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Resumen 

 

Se preparon nanopartículas de ZnO M-dopadas (MxZn1-xO; M=Cu, Mn, y Ni) mediante el método 

de coprecipitación seguido de modificación superficial con ácido 2-mercaptopropiónico en el 

caso de CuxZn1-xO, y ácido piridina-4-carboxílico para los sistemas MnxZn1-xO y NixZn1-xO. La 

naturaleza y morfología de las nanoestructuras resultantes se determinó mediante 

espectroscopia de energías dispersas, difracción de rayos X y microscopia electrónica de 

transmisión. Dichos análisis permitieron identificar materiales cristalinos con nanoestructuras 

menores a 10 nm además de determinar su composición química. 

El estado de oxidación de los átomos de los metales de transición en los materiales MxZn1-xO se 

determinó mediante espectroscopia fotoelectrónica de rayos X (XPS) y espectroscopia de 

pérdida de energía de electrones (EELS). 

Se investigaron las propiedades ópticas y magnéticas de los nanocompositos a base de ZnO sin 

y con ligando. La funcionalización de las nanopartículas con ligandos orgánicos mostró que las 

moléculas permanecen unidas a la superficie de las nanopartículas a través de sus grupos 

funcionales dejando los grupos carboxilato libres para llevar a cabo la conjugación con 

biomoléculas. La disponibilidad de grupos carboxilato en las moléculas en las moléculas 

recubiertas se probó mediante conjugación de la peroxidasa del rábano tipo IV, que es una 

molécula muy versátil para ensayos biológicos. 

 



   Abstract 

Abstract 

M-doped ZnO (MxZn1-xO; M=Cu, Mn and Ni) nanoparticles were prepared by the 

co-precipitation method followed of their surface modification with 3-

mercaptopropionic acid (MPA), in the case of CuxZn1-xO material, and pyridine-4-

carboxylic acid (IA) for MnxZn1-xO and NixZn1-xO systems. The nature and 

morphology of the resulting nanostructures were established from energy disperse 

X-ray analysis, X-ray diffraction, and transmission electron microscopy data. Such 

measurements showed highly crystalline material with nanostructure size below 10 

nm and with the indicated chemical composition. Information on the state of 

transition metal atoms in the formed MxZn1-xO nanostructures was obtained from 

X-ray photoelectron (XPS) and electron energy loss (EELS) spectroscopies. The 

optical and magnetic properties of the ligand-capped and the naked ZnO-based 

nanocomposites were also investigated. The functionalization of the nanoparticles 

system with organic ligands shows that the molecules remains anchored to the 

nanoparticles surface through its functional groups leaving free carboxylate groups 

for conjugation with biomolecules. The availability of the carboxylate groups in the 

capping molecules was tested by conjugation to type IV horseradish peroxidase, a 

molecule with a high versatility for biological assay. 
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Introduction 

In the last years new optoelectronic devices for bioassays have been developed. 

For these purpose, semiconductor and magnetic nanoparticles have been used 

with promissory results compared to traditional organic systems. [1-3]   

Fluorescent markers are chemical systems that can selectively detect the presence 

of analytes through changes in their fluorescence spectrum. This property is one of 

the most useful tools that chemistry has given to biomedical research, allowing the 

intracellular monitoring of different kind of biological molecules. In its simplest form, 

a chemical fluorescent sensor is consisted of a fluorescent dye and a receptor. The 

principle is based on the fact that the emission properties of the fluorescent dye 

change when conjugation with the biomolecule occurs. Nanoparticles have been 

used not only as traditional markers but also for the design of supramolecular 

aggregates over itself, taking advantages of its high surface/volume ratio. This 

allows its use in the development of new optical sensors. The ZnO is an intrinsic n-

type semiconductor, which presents in its microcrystalline form direct transitions 

with an absorption border around 3.2 eV (388nm). In several studies it has been 

observed that when the average particle size decreases or there is a change in its 

morphology, a substantial shift in the emission band position occurs. These 

properties have allowed the use of these materials in many fields as biosensors 

and fluorescent markers, as well as in the development of the opto-electronic 

industry. [1,4,5] It has been observed that modifying the composition of ZnO 

nanoparticles thorough its doping with transition metals, the optic properties of 

these materials change. [6, 7] In Mexico, expensive immunoassays techniques are 

used in the clinical studies of certain diseases. At the same time, it is estimated 

that there are hundreds of those and of people in the country with HIV-AIDS, 

according to data from Instituto de Salud Pública (INSP). [8] In many cases, the life 

expectancy decreases because of late detection of the illness. The same occurs 

for many different diseases of infectious (bacterial, viral, parasitic) and autoimmune 

types, which can be detected and treated in time if we had less expensive and 

easy acquisition assays for everyone. Some of these illnesses affecting the 



 
                                                                                                              Introduction 
  

2 
 

Mexican people are: Rheumatoid arthritis, hepatitis, tuberculosis, Siögre syndrome, 

among others. Also, there is some research indicating that these procedures can 

detect earlier Melitus diabetes, which leads to a more effective treatment of this 

disease. [9] 

Taking into account the facts commented above, the hypothesis of this work is: 

ZnO nanoparticles doped with Cu, Mn and Ni suitably functionalized with organic 

ligands present fluorescent and magnetic properties appropriated for their use in 

the development of clinical assays through conjugation with biomolecules.  

The general aim of the thesis is the development of nanostructured materials 

based on transition metal-doped ZnO conjugated with peroxidase as model 

biomolecule and the study of its optical and magnetic properties. For reaching this 

general aim we propose the next specific objectives: 

1. Synthesis of nanostructured material based on transition metals (Cu, Mn 

and Ni)-doped ZnO. 

2. Characterization of the nanoparticles obtained by: EDS, Thermogravimetric 

analysis, IR and UV spectroscopies, X-ray diffraction and Transmission 

Electronic Microscopy. 

3.  Capping of the nanoparticle surface with ligands having the appropriated 

functional groups for conjugation with peroxidase and characterization of the 

functionalized nanostructures. 

4. Study of the optical and magnetic properties of the functionalized ZnO 

nanostructures. 

5. Conjugation of the functionalized ZnO nanostructures to peroxidase and 

characterization of the conjugates obtained. 
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Chapter 1. -  State of the art 

In the last decade, the preparation and study of solids with size in the 1 to 100 nm 

have emerged as active research area related with their physical and functional 

properties. These structures have chemical, physical and functional properties 

depending on their size, shape and composition. In these materials, there is a 

tendency to have a behavior intermediate between systems with discrete electronic 

states (atoms or molecules) and systems with continuous electronic states 

(macrocrystals). It has been experimentally verified that these small structures 

have some different characteristics compared with bulk material, such as optical 

properties. 

1.1- Zinc Oxide (ZnO). 

Zinc oxide (ZnO) is an intrinsic n-type semiconductor, which has direct transitions. 

Optical and electrical properties depend on their morphology, size and 

composition. [10-13] This compound appears in nature with a wurtzite type 

hexagonal crystal structure, but may also appear with cubic blende type (Figure 

1.1) structure. Some of the most important applications, in its macrocrystalline form 

are: as an additive in the manufacture of ceramics, in the rubber industry as filler 

and in the production of paints. 

 

Figure 1.1- ZnO structures: hexagonal wurtzite type (left) and cubic zinc blende type (right). 
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1.1.2 – ZnO nanostructured. 
The ZnO nanostructured has been studied extensively in recent years due to their 

optical and electrical properties. It is reported that this material exhibits low toxicity, 

high stability and transparency in the region of visible wavelength. Additionally, its 

low cost makes it an interesting material for various applications including: 

preparation of sensors, luminescence and photocatalysis. [14, 15] Everyday new 

applications appear for nanostructured ZnO: medical use of this material for the 

construction of biosensors, in diagnosing cancer cells. [3, 4, 16-21] Additionally it 

has antifungal properties [22] and behaves as an anti-bactericide. [5, 23-24] 

As previously mentioned, the optical properties of ZnO nanomaterials are strongly 

influenced by the particle size and morphology. [10-13, 25]  

Therefore, control of these parameters is crucial in the development of electronic, 

optical and optoelectronic nanodevices. 

To obtain these materials there are various methods of synthesis, which generally 

can be divided into those of chemical and physical nature. 

1.2- Synthesis of ZnO nanostructures. 

Some of the most common methods for obtaining ZnO nanostructures are: sol-gel 

method, [26-29] hydrothermal, [30, 31] and coprecipitation. [32-35] The latter has 

the advantage of working at room temperature, under less aggressive synthesis 

and inexpensive reagents. By their use, different morphologies can be obtained 

and size ranges ZnO nanostructures. 

To obtain different sizes and morphologies by this method of synthesis among 

other factors influence the relationship between the solvent, the precipitating agent 

and salt precursor; the concentration of reactants and temperature were 

considered. In the synthetic procedure precipitating agent (NaOH, NH3, LiOH) 



 

                                                                            Chapter 1 - State of the art 

5 
 

which is added to a zinc salt (II) dissolved in the suitable solvent (H2O, C2H5OH, 

DMSO, CH3OH, etc.) it is used. [36, 37] 

The influence of the factors mentioned in the preceding paragraph on the 

processes of nucleation and formation of ZnO nanoparticles, has been reported by 

different authors. [36, 37] When using NaOH as a precipitating agent, ethanol as 

solvent and zinc chloride as salt precursor, nanoparticles precipitate with sizes 

between 5-6 nm (Figure 1.2). [36, 37] However, when using NaOH as a 

precipitating agent, DMSO as solvent and zinc cyclohexanebutyrate as precursor 

salt, nanoparticles below 3 nm sizes are obtained. ZnO nanoparticles thus 

obtained are stabilized by the interaction of the solvent with anion and the surface 

of the NPs. [36, 37] 

 

Figure 1.2 - SEM micrographs observed for several morphologic nanostructured ZnO. 

1.3- Band theory and the optical response of semiconductor 

The Energy Band Theory was developed in 1930 to respond to the varied behavior 

of materials in their electrical conductivity. Materials classified as semiconductors 
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have a conductivity which is thermally activated, while metals behave in a manner 

contrary. 

Using molecular orbital theory and taking into account the Pauli exclusion principle, 

we can imagine the formation of a macrocristal. From quantum chemistry we know 

that when two atoms come together to form one molecule each brings an atomic 

orbital to give two molecular orbitals, one bonding and one antibonding result of the 

addition and subtraction functions corresponding electronic wave each atom. 

These two new molecular orbitals have well defined energies (Figure 1.3) 

.  

Figure 1.3 - Schematic representation of the formation of a molecular orbital from the atomic 

orbitals of two atoms. 

The number of atoms or states (N) involved in the previous case is two. In the case 

of materials formed by N = 1023 atoms a higher number of atomic orbitals that 

participate in the formation of orbital N molecular bonding with closely spaced 

energies, and N molecular orbitals antibonding with energies also very close 

(Figure 1.4). Thus the molecular orbitals become energy bands, which states with 

discrete energies disappear. 
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Figure 1.4 - Schematic figure of forming bands according to the theory of band. 

