
 
 

UNIVERSITÀ  DEGLI  STUDI  DI  PADOVA 
 

 
FACOLTÀ DI SCIENZE MM. FF. NN. 

DIPARTIMENTO DI SCIENZE CHIMICHE 

 
SCUOLA DI DOTTORATO IN SCIENZE MOLECOLARI 

INDIRIZZO SCIENZE CHIMICHE 
XXIII CICLO 

 
 
 

 

 
Nanostructured Materials Based on ZnO 

for Catalytic,  Optical and Magnetic 
Applications 

 

 

 

 

DIRETTORE DELLA SCUOLA: CHIAR.MO PROF. MAURIZIO CASARIN 

SUPERVISORE: CHIAR.MO PROF. EUGENIO TONDELLO 

CO-SUPERVISORE: DOTT.ESSA LIDIA ARMELAO 

 

 

 

DOTTORANDA: LAURA BOVO 

 

 
 

 

TRIENNIO 2008-2010 



!



 

 

 

 

Abstract  
 

 

 

ZnO based materials, such as Zn1-xTMxO (TM = Mn, Co, Cu) nanopowders, were 

synthesised by a Sol gel route to investigate their properties in three fields: catalysis, 

optics and magnetism. These materials were characterised by complementary 

techniques such as X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), X-

ray Photoelectron Spectroscopy (XPS) and UV-Vis Spectroscopy. The fine structure and 

electronic properties of these nanomaterials were studied by X-ray Absorption 

Spectroscopy (XAS) and Electron Paramagnetic Resonance (EPR). These techniques 

give site, element and chemical specific measurements which allow a better 

understanding of the interplay and role of each element in the functionality of the 

system.  

The catalytic performance of undoped and Cu-doped ZnO nanosystems were tested 

with respect to the Methanol Steam Reforming (MSR) reaction. Contrary to what is 

generally accepted in literature, the results obtained in this study demonstrate that ZnO 

also plays a prominent role in this catalytic process. The structure–activity relationship 

of ZnO and copper-doped ZnO catalysts described in this work give an insight into the 

effective function of each component which is vital to enable the rational design of 

improved catalysts. 

The luminescence properties of the doped Zn1-xTMxO nanopowders were 

investigated with X-ray Excited Optical Luminescence (XEOL) techniques: these 

experiments provided a better understanding of the relationship between the electronic 

structure of the systems and their properties. Results showed how it is possible to 

manipulate the luminescence of ZnO grown by Sol gel by modifying synthesis 
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conditions – i.e. the annealing temperature and the nature and concentration of the 

transition metal ion.  

Finally, preliminary results were presented on the materials' magnetic properties, 

obtained by SQUID (Superconducting Quantum Interference Devices) magnetometry, 

where the coexistence of different contributions has been detected. Even though further 

characterisation is still needed, this study is a step towards the determination of the 

nature of magnetic interactions in such systems, of which there has been considerable 

debate in the scientific community. 
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Abstract 
 

 

 

Materiali a base di ZnO, in particolare nano-polveri di Zn1-xTMxO (TM = Mn, Co, 

Cu), sono stati sintetizzati via Sol gel per studiarne le proprietà in tre diversi campi 

applicativi quali la catalisi, l’ottica ed il magnetismo. Tali materiali sono stati 

caratterizzati utilizzando diverse tecniche, complementari tra loro, quali X-ray 

Diffraction (XRD), Scanning Electron Microscopy (SEM), X-ray Photoelectron 

Spectroscopy (XPS) e UV-Vis Spectroscopy. X-ray Absorption Spectroscopy (XAS) ed 

Electron Paramagnetic Resonance (EPR) vengono invece impiegate per studiare le 

proprietà elettroniche e di struttura fine delle nano-polveri. Tali caratterizzazioni si sono 

dimostrate fondamentali per la comprensione delle proprietà del sistema ed, in 

particolare, per cercare di identificare le interazioni sussistenti tra struttura, 

composizione, morfologia dei materiali e la loro capacità di espletare una determinata 

funzionalità. 

Nano-polveri di ZnO tal quali e drogate con ioni rame vengono testate come 

catalizzatori nella reazione di Steam Reforming del metanolo. I risultati ottenuti in 

questo studio dimostrano il ruolo attivo dell’ossido di zinco nel processo catalitico, 

contrariamente a quanto solitamente accettato in letteratura. La relazione sussistente tra 

struttura-attività nei catalizzatori a base di ZnO permette di ottenere informazioni circa 

l’effettiva funzione di ogni componente, aspetto di estrema importanza per la 

progettazione razionale di catalizzatori con elevate performance. 

Le proprietà di luminescenza dei sistemi drogati Zn1-xTMxO vengono studiate 

mediante spettroscopia X-ray Excited Optical Luminescence (XEOL); tali esperimenti 

forniscono una migliore comprensione del rapporto che sussiste tra la struttura 

elettronica dei sistemi in esame e le loro proprietà di emissione. I risultati mostrano 

come sia possibile modulare la luminescenza di ZnO prodotto via Sol gel modificando 
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le condizioni di sintesi – i.e. temperatura di trattamento, natura e concentrazione del 

metallo di transizione utilizzato come drogante. 

Infine, risultati preliminari sulle proprietà magnetiche dei materiali ottenuti mediante 

SQUID magnetometer (Superconducting Quantum Interference Devices) hanno rivelato 

la coesistenza di diversi contributi magnetici. Nonostante ulteriori caratterizzazioni 

siano sicuramente necessarie, questo studio si è rivelato un passo avanti verso una 

comprensione della natura delle interazioni magnetiche in tali sistemi, da tempo causa 

di vivace dibattito nella comunità scientifica. 
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Chapter 1 

Introduction 
 

 

 

1.1 Objective of the Thesis 

 

Among inorganic materials, metal oxides such as ZnO play a fundamental role in 

developing new devices as they present a considerable variety of structures, 

stoichiometries and chemical and physical properties that can be tailored to exploit a 

variety of suitable synthesis techniques. A wide range of possible optical, catalytic, 

magnetic and electrical properties1 can be designed into innovative functional systems 

thanks to the ability to manipulate their nano-scale structure2. 

Zinc oxide, an important II-IV semiconductor with direct band gap (3.2 eV3-5) and 

large exciton binding energy (60 meV3-5), has become one of the most attractive 

materials in research due to its wide application in fields ranging from optoelectronics6, 

(photo)- catalysis7-10 and optics11,12 to biology13,14 together with its uncommon 

properties of good stability, bio-compatibility and non-toxicity. Due to its wide 

spectrum of outstanding properties, ZnO is one of the most important and versatile 

functional materials; moreover its properties can be easily tailored by adding 

appropriate dopants3-5. 

Great progress has been made in synthesis methods and device applications of ZnO 

nanostructures3-5,15, however there are still unanswered questions concerning 

fundamental properties of this material, in particular those related to defects, visible 

emissions and magnetic properties. In spite of many decades of investigation even some 

of the basic properties of ZnO still remain unclear. There are three fields in which 

scientific debate is particularly lively: catalysis, optics and magnetism.  
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Concerning the field of catalysis, the lack of agreement arises from the fact that 

similar catalysts prepared through different routes can present distinct catalytic 

properties9-10,16-21. Nowadays hydrogen production via catalytic steam reforming of 

alcohols is one of the most promising and suitable technologies. Copper-based ZnO 

catalysts are those most commonly used for the Methanol Steam Reforming reaction 

(MSR) due to their high activity and selectivity9-10,16-21. The MSR reaction mechanism 

with Cu-based ZnO catalysts has been discussed at length in the literature. Several 

mechanisms have been proposed, but there is little agreement about which is the most 

accurate9-10,16-21. One of the biggest controversies concerning these types of systems is 

the proper ascription of the role of the individual components of the catalyst and the 

mechanism that underlies the function of these materials. A detailed knowledge of the 

relationships between catalytic activity and surface and bulk structure is required to 

prepare new and improved catalysts utilising a knowledge-based (rational) catalyst 

design process. Unfortunately, for the majority of heterogeneous catalysts the required 

structure–activity relationships are not sufficiently well known. 

Turning ones attention to the optical properties, despite the fact that ZnO is very 

promising for many applications, there is no general agreement over which of the 

intrinsic and extrinsic point defects are responsible for the radiative properties of this 

material3-5,22-24. A required consensus is currently lacking of the origin of the well-

known green band in the ZnO luminescence spectra occurring as a broad peak around 

500–530 nm, observed in nearly all samples regardless of growth conditions3-5,22-24. 

Many different hypotheses have been proposed to explain the visible emission of 

ZnO3,5,22-24: typically this assignment is based on the agreement between theoretical 

calculations and emission band positions, but in general this is not sufficient to 

conclusively make such a claim, especially since different calculations differ in their 

predictions25-27.  

Finally, the II-VI Diluted Magnetic Semiconductors (DMS) have attracted 

considerable attention because the spin-dependent magnetic phenomena can be 

manipulated in these low-dimensional tailored magnetic nanosystems for various spin-

based devices to achieve unprecedented capabilities28. Recent theoretical calculations29-

31 have predicted that transition metal ion (TM) doped ZnO is one of the most promising 

candidates for room-temperature ferromagnetism. These theoretical predictions started 

an experimental race which soon revealed that some TM-doped ZnO systems exhibited 

room temperature ferromagnetism although the exact origin and mechanism of the 
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ferromagnetic (FM) ordering is still disputed3,4. Moreover, other magnetic behaviours 

have been detected in these systems, such as paramagnetism or antiferromagnetic 

coupling. In short, the origin of magnetic properties in diluted magnetic 

semiconductors, such as TM-doped ZnO, is not yet clear. Part of this controversy could 

stem from the lack of detailed micro-structural characterisation, i.e., whether the 

resulting material is indeed an alloy of transition metal elements within the host material 

or whether it remains as the matrix material with clusters, precipitates or second phases 

that are responsible for the observed magnetic properties.  

For the reasons discussed so far, this PhD thesis mainly covers the development and 

optimisation of Sol gel synthesis to obtain Zn1-xTMxO (TM = Mn, Co, Cu) 

nanostructures, in particular nanopowders, for catalytic, optical and magnetic 

applications. An extended characterisation with complementary techniques was then 

undertaken to study the composition, structure and morphology of these systems as well 

as to determine their local geometry and electronic properties. Finally, other properties 

of TM-doped ZnO were investigated in order to understand the structure-property 

relationships in these systems. The optical luminescence and magnetic behaviour of 

Zn1-xTMxO (TM = Mn, Co, Cu) were examined and the catalytic performance of 

undoped ZnO together with Zn1-xCuxO systems was tested with respect to the Methanol 

Steam Reforming reaction.  

 

 

1.2 Arrangement of the Thesis 

 

As mentioned in the previous section, there are three main objectives in this thesis. 

First, to synthesise II-VI semiconducting nanostructures, specifically, ZnO 

nanoparticles doped with transition metal ions (TM) such as manganese (Mn), cobalt 

(Co) and copper (Cu).  

The second is to characterise the composition, size, crystal structure, and 

morphology of these nanostructures with complementary conventional techniques such 

as X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), X-ray 

Photoelectron Spectroscopy (XPS) and UV-Vis spectroscopy. Also, to study the fine 

structure – i.e. the local geometry – and the electronic structure using X-ray Absorption 

Spectroscopy (XAS) and Electron Paramagnetic Resonance (EPR).  
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The third is to examine different properties of Zn1-xTMxO (TM = Mn, Co, Cu) 

systems: in particular their optical and magnetic properties have been studied. 

Furthermore, the reactivity towards the Methanol Steam Reforming reaction (MRS) of 

undoped and Cu-doped ZnO has been investigated. 

The information collected by carrying out these objectives will hopefully provide an 

insight into how to manipulate and modify the physical, chemical, catalytic, optical and 

magnetic properties of Zn1-xTMxO (TM = Mn, Co, Cu) nanostructures for future device 

applications. 

The layout of this thesis is as follows. Chapter 1 provides a brief description of the 

reasons that led to the realisation of this project. Chapter 2 will describe the synthesis 

and standard characterisation of Zn1-xTMxO (TM = Mn, Co, Cu) nanopowders. Chapter 

3 will examine the XAS and EPR results of the samples. Chapter 4 will discuss the 

catalytic activity towards MSR of the undoped and Cu-doped ZnO. Chapter 5 and 6 will 

describe, respectively, the optical and the magnetic properties of Zn1-xTMxO (TM = Mn, 

Co, Cu). Finally, Chapter 7 will summarise the general conclusions of the thesis and 

future works which may be undertaken. 

 

 

 

 

------------------------------------------------- 
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Chapter 2 

Zn1-xTMxO (TM = Mn, Co, Cu): 

Sol gel Synthesis and Characterisation 
 

 

 

A considerable part of the PhD project was dedicated to the optimisation of the 

synthetic conditions to obtain nanopowders with controlled compositions, structure and 

morphology.  

The approach used is Sol gel synthesis, a wet-chemical technique which allows the 

fabrication of materials, typically metal oxides, starting from a chemical solution (or 

sol) that acts as the precursor for an integrated network (or gel) of either discrete 

particles or an extended chained network. 

The obtained nanostructured ZnO based powders are then characterised with 

different techniques to determine the evolution of the system whilst manipulating the 

synthetic conditions. Doping with transition metal ions, such as manganese, cobalt and 

copper, also offers an effective method to adjust the electrical, magnetic, and optical 

properties of zinc oxide. 

It is very important to first, accurately establish the characteristics of zinc oxide 

based materials, to better understand their catalytic, optical or magnetic properties. To 

define relationships between structure-composition and properties is, in fact, the 

ultimate goal of this project.  
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2.1 Introduction 

 

Control over the size and morphology of nanometer- or micrometer-scale ZnO 

crystals represents a great challenge in realising the design of novel functional devices. 

This is because the magnetic and electronic properties of ZnO crystals, which determine 

their practical applications, can be easily modified by varying their size and 

morphology.  

Different methods such as vapor-liquid-solid growth, thermal evaporation, thermal 

decomposition, electrochemical deposition, and solution-phase processes have been 

introduced to prepare ZnO nano- or microstructured materials with various 

morphologies. Among these methods, the solution procedure may be the most simple 

and effective way to prepare large-scale and well-crystallised materials at a relatively 

low temperature. 

 

2.1.1 Sol gel Method 

 

The Sol gel process1-4, developed in the 70s, is a synthetic technique that has aroused 

great interest. This is particularly important because it allows the production of ceramic 

or glassy materials with a low processing temperature, i.e. compared with conventional 

methods such as melting1,5.  

The most common materials synthesised by Sol gel are single or multi component 

oxides. It is also possible to tailor the dimensionality of the final materials on going 

from bulk to nanostructured systems, forming nanopowders (3D), nanorods (1D) or thin 

films (2D). In more recent years, procedures to obtain other ceramic materials such as 

nitrides, hybrid materials (organic / inorganic) and materials based on fluorides have 

been optimised6. 

The starting point, in a typical Sol gel process, is the preparation of a precursor 

solution, generally alkoxides. Due to hydrolysis and condensation reactions, the solution 

turns first in a sol, i.e. a colloidal suspension of particles in a liquid; subsequently, it 

forms a gel consisting of a solid skeleton containing a liquid phase. The gel obtained is 

subjected to a mild heat treatment slightly above room temperature during which, by 

liquid loss, it is transformed into a xerogel. The last stage of the process is an annealing 

at higher temperature (a few hundred degrees) to consolidate and form the final product.!
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The Sol gel process can be separated in to three main phases: i) preparation of the 

precursor solution, ii) gel formation, iii) densification and formation of the final 

material. 

Regarding the precursor solution, the choice of each component is a crucial step: 

usually it is formed by one or more molecular precursors, a solvent (usually an alcohol), 

water, a catalyst (an acid or base) and any additives that can stabilise the precursors 

towards the hydrolysis such as, for example, chelating agents7. Even the order in which 

reagents are added and their relative ratios can have a remarkable influence. All these 

parameters need to be optimised carefully for each different system. 

Hydrolysis and polycondensation are the reactions which take place in the precursor 

solution and which form the gel (the so called Sol gel transition). A scheme of those 

reactions is reported below1: 

a) Hydrolysis: 

 

b) Condensation: 

 

The reactions (a) and (b) are competitive: they are triggered by the composition of 

precursor solution and they are difficult to study individually. They lead to the 

formation of a gel structure that is an oxo-bridge based polymer, containing some of the 

solvent and water in the network. The microstructure and morphology of the final 

material will depend on the relative speed of the two processes as the polymeric chains 

will grow with different degrees of branching. In addition, for a multi-component based 

synthesis, changing process conditions can promote the homo-condensation reactions 

(M-O-M) over hetero-condensation (M-O-M') with predictable consequences on the 

composition and homogeneity of the final product. This stage is a key step in the 

synthetic approach because it has the ability to target the system towards the desired 

characteristics, if well controlled. 

The final step in a Sol gel process is a more severe heat treatment that, depending on 

the conditions used, could tailor various properties of the final material such as 

composition, compactness and whether the structure is amorphous, polycrystalline or a 

nanocomposite. During the gradual increase of the temperature, from ambient levels to 

that of densification, several processes occur such as desorption of water and alcohol, 

!

!
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volumetric shrinkage, a decrease of surface area and porosity and possible oxidation or 

reduction of organic compounds. 

A Sol gel material before the final consolidating treatment is typically amorphous. 

Its transformation into a crystalline, glassy or nanostructured system depends not only 

on the nature of the initial system, but also on the conditions chosen for the annealing 

process (i.e. temperature, heating and cooling rates and reaction atmosphere). 

 

2.1.1.1 ZnO Synthesised by Sol gel  

 

Solution-borne ZnO nanoparticles and their aggregates represent an increasingly 

popular class of nanomaterials currently explored worldwide in basic structural and 

applied physical-chemical studies8-11. Among the preparation techniques available for 

these systems, the Sol gel route is very attractive for the reasons discussed previously. 

In a Sol gel synthesis of zinc oxide the reactions must be performed at a high pH to 

ensure insoluble Zn(OH)2 species do not form (figure 1). 
 

!
Figure 1: Zn hydroxide species as a function of solution pH. 

 

Zinc alkoxides are very reactive with water, even in the absence of catalysts, due to 

the presence of highly electronegative OR groups that stabilize the Zn in its 2+ 

oxidation state12. This in turn makes the zinc very susceptible to nucleophilic attack 

through the SN2 reaction.  

In order to better control and slow down the rate of reaction, anionic “protective” 

ligands, less susceptible to hydrolysis, are added to the solution. They are usually bi- or 

poly-dentate chelating ligands, which have a higher binding affinity (to the Zn ions) 

than the alkoxide or acetate groups, decreasing the chance of a nucleophilic attack. 

For the synthesis of single oxide nanoparticles with a unimodal size distribution, 

which is the aim of this work, precipitation during gelation is not allowed since different 

phases decompose at different temperatures, resulting in different particle shapes and 

sizes. The optimal conditions for the gelation process (pH, complexing agents…) and 

the thermal treatment of the precursor are therefore determined in order to produce 
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nanosized ZnO particles with a well-controlled particle size and a unimodal size 

distribution. 

Finally, another advantage of an aqueous method, such as Sol gel, is the fact that 

dopants can easily be introduced: this synthesis, in fact, ensures excellent stoichiometric 

homogeneity throughout the final material. 

 

2.1.2 X-ray Diffraction, XRD  

 

X-ray Diffraction (XRD) is based on the coherent elastic scattering that an X-ray 

photon undergoes due to its interaction with the electrons of the material and the 

resulting interference patterns between scattered rays.  

The simplest and the most common description of X-ray diffraction is undoubtedly 

the one given by Bragg’s model13. The phenomenon is described as the selective 

reflection of monochromatic radiation due to the presence of crystallographic atomic 

planes, as shown in figure 2.  

!
Figure 2: Bragg’s law diagram. 

The condition for constructive interference of an X-ray photon scattered from 

parallel atomic planes is described by Bragg’s equation: 
 

where ! is the wavelength of the incident beam, dhkl is the spacing between atomic 

planes that generate the reflection (hkl are Miller’s indices for the single reflection), " is 

the incident angle between the X-ray beam and the lattice plane and n represents the 

diffraction order.  

During diffraction measurements the sample being analysed (thin film, powder or 

crystal) is irradiated with a collimated monochromatic X-ray beam; the diffracted rays 

from the sample are then collected with an appropriate detector. The diffraction signal 
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can be taken at different incident angles or collected angles, depending on the geometry 

adopted between source-sample-detector. 

The XRD pattern contains all the structural information of a crystalline sample, 

which can be deduced from the angular position and the intensity of peaks. In particular, 

the angular position is used to determine the inter-planar distances (d) and the 

crystallographic cell parameter, so to indentify the crystalline phase. The intensity, on 

the other hand, contains information about the degree of crystallinity of the material. 

In general, the width of a peak is inversely proportional to the average size of 

crystallites ! along the direction normal to the plane hkl which gives rise to that 

specific reflection14. This can be expressed by Scherrer’s equation: 

! 

"hkl =
K#

$cos%
 

where "hkl is the full width at half maximum (FWHM) of the peak and K is a constant 

which depends on the shape of the crystallite and whose value ranges from 0.7 to 1.4, 

but it can be set at 1 within a good approximation. 

 

2.1.2.1 Experimental 

 

X-ray diffraction (XRD) spectra are collected with a Bruker D8 Advance 

diffractometer with Bragg–Brentano geometry operating at 40 kV and 40 mA with Cu 

K! radiation (" = 0.154 nm).  

Intensity data was collected every 0.03° with a count time of 10 s per step in the (2#) 

range of 20° to 80°.  

The various crystalline phases are identified by the search-match method using the 

JCPDS (Joint Committee on Powder Diffraction Standards) database. The phase 

composition and crystallite size of the powders are determined with great accuracy by 

Rietveld’s powder structure refinement analysis of XRD data, using the MAUD 

(Material Analysis Using Diffraction) software15. The required crystallographic data are 

taken from ICSD16 (Inorganic Crystal Structure Database). 
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2.1.3 Scanning Electron Microscopy, SEM 

 

Scanning Electron Microscopy, SEM, provides information on the texture and 

surface morphology of materials. The resolution of this technique is of the order of 

nanometers and, if coupled with an analytical probe, allows analysis of the material's 

local composition17-19. 

When an electron beam interacts with a material different types of signal are 

generated (which can be roughly grouped as elastic and inelastic scattering events 

between the beam and the sample); the image of the sample is reconstructed by the 

electronics of the detectors that collect the out-coming signals.  

The signals most commonly used to generate images are secondary electrons (SE) 

and backscattered electrons (BSE). Secondary electrons are generated from inelastic 

scattering between the primary electrons (of the in-coming beam) and electrons (from 

the core or the outer shells) of atoms in the sample. Such electrons have relatively low 

energies (< 50 eV). On the contrary, all electrons with energies above 50 eV are 

classified as backscattered, that is, generated as a result of elastic scattering. Increasing 

the atomic number Z of the atoms in the sample, the contribution of backscattered 

electrons is strongly favoured over the inelastically scattered ones. 

A system of electromagnetic lenses focuses the incoming electrons on the sample so 

that the beam spot has variable size from a few nm to tens of nm. The area of analysis is 

then raster scanned and the out-coming signals are recorded as a function of the beam 

position to generate the image. 

Secondary electrons are usually used in morphological investigation, because their 

emission yield is highly sensitive to the orientation of the surface with the primary beam 

as well as the presence of electric fields and/or magnetic fields at local level. Moreover, 

as they have low energy (between 0 and 50 eV), it is possible to reveal only those 

generated in the outer layers of the material. 

The success of the SEM technique is mainly due to the fact that images are easily 

interpretable thanks to their three-dimensionality; furthermore the procedure to prepare 

samples, especially inorganic materials, is very simple. 
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2.1.3.1 Experimental 

 

Field Emission-Scanning Electron Microscopy (FE-SEM) measurements are 

performed at primary beam acceleration voltages between 10 and 20 kV by a Zeiss 

SUPRA 40 VP instrument.  

The microscope is equipped with a high performance Schottky field emitted source 

(ZrO/W), an electron accelerator (beam booster), which maintains the high energy level 

of the beam along the column minimizing the effects of broadening of the beam, and 

finally, a secondary electron detector (in-lens) with very high sensitivity. 

 
2.1.4 X-ray Photoelectron Spectroscopy, XPS 

 

X-ray Photoelectron Spectroscopy, XPS (also known as ESCA, Electron 

Spectroscopy for Chemical Analysis) exploits the photoelectric effect to obtain 

information on the composition and on the chemical “nature” of material surfaces20. 

When electromagnetic radiation hits a sample, the photons interact with the atoms in 

the material. If those photons have enough energy, they can provoke the emission of 

one or more electrons. The equation which describes this phenomenon is: 

! 

KE = h" # BE  
where KE is the kinetic energy of the photo-emitted electron, h# is the energy of the 

incident photon and BE is the binding energy of the photo-emitted electron20. During an 

XPS experiment the kinetic energy of the photo-emitted electron is measured, h# is 

known and so the binding energy can be calculated, providing an estimate of the bound 

energy of that particular electron. In this way, the kinetic energy of an electron emitted 

from a core shell will provide information regarding the type of atom from which the 

electron was emitted and its chemical environment. 

X-ray Photoelectron Spectroscopy is a surface sensitive analysis technique because 

only electrons from the outer layers of a solid material can escape without significant 

loss of energy. The electrons that come from layers below the surface (> 50 Å) lose 

most of their energy due to inelastic collision and are therefore either not able to escape 

the surface or their kinetic energy is so low once they do that they will only contribute 

to the background of the spectrum20. 
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In an XPS analysis, the sample is placed in an ultra high vacuum chamber, i.e. a 

typical pressure of less than 10-8 Pa. The sample is then irradiated with a 

monochromatic low-energy beam that induces photoemission from the electron shells of 

the material's constituent atoms. These electrons have an energy that is characteristic not 

only of each single atom but also of the specific atomic orbital from which they 

originated. 

The photo-emitted electrons are then detected as a function of their energy. 

Counting the number of electrons measured for each value of kinetic energy (KE < hv), 

a spectrum characterised by the presence of characteristic peaks for each emitting atoms 

can be generated. The area of these peaks is proportional to the amount (expressed as 

atomic percentage) of each element while the position of each peak (expressed in 

binding energy, BE) provides information on the chemical environment of the related 

atoms20. 

 

2.1.4.1 Experimental 

 

X-ray photoelectron spectra are recorded using a Perkin-Elmer PHI 5600 ci 

spectrometer with standard AlK! radiation (1486.6 eV), operating at 300 W.  

The working pressure is less than 7#10-8 Pa. The spectrometer is calibrated by 

assuming the binding energy (BE) of the Au 4f7/2 line to be 84.0 eV with respect to the 

Fermi level.  

Extended spectra (survey) are collected in the range 0 - 1350 eV (187.85 eV pass 

energy, 0.5 eV step, 0.025 s#step-1). Detailed spectra (multiplex) are recorded for 

specific peaks of interest relative to each element detected in the extended scan (11.75 

eV pass energy, 0.1 eV step, 0.1 s#step-1).  

The reported binding energies (BEs, standard deviation ± 0.2 eV) are corrected for 

charging effects, assigning the adventitious C1s line at BE of 284.8 eV20. The atomic 

percentage, after a Shirley type background subtraction21, is evaluated by using the PHI 

sensitivity factors22. 
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2.2 Zn1-xTMxO (TM = Mn, Co, Cu): Sol gel Synthesis  
 

As described above, Sol gel synthesis is a method with numerous parameters, which, 

if properly manipulated, can help to obtain materials with targeted characteristics in 

terms of composition, structure and morphology. On the other hand, the large number of 

variables makes the process difficult to control precisely; consequently the optimisation 

of the synthesis conditions is a process that requires high precision and is not easy to 

implement.   

The choice of the molecular precursors, the catalyst and the solvent has to be carried 

out wisely, taking into consideration many different aspects. First of all, it is important 

to control the reactivity of the system. Furthermore, it is important to achieve a very 

"clean" process, i.e. to avoid contamination by any species that would not be eliminated 

during the calcination process10.  

For these reasons, zinc acetate di-hydrate (Zn(OOCCH3)2!2H2O, Fluka 99%) is used 

as molecular precursor in the presence of a basic catalyst such as NH4OH solution.   

