 
skapas när fotokatalysatorn träffas av ljus och absorberar fotoner och transpor-
teras sedan till ytan där de kan delta i reaktioner. Detta förlopp visas i figur 35.  

Figur 35. De olika stegen i en fotokatalytisk reaktion: ljusabsorption, laddningssepa-
rering, laddningstransport och reaktion vid ytan. 
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De reaktioner som är relevanta inom vattenrening är nedbrytning av giftiga 
eller andra oönskade molekyler som är lösta i vattnet. Fotokatalys är mest 
lämpligt för rening av svårnedbrytbara molekyler som är svåra att ta bort med 
konventionell vattenrening, till exempel läkemedelsrester eller bekämpnings-
medel. Katalysatorer görs ofta som nanomaterial eftersom de då får en mycket 
större reaktionsyta per mängd material. I den första studien (Artikel I) utveck-
lades en metod för att studera kristallriktningar i nanomaterial av zinkoxid. 
Med hjälp av Ramanspektroskopi, där kristaller av zinkoxid belystes med po-
lariserat laserljus sågs att olika riktningar i kristallen resulterade i olika spekt-
rum, vilket kan användas för att analysera katalytiska material för att se i vilka 
riktningar nanokristallerna växer. Här användes även kvantmekaniska beräk-
ningar för att förklara vilka vibrationer i materialet som ger upphov till de 
signal toppar som ses experimentellt. I den andra studien (Artikel II) studera-
des kopparoxiden Cu2O. Materialet skapades genom oxidering av platta kop-
parfolier och folier på vilka nanostrukturer (pelare) av koppar skapats. Materi-
alet analyserades och analyserna visade att det från det förväntade skiktet av 
Cu2O växt ut nålstrukturer av en annan kopparoxid: CuO. Det gjordes även 
kvantmekaniska beräkningar på vilka vibrationer som ska finnas i de kemiska 
vibrationerna i ren Cu2O och dessa överens stämde ej med de uppmätta vib-
rationerna. Detta kunde förklaras med atomer som sitter på fel plats eller sak-
nas. Cu2O fungerade väl för nedbrytning av kemikalier i vatten och använd-
ningen av nanostrukturer ökar effektiviteten. Då detta katalytiska material är 
mycket lätt att skapa, genom uppvärmning av koppar till 150° C, kan tillverk-
ning ske i en vanlig ugn vilket är en stor fördel för användning i utvecklings-
länder eller i områden långt ifrån infrastruktur och avancerad utrustning. I den 
tredje studien (Artikel III) ville vi skapa ett kombinationsmaterial som an-
vände fördelaktiga egenskaper från båda sina komponenter. Zinkoxid (ZnO) 
kombinerades med tre olika kopparoxider: Cu2O, Cu4O3 och CuO. ZnO till-
verkades genom långsam tillväxt i lösning och olika storlekar på partiklar till-
verkades. I riktigt små partiklar så uppträder något som kallas kvantbegräns-
ning. Partiklarna är så små att deras elektroniska och optiska egenskaper änd-
ras. Vi visade att detta kan användas för att styra elektroniska nivåer för att 
matcha nivåerna i ZnO med kopparoxiderna och på så sätt få en elektronöver-
föring mellan materialen. Kombinationen av ZnO och Cu2O visade sig vara 
bäst på att rena vatten i de fotokatalytiska nedbrytningsförsöken och kombi-
nationsmaterialet överträffade den sammanlagda effekten av komponenterna 
med ca 140%. Vi ville senare undersöka de kvantbegränsade partiklarna av 
ZnO ytterligare och gjorde detta i den fjärde studien (Artikel IV) med hjälp av 
elektrokemi. Där kunde vi bekräfta tidigare publicerade observationer om 
vilka energinivåer i materialet som flyttar sig vid kvantbegränsning och var 
positionerna på dessa nivåer är. Den viktigaste upptäckten var dock att kvant-
begränsningen medför en stor minskning av antalet kvanttillstånd i materialet. 
Inte bara per partikel utan per volym av material. Då mängden kvanttillstånd 
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är viktigt vid ljusabsorption betyder detta att de minsta partiklarna kan ha pro-
blem med att ta tillvara ljusenergin vid fotokatalys. Det femte arbetet i av-
handlingen (Artikel V) är en artikel som fokuserar på analystekniken Ra-
manspektroskopi, vilket är en teknik som varit central i mitt doktorandprojekt 
och använts i samtliga av de andra studierna. I Ramanspektroskopi belyses 
provet med laserljus med en fixerad våglängd och man analyserar det ljus som 
sprids tillbaka och som har en annan våglängd, skild från det ljus man skickar 
in. Ramanspridningen av ljus är dock en väldigt svag effekt, endast en foton 
på tio miljoner sprids med Raman spridning. De system som används för Ra-
manspektroskopi måste därför vara mycket känsliga och det är vanligt att 
dessa system tar upp signal från andra källor än provet man vill analysera, 
detta kallar vi för falska Raman-spektra. Artikeln sammanställer och går ige-
nom alla de olika typer av signaler och fenomen som kan förekomma och det 
inkludera så vitt skilda saker som kosmisk strålning, belysningen i rummet, 
ljus från datorskärmar, fluorescens från provet, signaler från felaktiga spektro-
meterkomponenter eller pixeldefekter i detektorn. Utöver detta så är det även 
vanligt att mätningar registrerar äkta Raman-signal från andra ämnen än det 
prov som man vill mäta. Det kan handla om substratet som provet ligger på, 
objektglas, föroreningar i provet, lösningsmedel och till och med luften ovan-
för provet. Ett extremfall som tas upp är när lasern som används för att göra 
mätningen värmer upp provet och omvandlar det till ett nytt ämne. För alla 
sessa fall av falska eller oönskade Raman-spektra beskrivs hur signalen ser ut 
i spektrumet, hur man identifierar varifrån signalen kommer och hur man ska 
göra för att undvika den. Förhoppningsvis ska detta bespara forskare en massa 
tid, då de slipper tillbringa dagar (eller veckor) med att försöka förklara sig-
naler som har ett annat ursprung än deras prov, samt underlätta för dem att 
utföra bättre mätningar. 
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