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Abstract 
This Thesis dissertation covers the synthesis by means of nanocasting and evaporation–
induced self–assembly (EISA) methods as well as the advanced characterization of Ni, Cu–
doped mesoporous SnO2 powders and films. The origin of the magnetic properties in these 
materials is also discussed in detail. 

Firstly, ordered mesoporous SnO2 powders doped with different Ni amounts were 
synthesized by nanocasting from mesoporous KIT–6 silica. Successful replication of the 
silica template was verified by scanning electron microscopy. No extra phases attributed to 
Ni or NiO were detected in the corresponding X–ray diffractograms except for the sample 
with the highest doping amount (e.g., 9 at.% Ni), for which NiO as secondary phase was 
observed. The oxidation state and spatial distribution of Ni in the powders was investigated 
by X–ray photoelectron spectroscopy and electron energy loss spectroscopy, respectively. 
Ni–containing powders exhibit ferromagnetic response at low and room temperatures, due 
to uncompensated spins at the surface of NiO nanoparticles and the occurrence of oxygen 
vacancies.  

Secondly, continuous mesoporous Ni–doped SnO2 thin films were synthesized from 
variable [Ni(II)]/[Sn(IV)] molar ratios through a sol–gel based self–assembly process, 
using P–123 triblock copolymer as a structure directing agent. A deep structural 
characterization revealed a truly 3–D nanoporous structure with thickness in the range of 
100–150 nm, and average pore size about 10 nm. Grazing incidence X–ray diffraction 
experiments indicated that Ni had successfully substituted Sn in the rutile–type lattice, 
although energy–dispersive X–ray analyses also revealed the occurrence of small NiO 
clusters in the films produced from high [Ni(II)]/[Sn(IV)] molar ratios. Interestingly, the 
magnetic properties of these mesoporous films significantly vary as a function of the 
doping percentage. The undoped SnO2 films exhibit a diamagnetic behaviour, whereas a 
clear paramagnetic signal with small ferromagnetic contribution dominates the magnetic 
response of the Ni–doped mesoporous films. 

Thirdly, the magnetic properties of ordered mesoporous Cu–doped SnO2 powders, prepared 
by hard–templating from KIT–6 silica, were also studied. While Fe contamination or the 
presence of oxygen vacancies might be a plausible explanation of the room temperature 
ferromagnetism, the low–temperature ferromagnetism was mainly and uniquely assigned to 
the nanoscale nature of the formed antiferromagnetic CuO nanoparticles (uncompensated 
spins and shape–mediated spin canting). The reduced blocking temperature, which resided 
between 30 and 5 K, and small vertical shifts in the hysteresis loops confirmed size effects 
in the CuO nanoparticles. 
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Resum 
Aquesta Tesi doctoral comprèn la síntesi mitjançant nanoemmotllament (de l’anglès, 
nanocasting) i autoassemblatge per evaporació induïda (de l’anglès, evaporation–induced 

self–assembly) i la caracterització exhaustiva de pols i capes de SnO2 mesoporós dopat amb 
Ni i Cu. L’origen de les propietats magnètiques d’aquests materials es discuteix en detall. 

En primer lloc, es van sintetitzar per nanoemmotllament a partir de motlles de sílice KIT–6, 
pols mesoporosa ordenada de SnO2 dopada amb diferents quantitats de Ni. Es va verificar 
la replicació correcta del motlle de sílice mitjançant microscòpia electrònica de rastreig. No 
es van detectar fases extres atribuïbles a Ni o NiO en els corresponents difractogrames 
excepte per a la mostra amb el dopatge més alt (9 at.% Ni), per a la qual es va observar la 
presència de NiO com a fase secundària. Es va estudiar l’estat d’oxidació i la distribució 
espaial de Ni en la pols mitjançant espectroscòpia fotoelectrònica de raigs X i 
espectroscòpia de pèrdua d’energia d’electrons, respectivament. Les mostres dopades amb 
Ni presenten resposta ferromagnètica tant a temperatura ambient com a baixa temperatura, 
com a conseqüència de la presència d’espins no compensats a la superfície de 
nanopartícules de NiO i vacants d’oxigen.  

En segon lloc, es van sintetitzar capes primes continues i mesoporoses de SnO2 dopades 
amb Ni a partir de diferents relacions molars [Ni(II)]/[Sn(IV)] mitjançant un procés 
d’autoassemblatge sol–gel, utilitzant el copolímer tribloc P–123 com a agent director 
d’estructura. Una caracterització estructural profunda va evidenciar l’obtenció d’una 
estructura nanoporosa 3–D, de gruix comprès entre els 100 i 150 nm, i mida de porus de 10 
nm. Els experiments de difracció de raigs X d’incidència rasant van posar de manifest que 
el Ni ocupava posicions substitucionals en la xarxa tipus rutil del SnO2, tot i que les 
anàlisis per dispersió d’energies de raigs X també van revelar la presència de petits clústers 
de NiO en les capes produïdes a partir de les relacions molars [Ni(II)]/[Sn(IV)] més 
elevades. Convé remarcar que les propietats magnètiques de les capes mesoporoses varien 
significativament en funció del percentatge de dopant. Les capes de SnO2 no dopades 
presenten un comportament diamagnètic, mentre que les dopades amb Ni mostren un clar 
senyal paramagnètic amb una petita contribució ferromagnètica.  

En tercer lloc, també es van estudiar les propietats magnètiques de pols mesoporosa 
ordenada de SnO2 dopada amb Cu, obtinguda mitjançant nanoemmotllament a partir de 
sílice KIT–6. Per bé que una eventual contaminació amb impureses de Fe or la presència de 
vacants d’oxigen podrien explicar el comportament ferromagnètic observat a temperatura 
ambient, el ferromagnetisme a baixa temperatura es va atribuir únicament a la naturalesa 
nanoestructurada de les nanopartícules antiferromagnètiques de CuO formades (espins no 
compensats i shape–mediated spin canting). La menor temperatura de bloqueig, situada 
entre 30 i 50 K, i l’existència de petits desplaçaments verticals en els cicles d’histèresi van 
confirmar efectes de mida en les nanopartícules de CuO.  



 

  



XIII 
 

Glossary 
 AFM: atomic force microscopy 

 BET: Brunauer–Emmett–Teller 

 CTAB: cetyltrimethylammonium bromide 

 CMC: critical micelle concentration 

 CVD: chemical vapour deposition 

 DMIs: diluted magnetic insulators 

 DMSs: diluted magnetic semiconductors 

 DSSCs: dye–sensitized solar cells 

 EDX: energy dispersive X–ray 

spectroscopy 

 EELS: electron energy loss spectroscopy 

 EISA: evaporation–induced self–assembly 

 FE–SEM: field emission scanning electron 

microscopy 

 FFT: fast Fourier transform 

 GMR: giant magnetoresistance 

 HC: coercivity 

 HR: high resolution 

 Mr: remanent magnetization 

 Ms: saturation magnetization 

 MAUD: materials analysis using 

diffraction 

 MS: mesoporous silica 

 PCEs: power conversion efficiencies 

 PSCs: perovskite–base solar cells 

 RKKY: Ruderman–Kittel–Kasuya–Yosida 

 SAED: selected area electron diffraction 

 SQUID: superconducting quantum 

interference device 

 STEM: scanning transmission electron 

microscopy 

 TC: Curie temperature 

 TN: Néel temperature 

 TEM: transmission electron microscopy 

 TEOS: tetraethyl orthosilicate 

 THF: tetrahydrofuran 

 TM: transition metal 

 VSM: vibrating sample magnetometry 

 XAS: X–ray absorption spectroscopy 

 XMCD: X–ray magnetic circular 

dichroism 

 XPS: X–ray photoelectron spectroscopy 

 XRD: X–ray diffraction  
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Preface 
The contents of this Thesis have been organized in different chapters as follows: 

 Chapter 1 Introduction: This chapter covers the concept of mesoporous materials 

and describes common methods to synthesize mesoporous metal oxides, with special 

emphasis on the processes of nanocasting and evaporation–induced self–assembly. 

Furthermore, the basic principles of magnetism and the state–of–the–art of diluted 

magnetic semiconductors are also introduced.  

 Chapter 2 Experimental section: This chapter describes, in brief, the various 

techniques used for the synthesis and characterization of the transition metal–doped 

SnO2 powders and thin films (e.g., electron microscopies, X–ray diffraction, electron 

energy–loss spectroscopy and X–ray magnetic circular dichroism) and provides 

information on the working conditions. 

 Chapter 3 Results and discussion: In this chapter, the main results related to the 

morphology, structure, and magnetic behaviour of transition metal–doped mesoporous 

SnO2 powders and thin films are presented and thoroughly discussed.  

 Chapter 4 General conclusions: This chapter presents the general conclusions and 

the main contributions brought by this PhD. 

 Chapter 5 Further perspectives: Future perspectives are briefly outlined. 
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This chapter aims to introduce the basic concepts related to mesoporous materials, as well 
as the types of mesoporous materials that have been synthetically produced. 
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1.1 General introduction to micro– and mesoporous materials  

Porous materials are classified into several types depending on their pore size. According 

to The International Union of Pure and Applied Chemistry notation 1 , microporous 

materials have pore widths smaller than 2 nm, mesoporous materials possess pore widths 

between 2 and 50 nm, while macroporous materials have pore widths larger than 50 nm. 

Likewise, the IUPAC establishes that mesoporous materials can show either an ordered or 

disordered arrangement of pores. Hence, a mesoporous material can be regarded as a solid 

with certain degrees of porosity and long–range order. 

Some examples of porous materials are zeolites, porous coal, alumina, structured silica and 

metal oxides. Natural zeolites (e.g. analcime, chabazite, clinoptilolite, etc.) are structured 

porous aluminosilicates with cavities of dimensions in the range from 8 to 10 Å 

(micropores). Due to their highly–structured pores, zeolites are considered to be a 

molecular sieve, a term that refers to a particular characteristic of these materials, which 

means that they possess the aptitude to selectively classify molecules under discrimination 

by size.2 Therefore, the maximum size of molecules or ions that can enter zeolite pores is 

controlled by the dimensions of their channels. Natural zeolites are used in processes to 

soften water by means of the so–called zeolite ion–exchange softening. In zeolite softening, 

water containing scale–forming ions, such as calcium and magnesium, passes through a 

resin bed containing strong acid cation resin in the sodium form. In the resin, the hard ions 

are exchanged with sodium, and the sodium diffuses into the bulk water solution. Due to 

their great capacity for ionic exchange and affinity to heavy metals cations (e.g. Strontium–

90, Cesium–137), zeolites are used as well in the manipulation and destruction of nuclear 

residues, because they can absorb radioactive isotopes from the solution and keep them 

trapped inside their crystalline cage structure. Zeolites react easily with glass and cement 

systems so that the radioactive residues remain arrested within their host medium and 

decay to innocuous levels. Zeolites are also used as catalysts in the petrochemical 

industry. 3  Currently, more than 100 different types of synthetic zeolites have been 

artificially produced by various routes. 

Mesoporous silica (see section 1.2.4) is a mesoporous form of silica and can be regarded as 

one of the most shining developments in nanotechnology. Mesoporous silicas have been 

used in diverse applications, such as in stationary phases for liquid chromatography, 

supports for immobilizing biomolecules, catalysts, agents for polymer reinforcement and 

hard templates for the preparation of mesoporous carbons.4 

Porous carbons constitute an important class of non–siliceous based mesoporous 

materials.5 One of the synthetic strategies to obtain porous carbon is nanocasting (vide 
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infra), in which the porous carbon is obtained as a reverse copy of an inorganic template, 

typically mesoporous silica. One of the main types of porous carbons synthesized by 

nanocasting is the CMK–3. Porous carbon materials can be used in many different 

applications such as gas storage (H2, CH4), lithium battery anodes, electrode double–layer 

capacitors, support electrocatalysts in fuel cells, and immobilization/adsorption of large 

biomolecules (enzymes, proteins, drugs, etc.). In all these applications, the porosity of the 

carbon material is the key property, therefore each of these applications has very specific 

constraints on the porous structure of the material. 

In the last decades, ordered mesoporous silicas and carbons have been used as matrices for 

the synthesis of mesoporous transition metal oxides,6 which has widened the range of 

available materials with pores at the mesoscale. Importantly, these materials show long–

range ordering of the mesopores because the replicas inherit the characteristics of the 

matrices. Today, metal sulphides, metal nitrides, carbonitriles, metal organic frameworks, 

and composite materials can be also synthesized in mesoporous form. The vast majority of 

recent works focus on biological applications of mesoporous materials, mainly as drug 

delivery systems. Other bio–oriented applications include biomass conversion and biofuels, 

magnetic resonance imaging, ultrasound therapy, enzyme immobilization, antigen targeting, 

biodegradation of inorganic materials, applications for improved digestion, and antitumor 

activity.7 Yet, non–biological applications of mesoporous materials have also been recently 

pursued like photocatalysis, photo–electrocatalysis, lithium ion batteries, heterogeneous 

catalysis, extraction of lanthanide and actinide species, CO2 capturing, and magneto–

optical devices, among others. Of them, heterogeneous catalysis has attracted more interest. 

According to S. L. Suib, there have been over 40,000 articles on mesoporous materials 

published in the last 4 years and about 1,388 reviews. This is a vivid proof of the interest 

that mesoporous materials spark worldwide.7 

 

1.2 Ordered mesoporous materials prepared by soft–templating 

method 

Soft–templating is defined as a process where organic molecules are used as a (soft) 

template to produce inorganic porous nanostructures. The removal of the organic molecules 

results in a negative copy of the parent molecules. 

In the last two decades, the synthesis of a wide variety of highly ordered structures, using 

cationic, anionic and non–ionic surfactants by the soft–templating method has been 

described. 8,9 This approach is particularly well suited for the synthesis of mesoporous silica 
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materials. Given that it proceeds via polymerization of silica precursors, it is easily 

controllable by adjusting the reaction parameters such as pH and temperature. 

1.2.1 Surfactants and micelles 

Mesoporous Silica (MS) nanopowders and films are obtained from the reaction of silica 

precursors with a template of micelles formed from a surfactant dissolved in an acid media. 

The term ‘surfactant’ comes from surface active agent. Surfactants are amphiphilic organic 

compounds i.e., they contain both hydrophobic and hydrophilic groups (Fig. 1.1). 

Therefore, when a surfactant is introduced in a polar solvent like water, the hydrophilic part 

tends to orientate toward the polar phase, while the hydrophobic part tends to align far 

away from the solvent, resulting in the formation of micelles. 

 
Fig. 1.1 Schematic drawing of a surfactant molecule, (a) an amphiphilic molecule contains 
hydrophilic and hydrophobic components, (b) the arrangement of amphiphilic molecules at 
the interface between water and air, (c) the arrangement of amphiphilic molecules in a 
polar solvent.10 

 

The easiest form adopted by a surfactant dissolved in a polar solvent is a sphere. However, 

the specific shape depends on the conditions and the concentration of the surfactant. For 

example, the micelles tend to grow and form rods with increasing surfactant concentration. 

If the surfactant concentration keeps increasing, larger structures such as hexagonal rods 

and layered structures are formed. Various arrangements of micelles corresponding to 

different surfactant concentration are shown in Fig. 1.2.  

Two basic types of surfactants are used in the synthesis of MS materials: ionic and non–

ionic surfactants. An ionic surfactant contains a polar anionic or cationic functional group 

at the end of its polyether chain. In contrast, a non–ionic surfactant does not contain any 

charged group in its head. Usually, the derivatives of ethylene oxide and/or propylene 
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oxide with an alcohol containing an active hydrogen atom (e.g., hydroxyl or carboxyl) are 

the most common non–ionic surfactants.11 

 
Fig. 1.2 Schematic representation of different types of micelles. (a) sphere, (b) rod, (c) 
hexagonally packed rods, (d) palisade, layered structure.12  

 

1.2.2 Silica polymerization 

As discussed above, MS materials are synthesized from the reaction of silica precursors in 

aqueous solution. Metal alkoxides are one of the most used precursors to synthesize MS 

materials because they react easily with water. Metal alkoxides are a particular class of 

organometallic compounds with one or more metal atoms in the molecule. Metal alkoxides 

(R–OM) can be considered derivatives of alcohols (R–OH) in which a hydroxyl hydrogen 

is replaced by a metal. The formation of a metal oxide from metal alkoxides proceeds via 

the connection of metal centers with oxo bridges (M–O–M) or hydroxo (M–OH–M) groups. 

The most well–known silica precursors are the alkoxysilanes such as tetramethyl 

orthosilicate (TMOS) and tetraethyl orthosilicate (TEOS). In the past, many studies 

focused on the conditions and mechanisms of hydrolysis and polymerization influencing 

the formation of silica from TEOS.13 

The chemical formula of TEOS is given by:  

 Si(OCH2CH3)4 

or 

Si (OR)4  (R = ethyl) 

During the hydrolysis reaction, water molecules react with TEOS as follows: 

Si(OR)4 + H2O → HO–Si(OR)3 + R–OH                                  [eq. 1.1] 

Si(OR)4 + 4H2O → Si(OH)4 + 4R–OH                                   [eq. 1.2] 
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Depending on the amount of water present in the synthesis, partial hydrolysis [eq 1.1] or 

total hydrolysis [eq. 1.2] of alkoxides groups is achieved. 

When two or more molecules are partially hydrolyzed, these undergo a condensation 

reaction to form siloxane groups [Si–O–Si], releasing smaller molecules like water [eq. 

1.3], alcohols [eq. 1.4] or gaseous HCl [eq. 1.5]. 

(OR)3–Si–OH + HO–Si–(OR)3 → [(OR)3Si–O–Si (OR)3] + H2O                  [eq. 1.3] 

(OR)3–Si–OR + HO–Si–(OR)3 → [(OR)3Si–O–Si (OR)3] + R–OH               [eq. 1.4] 

(OR)3–Si–Cl + HO–Si–(OR)3 → [(OR)3Si–O–Si (OR)3] + HCl                    [eq. 1.5] 

Thus, polymerization of TEOS molecules renders a polysiloxane characterized by complex 

1, 2 and 3–dimensional structures which is converted to SiO2 upon calcination. 

 

1.2.3 Formation mechanism 

Since the first ordered MS material, named MCM–41, was reported by scientists from the 

Mobil Corporation Laboratories in 1992,14 , 15  many research groups have focused their 

efforts on understanding the influence of surfactants on the synthesis of MS and unraveling 

the mechanisms leading to ordered mesostructures. 

Based on recent developments, two main pathways, cooperative self–assembly and liquid 

crystal templating processes, are seemingly efficient to synthesize ordered MS materials 

from the soft–templating method, as shown in Fig. 1.3. 16 The two types of surfactants 

previously exposed (non–ionic and ionic) are closely linked with each synthesis pathway. It 

is worthy to remark that the soft–templating synthesis is rather versatile but also complex 

and unpredictable. The mesostructures derived from the self–assembly of micelles are 

greatly dependent on the temperature, the solvent, the concentration, the 

hydrophobic/hydrophilic properties, the interface interactions, and the ionic strength, 

among others. This makes any prediction on the resulting mesostructure even more 

complicated. 

 Cooperative surfactant–templating assembly with inorganic oligomers 

This route is based on the coulombic interaction originated between silica precursors and 

surfactants due to their opposite electrical charges (Fig. 1.3 (a)). Cetyltrimethylammonium 

bromide (CTAB) and sodium dodecyl sulfate (SDS) are examples of cationic surfactants, 

while the oligomers are examples of anionic silica precursors. In the following, to simplify 

the description, we define S+ = surfactant cations, S– = surfactant anions, I+ = inorganic 
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precursor cations, I– = inorganic precursor anions, X+ = cationic counterions, X– = anionic 

counterions. 

Silica precursors interact by Coulomb forces in order to minimize the energy of the system. 

At the interface, silica precursors cooperate in the polymerization, while inorganic outer 

layers change the charge density. Thus, a change in the charge density that occurs at the 

interface of surfactants/silica precursors is the mechanism that regulates the assembly 

process. 

After extensive materials research, G. D. Stucky and colleagues proposed four routes to 

synthesize ordered MS taking advantage of organic–inorganic interactions.17 These four 

routes are S+I–, S–I+, S+X–I+ and S–X+I–. The first two follow the principle described above, 

while the latter describes the synthetic mechanism from silica precursors and surfactant with 

the same charge. These systems involve ions that act as a bridge (i.e., in the acidic 

environment S+X–I+ → S+ (XI) –, where X = Cl–, Br–, I–). 