NH3 as the pH regulator is preferred because it can be completely removed upon 

calcination, not leaving any impurities behind. Furthermore, according to Narendar and 

Messing23, ammonia itself has a structural influence on the gel as well: ammonium 

carboxylate bonds also exhibit a cross linking or a bridging character, thereby raising 

the viscosity of the solution and preventing long-range ordering.  

The acetate salt of Zn2+ is chosen because the organic counter-ion will also be 

completely removed upon calcination. For the same reason, all the metal precursors for 

the various dopants are acetate salts: specifically manganese(II) acetate tetra-hydrate 

(Mn(OOCCH3)2!4H2O, Aldrich 99.99%), cobalt(II) acetate tetra-hydrate 

(Co(OOCCH3)2!4H2O, Sigma-Aldrich 99.99%) and copper(II) acetate mono-hydrate 

(Cu(OOCCH3)2!H2O, Aldrich 99.99%). 

In order to prevent early precipitation during the Sol gel synthesis, the optimal 

gelation conditions have to be determined. Citric acid (C6H8O7), from many that were 

tested, turned out to be an excellent complexing agent in preventing such precipitation.  

The pH of the precursor solution is kept at 11 to assure a complete deprotonation of 

citric acid (pKa3 = 6.4), necessary for a maximum coordination of Zn2+. Furthermore, 

this prevent the precipitation of the insoluble Zn(OH)2 species. 
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The monophasic character of the amorphous gel seems to be a necessary requirement 

for simultaneous particle formation upon calcination, which has the consequence of 

forming the desired unimodal particle size distribution.  

Different samples were prepared using different parameters (i.e. varying the pH, ratio 

between reagents…) to determine the best set of conditions to control the growth of the 

ZnO nanoparticles. The final optimised set of synthetic conditions will be presented in 

the next section.  

 

2.2.1 Experimental 

 

The undoped ZnO nanosystem is prepared from aqueous solutions of the precursor 

compound (Zn : H2O = 1 : 500). The Sol gel reactions occurred under basic conditions 

by adding concentrate ammonia solution (28%) to the precursor solution to reach pH " 

11. To better control and stabilise the system during the aging process, citric acid (CA) 

is added (Zn : CA = 1 : 1). The solution is stirred at room temperature for 7 h before 

evaporation of solvent in an oven at 90°C to get uniform gel formation. To obtain white 

powder the gel is successively annealed for 3 h in air between 400 and 800°C.  

In the case of transition metal ion doped systems, Zn1-xTMxO (with TM = Mn, Co 

and Cu), the same synthetic conditions are adopted: the composition of precursor 

solutions is kept as M : H2O = 1 : 500 (where M = Zn + TM, representing the sum of the 

zinc and the transition metal ion concentrations), the pH is adjusted around 11 and the 

stabiliser is added to maintain M : CA = 1 : 1. For each dopant, different concentrations 

are used, the concentration of the metal ion was varied from 1% atomic up to 10% 

atomic (which correspond to x = 0.01, 0.03 and 0.10 in Zn1-xTMxO). 

Each sample from each TM-doped ZnO series is treated at different temperatures to 

study the influence of this parameter on the final product in terms of microstructure, 

composition and morphology. 

Different transition metal ions, such as manganese, cobalt and copper, are 

introduced in ZnO to determine the influence of the nature of the dopant in modifying 

the physical-chemical properties of the final system. Changing their concentration, will 

also allow study of the evolution of the composition of the materials, in particular the 

formation of possible secondary phases that can alter the properties of doped ZnO 

nanoparticles. 
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2.3 Zn1-xTMxO (TM = Mn, Co, Cu): Characterisation 
 

In this section conventional characterisation of ZnO based nanoparticles will be 

presented. In particular, the structure, composition and morphology of the materials will 

be discussed on the basis of the results obtained through complementary techniques 

such as XRD, SEM and XPS.  

It is important to define the characteristics of the systems under investigation, as a 

function of the different synthetic conditions, in order to fully understand the influence 

of these factors on the catalytic, optical and magnetic properties. 

 

2.3.1 Undoped ZnO  

 

Results regarding undoped ZnO will be discussed in terms of processing 

temperature: as will be presented, different annealing treatments are able to modify the 

crystallinity of the systems, as well as the average particle size, the presence of defects 

and in particular the hydroxyl residues (which derives from an incomplete reticulation 

of metal centres during the Sol gel synthesis).   

 

2.3.1.1 X-ray Diffraction, XRD  

!

!
Figure 3: XRD spectra of undoped ZnO treated at different temperature. 
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The structural evolution of undoped 

ZnO is investigated by XRD analysis as 

shown in figure 3. ZnO_400, which is 

annealed at the lowest temperature, shows 

the presence of a single crystalline phase. 

More severe treatment conditions, up to 

800°C, did not induce further modifications 

to the powder microstructure, and the 

wurtzite crystalline phase is retained.  

!
Figure 4: Wurtzite crystal structure,  
coordination polyhedra are shown. 

Accordingly, the diffraction pattern of the ZnO_800 (figure 5) showed several 

reflections whose position and relative intensity identified the hexagonal wurtzite 

structure (JCPDS 00-036-1451). This structure, AX, can be described as an hcp array of 

atoms in which one half of the available tetrahedral interstices are filled by atoms A and 

vice versa (figure 4). 

!
Figure 5: XRD spectrum of ZnO_800 (JCPDS n°00-036-1451).  

The inset shows the increase of the signals due to increased temperature.  

A higher annealing temperature results in better crystallinity of the system as seen in 

the intensity of diffraction lines. This effect can be easily seen in figure 3 as well as in 

the inset of figure 5. Raising the processing temperature results in an increase of the 

overall crystallinity of the materials, due to the removal of vacancies and lattice defects, 

which, in turn, results in higher intensity diffraction peaks. 

The widths of the diffraction peaks, which are related to the average dimensions of 

ZnO crystallites, decrease at increasing temperatures (inset of figure 5). Stronger 
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annealing conditions lead to larger oxide particles: nanocrystalline ZnO with an average 

size of a few tens of nanometers (20 nm) are obtained at 400°C while at 800°C the 

average size increase up to " 100 nm; the main particles size of sample ZnO_600, 

treated at an intermediate temperature, is of about 50 nm.  

 

2.3.1.2 Scanning Electron Microscopy, SEM 

 

To obtain direct evidence of the size, shape and distribution of nanoparticles, 

samples are examined by SEM. In particular, ZnO nanoparticles synthesised by Sol gel 

with different annealing treatment are analysed to determine the effects that temperature 

has on the growth of particles. 

As shown in figure 6, sample ZnO_400, synthesised at low temperature has a 

"sponge" like structure. Nanoparticles, spherical in shape, with an average size less than 

30 nm aggregate into highly porous three-dimensional structures.  

!
Figure 6: SEM images of ZnO_400: two different magnification if the same 

area, to highlight primary and secondary structure of nanopowders.  

Upon increasing the calcination temperature up to 600°C, as shown in figure 7 for 

sample ZnO_600, there is a rise in the average particle size up to about 50 nm, while the 

“sponge”-like structure is maintained. In both cases, nanoparticles appear to share 

certain faces producing a nanoscale, 3-dimensional, porous network.  

The sample treated at a higher temperature, ZnO_800, shows the same kind of 

arrangement of spherical shaped nanoparticles: the average size increases up to roughly 

100 nm. SEM images of this sample are not shown. 

200 nm 200 nm 
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!
Figure 7: SEM images of ZnO_600: two different magnification if the same 

area, to highlight primary and secondary structure of nanopowders.  

These considerations are in full agreement with the results obtained in XRD: the 

assumption of spherical nanoparticles is confirmed as well as the variation of the 

average particle size with respect to the annealing temperature. It has been proven that it 

is possible to effectively manipulate the morphology and the dimensionality of the 

semiconductor by varying the synthesis conditions. 

 

2.3.1.3 X-ray Photoelectron Spectroscopy, XPS 

 

The surface composition of undoped ZnO powders are thoroughly investigated by 

XPS analysis as a function of the thermal treatment. The XP extended spectra (survey) 

do not reveal the presence of any unexpected species (i.e. other than Zn, O, C); figure 8 

shows, as an example, the survey spectrum of ZnO_400. The binding energies of the XP 

peaks measured for the different samples are summarised in table 1. 

!
Figure 8: XP extended spectrum (survey) of ZnO_400.  
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Table 1. XPS peak positions (Binding Energy, eV) 
obtained for all the undoped ZnO powders. 

Samples Zn2p3/2 O1s (ret) O1s (OH) 
ZnO_400 1021.4 530.3 531.7 
ZnO_600 1021.2 530.2 531.8 
ZnO_800 1021.1 530.1 531.6 

 
The BEs measured for the Zn2p3/2 core 

level of the ZnO samples are characteristic 

of Zn(II) of the same environment 

regardless of the temperature of the thermal 

treatment20,22,24 (table1). In fact the Zn2p 

photoelectron peak (BEZn2p3/2 = 1022.1 eV, 

$SO = 23 eV) is typical of the presence of 

Zn(II) ions in an oxide environment20,22,24. 

As an example, the Zn2p XP signal relative 

to ZnO_400 is reported in figure 9. !
Figure 9: Zn2p XP signal of ZnO_400. 

The O1s photoelectron peak showed a broad profile for all three different ZnO 

samples treated at different temperatures. Figure 10 shows the corresponding spectra of 

samples ZnO_400 (a) and ZnO_800 (b), respectively; ZnO_600 peak is not shown.  

!
Figure 10: O1s XP signal of a) ZnO_400 and b) ZnO_800.  

The fitting of these signals is also reported. 

This broadening is mainly due to the presence of two components at BE values of 

530.1 eV and 531.9 eV attributed to the lattice oxygen in a Zn-O-Zn network and to the 

Zn-OH groups20,22,24, respectively. The latter derives from the synthetic process and 
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confirms that a complete polymerization of the precursors into the final oxide was not 

fully achieved. On increasing the annealing temperature, the amount of hydroxyl groups 

on the surface sample decreased, resulting in a sharper O1s band shape but the presence 

of –OH groups was still detected (figure 10, table 2). 

The atomic compositions obtained from XPS analyses are summarised in table 2. 

Regarding the oxygen composition, the two different components are taken into account 

and the relative intensity obtained by the fitting procedure is also reported.  
Table 2. XPS compositions for all the undoped ZnO powders. 

Samples Oxygen OTOT/ Zn 
 O1s (ret) O1s (OH)  

ZnO_400 62% 38% 1.2 

ZnO_600 72% 28% 1.4 

ZnO_800 87% 13% 1.4 
 

Taking into account the presence of two different oxygen components, the ratio 

between O/Zn on the surface of the material is slightly higher than expected for a ZnO 

with an ideal stoichiometry of 1:1, as can be seen in table 2.  

 As mentioned before, on increasing the processing temperature the contribution of 

hydroxyl groups on the surface decreases, due to a better reticulation of the metal 

centres. Accordingly, changing the synthetic condition it is possible to modulate the 

surface composition of the semiconductor, which will have consequences on some of 

the properties reported in the following chapters.  

 

2.3.2 Zn1-xMnxO  

 

In this section results on the manganese doped ZnO will be presented. Data will be 

discussed in terms of the powder’s composition (i.e. dopant concentration which varies 

in a range of 0.01 $ x $ 0.10 in Zn1-xMnxO) and the processing temperature.  

 

2.3.2.1 X-ray Diffraction, XRD  

 

Some of the XRD spectra for the different Zn1-xMnxO powders are shown in figure 

11. In particular, diffractograms of the Zn0.99Mn0.01O (figure 11a) and Zn0.90Mn0.10O 

(figure 11b) series treated at different temperatures are reported.  
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Figure 11: XRD spectra of Zn1-xMnxO treated at different temperature a) x = 0.01 reflexes relative to 
ZnO wurtzite phase are shown (JCPDS 00-036-1451) b) x = 0.10 reflexes relative to the ZnO wurtzite 
phase (JCPDS 00-036-1451) and to the ZnMnO3 marked with a star (JCPDS 00-019-1461) are shown. 

Mn-doped ZnO samples show different structural phases depending on the 

concentration of the dopant. When the manganese is present in low content (x = 0.01 

figure 11a) only the ZnO wurtzite structure (JCPDS 00-036-1451) is detected for all the 

samples independent of the annealing temperature. The same trend is observed for 

samples with higher amount of dopant, Zn0.97Mn0.03O, whose spectra are not reported 

here. In both cases it is likely that in the specimens with low dopant content, the 

manganese ions are dispersed in the ZnO matrix occupying substitutional Zn sites, as 

will be confirm by further investigations described in the following chapters.  

A second phase of ZnMnO3 (JCPDS 00-

019-1461), with oxidation of Mn2+ to Mn4+, 

starts to be detected in samples 

Zn0.90Mn0.10O (figure 11b) increasing the 

processing temperature. A diagram of the 

ZnMnO3 phase, which is isostructural with 

Ilminite of general formula ABX3, is shown 

in figure 12. Both metal ions are in 

octahedral coordination sites in alternating 

layers of atoms, A and B, aligned parallel to 

the (001) plane. 
!

Figure 12: ZnMnO3 crystal structure. 
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Furthermore, comparing the widths of the different diffraction peaks, the presence of 

manganese, as a dopant, does not seem to influence the particles’ average size with 

respect to the undoped ZnO. The annealing temperature seems to be, accordingly, an 

independent parameter to control the growth of the nanoparticles from about 20 nm in 

size, for powders treated at 400°C, up to 100 nm when samples are processed at 800°C. 

 

2.3.2.2 X-ray Photoelectron Spectroscopy, XPS 

 

The surface chemical compositions of Zn1-xMnxO are analysed by XP spectroscopy 

as a function of structural evolution (i.e. annealing temperature and dopant 

concentration). 

The XP extended spectra (survey) do not reveal the presence of unexpected species 

(i.e. other than Zn, Mn, O, C); figure 13 shows, as an example, the survey spectrum of 

Zn0.90Mn0.10O_400. 

!
Figure 13: XP extended spectrum (survey) of Zn0.90Mn0.10O_400. 

In general, on doping with manganese, the Zn2p and O1s signals do not undergo 

significant changes. This is true in particular for the two series with low concentrations 

of the transition metal ion, Zn0.99Mn0.01O and Zn0.97Mn0.03O. The binding energies of the 

XP peaks measured for all samples are summarised in table 3. Spectra will be reported 

only for the series Zn0.99Mn0.01O, as an example. 
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Table 3. XPS peak positions (Binding Energy, eV) 
obtained for Zn0.99Mn0.01O and Zn0.97Mn0.03O powders. 

Samples Zn2p3/2 Mn2p3/2 O1s (ret) O1s (OH) 
Zn0.99Mn0.01O     

Zn0.99Mn0.01O_400 1021.3 641.1 530.0 531.6 
Zn0.99Mn0.01O_600 1021.4 641.1 530.2 531.8 
Zn0.99Mn0.01O_800 1021.2 641.3 530.1 531.9 

Zn0.97Mn0.03O     
Zn0.97Mn0.03O_400 1021.1 641.3 530.1 531.8 
Zn0.97Mn0.03O_600 1021.3 641.3 530.0 531.9 
Zn0.97Mn0.03O_800 1021.3 641.1 530.1 531.9 

 
The analysis of the Zn2p photoelectron peaks (BEZn2p3/2 = 1022.1 eV, $SO = 23 eV) 

revealed the presence of Zn(II) ions in an oxide environment20,22,24 in all samples. 

(figure 14a, table 3). This is analogous to the signal Zn2p detected for the undoped ZnO 

powders. 

Regarding the Mn2p photoelectron peak (figure 14b, table 3), it shows the presence 

of Mn(II) ions in an oxide environment20,22,24 (BEMn2p3/2 = 641.3 eV, $SO = 12 eV) 

independent of the annealing temperature. 

!
Figure 14: XP spectra of Zn0.99Mn0.01O treated at different temperature a) Zn2p signal b) Mn2p. 

The fitting procedure, not shown here, of the O1s XP peak of both series of 

compounds shows the presence of two contributions, as in the case of the undoped ZnO; 

also, a similar trend in function of the annealing temperature is maintained (table 4). 

The atomic compositions obtained from XPS analyses are summarised in table 4.  
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Table 4. XPS compositions for all the Zn0.99Mn0.01O and Zn0.97Mn0.03O powders. 

Samples Oxygen Mn/Zn OTOT/(Zn+Mn) 

 O1s (ret) O1s (OH)   
Zn0.99Mn0.01O     

Zn0.99Mn0.01O_400 62% 38% 0.03 1.6 

Zn0.99Mn0.01O_600 74% 26% 0.04 1.8 

Zn0.99Mn0.01O_800 88% 12% 0.04 1.8 

Zn0.97Mn0.03O     

Zn0.97Mn0.03O_400 63% 37% 0.7 1.5 

Zn0.97Mn0.03O_600 78% 22% 0.7 1.7 

Zn0.97Mn0.03O_800 89% 11% 0.8 1.6 
 

Taking into account the presence of two different oxygen components, the ratio 

between O/(Mn+Zn) on the surface of the material is higher than expected (ideal 

stoichiometry 1:1 for doped ZnO), as can be seen in table 4. The introduction of the 

dopant, on the other hand, does not significantly affect the O/(Mn+Zn) atomic ratio 

even though there is a small increase when compared with the corresponding values in 

the undoped system (table 2).  

The XP Mn/Zn atomic ratios obtained for the two series, Zn0.99Mn0.01O and 

Zn0.97Mn0.03O, are always higher than the corresponding nominal values (calculated 

from the weight quantities), suggesting manganese segregation on the surface.  

Samples containing a higher concentration of manganese, Zn0.90Mn0.10O, showed 

structural changes corresponding with the change in synthesis conditions. Related XP 

spectra of Zn2p and Mn2p photoelectron peaks are reported in figures 15a and 15b, 

respectively. The same behaviour is observed for the O1s signal but the corresponding 

spectra are not reported here. Powders treated at 400°C and 600°C present the same 

features detected in the other two series: the binding energies of the XP peaks measured 

for those samples are summarised in table 5. 
Table 5. XPS peak positions (Binding Energy, eV)  

obtained for Zn0.90Mn0.10O powders. 

Samples Zn2p3/2 Mn2p3/2 O1s (ret) O1s (OH) 
Zn0.99Mn0.01O_400 1021.0 641.1 529.9 531.8 
Zn0.99Mn0.01O_600 1021.2 641.0 529.8 531.9 
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!
Figure 15: XP spectra of Zn0.90Mn0.10O treated at different temperature a) Zn2p signal b) Mn2p. 

Conversely, Zn0.90Mn0.10O treated at 800°C showed completely different signals not 

only for Mn2p and Zn2p (figure 15) but also for the O1s photoelectron peak. As shown 

in figure 16, all three signals are fitted with two or more components due to the 

presence of different chemical environments.  

The Mn2p signal (figure 16a) showed the presence of both Mn(II) (BEMn2p3/2 = 641.3 

eV, $SO = 12 eV) and Mn(IV) (BEMn2p3/2 = 643.8 eV, $SO = 11.6 eV) in different oxide 

environment20,22,24. The latter is compatible with the existence of a ZnMnO3 phase as 

detected with the XRD. 

The Zn2p photoelectron peak (figure 16b) showed the presence of two different 

Zn(II) species (BEZn2p3/2 = 1022.2 eV, $SO = 23 eV and BEZn2p3/2 = 1025.0 eV, $SO = 

23.1 eV), both in an oxide environment, which is compatible with the coexistence of 

two phases of ZnO and ZnMnO3. 

 Finally, the O1s peak showed a broad profile, mainly due to the presence of four 

different components (figure 16c) which it is possible to attribute to the lattice oxygens 

and hydroxyl groups in the two different networks of zinc oxide and ZnMnO3. The 

binding energies of the XP peaks obtained by the fitting procedures and the relative 

intensity of each component are summarised in table 6. 
Table 6. XPS peak positions (Binding Energy, eV) 

obtained for Zn0.90Mn0.10O_800 sample. 

 Zn2p Mn2p O1s 
 I II I II I II III IV 

position 1021.4 1024.9 641.3 644.8 529.5 531.0 533.0 534.8 
% 46.1 53.9 45 55 22.5 25 34.5 18 
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!
Figure 16: XP spectra of Zn0.90Mn0.10O_800 a) Zn2p signal b) Mn2p and c) O1s signal.  

Fitting components are also reported for all the three signals. 

Table 7. XPS compositions for all the Zn0.90Mn0.10O powders. 

Samples Mn/Zn OTOT/(Zn+Mn) 

Zn0.99Mn0.01O   

Zn0.99Mn0.01O_400 17 1.8 

Zn0.99Mn0.01O_600 19 1.8 

Zn0.99Mn0.01O_800 35 2.8 
 

The atomic compositions of Zn0.90Mn0.10O series obtained from XPS analyses are 

summarised in table 7. Taking into account the presence of different oxygen 

components, the ratio between O/(Mn+Zn) in Zn0.99Mn0.01O_400 and 

Zn0.99Mn0.01O_600 is higher than expected for a doped ZnO with an ideal stoichiometry 

of 1:1. Zn0.99Mn0.01O_800 shows an even higher ratio due to the presence of the second 

phase of ZnMnO3. Comparing these results with those of the undoped system (table 2) 

introduction of a dopant does not significantly affect the O/(Mn+Zn) atomic ratio even 

though there is a small increase in the values. 
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The XP Mn/Zn atomic ratios obtained for the three samples Zn0.90Mn0.10O, treated at 

a range of temperatures, are always higher than the corresponding nominal values 

(calculated from the weight quantities), suggesting manganese segregation on the 

surface. Finally, powder Zn0.90Mn0.10O treated at 800°C shows a higher ratio for both 

Mn/Zn and O/(Zn+Mn) due to the presence of two different phases of ZnO and 

ZnMnO3. 

These results, obtained by X-ray Photoelectron Spectroscopy, are in good agreement 

with those inferred from X-ray Diffraction. The surface composition of 

Zn0.90Mn0.10O_800 revealed different contributions that could trace back to the presence 

of two distinct phases consistent with ZnO and ZnMnO3. Samples with lower 

concentration of manganese show a substantial retention of the dominant structure being 

wurtzite, like ZnO, where the dopant should occupy substitutional sites.  

Varying the annealing temperature, as in the case of undoped ZnO, provides the 

ability to manipulate the ratio between lattice oxygen and hydroxyl on the surface of the 

nanoparticles. This effect seems to remain unaffected by the presence of manganese as a 

dopant, as long as the formation of a second phase is avoided. In fact, the contribution 

of –OH groups is altered only by changing the annealing conditions: an increase in 

temperature decreases the hydroxyl residue on the surface. 

 

2.3.3 Zn1-xCoxO  

 

In this section results on the cobalt doped ZnO will be presented. As in the previous 

section, data will be discussed in terms of the powder’s composition (i.e. the dopant 

concentration which varies in a range of 0.01 $ x $ 0.10) and the processing 

temperature. 

 

2.3.3.1 X-ray Diffraction, XRD  

 

To understand the structural evolution of the cobalt doped system, a selection of 

XRD spectra for Zn1-xCoxO powders are shown in figure 17. Diffractograms of the 

Zn0.99Co0.01O (figure 17a) and Zn0.90Co0.10O (figure 17b) series treated at different 

temperatures are reported. 
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Figure 17: XRD spectra of Zn1-xCoxO treated at different temperature a) x = 0.01 reflexes relative to ZnO 

wurtzite phase are shown (JCPDS 00-036-1451) b) x = 0.10 reflexes relative to the ZnO wurtzite phase 

(JCPDS 00-036-1451) and to the Co3O4 marked with a star (JCPDS 01-080-1532) are shown. 

In perfect analogy with what has been observed in manganese-doped samples, only 

the ZnO wurtzite phase (JCPDS 00-036-1451) is detected when cobalt is present in low 

concentration (x = 0.01 figure 17a). The same trend is observed for samples with a 

higher dopant concentration, Zn0.97Co0.03O, whose spectra are not reported here. As for 

the manganese doped sample, further investigations described in the following chapters 

will confirm that, in samples with low dopant concentration, the cobalt ions are 

dispersed in the ZnO matrix occupying substitutional Zn sites. 

On the other hand, it is possible to 

observe the segregation of a secondary 

phase of Co3O4 (JCPDS 01-080-1532), with 

partial oxidation of the Co2+ to Co3+, 

increasing the dopant concentration as 

detected in the Zn0.90Co0.10O system (figure 

17b). A scheme of the crystal structure of 

Co3O4 is shown in figure 18. The mixed-

valency spinel has Co2+ (Td, tetrahedral 

sites) and Co3+ (Oh, octahedral sites) ions 

simultaneously present in the lattice; both 

sub-lattices are highlighted in figure 18.  
!

Figure 18: Co3O4 crystal structure.  
Td and Oh sites are highlighted. 
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Finally, by comparing the widths of the different diffraction peaks, the presence of 

cobalt, as in the case of manganese, does not seem to influence the particles’ average 

size when compared with the undoped ZnO. This confirms that the annealing 

temperature is an independent parameter that can control the growth and the average 

dimensions of the nanoparticles from about 20 nm, for powders treated at 400°C, up to 

100 nm when samples are processed at 800°C. 

 

2.3.3.2 X-ray Photoelectron Spectroscopy, XPS 

 

The surface chemical composition of Zn1-xCoxO powders, are thoroughly 

investigated by XPS analysis as a function of the thermal treatment and dopant 

concentration. 

The XP extended spectra (survey) do not reveal the presence of any unexpected 

species  (i.e. other than Zn, Co, O, C); figure 19 shows, as an example, the survey 

spectrum of Zn0.90Co0.10O_400. 

!
Figure 19: XP extended spectrum (survey) of Zn0.90Co0.10O_400. 

The binding energies of the XP peaks measured for the different samples are 

summarised in table 9. Upon doping with cobalt, in good analogy with manganese, 

signals of Zn2p and O1s do not undergo significant changes in their band shapes and 

positions.  

The O1s photoelectron peak showed a broad profile for all three different series of 

samples. As an example, figure 20 shows the relative spectra of Zn0.97Co0.03O_400 (a) 

and Zn0.97Co0.03O_800 (b). 
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Table 9. XPS peak positions (Binding Energy, eV) obtained for Zn1-xCoxO system. 

Samples Zn2p3/2 Co2p3/2 O1s (ret) O1s (OH) 
Zn0.99Co0.01O     

Zn0.99Co0.01O_400 1021.2 780.7 530.0 531.8 
Zn0.99Co0.01O_600 1021.3 780.6 530.2 531.8 
Zn0.99Co0.01O_800 1021.3 780.7 530.1 531.9 

Zn0.97Co0.03O     
Zn0.97Co0.03O_400 1021.2 780.6 530.2 531.8 
Zn0.97Co0.03O_600 1021.3 780.6 530.0 532.0 
Zn0.97Co0.03O_800 1021.4 780.7 530.1 531.8 

Zn0.90Co0.10O     
Zn0.90Co0.10O_400 1021.4 780.7 530.1 531.8 
Zn0.90Co0.10O_600 1021.4 780.8 530.0 531.9 
Zn0.90Co0.10O_800 1021.4 780.7 530.1 531.9 

 

!
Figure 20: O1s XP signal of a) Zn0.97Co0.03O_400 and b) Zn0.97Co0.03O_800.  

The fitting of these signals is also reported. 

This broadening is mainly due to the presence of two components at BE values of 

530.1 and 531.9 eV attributed to the lattice oxygen in a M-O-M network and to the M-

OH groups20,22,24, respectively. It is worth noting that it is not possible to distinguish 

between the contribution of the two different metals, zinc and cobalt: as also reported in 

literature20,22,24,25, typical binding energies for oxygen attributed to zinc or cobalt oxides 

are very similar. On increasing the annealing temperature, the amount of hydroxyl 

groups on the sample surface decreased, resulting in a sharper O1s band shape but the 

presence of –OH groups could still be detected (figure 20, table 10). 
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As an example, the Zn2p spectra of Zn1-xCoxO samples treated at 600°C are reported 

in figure 21a. No variation in the shape or position of the two signals is observed 

indicating that the local environment has been retained. The binding energies of the XP 

peaks measured for the different samples are summarised in table 9. 

!
Figure 21: XP spectra of Zn1-xCoxO treated at 600°C in  
function of cobalt concentration a) Zn2p signal b) Mn2p. 