These bands of allowed energies are known as valence band and conduction band 

and the energy difference between them, forbidden energy gap. The theory 

qualitatively described here, has become an important tool for physics and solid 

state chemistry, and helps explain the conductivity of different materials. With 

these elements we can relate physical parameters, such as conductivity, with the 

energy necessary to promote electrons from the valence band to an excited state 

of higher electron delocalization (conduction band). 

In Figure 1.5 schematic representation, according to the band theory, insulators, 

semiconductors and metals is shown. For example, metals have good room 

temperature conductivity by overlapping valence bands (BV) and conduction band 

(CB), so that only a small energy is required to guide these electrons and generate 

an electric current. In insulators and semiconductors, the situation is completely 

different, certain energy is required to promote electrons to the conduction band, 

which is why in the case of semiconductors conductivity increases with increasing 

temperature. 
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Figure 1.5 - Schematic representation of insulators, semiconductors and metals according to the 

band theory. Right some examples of the values of the band gap of insulators and semiconductors. 

All this can extend the light absorption phenomena in solids. If we shine an 

electromagnetic wave with adequate energy, we can promote electrons from B.V. 

to the B.C. A strong experimental evidence of this is the phenomenon of increased 

conductivity in semiconductors by irradiation the material with light of appropriate 

energy. According to the typical values of band gap semiconductor, it is expected 

that these materials absorb in the UV-visible region or in the infrared. If we plot the 

intensity of the absorbed light versus energy curve as the one shown in Figure 1.6, 

where we can see that after a certain amount of energy: 

 (E = hν = hc / λ), known would as absorption edge (Eg) begins to absorb the 

semiconductor due to electronic transition to the first excited state in the 

conduction band.  
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Figure 1.6- Experimental electronic absorption curve in the UV region of a semiconductor colloidal 

dispersion (ZnO dimethylsulfoxide). The inset is a schematic representation of the phenomenon 

from the point of view of band theory. 

In this transition a hole (h+) appears in the valence band by electron deficiency 

(negative charge). Between the electron and hole generated during the absorption 

of a quantum of light dependency and there are going to move in the volume of 

material as a pair (exciton) in which their wave functions overlap weakly. The 

return of the electron from its excited state to the ground state in the valence band, 

it is known as recombination, which can occur with the emission of photons, which 

in turn is known as radiative emission. 

By reducing the size of these semiconductor materials, the number of states 

involved is reduced as do the number of atoms involved in the formation of the 

nanoparticle. By reducing the number of states is not possible then you get to the 

formation of a continuous band, which leads to an intermediate position between 

the discrete state of atoms and molecules, and continue being a macrocristaline 

solid. 

This intermediate situation is shown in figure 1.7, where each is the most 

representative systems from the point of view of this theory. The figure shows the 

widening gap of forbidden energy (band gap) as the number of states is lower in 

each system is observed, which leads us directly to understand why by decreasing 
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the size of a material, think of a displacement of the edges of electronic absorption 

to higher energy values. A small number of number of states results into an 

increase in energy needed for the electronic transition B.V. to B.C., and to the 

formation of discrete states within the bands reducing the number of states 

accessible to the transition. This behavior in materials with small dimensions is one 

of the most attractive in terms of possible applications since it assumes control of 

many properties by modifying the size phenomena. 

 

Figure 1.7 - Schematic representation of the density of energy states in atoms, molecules, 

nanoparticles and macrocrystals according to the band theory. The diagram at the bottom shows 

the case of metals. 

1.3.1- Optical properties of ZnO NPs doped with transition metals. 

As mentioned above, the ZnO nanostructure can have different morphologies. 

There are reports where it is stated that the optical properties of this oxide 

nanoparticles vary by changing its shape (Figure 1.8). [38] One possible 

explanation for the variations in the position of the emission band in the various 

ZnO nanostructures could be different concentrations of native defects. Since 

nanostructures have a greater area-volume ratio, a higher concentration of surface 
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defects occurs. By varying morphologies and sizes, there are variations in the 

area-volume ratio thus creating different concentrations of defects. This produces a 

variation in the optical properties of the different nanostructures. [38] 

 

Figure 1.8 - Photoluminescence spectra of ZnO with different morphologies, 1) sheaths 

(tetraponds), 2) needles (needles), 3) rods (nanorods), 4) shells (shells), 5) multi-sided 

(highlyfaceted), 6) tapes / combs (ribbons / combs) 

Some researchers inform that by incorporating ZnO and dopants to vary the 

concentration thereof varying optical properties: absorption peak position and 

position and intensity of fluorescence. One example is that by incorporating 

manganese dopant atoms as a decrease is observed in the absorption maximum 

by UV-Vis spectroscopy with increasing dopant concentration. [39] This occurs 

because the Mn atoms substituting sites Zn, have a strong interaction between the 

3d orbitals and 2p oxygen orbitals, causing an increase for the edge of the 

conduction band and producing a decrease in the energy gap (Eg). [39] A similar 

behavior has been observed when the ZnO nanoparticles are doped with other 

atoms as copper [40-42] and nickel. [43] 

For the case of fluorescence, the doping with Mn has been observed that 

increasing the concentration thereof to 3% displacement occurs at longer 

wavelengths and an increase in fluorescence intensity, figure 1.9. [43] One 
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possible explanation is that by introducing the atoms Mn, Cu and Ni oxygen 

vacancies increase, causing the quenching (off) fluorescence. [43, 44]  

 

Figure 1.9 - UV-Vis spectrum of ZnO NPs undoped and doped with different concentrations of Mn. 

1.4- Fluorescent sensors.  

Fluorescent labels are chemical systems that can selectively detect the presence 

of analytes through variations in their fluorescence spectra. This property is one of 

the most useful tools that chemistry has provided biomedical research, allowing 

intracellular monitoring of many different species for medical and biological 

purposes. 

In its simplest form, a fluorescent chemical sensor consists of a fluorescent dye 

and a receiver. The principle is based on the hypothesis that after conjugation with 

biomolecules variations in the emission properties of the fluorescent dye are 

produced. Nanoparticles have been used not only as substituents of traditional 

dyes, but also in the construction of supramolecular aggregates, taking advantage 

of its high surface / volume. This allows its use in the development of new optical 

sensors. Several semiconductor nanoparticles have been studied in the 

construction of optical sensors and fluorescent labels both in vitro ways for in vivo 

studies. [45, 46] These materials have several advantages compared with organic 
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fluorescent species, among which are: greater stability under ultraviolet light (UV); 

presence of narrow peaks and symmetrical emission; the emission wavelength can 

be adjusted by varying the particle diameter, morphology and composition (so you 

can see different colors under the same excitation λ); materials are lower cost than 

organic fluorescent markers. ZnO has been studied for the latter application, given 

their different optical properties for different morphologies. 

The modification of ZnO nanoparticles with organic ligands has been reported by 

numerous authors. [47-50] The strategy for the conjugation of biomolecules ZnO 

nanostructures includes a step of functionalization by coating the surface with an 

appropriate ligand in order to prevent aggregation of particles. Coating surfaces 

leads to the passivation improves photoluminescence at room nanomaterial, which 

then could be used as fluorescent probe for studying biological samples 

temperature. [5, 51]   

The first step for conjugation of NPs with biomolecules is the functionalization with 

organic ligands. To do this, ligands presenting two functional groups with a spacing 

there between to allow one of the functional groups to nanoparticles and the other 

remains free for subsequent conjugation is coordinated used. Conjugation with 

biomolecules is done through peptide bonds so ligands presenting the amino or 

carboxyl functional groups, are mostly used. One of the organic ligands have been 

used for the functionalization of semiconductor nanostructures was the 3-

mercaptopropionic, having a thiol group (-SH) and a carboxyl group (-COOH). 

1.4.1- Conjugation of nanoparticles and biomolecules. 

Molecular recognition is one of the most attractive properties of biomolecules. 

Some molecules are able to recognize and bind with high specificity and other 

selectivity. According to molecular recognition there are two kinds of biomolecules 

receiving special interest: the oligonucleotides and antibodies. There have been 

many studies on the use of nanoparticles conjugated to antibodies which are 

applied in the detection of proteins through molecular recognition. 
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There are several strategies for conjugation of nanoparticles with proteins. Its 

effectiveness is given in the preservation of the biological function of the antibody 

in a stable colloidal system. To this we must ensure that the nanoparticles are 

homogeneously dispersed in the medium and coated with a quantity, spatial 

distribution and proper disposal of antibodies on their surface. 

There are reports of four possible spatial orientations of antibodies once 

associated with nanoparticles (Figure 1.10). [52]   

 

Figure 1.10 - Spatial arrangement antibody on the nanoparticles. 

In all cases the effectiveness of antigen recognition by the Fab regions is hindered 

by steric effects. This phenomenon is much more marked in the case of the Fab-ne 

available, weaker for F-se and ab-t, and is hardly noticeable in Fab-e, where the 

recognition region is remote from the surface of the nanoparticle. Moreover, there 

are numerous routes reported for coupling antibodies to nanoparticles for better 

understanding and shall be classified as follows: 

 Physical adsorption (hydrophobic, hydrogen bonding, van der Waals and 

electrostatic). 

In this case the most used is the electrostatic type, which is governed by the 

difference between the surface charge of nanoparticles and antibodies. [53] It is 

therefore important to know the total isoelectric point of the antibody to allow its 

binding to the nanoparticles, to work at a suitable pH. Moreover, how are you 
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having loaded areas variables proteins through its structure there may be several 

anchor points favoring multivalency. Such preferential interaction does not provide 

a spatial arrangement of the antibody on the nanoparticles, which can be easily 

removed. 

 Interactions between proteins. 

For this purpose, the nanoparticles functionalized with an affine previously 

biomolecule wants to immobilize antibody. The routes most used are: the use of 

streptavidin-biotin complex [54] when the first is anchored to the particle and the 

second derivatized antibody, coating the nanoparticles with related peptides and 

antibody prior functionalization of nanoparticles with a secondary antibody 

recognizing the Fc region of the antibody which is to combine. [55] The latter 

manner ensures that the variable region thereof is exposed with a Fab-e disposal. 

 Physical adsorption followed by covalent bonds 

This route is favored by functionalization of nanoparticles with special ligands that 

allow in a first step the rapid association of the antibody by physical interactions, as 

mentioned above, and in a second stage the anchorage reinforcement by covalent 

bonds. [56] 

 Covalent bonds. 

The link via the amino groups of the antibody is perhaps the most commonly used 

method. This is because there are numerous amino residues in the protein, which 

are located on its surface and do not need to modify or activate the antibody. 

These residues can react with functional groups found derivatizing nanoparticles 

as aldehydes, epoxides, halides, tosylates and carboxylates. In the latter case, 

they are used carbodimides / N-hidroxosuccinimide. [57] or glutaraldehyde [58] as 

activators. Often, this route is not the most effective since the antibody is randomly 

oriented on the nanoparticle, predominating provisions of Fab and Fab-ne-se 

types. 
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This method is the most commonly used, due to the stability of the conjugate 

obtained. To this end bifunctional crosslinking items that are merely reactive 

molecules with two ends that can be used to connect two particles or molecules 

are usually used. Most methods involve covalent conjugation reactions between 

amino and carboxyl groups, using carbodiimide as coupling molecule; and between 

amino and sulfhydryl groups, using maleimide. [59] 

1.4.2- Carbodiimide conjugation reaction 

The advantage that the reactions between amino groups and carboxyl is that most 

antibodies have primary amino groups and carboxyl groups, which do not require 

pre-conjugating chemical modifications. 