 
Fig. 1.3 The two mechanisms of soft–templating: (a) cooperative self–assembly and (b) 
liquid–crystal templating process.16 
 

 Liquid–crystal template pathway 

This route relies on the production of a liquid crystal mesophase from high concentrations 

of non–ionic surfactants, used as templates (Fig. 1.3 (b)). Recent studies have shown that 

polymerization (condensation) reaction of inorganic precursors improves when these are 

confined around the surfactants forming ceramic–like frameworks.8,18 

High concentrations of surfactant can be obtained using the evaporation–induced self–

assembly process, known as EISA (See Section 1.4.1 for more detailed information). EISA, 

as one of the most promising routes for the large–scale synthesis of ordered MS materials, 

has shown great flexibility to adapt to the synthesis conditions, offering a greater variety of 

structures and pore sizes. 
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These pathways are relatively new. The only requirement for the MS synthesis using non–

ionic surfactants is the need for an acid environment to induce TEOS hydrolysis. Diblock 

and triblock copolymers are typically used as non–ionic surfactants. These surfactants are 

composed of blocks of different polarity (see Table 1.1). Among all the non–ionic 

surfactants, Pluronic P–123 is one of the most commonly used triblock copolymers for the 

synthesis of MS materials. P–123 is composed of 70 polypropylene oxide structural units 

linked to 20 polyethylene oxide units on each end. Table 1.2 shows a list of non–ionic 

surfactants employed in the synthesis of mesoporous materials. 

Name 
Polypropylene 

oxide 

Polyethylene 

oxide 
Polyethylene Polystyrene 

Abbreviation PPO PEO PE PS 

Chemical 

formula 
   

 

Description Hydrophobic Hydrophilic Hydrophobic Hydrophobic 

Table 1.1 Chemical formulas of some common block copolymers. 

Name PLURONIC® P–123 PLURONIC® F–127 PLURONIC® F–68 

Abbreviation P–123 F–127 F–68 

Chemical 

formula 
PEO20PPO70PEO20 PEO106PPO70PEO106 PEO76PPO29PEO76 

Table 1.2 Chemical formulas of non–ionic surfactants employed in the synthesis of 
mesoporous materials. 

 

1.2.4 Typical ordered mesoporous silicas 

 2–D mesoporous silica structures with hexagonal symmetry 

The 2–D MS materials with hexagonal symmetry are one of the easiest silicas to obtain. 

MCM–41, FSM–16, SBA–3, and SBA–15 are examples of this type of MS, which are 

characterized by being composed of cylindrical pore channels, arranged in hexagonal 

arrays (P6mm space group). 
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MCM–41 is obtained using ammonium cationic surfactant templates such as CTAB. Its 

morphology, pore size, and BET (Brunauer–Emmett–Teller) surface area are highly 

adjustable during the synthesis steps. The polymerization reaction of silica precursors takes 

place in alkaline medium (pH ≈ 11.5). Non–interconnected cylindrical pore channels,19 

with a diameter between 1.5 and 8 nm and pore wall thickness relatively thin, from 0.6 to 

1.2 nm, are obtained. MCM–41 isotherm does not show an obvious hysteresis loop, but the 

corresponding BET surface area values are relatively high, between 1000 and 1200 

m2/g.20,21 However, the major limitation of this material is its low hydrothermal stability 

caused by the thinness of the pore wall. 

SBA–15 is obtained under acidic conditions using triblock copolymer surfactants as a 

template. Actually, the ideal template for SBA–15 synthesis is Pluronic P–123. SBA–15 

silica consists of uniform cylindrical pore channels with a pore size from 6.5 to 10 nm, and 

a pore wall thickness of about 4 nm. In addition to the thicker pore wall compared with 

MCM–41, SBA–15 exhibits disordered micropores network connecting the cylindrical 

channels. This microporosity between walls is caused by the penetration of the 

hydrophobic PPO groups block copolymer chains in the silica matrix. The micro/mesopore 

ratio can be tuned depending on the application, while keeping the thickness of the pore 

wall, which confers good hydrothermal stability to the structure. 

 3–D bicontinuous cubic mesoporous silica structures  

Since the discovery of MCM–48, several 3–D bicontinuous cubic silica mesostructures, the 

SBA–n, KIT–n, AMS–n and FDU–n series have been reported. MCM–48, KIT–6, and 

FDU–5 with cubic symmetry Ia3
–

d and 3–D bicontinuous mesochannels are examples of 

these types of mesostructures. The best representation of these structures is a gyroid 

minimal surface, which can be interpreted as two symmetrical sets of cylindrical channels 

interwoven in a spiral fashion. 

The FDU–5 mesostructure was the first bicontinuous cubic mesostructure prepared under 

acidic conditions.22 This structure is characterized by the lack of micro–mesoporosity in the 

silica walls. 23 The pore size of FDU–5 is around 8 nm and it exhibits relatively large BET 

surface areas (~804 m2/g) and pore volumes (~1.04 cm3/g).24 

MCM–48 is synthesized in the same way as MCM–41, in alkaline conditions with gemini 

surfactants. The average pore diameter is 2.8–3.4 nm, whereas the pore wall thickness is 

approximately between 0.8 and 1.0 nm. The specific surface area and pore volume are 

660–1010 m2/g and 0.53–0.80 cm3/g, respectively.25,26   
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The KIT–6 silica mesostructure is synthesized using a mixture of n–butanol and P–123 as a 

mesophase under acidic conditions. It was manufactured by Ryoo’s group in 2003 for the 

first time.27 The pore sizes of KIT–6 can be adjusted in a relatively large range (8–10 nm). 

Unlike FDU–5 and MCM–48, plenty of disordered microporous or mesoporous tunnels (1–

2.5 nm) exist in the pore walls of KIT–6.  The specific surface area of KIT–6 is in the 

range of 527–797 m2/g, while the pore volume is in the range of 0.73–1.02 cm3/g.28 The 

KIT–6 silica mesostructure has been synthesized in this Thesis to further produce 

mesoporous SnO2 replicas by the nanocasting method. 

 3–D cubic mesoporous silica cage–like structures 

The 3–D cubic mesostructures named SBA–16 and FDU–12 belong to the cage–like type 

and consist of interconnected spherical pores. 

The SBA–16 mesostructure is obtained using surfactants with relatively large chains, such 

as F–127 or P–123. The resultant product is a cubic (Im3m) material with cage–like 

mesopore sizes between 5–15 nm. Each one is connected with eight neighboring pores 

whose diameter size is approximately of 4 nm. The specific surface area and pore volume 

of SBA–16 silica are ~750 m2/g and ~0.65 cm3/g, respectively.29  

The FDU–12 mesostructure has a cubic symmetry (Fm3
–

m) with cage–like mesopore sizes 

from 10 up to 12.3 nm. The FDU–12 is synthesized through a similar pathway as for SBA–

16. Remarkably, lowering the synthesis temperature and increasing the hydrothermal 

temperature can expand the pore size to 14–22 nm and the entrance sizes can be adjusted 

from ~4 to 16.7 nm, respectively. 30 , 31  Compared with other 3–D cubic mesoporous 

materials, FDU–12 possesses a higher specific surface area (800–1000 m2/g), and the pore 

volume of FDU–12 is between 0.65 and 0.72 cm3/g.32 

Schematic representations for 2–D, 3–D bicontinuous cubic, and 3–D cubic cage–like 

mesoporous silicas are shown in Fig. 1.4 (left, middle and right, respectively). 

 
Fig. 1.4 Schematic drawings of mesoporous silicas: 2–D (left), 3–D bicontinuous cubic 
(middle), and 3–D cubic cage–like (right). 
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1.3 Ordered mesoporous materials prepared by hard–templating 

method (nanocasting) 

Hard–templating, commonly known as nanocasting, is a process where a precursor, 

typically a fluid, is infiltrated in the nanosized pore channels of a template which, in turn, 

has been previously obtained by a soft–template process (section 1.2). The precursor is 

then confined inside the template and converted into the target product (for example, by 

annealing in air). When the template is removed after the appropriate treatment, the target 

product is released and a negative copy of the template is obtained. Thus, the nanocasting 

process enables an accurate control and prediction of the morphology of the product, as it is 

defined by the pore architecture of the template. However, the available morphologies of 

the hard–templated matrices limit the number of structures that can be achieved by the 

nanocasting process. 

1.3.1 The concept of nanocasting 

The casting technique dates older than 6,000 years. The casting process involves heating a 

material that is solid at room temperature until it becomes liquid or enters the plastic 

regime. The liquid material is then poured into a preformed mold or template, which 

contains a hollow cavity of the desired shape. Once the liquid material has solidified it is 

ejected from the mold, thus obtaining a replica of the original template (Fig. 1.5). 

Casting has become an important industrial process because it allows both the mass 

production of solids with complex surfaces with reduced manufacturing times and lower 

production costs compared to other manufacturing techniques such as machining. 

 
Fig. 1.5 Schematic drawing of the traditional casting process.33 

 

The casting process is divided into two distinct subgroups: expendable and non–

expendable template casting. The expendable template casting, as the name implies, 

involves the use of temporary, non–reusable molds and the best known are made of sand or 

wax. On the contrary, in non–disposable template casting the mold is reusable over time. 
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However, the technique described above is limited to the macro world, typically for 

materials in the range of centimeters. Nowadays, advanced engineering applications require 

nanoscale materials with increasingly complex surfaces that cannot be manufactured by 

other methods, offering new challenges to researchers. 

In 1998, Göltner and coworkers used a porous silica monolith with interconnected pores as 

a template to prepare mesoporous organic polymer networks with well–defined 

nanostructure, introducing the nanocasting concept for the first time. 34  Basically, 

nanocasting involves two main steps: provision of a suitable template and the casting step 

itself.  

 

1.3.2 The process of nanocasting 

 Formation mechanism  

Precursor infiltration in the pore channels of the mold is the first step in the nanocasting 

route. Indeed, this can be done by several means. The evaporation–induced capillary 

condensation consists in diluting the precursor in a volatile solvent to form a dilute solution. 

This solution is then mixed with the template. The precursor/template weight ratio is 

calculated based on the density of the precursor and the total pore volume of the template. 

In most cases, due to the capillary force, the solution infiltrates into the mesochannels of 

the template. During solvent evaporation, the precursor migrates on the surface, thus filling 

all the available template voids.  The next step is the precursor conversion to the target 

product and this conversion depends on the type of precursor used. For example, inorganic 

salts such as nitrates, oxalates, acetates, citrates, etc. decompose at high temperatures, so a 

heat treatment at high temperatures makes the precursor conversion to the target product 

feasible. In most cases, only a proportion of the template pores is occupied. In such a case, 

the precursor molecules must be homogeneously distributed within the mold network so 

they can retain the mesostructure after template removal. Basically, there are three typical 

distributions of target products that can retain the mesostructure after removal of the 

template. 

In the first case, the transformation of precursors into the target product takes place in an 

uncertain channels area as shown in Fig 1.6 (a). The first step of the transformation is 

nanocrystals nucleation, and the second step is nanocrystals growth. Driven by diffusion 

and migration, the precursors can transfer from one domain (i.e., the place where the 

nanocrystal seeds form) to another, until the domain is completely filled with target 

products.   

Metal oxide mesoporous replicas are shining examples of materials synthesized in this way. 

Although these replicas have the same mesoscopic symmetry as the template used, their 



22 
 

morphology and regular units are smaller. This is because the metal oxides volume 

conversion ratio is normally less than 15%, so that over 85% of pores remain empty. 

Several studies recommend subsequent infiltrations in order to minimize the amount of 

empty pores. However, the choice of two or more infiltrations is limited by the type of MS 

material used as the template. For example, in 2–D hexagonal structures (SBA–15) 

precursors are confined inside the channels for further dissemination and migration. 

Because of its size and channel geometry (1–D), a second infiltration is recommended in 

this type of structures. In 3–D cage structures (SBA–16 or FDU–12), the target products 

adopt spherical morphology and then block the channels, 23,35  so that subsequent injections 

are not always effective.  

In the second case, the precursors are dispersed homogeneously within the template 

cavities as shown in Fig. 1.6 (b). During the precursor transformation into the target 

product, the mass loss is compensated by volume expansion. This, together with the 

homogeneity of the infiltration, renders replicas with a regular morphology and structural 

units similar to the template. Mesoporous carbons are examples of materials synthesized in 

this way. 

In the third case (Fig. 1.6 (c)), due to the strong interaction between the precursor and the 

template, the precursors are distributed homogeneously on the surface of the pores. If the 

amount of precursor infiltrated is not enough to fill the template channels, subsequent 

template removal renders a nanopipes network. This typically happens when the CMK–5 

mesostructure is replicated. 

 
Fig. 1.6 Three typical distributions of precursor inside a mesoporous template: (a) the 
target product aggregates in small domains inside the mesopore channels, (b) the target 
product disperses fully and homogeneously in the mesopore channels, (c) the target product 
is homogeneously distributed on the inner surface of mesopore channels forming a 
coating.23 
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 Precursors  

As mentioned above, the main challenge of the nanocasting technique is the capability of 

filling pores whose diameter ranges between 2 and 50 nm. Although the use of mechanical 

forces to inject the precursors into the template pores has been recently proven feasible,36 

infiltration by wet chemistry still remains the most useful approach. Hence, infiltration 

necessarily proceeds via capillary forces and/or hydrophilic affinity between the precursor 

and the template. During solvent evaporation, ion precursor interacts by intermolecular 

forces forming aggregates while being adsorbed on the pores surfaces. Thus, the capillary 

force and the ions mobility on the surface is a key factor affecting the pores filling. If the 

intermolecular stress interaction of the precursor is strong in relation to the interaction 

between the precursor and the silica template, the precursor does not penetrate into the 

pores and tends to form aggregates outside the template. On the contrary, if the precursor 

intermolecular stress interaction is weak relative to the interaction between the precursor 

and the silica template, the precursor migrates to any area of the template, clogging pores 

and creating a coating around the template. Only when there is a balance between 

template–precursor and precursor–precursor interactions, the template is successfully filled. 

Gaseous compounds have also been used to fill the template pores using chemical vapor 

deposition (CVD) process. However, these processes tend to block the pore entrances, and 

therefore to form precursor aggregates outside the template. A key parameter that should be 

adjusted to minimize the aggregation of precursors outside the template is the deposition 

rate. Fast deposition rates lead to clogged pores, whereas slow deposition rates produce an 

undercharge of precursor leading to high–quality replicas. 

Most frequently, the target product in the nanocasting process is obtained by direct thermal 

decomposition of the precursor within the template pores. During this step, the precursor 

must be kept inside the pores otherwise the final product will form outside. Metal chlorides 

are examples of precursors that can be easily liquefied and therefore tend to move out of 

the template. Precursor transformation by thermal decomposition generally involves gas 

formation and other by–products that must be able to leave the pores network of the host. 

Also, a thermal decomposition has an associated contraction of volume, so the use of 

precursors with high volume contraction affects the quality of the mesostructure obtained 

after removing the template. Metal sulfides are examples of precursors with large 

contraction percentage. 

Metal nitrates are the most common precursors used in nanocasting. Unlike metal chlorides, 

they are retained inside the pores during the whole processing, thus minimizing the 

formation of aggregates outside the template. However, the theoretical efficiency of metal 

nitrates transformation into the target product is relatively low. The theoretical efficiency 
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of a precursor is evaluated through a parameter termed volume contraction ratio [eq. 1.6]. 

This value can be considered intuitively as the template volume percentage that is occupied 

by the target product after precursor processing. 

precursor of Vol.
product  target of Vol.ratio contr. Vol.                                   [eq.1.6] 

where,  

product target ofDensity 
product   target ofweight Molecular product  target of Vol.                    [eq.1.7] 

precursor ofDensity 
 precursor  ofweight Molecular precursor  of Vol.                        [eq.1.8] 

Typical contraction volume ratios of precursors used in the synthesis of mesoporous 

materials by nanocasting technique are listed in Table 1.3. The volume contraction rate for 

most inorganic precursors is only 10%, e.g. if precursors infiltration has completely filled 

the vacancies of the template, after the precursor transformation, only 10% of pores are 

filled with the target product, while 90% of pores remain empty. Therefore, the particle 

size of the resulting replica is smaller than that of the parent template. 

Precursor Target product Volume contraction (%) 

Mg(NO3)2· 6H2O MgO 6.22 

Al(NO3)3· 9H2O Al2O3 5.89 

Ti(OC3H7)4 TiO2 6.98 

Cr(NO3)3· 9H2O Cr2O3 6.56 

Mn(NO3)2· 6H2O MnO2 10.73 

Fe(NO3)3· 9H2O Fe2O3 6.34 

Ni(NO3)2· 6H2O NiO 7.07 

Cu(NO3)2· 3H2O CuO 12.09 

Zn(NO3)2· 6H2O ZnO 10.10 

Zr(NO3)4· 5H2O ZrO2 9.10 

Co(NO3)2· 6H2O Co3O4 8.54 

Table 1.3 Target products and typical volume contraction of various precursors used in the 
synthesis of mesoporous metal oxides.23 
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 Solvent 

The solvent is also an important factor to be considered in the nanocasting technique. As 

explained earlier, many precursors require a solvent to be transported and thus infiltrated 

into the host. Moreover, the choice of the solvent influences the interactions that take place 

with the template surface pores, changing the wettability and the capillary force. Typically, 

higher solubility leads to a better filling of precursors and higher efficiency of infiltration. 

Likewise, inorganic precursor solvation influences the migration and aggregation of them. 

In general, solvents with a relatively low boiling point such as tetrahydrofuran (THF), 

water or ethanol, can be used in the nanocasting technique. The first two are not widely 

used though. Precursors have a low solubility in THF, while water has a strong solvation 

effect, which promotes the migration and aggregation of the precursors on the template 

surface pores. Ethanol is the most widely used solvent in nanocasting for many reasons: 

most inorganic precursors are soluble in ethanol; it has a low boiling point and high 

volatility; and interacts weakly with precursors, which facilitates the migration and 

accumulation of these inside the pores. Besides, ethanol provides a number of hydroxyl 

groups to the system, yielding more hydrophilic domains on the silica surface. Ethanol also 

has amphiphilic properties compatible with the silica pore wall, which increases the 

capillary force. 

 Template removal 

Template removal is the last step to obtain replicas by the nanocasting technique. The 

entire process of nanocasting is shown in Fig. 1.7. 

 

Fig. 1.7 Illustration of the nanocasting process toward mesoporous transition metal 
oxide powders. 
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Silica templates can be removed by a dilute HF solution at room temperature or with 

NaOH solution at ≈ 70 °C. The selection of one or the other depends on the chemical 

stability of the target product. Removal from HF allows the complete dissolution of the 

silica template within less than 30 minutes, while the removal with NaOH typically 

requires 24 h. Although the use of HF reduces the amount of residual silica, its use should 

be undertaken with extreme caution. 

 

1.4 Mesoporous (metal oxide) thin films 

As mentioned above, a large variety of porous materials have been fabricated and 

successfully used in many different fields.37,38 However, most of them are synthesized only 

as particles of different sizes (i.e., in powder form). It is well–known that there are some 

drawbacks related to particles/powders, such as macroscopic size limit, difficulty to be 

integrated into devices, or their recovery from a solution (i.e., recycle and reuse). 

Mesoporous thin films benefit from the advantages of porous structures and overcome 

these drawbacks. Consequently, mesoporous metal oxide films with different compositions, 

thickness, and pore topology have been pursued for a variety of applications.39 , 40  For 

example, F. Giordano and co–workers reported on the synthesis of Li–doped mesoporous 

TiO2 films. They also demonstrated that, by reducing electronic trap states, the mesoporous 

films exhibited superior electronic properties.41 Via surfactant templated method, J. C. Yu 

and co–workers successfully synthesized transparent zeolite–like mesoporous TiO2 

nanocrystalline thin films with high photocatalytic activity.42  

1.4.1 Sol–gel synthesis of mesoporous (metal oxide) thin films 

The term sol–gel can be broadly defined as the synthesis of solid materials such as metal 

oxides from solution–state precursors.43 It involves the preparation of inorganic polymers 

or ceramics from solution through a transformation from liquid precursors to a sol 

(colloidal suspension) and finally to a network structure called a ‘gel’. A wide range of 

crystalline and amorphous transition metal oxide structures such as thin films 44 , 45  or 

monodisperse particles has been demonstrated by sol–gel.46 

Besides physical methods to control structure in sol–gel chemistry, templates can also play 

an important role in introducing both ordered and disordered porosity. For this purpose, 

soft templates such as amphiphiles, block copolymers, ionic liquids, biopolymers and 

proteins have been employed in sol–gel syntheses. Alternatively, hard materials such as 

colloidal particles, bacterial filaments or cellulose nanocrystals are used. In some cases, 

alkoxides can be modified to enhance interaction of the sol–gel precursors with a soft or a 



27 
 

hard template and produce ordering or porosity on multiple length scales.47 The template 

can either be left in the oxide to produce an inorganic/organic nanocomposite or removed 

by dissolution or calcination. 