Regarding the cobalt, an example of the evolution of Co2p photoelectron signal in 

function of the dopant concentration is reported, for samples treated at 600°C, in figure 

21b. All XP spectra showed the presence of Co(II) in an oxide environment20,22,24 

(BECo2p3/2 = 780.6 eV, table 9). Increasing the dopant concentration, the Co2p spin-orbit 

components and the corresponding shake-up satellites undergo sensible changes: the 

doublet separation decreases from 15.6 eV (series Zn0.99Co0.01O and Zn0.97Co0.03O) to 

15.1 eV (series Zn0.90Co0.10O) and the position of the shake-up satellite is shifted to a 

higher binding energy.  

Those variations are consistent with the presence of, in all Zn0.90Co0.10O powders, 

the mixed oxide, Co3O4
25. In fact an important indicator of the mixed-valence oxide is 

the shape of the Co2p spectra.!The cobalt in the two oxide forms, the first containing 

only Co(II) and the other being spinel-like in nature, are characterised by different 

intensities of the shake-up satellites25,26. Co2p spectra of Zn0.90Co0.10O samples (figure 

21b shows the sample treated at 600°C) exhibit a very low intensity satellite peaks that 

are typical25,27 of the Co3O4.  
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Finally the atomic compositions of all Zn1-xCoxO compounds obtained from XPS 

analyses are summarised in table 10. 
Table 10. XPS compositions for all the Zn1-xCoxO powders. 

Samples Oxygen Co/Zn OTOT/(Zn+Co) 

 O1s (ret) O1s (OH)   
Zn0.99Co0.01O     

Zn0.99Co0.01O_400 64% 36% 0.02 1.1 

Zn0.99Co0.01O_600 77% 23% 0.03 1.2 

Zn0.99Co0.01O_800 82% 18% 0.02 1.2 

Zn0.97Co0.03O     

Zn0.97Co0.03O_400 68% 32% 0.06 1.2 

Zn0.97Co0.03O_600 78% 22% 0.06 1.2 

Zn0.97Co0.03O_800 86% 14% 0.07 1.1 

Zn0.90Co0.10O     

Zn0.90Co0.10O_400 66% 34% 0.14 1.2 

Zn0.90Co0.10O_600 79% 21% 0.13 1.2 

Zn0.90Co0.10O_800 87% 13% 0.14 1.2 
 

The XP Co/Zn atomic ratios obtained for the all the series are always higher than the 

corresponding nominal values (calculated from the weight quantities), suggesting cobalt 

segregation on the surface. The introduction of the transition metal ions, does not 

significantly affect the O/(Co+Zn) atomic ratio if compared with the corresponding 

undoped system (table 2). 

These results, obtained by XPS, are again in good agreement with those inferred 

from XRD. The surface composition of Zn0.90Co0.10O treated at different temperatures, 

is compatible with the presence of two distinct phases consistent with ZnO and Co3O4. 

Samples with a lower concentration of cobalt instead show a substantial retention of the 

dominant structure of wurtzite-like ZnO with the dopant occupying substitutional sites.  

The annealing temperature, as in the two previous cases, is capable of controlling 

the ratio of lattice oxygen to hydroxyl on the surface of the nanoparticles. This effect 

seems to not be affected by the presence of the dopant, in good analogy with the 

manganese doped samples.  

 

 

 

 



Zn1-xTMxO (TM = Mn, Co, Cu): Sol gel Synthesis and Characterisation 
    
36!

2.3.4 Zn1-xCuxO  

 

In this final section, results on the copper doped ZnO will be presented. Data will be 

discussed in terms of the powder’s composition (i.e. the dopant concentration which 

ranges from 0.01 $ x $ 0.10) and the processing temperature. 

Taking into account that those samples will be tested as catalyst in Methanol Steam 

Reforming reaction (data will be presented in chapter 4), a wider range of dopant 

concentrations is explored. In fact is important to understand what is the evolution of 

the system upon increasing copper concentration, in order to choose the best candidates 

to be tested as the catalyst. 

 

2.3.4.1 X-ray Diffraction, XRD  

 

A selection of XRD spectra for different Zn1-xCuxO powders is shown in figure 22. 

Specifically diffractograms of the Zn0.99Cu0.01O (figure 22a) and Zn0.90Cu0.10O (figure 

22b) series treated at different temperatures are reported. 

!
Figure 22: XRD spectra of Zn1-xCuxO treated at different temperature a) x = 0.01 reflexes relative to ZnO 

wurtzite phase are shown (JCPDS 00-036-1451) b) x = 0.10 reflexes relative to the ZnO wurtzite phase 
(JCPDS 00-036-1451) and to the CuO marked with a star (JCPDS 00-048-1648) are shown. 

Doping with a small amount of copper, Zn0.99Cu0.01O (figure 22a), does not cause 

significant changes in the XRD patterns. The hexagonal ZnO wurtzite structure is the 

only phase detected independent of the heat treatment temperature.  

On the contrary, in samples doped with higher copper concentrations, starting from 

Zn0.98Cu0.02O (spectra are not shown here) up to Zn0.90Cu0.10O (figure 22b) 

In
te

ns
ity

 (a
.u

.)

3836343230
2!

(1
00

)

(0
02

)

(1
01

)
(0

02
)

(2
00

)
 Zn0.90Cu0.10O_400
 Zn0.90Cu0.10O_600
 Zn0.90Cu0.10O_800

b) 

* * 

In
te

ns
ity

 (a
.u

.)

3836343230
2!

(1
00

)

(0
02

)

(1
01

) Zn0.99Cu0.01O_400
 Zn0.99Cu0.01O_600
 Zn0.99Cu0.01O_800

a) 



Zn1-xTMxO (TM = Mn, Co, Cu): Sol gel Synthesis and Characterisation 
        
37!

diffractograms also show small reflections characteristics of the monoclinic CuO phase 

(JCPDS 00-048-1648).  

For two samples, Zn0.90Cu0.10O_400 and Zn0.90Cu0.10O_800 the weight fractions of 

the two phases are calculated by means of the Rietveld method as 92.0%wt (ZnO), 

8.0%wt (CuO) and 91.8%wt (ZnO), 8.2%wt (CuO) respectively. 

A diagram of the crystal structure of 

copper oxide is shown in figure 23. The 

copper atoms are coordinated by four 

oxygen atoms, in an approximately square 

planar configuration, forming an almost 

rectangular parallelogram; the oxygen 

coordination polyhedron has four Cu atoms 

at the corners of a distorted tetrahedron. !
Figure 23: CuO crystal structure. 

Finally, comparing the widths of the different diffraction peaks, the presence of 

copper, as in the case of the other two transition metal ions manganese and cobalt, does 

not seem to influence the particles’ average size when compared with the undoped ZnO. 

 

2.3.4.2 X-ray Photoelectron Spectroscopy, XPS 

 

The surface chemical composition of Zn1-xCuxO is analysed by XP spectroscopy as a 

function of structural evolution (i.e. the annealing temperature and dopant 

concentration. 

!
Figure 24: Extended spectrum (survey) of Zn0.90Co0.10O_400. 
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The XP extended spectra (survey) do not reveal the presence of any unexpected 

species (i.e. other than Zn, Cu, O, C); figure 24 shows, as an example, the survey 

spectrum of Zn0.90Cu0.10O_400.  

Results from the two bound series, Zn0.99Cu0.01O and Zn0.90Cu0.10O, will be 

presented here. In fact, analogous to what is described in the XRD section, samples with 

a dopant concentration higher than 1% atomic (x > 0.01) show the same behaviour 

regardless of the copper content. The binding energies of the XP peaks measured for 

these two series of samples are summarised in table 11. 
Table 11. XPS peak positions (Binding Energy, eV) obtained for Zn1-xCuxO system. 

Samples Zn2p3/2 Cu2p3/2 O1s (retI) O1s (retII) O1s (OH) 
Zn0.99Cu0.01O      

Zn0.99Cu0.01O_400 1022.1 933.1 530.4  531.9 
Zn0.99Cu0.01O_600 1021.2 932.9 530.3  531.8 
Zn0.99Cu0.01O_800 1022.1 932.9 530.4 529.6 532.0 

Zn0.90Cu0.10O      
Zn0.90Cu0.10O_400 1021.4 932.9 530.1  531.8 
Zn0.90Cu0.10O_600 1021.4 932.9 530.0  531.9 
Zn0.90Cu0.10O_800 1021.4 933.0 530.1 529.7 531.9 

 

Generally the introduction of copper does not cause significant changes in the 

Zn2p3/2 BE, except for in sample Zn0.99Cu0.01O_400 (table 11, spectra are not shown 

here). In this sample the peak position shifts from 1021.4 eV to 1022.1 eV. This shift 

could be tentatively related to the more significant interaction with copper ions. A 

charge transfer between the zinc and copper ions could be responsible for these changes 

in binding energy. 

The fitting procedure of the O1s XP peak of both series of samples treated at 400°C 

shows the presence of two contributions (figure 25a shows relative spectrum of 

Zn0.99Cu0.01O_400). The main peak at lower BE agrees with the expected value for 

lattice oxygen of ZnO in an oxide network. The contribution at higher BE can be 

attributed to surface hydroxyl groups. It is noteworthy that in both Cu-doped samples 

treated at 800°C a slight broadening of the O1s peak towards lower BE is indicative of 

the presence of another oxygen species (figure 25b shows relative spectrum of 

Zn0.99Cu0.01O_800). This contribution, centred at 529.6-529.7 eV (peak III figure 25b, 

table 11), is consistent with the lattice oxygen in CuO28. 
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!
Figure 25: O1s XP signal of a) Zn0.99Cu0.01O_400 and b) Zn0.99Cu0.01O_800.  

The fitting of these signals is also reported. 

The Cu2p photoelectron signal showed the presence of Cu(II) in an oxide 

environment20,22,24 (BECu2p = 932.5 eV, $SO = 19.2 eV) independent of the dopant 

concentration and heating temperature. Spectra reported in figure 26 show the evolution 

of the copper signal with respect to the dopant concentration: on increasing the amount 

of copper, it is possible to detect, together with the Cu2p spin-orbit components, the 

corresponding shake-up satellite peaks.  

!
Figure 26: Cu2p XP signal of Zn1-xCuxO treated at different temperature.  

Shake up satellites are marked with a star. 

Different types of Cu(II) are usually identified by analysis of the band shape profile 

of the Cu2p region. The Cu2p signals for Cu(II) oxide are characterised by the presence 

of intense shake-up satellites located at BE values 9 eV, higher than the main spin-orbit 
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split components29,30,31,32. Conversely, in the case of other derivatives shake-up satellites 

are almost undetectable29,30,31,32. 

The atomic compositions of Zn1-xCuxO compounds obtained from XPS analyses are 

summarised in table 12. 
Table 12. XPS compositions for all the Zn1-xCuxO powders. 

Samples Oxygen Cu/Zn OTOT/(Zn+Cu) 

 O1s (retI) O1s (retII) O1s (OH)   
Zn0.99Cu0.01O      

Zn0.99Cu0.01O_400 67%  33% 0.03 1.3 

Zn0.99Cu0.01O_600 77%  23% 0.03 1.4 

Zn0.99Cu0.01O_800 59.8% 21% 19.2% 0.04 1.4 

Zn0.90Cu0.10O      

Zn0.90Cu0.10O_400 68%  32% 0.12 1.4 

Zn0.90Cu0.10O_600 79%  21% 0.12 1.4 

Zn0.90Cu0.10O_800 60% 21% 20% 0.13 1.4 
 

The XP Cu/Zn atomic ratios obtained for all series are higher than the corresponding 

nominal values (calculated from the weight quantities), suggesting copper segregation 

on the surface. The introduction of the transition metal ions, does not significantly affect 

the O/(Cu+Zn) atomic ratio if compared with the corresponding undoped system (table 

2). 

The results obtained by X-ray Photoelectron Spectroscopy are in good agreement 

with those inferred from X-ray Diffraction. The surface composition of Zn1-xCuxO 

systems with x > 0.01 revealed the presence of two distinct phases consistent with ZnO 

and CuO. Samples with a lower concentration of copper, instead, show substantial 

retention of the dominant wurtzite-like ZnO structure with the dopant occupying 

substitutional sites.  

The annealing temperature, as in the all other cases, is capable of controlling the 

ratio between lattice oxygen and hydroxyl on the surface of the nanoparticles. This 

effect seems to remain unaffected by the presence of the dopant, in good analogy with 

the former transition metal doped samples.  
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2.4. Summary and Conclusion 
 

Control of the size and morphology of nanometer- or micrometer-scale ZnO crystals 

represents a great challenge in realising the design of novel functional devices. This is 

because the magnetic and electronic properties of ZnO crystals, which determine 

practical applications, can be easily manipulated by varying their size and morphology. 

Sol gel synthesis is a method in which the parameters involved are numerous and, if 

properly controlled, can actually help to obtain materials with desirable characteristics 

in terms of composition, structure and morphology. Doping with transition metal ions, 

such as manganese, cobalt and copper, also offers an effective method to adjust the 

electrical, magnetic, and optical properties of zinc oxide. 

In this chapter, the optimised synthetic condition to obtain Zn1-xTMxO (TM = Mn, 

Co, Cu) nanopowders with controlled composition, structure and morphology was 

reported. The obtained nanostructured ZnO based powders were then characterised with 

different techniques to determine the evolution of the system upon varying the synthesis 

conditions.  

The annealing conditions are also a key parameter in controlling the composition, 

microstructure and the dimensions of the final nanoparticles. From XRD data it is 

possible to measure the average diameter of Zn1-xTMxO powders: nanocrystallites with 

an average size of a few tens of nanometers (20 nm) are obtained at 400°C while at 

800°C the average size increases up to " 100 nm; the main particle size of samples 

annealed at 600°C, an intermediate temperature, is of about 50 nm. These results are in 

good agreement with SEM images taken for undoped ZnO.  

Furthermore, by varying the annealing temperature it is also possible to manipulate 

the ratio between lattice oxygen and hydroxyl groups on the nanoparticles. This effect 

can be traced back to the evolution of the O1s photoelectron spectra detected by XP 

spectroscopy and it seems to remain unaffected by the presence of the transition metal 

ion dopants used. 

The properties of the Zn1-xTMxO system change depending on the nature and the 

concentration of the dopant. The solubility in the ZnO-wurtzite structure of both cobalt 

and manganese seems to be higher than that of copper. In fact in the XRD data it is 

possible to correlate the formation of secondary phases with an increase in dopant 

concentration, which is confirmed by XPS measurements. Cobalt and manganese doped 
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systems show the presence of Co3O4 and ZnMnO3 respectively in powders containing 

high concentrations of transition metal ions (x = 0.10). In the case of copper, however, a 

secondary phase of CuO is formed at lower dopant concentration (x > 0.01). 

Wet chemical synthesis, such as Sol gel, is expected to provide good control over 

chemical homogeneity and morphology at an atomic level. This seems to be confirmed 

by the conventional characterisation described in this chapter: in Zn1-xTMxO 

nanopowders with low dopant content the transition metal ions seem to be dispersed in 

the ZnO matrix occupying substitutional Zn sites. Nevertheless, investigations of the 

local environment of these nanoparticles, such as X-ray Absorption Spectroscopy that 

will be presented in the next chapter, will provide a better understanding and 

interpretation of the local structure of the Zn1-xTMxO materials. 
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Chapter 3 

Local Geometry and the Electronic Structure: 

X-ray Absorption Spectroscopy (XAS)  

Electron Paramagnetic Resonance (EPR) 
 

 

 

PART 1. X-ray Absorption Spectroscopy (XAS) 

 
3.1. Introduction 

 
In the extensive field of X-ray diagnostic techniques, nowadays mostly implemented 

on synchrotron X-ray sources, X-ray absorption methods offer a relatively simple tool 

for structural analysis of materials1-6. 

The main advantages of X-ray Absorption Spectrometry (XAS) methods are the 

insensitivity to the long-range order and the sensitivity to the chemical species. XAS 

probes the immediate neighbourhood of the atomic species chosen by the energy of its 

absorption edge: the depth of probing may be somewhat greater in ordered materials but 

useful results are also obtained from amorphous samples. The strong sensitivity to first 

neighbours makes XAS the tool of choice for coordination chemistry and the chemistry 

of catalysts and other nanostructures. 

 

3.1.1 Technique 

 

X-ray Absorption Spectroscopy (XAS) concerns the study of electronic transitions 

from inner shells to unoccupied states. Electronic and structural information on selected 

absorbing sites can be obtained in complex systems by tuning the X-ray energy of the 
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beam incident on the sample. In this way the atomic species under investigation can be 

selected and its environment explored. The absorption coefficient shows a somewhat 

pronounced oscillatory structure as a function of the photon energy above the rising 

edge. This structure reflects the presence of neighbours around the absorbing atom. 

Because of the finite lifetime of the photoelectron in the final state the shape of the 

absorbing spectra depends mainly on the geometrical structure of a finite cluster of 

atoms around the photo-absorber. The size of this cluster changes with the systems 

under study, ranging from a single shell to several shells.  

Below there is a brief description of how this technique can be used in the 

characterisation of semiconductor nanomaterials. More details can be found in the 

literature1-6.

 
Figure 1: Schematic for XAS.  

Figure 1 shows the absorption of an X-ray 

photon when there is sufficient energy to excite 

the core electron into the bottom of the 

conduction band (CB) via dipole transition. As 

the photon energy continues to increase when it 

is tuned across the edge core electron excitation 

threshold, the core electron will continue to 

probe the unoccupied densities of states (DOSs) 

in the CB and above.  

These transitions are sensitive to the chemical environment of the absorbing atom 

band structures in solids, resulting in a change in the atomic absorption coefficient. 

Thus, the XANES region probes primarily the DOS of the CB in semiconductors 

accessible by !l = ±1 selection rules (l: angular momentum, e.g., s!p; p!s,d; …). The 

absorption (µt, where µ is the linear absorption coefficient and t is the thickness) is 

proportional to the square of the matrix element which couples the initial state wave 

function "i (core electron, e.g., 1s orbital for the K shell) to the final state wave function 

"f (e.g., CB state with !l = ±1 character) via dipole transition. Thus within the single 

particle approximation, XANES probes the unoccupied DOS above the Fermi level 

such that (Fermi’s golden rule) 

 
Thus, in principle, the XANES results can be compared with DOS obtained from 

band structure calculations.  
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X-ray Absorption Spectroscopy (XAS) generates a spectrum in which it is possible 

to identify three main regions, as shown in figure 2.  

!
Figure 2: Schematic of a generic XAS spectrum. 

The dominant feature is called the "rising edge", and is sometimes referred to as 

XANES (X-ray Absorption Near-Edge Structure) or NEXAFS (Near-Edge X-ray 

Absorption Fine Structure). The pre-edge region is at energies lower than the rising 

edge. The EXAFS  (Extended X-ray Absorption Fine Structure) region encompasses 

energies above the rising edge, and corresponds to the scattering of the ejected 

photoelectron off neighbouring atoms. The combination of XANES and EXAFS is 

referred to as XAFS. 

X-ray absorption spectra are usually produced over the range of 200 – 35,000 eV. 

The dominant physical process is one where the absorbed photon ejects a core 

photoelectron from the absorbing atom, leaving behind a core hole. The atom with the 

core hole is now excited. The ejected photoelectron’s energy will be equal to that of the 

absorbed photon minus the binding energy of the initial core state. The ejected 

photoelectron interacts with electrons in the surrounding non-excited atoms. If the 

ejected photoelectron is taken to have a wave-like nature and the surrounding atoms are 

described as point scatterers, it is possible to imagine the backscattered electron waves 

interfering with the forward-propagating waves. The resulting interference pattern 

shows up in the measured absorption coefficient, causing the oscillation seen in the 

EXAFS spectra. The wavelength of the photoelectron is dependent on the energy and 

phase shift between the initial and scattered waves. The wavelength also changes as a 
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function of the energy of the incoming photon. The phase and amplitude of the 

backscattered wave are dependent on the type of atom doing the backscattering and the 

distance of the backscattering atom from the central atom. The dependence of the 

scattering on atomic species makes it possible to obtain information pertaining to the 

chemical coordination environment of the original absorbing (centrally excited) atom by 

analysing these EXAFS data. 

 

3.1.2 Experimental 

 

XAFS experiments at the O K-edge, Zn L3,2-edge, Mn L3,2-edge, Co L3,2-edge and 

Cu L3,2-edge were performed on the Spherical Grating Monochromator (SGM) 11ID-1 

beam-line (energy: 200-1900 eV, !E/E: <10-4) at the Canadian Light Source (CLS), 

University of Saskatchewan.  

XAFS at the Zn, Mn, Co and Cu K-edges were performed on the Pacific Northwest 

Consortium X-ray Operation Research (PNC-XOR) Bending Magnet (BM) 20-BM 

beam-line (energy: 2400–29 000 eV, !E/E: 1.4 x 10"4) at the Advanced Photon Source 

(APS), Argonne National Laboratory. 

 

 

3.2. Undoped ZnO 
 

As described above, XANES probes the local structure and bonding of the absorbing 

atom and can provide information on oxidation state, coordination, and symmetry of the 

system. 

For a better understanding of different Zn1-xTMxO systems, it is fundamental to first 

describe the structure of the undoped ZnO as a function of the processing temperature. 

Accordingly, in this section the XANES structures at the O K-edge, and Zn L3,2-edges, 

will be presented. 

 

3.2.1 O K-edge 

 

The O K-edge XANES spectra (figure 3a) show the oxygen 1s!2p dipole 

transition. 



Local Geometry and the Electronic Structu"#!
        
49!

 
Figure 3: O K-edge XANES spectra of ZnO samples: a) TEY and b) TEY vs. FLY. 

For all samples it is possible to identify an intense shoulder peak at 535 eV and main 

peak at 539 eV. These signals result from the O1s!2pz and O1s!2px,y transitions in 

ZnO respectively7. This splitting of the transition is due to the anisotropy of the 

hexagonal (wurtzite) ZnO crystal structure.  

Looking at the sample treated at 800°C, the increase in intensity of the 539 eV peak 

can be related to an increase in the crystallinity of the ZnO8. 

Figure 3b shows the difference in main peak intensities between the FLY 

(Fluorescent Yield) and TEY (Total Electron Yield). This is due to self-absorption of the 

fluorescent signal by the ZnO as the thickness of the powder is very close to the 

attenuation length above the O K-edge (~200 nm)9. Hereafter, when not otherwise 

specified, all spectra will be reported in TEY. 
 

3.2.2 Zn L3,2-edge! 

  

Figure 4 shows the Zn L3,2-edge spectra involving the zinc 2p!4s,3d dipole 

transition. 

!
Figure 4:  Zn L3,2-edge XANES spectra of ZnO samples. 
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These results indicate the presence of a hexagonal (wurtzite) ZnO crystal structure 

(i.e. Zn in a tetrahedral coordination to O)6,7. The features of the three spectra are 

virtually identical revealing that the processing temperature does not affect the local 

environment of zinc. The Zn K-edge (not shown) confirms the presence of wurtzite 

phase and shows the same trend. 

 

 

3.3 Zn1-xMnxO 
 

In this section XAS results for the series of nanopowders doped with manganese 

(Zn1-xMnxO) will be reported.  

This will help provide information on the electronic structure of the system as well 

as the oxidation state, chemical environment and coordination of the dopant.  

Furthermore, the spectra will be analysed in terms of manganese content and processing 

temperature to identify the evolution of the system upon changing the synthetic 

conditions. 

 

3.3.1 O K-edge 

 
Figure 5: O K-edge XANES spectra of a) Zn0.99Mn0.01O b) Zn0.97Mn0.03O c) Zn0.90Mn0.10O d) MnO 
(cubic – Oh Mn), Mn2O3 (spinel – Oh Mn), MnO2 (rutile – Oh Mn ) standards and ZnO800 sample. 



Local Geometry and the Electronic Structu"#!
        
51!

In figure 5 (section a, b and c) O K-edge XANES spectra for the system Zn1-xMnxO 

as a function of the manganese content and the processing temperature are reported. 

Figure 5d shows the spectra of manganese oxides used as standards in the identification 

of the oxidation state and coordination of the dopant, as well as the presence of 

secondary phases. 

Zn0.99Mn0.01O processed at 400 ºC and 600 ºC, as well as Zn0.97Mn0.03O_400, have O 

K-edge XANES spectra with virtually identical features to that of pure ZnO. They 

greatly resemble the model spectrum described in literature10, obtained with the 

assumption of tetrahedral Mn2+ substituting in Zn vacancies with compensating Zn 

vacancies in the crystal lattice (MnZn+VZn)  

The pre-edge shoulder at 532 eV (denoted with asterisks in all sections of figure 5) 

is present in systems where manganese no longer has a purely substitutional (Zn 

vacancy) role and is forming an oxide complex with a lower binding energy. That 

secondary phase formation can be identified in Zn0.99Mn0.01O_800, Zn0.97Mn0.03O 

treated above 600°C and all Zn0.90Mn0.10O samples.  

From the location and shape of the pre-edge feature, the secondary phase could be 

related to the presence of oxygen bound to either Mn3+ or Mn4+ (figure 5d). The 

intensity of this pre-edge feature can be used as an indication of the quantity of 

secondary phase formed. 

 

3.3.2 Zn L3,2-edge 

 
The Zn L3,2-edge XANES spectra for all Zn1-xMnxO samples are shown in figure 6a.  

 
Figure 6: Zn L3,2-edge XANES spectra of Zn1-xMnxO system.  

Independent of manganese concentration and processing temperature, there is no 

change in the absorption edge Eo, or the location of features in the XANES spectra. This 

indicates that ZnO is present in all systems.  
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In figure 6b it can clearly be seen, however, that features in the fine structures at the 

Zn L3,2-edge become smoothed with increasing manganese content (Zn0.90Mn0.10O 

series). This loss of features reveals an increase in the overall disorder of the system 

resulting from the formation of a secondary phase in the ZnO matrix. The secondary 

phase contains Zn in the form of a mixed oxide Zn-O-Mn, most likely ZnMnO3 as 

indicated by the XRD data. If this the case, the local environment of some Zn sites 

would change from a tetrahedral (in ZnO) to an octahedral coordination (in ZnMnO3) 

resulting in the combinatorial Zn L3,2-edge XANES spectra seen in figure 6b. 

 

3.3.3 Mn K-edge 

 

Figure 7a shows the Mn K-edge XANES spectra for all Mn doped ZnO, 

incorporating the dipole transition from 1s!np.  

 
Figure 7: a) Mn K-edge XANES spectra b) Zn and Mn K-edge spectra at Eo=0 for Zn1-xMnxO systems. 

It is possible to identify three different peaks (denoted in the figure as A, B, and C). 

Their position is not affected by synthetic conditions such as the content of manganese 

or the processing temperature. However, with increasing processing temperature the 

peaks do sharpen, which can be ascribed to an increase in cystallinity.8 

All spectra resemble the Zn K-edge of ZnO seen in Figure 7b (only samples treated 

at 800 ºC are shown). The manganese is in a similar environment independent of its 

content and it substitutes for Zn in the ZnO lattice as MnZnO. Previous studies of the Mn 

K-edge have used these results to suggest that the manganese is substitutional for the 

zinc and no secondary phases are present10,11,12.  
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Close examination of the small pre-edge located at 6540 eV (peak A) may 

nevertheless reveal the presence of a secondary phase. This signal is a forbidden s!d 

quadrupole transition: dipole selection rules do not allow this kind of excitation and its 

observation is associated with the existence of p-d hybridization. This in turn is possible 

only if the manganese site does not contain an inversion centre, as is present in a 

tetrahedral configuration such as MnZnO, or when there is sizeable local distortion13. 

Increasing the processing temperature up to 800°C, the intensity of this particular 

transition decreases: some of the manganese converts from a tetrahedral geometry to an 

octahedral geometry and a secondary phase, such as cubic ZnMnO3, could be forming. 

 

3.3.4 Mn L3,2-edge 

 

A better way of evaluating the formation of a secondary phase is by studying the Mn 

L3,2-edge (figure 8) involving the 2p!nd,(n+1)s transitions.  

 
Figure 8: Mn L3,2-edge XANES spectra of Zn1-xMnxO system. 

Signs of secondary phase formation are very evident even at the lowest manganese 

content for the Zn0.99Mn0.01O series (figure 8a): the phenomenon seems to be 

temperature dependent as samples processed at 400ºC and 600ºC do not show signs of 

the secondary phases present after treatment at 800ºC. A similar trend can be seen for 
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the Zn0.97Mn0.03O series: this time, the secondary phase formation is evident in samples 

treated at 600ºC and 800ºC, but not when processed at 400ºC. Finally, all spectra of 

Zn0.90Mn0.10O series (figure 8c) show the coexistence of two phases independent of the 

processing temperature. 