Carbodiimides are used to form amide bonds between a carboxyl group and an 

amino group. This type of compound is one of the coupling agents most commonly 

used chain zero, being efficient in forming conjugates between two molecules of 

protein, peptide and between a protein, oligonucleotides and proteins or between 

any combination of these with small molecules. [60] 

There are two types of carbodiimides: soluble and insoluble. The first ones are the 

most commonly used for biochemical conjugations, because most biomolecules 

are soluble in aqueous solutions. In this case one of the reagents used is EDAC or 

EDC [1-ethyl-3- (3-dimethylaminopropyl) carbodiimide] (Figure 1.11), which reacts 

with a carboxyl group to form an amine-reactive intermediate acylisourea. The 

intermediate species reacts with a nucleophilic agent (as is the case of a primary 

amino group) to form an amide bond. (Figure 1.12) 

 

Figure 1.11- Chemical structure of EDC  
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Other nucleophiles are also reagents such as sulfhydryl groups, which can attack 

the active species and form a thioester bond, although this is not as stable as 

those formed with an amino group. In the event that the intermediate formed not 

find an amino group, it is hydrolyzed and the carboxyl group is regenerated. [60] 

 

Figure 1.12- EDC Reaction with carboxylic acids to form an active ester intermediate  

In the presence of a nucleophilic amino group, an amide bond is formed with 

release of an isourea like product. 

The conjugation using carbodiimide methodology is exploited to obtain conjugates 

from nanoparticles. Many studies have been used where NPs EDC and carboxylic 

acid functionalized surface available for subsequent conjugation to free amino 

groups on the protein molecule. [60-62]     

Furthermore, Cheng et al., used to conjugate carbodiimide NPs functionalized with 

amino groups on the surface, a polyclonal anti-E. coli, by attaching amino groups 

and free carboxyl protein. The results were compared with those obtained in a 

second conjugation strategy, in which joined avidine to Nps via carbodiimide and in 

a following step biotine and a modified anti-E coli antibody. The conjugates 

obtained by both methods were analyzed for the capture of E. coli. The authors 

reported that the capture efficiency using the conjugates obtained by the second 

strategy was higher (90%), compared to those obtained using carbodiimide (75%). 

[63]     
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1.5- Peroxidases 

Peroxidases (EC 1.11.1.7) are heme proteins containing as a prosthetic group with 

a protoporphyrin IX ferrous (iron (III) protoporphyrin IX). [64] They are a type of 

oxidoreductases catalyzing the oxidation of a variety of organic and inorganic 

substrates by reducing peroxides such as hydrogen peroxide. [65] The mechanism 

proceeds through formation of an unstable intermediate of the enzyme formed by a 

oxiferrilo ion (Fe4+ = O) and a free radical porphyrin type π where Fe3+ heme is 

oxidized by H2O2 (reduced to H2O), after which the oxidized form of the enzyme is 

reduced to two consecutive native form by electron transfer processes with two 

molecules of reducing substrate. [66]  

Oxidation of the substrates produces a change of color and/or reducing the toxicity 

of these, property that is used in wastewater treatment or as a screening tool. In 

plants it is noteworthy to horseradish peroxidase enzyme (HRP), which is widely 

used in immunochemical techniques and immunoassays for clinical diagnosis, 

because of its ease of conjugation with antibodies and simplicity to detect by 

colorimetric methods. [60]   

One of the disadvantages of using peroxidases enzymes is their inactivation in the 

presence of antibacterial preservatives such as sodium azide (NaN3). It is reported 

that the HRP enzyme has methionine residues in the active site and the 

mechanism involves inhibition of this methionine azide. [67]    

1.5.1- Horseradish peroxidase  

The enzyme horseradish peroxidase (HRP) (Figure 1.13), found in the roots of 

horseradish, is used extensively in biochemistry applications primarily for its ability 

to amplify a weak signal and increase detectability of a target molecule. It is a 

metalloenzyme with many isoforms, of which the most studied type, is C. 

Horseradish peroxidase is isolated from horseradish roots (Amoraciarusticana) and 

belongs to the ferroprotoporphyrin group of peroxidases. HRP is a single chain 

https://en.wikipedia.org/wiki/Enzyme
https://en.wikipedia.org/wiki/Horseradish
https://en.wikipedia.org/wiki/Biochemistry
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polypeptide containing four disulfide bridges. It is a glycoprotein containing 18% 

carbohydrate. The carbohydrate composition consists of galactose, arabinose, 

xylose, fucose, mannose, mannosamine, and galactosamine depending upon the 

specific isozyme. Its molecular weight (~44 kDa) includes the polypeptide chain 

(33,890 Daltons), hemin plus Ca2+ (~700 Daltons), and carbohydrate (~9,400 

Daltons). At least seven isozymes of HRP exist. The isoelectric point for 

horseradish peroxidase isozymes ranges from 3.0 - 9.0. 

The structure of the enzyme was first solved by X-ray crystallography in 1997 [68]   

and has since has been solved several times with various substrates. It is an all 

alpha-helical protein which binds heme as a redox cofactor. 

Alone, the HRP enzyme, or conjugates thereof, is of little value; its presence must 

be made visible using a substrate that, when oxidized by HRP using hydrogen 

peroxide as the oxidizing agent, yields a characteristic change that is detectable by 

spectrophotometric methods. [69, 70]   

Numerous substrates for the horseradish peroxidase enzyme have been described 

and commercialized to exploit the desirable features of HRP. These substrates fall 

into several distinct categories. HRP catalyzes the conversion of chromogenic 

substrates (e.g., TMB, DAB, ABTS) into colored products, and produces light when 

acting on chemiluminescent substrates (e.g. Enhanced Chemiluminescence by 

luminol). 

 

Figure 1.13 - Tertiary Structure of Enzyme Horseradish Peroxidase (HRP). 

https://en.wikipedia.org/wiki/X-ray_crystallography
https://en.wikipedia.org/wiki/Alpha-helix
https://en.wikipedia.org/wiki/Heme
https://en.wikipedia.org/wiki/Cofactor_%28biochemistry%29
https://en.wikipedia.org/wiki/Cofactor_%28biochemistry%29
https://en.wikipedia.org/wiki/Substrate_%28biochemistry%29
https://en.wikipedia.org/wiki/Redox
https://en.wikipedia.org/wiki/Hydrogen_peroxide
https://en.wikipedia.org/wiki/Hydrogen_peroxide
https://en.wikipedia.org/wiki/Spectrophotometric
https://en.wikipedia.org/wiki/3,3%E2%80%99,5,5%E2%80%99-Tetramethylbenzidine
https://en.wikipedia.org/wiki/3,3%27-Diaminobenzidine
https://en.wikipedia.org/wiki/ABTS
https://en.wikipedia.org/wiki/Chemiluminescent
https://en.wikipedia.org/wiki/Luminol
https://en.wikipedia.org/wiki/Enzyme
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Horseradish peroxidase (HRP) is an important enzyme consisting of a heme 

catalytic center and the surrounding protein. The heme group contains an 

Fe(III)/Fe(II) redox couple. Since the direct electron transfer of HRP adsorbed on a 

carbon electrode was first reported by Yaropolov [71] in 1978, various materials 

such as TiO2 nanotubes [72] and gold nanoparticles [73] have revealed similar 

function. To improve the performance of such biosensors, a multilayer 

biomolecular immobilization technique has been developed in recent years; for 

example, layer by layer modified HRP/protein has been employed to investigate 

the damage of protein by H2O2. [74] Especially in immunosensors, the multilayer 

immobilization technique has improved the detection limits for antigen or DNA as 

low as 7 pg. /mL or 40 fM through. [75] It provides a quick and effective method for 

early diagnosis of disease. 

In recent years, nanostructure ZnO has attracted considerable interest due to its 

wide direct band gap, strong exciton binding energy, aesthetic morphologies, and 

multifunctional applications. Besides the optoelectronic properties, nanostructural 

ZnO also possesses many advantages for biosensoring, such as high aspect ratio, 

polar surface along the c-axis, good electron communication, nontoxic and safe for 

living organisms. In particular, the isoelectric point (IEP) of ZnO is as high as about 

9.5, which is suitable for immobilization of molecules with low IEP, such as 

poly(sodium 4-styrensulfonate) (PSS) and some proteins, assisted by electrostatic 

attraction in proper pH value. So far, ZnO nanoparticles, porous films, nanocombs, 

and nanorods have been developed into biosensors to detect cytochrome c, [76, 

77] protein, [78] uric acid, [79] glucose, [80, 81] and phenolic compounds. [82]  

S. Q. Liu and col. propose the ZnO nanorods (ZnONR) by hydrothermally grown 

directly on the gold electrode which was pretreated to coat a layer of the Zn-Au 

alloy in order to improve the molecular immobilization efficiency and the 

biosensoring stability and the immobilized layer by layer ZnO-Au with poly(sodium 

4-styrenesulfonate. They investigate the electrochemical reaction process and the 

biosensoring behaviors of H2O2. They present the construct method of the 

biosensor and the improved sensing characteristics in detail. They demonstrated 
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that multilayer HRP was successfully immobilized on the ZnO-Au electrode, and 

kept the bioactivity preferably for efficient catalysis to H2O2. [83] One of the 

techniques used for the characterization of the system was the UV-Vis 

(Figure1.14). The UV absorption spectra for the standard solutions of HRP and 

PSS exhibit two absorption peaks at about 410 and 275 nm from HRP and another 

two peaks at about 258 and 224 nm from PSS. Figure 1.14 compares the UV 

absorption behaviors of the modified samples with different PSS/HRP layers on the 

ZnONR. Besides an invariable peak at 374 nm from the intrinsic absorption of 

ZnONR for all spectra, each curve hunches at about 415 nm and the inflected pitch 

increases with the modified layers, which corresponds to the HRP standard 

absorption at410 nm. The presence of these peaks is indicative of conjugation of 

HRP. [83] 

 

Figure 1.14 - UV absorption spectra modified PSS and one- to five-layer HRP/PSS modified 

ZnONR/Au electrodes 

At present there are reports on the use of ZnO nanostructures for building electrical 

biosensors not finding much information on the use of fluorescent markers. 

1.6. - Some technics using for the characterization of NPs. 

1.6.1- X-ray Photoelectron Spectroscopy (XPS) 
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The photoelectron spectroscopy X-ray. [84] It has been employed to study doped 

nanoparticles small sizes as well as to study the functionalization thereof. This 

technique can know the oxidation state of the dopant atoms [29, 85, 86] and the 

nature of the links to the NPs functionalized with organic ligands. [48, 87]   

The technique consists of detecting the energy of the electrons emitted by the 

sample after irradiating it with X-ray source can be used for identifying elements 

and their quantitation. For extraction of electrons, sources most commonly used 

are the Kα lines of Mg or Al, which have energies of 1253.6 and 1486 eV, 

respectively. XPS can be use to analyze all elements of the periodic table except 

hydrogen and helium. 