A particularly important sol–gel derived approach that used amphiphiles for templating 

sol–gel materials is evaporation–induced self–assembly (EISA). Rather than simple 

direction of the sol–gel condensation within solution, EISA relies on gradual evaporation 

of volatile species from the mixture to form a mesophase (see below). Inorganic materials 

accumulated around this liquid–crystal template, which results in well–ordered 

mesostructuring in the resulting metal oxide.43 

1.4.2 Evaporation–induced self–assembly (EISA) 

EISA was described for the first time by C. J. Brinker et al. in 199948 and involves a 

mixture of sol–gel precursors such as water, ethanol and a metal alkoxide or chloride, 

combined with amphiphiles such as CTAB or block copolymers. When compared to other 

synthetic strategies, which are costly and time–consuming, EISA presents several 

advantages such as a high versatility, short phase formation times and large variety of 

mesophases.49 Generally, the organized structures or patterns (Fig. 1.8) are obtained by the 

solvent evaporation and the spontaneous association of individual components through 

noncovalent interactions (π–π stacking, hydrogen bonding, etc.).50,51  

 
Fig. 1.8 TEM images of mesoporous TiO2 film synthesized by EISA. The sample was 
viewed from different planes: (a) [111], (b) [110], (c) [311], (d) [100]. The inset is the 
corresponding electron diffraction pattern.52 
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In the EISA process, organic–inorganic hybrid building blocks are the most common 

building blocks used for generating nanoscale porosity in the target material. Usually, the 

organic parts play the role of structure directing agent, which can form organic templates 

and contribute to the formation of the porous structure. The general classification of the 

structure directing agents is shown in Fig. 1.9. Among all the different directing agents that 

are commonly used, non–ionic block copolymers (e.g. P–123, F–127, Table 1.1 and 1.2, 

page 16), have recently emerged as a promising tool yield materials with tailored 

mesostructures, ranging from hexagonally arranged cylinders to three–dimensional bi–

continuous cubic networks.53 

 
Fig. 1.9 Schematic classification of structure directing agents. CPC: cetylpyridinium 

chloride, SDS: sodium dodecyl sulphate. 

 

In the formation of mesoporous thin films through EISA method, a homogeneous solution 

consisting of a soluble metal alkoxide or metal salt precursor and solvent (usually water 

and/or alcohol) are mixed thoroughly with a structure directing agent at a lower 

concentration than its critical micelle concentration (CMC).54 Then, part of the solution is 

transferred to the substrate surface by spray, spin or dip–coating, In the spin–coating 

method, a small amount of precursor liquid is dropped on the center of the substrate. Then, 

the substrate is rotated at a certain speed to spread the material into a uniform thin film by 

centrifugal force. In the dip–coating method, the film is formed by immersing a substrate in 

a precursor liquid and then withdrawing it under a well–defined speed and controlled 

humidity (as shown in Fig. 1.10). Later, the evaporation of the volatile components takes 
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place at the interface. During this process, the surfactant directing agent molecules, in the 

form of a lyotropic liquid–crystalline phase, lead to the assembly of an ordered 

mesostructured composite. Subsequent ageing, thermal treatment, or exposure to acid/base 

catalysts are used to induce the inorganic precursor condensation and solidify the 

skeleton.48 Remarkably, EISA process is tricky and not always evident. Thus, the final 

morphology of the synthesized materials is determined by many factors, such as the nature 

of precursors and the template molecule, temperature, solvents, the ratio of the surfactant to 

the precursor or presence of counter ions in the reaction media. 49,55  

Nowadays, EISA is considered as an efficient method for producing ordered metal oxide 

thin films, such as TiO2 with tailored mesostructure,56 Al2O3 coated TiO2 films for dye–

sensitized solar cells,57 WO3 thin films with improved electrochromic performance,58 or 

Nb2O5 films for sensing applications.59 

 

Fig. 1.10 Scheme of the evaporation–induced self–assembly (EISA) process (left). 
Schematic view of the pore system evolution along the consolidation and thermal 
treatment processes (right). Adapted from Ref. [60]  

 

As mentioned above, EISA can be considered as a simple, efficient, and rapid method for 

the fabrication of highly uniform thin films. Furthermore, when EISA process is combined 

with the dip–coating technique, it is possible to tune the final mesostructure of the film (i.e., 

sealed cabinet equipped with gas flow controller allows to perfectly adjust the relative 

humidity of the system). 61,62,63  
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1.5 Applications of mesoporous materials 

 Sensors 

Compared with conventional sensors, those in which the active material is mesostructured 

show several advantages such as enhanced sensitivity and lower detection limits. 64 

Consequently, more and more mesoporous materials are currently being fabricated and 

used for monitoring the concentration of glucose,65 proteins,66,67,68 metal cations,69 or for 

the detection of the relative humidity.70,71 In addition, when impregnated with dyes, the 

resulting hybrid films are very promising for optical sensing applications, such as pH 

sensing.72 When a certain material with mesoporous structure is used as a sensor, factors 

that affect the sensibility and selectivity should be considered, including pore accessibility, 

the chemical nature of the pore surface and the pore size and topology with respect to the 

sensing species.40,73  

 Photocatalysis 

Because mesoporous materials possess a high surface area, the density of photoactive sites 

is higher and, therefore, the catalytic activity increases. Mesoporous materials are thus 

ideal candidate materials for the purification of air and water or the decomposition of 

pollutants 74 , 75  and dyes. 76 , 77  Among all the mesoporous oxides with photocatalytic 

properties, porous TiO2 is the most widely studied material.78 Besides the possibility to 

tune the morphology and pore accessibility, anions can also be introduced in the TiO2 

matrix to further decrease the bandgap and therefore improve the photocatalytic activity.79 

 Solar cells 

Along with the extensive investigation of the 3rd generation photovoltaic devices, 

mesoporous materials have been widely used as the skeleton structure in dye–sensitized 

solar cells (DSSCs)80 and perovskite–base solar cells (PSCs).81,82 The former is recognized 

as a cost–effective alternative to conventional silicon photovoltaic devices, while the latter 

has undergone impressive improvement in power conversion efficiencies (PCEs), jumping 

from 3.8% to 20.1%.83,84 In general, mesoporous metal oxides and semiconductor materials 

are most commonly used as acceptors of the photo–generated electrons. These electrons are 

produced from dyes or perovskites in intimate contact with the mesoporous materials, 

which are immediately transmitted to the conductive substrate. 

 Low–k dielectric materials 

Because porosity is one of the factors that considerably affects the performance of low–k 

dielectric materials, mesoporous materials have attracted much attention in this field. For 

example, T. Maruo et al. reported that the dielectric constant of mesoporous silica films for 
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ultralarge–scale integrated circuits reduced into the 1.5–1.7 range when treated with 

trimethyl ethoxysilane.85 It is well known that water absorption can increase the k value. 

Thus, hydrophobic surfaces are required to increase the durability of the mesoporous films 

and avoid the deleterious effects of water absorption.86,87 Noteworthily, besides the porosity, 

the magnitude of other factors, such as elastic modulus, thermal stability, hardness and 

residual stress, thermal expansion coefficient, etc., should also be considered.88  

 Electrochromism and photochromism  

It is believed that in the near future smart homes will become a reality. In this context, 

functional windows 89  and various electronic displays 90 , 91  will play important roles. 

Essentially, the electrochromic property of materials is exploited in both cases. 

Electrochromism is a physical phenomenon where absorption and/or emission of some 

materials are modified upon applying an external voltage. Tungsten oxide (WO3) is the 

dominant electrochromic material. Interestingly, its electrochromic response can be 

improved by tuning the morphology to achieve superior performances.92 Because large 

specific surface areas afford faster insertion kinetics,93 mesoporous WO3 films attract a 

great deal of attention.94,95,96 Fig. 1.11 shows the typical electrochromic cycles of ordered 

mesoporous WO3 films.  

 
Fig. 1.11 Schematic illustration of electrochromism in mesoporous WO3 films; the 
migratory direction of lithium and the associated coloration/bleaching of the inorganic 
matrix are also shown.97  

 
Some mesoporous materials can be also synthesized for photochromic applications when 

combined with silver nanoparticles98,99 or photoactive organic molecules100,101. For example, 

L. Bois et al. reported the synthesis of mesoporous TiO2 template with embedded silver 

nanoparticles from ammonium silver salt by using a chemical reductive treatment.102 

Although the applications of mesoporous metal oxides are numerous, magnetism and 

spintronics are areas in which the potential of these exiting materials has been rather 

overlooked. In this Thesis, the magnetic properties of mesoporous transition metal–doped 

SnO2 powders and films are studied in view of their potential uses in magnetic storage and 

spintronic nanodevices. 
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1.6 State–of–the–art on mesoporous SnO2 materials 

Mesoporous transition metal oxide–based materials with different morphologies have 

attracted much interest due to their unique physico–chemical properties arising from their 

high porosity and specific surface area. Tin dioxide (SnO2), an n–type semiconductor (band 

gap Eg=3.6 eV at 300 K) with tetragonal rutile structure (Fig. 1.12 (a)),103,104 has been one 

of the most investigated materials due to its fascinating optical and electrical 

properties.105,106 In particular, SnO2 has been largely used in solid–state gas devices (Fig. 

1.12 (c)–(d)) owing to its mechanical hardness, electrical resistivity, and chemical inertness 

(e.g. as CO detector).107 However, one of the key issues limiting its wide gas–sensing 

applications is its low selectivity and durability. Thus, much effort has been devoted to the 

enhancement of its gas–sensing performance by suitably doping it with noble metals, semi–

metals or halogens.108,109,110  

 

Fig. 1.12 (a) Schematic illustration of SnO2 rutile (cassiterite) structure, (b) AFM image 
(inset: higher–magnification image) of a SnO2 thin film,111 (c) general scheme of a gas 
sensor, (d) common electric circuit in the gas sensing.112 
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Typically, ordered mesoporous SnO2 particles have been obtained as a negative replica of 

SBA–15 113  and KIT–16 114  MS templates and chloride precursors (e.g. SnCl2·2H2O). 

However, the synthesis of mesoporous SnO2 from MCM–41 or cage–like SBA–16 silica 

templates has also been reported.115,116  One of the difficulties is that the SnO2 replica 

contains between 5 and 15% residual MS, which has been claimed to contribute, at least in 

part, to the high surface areas (100 m2/g) reported in some works. For this reason, the 

synthesis of mesoporous SnO2 powders by soft–templating has been also pursued. 

However, this approach also entails obvious difficulties, like pore structure collapse after 

calcination, yielding a non–porous powder. Recently, the direct synthesis of good quality 

mesoporous SnO2 networks by soft–templating has been reported, showing thermal 

stability up to 500 ℃.117  

The literature related to the manufacture of mesoporous SnO2 films is far scarcer than for 

powders. Regarding the fabrication of mesoporous SnO2 by EISA, highly crystalline films 

with periodically ordered large pores were111 obtained with a special KLE type amphiphilic 

polymer (poly(ω–hydroxypoly(ethylene–co–butylene)–co–poly(ethylene oxide))), which is 

however not yet commercially available. The preparation of crystalline mesoporous SnO2 

films with a larger pore size using commercially available Pluronic polymers (F–127 is the 

most used) has sometimes provided either only partially crystalline films,118 or has required 

a post–synthesis treatment like the exposure of the films to a stream of water vapor at 

elevated temperature to promote the ordering of as–prepared disordered films.119 Moreover, 

the choice of available precursors is rather restricted, mostly limited to SnCl4 or SnCl2 due 

to the high cost of tin alkoxides. In 2007 J. H. Pan et al. synthesized cubic and hexagonal 

mesoporous SnO2 thin films, using SnCl4 as the precursor and pluronic F–127 as structure 

directing agent. In this case, EISA was combined with spin–coating.120 SnCl4 was also 

utilized as the precursor in the synthesis of mesoporous cassiterite SnO2 films in 

ammonium hydroxide environment in another work. The resulting films showed worm–

like porosity with a wall to wall distance of ca. 18 nm and a surface area of 55±5 m2/g.121 

Nanostructured mesoporous SnO2 materials (both powders and thin films) have been 

utilized in various applications, although gas–sensing is perhaps the main one. M. Dimitrov 

et al. used mesoporous SnO2 powders in the catalytic total oxidation of ethyl acetate.122 In 

the research of H. Oh et al., mesoporous M–doped SnO2 (M = Sb, In, F) bulk powders 

were fabricated as catalyst supports in electrolytic cells.123  Recently, Yang et al. have 

proved the higher electrochemical performance of mesoporous SnO2 powders in 

combination with graphene as anode material in lithium–ion batteries. 124  As 

aforementioned, mesoporous SnO2 powders have been extensively studied for gas sensing 

applications. D. Wang et al. reported mesoporous SnO2–based sensors for the detection of 
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chlorine gas.125 The results showed that the fabricated sensors showed a very fast response 

toward diluted Cl2 gas. Similarly, mesoporous SnO2 spheres showed higher sensitivity to 

H2 and enhanced response to CO gas compared with commercial (non–mesoporous) SnO2 

powders.126  

Mesoporous SnO2 films have also attracted a great deal of technological interest over the 

past two decades. For example, Y. Wang and co–workers recently prepared ordered 

mesoporous M–doped SnO2 films (M = Sb, Nb, and Ta), with high electrical 

conductivity.127 Also, in the study of J. T. Park et al., multifunctional mesoporous SnO2 

films were obtained by sol–gel method. These films were further used as interfacial layer 

(combined with TiO2 and F–doped SnO2 substrates) to enhance light harvesting, improving 

electron transport and reducing interfacial/internal resistances in DSSCs.128 Additionally, 

highly crystalline and ordered mesoporous Pd–doped SnO2 thin films were successfully 

synthesized by S. Shao et al. Due to the long–range nanoporous periodicity, small particle 

size and excellent particle interconnectivity, samples showed enhanced acetone sensing 

performance. 129  Recently, H. Long et al. fabricated a low power microheater sensor 

platform for CO gas based on highly porous SnO2 sensing film. This sensor exhibited low 

detection limit (2 ppm), fast response time (< 10 s) and short recovery time (< 30 s).130 One 

important aspect when it comes to mesoporous transition metal oxide films, which also 

applies to SnO2 case, is that the term ‘films’ is often used when mesoporous powders are 

post–deposited on a substrate. The concept of ‘mesoporous film’ used throughout this 

Thesis is different since the film is built in situ using a bottom–up approach, in our case, 

EISA combined with dip–coating. 

 

1.7 Magnetism 

1.7.1 Types of magnetic behaviours in nature 

Based on modern magnetism theory, the magnetism of materials is originated from the 

existence of magnetic moment in the atoms associated either with the movement of 

electrons around the atomic nucleus (orbital moment) or electron rotation around their own 

axis (spin moment).131 According to the different response to an applied external field, 

materials can be classified into five categories: diamagnetism, paramagnetism, 

ferrimagnetism, ferromagnetism and antiferromagnetism.132 

  Diamagnetism  

As a quantum mechanical effect, diamagnetism occurs in all atoms. The origin of 

diamagnetism is the change of electron orbital motion in response to an applied magnetic 



35 
 

field. If an external field exists, diamagnetic materials will show a linear negative slope 

in the magnetization vs. field curve. Thus, diamagnetic materials are repelled by the 

applied field. Compared to paramagnetism or ferromagnetism, the phenomenon of 

diamagnetism is quite weak.133 Consequently, in many materials, diamagnetism is always 

overshadowed by other stronger contributions (i.e., materials that are ferromagnetic or 

antiferromagnetic are also, at the same time, diamagnetic). Some elements are purely 

diamagnetic, like silicon, gold, silver or bismuth. Because diamagnetic materials do not 

present permanent magnetic moment when removing the applied external field, they do 

not exhibit hysteresis (contrary to ferromagnetic or ferrimagnetic materials, as will be 

described below). 

 Paramagnetism 

In paramagnetic materials, the magnetic moments are uncoupled to each other. When an 

external magnetic field is applied, just a small fraction of the magnetic moments are 

oriented along the field direction. Consequently, a linear relationship, with a weak 

positive slope, is established between the magnetization and the applied field. 

Nevertheless, in the normal situation, due to thermal agitation, the spin orientations of 

paramagnetic materials is at random (Fig. 1.13 (a)), thus resulting in the disappearance of 

magnetization in the absence of an external field. As diamagnetic materials, 

paramagnetic materials do not show hysteresis. Some examples are platinum, tin or 

sodium. 

 Ferromagnetism 

Ferromagnetism refers to the ability of some materials to partially retain their magnetic 

properties when the external magnetic field is removed. In other words, ferromagnetism 

is the property of some materials to be attracted by magnets or even act as permanent 

magnets. Ferromagnetism only occurs in materials whose atom shells (3d or 4f electronic 

bands) are only partially filled by electrons and have a net magnetic moment. In these 

materials, the spins of neighboring atoms are oriented parallel to each other since they are 

coupled via positive exchange interactions. In ferromagnetic materials, the magnetic 

moments tend to align parallel to each other (Fig. 1.13 (b)) within certain regions 

(domains). This effect originates a local spontaneous magnetization. When a large 

enough magnetic field is applied, the magnetization of the different domains aligns with 

the magnetic field.  Ferromagnetic materials become paramagnetic above the so–called 

Curie temperature (TC). 

 Antiferromagnetism  

In antiferromagnetic materials, as a result of negative exchange interactions, the magnetic 

moments existing in neighboring atoms orient antiparallel to each other. This 

phenomenon is schematically illustrated in Fig. 1.13 (c). Due to this antiparallel 
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alignment, even though the strength of each atomic moment can be high, the net moment 

decreases to zero after the external magnetic field is removed. As paramagnetic materials, 

antiferromagnetic materials show a linear relationship between the magnetization and 

applied magnetic field with a small positive slope. Antiferromagnetic materials become 

paramagnetic above the so–called Néel temperature (TN). 

 

 Ferrimagnetism 

Like antiferromagnetic materials, the atoms of ferrimagnetic materials possess opposite 

magnetic moments (antiparallel alignment). The difference is that in ferrimagnetic 

materials, the two sublattices or antiparallel spins are unequal and, therefore, spontaneous 

magnetization exists (as shown in Fig. 1.13 (d)), leading to a non–zero net magnetic 

moment. From a phenomenological point of view, when an external field applied, 

ferrimagnetic materials exhibit a clear hysteresis loop, similar to ferromagnetic ones. 

Most ferrimagnetic materials are ceramics and can be used as good insulators in many 

high–frequency applications.134 

 
Fig. 1.13 Schematic drawing of the magnetic moments configuration: (a) paramagnetism, 
(b) ferromagnetism, (c) antiferromagnetism, (d) ferrimagnetism. 

 

1.7.2 Hysteresis loops: basic parameters 

Fig. 1.14 schematically illustrates the typical hysteresis loop (magnetization versus field) 

displayed by a ferromagnetic or ferrimagnetic material. As shown in this figure, the 

application of an external magnetic field causes the spins of the electrons progressively 

align with the field. When the strength of the field is sufficient, the magnetization levels off 
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and reaches a constant value, which is called saturation magnetization (Ms). When the 

magnitude of the applied field is reduced back to zero, the magnetization still retains a 

positive value, which is defined as remanent magnetization (Mr). The ratio of the remanent 

magnetization to saturation magnetization (Mr/Ms) is called squareness ratio and it varies 

from 0 to 1. The remanent magnetization can be removed by reversing the magnetic field 

strength to a value equal to the coercivity (Hc). When the reversed magnetic field is 

increased further, saturation is achieved in the reversed direction.  

As the name implies, the hysteresis loop shows the “history dependent” nature of 

magnetization for a ferromagnetic material. The magnetic properties of nanostructured 

ferromagnetic materials are largely determined by the characteristics of their hysteresis 

loops. Ferromagnetic/ferrimagnetic materials can be roughly classified into two categories: 

soft and hard ferromagnetic/ferrimagnetic materials. Soft materials are characterized by 

narrow hysteresis loops: low values of HC, typically lower than 10 Oe, and large values of 

Ms, usually higher than 100 emu/g. Some examples of soft ferromagnetic materials are Fe, 

Ni, permalloy or FeSi alloys. They are used in transformers cores, for example. Hard 

ferromagnetic/ferrimagnetic materials, also known as permanent magnets, show a broad 

hysteresis loop, with high values of HC, typically larger than 350 Oe, and usually smaller 

values of Ms than soft magnetic materials. Some examples of hard ferromagnetic materials 

are Al–Ni–Co alloys, SmCo5 or Nd2Fe14B. 