 

The onset of secondary phase seen in the Mn L3,2-edge XANES (figure 8) correlates 

well with the increase in the pre-edge peak seen in the O K-edge XANES (figure 5) and 

the decrease of the pre-edge peak seen in the Mn K-edge spectra (figure7). 

Manganese is first incorporated into the ZnO wurtzite matrix as MnZnO (figure 6a-

b). The oxidation state of the metal is Mn2+, however its coordination is different than in 

MnO (high spin, coordination number of 6, Oh Mn) as shown in the relative peak 

intensities. It is possible to ascribe it to MnZnO (high spin, coordination number of 4, Td 

Mn) as described in the literature14. 

Increasing both dopant concentration and processing temperature the manganese is 

oxidised to a state similar to that in Mn2O3 as seen in figure 6c. The change in 

manganese valency from 2+ to 3+ and 4+ is frequently seen in the shift to higher 

binding energy and a decrease in the L3 to L2 peak ratios14-17. Although it is difficult to 

distinguish the presence of the Mn4+ required for ZnMnO3 and therefore to absolutely 

confirm the XRD data. The main trend of the XAS data is, however, in good agreement 

with the diffraction ones. 

 

 

3.4 Zn1-xCoxO 
 

In this section, in a similar fashion to the previous one, the XAS data of the Co-

doped series (Zn1-xCoxO) will be presented. 

These measurements are very useful for determining the valence state and local 

structure of Co in doped ZnO systems18-22. Since XAFS does not require long-range 

crystalline order, secondary phase components can be detected even if they are 

disordered or in small clusters19,23-25. Spectra will also be analysed in terms of cobalt 

content and processing temperature to identify the evolution of the system upon 

changing the synthetic conditions. 
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3.4.1 O K-edge 

 

Figure 9 shows the O K-edge XANES spectra for Zn1-xCoxO as well as ZnO and 

Co3O4 standards.  

 
Figure 9: O K-edge XANES spectra for Zn1-xCoxO series. 

All samples show a well defined shoulder from 532-538 eV and an intense peak at 

~539 eV which can be assigned to the transition of the O1s electron to the unoccupied 

O2pz and the O2px,y states in the conduction band due to the anisotropy of the wurtzite 

crystal structure respectively7. Furthermore, transitions to the O3p and O4p states and 

the O2p states hybridised with Zn4p and Co4p states are located in the region between 

540 eV and 550 eV26. 

The spectral shape of the Zn1-xCoxO samples with x < 0.1 exhibits almost identical 

features to that of pure ZnO, as can be seen in figure 9a. On increasing the cobalt 

content (samples with x = 0.1, figure 9b), a strong pre-edge peak at ~532 eV is quite 

evident: this can be attributed to the formation of Co3O4 secondary phases in the system.  

Yao et al.27 have previously suggested that this pre-edge region around 532 eV 

arises from hybridised states in the band-gap: due to the d10 configuration of Zn atoms, 

the O K-edge of the undoped ZnO does not show any sharp features related to the O2p – 

Zn3d hybridised orbital. Whereas, when Co substitutes for Zn in the ZnO, the sharp pre-

edge peak is attributed to the partially occupied Co3d states and the strong hybridization 

between Co3d states and O2p states27. If this were the case, the strong pre-edge peak 

would also appear in the other series with lower cobalt content.  

Furthermore, as shown clearly in figure 9b, the pre-edge position is compatible with 

the presence of a Co3O4 secondary phase. Finally, increasing the processing temperature 

causes the intensity of this peak to increase. All these considerations are in good 

agreement with XRD data: the formation of the secondary phase is detectable in the 

series Zn0.90Co0.10O and the phenomenon is temperature dependent.  
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3.4.2 Zn L3,2-edge 

 

The Zn L3,2-edge XANES spectra, involving the 2p!nd,(n+1)s dipole transition is 

shown in figure 10.  

!
Figure 10: Zn L3,2-edge spectra for samples Zn1-xCoxO_800. 

The features of these spectra are mostly the same for all the Zn1-xCoxO samples 

(powder treated below 800°C are not shown), revealing that the local environment of 

the zinc does not change. This is a good indication that any secondary phase which 

forms either does not contain Zn, as in Co3O4 spinel, or does not change the local 

environment of the zinc, which is tetrahedrally bonded to oxygen, such as in the spinel 

Zn[Co2O4] structure. 

 

3.4.3 Co K-edge 

 

Figure 11a reports the Co K-edge XANES spectra of the Zn1-xCoxO system. The 

whiteline peak at ~7725 eV corresponds to the dipole transition from the Co 1s!np. 

All samples, independent of cobalt content and processing temperature, display a 

small pre-edge peak at ~7708 eV. This can be attributed to the Co 1s!3d,4s quadrupole 

transition which results from the substitution of zinc vacancies, leaving the cobalt in a 

tetrahedral environment. The lack of an inversion centre in the CoZnO local environment 

allows the forbidden quadrupole transition to occur.  

Samples Zn1-xCoxO with x < 0.1 have a Co K-edge XANES that resembles the Zn K-

edge in the undoped ZnO as shown in figure 11b. This indicates that cobalt and zinc 

share a similar local environment (i.e. tetrahedral coordination to O).  
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Figure 11: Co K-edge XANES spectra for Zn1-xCoxO series.  

Section b shows Zn and Mn K-edge spectra at Eo=0. 

The Zn0.90Co0.10O series show an additional feature at ~7730 eV which corresponds 

to the formation of Co3O4 clusters in the system (figure 11c). Increasing the processing 

temperature, the relative intensity of this signal increases while the pre-edge peak 

decreases in size: the incorporation of cobalt into Co3O4 arises in the series with higher 

dopant content and is temperature dependent. 

 

3.4.4 Co L3,2-edge 

 

A similar trend to that of the Co and O K-edge is seen at the Co L3,2-edge: the 

presence of Co3O4 secondary phase is detectable only for the series Zn0.90Co0.10O. 

 Again, samples with cobalt content below 10%at. all have mostly identical XANES 

spectra, which are similar in peak position to that of CoO (figure 12a shows only 

spectra of samples treated at higher temperature). The L3 and L2-edges have their 

whiteline dipole transition from Co2p3/2, Co2p1/2 to unoccupied Co3d states at ~781 eV 

and ~796 eV respectively. However, the relative peak intensities are different and it is 

possible to relate this with a change in the crystal field from the octahedral environment 

of cobalt in CoO to the tetrahedral environment that it has in CoZnO.  
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!
Figure 12: Co L3,2-edge XANES spectra for Zn1-xCoxO series. 

The Zn0.90Co0.10O series display Co L3,2-edge XANES spectra which differ from 

those with a lower dopant concentration as shown in figure 12b. It is possible to denote 

a decrease in the two main peaks at ~781 eV and ~796 eV. Furthermore, two shoulders 

become visible at ~783 eV and ~798 eV: upon increasing processing temperature the 

intensities of these shoulders increase. Finally, in sample Zn0.90Co0.10O_800, the 

XANES spectrum resembles that of Co3O4.  

It is worth noticing that there is a difference in peak intensities at ~783 eV and ~798 

eV between the sample and the standards. It is possible to attribute this effect to the 

small size of the Co3O4 clusters in the system: nanomaterials with smaller dimensions 

have been shown to have more discrete energy levels and sharper features in XANES8. 
 

 

3.5 Zn1-xCuxO 
 

XAS data of the Zn1-xCuxO (x = 0.005, 0.01, 0.05 and 0.1) series will be presented 

in this section. As for the other dopants, spectra will be analysed in terms of copper 

content and processing temperature to identify the evolution of the system with 

changing synthetic conditions.  

As this specific system will be tested as a catalyst for the steam reforming of 

methanol, it is very important to be able to distinguish between bulk and surface 

composition. For that reason both FLY (Fluorescent Yield) and TEY (Total Electron 

Yield) spectra will be presented. The FLY, with the larger escape depth of X-rays, 

mainly contains information regarding the bulk of the compound. On the other hand, the 

TEY, with the shorter escape depth of electrons, mainly contains information about the 

surface of the system.  
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3.5.1 O K-edge 

 
Figure 13: O K-edge of Zn1-xCuxO series of compounds a) TEY spectra, x = 0.005 and 0.01 b) TEY 

spectra, x = 0.05 and 0.10 c) TEY spectra, x = 0.01 and 0.10 d) FLY spectra x = 0.01 and 0.10. 

The O K-edge XANES spectra, recorded in both TEY and FLY (figure 13) show 

features due to the oxygen O1s!O2p dipole transition. 

As seen for the undoped samples, the intense shoulder peak at 535 eV and main 

peak at 539 eV result from the O1s!O2pz and O1s!O2px,y in ZnO respectively7; 

increasing processing temperature, there is an increase in intensity of the 539 eV peak 

which can be attributed to an increase in the crystallinity of the system8. Finally the 

difference in main peak intensities between the FLY and TEY is due to self absorption 

of the fluorescent signal by the ZnO as the thickness of the powder is very close to the 

attenuation length above the O K-edge (~ 200 nm)9. 

 Samples with low copper content, Zn1-xCuxO with x = 0.005 and 0.01, have an O K-

edge XANES that resemble the one of the undoped sample, as shown in figure 13a. This 

indicates that the oxygen is in a very similar local environment to that in the undoped 

samples and the copper is incorporated in the matrix as CuZnO. 
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Instead, the pre-edge peak at ~532 eV seen in the samples with x = 0.05 and 0.1 

(figure 13b) corresponds to the O1s ! 3eg transition in CuO28,29. The 3eg orbital results 

from the hybridisation of the O2p and Cu3d states and is only partially filled due to the 

d9 configuration of Cu2+ in CuO.  

To compare bulk and surface properties of Zn1-xCuxO with x = 0.001 and 0.10 figure 

13c shows the TEY spectra while figure 13d reports the FLY spectra. The FLY has a 

more intense pre-edge feature than the TEY indicating that the bulk has a larger 

CuO:ZnO ratio than the surface. This pre-edge feature decreases in intensity for the 

sample treated at 800ºC indicating a conversion of the second phase of CuO into CuZnO.  

 

3.5.2 Zn L3,2-edge 

 

The Zn L3,2-edge spectra, shown in figure 14, involve the Zn2p !Zn4s,3d dipole 

transition. The Zn L3,2-edge peak shows no difference between samples containing 

copper and the undoped ZnO. Independent of the Cu concentration and the processing 

temperature (only samples treated at 800°C are reported in the figure), the zinc does not 

change its local environment.  

These results indicate that all samples contain only CuO, CuZnO and ZnO phases and 

no other ZnCuO complexes are formed. The Zn K-edge (not shown) shows the same 

trend. 

!
Figure 14: Zn L3,2-edge XANES spectra of Zn1-xCuxO_800 samples. 

 

3.5.3 Cu K-edge 

 

Figure 15 shows the Cu K-edge XANES spectra that involve the Cu 1s!4p dipole 

transition. 
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!
Figure 15:!Cu K-edge XANES spectra of Zn1-xCuxO samples. 

There is a pre-edge peak at ~8978 eV in the Zn1-xCuxO samples where x < 0.05 

(figure 15a) and its intensity increase increasing processing temperature. This pre-edge 

peak is due to the forbidden Cu 1s!4d quadrupole transition30: the substitution of zinc 

vacancies leaves the copper in a tetrahedral environment. The lack of an inversion 

centre in the CuZnO local environment allows the forbidden quadrupole transition to 

occur. Additionally, in Zn1-xCuxO samples where x < 0.05, processed at 800°C, the 

XANES spectra has features similar to that of ZnO. These two considerations indicate 

that the incorporation of copper into zinc vacancies forming CuZnO occurs for low 

dopant concentration and that it is temperature dependent. 

As shown in figure 15b, samples Zn1-xCuxO containing higher concentrations of 

copper (with x = 0.05 and 0.10) do not display this pre-edge peak at ~8978 eV 

indicating that the copper has changed local environment. The main peak at ~8995 eV 

and the shoulder (shake down) peak at ~8987 eV are respectively due to 3d9 and 3d10L 

final state electronic configurations in the presence of a core-hole (where L denotes a 

hole in an O2p orbital)31. The shake-down peak increases with copper concentration, as 

shown in figure15c, indicating the formation of a secondary phase of CuO.  

Finally, looking carefully at figure 15c, it is possible to follow the formation of the 

secondary phase of CuO: upon increasing the amount of dopant the shake-down peak 

increases but at the same time the intensity of the pre-edge signal decreases.  



Local Geometry and the Electronic Structure 
    
62!

!
Figure 16: Cu K-edge EXAFS of samples Zn1.xCuxO x = 0.01 and 0.1  

a) spectra b) Zn and Mn K-edge spectra at Eo=0 c) k-space d) and R-space. 

As seen in figure 16b in Zn0.99Cu0.01O_800 the copper exists in the same local 

environment as the zinc in the undoped ZnO indicating the substitutional incorporation 

of Cu as CuZnO. The similarity of both the CuZn and Zn can be best seen in identical 

spectral features of both the k-space (Figure 16c) and R-space spectra (Figure 16d). For 

Zn0.99Cu0.01O treated at low processing temperatures, as well as for the series with 

higher copper content, the Cu exists in a different environment as CuO.  

The R-space spectrum has not, however, been corrected for phase shift, once this is 

taken into account, these results are consistent with previous studies on copper doped 

ZnO systems32,33. The lack of long-range order seen in the R-space spectrum of 

Zn0.99Cu0.01O_400 is both due to the small amount of the dopant in the system and the 

very small particle size. 
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3.5.4 Cu L3,2-edge 

 

In figure 17 the Cu L3,2-edge spectra of the Zn1-xCuxO series in both TEY (sections a 

and c) and FLY (sections b and d) are reported. 

!
Figure 17: Cu L3,2-edge of Zn1-xCuxO series of compounds a) TEY spectra, x = 0.005 and 0.01 b) FLY 

spectra, x = 0.005 and 0.01 c) TEY spectra, x = 0.05 and 0.10 d) FLY spectra x = 0.05 and 0.10.  

The Cu L3,2-edge spectra show the Cu 2p3/2!4s,3d dipole transitions: the intense 

peaks at ~933 eV and ~934 eV can be attributed to the 2p3/2 #3eg transition for two 

different divalent Cu environments34. The 3eg orbital results from the hybridisation of 

the O2p–Cu3d states and resulting crystal field splitting into t2g and eg
28. The d9 

configuration of Cu2+ means the t2g level is completely filled and the eg is only partially 

filled allowing a single transition and only one peak is observed for both Cu2+ 

environments.  

The peak at ~934 eV is due to the divalent copper in CuO, whereas the peak at 933 

eV is due to divalent copper in CuZnO. The peak at 933 eV only appears in the samples 

processed at 800ºC indicating that the CuO becomes incorporated into the ZnO matrix 

where Cu substitutes for Zn (CuZn) in the ZnO lattice forming CuZnO. Evidence of this 

is seen in the Cu K-edge EXAFS. Comparing the TEY to the FLY at 800ºC the 

branching ratios between the 933 eV and 934 eV peaks differ in intensity. These results 
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indicate that more of the CuO converts to CuZnO in the bulk than at the surface. The 

conversion of CuO into CuZnO is almost complete for samples of composition 

Zn0.995Cu0.005O (spectra not shown) and Zn0.99Cu0.01O treated at 800ºC. 

 

 

3.6 Summary and Conclusion 
 

X-ray Absorption Spectroscopy is a very powerful tool to provide information on 

oxidation state, coordination, and symmetry of a system. In this chapter, the XAFS data 

of the three different Zn1-xTMxO (TM = Mn, Co, Cu) are reported.  

It is very important to better understand the structure of these samples, to well 

characterise how the system evolves with changing synthesis condition (nature and 

concentration of the dopant and the processing temperature). This turns out to be 

fundamental for a deep understanding first and secondly for a precisely design of the 

optical, magnetic and catalytic properties described later on in the thesis. 

Zn1-xMnxO nanoparticles prepared at various concentrations and temperatures were 

analysed: manganese is first incorporated into the ZnO wurtzite matrix as MnZnO as 

clearly seen in O K-edge and Mn K-edge. With increasing both dopant concentration 

and processing temperature, the manganese is oxidised, as revealed by both Mn K-edge 

and L3,2-edge; the second phase also contains zinc in the form of a ZnMnO complex, 

most likely ZnMnO3, as shown in the Zn L3,2-edge. The Mn K-edge and O K-edge are 

very sensitive to secondary phase formation yet the pre-edge feature in the O K-edge 

may provide more quantitative information as to the amount of secondary phase formed. 

Although further tests are needed to determine the composition of the secondary phase, 

these results clearly show that both low dopant concentration and low temperature 

processing are essential if secondary phase formation is to be avoided. 

It was shown that Co solubility in Zn1-xCoxO nanoparticles grown by Sol gel 

methods changes with increasing cobalt concentration. At low cobalt content (x = 0.01 

and 0.03) the metal exists as Co2+ and is located in a Zn vacancy in the wurtzite ZnO 

lattice in the form of CoZnO, shown clearly in the O K-edge and both Co K-edge and 

L3,2-edge. At a higher dopant concentration (x = 0.10) the cobalt begins to aggregate 

inside the ZnO and forms clusters of a secondary phase, the spinel Co3O4. The fraction 

of secondary phase increases with increasing processing temperature. The amount of 
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Co3O4 formation, observed also in the Co K-edge and L3,2-edge, can be quantitatively 

determined by examining the pre-edge feature in the O K-edge XANES spectra. 

The XANES and EXAFS spectra have shown that the copper, in contrast to the 

others dopants, is initially present as CuO in Zn1-xCuxO system. Only upon increasing 

the processing temperature up to 800°C is it possible to convert CuO into CuZnO as can 

be seen in the O K-edge and the Cu K- and L3,2-edges spectra. Furthermore, at low 

copper (x $ 0.01) concentration the conversion to CuZn at 800ºC is almost complete but 

the conversion efficiency decreases as Cu concentration increases. Comparing the TEY 

and FLY spectra at the Cu L3,2-edge indicates that there is more CuO in the bulk than on 

the surface of the nanoparticles and more of the CuO converts to CuZnO at 800ºC in the 

bulk than on the surface. 

 

 

PART 2. Electron Paramagnetic Resonance (EPR) 

 
3.7 Introduction 

 

Optical, electrical and magnetic properties of ZnO are believed to be heavily 

influenced by native defects, though the origin of the involved defects is still under 

debate. 

A detailed understanding of the electronic structure of these defects and their impact 

on material properties requires positive identification of their origin by using 

appropriate experimental approaches, such as Electron Paramagnetic Resonance (EPR) 

or Optically Detected Magnetic Resonance (ODMR). Magnetic resonance signatures of 

the intrinsic defects, including oxygen vacancies (VO) and zinc vacancies (VZn), are now 

well documented from the EPR studies1-5. 

Concerning the transition metal ion doped systems, Zn1-xTMxO, the local 

environment of the TM ion can be easily probed by EPR techniques.  

 

3.7.1 Technique 

 

Electrons and nuclei with odd mass number or even mass number but odd charge 

possess a non-zero spin. The spin is a fundamental characteristic of electrons and nuclei 

that derives from the quantum mechanical description of matter. 
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The spin, as a physical quantity, can be described using the spin angular momentum 

I or S for nuclei and electrons, respectively (these are vector quantities, and will be 

expressed in bold in the text)6. 

A charged particle with a non-zero spin can be associated with a spin magnetic 

moment µ; for an electron, it can be expressed as: 

 

where ge is the electron g factor, "e = e#/2mec is the electronic Bohr magneton, -e is the 

electron charge, me is the electron mass and c is the light speed. 

In the case of a nucleus, instead, it is: 

 

where gN is the nucleus g factor, "N = e#/2mNc is the nucleus Bohr magneton, e is the 

nucleus charge and mN is the nucleus mass. Usual convention is to express the nuclear 

magnetic moment in this alternative way:  

 

where #N is the nuclear gyromagnetic ratio expressed in rad%s-1%G-1. 

It is possible to uniquely characterise a particle by defining its g factor (which is a 

dimensionless quantity) and its spin angular momentum. For example, the free electron 

has a g value equal to 2.002322 and S = 1/2. 

Electrons or nuclei with a non-zero spin can also interact with an external magnetic 

field. If we consider a magnetic moment µ  in a magnetic field B0 the interaction’s 

energy can be written as follow: 

 

where i = e or N, if the magnetic moment is referred to an electron or a nucleus, 

respectively.  

The energy difference between spin states, characterised by a different spin 

momentum’s orientation with respect to the external field, will be: 

 

where the quantum number mS labels different orientations of the angular spin 

momentum S (for a nucleus it is sufficient to substitute ge, "e and mS with gN, "N and mN 

and to change the sign in the right-hand side of the equation). 
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Increasing the external magnetic field’s intensity, the energy difference between 

spin states increases (figure 18 shows the situation of an electron). In the absence of an 

external magnetic field – also excluding the presence of eventual fields due to the 

presence of magnetic moments nearby the particle under examination – spin states of a 

particle with a magnetic moment have the same energy.  

!
Figure 18: Scheme of spin state’s energy of an electron  

in the presence of an external magnetic field B0. 

In a macroscopic set of spins in thermal equilibrium, the population of each spin 

state is independent of its energy level. Taking into account a particle with a spin 

momentum of &, like in the case of an electron, there are two different spin states that at 

thermal equilibrium will have a population ratio, according to a Boltzman’s distribution, 

of 

! 

N2

N1
= exp "E KBT

# 
$ 
% & 

' 
(  

where !$ = E2-E1 with E2 >E1, KB is the Boltzman’s constant, T is the absolute 

temperature of the system and NJ is the population of the Jth state (J =1, 2). If the 

temperature is sufficiently high, so that !$/KBT → 0, it is possible to approximate 

! 

N2

N1
= exp "E KBT

# 
$ 
% & 

' 
( )1+ gi*iB0KBT

 

In the presence of a magnetic field B1 perpendicular to B0, which oscillates to a 

frequency %, it is possible to induce a transition 1→2 from spin state 1 to spin state 2, or 

vice versa. The condition to satisfy for the resonance is 

En
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! 

h" = #E1,2 = gi$iB0  

If, before the interaction with B1, N1 > N2 there will be an energy transfer from the 

oscillating field to the spin system; vice versa if N2 > N1. The first case is commonly 

called absorption, the latter stimulated emission. 

It is possible to satisfy the condition for resonance with two different configurations: 

keeping the static field, B0, constant and perform a scan of the intensity of the 

oscillating field, B1, or keeping the frequency, %, constant and varying the intensity of 

the static field. The latter is the most simple experiment of Electron Spin Resonance 

(ESR or EPR).  

So far we have considered the spins as independent entities but different types of 

magnetic interactions can exist in a system formed by a collection of spins.  

Speaking of electrons, the first interaction to consider is due to the presence of a 

nucleus that shields the static field B0. For that reason, an electron of an atom or a 

molecule will be resonant at a lower frequency with respect to a free electron in the 

same static field. In EPR, it is common to relate this variation in the transition frequency 

to a different value of the g factor assigned to electrons in different environments. 

The presence of anisotropy is introduced by taking into consideration g as a tensor 

quantity:  

! 

g =

gx 0 0
0 gy 0
0 0 gz

" 

# 

$ 
$ 
$ 

% 

& 

' 
' 
' 
 

where gi (i = x, y, z) are the principle value of the tensor. This consideration comes from 

the presence of an interaction between the static field B0 and the magnetic moment 

which derives from the total angular momentum – i.e. the spin-orbit coupling. 

Finally, there is an interaction, defined as hyperfine interaction, between electronic 

or nuclear spins: the mechanisms associated with this interaction are defined as Fermi’s 

contact or dipolar coupling.  

Fermi’s contact interaction derives from the finite probability to find an electron on 

the nucleus: in the presence of a non-zero nuclear spin, the anti-parallel – rather than the 

parallel – alignment of the electron spin is the favoured configuration. The spin energy 

states are then affected from the coupling with nuclear spins.  

Dipolar interaction, on the other side, is a function of the orientation and the distance 

between the electron and the nucleus that are interacting: each nuclear magnetic dipole 

generates a magnetic field that affects the surrounding electrons.  
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Hyperfine interaction can be expressed in terms of a tensor A (called the hyperfine 

tensor) that takes into account the Fermi’s contact and the dipolar contribution. It is 

worth noting that the anisotropy of tensor A comes exclusively from the dipolar 

interaction.  

 

3.7.2 Experimental 

 

Continuous wave EPR spectra were recorded using an Elexsys E500 Bruker 

spectrometer operating at X-band equipped with a SHQ cavity and a continuous flow 

4He cryostat (CF935, Oxford Instruments) for variable temperature measurements. 

 

 

3.8 Undoped ZnO 
 

In this section Electron Paramagnetic Resonance data on undoped zinc oxide will 

be presented. Results will be discussed in terms of the synthetic condition to understand 

the evolution of the system upon increasing the annealing temperature. In particular to 

understand the presence of native defects which will influence the catalytic, optical and 

magnetic properties reported in the next chapters. 

 

3.8.1 Literature 

 

Most of the experimental investigations of oxygen vacancies and other types of 

defects in ZnO to date have relied on EPR measurements7-19.  

Many of these studies fall into two categories, depending on the value of the g-

factor: one set reports oxygen vacancies with a g value of !1.968,9,13-17,19, the other with 

g ! 1.9910,11,13,18,19.  

There is, however, overwhelming evidence that oxygen vacancies are actually 

associated with the g ! 1.99 line. For example, the g ! 1.99 signal, which is related to a 

native defect, shows18 hyperfine interactions with the 67Zn neighbours of the vacancy; 

whereas no hyperfine interactions have been reported for the g ! 1.96 line.  

The latter is likely to be associated with electrons in the conduction band or in a 

donor band12,16,19. The g ! 1.96 signal has also been reported to be enhanced under UV 
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illumination14,16,17,19. UV light can indeed promote electrons into the conduction-band 

states in ZnO, consistent with the g ! 1.96 line corresponding to electrons in delocalised 

states (shallow donors). 

 

3.8.2 Experimental Spectra 

 

EPR spectra of ZnO nanoparticles annealed at different temperatures have been 

measured at a range of temperatures between 5 K and room temperature. Figure 19 

shows the evolution of the system as a function of both synthetic condition (i.e. 

annealing temperature) and working temperature. 

!
Figure 19:!EPR spectra of ZnO nanoparticles measured at different temperatures for samples:  

a) ZnO_400, b) ZnO_600 and c) ZnO_800. 

The spectra are quite rich in features, and three main signals can be identified. 

Sample ZnO_400 (figure 19a) presents signals at g = 1.96 (signal I), g = 2.006 (signal 

II) and an additional isotropic signal at g 2.03 (signal III). Increasing the annealing 

temperature to those of sample ZnO_600 (figure 19b) and ZnO_800 (figure 19c), the 

EPR spectra show only the presence of signals I and II. Furthermore, a broad hill 

characterised signal with g > 2.1 is observed for samples treated at 800°C. 

Signal I occurring at g ca. 1.96 is easily attributed to shallow donor, as well reported 

in literature7,12,16,19. Furthermore, its position is strongly dependent on the nanoparticles' 

a) 

b) c) 

I II III 
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dimensions (i.e annealing temperature) rather than on the measurement temperature. 

Figure 20a shows, as an example, the position dependence of signal I as a function of 

the working temperature for sample ZnO_400. Panels reported in figure 20b and 20c, 

instead report its position dependence as a function of the nanoparticles main size. 

!
Figure 20: Panels that show the g shift of the line centred at g = 1.96 a) ZnO_400 as a function of 

temperature b) spectra at RT for different annealing temperatures c) dependence of line centred at g =1.96 
as function of nanoparticles main size for spectra taken at RT and T = 5K. 

On the other hand, signal II that occurs at a g value of ca. 2.00, on the basis of 

several different literature reports7-19 is related to the presence of surface oxygen 

vacancies. Its relative intensity compared to signal I is significantly dependent on the 

measurement temperature, while it is clearly reduced on increasing annealing 

temperature (figure 19). 

Finally, a third signal (signal III) is observed, for low temperature annealed ZnO 

nanoparticles, which gains much intensity at low measurement temperature. To the best 

of our knowledge, this signal has not been previously reported for ZnO systems in 

literature. Its peculiar temperature dependent behaviour, as well as its absence for 

systems annealed at T < 400°C seems to indicate that it might be due to interstitial 

substitution. 