The magnitude that is determined directly with this technique is the binding energy 

of electrons of each element on the surface. This magnitude is characteristic of 

each element according to its chemical environment and can be determined by the 

equation: 

EL = EF – (EC+ φ) 

EF: energy X radiation employed (Ka) 

EC: Kinetic energy of the free electrons 

φ: constant feature of the instrument 

XPS spectra represent the binding energy with the abscissa and the number of 

electrons detected on the ordinate. [84] The specificity of this technique is given by 

the many structural information provided on the surface of the material, which 

makes it very useful to study nanostructured systems and coating them. 

1.6.2- Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TG) studying the evolution of weight of a sample while 

front or in a range of temperature while subjected to a controlled atmosphere at a 
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specific heating. The temperature can be set: constant temperature or heating at 

constant speed, cooling or any combination thereof. Typically, weight loss occurs 

but also may be a weight gain. The atmosphere may be static or dynamic with a 

given flow rate and the most common gases are N2, air, Ar, CO2. You can also use 

H2, Cl2 or SO2. [88]   

A fundamental characteristic of the TG is that only allows detection processes in 

which a change in weight as in the decomposition, sublimation, reduction, 

desorption, adsorption, etc. occurs. [88]  

At the same time, it is usually represented DTG curve, which is the first derivative 

of the TG curve versus time or temperature (T), ie the rate of loss or gain. The 

DTG graph helps identify more clearly the initial T and the end of the process, can 

also detect the presence of overlapping processes. An important parameter in the 

DTG curves is the maximum temperature which is the temperature of maximum 

reaction rate, or maximum speed of the overall process. [88] In practice you can be 

obtained spectra different types of TG, the most common is shown in Figure 1.15. 

Type (i). The sample does not undergo decomposition with loss of volatiles in the 

temperature range shown. Phase transition, melt polymerization: They could type 

reactions occur. 

Type (ii). A rapid loss of initial mass is characteristic desorption processes or 

drying. 

Type (iii). This curve represents the decomposition of the sample in a simple 

process. The curve can be used to define the limits of stability reactant 

stoichiometry determine and investigate the reaction kinetics. 

Type (iv). A multi-stage decomposition indicated relatively stable intermediaries. 

You can define the limits of stability of the reactant and intermediaries, and more 

complex stoichiometry of the reaction. 
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Type (v). Also indicates a multistage decomposition, but the intermediates are not 

stable, and little information is obtained from the stoichiometry of the reaction. 

Type (vi). Mass gain due to the reaction of the sample with the surrounding 

atmosphere or changes in oxidation states of the samples was observed. 

Type (vii). In this case the product of an oxidation reaction decomposes at higher 

temperatures. 

 

Figure 1.15 - Main types of thermograms. 

1.6.3 - Fluorescence 

Fluorescence as well as phosphorescence and decayed (quenching) fluorescence 

are photoluminescence phenomena. To better understand these processes, the 

Perrin-Jablonski diagram (Figure 1.16) is displayed. A molecule excited by 

absorption of a photon may return to the ground state by different routes that are 

internal mechanisms of relaxation of the molecule, such as internal conversion (IC) 

crossbreeding between systems (CES), fluorescence, phosphorescence, decayed 

fluorescence transitions triplet-triplet. [89] 
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Figure 1.16- Perrin-Jablonski diagram and illustration of the relative positions of the absorption 

spectra, fluorescence and phosphorescence. 

Singlet electronic states are S0 (fundamental), S1, S2, and triplet states T1, T2. 

The vertical lines corresponding to absorptions start vibrational energy level 0 

(lowest) S0 because most molecules are at this level at room temperature. [90] 

Photon emission relaxation coupled Sn → S0 is called fluorescence. With very few 

exceptions, the fluorescence emission occurs from 0 vibrational level of S1 

because the CI and vibrational relaxation processes are very efficient. Therefore, 

the characteristics of a fluorescent emission does not depend on the wavelength of 

the excitation radiation whenever there is a single species in the ground state. [89, 

90] 

Usually 0 → 0 transition is common to the absorption and fluorescence. The 

fluorescence spectrum is located at longer wavelengths than the absorption 

because in first vibrational level of the excited state 0 S1 and the second 

vibrational level 0 of the ground state. Spacing, expressed in wavenumbers 

between the maximum and first absorption band maximum fluorescence is called 

Stokes shift (Δν = νA - νF). This parameter can give information about the excited 

states, and from the practical point of view, detection of fluorescent species is 
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easier when Δν is great. In general, the differences between the vibrational levels 

are similar in the base and excited states, so that the fine structure of the 

fluorescence spectrum resembles the first absorption band (the mirror image rule). 

The lifetime of S1 is in the range of 10-10-10-7 s, so after excitation of a population 

of molecules using a very short pulse irradiation, the intensity of fluorescence 

spontaneous process It decays exponentially with a characteristic time which 

reflects the lifetime of S1. Fluorescence is a phenomenon almost immediately to 

the excitation photon reissuance and very short-lived. [90] When we speak of 

fluorescence we are referring to systems that fluoresce when irradiated with UV 

radiation. 

1.6.4 – Solid phase UV-Vis 

Visible spectroscopy or ultraviolet spectrophotometry is a photon emission 

spectroscopy. Used electromagnetic radiation in the visible and near-ultraviolet 

region of the electromagnetic spectrum. 

Ultraviolet radiation is electromagnetic radiation whose wavelength is between 

about 400 nm and 15 nm. It is divided functionally and instrumentally in near 

ultraviolet (UV) and distant (UVL). The area near ultraviolet, is the region of the 

electromagnetic spectrum ranging between 200 and 400 nm. On the other hand, 

the visible spectrum corresponds to the gap in wavelength that the human eye can 

perceive. It is comprised of wavelengths from 400 to 700 nm. [89] 

In Figure 1.17 you can see the electromagnetic spectrum of ultraviolet and visible: 
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Figure 1.17- Electromagnetic spectrum of visible-light and near ultraviolet light. 

The physical principle of UV-Vis spectroscopy involves the absorption of ultraviolet-

visible radiation by a molecule, causing the promotion of an electron from a ground 

state to an excited state, releasing the excess energy as heat. It is considered an 

excitation technique that produces electronic jumps between quantum levels as it 

is irradiated with light of energy known enough to cause electronic transitions, i.e. 

promote an electron from an orbital low energy one vacant high energy. [89] 

The absorption of a quantum of energy can produce appropriate movement of an 

electron from a valence orbital another or can more appropriately alter the 

electronic state of the system. The transitions that occur in this area correspond to 

electronic transitions of very low energy. 

Each substance has a characteristic absorption spectrum that depend on the 

electron configuration of the molecule, atom or ion and possible electronic 

transitions that can occur with radiation that strikes it. 

When electromagnetic radiation impinges on matter, the interaction between it and 

the matter can be caused by: Absorption, transmission, reflection, refraction and 

dispersion. To carry out this work the reflected radiation is used, so we will refer to 

only reflectance spectroscopy, this is because the study sample corresponds to a 

solid. [89] 
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1.6.4.1 - Diffuse Reflectance Spectroscopy 

This type of spectroscopy studies the light reflected by the surface of the sample 

and can be of two types: specular and diffuse. Reflectance measurements 

normally contain both components; the specular component has little information 

on the composition and therefore measurements are performed trying to minimize 

the effect of this component, while the diffuse component is based on quantitative 

measures. In more rigorous terms, the total energy reflected from a sample is the 

sum of specular reflection (surface) more diffuse reflection, which is that 

temporarily absorbed and then re-emitted by the sample. [91] 

This technique has attracted great interest because it has become one of the most 

commonly used for the analysis of solids and fine dust samples. Furthermore, 

spectra most solid samples can be measured without any preparation. Due to the 

above this spectroscopy has become the most important technique which is often 

used for analysis of semiconductor photocatalytic activity. 

The diffuse reflectance of the diffuse transmission differs in that the reflected light 

on the surface becomes not affect again and spectral information depends on the 

scattering of light by the sample, which depends on the particle size. [91] 

Furthermore, if the particles are able to absorb the radiation or the surface thereof 

compounds capable of absorbing radiation are, the light intensity will be attenuated 

according to the Beer-Lambert law. Therefore, radiation entering this type of 

sample particles suffer attenuation phenomena. [91] 

This technique is useful for determining the value of the gap in semiconductor 

samples. To do equations Kubelka-Munk used. By performing appropriate 

mathematical manipulations reach the following procedure to for calculating energy 

gap (Eg) direct bandgap materials: 

First the determination of the absorption coefficient (α) is performed using the 

equation: 
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where T is the transmittance and d is the thickness of the films. The gap is 

associated in turn with the absorption coefficient (α) and photon energy (hν), and 

can be determined with the following relationship: 

 

where A is a constant and the value of the gap Eg, in this case for ZnO. Thus Eg 

values can be determined by plotting (αhν)2 vs Photon energy, and extrapolating to 

the shaft by a linear fit of the data. [77] 

1.6.5 - Transmission Electron Microscopy 

In Transmission Electron Microscopy it is done beaming accelerated electron 

energies of 50-200 keV of, in presence of a vacuum (10-6 mm Hg) on a sample 

disposed in thin sheet form. The electrons interact with the sample to deviate at 

small angles entering a system of magnetic lenses, where a bright-field image of 

the internal structure of the sample is formed. With this technique resolution of 0.1 

nm is achieved, corresponding to a magnification factor of 106. The resolution 

depends on the nature of the sample and the method of preparation. This 

technique has allowed be used in determining the morphology and sizes of 

nanostructures. 

1.6.5.1 - Spectrum of electron energy loss (EELS) 

The secondary process of photon and electron emission from a sample can be 

studied in detail by appropriate spectroscopies. In the energy loss spectroscopy 

electron, it is directly with the primary electron excitation process, resulting in the 

rapid electron loses energy characteristic amount. The electron beam transmitted 

enters a high resolution spectrometer that separates electrons according to their 

kinetic energies and produces a spectrum of energy loss of electrons showing the 
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number of electrons (scattered intensity) as a function of the decrease of the 

kinetic energy. 

Figure 1.18 loss represents a spectrum of a thin sample in a range close to 1000 

eV. The first peak represents zero loss electrons are transmitted without loss of 

energy, electrons are elastically scattered and those which excite those modes 

phononic for which energy loss is less than the experimental energy resolution. In 

addition, the zero loss peak includes electrons can be considered as undispersed 

as not lose energy and remain without deviation after passing through the sample. 

[92, 93] 

The elastic scattering of electrons in the outer levels is visible as a peak (or a 

series of peaks in very thin samples) in the region of the spectrum between 4-40 

eV. At high energies, the intensity decreases, making it convenient to use a 

logarithmic scale to observe the intensity. 

 

Figure 1.18- Spectrum electron energy loss of a superconductor (YBa2Cu3O7) with electron 

intensity on a logarithmic scale, showing zero loss and ionization plasmonic and peaks for each 

element. 