 
Fig. 1.14 Schematic illustration of a hysteresis loop in a ferromagnetic material. The field 
strength, H; magnetization, M; saturation magnetization, Ms; remanent magnetization, Mr; 
and magnetic coercivity, HC; are indicated.  
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1.7.3 Magnetic properties of nanomaterials 

In general, when the geometrical dimensions of materials decrease, they exhibit properties 

that are quite different compared with the bulk. For example, with the geometric 

confinement effect, the magnetic transition temperature, TC (for a ferromagnetic or 

ferrimagnetic material) or TN (for an antiferromagnetic material), is reduced from the bulk 

value, TC (∞) or TN (∞) as follows:135  

∆𝑇 =
𝑇𝐶(∞) − 𝑇𝐶(𝑑)

𝑇𝐶(∞)
= (

𝜉𝑜

𝑑
)

𝜆

                                            [Eq. 1.9] 

or 

∆𝑇 =
𝑇𝑁(∞) − 𝑇𝑁(𝑑)

𝑇𝑁(∞)
= (

𝜉𝑜

𝑑
)

𝜆

                                        [Eq. 1.10] 

where d is the sample size, ξ0 is a constant for the exchange correlation length of the bulk 

phase at a certain temperature away from the ordering temperature and λ is the shift 

exponent.136  

Besides the critical temperatures, there are other intrinsic properties of ferromagnetic/ 

ferrimagnetic/antiferromagnetic materials that can be affected by the sample (or particle) 

size. “Magnetic anisotropy” in ferromagnets/ferrimagnets is the preference for the 

magnetization to lie along a particular direction in the material. Magnetic anisotropy can be 

either an intrinsic property of the material (e.g. magnetocrystalline anisotropy) or can be 

externally induced (e.g. shape anisotropy or stress anisotropy). Magnetocrystalline 

anisotropy is closely related to the crystalline structure of the material and is originated 

from the interaction between the spin part of the magnetic moment and the electronic 

orbital shape and orientation (spin–orbit coupling). Shape anisotropy is related to the 

magnetostatic energy and, in thin films, it causes the magnetization to preferably lie within 

the film plane.  

If a magnetic field is applied to a single crystal ferromagnetic material, the field strength 

needed to saturate it is found to be smaller when applied along certain directions, which are 

called easy–axis directions. On the contrary, larger fields are required to saturate the 

material in other directions. These are called hard–axis directions. In addition, in absence 

of an external field, the magnetization prefers to lie along the easy directions. When a 

magnetic field is applied to a ferromagnetic material, a certain work is required in order to 

move the spins away from the easy axis direction. Therefore, a certain energy, called 

anisotropy energy, is stored in the magnet when the magnetic field is applied in a direction 

different from the easy axis. When the anisotropy energy becomes larger, the coercivity 

increases since more field is needed to induce magnetization reversal.  
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For non–interacting ferromagnetic/ferrimagnetic particles, a maximum is obtained when 

the coercivity, HC, is plotted as a function of the crystallite size (or sample size), <d> (Fig. 

1.15). For large values of <d>, when the direction of H is reversed, the magnetization 

reverses due to the formation and motion of domain walls (multi–domain state). However, 

if the crystallite size is reduced to <d>Cr (critical diameter), the formation of domain walls 

becomes energetically unfavourable, and the particles remain in a single–domain state. In 

such a case, the magnetization reverses by means of coherent rotation of spins, causing a 

higher value of HC. If <d> is further reduced to below <d>Cr, thermal fluctuations cause 

some magnetic disorder in the material and HC is progressively reduced. Finally, if <d> is 

low enough the system becomes superparamagnetic and no hysteresis is observed. This 

happens when the thermal energy, kBT (kB being the Boltzmann constant) at a given 

temperature becomes of the order of the effective magnetic energy, K·V, where K is the 

magnetic anisotropy and V is the volume of the ferromagnetic/ferrimagnetic particle. 

Superparamagnetism leads to instability of the stored information in magnetic recording 

media. However, due to their zero net magnetization in absence of external magnetic field, 

superparamagnetic particles have the potential to be used in drug delivery, since they do 

not interact with each other once the field is removed, hence avoiding thrombosis and other 

medical problems. 

 
Fig. 1.15 Dependence of the coercivity on the crystallite size, <d>, for non–interacting 
ferromagnetic/ferrimagnetic particles. 
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1.8 State–of–the–art on diluted magnetic semiconductors (DMSs) 

In recent years, a huge increase of the data processing speed and the integration density, 

together with a decrease of electric power consumption have been achieved by adding the 

spin degree of freedom to the charge of electrons (i.e., moving from electronics to 

spintronics).137 The first generation of spintronics devices was fabricated based on passive 

magneto–resistive sensors taking advantage of the discovery of the giant magnetoresistance 

(GMR) effect138,139 and the subsequent development of spin valves and tunneling junctions 

(Fig. 1.16).140  Nowadays, the next generation of spintronics devices is at the edge of 

technological innovation.141 Magnetic semiconductors could largely contribute to this new 

revolution since they can benefit from the well–established technologies for semiconductor 

processing in microelectronics with the added value given by the magnetic properties. Also, 

magnetic semiconductors would be more easy to integrate with conventional (i.e., non–

magnetic) semiconductors than magnetic metallic alloys due to their better match in 

electric resistivity (in applications like spin injection, spin polarization, etc.). Hence, DMSs 

have recently attracted significant attention of scientists and engineers due to their potential 

application in the field of spin–based devices.  

 
Fig. 1.16 Schematic representation of a GMR read head sensor in a hard disk using a spin 
valve.142  

Several examples of ferromagnetic semiconductor materials are: (i) manganese–doped 

indium arsenide and gallium arsenide (GaMnAs), with Curie temperature around 50–100 K 

and 100–200 K, respectively, (ii) manganese–doped indium antimony, which becomes 

ferromagnetic even at room temperature, (iii) oxide–diluted magnetic semiconductors (like 

transition metal doped ZnO, TiO2, In2O3 or SnO2), also ferromagnetic at room temperature. 
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1.8.1 Mn–doped P–type magnetic semiconductors 

According to the model proposed by Zener, ferromagnetism in Mn–doped semiconductors 

is driven by the exchange interaction between band carriers and localized spins. 143  

Furthermore, Ruderman–Kittel–Kasuya–Yosida (RKKY) interactions can also account in 

part for the observed ferromagnetic–like properties (Fig. 1.17 (a)). 144  In Mn–doped 

semiconductors, instead of free electrons, ferromagnetism is associated with the presence 

of deficient holes.145 Y. Fukuma and co–workers observed homogeneous ferromagnetism 

with maximum Tc reaching 190 K on the Ge0.92Mn0.08Te epilayers that grown on BaF2 

substrates.146 At the same time L. Chen and co–workers also fabricated Ga1–xMnxAs films 

by molecular–beam epitaxy with different amounts of Mn. In their research, the maximum 

Tc was improved to 191 K by post–growth annealing on the sample Ga0.8Mn0.2As.147 

Recently, Bo Gu et al. used the density function theory together with quantum Monte Carlo 

simulations to demonstrate that DMSs can be achieved with a narrow band gap host 

semiconductors. In their prediction, the Curie temperature Tc of Mn–doped BaZn2Sb2 

could be even higher than that of Mn–doped BaZn2As2, whose Tc reached 230 K.148,149  

 
Fig. 1.17 Schematic illustration of different models of exchange interactions: (a) RKKY 
exchange parameter J as a function of interatomic distance of magnetic atoms, (b) example 
of superexchange interactions in MnO system, (c) double exchange interactions in MnO 
system. Adapted from ref. [150] 
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1.8.2 Transition metal–doped oxide semiconductors 

Oxide diluted magnetic semiconductors are generally transparent materials with a wide–

band gap, such as TiO2–, In2O3– and ZnO–based magnetic semiconductors.151,152,153 Over 

the past decade, different approaches, such as pulsed laser deposition, reactive sputtering, 

molecular beam epitaxy or ion implantation have been used to incorporate transition metals 

into oxide semiconductors to achieve ferromagnetism. According to the existing reports so 

far, especially after the prediction of room–temperature ferromagnetic response in Mn–

doped ZnO (as shown in Fig. 1.18),154 several wide–bang gap oxide semiconductors doped 

with transition metal cations are viewed as promising candidates with high TC.  

 
Fig. 1.18 Computed values of the Curie temperature (TC) for various p–type 
semiconductors containing 5% of Mn and 3.5 × 1020 holes per cm3.154 

 

Ferromagnetic properties with high TC are mostly observed in thin films and nanocrystals, 

while for the well–crystallized bulk materials, it is hard to get ferromagnetism at room 

temperature. 155 , 156  For example, S. B. Ogale and co–workers reported that high–

temperature ferromagnetism (TC = 650 K) was found in Co–doped SnO2–δ thin films.157 The 

films were grown on single crystal sapphire by pulsed laser deposition and the magnetic 

moment was up to 7.5 ± 0.5 μB/Co. By using the same synthesis technique, H. Saadaoui et 

al. prepared Co–doped TiO2–δ anatase films with homogeneous microstructure. 158 

Moreover, they investigated the influence of deposition rate and oxygen partial pressure on 

the magnetism. F. Pan and co–workers prepared Co–doped ZnO films on Al2O3 (001) 

substrate via direct current reactive magnetron co–sputtering.153 The transition from diluted 

magnetic insulators (DMIs) to DMSs was realized by decreasing oxygen partial pressure. 
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They also demonstrated that the structure defects seem to be necessary for the intrinsic 

ferromagnetic ordering. In the research of B. Prajapati et al., Fe–doped TiO2 nanoparticles 

were synthesized via a sol–gel technique.159  With the appropriate doping amount, the 

nanoparticles showed a weak ferromagnetic at room temperature. 

In order to explain the origin of ferromagnetism, some theoretical models have been 

proposed. According to some pioneering simulation works, if the states derived from the 

transition metal d levels are partly occupied, ferromagnetism can be assigned to the 

ferromagnetic superexchange or double exchange (Fig. 1.17 (b) and (c)).160,161,162 In another 

model, it is supposed that the ferromagnetic coupling between diluted transition metal spins 

are mediated by the electrons that reside in the conduction band or form magnetic polarons 

(i.e., bound magnetic quasiparticles arising from the interaction between electrons and 

atomic defects in semiconductors).163,164 In addition,  many researchers believe that there is 

a strong dependence between ferromagnetism and the distribution of oxygen 

vacancies.165,166,167 Noteworthy, in a so–called d0 model, ferromagnetism is related to spins 

of electrons that reside on defects and are coupled by an exchange interaction. 

Consequently, the presence of magnetic impurities is even either unnecessary or serves 

merely to change the Fermi level to the relevant defect states, and spontaneous 

ferromagnetism can occur in percolating defect–rich regions.145,168 

Nowadays, although challenges in developing new materials with improved properties 

remains great and the origin of the intrinsic high–temperature ferromagnetism in the DMSs 

remains controversial, many efforts are under way to explore new materials for spintronics 

applications. Nonetheless, all former contradictions and speculations from the literature 

need to be addressed experimentally. So far, most reported oxide diluted magnetic 

semiconductors were prepared in fully–dense thin films, 169   nanowires 170 , 171  or coarse 

polycrystalline powders. 172  There are only few reports about DMSs with mesoporous 

structure,173,174,175 as those mesoporous materials are usually synthesized for chemical or 

physicochemical purposes/applications.  According to the existing reports, the magnetic 

behaviour of mesoporous oxide DMSs can be tuned by adjusting the transition metal 

doping level and the amount of oxygen vacancies. Additionally, mesoporous oxide DMSs 

could exhibit extra unique properties, as compared to their bulk counterparts, such as 

quantum–confinement effects, surface spin–glass or uncompensated spins, and combined 

optical and magnetic surface effects. This means that mesoporous frameworks may have a 

positive impact on the development of spintronic nanodevices. From a practical point of 

view, it will be very appealing if new progress in the field can lead to new pathways for 

spintronics study by combining mesoporous semiconductors fabrication and doping 

technology.   
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1.9 Objectives 
This Thesis covers the fabrication of mesoporous transition metal (TM)–doped SnO2 

systems, both in powder and thin film configuration, their structural characterization and 

the investigation of their magnetic properties. In particular, Cu and Ni have been 

introduced as TM dopants in a mesostructured SnO2 matrix. Special emphasis has been put 

to the valence state and distribution of these dopant species in order to understand the 

observed ferromagnetic response of the materials at either room or low temperature. This 

Thesis attempts to introduce, to a certain extent, a new direction in the synthesis of oxide–

diluted magnetic semiconductors which could contribute to the next generation of 

spintronics devices. 

The goals of this Thesis can be summarized as follows: 

1) Synthesis and characterization of ordered Ni–doped mesoporous SnO2 powders by the 

nanocasting method. The main purpose of this research is to produce ordered 

mesoporous SnO2 powders from KIT–6 silica template and to solubilize different 

amounts of Ni in the SnO2 lattice. Instead of wet impregnation, solid state grinding is 

used in the synthesis process. A second goal is to characterize the distribution of Ni 

within the SnO2 skeleton. Moreover, the relationship between magnetic properties and 

the amount of Ni is to be established. 

2) Preparation of Ni–doped mesoporous SnO2 thin films by the combination of 

evaporation–induced self–assembly (EISA) and dip–coating techniques. This part of 

the work is devoted to semiconductor films with mesoporous structure. The main 

purpose is to achieve SnO2 thin films with 3–dimensional connectivity, while ensuring 

successful doping with Ni species. The influence of the dopant valence state on the 

magnetic properties will be investigated as well.  

3) Synthesis and characterization of ordered Cu–doped mesoporous SnO2 powders by 

the nanocasting method. The first objective of this research is to illustrate the 

influence of another dopant (in this case, Cu) on the magnetic properties of SnO2 

mesoporous powders also produced by nanocasting. Changes in the magnetic behavior 

of the materials with both the temperature and the amount of Cu will be investigated. 

Advanced X–ray magnetic circular dichroism analyses will be performed to unravel 

the origin of ferromagnetism (if so) in the materials.  
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This chapter aims to introduce the fundamentals and working conditions of the main routes 

and instruments for the synthesis and characterization, respectively, of the samples.  
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2.1 Synthesis details 

2.1.1 Nanocasting synthesis of undoped, Cu– and Ni–doped mesoporous SnO2 
powders 

 Synthesis of KIT–6 silica template 

KIT–6 silica was chosen as the hard template to prepare mesoporous undoped, Cu– and 

Ni–doped SnO2 powders. P–123 (6 g) was dissolved in a mixture of deionized water (220 g) 

acidified with 37 wt.% HCl (12 g) by vigorous stirring (300 rpm/min) at 35 ºC for 4 h. 

Then, 1–butanol (6 g) was added into the solution whilst stirring for another hour. 

Thereafter, 12.49 g of tetraethyl orthosilicate (TEOS) as the silicon source was added drop 

by drop into the solution and stirred for 24 h at the same temperature. The reaction vessel 

(sealed) was introduced in an oven at 80 ºC for 24 h under static conditions. After the 

hydrothermal treatment, the resulting suspension was filtered and washed with deionized 

water several times. Finally, the collected powder was calcined in a tubular furnace at 550 

ºC under air flowing for 4 h.  

 Synthesis of undoped, Cu– and Ni–doped mesoporous SnO2 replicas 

SnCl2·2H2O (stannous chloride dihydrate, Sigma–Aldrich 99.99%) was used as SnO2 

precursor and NiCl2 (nickel chloride, Sigma–Aldrich 98.0%) and CuCl2·2H2O (99.0%) as 

TM dopants.  

KIT–6 silica (0.4 g), SnCl2·2H2O (0.6 g) and varying amounts of NiCl2 or CuCl2·2H2O (at 

molar ratios of TM versus Sn(IV) of 0:100, 5:95, 15:85 and 20:80) were finely ground in 

an agate mortar and pestle. The resulting mixture was placed in a crucible and heated up to 

85 ºC inside a vacuum furnace (pressure < 10–4 mbar) to promote the infiltration of tin and 

nickel or copper precursors within the KIT–6 silica host. After 24 h, the samples were 

taken out and transferred into a tubular furnace for high temperature solid state reaction 

under air atmosphere. The temperature and heat treatment time were set at 700 ºC and 2 h, 

respectively. Following the conversion of tin and nickel/copper precursors, the silica 

template was selectively etched away using 1 M NaOH aqueous solution at 70 ºC. Finally, 

the resulting powders were cleaned with deionized water and absolute ethanol and dried in 

an oven. 

 

2.1.2 Preparation of Ni–doped mesoporous SnO2 films by EISA 

P–123 (0.12 g) was dissolved in absolute ethanol (6 mL) by vigorous stirring (300 rpm/min) 

at room temperature. Next, SnCl4 (0.55 g) and deionized water (0.4 mL) were added to the 

previous solution. The resulting mixture led to pure SnO2 film, which was taken as a 
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reference. For the Ni–doped SnO2 films, precursor solutions containing [Ni(II)]/[Sn(IV)] 

molar ratios of 5:95, 10:90, 15:85 and 20:80 were targeted. To this end, different amounts 

of NiCl2 (0.0144 g, 0.0304 g, 0.0483 g, 0.0684 g, respectively) were added to the Sn(IV) 

solution. The SnCl4 concentration was kept constant in each synthesis. The resulting 

solutions were sealed and aged for 12 h at room temperature before deposition. Prior to 

deposition, Si substrates were cleaned with acetone and Milli–Q water in an ultrasonic bath 

for 5 min each, and then rinsed with absolute ethanol. The mesoporous films were prepared 

in an automatic dip coater (see below).  

 

2.2 Dip–coating  

2.2.1 Origin and fundamentals of the technique 

Among the different thin film deposition techniques, dip–coating is one of the oldest wet 

chemical coating process. The first patent on SiO2 sol–gel thin films was developed by W. 

Geffcken and E. Berger in 1939.1  To date, dip–coating is applied in a wide range of 

applications such as dielectrics, catalysis, membranes, sensors, superconducting layers, etc. 

2,3,4 Essentially, the dip–coating process comprises four stages (Fig. 2.1): (1) immersion of 

the substrate into the solution; (2) withdrawal of the substrate at an appropriate speed; (3) 

deposition of a thin layer of the precursor solution and (4) solvent evaporation.  

 
Fig. 2.1 Schematic illustration of dip–coating processes.5 

 

2.2.2 Working conditions 

An automatic dip coater (Fig. 2.2), from the Gnm3 group, was used in the dip–coating 

process for the preparation of mesoporous SnO2 films. The precursor sol–gel solution was 

coated onto single–crystal Si (111) substrates. The withdrawal speed and relative humidity 

were kept at 5 mm·s–1 and around 20%, respectively. After deposition, the resulting 

coatings were dried under ambient atmosphere for 30 min and then put into the furnace to 

be calcined under air at 100 ℃ for 12 h (heating ramp 1 ℃/min). Subsequently, the 
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temperature was increased to 200 ℃ for 2 h (heating ramp 3 ℃/min) to consolidate the 

microstructure. Finally, the furnace was heated to 600 ℃ for 1h (heating ramp 3 ℃/min) to 

eliminate all the remaining organic residues.  

                                          

Fig. 2.2 Picture of the dip coater 5 AC (ID LAB). 

 

2.3 Scanning electron microscopy  

2.3.1 Origin and fundamentals of the technique 

In 1838, M. Knoll proved theoretically that it was possible to build a scanning electron 

microscope (SEM). 6 The first prototype was built in 1938 by M. Von Ardenne. 7,8 In 1965, 

the Cambridge Instruments Company began to manufacture SEMs in industrial series. 

Since then, it has become an essential tool in many fields of scientific research ranging 

from biology to materials science. 9 

The main feature of a SEM, compared with conventional optical microscopes, is the use of 

electrons instead of light and of magnetic lenses instead of optical lenses. Under certain 

assumptions, electrons can be considered as waves, with wavelengths much smaller than 

the visible light. Therefore, the SEM enables the observation of very small structures that 

are not observable using optical microscopes due to diffraction effects. 
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2.3.2 Interaction between the electron beam and the sample 

When an electron beam is bombarding the surface of a sample, different signals are 

produced. The penetration depth of electrons directly depends on the incidence angle of the 

beam, the magnitude of its current, the accelerating voltage, and the average atomic 

number (Z) of the sample. In the specimen interaction volume, several interactions between 

the electron beam and the atoms of the sample take place and, as a result, different types of 

signals can be studied (Fig. 2.3): 

 
Fig. 2.3 Schematic illustration for various electron–specimen interactions. 

 
Auger electrons: When a core state electron is expelled, an electron from a higher energy 

level may move to the inner–shell to cover this gap, resulting in a release of energy that can 

be transferred to an outer–shell electron. With enough energy, the outmost electron is 

ejected from the atom, the so–called Auger electron. These electrons typically have low 

values of energy, and therefore the depth range is between 0.5 and 2 nm. The energy of 

such electrons is characteristic of the emitting atom and the chemical environment in which 

the atom was located, and thus these electrons provide information about the composition 

of small regions of sample surface. 