 

 

a) 

b) c) 
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3.9 Zn1-xCuxO 
 

In this section EPR data on copper doped zinc oxide, Zn1-xCuxO, will be presented. 

Results will be discussed in terms of synthetic condition to understand the evolution of 

the system with increasing dopant concentration and annealing temperature. It is 

important to understand the local environment of the transition metal ion to better 

characterise the system and detect the eventual formation of secondary phases instead of 

uniform dispersion of the copper inside the ZnO matrix.  

 

3.9.1 Literature 

 

Copper ions with oxidation state of +2 (Cu2+) have only one unpaired electron and 

so their EPR spectra are very simple. The presence of 63Cu and 65Cu nuclei, having 

nuclear spins I = 3/2, generates a characteristic pattern consisting of four lines each due 

to the coupling between the electron and nuclear spins (hyperfine interaction). The spin 

Hamiltonian parameters are highly sensitive to the local geometry, so that the EPR 

technique allows differentiation of Cu in different environments and the investigation of 

short-range order.  

EPR studies of a divalent copper ion Cu2+ in a zinc lattice site of ZnO has been 

reported (g|| = 0.7383 ± 0.0003, g! = 1.5237 ± 0.003)20. In this configuration the copper 

ions have been found to occupy distorted tetrahedral sites as substitution of the zinc in 

the wurtzite crystal structure.  

A similar system, Cu doped ZrO2 nanoparticles prepared by Sol gel synthesis has 

been studied21. As far as the local environment and the location of Cu in the oxide 

matrix are concerned, four types of paramagnetic Cu species, viz. isolated, 

substitutional ions (species I), extra-lattice/interstitial ions (species II), dispersed surface 

bound ions (species III) and CuO clusters (species IV), have been identified by EPR 

spectroscopy and spectral simulations, depending on the concentration of copper in 

zirconia.  
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3.9.2 Experimental Spectra 

 

EPR spectra of Zn1-xCuxO nanoparticles annealed at different temperatures and with 

different copper concentrations have been measured at 10K. Figure 21 shows the 

evolution of the system as a function of the synthetic conditions, i.e. annealing 

temperature and dopant content. 

!
Figure 21: 10K EPR spectra of a) Zn0.995Cu0.005O at different annealing temperature b) Zn0.97Cu0.03O at 

different annealing temperature c) Zn1-xCuxO_800 samples at different doping levels.  

EPR spectra recorded at 10K of low concentration copper doped ZnO, 

Zn0.995Cu0.005O, are reported in figure 21a for different annealing temperatures. No 

signal attributable to tetrahedral distorted Cu(II), earlier reported20 as substitutional Zn 

impurity of ZnO, could be detected, even by investigating a broader range field.  

It is clear that the spectra are the result of the convolution of at least two different 

signals, an axial one with g// = 2.34 and gperp = 2.065 and a broad, unstructured one, 

centred around g = 2.15, whose relative intensity increases with the annealing 

temperature, leading to an apparent broadening of the convoluted signal. The sharp 

signal observed in the Zn0.995Cu0.005O_400 spectrum at g = 1.96 is attributed to shallow 

donors from the ZnO lattice7,12,16,19. 

The observation of the pattern g// > gperp > g = 2.000 as well as a hyperfine parallel 

component A// = 1.47x10-2 cm-1 suggest that the axial signal should be attributed to 

a) 

b) c) 
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copper(II) species, as also clearly indicated by the hyperfine splitting in four lines, due 

to 63Cu and 65Cu, both with I= 3/2 and very similar gyromagnetic ratios. Furthermore, it 

is possible to assign it to a tetragonally distorted octahedral site, thus favouring an 

assignment of this signal to isolated Cu(II) on the surface21,22.  

The broad signal centred at g = 2.1 can be attributed to small clusters of closely 

lying copper centres, which result in an increase in both dipolar and exchange 

interactions among them21,22. The formation of exchange coupled species is clearly 

shown by the increase in the relative intensity of the half field transition (formally $ms = 

±2) observed around g = 4.3, compared to the main signal. 

In figure 21c the concentration dependence of the EPR signal of T = 800°C annealed 

samples is reported. The spectra clearly show a strong decrease of the intensity of the 

signal attributable to Cu(II) on increasing concentration: this phenomenon can be seen if 

compared with the signal at g = 2.006 due to oxygen vacancies on the surface of the 

ZnO lattice (see above). This clearly indicates the formation of EPR-silent copper 

containing clusters whose fraction is increasing with increasing temperature, suggesting 

that segregation is occurring at high annealing temperatures and high concentration. 

 

 

3.10 Summary and Conclusion 
 

In these sections Electron Paramagnetic Resonance data on undoped ZnO and 

copper doped zinc oxide, Zn1-xCuxO, have been presented. Results have been discussed 

in terms of synthetic condition to understand the evolution of the system with increasing 

annealing temperature and dopant concentration.  

Particular interest has been devoted to understand the presence of native defects that 

will influence the catalytic, optical and magnetic properties reported in the following 

chapters. It is also important to understand the local environment of the transition metal 

ion to better characterise the system and detect the eventual formation of secondary 

phases instead of a uniform dispersion of the copper inside the ZnO matrix. 

The EPR spectra of the nominally pure ZnO show the well known signals at g = 

1.96 (signal I) and g = 2.006 (signal II). It seems by now accepted wisdom that signal I, 

which is a shallow donor, is associated with electrons in the conduction band while 

signal II corresponds to oxygen vacancies with one trapped electron7,19. The reported 
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temperature dependence of signal II intensity parallels the rate of formation of the ZnO 

phase; similar behaviour is also observed for ZnO nanoparticles synthesised by Sol gel. 

On the other hand the position of signal I is strongly dependent on the nanoparticles' 

dimensions. 

Contrasting previously reported data, undoped ZnO treated at 400°C reports the 

presence of an additional isotropic signal at g = 2.03, signal III. It is strongly favoured 

by low treatment temperatures, as EPR spectra of samples annealed in more severe 

conditions do not show this signal. Furthermore, it also depends on the measurement 

conditions: at room temperature the signal is broad but it narrows on decreasing 

temperature. The large orbital contribution suggests a role of spin orbit coupling 

systems like oxygen and zinc. To the best of our knowledge, this signal has not been 

previously reported for ZnO systems in literature and further characterisation will be 

needed to well ascribe its origin. 

EPR spectra of Zn1-xCuxO nanoparticles annealed at different temperatures and with 

different copper concentrations have been measured resulting in the detection of two 

different types of paramagnetic copper. 

The observation of the pattern g// > gperp > g = 2.000  (g// = 2.34 and gperp = 2.065) as 

well as a hyperfine parallel component A// = 1.47x10-2 cm-1 suggest that the axial signal 

should be attributed to a tetragonally distorted octahedral site, thus favouring an 

assignment of this signal to isolated Cu(II) on the surface21,22. The broad signal centred 

at g = 2.1 should be attributed to small clusters of closely lying copper centres, which 

result in an increase in both dipolar and exchange interactions among them21,22.  

Finally, the formation of EPR-silent copper containing clusters whose fraction is 

increasing with increasing temperature has been detected. This suggests that segregation 

is occurring at high annealing temperatures and high concentrations. 

It will be important to also characterise the other transition metal ion doped systems, 

Zn1-xTMxO (TM = Mn and Co) to understand the local environment of the TM ions and 

detect the eventual formation of secondary phases instead of the uniform dispersion of 

dopant inside the ZnO matrix. 
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Chapter 4 

Catalytic activity: Methanol Steam Reforming  

Structure-Property Relationship 
 

 

 

In this chapter functional characterisation of ZnO based material for catalytic 

applications, both undoped and copper-doped (Zn1-xCuxO), will be presented. In 

particular, the ability of these materials to convert, in a sustainable manner, methanol to 

hydrogen via a Steam Reforming reaction (CH3OH + H2O ! CO2 + 3H2) has been 

investigated. 

The primary goal of this research is surely to understand the process not only in 

terms of activity and selectivity, but especially to unravel and clarify the reaction 

mechanism and the actual role of the catalyst. Our aim is to contribute to the knowledge 

required for the a priori design of new materials with predictable and improved 

catalytic performance. 

 

 

4.1 Introduction 

 

Nowadays hydrogen production via catalytic Steam Reforming of alcohols is one of 

the most promising and suitable technologies. Even though methane is currently the 

main fuel in industrial hydrogen production, other hydrogen carriers can also be used 

for this reaction. As a matter of fact both methanol (CH3OH) and ethanol (CH3CH2OH) 

are excellent candidates as H2 vectors due to their high hydrogen-to-carbon ratio and 

their ready supply. Additionally they can be obtained from renewable biomass: 

methanol trough gasification and synthesis and ethanol trough fermentations1-14.  
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Methanol1-10, in particular, contains no carbon–carbon bonds, thus reducing the risk 

for coke formation and catalyst fouling. The absence of a strong C–C bond also 

facilitates the reformation at low temperatures (200–300°C). This range of temperatures 

is very low when compared to other common fuels such as methane, which is reformed 

above 500°C15, and ethanol, with a reforming temperature around 400°C16. Although 

methanol is highly toxic and miscible in water, it has the advantage of being 

biodegradable, liquid at atmospheric conditions and it has a high hydrogen to carbon 

ratio17. There is a high capacity for production of methanol worldwide, mainly from 

natural gas, but methanol can also be produced from renewable sources, such as 

biomass, causing no net addition of carbon dioxide to the atmosphere.  

One of the main drawbacks of Methanol Steam Reforming is the formation of CO as 

a by-product to the major products hydrogen and carbon dioxide. Carbon monoxide is 

spread mainly due to secondary reactions that compete with the primary process of 

reformation (R1), such as the direct decomposition (R2) or the partial oxidation (R3)6-10. 

Without oxygen it is possible to reach a high level of selectivity towards the reforming 

reaction only if decomposition does not occur or, if it does, through the conversion of 

CO produced by the water gas shift reaction (R4). 

 
CH3OH + H2O ! CO2 + 3H2        (R1) 

CH3OH ! CO + 2H2       (R2) 

CH3OH + " O2 ! CO2 + 2H2      (R3) 

CO + H2O ! CO2 + H2       (R4) 

 
Even though the purpose of the Methanol Steam Reforming reaction is the production of 

hydrogen, there are other products formed that must be taken into consideration. 

Besides the non-reacted water and methanol, the reaction mixture comprises hydrogen, 

carbon dioxide and small amounts of carbon monoxide. As the hydrogen produced is 

for PEM (Polymer Electrolyte Membrane) fuel cell applications, it is clear that the 

formation of carbon monoxide must be minimised as it is known that CO poisons the 

anodic catalyst of these low temperature fuel cells22. This highlights the importance of 

the catalytic performance in the reaction. Ideally, the catalyst should not only be highly 

active in order to produce large amounts of hydrogen but also highly selective so that 

the carbon monoxide produced is negligible; finally it should present long-term 

stability. 
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Several catalysts based on semiconducting oxides capable of converting methanol 

satisfactorily have been proposed in literature: i.e. ZnO4-10, ZrO2
18, ZnO/ZrO2

19 

unaltered or doped with different metal such as Cu4-10, Pd20, Ni and Co21 both in their 

metallic or oxidised states.  

One of the biggest controversies of these types of system is the proper attribution of 

the role of the individual components of the catalyst and the mechanism that underlies 

the functioning of these materials. In fact, it is not clear from the literature5-20 if the role 

of the semiconductor is purely passive or whether it may be able to participate actively 

in the catalytic process. Regarding the dopant, there is conflicting evidence of the state 

of oxidation that is actually active in the process6-20. 

 

4.1.1 Activity of ZnO Doped Cu Catalyst 

 

Copper-based catalysts are the most commonly used for the Methanol Steam 

Reforming reaction (MSR) due to their high activity and selectivity4-10,23-26. However, 

these catalysts are known for their pyrophoric characteristics and deactivation by 

thermal sintering23-24.  

In order to improve their stability and catalytic activity, several approaches are 

reported in the literature, for example trying to focus on the effects of the preparation 

method4-10,23,25-26. In fact, similar catalysts prepared by different methods can present 

distinct catalytic properties. This turns out to be one of the main reasons for the lack of 

agreement about the active role of different components in the catalytic process.  

There is general agreement about the central role played by the reduced copper, 

while ZnO is considered to primarily act as catalytic promoter influencing the 

reducibility of CuO and helping to prevent the deactivation, increasing the stability of 

the system27,28.  

A detailed knowledge of the relationships between catalytic activity and surface and 

bulk structure is desirable to prepare new and improved catalysts according to a 

knowledge-based (rational) catalyst design. Unfortunately for the majority of 

heterogeneous catalysts the required structure–activity relationship is not sufficiently 

understood. Micro-structural characteristics and chemical composition of the catalysts 

can be tailored directly during the preparation, and this can strongly affect the activity. 
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4.1.2 Activity of Undoped ZnO 

 

Zinc oxide is used as a catalyst or a catalyst support in heterogeneous catalysis, and 

is a major component of all industrial catalysts for methanol synthesis. The first 

catalysts for methanol synthesis, first used in 1923 by BASF, consisted of ZnO/Cr2O3, 

in which ZnO was the primary active component29-30. In the ternary Cu/ZnO/Al2O3 

catalysts, used since the 1960s, Cu is the main active component30,31, but it is assumed 

that the strong interaction between Cu and ZnO creates highly active sites30. 

As mentioned previously, there is little agreement in the scientific community5-20 

over the ascription of function for each individual component of the catalyst. In fact, it 

is not yet clear if the role of the semiconductor is purely passive or whether it may be 

able to participate actively in the catalytic process. 

More recent literature32-33 has proven that the role of ZnO is not solely to support the 

catalyst and prevent the sintering of copper nanoparticles, but it also has an active role 

in the catalytic process. Defects in the semiconductor, and more precisely oxygen 

vacancies, act as active sites. 

 

4.1.3 Experimental 

 

The catalytic tests were carried out by loading roughly 40 mg of the sample in a “U” 

shaped glass reactor, the temperature was checked by means of a thermocouple inserted 

into the reactor. In each test, the reactor was fed with vapours of aqueous solutions (1M) 

of methanol, carried by a pure argon flow; a mass flow controller (MKS instruments) 

was used to adjust the flux of the incoming gas. The effluent gases from the reactor 

reached the FTIR (Fourier Transform Infrared Spectroscope) and the QMS 

(Quadrupole Mass Spectrometer) for analysis. The feed reservoir was kept at 19°C 

throughout. Taking into account this physical parameter, a series of thermodynamic 

calculations were made to obtain the quantity of evaporated alcohol per minute. The 

thermodynamic calculations were performed using AspenPlus software utilising a 

“gamma-fi”-type model and employing the Redlich–Kwong equation for the 

determination of the fugacity coefficients, and the NRTL (Non-Random Two Liquid) for 

the activity coefficients. The obtained values were also experimentally verified by 

means of repeated control tests. Based on this, the Weight Hourly Space Velocity 

(WHSV, weight of alcohol per gram of catalyst per hour) for the investigated condition 
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is 1 h-1. The tests were performed for 25 min at several temperatures between RT and 

400°C; during this time, the system always reaches a steady state. The experimental 

setup was also tested in the absence of catalyst with respect to steam reforming 

conditions in order to verify that no spurious conversion of alcohols occurs. The 

experimental results confirm the absence of alcohol conversion due to the test 

conditions. 

The IR spectra were collected in a Bruker Tensor 27 spectrophotometer (32 scans at 

a resolution of 1 cm#1) employing a flow chamber for gas analysis, fitted with NaCl 

windows (the spectrum of the chamber in argon flow was used as background). 

Mass data was obtained by means of a System Genesys I 200D by European 

Spectrometry Systems. The obtained mass spectra were corrected for the multi-

contributions taking into account the fragmentation patterns for each investigated 

compound. The mass spectra library was produced by individually analysing the 

reactants and the obtained products. 

 

 
4.2 Catalytic Activity 
 

The activity of different samples, appropriately selected, for the MSR reaction was 

tested to determine which synthetic parameters are able to influence the catalytic 

performances.  

As demonstrated in previous chapters, one of the variables that certainly plays a key 

role on the composition, structure and morphology of ZnO powders is the annealing 

temperature, it was therefore decided to investigate two different sets of samples 

processed at 400°C and 800°C, respectively. A second parameter is the concentration of 

dopant: as noted earlier, depending on the dopant’s content it is possible to obtain a 

solid solution (Zn,Cu)O or partial segregation of CuO. Testing the performance of 

copper doped (Zn1-xCuxO) samples, with x= 0.01 and 0.10, should allow a better 

understanding of the role of dopant that is somewhat controversial in the literature4-10. 

Similarly, the study of undoped samples should elucidate the actual role of the neat 

semiconductor in the catalytic process.  

A final parameter, which could influence the activity of these systems, is the surface 

area (Specific Surface Area, SSA) of the nanopowders: an increase in contact area 
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between catalyst and analyte leads to an increase in activity. Table 1 shows the SSA 

values obtained by measuring the BET with nitrogen.  

Table 1:!BET of Zn1-xCuxO powders. 

Samples BET  
Specific surface area (m2/g) 

ZnO_400 27.0 
Zn0.99Cu0.01_400 21.3 
Zn0.90Cu0.10_400 27.2 

ZnO_800 10.4 
Zn0.99Cu0.01_800 7.1 
Zn0.90Cu0.10_800 6.2 

 

Looking at the data it is possible to state that the heat treatment markedly influences 

the surface area of powders, while the presence of copper does not substantially affect 

it. 

Before relating the experimental results it is useful to consider the system used to 

identify the reaction products. Detecting the production of hydrogen in a quantitative 

way, using a Quadrupole Mass Spectrometer, is quite problematic given its low 

sensitivity to such a small mass value. However, exploiting the high sensitivity of FTIR 

spectroscopy it is possible to monitor the presence, even in trace quantities, of any by-

products that might be formed during the catalytic process. Therefore, the combination 

of the two techniques provides a means of detection sufficiently reliable to determine 

directly and indirectly the production of hydrogen as a result of the Methanol Steam 

Reforming reaction. 

Finally, it is worth noting that the catalytic tests were carried out on the samples as 

prepared, avoiding any activation or cleaning treatment. Furthermore, no significant 

catalyst deactivation is observed in the methanol conversion during subsequent follow-

up experiments.  

 

4.2.1 Methanol Conversion 

 

The evolution of methanol conversion as a function of operating temperature is 

summarised in figure 1. The first experimental evidence is the activity of nanopowders 

as a function of the annealing conditions. Samples annealed at 400°C are characterised 

by a higher activity than the samples processed at 800°C, no matter the copper content. 
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In fact, catalysts of this series reach a methanol conversion higher than 80% when the 

reactor is kept at 400°C.  

 
Figure 1: Methanol conversion plotted vs. the reaction temperature during MSR. 

It is interesting to note that the ZnO_400 shows unexpected activity towards 

methanol steam reforming above 300°C. Moreover, its activity is enhanced by the 

temperature increase.  

The introduction of copper enhances the catalytic performance, not only in terms of 

methanol conversion but also decreasing the temperature at which the reaction starts to 

take place. In fact, both the Cu-doped ZnO samples annealing at 400°C show a 

significant methanol conversion above 250°C which increases with temperature. 

Consistent with the beginning of catalyst activity a powder colour change is observed: 

sample Zn0.99Cu0.01O_400 changed from green to light grey, while Zn0.90Cu0.10O_400 

turned from brown to black. This colour alteration is symptomatic of a change in copper 

oxidation state, as will be confirmed later on in the chapter, with characterisation of the 

exhaust catalysts. Peculiar behaviour can be observed for sample Zn0.9Cu0.1O_800 

which shows much higher activity when compared with the other powder synthesised 

with the same heat treatment. 

This experimental evidence clearly shows that there is an active involvement not 

only of copper but also of the zinc oxide, in the catalytic process. A detailed analysis of 

the reaction products will help to produce some interesting considerations about the 

selectivity of these catalytic systems.  
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4.2.2 Selectivity of Process 

 

The presence of undoped ZnO, independent of its synthetic treatment, drives the 

catalytic reaction to the exclusive formation of hydrogen and CO2. Figure 2 shows the 

catalytic profiles of samples ZnO_400 and ZnO_800, respectively.  

 
Figure 2: Catalytic activity profiles of the undoped samples a) ZnO_400 b) ZnO_800. 

In the reactor containing ZnO_400 (figure 2a), the evolution of H2 and CO2 starts 

when the working temperature reaches 300°C and the catalytic activity increases with 

increasing temperature. A good selectivity over the whole range is maintained, 

indicating that steam reforming is the primary reaction. The FTIR spectra, not reported 

here, underline the absence of any by-products, and in particular no carbon monoxide is 

detected.  

Sample ZnO_800 (figure 2b) shows similar behaviour even if the total methanol 

conversion is almost negligible (< 5%). As in the previous case, the system evolves only 

hydrogen and CO2 and no by-products are detectable in the FTIR spectra. 

From these considerations, it can be inferred that the synthetic conditions of the 

catalyst, in particular the heat treatment which has a large influence on the structure and 

morphology, are key factors in achieving catalysts with different activity without 

affecting the reaction mechanism. In fact, ZnO_800 shows a very low, almost 

negligible, catalytic activity when compared to the analogous ZnO_400, but no by-

products are detected in both cases. 
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The presence of copper in the ZnO matrix, as noted above, leads to a general increase 

in catalytic activity. However, it is necessary to examine the behaviour of samples with 

different copper content separately: the presence of phase segregation, as observed in 

some of the samples, could involve different changes in the catalytic process. 

In figure 3 the catalytic profiles of samples with low dopant content, 

Zn0.99Cu0.01O_400 and Zn0.99Cu0.01O_800 respectively, are reported.! The sample 

annealed at 400°C shows a significant methanol conversion above 250°C which 

increases with temperature. As in the case of the undoped samples, powder treated at 

800°C is less active in the catalytic process.  

!
Figure 3: Catalytic activity profiles of the samples a) Zn0.99Cu0.01O_400 b) Zn0.99Cu0.01O_800. 

As in the case of the pure ZnO, hydrogen and carbon dioxide are the main products, 

but small traces of CO are detected in the FTIR spectra (not shown here) when the 

reactor reaches 400°C. This suggests that the presence of a secondary reaction cannot be 

excluded: methanol decomposition is, in fact, favoured at high temperature. 

This experimental data makes it clear that the presence of copper, even in low 

concentrations, plays an active role in the catalytic process. In terms of methanol 

conversion, which increases several percentage points, and also operating temperature, 

as the evolution of H2 is detected above the low reactor temperature of 250°C. 

However, the presence at high operating temperature of traces of CO, as a by-product, 

indicates that the process may follow a secondary path, such as methanol 

decomposition. Its limited formation, detected only with the FTIR, suggests that the loss 
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of catalytic selectivity is minimal. The trend, observed for the undoped catalyst, in 

function of the synthetic treatment, fully corroborates the key role of the micro-

structural properties of the material, stated above. 

Nanopowders with higher copper concentration, Zn0.90Cu0.10O, showed a slightly 

different catalytic behaviour compared with the previous ones. In figure 4 the catalytic 

profiles of samples with high dopant content are reported.  

Again, the trend in function of the synthetic treatment is confirmed, but sample 

Zn0.90Cu0.10O_800 displays significant activity towards methanol conversion above 

250°C which increases with temperature: the maximum value reached is 55.8% at a 

reaction temperature of 400°C.  

!
Figure 4: Catalytic activity profiles of the samples a) Zn0.90Cu0.10O_400 b) Zn0.90Cu0.10O_800. 

As well as hydrogen and carbon dioxide, looking at FTIR spectra (not shown here), 

it is possible to detect the presence of additional by-products, although merely in trace 

amounts. As in the case of both Zn0.99Cu0.01O samples with lower copper content, 

Zn0.90Cu0.10O_400 leads to the production of trace quantities of CO when the operating 

temperature reaches 400°C, this is consistent with the presence of a competitive reaction 

of methanol decomposition. When Zn0.90Cu0.10O_800 catalyst is used, evolution of 

small traces of formaldehyde is observed at operating temperatures of roughly 350°C - 

400°C. The presence of formaldehyde is consistent with the methanol dehydrogenation 

reaction: CH3OH ! CH2O + H2. The limited formation of by-products, detected only 

with the FTIR, suggests that, in both cases, the loss of catalytic selectivity is minimal. 
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4.2.3 Post Reaction Characterisation 

 

For a better comprehension of the active sites involved in the MSR, structural and 

compositional characterisations were performed on all the exhaust catalysts. This 

should, in principal, provide important information about the micro-structural and 

compositional changes that occur in the catalyst during activity.  

Figure 5 reports a comparison between XRD patterns before and after the catalytic 

activity of undoped ZnO and Zn0.99Cu0.01O series, respectively. No significant changes 

are detectable for all nanopowders displayed, indicating that there are no evident 

structural distortions and the average crystallinity and particle size are maintained. 

!
Figure 5: XRD patterns obtained for samples before (solid lines) and after MSR reaction (dashed lines). 

As it can be well observed in figure 6, the most significant structural changes are 

observed in the samples of the series Zn0.90Cu0.10O, after their catalytic activity. These 

as-prepared compounds, upon characterisation, showed the presence of two different 

crystalline phases, ZnO and CuO. In the exhaust powders, the reflections due to copper 

oxide disappear while new small reflections reveal the presence of cubic metallic 

copper. During the catalytic activity, the copper undergoes a reduction from Cu(II) to 

Cu(0), probably due to the reducing environment that is created by evolution of 

hydrogen when the steam reforming reaction takes place. In fact, the beginning of 

catalyst activity consistently also saw a change in powder colour. Vice versa, regarding 

the zinc oxide phase (figure 5), no significant changes are observed and the average 

crystallinity of the system is maintained as well as the average particle size.  
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!
Figure 6: XRD patterns obtained for samples before (solid lines) and after MSR reaction (dashed lines). 

The copper reduction during the catalytic reaction is also confirmed by XPS on the 

exhaust powders. Figure 7 shows a comparison between Cu2p peaks of the two series of 

Zn1-xCuxO compounds before and after the catalytic experiments.  

!

Figure 7: Cu2p XP spectra of the as prepared samples (solid line) and after MSR reaction (dotted line). 

As an example, in Zn0.90Cu0.10O_400 the shift towards lower BE of the Cu2p peak as 

well as the disappearance of the shake-up contributions is due to the presence of 

metallic copper, Cu(0), in the exhaust powder surface. In the analogous sample treated 

at 800°C, Zn0.90Cu0.10O_800, it is instead possible to state that the Cu(II) is not 
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completely reduced after the catalytic activity. The higher FWHM of the Cu2p doublet 

as well as the small shake-up peaks, in fact, suggest the presence of several different 

types of copper, in particular, Cu(II) and Cu(0), on the surface of the catalyst. 

The analysis of samples with lower copper concentration (Zn0.99Cu0.01O) is 

somewhat more complex. In fact, the Cu2p peak position and shape for the exhaust 

powders undergo less evident changes. It’s quite clear that a reduction of the copper 

took place but not possible to state if it has been complete or only partial. Unfortunately, 

the Cu2p signal intensity is not very high, due to the low copper concentration, and it is 

therefore more difficult to determine unequivocally that small changes in the peak are 

due to compositional changes. 

Table 2 reports the calculated XP atomic composition, in particular the ratio 

between copper and zinc, of the catalysts before and after their activity. Looking at the 

exhaust samples, the increase of the Cu/Zn atomic ratio suggests copper segregation to 

the surface. This effect is more marked for samples with high copper concentration, 

where the segregation of reduced copper was also detected by XRD. 
Table 2: XPS composition, in particular the ratio between Cu/Zn,  

of different catalyst before and after MSR reaction. 

Samples nominal 
Cu/Zn 

XPS 
Cu/Zn 

ZnO_400 -- -- 
ZnO_400 pr -- -- 

Zn0.09Cu0.01O _400 0.01 0.03 
Zn0.09Cu0.01O _400 pr 0.01 0.06 

Zn0.90Cu0.10O _400 0.10 0.08 
Zn0.90Cu0.10O _400 pr 0.10 0.09 

   
ZnO_800 -- -- 

ZnO_800 pr -- -- 
Zn0.99Cu0.01O _800 0.01 0.04 

Zn0.99Cu0.01O _800 pr 0.01 0.14 
Zn0.90Cu0.10O _800 0.10 0.08 

Zn0.90Cu0.10O _800 pr 0.10 0.22 
 

Figure 8 reports the XP spectra relative to the O1s and Zn2p3/2 for all catalysts 

before and after their catalytic activity. 