The smooth decrease in intensity is characteristic of the excitation of the internal 

levels, they affect the shape of the edges than the peak intensity of the internal 

levels it grows rapidly and then falls more slowly with increasing energy loss 
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(Figure 1.18). The sharp increase in intensity is the threshold ionization, whose 

coordinate energy loss is approximately the binding energy of the corresponding 

atomic layer at the atomic level. The binding energy of the inner levels depends on 

the atomic number of the scattered atom ionization edges present in a spectrum of 

energy loss reveal elements present in the sample. Quantitative elemental analysis 

is possible by measuring the area under appropriate ionization edge, taking into 

account the underlying background. A more detailed study of both the peaks of 

valence electron (low loss) and ionization edges reflect a fine structure of the 

energy band structure and crystallography. It is even possible to distinguish 

between the different forms of carbon as an element, as shown in Figure 1.19. [92, 

93] 

 

Figure 1.19- Spectrum electron energy loss of a superconductor (YBa2Cu3O7) with electron 

intensity on a logarithmic scale, showing zero loss and ionization plasmonic and peaks for each 

element. 

The smooth decrease in intensity is characteristic of the excitation of the internal 

levels, they affect the shape of the edges than the peak intensity of the internal 

levels it grows rapidly and then falls more slowly with increasing energy loss 

(Figure 1.19). The sharp increase in intensity is the threshold ionization, whose 

coordinate energy loss is approximately the binding energy of the corresponding 



 

                                                                            Chapter 1 - State of the art 

32 
 

atomic layer at the atomic level. The binding energy of the inner levels depends on 

the atomic number of the scattered atom ionization edges present in a spectrum of 

energy loss reveal elements present in the sample. Quantitative elemental analysis 

is possible by measuring the area under appropriate ionization edge, taking into 

account the underlying background. A more detailed study of both the peaks of 

valence electron (low loss) and ionization edges reflect a fine structure of the 

energy band structure and crystallography. It is even possible to distinguish 

between the different forms of carbon as an element, as shown in Figure 1.20. [92, 

93] 

 

Figure 1.20 - Energy loss spectrum for a sample of silicon with different thicknesses. 

One of the chemical elements that have been studied by this technique is 

manganese. This is due in part to its large number of oxidation states and 

conformations of high and low spin. The oxidation states of Mn ranging from (II) to 

(VII) (through intermediate states). On the other hand, you can be found 

tetrahedral and octahedral variety of compounds formed by the metal, and in some 

cases experiencing compounds Jahn-Teller effects, occurring deformations. All 

these properties can be described by EELS technique which makes it is conducive 

to study systems in which this metal is found. The electronic configuration of Mn2+, 

3d5, andMn3+, 3d4, implies that they may exist in either the high-spin or low-spin 

state in both tetrahedral and octahedral compounds. Octahedral coordinated Mn4+, 

3d3 electrons and so can only exist in the high-spin state. Mn2+ occurs in a range of 
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different coordination’s such as tetrahedral, five-fold and eight-fold coordination’s. 

Mn3+ most commonly resides. [93, 94] 

In an octahedral environment and in minerals Mn4+cations occur only in octahedral 

coordinated sites. 

Metal L2,3 lines have been modelled using several techniques such as 

multiconfiguration Dirac-Fock and systematic linear augmented plane-wave 

methods. The L2,3-edges cannot be modelled successfully in terms of a one-

particle density of states because of the large degree of electron correlation 

between the 3d electrons in the partially filled 3d-shells. The most success full 

method is the ligand-field multiplet approach which explicitly takes into account the 

d-d electron interactions.  

In an isolated Mn atom, the allowed transitions close to the threshold of the L2,3-

edge are from core Mn 2p electrons to 3d and 4s states, ide stipule allowed 

transition switch a small scattering vector. Transitions to the 3d level dominate in 

the L2,3 white lines, so contributions from 2p → 4s will be negligible in the overall 

L2,3 absorption/ionization edges as they are much weaker and add to the 

background at higher energies beyond the L2,3 lines. The 2p to 3d transitions in Mn 

give rise to two edges, separated by 10 eV, due to the spin-orbit splitting of the 2p 

core level arising from the 2p3/2 (L3-edge) and 2p1/2 (L2-edge) levels (figure 1.21). 

Owing to the large number of unoccupied states in the narrow 3d band, each edge 

has sharp peaks or white lines at the threshold. The width of the L2 peak is broader 

than the L3 peak due to the Coster-Kronig Auger decay channel available to the 

2p1/2 core hole state but not to the 2p3/2 state. This reduces the lifetime of the 2p1/2 

core hole and results in a relative broadening of its energy. 
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Figure 1.21- Mn L2,3-edge from manganese metal. The position of the separate L3- and L2-edges 

are indicated. 
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Chapter 2- Materials and Methods  

2.1. - Reagents and Equips  

All chemical reagents used were analytical grade purchased from Sigma–Aldrich) 

without further purification and Deionized Milli-Q water was used in all experiments. 

Dopant concentrations were determined by X-ray fluorescence (Bruker, S2 Ranger 

model). IR spectra were recorded with a Perkin Elmer Spectrum One FT-IR 

spectrometer in transmission mode with 16 scans at a resolution of 2 cm−1. In the 

preparation of the KBr pressed disks 0.1 mg of the sample and 20 mg of KBr were 

used. Powder XRD patterns were collected with a Bruker D8 Advance 

Diffractometer and CuK- radiation (1.54183 Å). TG curve was collected from 25 up 

to 700◦C, under a N2 flow at a heating rate of 10◦/mina HR-thermobalance (TGA-

Q-5000 model from TA Instruments). TEM images were obtained using a Jeol Jem 

2010 F30 microscope operated at 200 kV. Samples for TEM were prepared by 

letting a drop of the samples dispersed in ethanol evaporate on top of a carbon-

coated copper grid of 200 meshes. Diffused reflectance spectra were recorded on 

a Cary-5E Varian spectrophotometer, and the Kubelka-Munk function was 

computed by the software. Fluorescence spectra of the solid samples were 

recorded using a FLUOROMAX-4 spectrofluorometer from HORIBA Jobin Yvon at 

excitation wavelength of 350 nm. XPS spectra were measured on an SPECS 

system using an Alnon-monochromatic X-ray source. This system is equipped with 

an electron energy analyzer type PHOIBOSWAL. Data were collected after exciting 

the sample by a non-monochromatic AlK line (1486.6 eV) and they were 

accomplished with a resolution of 0.2 eV energy steps. Spectra were acquired with 

10 eV pass energy.  
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2.2. - Preparation of Cu, Mn and Ni-doped ZnO nanoparticles (MxZn1-xO). 

2.2.1. - Preparation of Cu-doped ZnO nanoparticles (CuxZn1-xO). 

CuxZn1-xO nanoparticles were prepared according to the method of 

Udayachandran et al [95]. Briefly, 0.001 M Zn(CH3COO)2 (1.6 mmol in 1.6 mL of 

methanol) was added drop wise to 100 mL of 0.1 M NaOH in methanol at 60 ºC 

under magnetic stirring. The mixture was then diluted by adding 100 mL of 

methanol. 1 mL of 0.06 M Cu(CH3COO)2 (0.3 mmol in 5 mL) in water was added 

drop wise to solution under magnetic stirring. The final solution was stored in a 

refrigerator for 24 h. The resulting brown precipitate was centrifuged and washed 

with water and ethanol several times. Finally, the precipitate was dried at 60ºC for 

5 h. 

2.2.2. - Preparation of Mn-doped ZnO nanoparticles (MnxZn1-xO). 

Briefly, 228 mg (1,2 mmol) of Zn(CH3COO)2 and 10 mg (0.06 mmol) of 

Mn(CH3COO)2 were added to a flask with 20 mL of distilled water. Then 100 mL of 

freshly prepared sodium hydroxide aqueous solution 2 M (0.02 mol) were added 

dropwise. The resulting mixture was under vigorous stirring for 1 hour at room 

temperature. After 1 hour stored in refrigerator the precipitate was centrifuged, 

washed with distiller water and acetone several times and air dried at room 

temperature. Finally, the sample was heated at 300 °C for 8 h in air. 

2.2.3. - Preparation of Ni-doped ZnO nanoparticles (NixZn1-xO). 

Briefly, 228 mg (1,2 mmol) of Zn(CH3COO)2 and 10 mg (0.06 mmol) and 25 mg 

(0,15 mmol) of Ni(CH3COO)2 were added to a flask with 20 mL of distilled water. 

Then 100 mL of freshly prepared sodium hydroxide aqueous solution 2 M (0.02 

mol) were added dropwise. The resulting mixture was under vigorous stirring for 1 

hour at room temperature. After 1 hour stored in refrigerator the precipitate was 
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centrifuged, washed with distiller water and acetone several times and air dried at 

room temperature. Finally, the sample was heated at 300 °C for 8 h in air. 

2.3. - Functionalization of the nanoparticles with organic ligands. 

Some experiments varying the Ligand/MxZn1-xO ratio, in order to establish the 

optimal experimental conditions for the stability of the Ligand-modified MxZn1-xO 

nanoparticles were carried out for Cu, Mn and Ni used as dopant metals. The best 

results were obtained using the following procedures: 

2.3.1. - Preparation of 3-mercaptopropionic acid (MPA) -modified CuxZn1-xO 
nanoparticles. 

45 mg of Cu-doped ZnO nanoparticles were dispersed in 4 mL of water under 

ultrasonic irradiation in sonochemical bath during 15 min (pH 7). After this, 3.5 µL 

(0.04 mmol) of 3-mercaptopropionic acid was added to the solution (pH 6). The 

mixture was kept under magnetic stirring for 10 h. The resulting precipitate was 

collected and washed with water and acetone several times. The final product was 

suspended in water. The colloidal stability of the solution was followed by UV–Vis 

being stable for weeks. Part of the solid was dried at 40 ºC for 24 h for physical 

measurements. 

2.3.2. - Preparation of isonipecotic acid (IA)-modified MnxZn1-xO 

nanoparticles. 

30 mg of MnxZn1-xO nanoparticles were dispersed in 20 mL of water by ultrasonic 

irradiation in sonochemical bath during 20. After this, 106 mg of IA dissolved in 10 

mL of distilled water were added to the solution dripping. The mixture was kept 

under magnetic stirring for 24 h. The resulting precipitate was collected and 

washed with water and acetone several times. The final product was suspended in 

water. The colloidal stability of the solution was followed by UV-Vis being stable for 

weeks. Part of the solid was dried at 40 °C for 48h for physical measurements. 
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2.3.3. - Preparation of isonipecotic acid (IA)-modified NixZn1-xO 

nanoparticles. 

32 mg of NixZn1-xO nanoparticles were dispersed in 20 mL of water by ultrasonic 

irradiation in sonochemical bath during 20. After this, 106 mg of IA dissolved in 10 

mL of distilled water were added to the solution dripping. The mixture was kept 

under magnetic stirring for 24 h. The resulting precipitate was collected and 

washed with water and acetone several times. The final product was suspended in 

water. The colloidal stability of the solution was followed by UV-Vis being stable for 

weeks. Part of the solid was dried at 40 °C for 48h for physical measurements. 

2.4. - Binding of peroxidase to functionalized nanoparticles. 

2.4.1. - Binding of peroxidase to CuxZn1-xO@MPA. 

For the binding of peroxidase, 2 mg of Cu0.05Zn0.95O@MPA nanoparticles were 

first added to 2 mL of phosphate buffer (0.2 M NaH2PO4, 0.2 M Na2HPO4, pH 6). 