Secondary electrons: Secondary electrons are produced when an incident electron beam 

excites electrons of atoms near the surface and loses some of its energy in the process. The 

excited electron moves towards the surface of the sample undergoing elastic and inelastic 

collisions until it reaches the surface. From here it can escape if its energy exceeds the 
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surface work function (Ew), which is the amount of energy needed to remove electrons 

from the surface of a material. Secondary electrons are characterized by energies between 0 

and 50 eV. They provide information on the topography of the surface. However, all 

information obtained from secondary electrons is restricted to a penetration of 10 nm. 

Backscattered Electrons: Backscattered electrons are scattered out of the sample when 

the electron beam interacts elastically with the nuclei of sample atoms. The intensity of this 

effect varies proportionally with the mean atomic number of the sample. It is therefore used 

to obtain maps with information about the composition of the sample surface. Specifically, 

heavy elements (high Z) backscatter electrons more strongly than light elements (low Z), 

and thus appear brighter in the image. 

Characteristic X–rays: When an incident electron collides with an atom in the sample, 

inducing the emission of another electron, the corresponding "hole" is immediately 

occupied by an electron from an outer, higher–energy shell. The difference in energy 

between the higher–energy shell and the lower–energy shell may be released in the form of 

an X–ray. The wavelengths of X–rays emitted are characteristic of the atoms in the sample. 

The resulting spectrum is used to study the elemental composition of the sample surface, 

the so–called energy dispersive X–ray spectroscopy (EDX) pattern. 

2.3.3 Working conditions 

The surface morphological observations and EDX analyses were performed on the Merlin 

Zeiss SEM located in the Microscopy Service of the Universitat Autònoma de Barcelona. 

For proper observation of the powders, these were dispersed in ethanol and then a small 

volume of the suspensions was dropped on the surface of carbon conductive tapes. 

Meanwhile, observation of the mesoporous thin films did not require any preparation. Due 

to the insulating or semiconductor nature of the samples under observation (i.e., silica and 

transition metal oxides), a low accelerating voltage was applied (typically around 3 kV for 

the powders and 0.8 kV for the films). 

 

2.4 Transmission electron microscopy  

2.4.1 Origin and fundamentals of the technique 

The first transmission electron microscope (TEM) was developed between 1931 and 1933 

by Ernst Ruska and Max Knoll.10,11 Siemens produced the first commercial TEM in 1993. 

The basics of the first TEM remain today and the changes introduced in the modern 

microscopes consist of adding more lenses to reduce aberrations and fittings to offer 

greater versatility to the research teams.  



64 
 

The TEM emits an electron beam that is driven toward the object under observation by a 

system of magnetic lenses and it is based on the detection and visualization of electrons 

passing through the specimen. The objective lens collects the transmitted beam and forms 

the image display. The objective and selected area aperture are used to choose the 

elastically scattered electrons that will form the image. Finally, the beam goes to the 

magnifying system that controls the magnification of the image and the projector lens. The 

formed image is shown on a monitor. The operation of TEM requires an ultra–high vacuum 

and a high voltage. Moreover, the specimens must be thin enough (≈ 200 nm) to be 

transparent to electrons.  

We can distinguish two main types of microscopes, namely the low voltage and the high 

voltage (High–Resolution, HR) TEM. In the former the energy of electrons does not 

exceed 120 keV, while in the latter is of 200–300 keV. 

2.4.2 Working conditions 

TEM observations were made on a JEOL JEM–2011 microscope (200 keV), equipped with 

an EDX detector from Oxford Instruments, located at the Microscopy Service of the 

Universitat Autònoma de Barcelona. HR–TEM observations were performed on a Tecnai 

F20 HR–TEM/STEM microscope, located at Institut Català de Nanociència i 

Nanotechnologia (ICN2). For TEM/HR–TEM observations the powders were dispersed in 

ethanol and then one or two drops were placed dropwise onto holey or lacey carbon 

supported grids. 

 

2.5 Electron energy loss spectroscopy  

2.5.1 Origin and fundamentals of the technique 

Electron energy loss spectroscopy (EELS) technique was developed by J. Hillier and R. F. 

Baker in 1944 but was not widely used over the next 50 years, 12,13  only becoming more 

widespread in research in the 1990s due to advances both in microscope instrumentation 

and vacuum technology. Usually, EELS instrumentation is incorporated to TEM or 

scanning transmission electron microscope (STEM). The collecting of EELS signal is 

based on the energy distribution of initially monoenergetic electrons after they pass through 

a thin sample (Fig. 2.4).13 

When the electrons pass the sample, some of the electrons undergo inelastic scattering. 

Thus, these electrons lose some energy and then their paths are slightly and randomly 

deflected. Among all the inelastic interactions, the inner–shell ionization is used to detect 

the elemental components of a sample and create images with unique contrast effects. 
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Nowadays, EELS has become a powerful technique for obtaining the composition and 

chemical information from a small region (sub–nanometer diameter) in the sample.14 In 

some cases, the resolution can even reach to single atoms.15,16 

 
Fig. 2.4 Schematic illustration of the generation of electron energy loss spectrum.17 

 

2.5.2 Working conditions 

EELS analyses were performed on a Tecnai F20 HR–TEM/STEM microscope, located at 

Institut Català de Nanociència i Nanotechnologia (ICN2). The EELS signal was recorded 

in STEM mode at 200 kV using a Gatan Quantum SE 963 Imaging Filter (GIF). 

 

2.6 X–ray diffraction 

2.6.1 Origin and fundamentals of the technique 

Max von Laue conducted the first X–ray diffraction experiment in 1912, demonstrating 

that X–rays had a wavelength comparable to atomic spacing crystals, so that they could 

undergo diffraction. This phenomenon was later on confirmed by Paul Knipping and 

Walter Friedrich. 18 



66 
 

Starting from the assumption that the incident X–ray beam is monochromatic (a single 

wavelength) and is perfectly collimated, when the beam is focused onto the sample with an 

incident angle θ with respect to the reticular planes of the crystal, the following condition is 

satisfied: 

 sin2dn                                                         [Eq. 2.1] 

where n is the order of reflection and d is the interplanar distance of a family of 

crystallographic planes. When this relationship is satisfied, X–rays are in phase and form a 

constructive interference. This condition is known as Bragg's law and can be used to 

determine the angular position of peaks in a particular family of diffracted planes. 19,20 

Bragg's law assumes that the crystal is perfect (i.e., it is free from structural defects) and 

that the incident beam, as mentioned before, is perfectly monochromatic and collimated. 

The size of the crystals (average coherently diffracting domain) and the microdeformations 

eventually present in the sample contribute to the width of diffracted peaks. 21  The 

procedure used to evaluate the crystallite size is based on the consideration that the peaks 

can be adjusted to a pseudo–Voigt function, which is a linear combination of Gaussian and 

Lorentzian (Cauchy) functions. 22  Using this approximation, the crystal size can be 

determined from the Lorentzian as the integral of the peak width, 𝛽𝐶
𝑓: 

𝑑ℎ𝑘𝑙 =
𝜆

𝛽𝐶
𝑓

∗ cos(𝜃)
                                                                [Eq. 2.2] 

Where θ is the angular position of the peak (in degree) and λ is the wavelength (in 

Armstrong). This equation is known as the Scherrer formula. 23  Similarly, the 

microdeformations can be determined from the Gaussian contribution upon integrating the 

peak width, 𝛽𝐺
𝑓: 

𝑚𝑖𝑐𝑟𝑜𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 =< 𝑒 >=
𝛽𝐺

𝑓

4 tan(𝜃)
                                      [Eq. 2.3] 

                                    

2.6.2 Working conditions 

The XRD patterns of mesoporous powders were acquired on a Philips X’Pert equipment 

located at the Diffraction Service of the Universitat Autònoma de Barcelona. Cu–Kα 

radiation (λ = 1.54060 Å) was used as the incident beam, at a voltage of 45 kV and a 

current of 40 mA. The powders were mounted on a single crystal silicon support. The 2θ 

angular range was ranged from 20° to 80° with step time of 0.78 s and step size of 0.026°. 
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Meanwhile, the XRD patterns of the mesoporous films were measured on a PANalytical 

X’pert PRO MRD (Materials Research Diffractometer), by grazing incidence X–ray 

diffraction at an incidence angle of 1.18°. The diffraction patterns were acquired in the 2θ 

angular range varying from 20° to 80° with step time of 0.8 s and step size of 0.03°. 

In addition, the small angle XRD measurements were performed on a PANalytical X’pert 

PRO MOD (Multi–Purpose Diffractometer) with an X’Celerator linear detector. The 2θ 

angular range was varied from 0.5° to 3° with step time of 56.05 s and step size of 0.033°. 

The identification of phases was carried out from the comparison of XRD spectra obtained 

with the JCPDS database. The values of crystallite size, microstrains and lattice parameters 

as a function of dopant content were extracted by Materials Analysis Using Diffraction 

(MAUD), a general diffraction/reflectivity analysis program based on the Rietveld 

method.24 

 

2.7 X–ray photoelectron spectroscopy (XPS) 

2.7.1 Origin and fundamentals of the technique 

Though the photoelectric effect was already discovered by Heinrich Hertz in 1887 and well 

explained by Albert Einstein in 1905, the capabilities of X–ray photoelectron spectroscopy 

as a characterization technique were not fully exploited until Siegbahn made several 

significant improvements in the equipment. 25  Later, in 1969, the first commercial 

monochromatic XPS instrument was fabricated by Hewlett–Packard Company. 26  Since 

then, XPS, as a surface–sensitive quantitative spectroscopic technique, has been widely 

used for the detection of the elemental composition, chemical state and electronic state of 

the specimens. A typical schematic illustration the basic components of an XPS apparatus 

is shown in Fig. 2.5. 

XPS spectra are obtained by irradiating the sample with X–ray beam while simultaneously 

an energy analyzer measures the kinetic energy and number of electrons which are excited 

from the surface and near surface region (0–10 nm) of the material. In practice, using 

laboratory–scale X–ray sources, this technique can detect all elements except hydrogen and 

helium. Generally, an ultra–high vacuum is required during the whole procedure and ion 

beam etching is often used before the measurement to clean off the surface contamination.  
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Fig. 2.5 Schematic illustration of the basic components of an XPS instrument.27 

 

2.7.2 Working conditions 

XPS analyses were carried out on a spectrometer (PHI 5500 Multi–technique System) 

equipped with a monochromatic X–ray source (Al–Kα line of 1486.6 eV energy and 350 

W), which was placed perpendicular to the analyzer axis and calibrated using the 3d5/2 line 

of Ag with a full width at half maximum (FWHM) of 0.8 eV. During the measurements, 

the chamber pressure was kept in the range from 5 × 10–9 to 2 × 10–8 Torr. The analyzed 

area of each sample was a circular spot of 0.8 mm in diameter. Ar+ ion etching with the 

energy of 3 keV was applied in some cases (Ni–doped SnO2 powder and films). All 

binding energies were corrected according to the position of adventitious C 1s (284.50 

eV).28,29 

 

2.8 Superconducting quantum interference device  

2.8.1 Origin and fundamentals of the technique 

Superconducting quantum interference device (SQUID) is a characterization technique that 

detects very tiny magnetic fields that can be wound up to a magnetic flux quanta, with 

noise levels less than 3 fT/sqrt(Hz).30 Generally, the SQUID equipment can be divided into 

two main types: direct current (DC) and radio frequency (RF). The DC SQUID and RF 

SQUID were invented in 1964 and 1965, respectively, after the Josephson junction was 

made in 1963 by P. W. Anderson and J. M. Rowell. 31,32 The operating principle of the 

SQUID is thus based on the development of the Josephson junction (Fig. 2.6) in 1963.33,34 
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Fig. 2.6 Schematic drawing of the Josephson junction. 

 

The base electrode of the SQUID is made of a thin layer of pure lead (usually in the form 

of an alloy with 10% gold or indium to improve the mechanical properties), or niobium 

prepared by deposition. The tunnel barrier is formed by oxidation on the surface of 

niobium. The upper electrode is a lead alloy layer deposited on the other two, in a 

sandwiched position. The Josephson junction is very sensitive to changes of current during 

a few picoseconds, which is suitable for direct observation of quantum electrodynamic 

effects.  

2.8.2 Working conditions 

Hysteresis loops were recorded on a Quantum Design MPMS–XL, located at the Institut de 

Ciència de Materials de Barcelona (ICMAB). A superconducting longitudinal solenoid 

(Fig. 2.7) was used to generate magnetic fields. Theoretically, the maximum magnetic field 

can reach up to 7 T and the temperature at the sample space can be precisely controlled 

from 2 K to 400 K.  

 
Fig. 2.7 The longitudinal structure of the SQUID system.  
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For the Ni/Cu–doped mesoporous SnO2 powders, gelatin capsules were filled with the 

samples. Magnetic hysteresis loops were acquired at cryogenic and room temperatures 

while the magnetic field was ranged from –5 T to 5 T. 

 

2.9 Vibrating sample magnetometer  

2.9.1 Origin and fundamentals of the technique 

The vibrating sample magnetometer (VSM) was invented in 1955 by Simon Foner at 

Lincoln Laboratory and his work was published shortly afterwards in 1959.35 The principle 

of this magnetometer (Fig. 2.8) is to measure the electromotive force induced by a 

ferromagnetic sample when it is vibrating sinusoidally (typically using a piezoelectric 

material), under the presence of a static and uniform magnetic field (H). According to the 

Faraday’s law, the electromotive force induced in a coil, Vfem, is proportional to the 

temporal variation of the magnetic flux passing through it:  

𝑉𝑓𝑒𝑚 = −
𝑑∅

𝑑𝑡
                                                            [Eq. 2.4] 

where ϕ is the magnetic flux and t is the time. 36 

VSM use linear attenuators of some form and historically the development of these systems 

was done using modified audio speakers, though this approached was dropped due to the 

interference through the in–phase magnetic noise produced, as the magnetic flux through a 

nearby pickup coil varies sinusoidally.  

Considering a solenoid consisting of N turns of constant cross section A, the magnetic 

induction inside the coil, B, can be written as follows: 

𝐵 =
∅

𝐴
𝑁                                                                   [Eq. 2.5] 

Therefore, 

𝑉𝑓𝑒𝑚 = −𝑁𝐴
𝑑𝐵

𝑑𝑡
                                                         [Eq. 2.6] 

Since the sample is vibrating, the magnetic moment can be represented as m(t)=m0·sin(ft), 

where m0 is the moment amplitude and f is the frequency. Since B = μ0(H + M), M = m/V 

(being B the magnetic induction, M the magnetization and V the volume of the sample) and 

the fact that H is constant, dB/dt can be acquired from the following equation: 
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𝑑𝐵

𝑑𝑡
= (

𝜇0𝑚0𝑓

𝑉
) cos(𝑓𝑡)                                                    [Eq. 2.7] 

Hence, the amplitude induced voltage in the pickup coil is proportional to the sample’s 

magnetic moment, but does not depend on the strength of the applied magnetic field: 

)(0 zGfmV fem                                                      [Eq. 2.8] 

where G(z) is a function that defines the dependence of Vfem with respect to the sample 

position in the holder relative to the coils and, therefore, it depends on the design of the 

coils. Essentially, the VSM measures the difference of magnetic induction between one 

region of space with the sample and another without the sample, thus allowing calculation 

of the magnetic moment (m), and obtain the hysteresis loops of a certain material. 

 
Fig. 2.8 Schematic diagram of the different components of the VSM. 

 

2.9.2 Working conditions 

Measurements were done on a Micro–Sense (LOT–Quantum Design) VSM (Fig. 2.9), 

located at the Gnm3 group, with a maximum applied magnetic field of 2 T, which is 

generated by an electromagnet. The working temperature can be adjusted and controlled 

from 100 K to 1000 K. The sample is located at the end of a rigid holder which is oscillated 

in the vertical direction, perpendicular to the magnetic field. 

The oscillation amplitude and frequency were of 1.5 mm and 67 Hz, respectively. To get 

optimum signal, the samples were previously centered in angle and height and, then, 

demagnetized using a sequence of alternating decreasing fields. 
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Fig. 2.9 Image of the Micro–Sense (LOT–Quantum Design) VSM.  

 

2.9.3 The differences between VSM and SQUID 

Briefly, VSM is a classical static magnetometry technique. The voltage signal of VSM 

measurement is induced in a pick–up loop by Faraday’s law of induction between with and 

without the specimen. Because the sample is vibrated in its vicinity, the measurement can 

be performed relatively faster. In contrast, in a conventional SQUID magnetometer, the 

sample will be repeatedly transported across a superconducting pick–up loop and then the 

SQUID output the corresponding voltage as the response. Consequently, the testing time of 

SQUID will be longer. For comparison, SQUID can use higher magnetic fields, while 

higher temperatures can be reached in VSM. In addition, the sensitivity of SQUID is 

usually higher than that offered by VSM.  

 

2.10 X–ray magnetic circular dichroism  

2.10.1 Origin and fundamentals of the technique 

X–ray magnetic circular dichroism (XMCD) is a difference spectrum of two X–ray 

absorption spectra (XAS), namely left and right circularly polarized light, both taken at a 

given magnetic field. By comparing the observed differences in the XMCD spectrum, 
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information like spin and orbital magnetic moments of a specific atom can be obtained (Fig. 

2.10). This phenomenon was firstly predicted by J. L. Erskine & E. A. Stern in 1975. 37 

Later, in 1987 Schütz et. al carried out their pioneering works in Fe atoms and thereby 

confirmed the theoretical prediction. This gave an enormous boost to both industrial 

applications and research to study magnetic properties.38 Compared with other magnetic 

characterization techniques, XMCD possesses the advantage of elemental specificity. Due 

to the simple sum rules, XMCD can provide quantitative information about the electron 

spin distribution and orbital angular momenta. In addition, XMCD has the capacity to 

determine spin orientation, infer spin states and separate magnetic and non–magnetic 

components in heterogeneous samples.39  

 

Fig. 2.10 Schematic illustration about the operating principle of XMCD. (a) Electronic 
transitions in conventional L–edge X–ray absorption, (b) XMCD spectrum caused by spin 
moment, (c) XMCD caused by orbital moment. Peaks A and B are the dichroic difference 
intensities according to a certain sum rule.40 

 

2.10.2 Working conditions 

All the measurements were taken at BESSY–II UE46_PGM–1 beamline (Helmholtz 

Zentrum, Berlin). For the powder samples, a bit of the sample was dispersed in ethanol and 

afterwards several drops were put on a gold film to form a thin layer. For the film samples, 
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a small piece of the film was cut off by diamond knife. X–ray absorption spectra (XAS) of 

Ni L3,2 and Cu L3,2 edge at right–handed (μ+) and left–handed (μ–) circularly polarized X–

ray beam were recorded. The entire experimental procedure was operated under high 

vacuum condition. The signals of XAS were obtained at cryogenic (5 K) and room 

temperature (300 K) with an applied magnetic field of 5 T.  
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3. Results and discussion 
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This chapter gathers the results and discussion stemming from the synthesis and magnetic 
characterization of transition metal–doped SnO2 powders and films. 
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3.1 Nanocasting synthesis of mesoporous SnO2 with a tunable 

ferromagnetic response through Ni loading 

In this section, the preparation of magnetically active mesoporous Ni–doped SnO2 powders 

by means of nanocasting from KIT–6 silica is presented. Notably, only Ag and Pd have 

been used as dopants in mesoporous SnO2, and, as aforementioned, mostly for the purpose 

to improve its gas–sensing capabilities. Here, the magnetic properties of the synthesized 

mesopowders are investigated at 10 K and 300 K by SQUID magnetometry. 

3.1.1 Morphology and crystallographic structure 

Prior to the synthesis of the SnO2–based replicas, the morphology of KIT–6 silica template 

was examined. A representative TEM image of the bicontinuous cubic SiO2 matrix is 

shown in Fig. 3.1.1. The quality of the template was judged as acceptable and pore size was 

estimated to be around 10 nm. The morphology of the derived SnO2–based powders is 

depicted in Fig. 3.1.2. Both SEM (Fig. 3.1.2 (a)–(d)) and TEM (Fig. 3.1.2 (e)–(h)) images 

indicated that the powders exhibit an ordered arrangement of mesopores irrespective of the 

Ni doping. Indeed, the level of doping did not seemingly have a deleterious impact on the 

mesostructure of the SnO2 replica. Relatively large ordered mesoporous domains were 

visible at the surface of the mesoporous particles by SEM.  