ZnO undoped powders do not undergo any particular compositional changes during 

catalytic activity and both signals related to the presence, on the surface, of oxygen 

(O1s peak) and zinc (Zn2p3/2) remain almost unaltered.  
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The reduction of Cu(II) to metallic copper is also confirmed by the analysis of the 

O1s peaks. In fact, the contribution at ~529.6 eV, characteristic of reticular oxygen in 

CuO, disappears in both Cu-doped samples treated at 800°C. 

!
Figure 8:!O1s XP spectra of the as prepared samples (solid line) and after MSR reaction (dotted line) 

Zn2p3/2 XP spectra of the as prepared samples (solid line) and after MSR reaction (dotted line). 

Concerning the Zn2p3/2 peak it is of note that in the Zn0.99Cu0.01O_400 exhaust 

sample a significant shift towards lower binding energy is quite evident. It is worth 

recalling that in the as-prepared powder, the position of zinc signal at higher binding 

energy was related to the more intimate interaction with the copper ions. Charge 

transfer between the zinc and copper ions could be responsible for the unusual position. 

During the catalytic activity, when the copper(II) is reduced, the chemical environment 

changes and this could explain the shift in zinc signal. 

Table 3: XPS peak positions (Binding Energy, eV) of Zn2p3/2, Cu2p3/2, O1s (reported all the components) 
 related to the different catalysts before and after MSR reaction.  

Samples Zn2p3/2 Cu2p3/2 O1s 

ZnO_400 1021.4  530.3 / 531.7 
ZnO_400 pr 1021.5  530.4 / 531.8 

Zn0.09Cu0.01O _400 1022.1 933.1 530.4 / 531.9 
Zn0.09Cu0.01O _400 pr 1021.6 932.9 530.5 / 532.1 

Zn0.90Cu0.10O _400 1021.5 932.9 530.4 / 532.0 
Zn0.90Cu0.10O _400 pr 1021.5 931.8 530.4 / 531.8 

    
ZnO_800 1021.1  530.1 / 531.6 

ZnO_800 pr 1021.4  530.4 / 531.8 
Zn0.99Cu0.01O _800 1021.2 932.5 529.6 / 530.2 / 531.9 

Zn0.99Cu0.01O _800 pr 1021.2 932.5 530.3 / 531.9 
Zn0.90Cu0.10O _800 1021.2 932.8 529.7 / 530.3 / 532.0 

Zn0.90Cu0.10O _800 pr 1021.5 932.4 530.3 / 531.8 

1026 1025 1024 1023 1022 1021 1020 1019 1018 1017
Binding Energy (eV)

 ZnO_400
 ZnO_400 pr
 ZnO_800
 ZnO_800 pr

 Zn0.99Cu0.01O_400
 Zn0.99Cu0.01O_400 pr
 Zn0.99Cu0.01O_800
 Zn0.99Cu0.01O_800 pr

 Zn0.90Cu0.10O_400
 Zn0.90Cu0.10O_400 pr
 Zn0.90Cu0.10O_800
 Zn0.90Cu0.10O_800 pr

Zn 2p3

536 534 532 530 528
Binding Energy (eV)

 ZnO_400 
 ZnO_400 pr
 ZnO_800
 ZnO_800 pr

 Zn0.99Cu0.01O_400
 Zn0.99Cu0.01O_400 pr
 Zn0.99Cu0.01O_800
 Zn0.99Cu0.01O_800 pr

 Zn0.90Cu0.10O_400
  Zn0.90Cu0.10O_400 pr
  Zn0.90Cu0.10O_800
  Zn0.90Cu0.10O_800 pr

O 1s



Catalytic Activity: Structure-Property Relationship!
        
93!

Finally, the binding energies of the XPS peaks measured for all catalysts are 

summarised in table 3; samples are reported before and after their catalytic activity. In 

the case of the oxygen signal (O1s) the position of the different components, obtained 

after deconvolution, are quoted. 

 

 

4.3 Summary and Conclusion 
 

In this chapter, the catalytic performances of zinc oxide based nanopowders towards 

the Methanol Steam Reforming reaction (MRS) have been reported. 

Catalysts based on ZnO doped with copper are the most industrially used for 

hydrogen production from steam reforming of methanol. As a consequence of their 

success these systems have prompted a great deal of fundamental work devoted to 

elucidating the role played by each component and the nature of the active sites.  

There is general agreement about the central role played by the copper, even though 

there is not yet a full consensus regarding the metal oxidation state actually active in the 

process. On the other hand, ZnO is believed, as other semiconductors used to disperse 

copper particles, to primarily act as catalytic promoter influencing the reducibility of 

CuO and to improve the stability of the catalyst preventing the sintering of the copper 

which is one of the primary causes of deactivation of the catalyst.  

The results obtained in this study demonstrate, on the contrary, that ZnO also plays a 

prominent role in steam reforming of methanol. In fact, ZnO calcined at 400°C shows 

unexpected catalytic activity above reactor temperatures of 300°C that increases with 

the temperature: the methanol conversion is about 80% when the reaction is driven at 

400°C. The only products detected in the effluent gas are H2 and CO2 indicating that 

steam reforming is the main reaction. Furthermore, the good selectivity is maintained 

over the whole range of temperatures, and no secondary reactions have taken place. 

Conversely, the activity of ZnO_800 decreases drastically and the methanol conversion 

barely reaches 5% when the reactor is heated to 400°C. 

These results, in line with some very recent literature32,33, show that defects in the 

semiconductor, and more precisely oxygen vacancies, act as active sites. ZnO 

nanopowders synthesised via Sol gel synthesis, as seen in previous chapters, present 

different dimensionality and microstructure when treated at different temperatures. As 



Catalytic Activity: Structure-Property Relationship!
    
94!

revealed by EPR spectroscopy (chapter 3), ZnO_400 presents different structural 

defects, in particular oxygen vacancies and shallow donors. When the semiconductor 

undergoes more severe heat treatment, above 800°C, the crystallinity of nanoparticles 

increases and consequently structural defects, such as oxygen vacancies, decrease.  

The introduction of copper enhances the catalytic performance, not only in terms of 

methanol conversion rate but also decreasing the temperature at which the reaction 

starts to take place. Taking into consideration the Cu-doped ZnO nanopowders 

synthesised at 400°C, previous characterisations had revealed that the copper is mainly 

segregated to the surface. The higher catalytic performance of these samples is, besides 

the higher specific surface area, due to highly dispersed copper nanoparticles that are 

more accessible to methanol and steam. Concerning the samples annealed at 800°C, 

high activity is observed only in samples with a higher concentration of copper, 

Zn0.90Cu0.10O_800. When copper is present in low quantities the high thermal treatment 

favours its diffusion into the ZnO matrix as demonstrated previously. Consequently a 

lower number of active copper species exist on the surface.  

Samples with different copper content show slightly different behaviour, in particular 

in terms of selectivity and reaction path. In fact, in contrast with the case of the undoped 

zinc oxide, catalysts containing copper enable the evolution of by-products. The loss of 

selectivity, in both cases, is not significant and only traces of by-products are detected 

with FTIR spectroscopy.  

In particular, the evolution of carbon monoxide was detected during high 

temperature activity, when the reactor is heated to about 400°C, of the Zn0.99Cu0.01O 

series of compounds. This is compatible with the presence of a competitive reaction, 

such as methanol decomposition, which is activated at high temperature. Additionally, 

looking at catalysts with higher dopant concentration, in particular sample 

Zn0.90Cu0.10O_800, evolution of small traces of formaldehyde is observed at operating 

temperatures of about 350°C - 400°C. The presence of formaldehyde as by-product is 

consistent with the initiation of a competitive pathway, specifically the methanol 

dehydrogenation reaction: CH3OH ! CH2O + H2. 

The structure–activity relationship of ZnO and copper-doped ZnO catalysts 

described in this chapter, and the possibility to tailor the “real structure” of a catalyst 

during preparation, are a step towards a rational design of improved catalysts. 
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Chapter 5 

Optical Properties of 

 Zn1-xTMxO (TM = Mn, Co, Cu) 
 

 

 

PART 1. UV-Vis Absorption Spectroscopy 
 

5.1 Introduction 
 

Optical properties of a semiconductor are products of both intrinsic and extrinsic 

effects. Intrinsic optical transitions take place between the electrons in the conduction 

band and holes in the valence band, including excitonic effects due to coulombic 

interaction. Extrinsic properties are related to the presence of dopants or defects, which 

usually create electronic states in the band-gap and therefore influence both optical 

absorption and emission processes.  

For a semiconductor to be useful, particularly with regard to optoelectronic devices, 

band gap engineering is a crucial step in device development. By doping the initial 

semiconductor with another material, the band gap of the resultant alloy can be fine 

tuned, thus affecting the wavelength of exciton emissions. On the other hand, doping 

with transition metal ions could create localised electronic states in the band-gap of the 

semiconductor, influencing the properties of the final material. 
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5.1.1 ZnO Band-gap 

 

The electronic band structure of ZnO has been calculated by a number of groups1-4. 

This semiconductor has a direct band gap (Eg), in which the conduction bands 

correspond to Zn3d levels and the valence bands correspond, primarily, to O2p bonding 

states. The first two conduction band states are strongly zinc localised and correspond to 

empty Zn3s levels. The band-gap determined from calculations1-4 is 3.77 eV; this 

correlates reasonably well with the experimental value of 3.4 eV.  

As mentioned above, the optical properties of ZnO are heavily influenced by the 

energy band structure and lattice dynamics. For a comprehensive review of the optical 

properties refer, e.g., to the work of B.K. Meyer et al5. 

The most obvious optical effect occurring in semiconductors is the transition from 

the optical transparency for photons with energies 

! 

h" < Eg  to the strong absorption of 

photons with 

! 

h" > Eg . Two types of transition can occur: direct or indirect. In a direct 

transition, an electron is promoted vertically on an energy band diagram from the 

valence band to the conduction band, and hence there is little change in the electron’s 

wave vector. The energy of the initial and final state are related by 

! 

E ' = E + h" . In an 

indirect transition phonon emission or absorption (of a thermally activated phonon) 

occurs; thus   

! 

E ' = E + h" ± h#(! q ph )  and   

! 

! 
k ' =
! 
k ± ! q ph . Since a phonon perturbation is 

involved, indirect transitions are weaker than direct transitions. 

 

5.1.2 Transition Metal Ions Doped ZnO 

 

The presence of a dopant in the semiconductor, which usually creates electronic 

states in the band-gap, influences the optical properties of the final materials. In 

particular, doping with 3d transition-metal (TM) ions offers an effective method to 

adjust the electrical, magnetic and optical properties of zinc oxide.  

The spectral characteristics of the 3dn ! 3dn* transition in transition metal ions can 

be interpreted based on crystal field theory (ligand field theory)6. The d orbitals are 

fivefold degenerate in the free ion state. If a crystal field of cubic symmetry is applied, 

the orbitals are split into threefold degenerate t2g orbitals (composed of d(xy), d(yz), and 

d(xz) orbitals) and twofold eg orbitals (d(x
2

-y
2

) and d(z
2

) orbitals). In the case of octahedral 

symmetry, t2g is lower in energy than eg, while the opposite is true in the case of 
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tetrahedral symmetry. The energy difference between split eg and t2g levels is expressed 

by 10 Dq, a parameter showing the strength of the crystal field, which is given 

approximately by 10Dq " 5eqa4/3r5  where q is the charge of the ligand, a is the radius 

of the d orbit, and r is the distance between the metallic ion and the ligand. The 

presence of inter-electronic repulsion, further removes the degeneracy of the orbitals in 

different terms8.  

Transitions between states with the same parity, such as d!d transitions, are 

forbidden (Laporte rule). However, this symmetry selection rule can be “relaxed” 

through coupling between vibrational and orbital functions6. One broadening effect of 

the d!d absorption bands is due to the vibrational motion of the ligands varying the M-

L distance and essentially sweeping a range of Dq. 

In the case of manganese, the Mn2+ ion has d5 configuration, there are no spin-

allowed transitions as there is only one sextet 6A1g. It is possible to observe some weak 

spin-forbidden transitions, involving quartet states. 

Cobalt(II) ions, d7 in the high spin state, are expected to show three spin-allowed 

bands corresponding to transition between quartet states. In the case of tetrahedral 

complexes, transitions involve the ground state 4A2 and one of the other quartet terms. 

Finally, for d9 copper(II), a single absorption band is expected. The six-coordinate 

Cu2+ complexes are usually distorted from regular octahedrons and four-coordinate 

complexes tend to be distorted from regular tetrahedrons. The distortion and spin-orbit 

coupling can contribute to the broadening of visible bands. 

 

5.1.3 Experimental 

 

Optical measurements (absorption/transmission) were made using a CARY 5E 

(Varian) spectrophotometer. Spectra were collected in diffuse reflectance in the range 

200 – 1000 nm with a resolution of 0.5 nm.  
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5.2 Results: Zn1-xTMxO (TM = Mn, Co, Cu) 
 

In this section, the absorption properties of the doped Zn1-xTMxO nanopowders will 

be presented. The results will be discussed in terms of different synthetic conditions 

(processing temperature, nature and content of dopant) as well as based on the structural 

information discussed in the previous chapters. These experiments will help to provide a 

better understanding of the electronic structure of the system. 

First of all, the properties of the undoped ZnO depending on the processing 

temperature will be described. Different synthetic conditions affect the structural 

properties of the semiconductor and hence the electronic band structure can be tailored. 

Absorption spectra of each of the three Zn1-xTMxO systems will be described: results 

will be analysed in terms of dopant content and processing temperature to identify the 

evolution of the chemical environment of the transition metal ion. 

 

5.2.1 Undoped ZnO  

 

It is possible to derive, indirectly, the value of energy-gap (Eg) of the semiconductor 

through the analysis of the zinc oxide absorption in the UV-Visible region. Related 

spectra, for the undoped samples, are reported in figure 1. 

!
Figure 1: Absorption spectra, collected in diffuse reflectance, of pure ZnO nanopowders. 

The ZnO nanopowders synthesised by Sol gel show a gap of about 2.9-3 eV, lower 

than commercial zinc oxide (Eg = 3.2 eV). The plot inset in figure 1 shows the 
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behaviour of the semiconductors as a function of the heat treatment. Increasing the 

temperature, there is a progressive shifting towards a higher gap. Further more, the edge 

of the absorption is less pronounced for the sample treated at lower temperature, 

ZnO_400, and its absorption is extended towards the visible portion of the spectrum. 

Consequently, the colour of these powders gradually changes from pale yellow 

(ZnO_400) to white (ZnO_800) with increasing processing temperature. 

The variations from the bulk material used as reference could trace back to the 

highly defective structure typical of these nanostructured materials. In particular, it is 

possible to modify the visible fraction of absorbed light and the value of the band-gap 

by changing the synthetic condition of the powders. 

 

5.2.2 Zn1-xMnxO 

 

Figure 2 reports absorption spectra of samples Zn1-xMnxO, x = 0.01, in function of 

the heat treatment. For comparison also spectrum of ZnO_800 is displayed. 

  
Figure 2: Absorption spectra, collected in diffuse reflectance, of Zn0.99Mn0.01O series and ZnO_800. 

As expected for Mn2+ (d5) there are no visible bands due to d-d transition. However, 

the presence of metal ions influences the electronic spectra of the ZnO: the edge of the 

absorption is less pronounced and covers almost the entire range analysed. Usually, the 

optical absorption peak in Mn-doped II–VI compounds8 is broad and structureless at 

room temperature owing to the overlap of the intra-d-shell transitions of Mn2+ from its 

ground state 6A1(S) to 4T1(G), 4T2(G), and 4A1(G), 4E(G). Besides, the presence of 

manganese does not affect remarkably the position of the band-gap of ZnO. The trend in 

function of the heat treatment observed for the undoped samples is maintained. 
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Increasing the content of the manganese (spectra not shown here) there is an overall 

increase of the absorption in the visible part of the spectrum, but specific features are 

not detected. Moreover, the position of the ZnO band gap is almost in the same position 

as for the corresponding undoped samples: the trend in function of the treatment is 

maintained throughout. 

 

5.2.3 Zn1-xCoxO 

 

Optical absorption measurements were performed on all Zn1-xCoxO (x = 0.01, 0.03 

and 0.10) samples. The doped powders had a slight green tint that became more 

pronounced at higher cobalt concentrations. Spectra for Zn0.99Co0.01O and Zn0.97Co0.03O 

are shown in figure 3.  

!
Figure 3: Absorption spectra, collected in diffuse reflectance, of Zn1-xCoxO, x= 0.01 and 0.03 series. 

The spectra show characteristic absorption bands of Co2+ around 568 nm, 616 nm, 

and 658 nm, which are consistent with the presence of tetrahedrally coordinated Co2+ 

ions in a ZnO matrix7: transition from 4A2 into 4T1(P) and the terms arising from 2G lead 
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to the visible bands observed. Increasing the dopant content there is a general increase 

of the bands related to the presence of tetrahedral Co2+.  

Spectra of samples with higher dopant concentration, Zn0.90Co0.10O, not shown here, 

reveal the presence of another cobalt species, compatible with the mixed oxide Co3O4 

detected by x-ray diffractions.  

The general trends observed for the other systems, undoped and Mn-doped ZnO, 

regarding the position of the absorption edge of the semiconductors are maintained. 

 

5.2.4 Zn1-xCuxO 

 

As seen in chapter 3, the solubility of copper in ZnO is lower than other metal ions, 

such as Mn or Co. Figure 4 reports the absorption spectra of the Zn1-xCuxO samples 

treated at 800°C, samples treated at 400 and 600°C showed similar behaviour. 

!
Figure 4: Absorption spectra, collected in diffuse reflectance, of Zn1-xCuxO systems treated at 800°C. 

The absorption edge of ZnO is observed, as in previous cases, at about 400 nm. The 

semiconductor band gap is not affected by the presence of the dopant and the trend in 

function of the heat treatment is maintained.  

Upon increasing the level of copper, a second edge centred at 820-860 nm appears 

indicating the formation of a secondary phase of CuO. The plot inset in figure 4 shows 

the rise of the onset relative to the copper oxide band edge. The trend is in agreement 

with results shown previously, such as XRD (chapter 2) or XAS (chapter 3). 
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5.3 Summary and Conclusion 
 

Optical absorption measurements were performed on Zn1-xTMxO (TM = Mn, Co and 

Cu) systems. These measurements could be used to determine, indirectly, the energy-

gap (Eg) of the semiconductor. They could also be a useful tool to analyse the effect of 

the different metal ions on the electronic properties of the doped nanopowders. 

ZnO synthesised via Sol gel shows a band gap of about 2.9-3 eV, depending on the 

processing temperature, which is slightly lower than that of commercial powders (Eg = 

3.4 eV). The heat treatment does affect the electronic structure of the semiconductor due 

to the presence of defects. In particular, it is possible to modify the visible fraction of 

absorbed light and the value of the band gap, by changing the synthetic condition of the 

powders.  

The presence of the various dopants influences the absorption spectrum of the final 

material in different ways. As in the case of Zn1-xMnxO there is an overall increase in 

absorption in the visible region of the light-spectrum but no specific features are 

detected, as expected for transition metal with d5 electronic configuration.  

On the other hand, it is possible to confirm the presence of tetrahedrally coordinated 

Co2+ in Zn1-xCoxO systems where x = 0.01 and 0.03. In fact, the absorption spectra of 

these samples present features typical of substitutional cobalt in ZnO:Co, as reported in 

literature7. 

Finally, in the case of copper as dopant, it is possible to follow the evolution of the 

system Zn1-xCuxO in which a second phase of CuO starts to segregate even at very low 

dopant content. In fact, the absorption spectra of related compounds revealed the 

presence of two different absorption edges, due to the presence of two different 

semiconductors ZnO (edge ~ 400 nm) and CuO (edge ~850 nm). 
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PART 2. X-ray Excited Optical Luminescence (XEOL)  

 

5.4 Introduction 

 

The optical properties of pure and doped ZnO nanostructures are greatly dependant 

on the dopant, the intrinsic defect concentration and the crystallinity. Much attention 

has been paid to the quasi-free excitonic states, which become sensitive to confinement 

once the dilatation of the exciton Bohr radius is comparable to the particle size. The 

critical particle size where confinement in ZnO becomes important is ! 5 nm1-3. At 

larger particle sizes confinement effects quickly lose importance, but surface effects 

may still be significant2-4. Doping zinc oxide with transition metal ions (such as 

manganese, cobalt and copper) also offers an effective method to adjust its electrical 

and optical, as well as magnetic, properties. 

It has been proven that element selective X-ray Excited Optical Luminescence 

(XEOL) of different sample morphologies is a suitable method to study 

phenomenological optoelectronic and structural correlations5-7. 

 

5.4.1 ZnO Photoluminescent (PL) Properties 

 

XEOL of ZnO typically exhibits the band gap transition (∼380 nm) and defect 

related transitions, often referred to as green band (∼500 nm) and yellow band (∼620 

nm) 1-5,8. 

The UV band has excitonic nature4,8-9 but quantum confinement effects can be 

observed only in very small nanostructures (! 5 nm) due to the small size of the exciton 

Bohr radius in zinc oxide. Position of the near-band-edge emission at room temperature 

can, however, significantly vary due to variations in relative contributions of free 

exciton emission and phonon replicas, which will be dependent on synthesis 

conditions3,9-10. 

The green band originates from shallow trapped electrons and deep, trapped holes 

due to oxygen vacancies or interstitial zinc ions, which may appear together as a 

double-peak structure in the luminescence spectrum. The yellow tail towards long 

wavelengths is attributed to oxygen interstitials3-4,8,11. 
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It is worth noting that many different hypotheses have been proposed to explain the 

visible emission of ZnO, but there is still no consensus3,10. In some cases, assignment is 

based on agreement between theoretical calculations and emission band positions, but in 

general this is not sufficient to conclusively make such a claim, especially as different 

calculations often give different predictions. Several theoretical studies of defects in 

ZnO have been reported12-15: different studies predict different energy levels for the 

same type of defect and consequently conclusive identification by a simple comparison 

of observed peak position and theoretically predicted defect energy level cannot be 

made. 

The most commonly cited hypothesis for the origin of green emission remains singly 

ionised oxygen vacancies3,8,16. This identification was proposed based on the correlation 

with the EPR signal at g = 1.96, the free carrier concentration and the green PL 

intensity3,16. However, it was proposed that the EPR peak at g = 1.99 corresponds to 

oxygen vacancies, while g = 1.96 corresponds to shallow donors17. It was also shown 

that green emission does not necessarily coexist with an EPR signal at g = 1.9618,19 and 

that this signal can appear in samples exhibiting yellow–orange emission19. 

 

5.4.2 X-ray Excited Optical Luminescence, XEOL 

 

X-ray Excited Optical Luminescence (XEOL) is essentially an energy-transfer event 

in which the absorption of the X-ray photon produces a large number of energetic 

electrons (photo- and Auger electron). These electrons in turn cause further ionisation 

and excitation. The complex mechanism of XEOL involves the decay of super-excited 

states, but it is generally recognised that the radiative de-excitation channel in the 

optical region results from the effective coupling of the super-excited-state with the 

luminescence centre, producing electron-hole pairs that recombine radiatively7,20. The 

incoming energy is transferred to luminescent centres through inelastic processes, which 

lead to the creation of holes in the valence band and electrons in the conduction band in 

semiconductor nanostructures. Figure 5 presents a schematic representation of processes 

involved in XEOL for a semiconductor material. 
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!
Figure 5: Schematic representation of processes involved in XEOL for a semiconductor. 

XEOL is a photon in - photon out technique: using laboratory soft X-rays (20 eV - 3 

keV) from a tuneable synchrotron light source, it is often possible to conduct site and 

sampling depth selective measurements7,21-22. The sampling depth selectivity comes 

from the energy-dependent penetration depth of the photons and the site selectivity, 

from the tunability of the source. 

 

5.4.3 Experimental 

 

Experiments were performed on the Spherical Grating Monochromator (SGM) 

11ID-1 beamline (energy: 200-1900 eV, "E/E: <10-4) at the Canadian Light Source 

(CLS), University of Saskatchewan. XEOL spectra were recorded in the range of 200–

850 nm with a J-Y H-100 optical monochromator equipped with a Hamamatsu R943–

02 photomultiplier tube PMT, which has a monotonic, nearly flat optical response in 

this wavelength region. 

XEOL spectra were recorded, exciting samples around various edges: O-K (520-580 

eV), Zn-L3,2 (1020-1085 eV), Co-L3,2 (770-810 eV), Mn-L3,2 (635-665 eV), Cu-L3,2 (920-

980 eV).  

It is worth noting that XEOL spectra of all nanopowders show features that are 

independent of the photon-energy used to excite them. For that reason, only spectra 

excited at 540 eV, corresponding to the O K-edge, will be reported. 
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5.5 Results: Zn1-xTMxO (TM = Mn, Co, Cu) 
 

As described previously, XEOL is a suitable method to study phenomenological 

optoelectronic and structural correlations of the system under inspection. 

In this section, the luminescence properties of the Zn1-xTMxO nanopowders will be 

presented. The results will be discussed in terms of synthetic conditions (processing 

temperature, nature and content of dopant) as well as structural information. These 

experiments will help to provide a better understanding of the relationship between the 

electronic structure of the system and its properties. 

For a better understanding of different Zn1-xTMxO systems, it is fundamental to first 

describe the properties of the undoped ZnO depending on the processing temperature 

and to understand how the luminescence is affected by the synthesis condition. 

XEOL spectra of each of the three Zn1-xTMxO systems will be described: the 

emission will be analysed in terms of dopant content and processing temperature to 

identify the evolution of the system. 

Finally, it will be very important to make a comparison between the different 

dopants to understand the role of each in modifying the optical properties of zinc oxide.  

 

5.5.1 Undoped ZnO  

 

Undoped ZnO exhibits XEOL features typical of this kind of material, as shown in 

figure 6a: a narrow band around 400 nm and a broad one in the visible region. The 

processing temperature significantly affects the emission spectrum, changing not only 

the relative intensity of the two signals but also the energy of the defects involved in the 

process. Upon increasing the processing temperature, the oxide’s structure is modified 

and the optical properties are altered accordingly. 

One of the challenges in identifying the origin of defect bands in ZnO is the fact that 

the bands are broad and overlapping; the use of Gaussian fitting to deconvolute peaks 

may lead to inaccurate peak position both due to the fact that emission bands are often 

asymmetric23 and due to fitting uncertainties. 
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!
Figure 6: XEOL spectra of ZnO nanopowders excited at 1085 eV: a) comparison between different 

processing temperature b) peak fittings of ZnO_400 c) peak fitting of ZnO_800.  

Figure 6b shows the deconvolution of XEOL spectrum for the samples treated at 

lower temperature, T = 400°C; peak position and relative intensity are displayed in table 

1. 
Table 1: Peak fits for sample ZnO_400. 

 Peak Position (nm) % 
Peak I ~ 399 16 
Peak II ~ 530 18 
Peak III ~ 630 48 
Peak IV ~ 750 18 

 

This fitting shows the presence of several contributions: the band gap transition 

(peak I) and three defect related transitions in the visible part of the spectrum. The green 

component around ~ 530 nm (peak II) could be associated with the presence of oxygen 

vacancies or interstitial zinc ions3,8-9,23. 

The yellow tail towards long wavelengths, peak III, could be attributed to oxygen 

interstitials3,8,24. It is, however, possible to attribute it to the presence of hydroxyl 

groups3,25-26. The presence of -OH groups in ZnO nanoparticles prepared by Sol gel 

synthesis is due, not only to zinc hydroxide shell covering the surface, but also to an 

incomplete reticulation of metal ions via oxygen bridges. 



Optical Properties of Zn1-xTMxO (TM = Mn, Co, Cu) 
    
110!

Finally, the presence of peak IV at around ~ 750 nm can be ascribed to the presence 

of oxygen-related defects or zinc interstitials3,27. 

Table 2: Peak fits for sample ZnO_800. 