After adding 0.05 mL of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride and N-hydroxysuccinimide solutions in phosphate buffer (PBS), the 

reaction mixture was sonicated for 30 min. Next 0.5 µL of β-mercaptoethanol and 1 

mg/ 1mL (0.023 mol/L) of inactivated type IV peroxidase from horseradish 

peroxidase were added maintaining the pH 7.The reaction mixture was sonicated 

for 2 h and then centrifuged. Finally, the resulting precipitate was washed two 

times with PBS and Tris(hydroxymethyl) aminomethane. The solid was then 

dispersed in PBS. The colloidal solution is stable for weeks. 

2.4.2. - Binding of peroxidase to MnxZn1-xO@IA 

For the binding of peroxidase, 2 mg of Mn0.06Zn0.94O@IA nanoparticles were first 

added to 2 mL of phosphate buffer (0.2 M NaH2PO4, 0.2 M Na2HPO4, pH 6). After 

adding 0.05 mL of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 
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and N-Hydroxysuccinimide solutions in phosphate buffer (PBS), the reaction 

mixture was sonicated for 30 min. Next 0.5 µL of β-mercaptoethanol and 1 mg/ 1 

mL (0.023 mol/L) of inactivated type IV peroxidase from horseradish peroxidase 

were added maintaining the pH ∼ 7. The reaction mixture was sonicated for 2 

hours and then centrifuged. Finally, the resulting precipitate was washed two times 

with PBS and Tris(hydroxymethyl)aminomethane. The solid was then dispersed in 

PBS. The colloidal solution is stable for weeks. 

2.4.3. - Binding of peroxidase to NixZn1-xO@IA. 

For the binding of peroxidase, 12 mg of NixZn1-xO@IA nanoparticles were first 

added to 2 mL of phosphate buffer (0.2 M NaH2PO4, 0.2 M Na2HPO4, pH 6). After 

adding 0.05 mL of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

and N-Hydroxysuccinimide solutions in phosphate buffer (PBS), the reaction 

mixture was sonicated for 30 min. Next 0.5 µL of β-mercaptoethanol and 1 mg/ 1 

mL (0.023 mol/L) of peroxidase from horseradish peroxidase were added 

maintaining the pH ∼ 7. The reaction mixture was sonicated for 2 hours and then 

centrifuged. Finally, the resulting precipitate was washed two times with PBS and 

Tris(hydroxymethyl)aminomethane. The solid was then dispersed in PBS. The 

colloidal solution is stable for weeks. 

2.5. - Determination of peroxidase concentration conjugated to NPs. 

For determination of the amount of HRP absorbed on the surface of the NPs a 

quantitative assay was performed from the remaining solution after conjugation. 

Two different methods were employed. 

2.5.1- Bradford methods determination. 

We prepared the calibrate curve using six solutions with HRP concentrations 

known. We starting at a minimum concentration of 0.005 mol/L to a maximum 
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concentration of 0.024 mol/L. The Bradford reagent was added 20 µL of to a total 

volume of 2 ml. The wavelength for the measurements was 595 nm.   

For determining concentration of HRP conjugated Abs of the resultant solution 

after centrifugation of the mixture of conjugation reaction was measured. To this 

solution it was added 20 µL of it Bradford reagent and measured its absorption at a 

wavelength of 595 nm. After determining the concentration of HRP not conjugated 

to the NPs, by difference with the initial concentration used it is possible to known 

the concentration of HRP conjugated to NPs. The experiment was performed 3 

times for greater accuracy. 

2.5.2- HRP direct determination. 

For the direct determination of HRP, a calibration curve was prepared. For these 

six samples of known concentration of HRP and Abs he was measured at the 

wavelength where the HRP absorbs 370 nm were prepared. 

For the determination of the concentration of the absorbed HRP Abs of the solution 

it was measured remaining solution centrifuged once at a wavelength of 370 nm. 

After determining the concentration of HRP conjugated not to NPs, knowing the 

initial concentration of HRP conjugated NPs concentration was determined to NPs. 

This experiment was performed 3 times for greater accuracy. 
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Chapter 3. Results and Discussion 

3.1- Cu-Doped ZnO nanoparticles (CuxZn1-xO); functionalization with 3-
mercaptopropionic acid (MPA). 

For the preparation of the NPs co-precipitation method was used. Brown NPs were 

obtained yielding 61%. The functionalization with MPA ligand (Figure 3.1) was 

performed in aqueous medium. No changes in the physical aspect of the original 

Cu-doped ZnO NPs were observed (98% of yield). 

 

Figure 3.1- Scheme of the 3-mercaptopropionic acid (MPA). 

3.1- Particle composition and structure of CuxZn1-xO. 

3.1.1- X-ray X diffraction (XRD) and Energy-dispersive X-ray spectroscopy 
(EDAX). 

The nature and purity of the fine powder obtained were established from EDAX 

and XRD data. Figure 3.2 shows its EDAX spectrum, which is composed of peaks 

from Zn, Cu and O. The C peak detected results from the polymeric tape used to 

support the sample during the measurement. According to the Cu:Zn atomic ratio 

obtained, the stoichiometric formula unit for the formed nanoparticles is 

Cu0.05Zn0.95O. Because Cu and Zn are consecutive elements in the periodic table, 

the matrix effects on the intensity of the respective X-ray emitting signals are quite 

similar. For that reason the calculated Cu:Zn atomic ratio can be taken as 

representative of the relative population of these elements in the sample. When the 

nanoparticles are coated with MPA (CuxZn1-xO@MPA), a weak peak ascribed to S 

appears. The concurrence of that S peak is always accompanied by an increase in 
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the intensity of the oxygen peak. For the structural characterization of the sample 

the XRD technique as employed. Figure 3.2 (Inset) shows the XRD pattern of the 

Cu0.05Zn0.95O powder. The broad peaks observed correspond to (100), (002), 

(101), (102), (110), (103) and (112) reflections of a hexagonal phase (wurtzite 

structure) of zinc oxide (JCPDS 89-1397 file). No traces of copper related phases 

(metallic copper, oxides of copper or any binary zinc copper phase) were detected 

in that pattern. This suggests, that the Cu ions could be found occupying Zn sites 

within the ZnO framework, without affecting its crystal structure. The ionic radius of 

Cu2+ (0.73 Å) is very close to that corresponding to Zn2+ (0.74 Å) and therefore Cu 

can easily to substitute Zn atom into the ZnO crystal lattice. The relative (002) peak 

intensity remains below the expected value according to the JCPDS 89–1397 file. 

The splitting and intensity decrease of that reflection has been attributed to the Cu-

doping. [96] The unit cell parameters, found for Cu0.05Zn0.95O nanoparticles, were a 

= 3.2508 and c = 5.2069 Å. Figure 3.2 (Inset) also shows the XRD pattern for 

Cu0.05Zn0.95O nanoparticles after their capping with MPA. No appreciable changes 

were detected in their XRD pattern related to the nanoparticle surface modification 

with MPA. The cell edges (a = 3.251 and c = 5.206 Å) are similar to the ones found 

for non-capped nanoparticles. This suggests that the oxidation state of copper 

atoms in CuxZn1-xO nanoparticles remains inalterable throughout the capping 

process. The width of the peaks for non-modified and the capped nanostructures is 

similar, which suggests that they have similar crystallite size. Both samples based 

on CuxZn1-xO nanoparticles have well defined XRD patterns suggesting that the 

materials present high crystalline order. 
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Figure 3.2- EDAX spectrum for the as-synthesized Cu0.05Zn0.95O nanoparticles before and after 

their capping with MPA. Inset: XRD patterns of both samples. 

3.1.2- Transmission electron micrographs (HR-TEM). 

In order to obtain information about the morphology and the size of the 

Cu0.05Zn0.95O NPs TEM images were studied. Figure 3.3 shows a typical TEM 

image for Cu0.05Zn0.95O nanostructures. It is formed by agglomerates of spherical 

and hexagonal-shaped nanocrystals. For the larger nanocrystals, well defined 

sequence of atomic planes can be identified corresponding to an ordered solid. 

This supports the above discussed results from XRD patterns. Figure 3.3b shows 

the Fast Fourier Transform (FFT) taken from the image in Figure 3.3a. The pattern 

corresponds to a polycrystalline solid composed by Cu0.05Zn0.95O nanocrystals with 

a quasi-random distribution. It is formed by Debye-Scherrer type rings. The 

observed rings correspond to (102), (110) and (103) lattice planes for ZnO in 

wurtzite phase (JCPDS cards No. 89–1397). The difference of about 0.04 Å for the 

cell edge respect to pure ZnO, confirms the results from XRD data discussed 

above. The aggregates are formed by nanocrystals of different crystallographic 

orientations. 

According to the size distribution of the particles calculated (Figure 3.3c), the main 

value of particle size is around 4 nm, with about 95% of the particles in a range of 
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2–6 nm. No evidence of other phases different to ZnO type wurtzite was found 

from an exhaustive FFT calculation for individual nanocrystals. This fact suggests 

that all the copper atoms, at the detection level provided by TEM images are found 

occupying structural sites for the Zn atoms. On the other hand, figure 3.3d shows a 

typical TEM image for the Cu0.05Zn0.95O@MPA nanoparticles. Crystalline particles 

aggregated through an amorphous material at their surface are observed. The 

surface amorphous fraction was tentatively ascribed to a fine layer of MPA, which 

is contributing to maintain neighboring particles together. According to the 

calculated histogram for the Cu0.05Zn0.95O@MPA nanoparticles, the 

functionalization process is accompanied by certain increase in the size of the 

nanocrystals. 

 

Figure 3.3- Transmission electron micrographs of Cu0.05Zn0.95O nanoparticles before and after their 

functionalization with MPA: TEM image for Cu0.05Zn0.95O nanoparticles (a), the corresponding 

calculated FFT pattern (b) and the histogram for particle size distribution (c); TEM image for 

Cu0.05Zn0.95O@MPA nanoparticles (d) and the related particle size histogram (e). 
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3.1.3- FTIR spectroscopy. 