 

Fig. 3.1.1 TEM image of KIT–6 silica template. The inset shows an SEM image. 
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Fig. 3.1.2 Morphology of undoped and Ni–doped SnO2 after KIT–6 silica template removal, 
(a) and (e), (b) and (f), (c) and (g), and (d) and (h) are the SEM and TEM images, 
respectively, of the powders obtained from different [Ni(II)]/[Sn(II)] molar ratios (0:100, 
5:95, 15:85 and 20:80, respectively).  
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Representative EDX patterns are shown for undoped and Ni–doped SnO2 in Fig. 3.1.3 (a) 

and (b), respectively. The amounts of Ni and Si for all samples are listed in Table 3.1.1. For 

the doped powders, it was clear that Ni was successfully doped into the SnO2 matrix. The 

highest deviation (ca. 2 at.%) between the nominal and actual Ni percentage was found for 

the sample with the highest dopant amount. Nevertheless, considering that the error in 

EDX measurements is about 1 at.%, this is not a significant difference. Residual silicon 

content was kept below 4 at.% in all cases. Probably the formation of strong Si–O–Sn 

bonds precludes a complete removal of the silica host, compared to other transition metal 

oxides. Si and Sn belong to IV–group elements; they possess the same number of 

outermost electrons and, in turn, similar chemical properties. In fact, SnO2/SiO2 composites 

can be simply obtained by solid–vapour reaction of mesoporous silica with tin vapour at 

700 ºC.1 In this work, authors detected Sn4+ bonded to the silica wall by bridged oxygen 

atoms.  

 
Fig. 3.1.3 EDX patterns of (a) undoped and (b) Ni–doped mesoporous SnO2 obtained from 
[Ni(II)]/[Sn(II)] molar ratio of 15:85. 
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[Ni(II)]/[Sn(II)] 

Ni 

nominal 

content 

(at.%) 

Ni 

determined 

by EDX 

(at.%) 

Si 

determine

d by EDX 

(at.%) 

Crystallite 

size SnO2 

phase (nm) 

( 0.5) 

Microstrains 

of SnO2 

phase 

( 1·10–5) 

a (Å) of 

SnO2 

phase 

( 1·10–4) 

c (Å) of 

SnO2 

phase 

( 1·10–4) 

0:100 0 0 2 8.5 1.8 · 10–4 4.7385 3.1885 

5:95 2 1 4 8.1 3.5 · 10–3 4.7397 3.1875 

15:85 5 6 3 9.2 3.4 · 10–3 4.7428 3.1854 

20:80 7 9 3 10.6 3.7 · 10–3 4.7416 3.1846 

Table 3.1.1 [Ni(II)]/[Sn(II)] molar ratio used in the synthesis, nominal Ni content in the 
resulting powers, corresponding actual percentages of Ni and Si detected by EDX, and 
crystallite size, microstrains and cell parameters of the SnO2 phase.  

 

Nevertheless, the residual silicon amounts can be regarded as fairly low. This was possible 

through two consecutive cleaning steps of the SiO2@SnO2 composites with large volumes 

of NaOH solution to etch the silica template. Besides the formation of Si–O–Sn bonds, the 

presence of numerous nanochannels in the interior of the mesoporous particles likely 

hampers the effective dissolution of the silica host as the etching solution has to reach their 

inner space. Complementary XPS analyses indicated that although Si was present in all 

samples, its content was much lower than that determined by EDX. According to XPS 

analyses, the highest Si amount detected in the powders was 0.7 at.%. Since XPS is a 

surface–sensitive technique, the detection of a larger amount of Si by EDX indeed suggests 

that the residual silicon is mainly concentrated in the inner cavities of the SnO2 particles.  

As shown in Fig. 3.1.4, all the samples are nanocrystalline. The main peak positions of the 

undoped and Ni–doped SnO2 samples correspond to the rutile type tetragonal structure 

(JCPDS card No. 88–0287). No extra peaks are observed except for the sample produced 

from [Ni(II)]/[Sn(II)] of 20:80. In this case, additional diffraction peaks attributed to NiO 

are observed, which match those of JCPDS card No. 47–1049. Notice that these peaks are 

much narrower since a few big NiO particles had grown outside the mesoporous SnO2 

particles, as observed by TEM (not shown). Chaudhary and co–workers detected the 

formation of NiO in nanocrystalline thick SnO2 films with Ni contents beyond 5 at.%,2 

which is in agreement with our findings. The crystallite size of the SnO2 phase, together 

with the microstrains and cell parameters, were calculated using MAUD. The calculated 

values are listed in Table 3.1.1. 
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Fig. 3.1.4 XRD patterns of undoped and Ni–doped mesoporous SnO2 obtained from 
varying [Ni(II)]/[Sn(II)] molar ratios. 
 

In broader strokes, both crystallite size and microstrains increased with the Ni doping 

although not in a monotonous manner. Crystallite size slightly decreased for the sample 

with the lowest Ni amount but increased thereafter. The level of microstrains rose 

significantly when SnO2 was doped with 6 at.% and then remained fairly constant for 

higher doping amount. The ‘a’ and ‘c’ lattice parameters increased and decreased, 

respectively, with the Ni doping level, in agreement with other works.3 Fig. 3.1.5 (a) is a 

HR–TEM image of the 6 at.%–doped SnO2 powder. The SnO2 skeleton consists of 

nanocrystals of about 5 nm in diameter, in agreement with XRD and other works in the 

literature.4 The fast Fourier transform (FFT) of selected regions in the image shows spots 

whose interplanar distance matches tetragonal SnO2. Selected area electron diffraction 

(SAED) analyses of the sample doped with higher Ni amount (9 at.%) showed spots 

attributed to the NiO phase (Fig. 3.1.5(b)). In such a case, only the electron diffraction 

coming out from mesoporous particles was captured, avoiding the response of any big NiO 

crystal nearby. 
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Fig. 3.1.5 (a) HR–TEM image of the Ni–doped mesoporous SnO2 powder synthesized from 
[Ni(II)]/[Sn(II)] molar ratio of 15:85. The insets show the FFT of the regions enclosed in 
the purple boxes. Underlined in white, some spots of the rutile–type tetragonal SnO2 are 
indicated, along with the Miller indices of the corresponding crystallographic planes. (b) 
TEM image of the powder synthesized from [Ni(II)]/[Sn(II)] molar ratio of 20:80. The 
selected area electron diffraction pattern is shown in the inset. Circled spots can be 
unambiguously assigned to NiO phase. 
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In order to confirm the mesoporous long–range order of the samples, low–angle XRD 

analysis was carried out. Fig. 3.1.6 shows representative patterns of mesoporous KIT–6 

silica, undoped SnO2 and 6 at.% Ni–doped SnO2. The KIT–6 silica shows two well–

resolved reflections attributable to (211) and (220) reflections. However, different from 

previous works,5,6 the intensity of (211) peak is weaker than (220). After replication, the 

peaks become inconspicuous, suggesting a partial loss of the long–range mesoporous order 

and concomitant decrease of the size of the ordered domains. 

 
Fig. 3.1.6 Low–angle XRD patterns corresponding to KIT–6 silica template and 
mesoporous replicas obtained from [Ni(II)]/[Sn(II)] molar ratio 0:100 and 15:85. 

 

3.1.2 XPS analysis 

The samples with 6 and 9 at.% Ni were subjected to XPS characterization to determine the 

oxidation state and the local chemical environment of the Ni element. At the same time, the 

effects induced by Ni to the SnO2 matrix were investigated. Undoped SnO2 was taken as 

the reference sample. Fig. 3.1.7 (a) shows the XPS survey spectrum of the sample with 6 

at.% Ni. Sn 3d high–resolution XPS spectra are displayed in Fig. 3.1.7 (b). Upon Ni doping, 

Sn 3d peaks shift toward lower binding energy compared with undoped SnO2. It is 

conjectured that a larger number of oxygen vacancies and dangling bonds arise in the SnO2 

skeleton due to the introduction of Ni.7  Thus, the relative number of electrons in the 

external electronic shell of Sn increases, which in turn causes a decrease of the binding 

energy of Sn compared to the undoped case.  
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Fig. 3.1.7 (a) XPS survey spectrum of the powder obtained from [Ni(II)]/[Sn(II)] molar 
ratio of 15:85 (6 at.% Ni). High–resolution (b) Sn 3d for 15:85 (6 at.% Ni) and 20:80 (9 
at.% Ni); (c) and (e) O 1s, and (d) and (f) Ni 2p for 15:85 (6 at.% Ni) and 20:80 (9 at.% 
Ni), respectively. In (b) the core–level Sn 3d spectrum of undoped SnO2 is shown for 
comparison. ‘Sat.’ denotes satellite peaks. 

 
The O 1s and Ni 2p XPS spectral windows of 6 at.% Ni–doped SnO2 are shown in Fig. 

3.1.7 (c) and (d), respectively. The O 1s spectrum can be deconvoluted into three main 

bands. The peaks at 530.51 eV and 529.41 eV correspond to the O 1s core level of the O2– 
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anions in the SnO2 and NiO, respectively.8,9,10 The peak at 532.07 eV is possibly attributed 

to chemisorbed oxygen at the defect sites of oxide crystal or hydroxyl groups.10,11  

In Fig. 3.1.7 (d), the separation distance between the peaks at 855.83 eV and 873.43 eV, 

which matches the binding energies expected for Ni 2p3/2 and Ni 2p1/2, is 17.60 eV. This 

difference is broader than the binding energy difference for metallic nickel, which is 

around 17.30 eV.12 Furthermore, the position of the peaks exhibits some shift to higher 

binding energy compared with Ni0.13,14 This result excludes the occurrence of metallic Ni 

clusters in the 6 at.% Ni–doped SnO2. Based on the analysis, Ni ions possess a chemical 

valence of 2+. Experimental binding energies for Sn and O also indicate that their valences 

are 4+ and 2–, respectively. The O 1s and Ni 2p spectra for the sample with 9 at.% Ni is 

very similar to that of 6 at.% Ni (Fig. 3.1.7(e) and (f)), so the same reasoning applies. 

 

3.1.3 EELS characterization 

Taking into account the results previously obtained, the powder with 6 at.% Ni (for which 

NiO phase was not detected in the XRD pattern but XPS data indicated it was definitely 

present) and that with 9 at.% Ni (for which NiO as a secondary phase was clearly detected 

by XRD) were selected for EELS characterization. The goal was to investigate the spatial 

distribution of Ni in order to get further insight into the structural and magnetic 

characteristics of these two opposed samples. Fig. 3.1.8 shows the STEM and 

corresponding EELS mapping of a selected region for both cases. For the sample with the 

lower Ni content, Ni is detected mostly near the pore edges forming a kind of nanocoating, 

although red colored pixels superimposed to the green background are also observed at the 

inner region of the pore walls. For the sample with 9 at.% Ni, a larger amount of Ni 

concentrated at the pore region was seemingly found. Orange coloured pixels result from 

the mixing of red (Ni) and green (O) colors. Nevertheless, the presence of big NiO particles 

outside the mesoporous particles should not be omitted in this case. When the amount of Ni 

largely exceeds the solubility limit, part of it can form the NiO skin around the pores but 

another fraction cannot be hosted and forms separate crystals outside. Although the coating 

surrounding the pores looks redder in the sample with 6 at.% Ni, this does not mean it is 

made of metallic Ni. The pixels are not 100% red and indeed the L3/L2 ratio calculated 

from the EELS spectra taken at this region gives a value of 2.8 (see Fig. 3.1.9), hence 

closer to NiO (for which the ratio is 3) than metallic Ni (for which the ratio is 1.5). This 

agrees with XPS analyses and, in fact, it makes sense considering that the conversion of 

precursors was carried out by heat–treatment in air. 
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Fig. 3.1.8 STEM images and corresponding EELS mapping of the regions enclosed in the 
dashed squares for Ni–doped powders obtained from varying [Ni(II)]/[Sn(II)] molar ratios. 
Oxygen is in green while Ni is in red.  
 

 
Fig. 3.1.9 Representative single Ni L2,3 spectrum extracted from a spectrum image (raw 
data and splined fit) for the sample with 6 at.% Ni. Spectrum was taken on the coating 
surrounding the SnO2 pores. The integrated intensity ratio of L3 and L2 ionization edges 
gives a value of 2.8. 
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In any case, the fact that NiO tends to accumulate at the pore/air interface makes the 

nanocasting route appealing toward ordered mesoporous nanocomposites. Actually, partial 

coating of mesoporous oxides has been reported in recent years by using successive 

impregnation and calcination procedures with different precursors. 15  Here, oxide 

semiconductor (SnO2)/antiferromagnetic (NiO) nanocomposites are obtained in–situ in 

one–step nanocasting process.  

 

3.1.4 Magnetic properties of Ni–doped SnO2 powders 

The magnetic properties of the samples with varying Ni concentration were studied by 

acquiring hysteresis loops at 10 K and 300 K. The undoped SnO2 exhibits inconspicuous 

paramagnetic behaviour at 10 K and typical diamagnetic behaviour at 300 K (Fig. 3.1.10).  

 
Fig. 3.1.10 Magnetic hysteresis loops of mesoporous undoped and Ni–doped SnO2 powders 
obtained from varying [Ni(II)]/[Sn(II)] molar ratios (the corresponding experimental Ni 
percentages are in parentheses).  
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Meanwhile, the Ni–doped samples show a clear ferromagnetic signal at both temperatures 

although the saturation magnetization (Ms) does not scale with the Ni amount. The sample 

with 6 at.% Ni possesses the largest Ms both at 10 K (5.88 emu/g) and 300 K (0.05 emu/g). 

A reduction of the Ms values is observed for the sample with 9 at.% Ni. The ferromagnetic 

response observed in the Ni–containing powders is likely due to two contributions: (i) 

doping with the transition metal and concomitant formation of oxygen vacancies,16 and (ii) 

uncompensated spins at the surface of the NiO nanocoating.17,18 Notice that NiO is an 

antiferromagnet in bulk form, with a Néel temperature of 520 K.19,20 However, it has been 

described that when the size of NiO decreases so that it falls well in the nanosize domain 

(e.g. nanoparticles), it might exhibit a ferromagnetic signal due to the presence of 

uncompensated spins at their surface. This would explain why Ms is higher in the sample 

with 6 at.% than for 9 at.% Ni. For the former, a larger amount of uncompensated spins is 

expected from the very thin layer surrounding the SnO2 pores. Meanwhile, for the latter, as 

the size of the NiO nanoparticles/nanoclusters has increased, the number of uncompensated 

spins decreases and so does the corresponding Ms.  

 

3.1.5 Chapter summary 

To summarize, in this section it was shown that ordered mesoporous Ni–doped SnO2 

powders with tunable room–temperature ferromagnetic response can be synthesized by 

hard–templating. The optimum [Ni(II)]/[Sn(II)] molar ratio to guarantee the formation of a 

fully mesoporous product with the highest Ms is 15:85. This corresponds to a Ni content of 

6 at.%. At larger [Ni(II)]/[Sn(II)] molar ratio, the growth of a few NiO crytals outside the 

mesoporous structure could not be avoided. XRD analyses revealed that all samples 

possess the SnO2 rutile structure irrespective of the Ni amount. Meanwhile, 2+ was the 

oxidation state of Ni, according to XPS data. Although dissolution of Ni ions in the SnO2 

lattice was proved by XRD, EELS analyses indicated that part of the dopant ions tended to 

accumulate at the pore edges. Hence, the observed room–temperature ferromagnetic 

response is attributed to both the Ni doping and the concomitant formation of oxygen 

vacancies, and to the occurrence of uncompensated spins at the surface of the NiO 

nanocoating. Ordered mesoporous semiconductor/antiferromagnetic nanocomposites can 

thus be obtained through one–step nanocating process by carefully controlling the doping 

level. 
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3.2 Evaporation–induced self–assembly synthesis of Ni–doped 

mesoporous SnO2 thin films with tunable room temperature 

magnetic properties 

In this section, the preparation of magnetically active mesoporous Ni–doped SnO2 thin 

films by means of dip–coating and EISA is presented. The aim was to prove whether Ni–

doped SnO2 could be fabricated not only as mesoporous powders, but also as high–quality 

mesoporous films following a bottom–up strategy. As for the powders, the amount of Ni 

incorporated in the film was controllably varied from the amount of salt precursors (SnCl4 

and NiCl2) during the synthesis step. In particular, the [Ni(II)]/[Sn(IV)] molar ratio was 

varied as follows: 0:100, 5:95, 10:90, 15:85 and 20:80. The triblock copolymer P–123 was 

utilized as structure directing agent. 

3.2.1 Morphological and structural characterization 

The surface morphology of the Ni–doped SnO2 films was investigated by SEM. Fig. 3.2.1 

indicates that the films are not fully–dense but, instead, they exhibit a mesoporous 

morphology. Tiny pores are homogeneously distributed on the whole surface of the 

samples, irrespective of the [Ni(II)]/[Sn(IV)] molar ratio used in the synthesis.  

 
Fig. 3.2.1 On–top SEM images of Ni–doped SnO2 mesoporous films synthesized from 
variable [Ni(II)]/[Sn(IV)] molar ratios: (a) 5:95, (b) 10:90, (c) 15:85 and (d) 20:80. The 
scale bar is the same for all images. 
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When compared with undoped SnO2 films (Fig. 3.2.2), the incorporation of Ni does not 

seemingly cause any relevant morphological change. Namely, both undoped and Ni–doped 

films exhibit nanosized worm–like channels throughout the surface and, importantly, they 

are very flat and crack–free.  

 Fig. 3.2.2 SEM images of pure SnO2 mesoporous films at different magnifications. 

[Ni(II)]/[Sn(IV)] 

 

Actual Ni 
content 

(from XPS) 
(at.%) 

Crystallite 
size of 
SnO2 

phase (nm) 

( 0.8) 

Microstrains of 
SnO2 phase 

( 3·10–5) 

a (Å) of 
SnO2 
phase 

( 2·10–3) 

c (Å) of 
SnO2 
phase 

( 2·10–3) 

0:100 0.0 9.7 1.1 · 10–4 4.726 3.182 

5:95 1.9 6.2 2.6 · 10–3 4.729 3.187 

10:90 4.8 6.4 5.1· 10–3 4.731 3.184 

15:85 5.1 7.4 5.3 · 10–3 4.721 3.178 

20:80 8.6 7.5 4.5 · 10–3 4.736 3.183 

Table 3.2.1 Crystallite size, microstrains and cell parameters of the SnO2 phase in the 
undoped and Ni–doped SnO2 films as a function of the [Ni(II)]/[Sn(IV)] molar ration used 
the synthesis.  
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Low–magnification cross–section SEM images (Fig. 3.2.3) show that pores span the whole 

film thickness (which is in the range of 100–150 nm, as indicated in the figure). Table 3.2.1 

lists the Ni content in the films as determined by XPS analyses. As expected, the amount of 

Ni increases with the [Ni(II)]/[Sn(IV)] ratio, from 0.0 to 8.6 at.%. 

 

Fig. 3.2.3 Cross–section SEM images corresponding to undoped and Ni–doped SnO2 films 
synthesized from variable [Ni(II)]/[Sn(IV)] molar ratios: (a) 0:100, (b) 5:95, (c) 10:90, (d) 
15:85 and (e) 20:80. 

 
 
Grazing incidence XRD patterns reveal that the pore walls are nanocrystalline (Fig. 3.2.4). 

The main peak positions of the undoped and Ni–doped SnO2 samples correspond to the 

rutile–type tetragonal structure of SnO2 (JCPDS card No. 88–0287). Additional diffraction 
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peaks indicated by arrows in Fig. 3.2.4 match the positions of SnO (JCPDS card No. 72–

1012) and Sn3O4 (JCPDS card No. 16–0737).  

 

Fig. 3.2.4 Grazing incidence XRD patterns of mesoporous undoped and Ni–doped SnO2 
films synthesized from varying [Ni(II)]/[Sn(IV)] molar ratios. 

 

It has been reported that the formation of SnO, SnO2 and Sn3O4 is both oxygen– and 

temperature–dependent during heat treatment.21 In our work, however, the temperature was 

held constant during heat–treatment of all films (600 ºC) and therefore, the occurrence of 

SnO and Sn3O4 cannot be attributed to differences in temperature. The same holds for the 
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atmosphere (i.e., all films were heat–treated in air). Close inspection of the diffractograms 

reveals that the SnO phase is present in all Ni–doped samples (see the peak ca. 51º), 

although the relative proportion is different, except for the film produced from 

[Ni(II)]/[Sn(IV)] 15:85 molar ratio. For this film, the Sn3O4 phase is clearly detected. Note 

that the amount of Ni2+ dissolved in the tin oxide lattice is the maximum for this film. 

Hence, it seems that the occurrence of SnO and Sn3O4 phases is linked to the introduction 

of Ni2+ in the material, although the relationship is somewhat complex. 