 Peak Position (nm) % 
Peak I ~ 390 6 
Peak II ~ 530 50 
Peak III ~ 630 34 
Peak IV ~ 750 10 

 

Upon increasing the processing temperature the relative intensity of different 

contributions changes (sample ZnO_800 reported in figure 6c, table 2 displays peak 

fitting). The position of the near-band-edge emission is shifted to shorter wavelength 

and its intensity is considerably decreased. The yellow band (peak III) also decreases: 

the hydroxyl’s contribution becomes significantly less pronounced with increasing 

processing temperature. For this synthetic condition, the green emission is greatly 

enhanced and the luminescent spectrum is predominantly characterised by this 

contribution. 

It’s worth noting that the emission properties of the undoped ZnO are not site 

specific, i.e. zinc or oxygen elements in a specific environment, as the XEOL spectra 

are independent of the excited beam-energy. The mechanism underlying these processes 

is certainly complicated and involves the electronic band structure of the semiconductor 

as a whole: the presence of defect complexes need to be considered, rather than just 

single point defects28,29. For example, it was recently proposed that calculations should 

take into account interaction between individual defects (including donor–donor and not 

only donor–acceptor interactions)30. It was predicted that in oxygen-deficient ZnO there 

is an attractive interaction between oxygen vacancy and zinc interstitial defects, which 

lowers their formation energy and can lead to their co-existence in defect complexes30. 

 
5.5.2 Zn1-xMnxO 

 

The presence of manganese in Zn1-xMnxO nanoparticles alters the XEOL spectra of 

the systems. Figure 7a shows the evolution of the photoluminescence for samples 

treated at 800ºC with increasing dopant content: the overall luminescence decreases 

with increasing manganese concentration. It is possible to notice this quenching effect, 
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driven by an increase of dopant content, at all processing temperatures (spectra not 

shown). 

!
Figure 7: XEOL spectra of Zn1-xMnxO: a) samples treated at 800°C, manganese concentration effects  

b) normalized spectra to the intensity of band-gap emission, manganese concentration effects  
c) Zn0.99Mn0.01O samples, temperature effects d) peak fittings of Zn0.99Mn0.01O_800. 

By normalising the XEOL spectra to the intensity of the band-gap emission (figure 

7b) it is clear that there is a change in branching ratio between the defect emission and 

the band-gap emission upon doping. The addition of manganese increases the ratio of 

the band-gap emission relative to that of the defect emission.  

For its part, the processing temperature affects the process yield (figure 7c shows the 

case of Zn0.99Mn0.01O series): a rise in temperature leads to a gradual increase in the 

overall intensity of the XEOL spectrum. Furthermore, as seen in the undoped samples, 

the shape of the visible band is slightly affected by the processing temperature. Similar 

enhancement of the luminescence intensity of Mn-doped ZnO systems by annealing at 

800ºC has been previously reported31. Annealing of ZnO and manganese doped 

nanoparticles enhances their luminescence due to the removal of vacancies and lattice 

defects inside the nanoparticles which trap electrons in defect levels and subsequently 

undergo non-radiative de-excitation. 

The major difference between the manganese doped and undoped ZnO systems is the 

defect emission: the doped system contains defect levels lower in energy than those in 



Optical Properties of Zn1-xTMxO (TM = Mn, Co, Cu) 
    
112!

the ZnO. Figure 7d reports, as an example, the peak fitting of the Zn0.99Mn0.01O_800 

sample; peak positions and their relative intensity are displayed in table 3. 

Table 3: Peak fits for sample Zn0.99Mn0.01O_800. 

 Peak Position (nm) % 
Peak I ~ 386 14 
Peak II ~ 560 28 
Peak III ~ 630 10 
Peak IV ~ 680 28 
Peak V ~ 750 20 

 

The band-gap transition (peak I) is slightly blue shifted with the presence of 

manganese when compared with the undoped ZnO seen in the previous section. The 

manganese defect level at ~ 560 nm (2.2 eV), corresponds to the d-d transition from the 
4T1 to 6A1 state of Mn2+.31 The defect level, peak IV, at ~ 680 nm (1.82 eV) most likely 

corresponds to surface defects on the Zn1-xMnxO nanoparticles, such as O vacancies 

near Mn sites which are lower in energy than the O vacancies near Zn sites, resulting in 

the red shift of the defect band compared to that of ZnO.  

 
5.5.3 Zn1-xCoxO 

 

The emission properties of the Zn1-xCoxO series of compounds were investigated: the 

incorporation of Co2+ dopants into the ZnO host matrix results in a dramatic decrease in 

the ZnO defect emission (420-800 nm) and total quenching of the near band edge 

emission. Some of the related XEOL spectra are reported in figure 8. 

!
Figure 8: XEOL spectra of Zn1-xCoxO: a) samples treated at 800°C, cobalt concentration effects  

b) Zn0.97Co0.03O samples, temperature effects. 

All samples, independent of processing temperature and cobalt content, show an 

intense and narrow peak centred in the red zone of the visible spectrum. The observed 
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peak at ~687 nm is due to the transition from the 2E ! 4A2 states of Co2+ in ZnO32. This 

clearly shows that the absorbed photon energy is transferred from the ZnO host to the 

cobalt which undergoes radiative recombination to produce the intense emission at 

~687 nm. 

The intensity of the dopant emission increases with increasing processing 

temperature, as shown in figure 8b (only Zn0.97Co0.03O samples are reported), revealing 

that the energy transfer from the host to the dopant is improved by increasing the 

overall crystallinity of the system.  

The concentration of cobalt also affected the emission properties (figure 8a): a rise 

in the dopant content leads to a gradual quenching of the peak at ~687 nm. In 

particular, as can be clearly seen in figure 8b, the XEOL spectrum of Zn0.9Co0.1O_800 

shows a dramatic decrease of the cobalt emission and a re-appearance of the peak at 

~390 nm, assigned to the exciton band emission of ZnO. The change in spectral feature 

intensities is due to the formation of Co3O4, as seen in the XRD and XANES data. The 

presence of this second phase drastically decreases the energy transfer between the zinc 

oxide matrix and the dopant.  

Monitoring of the XEOL intensities can therefore be used to monitor the amount of 

secondary Co3O4 phase formation in ZnO:Co systems. 

 
5.5.4 Zn1-xCuxO 

 

As described previously for the other systems the incorporation of copper in ZnO 

leads to drastic modification of the emission of the final material. As an example, 

XEOL spectra of Zn1-xCuxO treated at 800°C are reported in figure 9a.  

In this case, unlike with manganese and cobalt, the presence of copper induces a 

nearly total quench of the luminescence. The effect is detectable even at the lowest 

concentration, Zn0.99Cu0.01O: an increase of the dopant concentration leads to an 

increase of the quenching (figure 9a). As described previously, the heat treatment 

influences the yield of the process: a rise in temperature induces an increase of the 

overall intensity of XEOL features (spectra are not shown). 



Optical Properties of Zn1-xTMxO (TM = Mn, Co, Cu) 
    
114!

Figure 9: XEOL spectra of Zn1-xCuxO: a) samples treated at 800°C  
b) normalised spectra in respect of the band gap emission. 

Notwithstanding the emission’s quench, it is possible to consider the effects that the 

copper induces on the system, looking at the XEOL spectra of samples with low dopant 

content. Sample Zn0.99Cu0.01O_800, figure 9a, show a broad emission band centred ~530 

nm and a very low exciton band at ~400 nm. 

One of the proposed explanations for green emission in ZnO:Cu doped system is the 

presence of copper impurities33-35. The transition responsible for the broad Cu green 

band in ZnO involves the !4(2T2) state of CuZn
2+(3d9) and the excited (charge transfer) 

state in which the Cu centre has the configuration of a deep neutral acceptor (Cu+,h).35,36 

It should be noted that while there is strong evidence that structured green emission is 

due to Cu impurities, evidence associating unstructured green emission with the 

presence of copper37 is weaker. 

To investigate the nature of this green emission figure 9b presents the normalised 

spectra, at the near band edge emission, of samples ZnO_800 and Zn0.99Cu0.01O_800. As 

determined with XANES, in sample Zn0.99Cu0.01O treated at 800°C the copper is 

incorporated in the ZnO matrix as CuZn
2+: the green emission is strongly enhanced due 

to the presence of the dopant as tetrahedrally substituted in zinc vacancies. There is also 

a slight shift of a few nm towards lower energy of the band-gap transition.  
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5.6 Summary and Conclusion 
 

In this chapter, the luminescence properties of the Zn1-xTMxO nanopowders were 

reported.  

X-ray Excited Optical Luminescence (XEOL) is a suitable method to investigate 

phenomenological optoelectronic and structural correlations: results were discussed in 

terms of synthetic conditions (processing temperature, nature and content of dopant) as 

well as structural information.  

Undoped ZnO exhibits expected XEOL features: a narrow band around 400 nm and 

a broad one in the visible region. The processing temperature significantly affects the 

emission spectrum, changing not only the relative intensity of the two signals but also 

the energy of the defects involved in the process. Upon increasing the processing 

temperature the oxide structure is modified and the optical properties are affected 

accordingly.  

It must be emphasised that ZnO nanopowders synthesised via Sol gel show a 

tuneable visible band due to the presence of hydroxyl groups. Although further tests, 

such as time-resolved XEOL, are needed to better confirm this hypothesis, what is 

certain is the capability to obtain a material with different optical properties simply by 

changing the processing temperature used to anneal the samples. 

Zn1-xMnxO nanoparticles prepared at various concentrations and temperatures were 

analysed: the addition of manganese increases the ratio of the band-gap emission 

relative to that of the defects emission.  Furthermore, when the dopant is incorporated 

into the ZnO wurzite matrix as MnZnO (as in the series of compounds with x = 0.01 for 

all treatment temperatures) the visible band shows different components: new localised 

defects levels are introduced. When the second phase, ZnMnO3, starts to segregate the 

overall emission is quenched. 

The presence of cobalt in Zn1-xCoxO leads to drastic modification of the emission 

spectra of doped zinc oxide. All samples, independent of processing temperature and 

cobalt content, show an intense and narrow peak centred in the red zone of the visible 

spectrum: the absorbed photon energy is transferred from the ZnO host to the cobalt 

which undergoes radiative recombination to produce the intense emission at ~687 nm 

(assigned to the transition between 2E ! 4A2 states of Co2+). The intensity of the dopant 

emission increases with increasing processing temperature, revealing that the energy 
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transfer from the host to the cobalt is improved by increasing the overall crystallinity of 

the system. It is possible to follow the formation of the second phase of Co3O4, detected 

only in samples with the higher level of dopant (x = 0.10), by monitoring the quenching 

of this signal. 

Finally, unlike in the case of manganese and cobalt, XEOL spectra of Zn1-xCuxO 

nanoparticles show a near total quenching of the luminescence. The presence of copper, 

as in the previous cases, introduces new localised defect levels in the band gap of ZnO, 

as detected in samples with the lowest dopant content (x = 0.01) where the quenching 

effect is reduced. 

A general trend regarding optoelectronic and structural correlations could be 

extrapolated from the results obtained with X-ray Excited Optical Luminescence. 

Annealing of ZnO and Zn1-xTMxO nanoparticles enhances their luminescence due to 

the removal of vacancies and lattice defects inside the nanoparticles which trap 

electrons in defect levels and subsequently undergo non-radiative de-excitation. 

Second phase formation should be avoided to preserve the luminescent properties of 

Zn1-xTMxO nanoparticles: independent of the dopant, segregation is always 

accompanied with a quenching in the emission spectra. 

The nature of the transition metal ion could also affect the luminescence of ZnO 

synthesised by Sol gel. New localized defect levels are introduced in the band-gap of the 

semiconductor: the energy and nature of these levels can be tuned by changing the 

dopant. As in the case of manganese, these new levels could participate in the emission 

process, showing new components in the visible band of the spectra. The absorbed 

energy could be completely transferred from the ZnO host to one of these levels that 

decay radiatively, as seen with cobalt. Finally, it is possible to trap electrons in these 

defect levels that subsequently undergo non-radiative de-excitation, as reported for 

copper. 
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Chapter 6 

Magnetic Properties of  

Zn1-xTMxO (TM=Mn, Co, Cu) 
 

 

 

Spin-dependent phenomena in wide band-gap semiconductors, such as ZnO, may 

lead to the development of devices with new or enhanced functionality: sensitive 

biological and chemical sensors, polarised solid-state light sources (spin light-emitting 

diodes) or novel microprocessors, to name but a few.  

In order to become a practical technology, semiconductor spintronics demands the 

discovery and application of ferromagnetic semiconductors that exhibit spin polarisation 

in the majority carrier band at and above room temperature. Moreover, intrinsic 

remanent magnetisation would allow spin-polarised currents to propagate in such 

materials without the need for a continuous magnetic field. 

Recent theoretical calculations1-3 have predicted that transition metal ion doped ZnO 

is one of the most promising candidates for room-temperature ferromagnetism. 

Additionally, owing to its outstanding optical transparency, doped ZnO allows the study 

of magneto-optical properties, which could lead to the development of magneto-

optoelectronic devices4,5. 

Preliminary results will be presented on the magnetic properties of Zn1-xTMxO (TM 

= Mn, Co, Cu). In particular, developing an understanding of the real nature of the 

magnetic interactions in such systems, of which there has been considerable debate in 

the scientific community, is very valuable. 
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6.1 Introduction 

 
6.1.1 Diluted Magnetic Semiconductor 

 

Currently the development of Dilute Magnetic Semiconductor materials (DMS) 

exhibiting ferromagnetic behaviour for different applications (i.e. spin-based light-

emitting diodes, sensors or transistors) has aroused significant interest in the scientific 

community1-8.  

These materials are formed through the introduction of transition metal (TM) ions or 

rare earth ions into the host semiconductors. These ions have partially filled d and f 

shells, respectively, which give rise to unpaired electrons. The magnetic behaviour of 

such materials depends upon the concentration of the TM ions in the crystal, the carrier 

density and the crystal quality.   

The term DMS is used to indicate that a fraction of the atoms in a non-magnetic 

semiconductor host, like ZnO, are substituted by magnetic ions. As a consequence, the 

electronic structure of the substituted 3d transition-metal impurities in the 

semiconductors is influenced by two competing factors: strong 3d-host hybridisation 

and strong coulomb interactions between 3d-3d electrons. There are two interacting 

subsystems in DMS materials, the delocalised conduction band electrons and valence 

band holes and the random, diluted system of localised magnetic moments associated 

with the magnetic atoms.  

Recent interest in DMSs took off after some theoretical calculations predicted that 

the TC for p-type DMSs could exceed room temperature1-3. In particular, stable 

ferromagnetism (FM) in DMSs based on wide band-gap semiconductors, i.e., ZnO, 

should exist. Using first principle calculations, it was theoretically demonstrated9 that a 

ZnO host doped with TM atoms (such as V, Cr, Fe, Co and Ni) exhibited FM ordering, 

whereas doping with Ti and Cu resulted in a paramagnetic state. 

These theoretical predictions started an experimental race which soon revealed that 

some TM doped ZnO systems exhibited room temperature ferromagnetism although the 

exact origin and mechanism of the FM ordering is still disputed. In some cases the 

results concerning the existence of ferromagnetism have been somewhat controversial, 

partly due to the sensitivity of the resulting magnetic properties to the exact growth 

conditions and also to incomplete characterisation of the magnetic properties.  
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A sufficiently detailed overview of experimental results in these systems, which is 

certainly not exhaustive, can be found in the listed literature: Co doped ZnO10-23, Mn 

doped ZnO24-30 and Cu doped ZnO31-41. 

A key issue in many of the published reports is whether the resulting material is 

indeed an alloy of transition metal elements within the host material or whether it 

remains as the matrix material with clusters, precipitates or second phases that are 

responsible for the observed magnetic properties. A relatively complete characterisation 

of the DMS would involve a complete magnetic characterisation (hysteresis 

measurements as well as field-cooled and zero field-cooled magnetisation, magneto-

transport) as well as a detailed structural description with, for example, High Resolution 

Transmission Electron Microscopy (HRTEM), chemical bonding information obtained 

from X-Ray Photoelectron Spectroscopy (XPS) and lattice location measurements by 

Extended X-ray Absorption Fine Structure (EXAFS). In most cases, such a detailed 

characterisation is not carried out. For that reason, the origin of the observed magnetic 

behaviour still remains controversial, i.e., whether they are intrinsic or extrinsic 

properties of the material.  

 

6.1.2 Superconducting Quantum Interference Device (SQUID) 

 

The Superconducting Quantum Interference Device (SQUID) Magnetometer-

Susceptometer (MS) is one of the most sensitive instruments for measuring magnetic 

moments of small samples. SQUID magnetometers are able to measure changes in the 

magnetic moment of the sample with sensitivities down to 10-11 Am2 (10-8 emu), in a 

wide range of applied magnetic field and sample temperature. 

SQUID-MS instruments are induction-based systems where the sample is moved 

along the direction of the applied field through a set of pick up loops, called a 

gradiometer. The variable magnetic flux inside the coils caused by the moving sample 

induces a current in the gradiometer, according to Faraday’s Law of induction. The 

gradiometer is inductively coupled to a SQUID, which converts the magnetic flux to a 

voltage signal with high gain and low noise. The SQUID is made of a superconducting 

loop interrupted by thin tunnel barriers (Josephson junctions) and its functionality relies 

on the Josephson effect. The signal measured on the SQUID is fitted to a model 

function in order to calculate the magnetic moment of the sample. A complete overview 

of these techniques can be found, for example, in The Squid Handbook42. 
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The instrument used here is a MPMS-7 system manufactured by Quantum Design. 

A schematic cross section of the instrument is provided in figure 1. 

!
Figure 1: Schematic cross section of the SQUID, Quantum Design manufacturer. 

The instrument allows measurement of magnetic moments in a magnetic field up to 

B = ± 7 Tesla, in a temperature range of 2 K to 400 K. The instrument sensitivity 

depends on the magnetic field which is typically ranged from ± 1x10-7 emu @ 1 Tesla 

to ± 1x10-6 emu @ 7 Tesla (absolute sensitivity). 

The SQUID, the superconducting gradiometer and magnet only operate at cryogenic 

temperatures; therefore these parts of the instrument are kept in thermal equilibrium 

with a bath of liquid helium (4.22 K). The helium Dewar is thermally insulated by a 

vacuum sleeve and surrounded by a liquid nitrogen Dewar (not shown in figure). The 

sample chamber is centred inside the magnet and is separated from the liquid helium 

bath by the vacuum sleeve. The chamber has thermometers for temperature control and 

can be heated by heaters in the chamber wall or cooled by a flow of cold helium through 

a gap between the chamber and the vacuum sleeve (cooling annulus). The sample is 

attached to a rod and located in the middle of the magnet; a linear motor drives the 

oscillation of the sample inside the gradiometer. 

The MPMS-7 makes use of a second order gradiometer, formed by three sets of 

coils equally spaced and connected in series; the first and last coil have the same 
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number of loops and are wound in the same direction, while the middle coil is wound in 

the opposite direction and has twice the number of loops (figure 2).  

!
Figure 2: Scheme of the MPMS7 gradiometer. 

This arrangement of coils ideally allows complete cancellation of background 

signals from the sample holder and strongly reduces the effect of field noise in the 

magnet. The response curve of the SQUID for a magnetic point dipole moving in the 

centre of the gradiometer can be obtained from the Biot-Savart law. The following 

equation is used to fit the signal: 
 

where A, B, C, and D are fitting parameters, r is the gradiometer coil radius (0.97 cm), b 

is the inter-coil distance (1.519 cm) and the response function from each coil at an axial 

offset z’ is given by 

 

Following calibration with a reference sample of known susceptibility (generally 

palladium), the magnetic moment of the sample can be calculated from the value of C; 

A is a signal offset correction, while B corrects any linear drift of the SQUID signal with 

time and D is a sample offset correction. 

There are two operating modes for magnetic property measurements in constant 

magnetic fields; the standard one is called DC measurement, where the sample is moved 

through the coils in discrete steps, while the alternative is called Reciprocating Sample 

Option (RSO), where the sample is oscillated over a few centimetres by a servo motor 

! 

F(z) = A + Bz +C[g(r,z "D " b) " 2g(r,z "D) + g(r,z "D+ b)]
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several times per second (1Hz to 4Hz), and the signal is averaged over several scans. 

The latter scheme achieves better sensitivity by eliminating low frequency noise and has 

therefore been used in these experiments. 

 

6.1.3 Experimental 

 

The MPMS-7 is used for measuring Zn1-xTMxO samples. Sample preparation and 

mounting varied between powder samples, single crystals and thin films. In the case of 

powders, the sample is first gently ground in a glass mortar and then a small quantity 

(about 20 mg) is loaded inside a gelatine capsule. The powder is packed inside the 

capsule with some cotton wool to avoid displacement and reduce reorientation during 

the measurement. Finally the capsule is loaded inside a clear plastic drinking straw, of 5 

mm diameter, and held in place by transverse stripes cut from the straw and folded 

inward. 

Two different types of experiment are set up to follow the evolution of the 

magnetisation, scanning the measurement temperature and the applied magnetic field. 

 

 

6.2 Magnetic Properties of Solids 
 

Magnetism is a property of materials that respond at an atomic or subatomic level to 

an applied magnetic field. Some are attracted to a magnetic field (paramagnetism); 

others are repelled by a magnetic field (diamagnetism); others have a much more 

complex relationship with an applied magnetic field.!Some of the magnetic states are 

shown in figure 3 and described below.  

!
Figure 3: The alignment of magnetic moments for some of the principal classes of magnetism. Random 

alignment of adjacent magnetic moments is observed for paramagnets. Ferromagnets exhibit parallel 
alignment of adjacent magnetic moments. Simple antiferromagnets exhibit antiparallel alignment of 

adjacent magnetic moments. 
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The magnetic moment of a free atom can be associated with three principal effects: 

the spin of the electrons, their orbital motion and the spin-orbit coupling.  

It is possible to define the magnetisation M as the magnetic moment per unit 

volume. The magnetic susceptibility (!) per unit volume is defined43-45 as 

 

where B is the macroscopic magnetic field intensity, expressed in SI units (in the CGS 

system ! = "/#). In both systems of units the susceptibility is dimensionless. Quite 

frequently ! is defined for a mole of the substance: the molar susceptibility is written as 

!M. Substances with negative susceptibility are called diamagnetic; a positive magnetic 

! is characteristic of paramagnetic materials. Ordered arrays of magnetic moments 

could give rise to ferro- or ferrimagnetism and antiferromagnetism. 

Below a short description of the principal types of magnetic material is reported; 

further information can be found in various texts43-45. 

 

6.2.1 Paramagnetism 

 

In a paramagnetic material there are unpaired electrons, i.e. partially filled atomic or 

molecular orbitals. While paired electrons are required by the Pauli exclusion principle 

to have their intrinsic ('spin') magnetic moments pointing in opposite directions, causing 

their magnetic moments to cancel out, an unpaired electron is free to align its magnetic 

moment in any direction. When an external magnetic field is applied, these magnetic 

moments will tend to align themselves in the same direction as the applied field, thus 

reinforcing it. 

The Brillouin Function describes the magnetisation of an ideal paramagnet as a 

function of the dimensionless ratio gµBB/kBT. In practice this function describes the spin 

state of a paramagnet as the applied magnetic field is varied at a constant temperature. 

The magnetisation is given by 

 

where N is the number of atoms, g is the Landé factor, µB is the Bohr magneton defined 

as e!/2mNc (CGS system); the Brillouin function BS(x) is defined as 
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!

For x << 1, i.e. when µBB / kBT is small, the expression of the magnetisation can be 

approximated by 

 

here p is the effective number of Borh magnetons, defined as 

 

The high temperature limit is known as the Curie Law and the constant C is known 

as the Curie constant. 

 

6.2.2 Ferromagnetism 

 

Ferromagnetic materials exhibit a long-range ordering phenomenon at the atomic 

level that causes the unpaired electron spins to line up parallel with each other in a 

region called a domain. On the other hand, in materials that exhibit antiferromagnetism, 

spins align in a regular pattern with neighbouring spins (on different sub-lattices) 

pointing in opposite directions. 

The largest internal interaction leading to the parallel (or antiparallel) alignment of 

the magnetic moments to one another is generally the exchange interaction. In 

Heisenberg model, the total energy of the interactions between spins {Si} is 

 

where J is the exchange integral, related to the overlap of the charge distributions of 

atoms i,j. If Jij > 0 the interaction is called ferromagnetic, if Jij < 0 the interaction is 

called antiferromagnetic; finally if Jij = 0 the spins are non-interacting. 

The orienting effect of the exchange interaction is opposed by thermal agitation, and 

at elevated temperatures the spin order is destroyed. The Curie temperature, TC, is 

defined as the temperature above which the spontaneous magnetisation vanishes; it 

separates the disordered paramagnetic phase at T > TC from the ordered ferromagnetic 

state at T < TC.  



Magnetic Properties of Zn1-xTMxO (TM=Mn, Co, Cu) 
        
127!

A modification of the Curie law, known as the Curie-Weiss law, describes this 

deviation observed in interacting systems: 

 

where the Weiss constant (!) is proportional to the strength of the magnetic interactions 

observed. Positive Weiss constants indicate ferromagnetic interactions, while negative 

Weiss constants indicate antiferromagnetic interactions.  

When a ferromagnetic material is magnetised in one direction, it will not relax back 

to zero magnetisation when the imposed magnetising field is removed. It must be driven 

back to zero by a field in the opposite direction. If an alternating magnetic field is 

applied to the material, its magnetisation will trace out a loop called a hysteresis loop. 

The lack of retraceability of the magnetisation curve is the property called hysteresis 

and it is related to the existence of magnetic domains in the material. Once the magnetic 

domains are reoriented, it takes energy to turn them back again. This property of 

ferromagnetic materials is useful as a magnetic "memory".  

A number of primary magnetic properties of a material can be determined from a 

hysteresis loop as shown in figure 4. 

!
Figure 4: M vs. H curve: hysteresis loop. 

The Saturation magnetisation (MS) is the point at which all the magnetic domains 

are aligned (denoted as “a”, figure 4). Remanence (MR), instead, is defined as the 

material's ability to retain a certain amount of residual magnetic moment when the 

magnetising force is removed after achieving saturation (denoted as “b”, figure 4). 

Finally, Coercive Field (HC) is the amount of reverse magnetic field which must be 

applied to a magnetic material to return the magnetic flux to zero (point “c”, figure 4). 
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6.3 Results: Zn1-xTMxO (TM = Mn, Co, Cu) 
 

The magnetic properties of Zn1-xTMxO nanoparticles synthesised by Sol gel will be 

presented in this section. This is only a preliminary study and further characterisation 

will be needed to have a complete overview of the systems. 

Taking into account that the magnetisation of TM-doped ZnO is strongly dependent 

on the preparation parameters and any trace amount of external contamination could 

lead to a misinterpretation of experimental results, only samples with low dopant 

content, Zn0.99TM0.01O, treated at different temperatures, are examined. 

Indeed, extended characterisation, reported in the previous chapters, have revealed 

that only at very low dopant concentration second phase segregation is prevented and 

transition metal ions are dispersed uniformly in the ZnO matrix. 

Below, preliminary results will be subdivided into sections for each transition metal 

ion; samples containing cobalt will be also discussed in terms of annealing temperature. 

Regarding manganese doping, only Zn0.99Mn0.01O_400 will be presented.  

Finally, among samples doped with copper, Zn0.99Cu0.01O_800 has been chosen. 

This is because previous characterisations, and in particular XAS, have revealed that 

only high annealing temperature provides the inclusion of the dopant inside the ZnO 

host. 

 

6.3.1 Zn0.99Co0.01O 

 

First of all, data for Zn0.99Co0.01O_400 will be presented, in particular the field 

dependence of the magnetisation measured at different temperatures from 5 K up to 

room temperature. 

Figure 5 shows the evolution of magnetisation (M) as a function of the applied field 

(H) at T = 5 K. The solid curve in figure 5 is a fit of the data to a parameterised 

Brillouin function assuming that cobalt is incorporated as Co2+ and that for this species, 

S = 3/2 and g = 2.26 for. The g factor is taken from EPR studies reported in the 

literature46,47 for cobalt ions dispersed in ZnO, Co2+
Zn.  
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!
Figure 5: Plot of M vs. H at T = 5 K for Zn0.99Co0.01O_400. Data are fitted with a Brillouin function. 