FTIR technique was used to obtain information about the chemical species found 

at the surface of the nanostructures and to identify the nature of the interaction of 

MPA with the CuxZn1-xO surface. Figure 3.4 shows the FTIR spectra for MPA, 

Cu0.05Zn0.95O, and Cu0.05Zn0.95O@MPA samples. Table 1 summarizes the position 

and the assignments of the signals registered for the three systems. The spectra of 

the as-synthesized Cu0.05Zn0.95O powders show a band at 3434 cm−1, which 

corresponds to the O-H stretching vibration due to surface adsorbed water. [97] 

The band representing crystalline CuxZn1-xO (Zn-O stretching) was identified in the 

samples as a split band centered around 473 cm−1. [95] In pure ZnO this band was 

found at 394 cm−1 (Annexed 1). The changes observed in the appearance and 

position of the band after Cu-doping are related to the change in the bond length 

that takes place upon substitution of Zn by Cu in the ZnO framework. [98] For 

Cu0.05Zn0.95O, two bands at 1489 and 1420 cm−1are observed, which were 

ascribed to asymmetric and symmetric stretching vibrations, respectively, from 

carboxylate fragment, which is present in the formed nanostructure as residues of 

the acetate salts used in the sample preparation. [99, 100] IR spectra shed light on 

the coordination of MPA molecule to the CuxZn1-xO nanoparticle surface. MPA has 

two groups to form coordination bond with the partially naked metal centers found 

at the nanoparticles surface, the R-CO2H and R-SH groups. Figure 3.4 shows a 

comparison of the spectra from MPA and Cu0.05Zn0.95O@MPA. For pure MPA, the 

characteristic IR peaks appear at 3691–3090, 2568, 1712, 1418 and 1249 cm−1 

(see Table 1). On the Cu0.05Zn0.95O@MPA nanostructures the ν(S-H) band at 2568 

cm−1 disappears. Nevertheless, the stretching of S-H bond is usually a really less 

intense band and its absence is not indicative enough of a ligation of MPA to the 

partially naked metal centers at the nanoparticle surface through its thiol group. At 

the same time, the original carboxylic group of MPA changes to carboxylate group 

after functionalization due to the basic pH of the media and partial linkage to the 
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particles. The asymmetric and symmetric stretching of the carboxylate groups 

appear at 1555 and 1372 cm−1, respectively. From IR evidences, both groups (-SH 

and -COOH) seem to be ligated to the Cu0.05Zn0.95O nanoparticle surface, at least 

partially. It was also confirmed by XPS. This fact is relevant for the nanoparticle 

conjugation to peroxidase (discussed below). [12, 101] The coordination bond 

formation is also appreciated through changes in the intensity and frequency shift 

for the low frequency region of the molecule. Comparing the ν(Zn-O) stretching for 

naked Cu0.05Zn0.95O and Cu0.05Zn0.95O@MPA nanoparticles, a frequency shift of -

11 cm−1 was observed. The IR spectrum of ZnO nanoparticles is highly sensitive to 

the particle size and morphology. 

 

Figure 3.4-FTIR spectra of MPA (a); Cu0.05Zn0.95O (b) and Cu0.05Zn0.95O@MPA (c) nanoparticles. 
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Table 1- Main FT-IR spectral mode assignments for MPA, Cu0.05Zn0.95O and 

Cu0.05Zn0.95O@MPA. 

Cu0.05Zn0.95O 

ν(cm-1) 

MPA  

ν(cm-1) 

Cu0.05Zn0.95O 
@MPA. 

ν(cm-1) 

Assignment 

3434 
3691–3090 

2946 

3390 

2959 

2835 

O-H str. (adsorbed water, 
intermolecular hydrogen 

bonds) 

-CH2asym.str. 

-CH2 sym. str. 
 2568  S-H str. 

 1712  
C=O str. 

 

 1418  
-CH2 deformation 

 

 1249  
-CH2 twist and rock 

 

1489  1555 
-COO asym. str. 

 

1420  1458 

-COO-asym. str. (acetate 
salt) 

 

  1412 
-COO- sym. str. (acetate salt) 

 

  1372 
-COO sym. str. 

 

473  462 
Zn-O str. 

 

3.1.4- Thermal analysis.  
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The TG-DTG (weight/time) study was carried out to determine the thermal stability 

of materials and the fraction of volatile components by monitoring the weight 

change that occurred on the sample heating. The TG-DTG data for Cu0.05Zn0.95O 

(Figure 3.5) shows two different mass loss steps. The weight loss of 6.37 wt% from 

room temperature to 160◦C was ascribed to desorption of physically adsorbed 

water. The weight loss (5.65 wt%) from 160◦C was attributed to the loss of 

chemically adsorbed water and decomposition of the hydroxide groups on the 

surface of the nanostructures. [102] For Cu0.05Zn0.95O@MPA (Inset, Figure 3.5), 

additional thermal effects in the 200–389◦C and 380–500◦C temperature ranges, 

we observed. The mass losses relating to the complete thermal effects observed 

for Cu0.05Zn0.95O@MPA amount to 40 % of the sample weight, and were ascribed 

to the evolution of chemically absorbed water and the decomposition of hydroxide 

and acetate groups, as well as the MPA capping ligand. [102] Therefore, a total 

weight loss of ∼60 wt% occurred when Cu0.05Zn0.95O@MPA was heated from 

room temperature to 700◦C. 

 

Figure 3.5 -TG-DTG curves for Cu0.05Zn0.95O; Inset: Cu0.05Zn0.95O@MPA nanoparticles. 

3.1.5- X-ray photoelectron spectroscopy (XPS)  
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XPS analysis was used in order to shed light on the state of Cu atom in the host 

ZnO network. Figure 3.6 shows the high-resolution energy window of Cu2p3/2 

photoelectron peak for Cu0.05Zn0.95O nanoparticles. This peak can be clearly 

appreciated as a complex signal of two peaks of different intensities at 932.7 eV 

(the more intense) and 934.0 eV. According to published reports [103- 105] the Cu 

2p3/2 signals for Cu0 and Cu+ species are observed in practically the same range of 

energy binding (932.5–932.6 eV). For Cu2+species the value reported is around 

933.6 eV. Hence, we have assigned to Cu+ species in Cu-O bond the peak 

observed at 932.1 eV and to Cu2+in Cu-O bond the peak found at 933.4 eV. This 

suggests that in Cu0.05Zn0.95O nanoparticles the copper atom is found in both, Cu+ 

and Cu2+oxidation states, where the population of Cu+ dominates. The presence of 

Cu0species was discarded because no clusters of metallic copper were observed 

in HR-TEM images and XRD patterns. A similar Cu2p3/2 peak profile was observed 

for Cu0.05Zn0.95O@MPA, with practically the same peak areas ratio (Figure 3.6, 

Inset). The two peaks are observed at 932.4 and 933.8 eV of binding energy. Such 

coincidence of binding energy values for the Cu 2p3/2 signal in both, Cu0.05Zn0.95O 

and Cu0.05Zn0.95O@MPA, suggests that the copper atoms are mainly diluted within 

the ZnO framework. For the copper atoms located at the particle surface a certain 

interaction with the thiol group could be present modifying the peak profile, which is 

not observed. 
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Figure 3.6- High-resolution XPS spectra and their deconvolution for the Cu2p3/2 signal of 

Cu0.05Zn0.95O (a) and Cu0.05Zn0.95O@MPA (b) nanoparticles. 

The high resolution energy windows of O1s core level region for Cu0.05Zn0.95O and 

Cu0.05Zn0.95O@MPA supports the above discussed results from the Cu 2p3/2 

window. The O 1s spectra can be consistently fitted with two nearly Gaussian 

peaks centered at 529.6 and 531.2 eV of binding energy (Figure 3.7). The 

component at lower binding energy is attributed to O2− ions in the ZnO wurtzite, 

surrounded by Zn (or substituted by Cu). [106] The other peak at 531.2 eV, of 

lower intensity, is associated with O2− ions which are in oxygen deficient regions 

within the ZnO matrix. [107] This is consistent with a majority presence of copper 

atom as Cu+ species, occupying structural Zn2+ sites. The occupation of Zn2+ sites 

by Cu+ is forcing to the presence of O2−vacancies in order to maintain the charge 

neutrality. For Cu0.05Zn0.95O@MPA nanoparticles, the spectrum was fitted with two 

peaks at 529.6 and 531.2 eV. The peak of higher energy binding contains the 

contributions of oxygen deficient region and of the acidic carbonyl species, R-C-O. 

The O1s peak of carboxylic acid is reported at 532.4 eV. [108] This explains that 

for Cu0.05Zn0.95O@MPA nanoparticles the two peaks have practically the same 

intensity. The appearance of an O1s peak of carbonyl group is relevant for the 

nanoparticle conjugation to biomolecules and also supports the above discussed 

results from IR spectroscopy. 
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Figure 3.7- High-resolution XPS spectra and their deconvolution for the O1s signal of Cu0.05Zn0.95O 

(a) and Cu0.05Zn0.95O@MPA (b) nanoparticles.  

The S 2p3/2 core level region of XPS spectra for Cu0.05Zn0.95O@MPA nanoparticles 

can be fitted as four peaks centered at 162.03, 163.22, 163.76, 164.93 eV 

corresponding to the superposition of S 2p3/2and S 2p1/2 core level regions, 

separated by 1.2 eV and with a theoretical 2p3/2:2p1/2 area ratio of 1.95:1, [109] of 

two different coordination environments for the thiol group (Figure 3.8). The peaks 

at 162.03 and 163.76 eV were ascribed to S-Cu and S-H bonds. This suggests that 

the MPA molecule is able to interact with the partially naked metal centers at the 

Cu0.05Zn0.95O nanoparticle surface through the two available functional groups, R-

CO2H and R-SH. Table 2 summarizes the values for the binding energy obtained 

for Cu 2p3/2, O 1s and S 2p3/2 core level regions in Cu0.05Zn0.95O and 

Cu0.05Zn0.95O@MPA. 

 

Figure 3.8- High-resolution XPS spectra and their deconvolution for the S2p3/2 signal of 

Cu0.05Zn0.95O@MPA nanoparticles. 
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Table 2- XPS binding energy for Cu, O and S in the considered Cu0.05Zn0.95O and 

Cu0.05Zn0.95O@MPA nanoparticles. 

Cu0.05Zn0.95O Cu0.05Zn0.95O@MPA 

XPS signal 
Binding energy 

(eV) 
Assignment 

Binding energy 

(eV) 
Assignment 

Cu2p3/2 
932.7  

933.8 
Cu+ 

932.7 

934.0 
Cu+ 

O1s 

 

529.6 

531.2 

O2- in 

wurtzite 

O2-defect 

531.4 

532.4 

O2- defect 

-C=O 

S2p3/2 

 

  162.0  

163.2 

163.7  

164.9 

S-Cu 

 

S-H 

 

3.1.6- Optical properties 

Figure 3.9 shows the UV–Vis absorption spectra for ZnO, Cu0.05Zn0.95O and 

Cu0.05Zn0.95O@MPA nanoparticles. The incorporation of Cu atoms in the ZnO 

network results into a slight blue shift for the absorption edge, probably by 

reduction of the electron density within the valence band. As XPS spectra indicated 

a significant fraction of the copper atoms is found in monovalent state and due to 

this fact, the solid is rich in oxygen vacancies. In ZnO the valance band has a 

certain oxygen character because it is the most electronegative atom of this 

semiconductor. Cu0.05Zn0.95Ois rich in structural defects and this could induce the 
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appearance of trap states within the band gap producing certain red shift for the 

absorption edge. However, it seems, the first mentioned effect, related to oxygen 

vacancies, dominates. The nanoparticle capping with MPA results in a red shift for 

the absorption edge. The bonding of MPA molecule to partially naked metal 

centers found at the nanoparticle surfaces injects electron density to the solid 

which is accommodated in the available energy levels within the valence band. 

Such a mechanism could explain the red shift observed for the absorption edge in 

Cu0.05Zn0.95O@MPA. This behavior could be associated also to the presence of 

aggregates. The qualitative evidence discussed above from the position of the 

absorption edge was corroborated by the calculation of the band gap energy (Eg) 

from the recorded UV–Vis spectra. 

The optical band gap is associated with the absorption coefficient (α) and photon 

energy (hγ) and can be evaluated using the Tauc relation: [110, 111]   

(1) 

Where A is a constant and the value Eg is the gap for ZnO. Thus Eg values can be 

determined by plotting (αhγ)2 vs. photon energy and extrapolating the linear portion 

of the absorption edge in order to find the intercept with energy axis. 