No peaks related to either metallic Ni or NiO are present. This suggests that Ni has entered 

the SnO2 lattice. However, the SnO2 peaks in the diffractograms of the Ni–containing films 

are not shifted compared to the undoped sample. This can be explained considering the 

nearly equal ionic radius of Ni2+ (0.69 Å) and Sn4+ (0.69 Å).22 The crystallite size of the 

SnO2 phase, together with the microstrains and cell parameters, were calculated using the 

Rietveld method (Table 3.2.1). When compared to the undoped sample, the crystallite size 

decreases in the doped films, although not in a monotonous manner. In turn, the 

microstrains increase by one order of magnitude, indicating that the incorporation of Ni in 

the SnO2 framework induces some strain. Although the lattice parameters ‘a’ and ‘c’ do not 

show pronounced variations upon Ni doping, ‘a’ increases while ‘c’ decreases with the 

introduction of Ni (except for the sample synthesized from the 15:85 [Ni(II)]/[Sn(IV)]).  

In order to further investigate the overall crystallographic structure and the eventual 

occurrence of NiO in the films with the highest Ni content, TEM characterization was 

carried out. The cross–section images and corresponding SAED patterns of the films 

containing 5.1 and 8.6 at.% Ni are shown in Fig. 3.2.5 (a) and (b), respectively. Fig. 3.2.5 

further confirms that the whole films are entirely porous. However, compared with Fig. 

3.2.5 (a), the TEM image of Fig. 3.2.5 (b) shows some darker areas. The SAED patterns 

from the marked regions (white circles) are shown in the right panels of Fig. 3.2.5 (a) and 

(b). The two SAED patterns are similar, although a few spots corresponding to NiO phase 

are indeed detected for the sample synthesized from [Ni(II)]/[Sn(IV)] = 20:80 (with 8.6 at.% 

Ni). It is worth mentioning that whilst pure mesoporous SnO2 thin films were already 

synthesized by EISA in the past, to the best of our knowledge there is only one work 

reporting on the synthesis of mesoporous NiO thin films using this approach.23 In that work, 

poly(ethylene–co–butylene)–block–poly(ethylene oxide) (KLE) was employed as 

structure–directing agent. Here, both materials (SnO2 and NiO) coexist in the same 

mesostructured skeleton. 
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Fig. 3.2.5 TEM images (left) and SAED patterns (right) of the cross–sections of the 
mesoporous Ni–doped SnO2 thin films with (a) 5.1 at.% Ni, and (b) 8.6 at.% Ni. The 
indicated planes in (a) correspond to the SnO2 phase whereas only those corresponding to 
the NiO phase have been indicated in (b) for the sake of clarity. 

 

Detailed HR–TEM images of the mesoporous film with 5.1 at.% Ni and 8.6 at.% Ni are 

shown in Fig. 3.2.6. The pore walls consist of tiny crystallites, whose interplanar distances 

match the SnO2 tetragonal structure, in agreement with the XRD and SAED results. Sub–

10 nm pores are also clearly visible (as indicated in the figure) and the width of the pore 

walls is in the 5–10 nm range. The size of the crystallites agrees with the results obtained 

from Rietveld refinement of the XRD patterns (Table 3.2.1). The occurrence of a few NiO 

clusters immersed in the Ni–doped SnO2 mesoporous film is confirmed for the sample with 

8.6 at.% Ni (see Fig. 3.2.6 (b) and (d)). 
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Fig. 3.2.6 HR–TEM image corresponding to the mesoporous films with [Ni(II)]/[Sn(IV)] 
equal to (a) 15:85 (with 5.1 at.% Ni) and (b) 20:80 (8.6 at.% Ni). Dc denotes the diameter 
of the crystallites in the pore wall (a couple of them are indicated with blue cyan circles) 
and Dp indicates the diameter of the pores (two of them indicated with green circles). 
Orange–coloured Di represents the interplanar distance in one of the crystallites composing 
the pore walls (Di = 3.4 Å matches the (110) planes of the tetragonal SnO2 phase). Purple–
coloured Di corresponds to an interplanar distance of NiO clusters in sample (b). (c) and (d) 
are the corresponding Fast Fourier Transform (FFT) images of the HR–TEM images shown 
in (a) and (b), respectively. Some spots corresponding to NiO phase are indicated. 
 

 

To precisely locate the NiO phase within the SnO2 network, the films with 5.1 and 8.6 at.% 

Ni (NiO as a secondary phase was clearly detected by SAED in the latter) were selected for 

EDX mapping and EELS characterization. Fig. 3.2.7 shows the STEM and corresponding 

EDX mapping of a selected region for these samples.  
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Fig. 3.2.7 Cross–section STEM images (bottom) and elemental EDX mappings (top) of the 
samples with (a) 5.1 and (b) 8.6 at.% Ni. The distribution of Sn, Ni and O elements 
correspond to the encircled area shown in the STEM image detail of the upper right panel. 

 

Remarkably, for the mesoporous film with the highest Ni amount, several bright areas 

(notice that the contrast is the opposite in TEM images) were visible in the film cross–

section. EDX mappings of a zoomed detail of the cross–sections were conducted to 
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determine the distribution of Sn, Ni and O elements (top panel of Fig. 3.2.7 (a) and (b)). In 

both cases, O and Sn elements are distributed rather homogeneously across the whole area. 

Ni is also evenly distributed in the film with 5.1 at.% Ni but not in the film with 8.6 at.% 

Ni. For this sample, Ni preferably accumulates in the brighter area. This result agrees with 

previous TEM and SAED analyses and suggests that, although no peaks from NiO can be 

detected by XRD (because their amounts are below the detection limit of the XRD 

technique), aggregates enriched in Ni of around 20 nm are indeed formed for sufficiently 

large Ni contents. Note that these aggregates do not apparently show a mesoporous 

structure (see Fig. 3.2.5 (b) and 3.2.7 (b)). The aggregates are denser, which is very clear 

from the cross–section STEM images. Hence, the formation of these aggregates partially 

disrupts the long–range order mesostructure of SnO2. This is the reason why their size is 

larger than the pore wall thickness of SnO2. 

 

3.2.2 XPS analysis 

To shed light on the valence state of Ni and the occurrence of oxygen vacancies in the Ni–

doped mesoporous films, XPS characterization was carried out. Fig. 3.2.8 (a) shows the 

survey spectra of all samples including undoped SnO2, taken as a reference sample. The 

corresponding core–level Sn 3d is displayed in Fig. 3.2.8 (b). The peaks belonging to Sn 

3d5/2 and 3d3/2 located at ~486.1 eV and ~495.5 eV are assigned to SnO2.24,25 A slight shift 

toward higher binding energies is noted for the films with the highest Ni contents (5.1 and 

8.6 at.%).  

As shown in Fig. 3.2.8 (c) and (d), the O 1s spectrum for the samples containing 5.1 and 

8.6 at.% Ni can be deconvoluted into three main bands centred at 529.58 eV, 530.25 eV 

and 531.66 eV. The peaks located at 529.58 eV and 530.25 eV are attributed to O2– anions 

in the SnO2 (and NiO) lattice,8,9,26 whereas the peak at 531.66 eV is associated with O ion 

in oxygen deficient regions or oxygen vacancies in the lattice.27 This peak might be also 

attributed to hydroxyl groups. Actually, assignation to both adsorbed oxygen (OH– groups) 

on the surface or oxygen vacancies is stated by some authors. 28 , 29  However, when 

compared with undoped SnO2 film, there is a clear shift of the O 1s peak toward higher 

binding energy, suggesting that the Ni incorporation into SnO2 structure gradually 

generates oxygen vacancies up to 5.1 at.% Ni (see Fig. 3.2.9 (a)).  
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Fig. 3.2.8 (a) General XPS survey spectra of undoped and Ni–doped SnO2 mesoporous 
films, (b) High–resolution XPS spectra of Sn 3d. The corresponding deconvolution of O 1s 
[(c) and (d)] and Ni 2p [(e) and (f)] is shown for the films with 5.1 and 8.6 at.% Ni, 
respectively. “Sat.” denotes satellite peaks. 

 

The corresponding Ni 2p core–level XPS spectra for the samples containing 5.1 and 8.6 at.% 

Ni are shown in Fig. 3.2.8 (e) and (f), respectively (see spectra for all samples in Fig. 3.2.9 

(b)). In this case, the profiles show some remarkable differences. In particular, the peak 

contribution with a binding energy around 855.5 eV (Ni 2p3/2) assigned to Ni2+ in NiO 
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notoriously increases in Fig. 3.2.8 (f) compared to Fig. 3.2.8 (e) (see also Table 3.2.2). This 

agrees with both the observed increase in the total amount of Ni incorporated into the film 

and the formation of relatively large NiO particles. Besides, the Ni 2p3/2 peak located at 

~530.0 eV could be attributed to monovalent Ni species.30,31 Therefore, Ni possesses a 

mixed valence state of 1+/2+. 

 

Fig. 3.2.9 High–resolution XPS spectra of (a) O 1s and (b) Ni 2p for all the investigated 
samples. 
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Actual Ni content  

(from XPS) (at.%) 
Valence state 

Binding energy (eV) 

2p3/2 

Binding energy (eV) 

2p1/2 

5.1 
Ni1+ 852.9 870.1 

Ni2+ 855.3 872.4 

8.6 
Ni1+ 852.6 869.8 

Ni2+ 855.5 872.9 

Table 3.2.2 Binding energy of the spectral fitting for Ni 2p3/2 and Ni 2p1/2. 

 

3.2.3 Magnetic properties of Ni–doped SnO2 films 

The magnetic properties of the samples with varying Ni concentration were first studied by 

acquiring hysteresis loops at room temperature and subtracting the signal from the bare 

substrates. As shown in Fig. 3.2.10, the undoped SnO2 film exhibits a diamagnetic 

behaviour (negative magnetization vs. field slope), in agreement with previous studies on 

this type of oxide semiconductors. 32  Conversely, a clear (positive) paramagnetic slope 

dominates the magnetic behaviour of the samples with the highest Ni amounts (5.1 and 8.6 

at.% Ni). This positive slope can be attributed to the presence of NiO clusters, as evidenced 

by EDX and EELS analyses. 

 
Fig. 3.2.10 Magnetic hysteresis loops of undoped and Ni–doped SnO2 mesoporous films at 
room temperature. Long moment refers to in–plane magnetization. 
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Note that although bulk NiO is antiferromagnetic with a Néel temperature, TN, of around 

520 K, typically TN is considerably reduced in nanoparticles compared to the bulk. 

Superimposed to this positive background, a small ferromagnetic signal is observed. The 

origin of ferromagnetism in oxide diluted semiconductors is, in fact, a topic of extensive 

research by many research groups. Contradictory results are easily found in the literature, 

depending on the material under investigation (bulk, thin films, nanoparticles) and the 

synthetic procedures, even when the same composition is maintained. In our case, the small 

ferromagnetic response cannot be attributed to the presence of metallic Ni clusters, since no 

evidence of their existence were obtained by TEM, XRD or XPS. Conversely, the small 

ferromagnetic response could be ascribed to the combined effect from the doping TM and 

the presence of oxygen vacancies, in agreement with previous works on undoped SnO2 

films,32 TM–doped dense oxide semiconductor films33,34  and TM–doped In2O3
35 ,36  and 

SnO2 mesoporous powders.37  Actually, a mechanism based on ferromagnetic exchange 

interactions mediated by shallow donor electrons trapped in oxygen vacancies was 

proposed to account for room–temperature ferromagnetism in dilute ferromagnetic oxides 

and nitrides.34 Ab–initio energy–band calculations showed later that the donor impurities 

mainly consisted of hybridized 3d–4s TM–cation electronic states.38 This model was later 

confirmed by a number of works, both theoretical and experimental ones. 39 , 40 , 41 , 42 

Nonetheless, because of size and surface effects, full understanding of the magnetic 

properties of the investigated material is not easy. Uncompensated spins from 

antiferromagnetic NiO aggregates could contribute to some extent to the observed 

hysteresis behaviour43 although, as aforementioned, NiO is probably paramagnetic at room 

temperature. The films with intermediate Ni contents show a virtually zero and small 

positive magnetization versus applied field slope, respectively. This is due to the interplay 

between the diamagnetic response from SnO2 and the paramagnetic background stemming 

from the secondary NiO phase. Finally, hysteresis loops corresponding to Ni–doped SnO2 

mesoporous films (with 5.1 and 8.6 at.% Ni) were also measured at 100 K, 200 K and 296 

K. The results are shown in Fig. 3.2.11. There is a clear increase in the high–field slope in 

both samples as temperature is decreased. It is well known that in paramagnetic materials, 

the susceptibility decreases with temperature, following the Curie–Weiss law. That can 

explain the change in the slope of the hysteresis loops. It could also be that the NiO clusters 

become truly antiferromagnetic at low temperatures and that could also give rise to an 

increase of the high–field magnetization, compared to the high–temperature paramagnetic 

state. Remarkably, the coercivity of the ferromagnetic–like contribution does not show a 

pronounced temperature dependence. It remains around 40–60 Oe at the three measured 

temperatures. Hence, the magnetic response contains a soft–ferromagnetic contribution at 

all temperatures. 
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Fig. 3.2.11 Comparison of the hysteresis loops corresponding to Ni–doped SnO2 
mesoporous films (with (a) 5.1 at.% Ni and (b) 8.6 at.% Ni) measured at 100 K, 200 K and 
296 K. Long moment refers to in–plane magnetization. 

 

3.2.4 Chapter summary 

To summarize, in this section it was shown that undoped and Ni–doped SnO2 mesoporous 

films with tunable room–temperature ferromagnetic response can be synthesized by EISA 

using P–123 as structure directing agent. Truly 3–D nanoporous structures (100–150 nm in 

thickness), with pore size in the range 5–10 nm, were obtained in all cases. A deep 

structural characterization revealed that the mesoporous films mainly consist of the rutile–
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type tetragonal structure of SnO2, although NiO clusters also formed in samples with large 

Ni contents (e.g., 8.6 at.% Ni). X–ray photoelectron spectroscopy experiments indicated 

lack of metallic Ni and the occurrence of large amounts of oxygen vacancies. From a 

magnetic viewpoint, the incorporation of Ni drastically changed the magnetic response, 

from a purely diamagnetic one (undoped mesoporous SnO2) to a mainly paramagnetic one 

with a small ferromagnetic contribution (in the samples containing Ni). This work opens up 

new prospects for the use of mesoporous oxide semiconductor thin films with magnetic 

characteristics in new types of memory and spintronics devices, which could eventually be 

controlled by various means (e.g., electrolyte gating). 
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3.3 Unraveling the origin of magnetism in mesoporous Cu–doped 

SnO2 magnetic semiconductors 

In this section, the nanocasting synthesis of mesoporous Cu–doped SnO2 powders from 

KIT–6 silica template is demonstrated and the origin of their ferromagnetic behaviour at 

low and room temperatures investigated by SQUID and XMCD. Similar to Ni–doped 

powders, the amount of Cu was tuned by varying the [Cu(II)]/[Sn(II)] molar ratio from 

0:100 to 20:80 during the infiltration of the silica host. The goal was to disclose to what 

extent the eventual existence of Fe–based impurities in the resulting powders could explain 

the magnetic properties of the material or if, otherwise, other effects (e.g. presence of 

antiferromagnetic CuO or oxygen vacancies) were playing a major role. 

3.3.1 Morphological and structural characterization 

The morphology of the Cu–doped SnO2 powders was examined by scanning/transmission 

electron microscopies (SEM/TEM). Fig. 3.3.1 (a), (c), (e) and (g) show the SEM images of 

samples synthesized from 0:100, 5:95, 15:85 and 20:80 [Cu(II)]/[Sn(II)] molar ratios, 

respectively. In turn, Fig. 3.3.1 (b), (d), (f) and (h) display their corresponding TEM images.  

In all cases, a highly ordered mesoporous arrangement of pores is preserved after the KIT–

6 silica template removal. It is noteworthy that Cu–loading does not significantly affect the 

mesoporous structure of the SnO2 replica. The copper amounts in at.%, determined by 

energy dispersive X–ray analysis (EDX), for the different samples, are listed in Table 3.3.1. 

As expected, the Cu contents become larger (from 0 to 7 at.%) when the [Cu(II)]/[Sn(II)] 

molar ratio increases from 0:100 to 20:80.  

[Cu(II)]/[Sn(II)] 

Cu content 
determined by 

EDX 

(at.%) 

Crystallite size 
SnO2 phase (nm) 

( 1) 

a (Å) 

SnO2 
phase 

( 1×10–3) 

c (Å) 

SnO2 phase 

( 1×10–3) 

0:100 0 9 4.737 3.187 

5:95 1 7 4.739 3.189 

15:85 5 6 4.739 3.189 

20:80 7 7 4.737 3.186 

Table 3.3.1 Atomic percentages of Cu assessed by EDX, crystallite size and lattice cell 
parameters of the SnO2 phase (determined by XRD) of the samples synthesized from 
[Cu(II)]/[Sn(II)] molar ratios of 0:100, 5:95, 15:85 and 20:80. 
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Fig. 3.3.1 Morphology of Cu–doped SnO2 powders after KIT–6 silica removal. (a), (c), (e) 
and (g) are the SEM images of the powders obtained from different [Cu(II)]/[Sn(II)] molar 
ratios (0:100, 5:95, 15:85 and 20:80, respectively). (b), (d), (f) and (h) are their respective 
TEM images. 

 

To further investigate the microstructure and the crystallographic phases of the samples, 

XRD analyses were performed. The main XRD peaks correspond to the SnO2 rutile–type 

tetragonal phase (JCPDS nº 88–0287). Traces of CuO (JCPDS nº 01–1117) might be 

envisaged in the 1 at.% Cu doped SnO2 sample and these XRD peaks become more defined 

and sharper with further Cu doping, suggesting a formation of a more stoichiometric CuO 

(Fig. 3.3.2). Information on the crystallite size (average coherently diffracting domain size) 

and lattice parameters (a = b and c) for SnO2 was obtained by Rietveld refinement of the 
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θ/2θ XRD patterns (Table 3.3.1). The SnO2 crystallite size of the samples evidences their 

nanoscale character, slightly decreasing after Cu doping, in agreement with the formation 

of a secondary CuO phase. Even though no significant differences are observed in the 

lattice cell parameters, Cu incorporation into the mesoporous SnO2 lattice cannot be fully 

ruled out since the ionic radii of Cu2+ and Sn4+ are rather similar (0.73 and 0.69 Å, 

respectively). To further shed light into the structure, the samples were investigated by 

HR–TEM. 

 
Fig. 3.3.2 XRD patterns of ordered mesoporous Cu–doped SnO2 powders with 0, 1, 5 and 7 
at.% Cu doping. 

Fig. 3.3.3, Fig. 3.3.4 and Fig. 3.3.5 show HR–TEM images and the corresponding FFT 

patterns of the mesoporous SnO2 samples with different Cu–content (i.e., 1, 5 and 7 at.% 

Cu). The samples contain highly crystalline SnO2 nanoparticles of ca. 10 nm with typical 

interplanar distances of the tetragonal phase (d110 = 3.36 Å, d101 = 2.65 Å and d200 = 2.37 Å). 

Additionally, the FFT patterns reveal, beside SnO2, some spots arising from CuO phase 

[i.e., (100) and (002)], as shown insets of Fig. 3.3.4 and Fig. 3.3.5, in concordance with the 

XRD results.  
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Fig. 3.3.3 HR–TEM image and corresponding FFT of the 1 at.% Cu–doped SnO2 powders. 

 

 
Fig. 3.3.4 HR–TEM image and corresponding FFT of the 5 at.% Cu–doped SnO2 powders.  
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Fig. 3.3.5 HR–TEM image and corresponding FFT of 7 at.% Cu–doped SnO2 powder. 

 

XPS was used to investigate the valence states of Cu. Because ion bombardment may cause 

the reduction of CuO to the lower oxide compounds (i.e., Cu2+ to Cu1+),44 XPS was carried 

out without any pre–sputtering. The general XPS survey spectra are shown in Fig. 3.3.6 (a). 

Cu 2p peaks emerge and gradually increase with Cu doping. As can be seen in the high–

resolution core–level spectra of Cu 2p (Fig. 3.3.6 (b)), Cu 2p3/2 and Cu 2p1/2 peaks slightly 

shift towards higher energies with the increase of doping amount. In addition, a satellite 

peak centred at around 942 eV appears, and its intensity is also enhanced with the increase 

of Cu content. Fig. 3.3.6 (c) and (d) show the high–resolution spectra of Cu 2p together 

with the peak deconvolution of the 1 and 7 at.% Cu samples, respectively. The sample with 

7 at.% Cu exhibits a Cu 2p3/2 binding energy of around 933.6 eV which is consistent with 

CuO.45,46 Conversely, for the sample with 1 at.% Cu, the binding energy of Cu 2p3/2 is 

932.9 eV, a slightly lower value, which falls in an energy range characteristic of mixed Cu 

valence states (i.e., CuO and Cu2O)47,48 and, thus, representing a mixture of Cu2O and CuO. 