Zn0.99Co0.01O_400 at T = 5 K displays paramagnetic behaviour and the Brillouin 

fitting gives rise to a cobalt concentration that contributes about 70% of the nominal 

content to this magnetic phase. The M vs. H curve shows, however, a small hysteresis 

contribution with a coercive field (Hc) of about 30 Oe, indicating the presence of a 

small ferromagnetic phase volume. This contribution is so small that it is not possible to 

quantitatively discriminate it from the predominant paramagnetic behaviour.  

Increasing the operating temperature up to 300 K, the observed M vs. H behaviour 

in the sample reveals that it is composed of a mixture of ferromagnetic and 

paramagnetic phases. Figure 6a reports the field scan of Zn0.99Co0.01O_400 taken at T = 

300 K, as an example. 

!
Figure 6: Plot of M vs. H at T = 300 K for Zn0.99Co0.01O_400 a) complete scan  

b) fitting of experimental data using the equation reported in the text below. 

Experimental data are fitted taking into account the presence of these two 

contributions: 

 

a) b) 
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where the first term is the Brillouin function while the second addend !$(x) is a jump 

used for taking into account the ferromagnetic contribution. This type of fitting gives 

rise to the presence of a paramagnetic contribution of about 29% of the nominal cobalt 

content and ! = 0.18 emu/mol. The coercive field (Hc) is about 20 Oe. 

Table 1: Fitting parameters of data taken at  
different temperature regarding Zn0.99Co0.01O_400. 

T (K) %para !  (emu/mol) HC (Oe) 
5 69.5±0.5 - 30±2 

20 79.5±0.5 - 40±2 
50 85.5±0.5 - 50±2 

100 69.0±0.5 0.02±0.01 35±2 
150 60.0±0.5 0.04±0.01 30±2 
200 59.0±0.5 0.06±0.01 30±2 
250 17±0.5 0.22±0.01 30±2 
300 29.0±0.5 0.18±0.01 20±2 

 

All fitting parameters obtained with changing operating temperature are listed in 

table 1; figure 7 plots the variation of the paramagnetic and ferromagnetic contributions 

in Zn0.99Co0.01O_400. 

!
Figure 7: Graph which summarises the evolution of paramagnetic and ferromagnetic  
contributions as a function of the working temperature for sample Zn0.99Co0.01O_400. 

The peculiarity in behaviour of this sample is the temperature dependence of the 

magnetic properties.  Changing the measuring temperature results in a change in both 

the paramagnetic and ferromagnetic contributions: the fraction of the sample that shows 

paramagnetic behaviour is temperature dependent and the measured magnetization in 

the ferromagnetic state increases as the temperature is raised instead of decreasing.  In 

addition, the paramagnetic and ferromagnetic contributions alone do not account for the 

nominal concentration of cobalt ions in the sample.  Another interaction should be taken 

into account that contributes to the decrease in saturation magnetisation: an 
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antiferromagnetic contribution, which tends to align spins antiparallel, thus cancelling 

their contribution to the net magnetisation.  

The coexistence of different contributions in such a system has been reported 

previously48. It seems that the cobalt ions are not simply divided into three different 

categories, exhibiting dissimilar magnetic interactions between spins but the domains 

are interacting with each other. One plausible explanation could be the presence of 

competing interactions between spins, where randomness in the sign of the exchange 

interaction gives rise to transitions between ordered and disordered magnetic phases49-

58. By changing the temperature it is possible to favour the presence of different 

magnetic states due to entropic factors. These behaviours have been observed in 

concentrated spin systems, including diluted magnetic semiconductors such as EuxSr1-

xS50-52, polycrystalline metals49 or amorphous alloys53-55; other systems exhibiting such 

magnetic behaviour are metallic ferromagnets diluted with non-magnetic or weakly 

magnetic atoms56-57. These are systems where the randomness in the sign of the 

exchange interaction is brought about by random distribution of the spins. Figure 8 

show, as an example, the magnetic phase diagrams for the diluted magnetic 

semiconductor EuxSr1-xS50 (figure 8a) and the amorphous alloy (Fe1-xMnx)75P16B6Al3
58 

(figure 8b), respectively. The breakdown in the ferromagnetism in these systems is an 

intrinsic property, based upon the competition between ferromagnetic and 

antiferromagnetic exchange interactions. 

!
Figure 8: Magnetic phase diagram of a) EuxSr1-xS50

 and b) (Fe1-xMnx)75P16B6Al3
58. 

To the best of our knowledge, this kind of competing interaction between spins for 

doped ZnO has never been reported before. Further characterisation should be 
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performed to confirm that this is the case for cobalt-doped nanoparticles, 

Zn0.99Co0.01O_400, synthesised by Sol gel. 

The temperature dependence of the susceptibility, ",  has been studied, applying a 

range of fields from 1 T down to 500 Oe. Independent of the applied field, consistent 

behaviour is observed: the susceptibility of the samples decreases with increasing 

temperature. As an example, data taken at H = 1000 Oe are reported in figure 9. 

!
Figure 9: Plots of " vs. T in Zn0.99Co0.01O_400 at H = 1000 Oe. 

In all cases, even at low applied fields, the paramagnetic behaviour is predominant 

and no transition due to the ferromagnetic contribution is observed. In general, it can be 

difficult to determine the type of magnetic interactions occurring in a sample from the 

plot of susceptibility as a function of temperature.  

Samples treated at higher temperature, Zn0.99Co0.01O_600 and Zn0.99Co0.01O_800, 

have also been characterised. As in the previous case, the field dependence of the 

magnetisation is measured at a range of temperatures from 5 K up to room temperature. 

In analogy with nanoparticles treated at low temperature, T = 400°C, similar behaviours 

are observed in both cases.  

!
Figure 10: Graph which summarises the evolution of paramagnetic and ferromagnetic contributions  

as a function of the working temperature for sample a) Zn0.99Co0.01O_600 b) Zn0.99Co0.01O_800 . 

a) b) 
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All the fitting parameters for Zn0.99Co0.01O_600 and Zn0.99Co0.01O_800, obtained for 

varied temperatures are listed in table 2 and 3, respectively. The variation of the 

paramagnetic and ferromagnetic contributions in Zn0.99Co0.01O_600 and 

Zn0.99Co0.01O_800 are also plotted in figures 10a and 10b, respectively. 
Table 2: Fitting parameters of data taken at  

different temperatures for Zn0.99Co0.01O_600. 

T (K) %para !  (emu/mol) HC (Oe) 
5 75.0±0.5 0.01±0.06 20±2 

100 23.5±0.5 0.75±0.01 60±2 
200 37.0±0.5 0.60±0.01 60±2 
300 67.0±0.5 0.45±0.01 60±2 

 
Table 3: Fitting parameters of data taken at  

different temperatures for Zn0.99Co0.01O_800. 

T (K) %para !  (emu/mol) HC (Oe) 
5 84.0±0.5 0.25±0.06 10±2 

100 54.0±0.5 0.78±0.01 25±2 
200 29.0±0.5 0.86±0.01 20±2 
300 80.0±0.5 0.42±0.01 20±2 

 

Like the first sample, the coexistence of different contributions is observed. The 

temperature dependence of the magnetic properties is maintained even in samples 

annealed at higher temperature: while increasing the measuring temperature, in fact, 

both the paramagnetic and ferromagnetic contributions change. Comparing figure 7, 10a 

and 10b it is possible to make some observations about the influence of synthesis 

condition. Samples with different annealing temperatures possess different proportions 

of ferromagnetic phase. In particular, the value of saturation magnetisation related to the 

ferromagnetic state increases in samples treated at higher temperature. Furthermore, 

looking at the bumps reported in figures 7 and 10, the inflection point appears to be at 

different temperatures.  

The temperature dependence of the susceptibility, ",  of Zn0.99Co0.01O_600 and 

Zn0.99Co0.01O_800 has also been studied by applying a range of fields from 1 T down to 

500 Oe. Independent of the applied field, the same behaviour is observed: the 

susceptibility of the samples decreases on increasing the temperature. In all cases, even 

at low applied field, the paramagnetic behaviour is predominant and no transition due to 

the ferromagnetic contribution is observed: it seems that the Curie temperature, TC, for 

the Zn0.99Co0.01O samples annealed at different temperatures always exceed 300 K. This 

result is in good agreement with some of the data reported in the literature for the 
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cobalt-doped ZnO10-11,14,19-21,23. Data for Zn0.99Co0.01O_800 taken at H = 1000 Oe are 

reported in figure 11, as an example. 

!
Figure 11: Plots of " vs. T in Zn0.99Co0.01O_400 at H = 1000 Oe. 

The results seem to confirm the presence of competing interactions between spins, 

where randomness in the sign of the exchange interaction gives rise to transitions 

between ordered and disordered magnetic phases, although further characterisations are 

still needed.  

It is vital to not only corroborate the hypothesis that this model is truly applicable 

but also to understand the origin of such interactions between spins and how it would be 

possible to manipulate those interactions to modify the final properties of the material. 

 

6.3.2 Zn0.99Mn0.01O 

 

Results regarding Zn0.99Mn0.01O_400 are presented, in particular the field 

dependence of the magnetisation measured at a range of temperatures from 5 K up to 

room temperature. 

Figure 12 shows the evolution of magnetisation (M) as a function of the applied 

field (H) at T = 5 K. The solid curve in figure 12 is a fit to a parameterised Brillouin 

function assuming for Mn2+, S = 5/2 and g = 2. The g factor is taken from an EPR study 

reported in literature59 for manganese ions dispersed in ZnO as Mn2+
Zn. 
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!
Figure 12: Plot of M vs. H at T = 5 K for Zn0.99Mn0.01O_400. Data are fitted with a Brillouin function. 

Zn0.99Mn0.01O_400 at T = 5 K displays mostly paramagnetic behaviour and the 

Brillouin fitting gives rise to a manganese concentration that contributes to this 

magnetic phase of about 38% of the nominal content. Moreover, the M vs. H curve 

shows a small hysteresis contribution with the coercive field (Hc) of about 15 Oe, 

indicating the presence of a small ferromagnetic contribution. This contribution is so 

small that it is not possible to quantitatively discriminate it from the predominant 

paramagnetic behaviour, even though it can be noted in figure 13 that the fitting curve 

does not very well reproduce the behaviour at low field. As in the Co-doped system, to 

account for the nominal concentration of the dopant, it is necessary to take into 

consideration the presence of an antiferromagnetic coupling between spins. 

Increasing the working temperature up to 300 K, all the observed M vs. H 

behaviours in the sample reveal that it is composed of a mixture of ferromagnetic and 

paramagnetic phases. Figure 13a reports the field scan of Zn0.99Mn0.01O_400 taken at T 

= 300 K, as an example. 

!
Figure 13: Plot of M vs. H at T = 300 K for Zn0.99Mn0.01O_400 a) complete scan  

b) fitting of experimental data using the equation reported in the text. 

a) b) 
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In analogy with the cobalt-doped system, experimental data are fitted taking into 

account the presence of the two contributions, both paramagnetic and ferromagnetic. 

Again, the antiferromagnetic phase will contribute, cancelling part of the net 

magnetisation. This type of fitting gives rise to the presence of a paramagnetic 

contribution of about 11% of the nominal manganese content and ! = 0.83 emu/mol. 

The coercive field (Hc) is about 40 Oe.  

Figure 14 reports the variation of the paramagnetic and ferromagnetic contributions 

with changing temperature in Zn0.99Mn0.01O_400. All the fitting parameters obtained 

with changing temperature are listed in table 4. 

!
Figure 14: Graph which summarises the evolution of paramagnetic and ferromagnetic  
contributions as a function of the working temperature for sample Zn0.99Mn0.01O_400. 

Table 4: Fitting parameters of data taken at  
different temperature for Zn0.99Mn0.01O_400. 

T (K) %para !  (emu/mol) HC (Oe) 
5 38.0±0.5 - 30±2 

50 41.0±0.5 1.2±0.01 40±2 
100 37.0±0.5 0.98±0.01 50±2 
150 21.0±0.5 0.93±0.01 35±2 
200 20.0±0.5 0.92±0.01 30±2 
250 14.0±0.5 0.86±0.01 30±2 
300 11.0±0.5 0.83±0.01 30±2 

 

The coexistence of different contributions in manganese-doped ZnO is in good 

analogy with what has been reported in the previous section regarding cobalt-doped 

samples. However, in this case the temperature dependence of the magnetic properties 

is different: upon increasing the temperature both the paramagnetic volume fraction and 

the magnetisation from the ferromagnetic phase decrease. Further characterisations are 

needed to understand the origin of this magnetic behaviour in manganese-doped ZnO 
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and if the competing interaction model proposed for the cobalt-doped system is still be 

valid. 

Finally, the temperature dependence of the susceptibility, ",  of Zn0.99Mn0.01O_400 

has been studied applying different fields from 1 T down to 500 Oe. Independent of the 

applied field, the same behaviour is observed: the susceptibility of the samples 

decreases with increasing temperature. In all cases, even at low applied field, the 

paramagnetic behaviour is predominant and no transition due to the ferromagnetic 

contribution is observed. The Curie temperature, TC, for the Zn0.99Mn0.01O_400 

nanopowder exceeds 300 K which is in good agreement with some of the data in the 

literature26-27,29-30. Data taken at H = 500 Oe are reported in figure 15, as an example. 

!
Figure 15: Plots of " vs. T in Zn0.99Mn0.01O_400 at H = 500 Oe. 

 

6.3.3 Zn0.99Cu0.01O 

 

As mentioned before, among samples doped with copper, Zn0.99Cu0.01O_800 has 

been chosen to study the magnetic properties of the system. In fact, previous 

characterisations, and in particular X-ray Absorption Spectroscopy, have revealed that 

only high annealing temperatures cause the inclusion of the dopant inside the ZnO host. 

Initially, the field dependence of the magnetization measured at different 

temperatures from 5 K to room temperature is presented. Figure 16 shows the evolution 

of magnetisation (M) as a function of the applied field (H) at T = 5 K. The solid curve 

in figure 16 is a fit to a parameterised Brillouin function assuming S = 1/2 and g = 2.18 

for Cu2+. The g factor is taken from experimental EPR data reported previously, in 

chapter 3. 
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!
Figure 16: Plot of M vs. H at T = 5 K for Zn0.99Cu0.01O_800. Data are fitted with a Brillouin function. 

Zn0.99Cu0.01O_800 at T = 5 K displays paramagnetic behaviour and the Brillouin 

fitting gives rise to a copper concentration that contributes to this magnetic phase of 

about 41.3% of the nominal content. However, the M vs. H curve shows a small 

hysteresis contribution with the coercive field (Hc) at about 30 Oe, indicating the 

presence of a small ferromagnetic phase volume. This contribution is so small that it is 

not possible to quantitatively discriminate it from the predominant paramagnetic 

behaviour. Finally, similarly to the systems doped with cobalt and manganese, the 

presence of an antiferromagnetic interaction, seems to be quite possible to account for 

the discrepancy from the nominal concentration of the dopant. 

Upon increasing the working temperature, up to 50 K, the observed M vs. H 

behaviour in the sample reveals that it is composed of a mixture of ferromagnetic and 

paramagnetic phases, as shown in figure 17. 

!
Figure 17: Plot of M vs. H at T = 50 K for Zn0.99Cu0.01O_800 a) complete scan  

b) fitting of experimental data using the equation reported in the text. 

In analogy with the manganese and cobalt-doped systems, experimental data are 

fitted, taking into account the presence of the two contributions, paramagnetic and 

ferromagnetic. This type of fitting gives rise to the presence of a paramagnetic 

a) b) 
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contribution of about 16% of the nominal copper content and ! = 0.03 emu/mol. The 

coercive field (Hc) increases up to a value of about 200 Oe at 50 K. 

A further increase in the working temperature, from 100 K to 300 K, completely 

alters the field dependence of the magnetisation. Figure 18 reports M vs. H behaviours 

of Zn0.99Cu0.01O_800 in this range of temperatures. 

!
Figure 18: Plots of M vs. H for Zn0.99Cu0.01O_800 measured at different temperatures. 

These results differ from those before: at these temperatures spins tend to align with 

each other but in opposite direction with respect to the applied field; this sample shows 

diamagnetic behaviour. Furthermore there is a sort of plateau at very low fields – i.e. in 

the range of 1000 Oe " H " 100 Oe – in which the external field seems to not influence 

the spins and where the net magnetisation is almost zero. 

This behaviour is also confirmed by temperature dependence of the susceptibility ", 

measured by applying fields from 1 T down to 500 Oe. Figure 19 shows data collected 

at H = 1 T and H = 500 Oe. 

!
Figure 19: Plots of " vs. T in Zn0.99Cu0.01O_800 a) at H = 1T and b) at H = 500 Oe. 

In both cases, there is an inversion of the sign of the susceptibility, ", which 

becomes negative at high temperature, indicating that the system becomes diamagnetic 

a) b) 
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above a certain temperature. At relatively high field, H = 1 T, this transition occurs 

between 50 K < T < 75 K in quite a narrow range; decreasing the field down to 500 Oe 

instead, there is a region, between roughly T = 75 K and T = 175 K, in which the 

susceptibility is almost zero, before changing sign and becoming negative. 

Further characterisation is required to better understand the mechanism behind this 

behaviour which could give an exhaustive explanation of the experimental data.  

 

 

6.4 Summary and Conclusion 
 

Development of Dilute Magnetic Semiconductor materials (DMS) exhibiting 

ferromagnetic behaviour for diverse applications (i.e. spin-based light-emitting diodes, 

sensors or transistors) has aroused lively interest in the scientific community in the last 

few decades1-8.  

Recent theoretical calculations1-3 have predicted that transition metal ion (TM) 

doped ZnO is one of the most promising candidates for room-temperature 

ferromagnetism. Conflicting theoretical and experimental results have been reported 

about the magnetic properties of transition metal ion (TM) doped ZnO, including spin-

glass behaviour, paramagnetism, antiferromagnetism and ferromagnetism, preventing 

consensus on the existence and mechanism of intrinsic ferromagnetism.  

For spintronic applications the dopant must be homogeneously distributed 

throughout the system for proper spin detection and manipulation.! Many authors1-41 

suggest that the intrinsic ferromagnetism seen in TM doped ZnO systems is dependent 

on defects, in particular oxygen vacancies and Zn interstitials. The level and nature of 

the defects differs from one sample to another and depends on the method of 

preparation, making it difficult to reproduce. Consequently, when determining the 

magnetic properties of a system the presence of secondary phases must be carefully 

considered and characterised. Conventional material characterisation techniques do not 

have the sensitivity to detect trace amounts of secondary phase formation. 

In this chapter, preliminary results have been presented on the magnetic properties 

of Zn1-xTMxO (TM = Mn, Co, Cu). In particular, it is important to develop an 

understanding of the real nature of the magnetic interactions in such systems, of which 

there has been considerable debate in the scientific community. Taking into account that 
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the magnetisation of TM-doped ZnO is strongly dependent on the preparation 

parameters and any trace amount of external contamination could lead to a 

misinterpretation of experimental results only samples with low dopant content, 

Zn0.99TM0.01O, treated at different temperatures were examined here. 

The field dependence of the magnetisation measured at temperatures ranging from 5 

K up to room temperature (300 K) shows that Zn0.99Co0.01O and Zn0.99Mn0.01O 

nanoparticles yield different contributions: the coexistence of paramagnetic, 

ferromagnetic and antiferromagnetic phases are detected in all Zn0.99Co0.01O samples as 

well as in Zn0.99Mn0.01O_400 nanopowders. The coexistence of different contributions 

in such a system has been reported previously48. The peculiarity of these systems is the 

temperature dependence of such interactions: in fact, by increasing the temperature it is 

possible to modify those interactions and in particular the fractions of spins in each 

magnetic phase. 

To the best of our knowledge, this kind of behaviour for doped ZnO has never been 

reported before. One possible explanation could be the presence of competing 

interactions between spins, where randomness in the sign of the exchange interaction 

gives rise to transitions between ordered and disordered magnetic phases49-58. On 

changing the temperature it is possible to favour the presence of different magnetic 

states due to entropic factors. 

In the case of the copper doped samples, the magnetic properties of 

Zn0.99Cu0.01O_800 have been investigated. The field dependence of the magnetisation 

measured at different temperatures shows some similarities with the previous cases: at 

low temperature, up to 50 K, the system presents the coexistence of paramagnetic, 

antiferromagnetic and ferromagnetic contribution. A further increase of the working 

temperature leads to an additional modification: the material undergoes a change in the 

magnetic behaviour aligning spins in opposite direction with respect to the applied 

fields. 

Further characterisation will be needed to better understand the magnetic behaviour 

of transition metal ions doped zinc oxide, Zn1-xTMxO (TM = Mn, Co, Cu): in particular, 

it will be important to confirm the presence of competing interactions between spins.  
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Chapter 7 

Conclusion 
 

 

 

7.1 Summary 

 

The key requirements for the development of new functional devices not only 

include the ability to tailor the physical properties of nano-materials but also, and in 

particular, the knowledge required to allow an a priori design of new materials with 

predictable properties and improved performances.  

In spite of many decades of investigation some of the basic properties of ZnO still 

remain unclear and there are at least three fields in which scientific debate is 

particularly lively. In particular there is still no consent about how to enhance the 

catalytic properties, induce specific magnetic properties or change the optical emission 

properties of this kind of material through modification of their chemical composition, 

structure and morphology. 

This thesis is focused on the synthesis and characterisation of nanostructures based 

on ZnO doped with transition metal ions (Zn1-xTMxO, TM = Mn, Co, Cu) with specific 

interest toward catalytic, optical and magnetic properties and related applications. Sol 

gel synthesis is a method in which the parameters involved are numerous and, if 

properly controlled, can actually help to obtain materials with desirable characteristics 

in terms of composition, structure and morphology. Doping with transition metal ions, 

such as manganese, cobalt and copper, also offers an effective method to adjust the 

electrical, magnetic, and optical properties of zinc oxide. In order to understand the 

structure-property relationships a detailed characterisation of the materials was 

performed with complementary techniques such as X-ray Diffraction (XRD), Scanning 
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Electron Microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS), UV-Vis 

Spectroscopy, X-ray Absorption Spectroscopy (XAS) and Electron Paramagnetic 

Resonance (EPR). 

The annealing conditions have been found (chapter 2) to be a key parameter in 

controlling the microstructure and the dimensions of the final particles: nanocrystallites 

with an average size of a few tens of nanometers (20 nm) are obtained at 400°C while at 

800°C the average size increases up to ! 100 nm; the average particle size of samples 

annealed at 600°C, an intermediate temperature, is roughly 50 nm. Furthermore, the 

annealing temperature is also capable of influencing the ratio between lattice oxygen 

and hydroxyl groups of the nanoparticles. Both these effects seem to remain unaffected 

by the presence of the transition metal ion dopant used. Wet chemical synthesis, such as 

Sol gel, is expected to provide good control over chemical homogeneity and 

morphology at an atomic level. This seems to be confirmed by the conventional 

characterisation described in chapter 2: in Zn1-xTMxO nanopowders with low dopant 

content the transition metal ions seem to be dispersed in the ZnO matrix occupying 

substitutional Zn sites, while on increasing the dopant concentration the formation and 

segregation of secondary phases is detected. 

Investigations of the local environment of these nanoparticles through X-ray 

Absorption Spectroscopy (chapter 3) have allowed greater understanding and 

interpretation of the structure of the Zn1-xTMxO materials. Results have clearly shown 

that both low dopant concentration and low processing temperature are essential if 

secondary phase formation is to be avoided. Furthermore, XAS has proven to be a 

powerful tool as it is highly sensitive to secondary phase formation and can provide 

quantitative information as to the amount of secondary phase formed. 

In chapter 4, the catalytic performance of undoped ZnO and Zn1-xCuxO systems 

tested with respect to the Methanol Steam Reforming reaction were reported. Contrary 

to what is generally accepted in literature, the results obtained in this study demonstrate 

that ZnO also plays a prominent role in steam reforming of methanol: ZnO calcined at 

400°C shows unexpected catalytic activity with a very good selectivity as the only 

products detected in the effluent gas are H2 and CO2. This activity can be traced back to 

the presence of defects in the ZnO semiconductor, more precisely oxygen vacancies and 

shallow donors (EPR results, shown in chapter 3) which act as active sites. The 

introduction of copper enhances the catalytic performance; however, in contrast with 

the case of undoped zinc oxide, catalysts containing copper enable the evolution of by-
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products. The loss of selectivity, in both cases, is not significant and only traces of by-

products are detected with FTIR spectroscopy. The structure–activity relationships of 

ZnO and copper-doped ZnO catalysts described in this work and the possibility to tailor 

the “real structure” of a catalyst during preparation are a step towards a rational design 

of improved catalysts. 

In chapter 5 the luminescence properties of the different doped Zn1-xTMxO 

nanopowders were reported. X-ray Excited Optical Luminescence (XEOL) is a suitable 

method to study phenomenological optoelectronic and structural correlations: a general 

trend could be extrapolated from these results. Annealing of ZnO and Zn1-xTMxO 

nanoparticles enhances their luminescence due to the removal of vacancies and lattice 

defects inside the nanoparticles which trap electrons in defect levels and subsequently 

undergo non-radiative de-excitation. Second phase formation should be avoided to 

preserve the luminescent properties of Zn1-xTMxO nanoparticles: independent of the 

dopant, segregation is always accompanied with a quenching in the emission spectra. 

Finally, the nature of the transition metal ion could also affect the luminescence of ZnO 

growth by sol-gel. New localized defect levels are introduced in the band-gap of the 

semiconductor: the energy and the nature of these levels can be tuned by changing the 

dopant. It is worth highlighting the case of Zn1-xCoxO, where the presence of cobalt 

leads to drastic modifications in the emission spectra of the system: all samples showed 

an intense, narrow peak centred in the red zone of the visible spectrum; the absorbed 

photon energy is transferred from the ZnO host to the cobalt which undergoes radiative 

recombination to produce the intense emission at ~687 nm (assigned to the transition 

between 2E ! 4A2 states of Co2+in a tetrahedral coordination). 

Finally, in chapter 6, preliminary results have been presented on the magnetic 

properties of Zn1-xTMxO (TM = Mn, Co, Cu): the coexistence of different contributions 

has been detected. The unusual feature of these systems is the temperature dependence 

of such interactions: on increasing the temperature it is possible to modify these 

interactions and in particular the fractions of spins in each magnetic phase. To the best 

of our knowledge, this kind of behaviour for doped ZnO has never been reported before. 

Further characterisation will be needed to better understand the magnetic behaviour of 

transition metal doped zinc oxide, Zn1-xTMxO (TM = Mn, Co, Cu): in particular to 

confirm the presence of competing interactions between spins. One of the most 

important goals of this project is to determine the nature of the magnetic interactions in 

such systems, of which there has been considerable debate in the scientific community. 
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7.2 Outlook 

 

This thesis represents a contribution towards answering some of the questions that 

have brought about a lively debate in the scientific community about several interesting 

properties of ZnO based materials. Of course to attempt to clarify every dispute 

involving this system is beyond the scope of this thesis. Some of the ideas for future 

work based on the studies undertaken in this thesis are described below. 

First, the Sol gel synthesis technique that has been developed could, in principle, be 

easily extended to doping with other transition metal ions, such as chromium or iron, to 

name a few, or to other lanthanides. This would provide a larger base of knowledge to 

allow further tailoring of the properties of ZnO-based semiconducting materials.  

Furthermore, it would be interesting to change the heat treatment conditions to 

anneal samples in a controlled atmosphere – i.e. an inert environment using N2 or 

reducing conditions using 5% H2 balance Ar – in order to increase the number of 

oxygen vacancies and prevent the further oxidation of the dopants. 

The development of an applied technology based on the exploitation of catalytic, 

optical or magnetic properties is related to the possibility of creating functional devices. 

For this reason, another interesting perspective would be to prepare other types of 

nanostructures such as thin-films. Sol gel synthesis is a very versatile technique and it 

should be relatively easy to grow the ZnO based materials as thin layers. 

Of course further characterisation will be needed, especially with regards to the 

optical and magnetic properties. For example, additional tests such as time-resolved 

XEOL will give the opportunity to better ascribe the nature of the emissions and to give 

an in-depth picture of the energy transfer pathways to the optical channels. To fully 

understand the nature of magnetic interaction in TM-doped ZnO, complementary 

techniques, such as X-ray Magnetic Circular Dichroism (XMCD) spectroscopy could 

be used. 

Finally, catalytic tests would be extended to other doped systems to investigate the 

possibility to develop new materials for the conversion of methanol into hydrogen in a 

sustainable manner. 
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