Furthermore, partial non–stoichiometry is likely to be caused by oxygen vacancies 

associated with the synthesis method, 49 , 50  as also evidenced in mesoporous transition 

method–doped In2O3 and Ni–doped SnO2.35,37  
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Fig. 3.3.6 (a) General XPS survey spectra of undoped and Cu–doped SnO2 mesoporous 
powders, (b) high–resolution XPS spectra of Cu 2p, (c) and (d) are the corresponding 
deconvolution of Cu 2p in the sample with 1 and 7 at.% Cu, respectively. 

 

3.3.2 Room and low temperature magnetic properties 

Fig. 3.3.7 (a) shows the room temperature (RT) magnetization (M) vs. applied magnetic 

field (Happlied) raw curves recorded by SQUID magnetometry of the mesoporous SnO2 

powders containing 0 (undoped), 1, 5 and 7 at.% Cu. In contrast to the sample with 5 and 7 

at.% Cu, the magnetization at high fields of the undoped and Cu–doped (1 at.%) SnO2 

samples decreases with the applied magnetic field, confirming the diamagnetic character of 

the SnO2. However, the slope M/Happlied of the sample doped with 1 at.% Cu is significantly 

larger than that of the undoped sample, evidencing a substantial Cu magnetic moment that 

reduces the total diamagnetic response compared to the pure SnO2. This would be expected 

from paramagnetic CuO51,52 as indicated by traces of CuO XRD peaks in Fig. 3.3.2 and a 

satellite peak corresponding to the presence of Cu2+ in the XPS measurements (Fig. 3.3.6 

(c)). In the samples with higher doping levels of 5 and 7 at.% Cu, the diamagnetism of 

SnO2 is even overcome resulting in an effective paramagnetic response (positive M/Happlied 

slope at high fields) ascribed to a larger amount of paramagnetic phase (i.e., CuO). This is 
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in full agreement with the XRD (Fig. 3.3.2) and XPS (Fig. 3.3.6 (d)) results which show 

clear CuO XRD peaks and a well–defined Cu2+ peak, respectively, at the higher doping 

levels. 

 
Fig. 3.3.7 (a) Room temperature (300 K) and (b) 5 K SQUID measurements of the ordered 
mesoporous Cu–doped SnO2 powders containing 0 (undoped), 1, 5 and 7 at.% Cu. All 
measurements were recorded under an applied field of 50 kOe. The low temperature 
hysteresis loops were taken upon cooling from 300 K down to 5 K in an applied magnetic 
field of 50 kOe. The inset shows the vertical shift of samples doped with 1 and 7 at.% Cu. 
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All samples exhibit a weak hysteretic behaviour at room temperature superimposed to the 

diamagnetic or paramagnetic backgrounds, (i.e., mild RT ferromagnetism) whose origin 

remains rather intricate since no ferromagnetic phases are apparently involved. Some 

studies point to structural defects (such as oxygen vacancies) as the source of the observed 

ferromagnetism, 53 , 54  whereas other investigations link it to either ferromagnetic 

contamination, arising from sample handling and/or the impurity of precursors, or 

instrumental artifacts.54, 55  Inductively coupled plasma mass spectrometry (ICP–MS) 

measurements suggests the existence of Fe traces (of the order of a few hundreds of ppm) 

in all samples, which could explain the room temperature ferromagnetic behaviour. 

Namely, for instance, after subtracting the linear background of the measurement 

corresponding to the powders doped with 7 at.% Cu, a saturation magnetization (Ms) of 

around 9.5×10–4 emu/g is obtained. Upon assumption that ferromagnetism solely arises 

from Fe contamination (Ms of 217.2 emu/g at 298K), 56  just 33 ppm of Fe would be 

sufficient to obtain that MS. However, the lack of information on the Fe distribution and 

morphology does not allow us to be completely conclusive on this issue, hence leaving the 

origin of the weak RT ferromagnetism open and possibly related to oxygen vacancies. 

Fig. 3.3.7 (b) shows the raw SQUID measurements of the mesoporous SnO2 powders 

containing 0 (undoped), 1, 5 and 7 at.% Cu carried out 5 K after field cooling from RT in 

an applied magnetic field of 50 kOe. Remarkably, the magnetization at high fields is 

significantly larger than that at RT (in particular, for the doped samples which contain 

CuO). For example, upon subtraction of the linear background of the measurement, the 

powders doped with 7 at.% Cu exhibit a Ms of 0.32 emu/g. This value is more than 300 

times larger than that of RT (9.5×10─4 emu/g). For metallic bulk iron, the saturation 

magnetization at 0 K is only 1.02 times larger than that of RT.56 Therefore, this suggests 

the presence of another source of magnetic moment rather than iron at low temperature and, 

the CuO present in the doped samples is a clear candidate as it shows low temperature 

antiferromagnetic order. Incommensurate helix–like antiferromagnetism is observed below 

230 K (Néel temperature TN2) down to 213 K (Néel temperature TN1). Below TN1, CuO 

shows commensurate antiferromagnetic order. 57  Even though no net magnetization is 

expected in CuO, low–dimensional (i.e., nanoscale) forms of CuO might give rise to weak 

ferromagnetism due to size effects.52,58 Among them, the presence of uncompensated spins 

at the surface ascribed to low coordination of surface sites and shape–mediated spin 

canting, as it happens with other antiferromagnets in nanoscale form (BiFeO3 or NiO),17,59 

can result in ferromagnetic–like behaviour. Comparing the magnetization at high fields for 

the Cu–doped samples, it is clear the signal is much higher for the 5 and 7 at.% Cu powders 

than for the 1 at.% Cu sample, evidencing that the contribution of uncompensated spins and 
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spin canting is larger and similar for the 5 and 7 at.% Cu samples. The magnetization of 

these samples scales with the amount of Cu at room temperature, whereas, at low 

temperature, the sample with 5 at.% Cu shows a slightly larger saturation magnetization 

than that of 7 at.% Cu. This phenomenon rules out a spin–1/2 paramagnetic behaviour60 

and, thus, further confirms the presences of magnetic order at low temperature. 

A common feature of these nanoscale antiferromagnets is spin frustration which usually 

results in vertical shifts (in particular upon field cooling from a temperature above the 

TN).61,62  Actually, a little vertical shift of around 3×10─4 emu/g towards positive M is 

observed in the powders with 7 at.% Cu (inset of Fig. 3.3.7 (b)), corroborating size effects 

in the formed CuO. A vertical shift of the same order of magnitude but slightly weaker is 

also observed in the sample with 1 and 5 at.% Cu (being smaller in the sample with lower 

Cu content), whereas the undoped SnO2 powders exhibit no vertical asymmetry.  

To further investigate the origin of the magnetic properties, an element–specific 

synchrotron technique was employed. Namely, XMCD at the Cu L2,3 edge was performed 

at the UE46_PGM1 beamline (High–Field Diffractometer station of the synchrotron 

radiation source BESSY II). Since the powders containing 5 and 7 at.% show a similar 

magnetic behaviour, the samples with 1 and 7 at.% Cu were selected for XMCD 

measurements. 

Fig. 3.3.8 (a) and (c) show the room temperature Cu L3,2 edge X–ray absorption (XAS) 

spectra for right (μ+) and left (μ–) circularly polarized light corresponding to the samples 

with 1 and 7 at.% Cu, respectively, obtained under an applied magnetic field of 50 kOe. Fig. 

3.3.8 (b) and (d) represent the XMCD signal, taken as the difference (in arbitrary units) 

between the right and left circularly polarized spectra presented in (a) and (c), respectively. 

The XAS spectra of the samples doped with 1 and 7 at.% of Cu (Fig. 3.3.8 (a) and (c), 

respectively) are consistent with a predominant CuO phase.63,64,65,66 However, traces of Cu 

in 1+ valence (peak at around 934.5 eV) are present in the sample doped with 1 at.% of Cu. 

This is in agreement with the XRD and XPS characterization where only clear crystalline 

peaks of CuO and a well–defined Cu2+ signal are observed in the sample with higher Cu 

contents. For both samples, the absorption intensity is independent of the light polarization 

(i.e., no asymmetry in the intensity between the right (μ+) and left (μ–) circularly polarized 

X–ray absorption spectra), indicating no dichroism in copper and, thus, no ferromagnetic 

behaviour in agreement with the paramagnetic character of the CuO at room temperature.  
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Fig. 3.3.8 (a), (c) Cu L3,2 edge XAS spectra, measured in total electron yield mode for right 
(+) and left (−) circularly polarized light, recorded at room temperature in an applied 
magnetic field of 50 kOe for the SnO2 powders doped with (a) 1 at.% Cu and (c) 7 at.% Cu, 
respectively. (b) and (d) are the corresponding XMCD signals (i.e., difference between 
right and left circularly polarized light) for the SnO2 powders doped with 1 and 7 at.% Cu, 
respectively.  

 

Conversely, as can be seen in Fig. 3.3.9, there is a pronounced intensity asymmetry 

between the right (μ+) and left (μ–) circularly polarized X–ray absorption spectra for both 

samples at 5 K, evidencing a significant dichroism in Cu and, consequently, a magnetic 

moment at the Cu site. The temperature of the measurement (i.e., 5 K) is below the bulk 

Néel temperatures of the CuO, therefore, even an ordered Cu moment may be anticipated. 

Due to finite size effects, uncompensated Cu moments as well as spin canting may lead to a 

net magnetization.  
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Fig. 3.3.9 (a), (c) Cu L3,2 edge XAS spectra, measured in total electron yield mode for right 
(+) and left (−) circularly polarized light, recorded at 5 K (after cooling in 50 kOe) under 
an applied magnetic field of 50 kOe for the SnO2 powders doped with (a) 1 at.% Cu and (c) 
7 at.% Cu, respectively. (b) and (d) are the corresponding XMCD signals at 5 K (i.e., 
difference between right and left circularly polarized light) for the SnO2 powders doped 
with 1 and 7 at.% Cu, respectively. 

 

The presence of ordered Cu moments in contrast to paramagnetic behaviour is further 

corroborated by the evolution of the XMCD with temperature as shown in Fig. 3.3.10 for 

the sample doped with 7 at.% Cu. Remarkably, the XMCD signal (i.e., Cu dichroism) has 

already vanished at 30 K, ruling out a paramagnetic behaviour, and rather indicating a 

connection with Cu ordering. This, in fact, then indicates a strongly reduced Néel 

temperature, or, when physical confinement plays a role, a blocking temperature. Hence, 

the formed CuO is highly affected by size effects in agreement with the structural 

characterization. There XMCD results suggest an ordered, ferromagnetic–like phase of Cu 

moments with a finite magnetization. It is to be noted, however, that any possible hysteretic 

behaviour at low temperature escaped unambiguous detection within the experimental 

limitations. 
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Fig. 3.3.10 Cu L3,2 edge XAS spectra of the powders doped with 7 at.% Cu, measured in 
total electron yield mode for right (μ+) and left (μ–) circularly polarized light, recorded at (a) 
300 K, (c) 30 K and (e) 5 K under an applied magnetic field of 50 kOe. The cooling was 
done in 50 kOe. (b), (d) and (f) are the corresponding XMCD signals (i.e., differences 
between right and left circularly polarized light). 

 

Further support for size effects on this low–temperature ferromagnetic–like response in 

CuO may be obtained from a quantification of the XMCD. For quantification purposes, the 

relative XMCD signal,  as shown in Fig. 3.3.11, is defined as the amplitude (y1) between 

the valley and the peak of the difference between the right and left circularly polarized 
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spectra (i.e., μ+ – μ–) divided by the average of the Cu L3 absorption peak y2 (y2 =

(
y2+ 

− y2
+

2
)). All the calculated values are listed in Table 3.3.2. The presented absorption 

spectra for both right (μ+) and left (μ–) circularly polarized light are the average of two 

times measurements. 

 

Fig. 3.3.11 (a) Cu L3,2 edge XAS spectra, measured in total electron yield mode for right (+) 
and left (–) circularly polarized light, recorded at 5 K (after cooling in 50 kOe) under an 
applied magnetic field of 50 kOe for the SnO2 powders doped with 7 at.% Cu. (b) the 
corresponding relative XMCD signals (i.e., difference between right and left circularly 
polarized light). The parameters to quantify the relative XMCD signal are also presented. 

 

 
1 at.% Cu 7 at.% Cu 

50 kOe −50 kOe 50 kOe −50 kOe 

y1 1.91×10−3 1.51×10−3 1.42×10−3 0.98×10−3 

y2 5.56×10−3 5.19×10−3 3.55×10−3 3.17×10−3 

Table 3.3.2 y1 and y2 values for the XMCD signal quantification corresponding to the 
samples with 1 and 7 at.% Cu measured at 5 K under 50 kOe and –5 kOe. 

 

The XMCD signal quantification is evaluated as follow: 

XMCD(%) = (
y1

y2
) · 100 %                                                 [eq. 3.1] 

The error in the relative XMCD signal quantification is propagated assuming dependent 

errors among the y1 and y2 variables, as shown in [eq. 3.2]. 
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δ[XMCD(%)] = (|
1

y2
| δy1 + y1 |−

1

y2
2| δy2) · 100 %                     [eq. 3.2] 

Where 

δy2 =
1

2
(δy2 

+ + δy1 
−)                                                     [eq. 3.3] 

δy2
+ and δy2

– are taken as half of the amplitude of the background signal which, for both 

samples, is around 5×10–5. Hence, δy2 = 5×10–5. δy1 is twice δy2 because it involves the 

difference of two spectra (i.e., μ+ – μ–). Thus, δy2 = 1×10–4. 

Table 3.3.3 exhibits the relative XMCD signals of the SnO2 powders doped with 1 and 7at.% 

Cu measured at 5 K under 50 kOe and –50 kOe. As expected, the XMCD signal for sample 

with 7 at.% Cu is larger than for the one with 1 at.% Cu. This is ascribed to the larger 

amount CuO, probably also more stoichiometric. Note that traces of Cu1+ are only 

observable in the XAS spectra of the sample containing 1 at.% of Cu. 

 

 
1 at.% of Cu 7 at.% of Cu 

50 kOe –50 kOe 50 kOe –50 kOe 

XMCD ± δXMCD 36 ± 2 % 29 ± 2 % 39 ± 3 %. 33 ± 3 % 

Table 3.3.3 XMCD signals and corresponding errors of the SnO2 powders doped with 1 
and 7 at.% Cu measured at 5 K under 50 kOe and –50 kOe.  

 

As aforementioned, a common feature of nanoscale antiferromagnets is to show hysteresis 

loops with vertical shifts which ultimately stem from size effects. As it happens with the 

SQUID characterization, the XMCD analysis also reveals this phenomenon. Namely, the 

XMCD signal at +50 kOe is significantly larger than at –50 kOe (Table 3.3.3), confirming 

spin frustration upon reversal due to size effects. This is more pronounced in the sample 

with higher Cu content, suggesting that, at higher doping concentrations, a more 

stoichiometric CuO phase with a better defined magnetic anisotropy is formed.67 

 

3.3.3 Chapter summary 

To sum up, ordered mesoporous Cu–doped SnO2 powders could be satisfactorily prepared 

by hard–templating from KIT–6 silica. While Fe contamination or the presence of oxygen 

vacancies could be plausible explanations for the room temperature ferromagnetism, the 
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low temperature ferromagnetism unambiguously arises from the nanoscale nature of the 

formed antiferromagnetic CuO which results in a net magnetization (as evidenced by 

XMCD) due to both uncompensated spins and shape–mediated spin canting. The reduced 

blocking temperature, which resides between 30 and 5 K, and traces of vertical shifts in the 

hysteresis loops confirm size effects in CuO. This offers new prospects in the field of 

spintronics as the amount of surface area–to–volume ratio is highly increased, rendering 

potential for novel applications that could be based on magnetic surface effects. 
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General conclusions 
In this Thesis, two different fabrication approaches have been followed to produce 

mesoporous Ni/Cu–doped SnO2 powders and thin films with ordered mesoporosity, namely: 

nanocasting and evaporation–induced self–assembly (EISA). The morphology, 

crystallographic structure, elemental distribution, and oxidation state of Ni and Cu dopants, 

have been fully investigated. Furthermore, the effect of dopant ions on the resulting 

magnetic properties of the materials has been explored by different magnetometry 

techniques.  

The following bullet points summarize the conclusions that have been reached: 

1. Ni–doped ordered mesoporous SnO2 powders with minimum amount of residual silica 

template can be synthesized by nanocasting method. The replicas, with pore size 

around 10 nm, exhibit tunable room–temperature ferromagnetic response as a function 

of Ni doping amount (0–9 at.%). The optimum [Ni(II)]/[Sn(II)] molar ratio to 

guarantee the formation of a fully mesoporous product with the highest saturation 

magnetization (Ms) is 15:85, which corresponds to 6 at.% Ni.  

2. Ni–doped mesoporous SnO2 films, with thickness about 100–150 nm, can be 

successfully obtained by EISA method using P–123 as structure directing agent. Truly 

3–D nanoporous structures with worm–like pore morphologies and pore sizes in the 

range 5–10 nm have been obtained. From a magnetic point of view, Ni incorporation 

drastically modifies the magnetic response of the material, from a purely diamagnetic 

(undoped SnO2) to mainly paramagnetic with a small ferromagnetic contribution (for 

SnO2 films with the highest Ni content).  

3. Similar to the Ni case, Cu can also be introduced as a dopant in mesoporous SnO2 

powders following the nanocasting method, from KIT–6 silica template. The 

ferromagnetism seen at low temperature mainly arises from the nanoscale nature of the 

antiferromagnetic CuO nanoparticles formed during the synthetic process. The 

observed net magnetization is attributed to both uncompensated spins and shape–

mediated spin canting.  

4. Structural characterization studies have revealed that all Ni– and Cu–doped samples 

consist of rutile–type tetragonal phase of SnO2 and no extra phases are present expect 

for the highest [M(II)]/[Sn(II)] molar ratios used in the synthesis. Since the ionic radii 

of dopant ions (Ni2+, Cu2+) and Sn4+ are similar, no significant changes are observed 

regarding the lattice parameters.  
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5. Concerning XPS analyses, all the doped samples contain mixed Ni/Cu valence states 

(M1+ and M2+). This partial non–stoichiometry of the metal oxides is caused by the 

occurrence of oxygen vacancies associated with the synthesis method and could be also 

one of the explanations to the observed magnetic properties.  

  



 
 

 

 

 

 

5. Future perspectives 
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Future perspectives 
Although this Thesis has greatly contributed to the progress in the field mesoporous metal 

oxides–based materials, new exciting perspectives are envisaged on the basis of their 

potential electronic/magnetic applications. In the following, issues that deserve more 

attention and directions for future research are briefly overviewed. 

 Hard template nanocasting method is effective for the preparation of mesoporous 

materials. However, most studies on mesoporous materials have focused on materials 

synthetized in powders or thin films. Little effort has been paid to the fabrication of 

mesoporous nanoscopic materials (e.g. nanowires, nanotubes or nanorods). Taking into 

account their electrical conductivity, these mesoporous structures have excellent 

perspective for application in multi–sensory devices in the immediate future. 

 Using P–123 as the structure directing agent, truly 3–D mesoporous films have been 

prepared by EISA. This work shows that, based on magnetic surface effects, the surface 

area–to–volume ratio plays an important role in the magnetic properties. Currently, the 

fabrication of mesoporous TM–doped mesoporous SnO2 films with controlled thickness 

and pore size is under progress. The purpose is to tune the morphology and increase the 

specific surface. A systematic study of the magnetic response among samples with the 

same doping level but different specific surface areas could be drawn. 

 The dip–coating technique used for preparing homogeneous thin films can be exploited 

to fabricate mesoporous sandwich (or multilayer) structured materials in order to study 

interface effects. For example, different kinds of mesoporous materials can be 

integrated layer by layer to obtain semiconductor active materials (e.g., quantum wells 

and dots). Altogether, this could open up new perspectives for spintronic applications or 

optical modulation. 

 XPS analysis reveals that, despite the synthesis process, dopants ions have multiple 

valences, which, in turn, could be one of the reasons of the observed magnetism. As the 

valence state is affected by the calcination temperature,1,2 a systematic study about the 

influence of calcination conditions on the magnetic response could be carried out.  

 As mentioned, mesoporous transition metal–doped SnO2 materials are one of the most 

promising candidates for the fabrication of diluted magnetic semiconductor devices and 

even empower a new generation of applications. For this reason, element distribution, 

oxygen vacancies tuning, and magnetic properties are of special interest. The dopants 

distribution and magnetic properties have been reported in this Thesis. However, the 

study on the generation mechanism of oxygen vacancies is rather limited. Moreover, 

little is known about the conductivity of transition metal–doped mesoporous SnO2 
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materials. With these purposes, the oxygen vacancies could be controlled by changing 

the oxygen partial pressure during the calcination, and the conductivity could be 

measured by four–probe technique. 
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