When the material scatters in perfectly diffuse manner we can use the following 

expression: 

[F(R)h ]2 (2) 

where F(R) is the so called remission or Kubelka-Munk function, R= 

Rsample/Rstandard and B is a proportionality constant. [112]    

Therefore, plotting the [F(R)h ]2 against h the direct band gap Eg can be 

determinate extrapolating the lineal regions of the plots to cero absorption. Fig. 3.9 

(Inset A) shows the linear fitting of UV–Vis spectra, according to Eq. (2), used to 
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calculate the Eg values for the three systems of nanoparticles. The Eg values 

obtained follow the order Cu0.05Zn0.95O (3.41 eV) > ZnO (3.34 eV) > 

Cu0.05Zn0.95O@MPA (3.26 eV). The nature of that behavior for the band gap 

energy has already been discussed in terms of the absorption edge. The detected 

increase for Eg in Cu0.05Zn0.95O relative to ZnO, from 3.34 eV to 3.41 eV, could 

also be ascribed to the Moss-Burstein effect [113] which has been observed for Cu 

concentrations above 2 wt%, [114] when the copper ions tend to locate between 

the ZnO planes increasing the hopping of charge carriers. On the other hand, 

nanoparticles smaller than∼6 nm are sensitive to quantum confinement. Therefore, 

the band gap widening of Cu0.05Zn0.95O nanoparticles may be also explained by a 

decrease in the size of the particles after doping. 

 

Figure 3.9- UV–Vis spectra in solid phase of ZnO (a), Cu0.05Zn0.95O (b) and Cu0.05Zn0.95O@MPA 

(c) nanoparticles. Inset: [F(R)h]2as a function of photon energy for the optical band gap 

determination. 

Generally, the densities of defects and oxygen vacancies affect significantly the 

optical properties of oxide nanostructures. The photoluminescence (PL) spectra of 

the solid samples at room-temperature for ZnO, Cu0.05Zn0.95O and 

Cu0.05Zn0.95O@MPA are shown in Figure 3.10. The ZnO sample develops an 

emission peak centered at 423 nm accompanied by a broad green emission band 

around 550 nm. After Cu-doping the fluorescence intensity of the first band 
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decreases by almost two and a half times with a very slight blue shift. This is likely 

to be due the formation of additional non-radioactive recombination channels. [86] 

This violet emission is due to interactions of conduction band electrons on 3d 

orbital with holes in O 2p orbital of ZnO. [98] The broad green emission related to 

oxygen vacancies, [99, 115] also decreases significantly its intensity. Once 

Cu0.05Zn0.95O nanoparticles are capped with MPA the fluorescence intensity 

increases. No obvious emission peak shift and change of full width at half 

maximum were found. The fluorescence enhancing effect might be caused by 

changes at the surface of nanoparticles due the passivation of Cu0.05Zn0.95O 

nanostructure surface by MPA, which could remove surface defects, improving the 

luminescent efficiency. This effect is noticeable in the disappearance of the green 

band. 

 

Figure 3.10-Room temperature photoluminescence spectra. 

3.2- Mn-Doped ZnO nanoparticles (MnxZn1-xO); functionalization with 
Isonipecotic acid (IA). 

As in the case of Cu-doping, the method employed for obtaining MnxZn1-xO NPs 

was the co-precipitation. A brown solid (64% of yield) was obtained. The 

functionalization reaction with IA (figure 3.12) was carried out in aqueous medium. 
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No changes in the physical aspects of the original MnxZn1-xO NPs was observed. 

The yield obtained was 98.2%. 

 

Figure 3.11- Scheme of the isonipecotic acid (IA). 

3.2- Particle composition and structure of MnxZn1-xO. 

3.2.1- X-ray diffraction (XRD) and Energy-dispersive X-ray spectroscopy 
(EDAX). 

Figure 3.12 shows the EDAX spectrum of MnxZn1-xO sample, which contains only 

peaks from Zn, Mn and O. The intense peak of C results from the polymer tape 

used to support the sample for the analysis. This result is consistent with the XRD 

analysis, and confirms the presence of manganese in the ZnO nanostructures 

obtained. The EDAX intensity for the Mn peaks indicates a Mn concentration of a 

few atomic percent. From the wt% values obtained, the effective Mn-dopant 

concentration of 6.0 at% was calculated, with a tentative formula unit of 

Mn0.06Zn0.94O.  

The phase of MnxZn1-xO formed was identified from the corresponding XRD 

pattern. Figure 3.12 (Inset) shows the XRD patterns for undoped ZnO, Mn-doped 

ZnO and IA-modified Mn-doped ZnO nanostructures. For all the samples, the XRD 

patterns exclusively show the peaks corresponding to the planes (100), (002), 

(101), (102), (110), (103) and (112) of the hexagonal wurtzite structure (JCPDS file 

89-1397). No trace of other phases of Zn and Mn oxides and combination of both, 

were observed in the Mn doped ZnO samples. The values for crystal radius of Zn2+ 
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and Mn2+ in tetrahedral coordination are slightly different, 0.74 and 0.80 Å, 

respectively, which suggests that the substitutional replacement of Zn by Mn atom 

in the wurtzite structure could induce certain local stress and unit cell expansion. 

The unit cell parameters, estimated for the as-synthesized MnxZn1-xO 

nanoparticles, are a=3.250 and c=5.207 Å, slightly different to the parameters 

found for non-doped ZnO (a = 3.252 and c = 5.202 Å). Certain preferential 

expansion of the unit cell along the c axis is appreciated, which suggests that at 

least a fraction of Mn atoms are occupying sites for the Zn atoms in the wurtzite 

structure. This does not discard the possibility that a fraction of Mn atoms could be 

found as phases segregated at the crystallites surface or in the intercrystallites 

regions. The XRD peaks for Mn-doped ZnO are narrow, indicating that a highly 

crystalline solid is formed. As was commented above, the Mn containing 

nanostructures have 6 at% of doping, which suggests that a larger unit cell 

deformation could be expected if all the Mn atoms were found forming a 

substitutional solid solution in the ZnO wurtzite framework. On the linking of the 

organic molecules at the nanoparticles surface no significant changes in the 

recorded XRD pattern was observed. This suggests that particles surface layer 

preserves its structural features. 

 

Figure 3.12- EDAX spectrum for as synthesized Mn0.06Zn0.94O nanoparticles before and after their 

capping with IA. Inset: XRD patterns for the corresponding Mn0.06Zn0.94O and nanoparticles 
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Elemental mappings for O, Zn and Mn taken from an area of the TEM are shown in 

Figure 3.13. As expected, the Mn concentration (blue) is low confirming EDAX 

analysis. Mn is not distributed uniformly but randomly through-out the surface of 

ZnO matrix. Mn mapping suggests that at least a fraction of Mn atoms is found 

forming small clusters, not detected in the XRD patterns. The presence of clusters 

of Mn atoms suggests that only a fraction of the doping atoms is found forming a 

solid solution within the ZnO wurtzite structure. This hypothesis is supported by the 

recorded XRD data, where the volume of the unit cell for MnxZn1-xO is only slightly 

larger than the one corresponding to the undoped phase (ZnO). XPS and EELS 

spectra (discussed below) reveal presence of Mn(III) and Mn(IV) species in the 

precipitate formed. By this fact, in the following the solid solution formed by dilution 

of Mn(II) atoms in the ZnO wurtzite structure will be labeled as MnxZn1-xO, without 

indication of the amount of Mn atoms as doping metal. 

 

Figure 3.13-Elemental mapping of O, Zn and Mn taken from an area of the TEM micrographies. 

3.2.2- Transmission electron micrographs (HR-TEM). 

Figs. 3.14a, 3.14b and 3.14c show the TEM and HR-TEM micrographs of MnxZn1-

xO nanoparticles; the average particles size was found to be ∼1-3 nm. The as-

prepared samples exhibit particles of hexagonal (hemispherical) morphology 

tending to agglomerate in hexagons of higher size. The agglomeration of the 

nanoparticles is a natural trend in this type of systems in order to reduce the 

surface contribution to their free energy. Figure 3.14d shows a typical HR-TEM 

image for the IA-capped MnxZn1-xO nanoparticles. Crystalline particles aggregated 
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through the presence of an amorphous material at their surface are observed. The 

surface amorphous fraction was tentatively ascribed to a fine layer of IA, which is 

contributing to maintain neighboring particles together. According to the calculated 

histogram for the MnxZn1-xO@IA nanoparticles, the functionalization process is 

accompanied of certain increase for the particles size, but not for their crystallites, 

as inferred from the above discussed XRD data.  

 

Figure 3.14- Transmission electron micrographs of MnxZn1-xO nanoparticles before and after their 

functionalization with IA: TEM image for MnxZn1-xO nanoparticles (a), HR-TEM (b) and the 

histogram for particle size distribution (c); HR-TEM image for MnxZn1-xO@IA nanoparticles (d) and 

the related particle size histogram (e). 

3.2.3- FT-IR spectroscopy. 

FTIR technique was used to shed light about the chemical species found at the 

nanostructures surface and to identify the nature of the interaction of IA with 

MnxZn1-xO nanoparticles. Figure 3.15 shows the FTIR spectra for IA, MnxZn1-xO 

and MnxZn1-xO@IA. Table 3 summarizes the position and assignment of the 

absorption bands in the three nanoparticles systems. 

mailto:Cu0.05Zn0.95O@MPA
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The spectra of the as-synthesized MnxZn1-xO powders show an absorption band 

at 3437 cm-1, which corresponds to O-H stretching vibration of surface adsorbed 

water. [116] The band representing crystalline MnxZn1-xO (Zn-O stretching) was 

identified in the samples as a band centered around 450 cm-1. [97] In pure ZnO this 

band was found at 394 cm-1. The changes observed in appearance and position of 

the band for MnxZn1-xO relative to ZnO can be related to the change in the bond 

length that takes place upon substitution of Zn by Mn in the ZnO framework. [95] 

For MnxZn1-xO, the two peaks in the range from 1383 to 1625 cm-1 are related to 

the symmetric and anti-symmetric of C=O stretching vibration modes, which are 

characteristic of the acetate group [98] present in the nanostructures formed as 

residues of the acetate salts used in the sample preparation. [117] 

The IA molecule has two sites, R-CO2H and NH-piperidinyl groups, able to form 

coordination bonds with the partially naked metal centers at the MnxZn1-xO 

nanoparticles surface.  

For pure IA, the characteristic IR absorption bands appear at 3531, 3013, 2957, 

2856, 1649, 1557, 1410, with several bands from the skeletal region below 1350 

cm-1. The absorption bands at 3531 and 3013 cm-1, result from free and NH-

piperidinyl groups associated, respectively. The absorption peaks at 2937 and 

2856 cm-1 are assigned to C-H asymmetric and symmetric stretchings of 

methylene groups in the piperidinyl ring. The strong and narrow band at 1649 cm-1 

corresponds to the stretching vibration from the carboxylic group, R-CO2H. The 

band at 1557 cm-1 belongs to N-H bend and the peaks at 1254 and 1077 cm-1 

correspond to C-O and C-N stretching, respectively. Skeletal molecule vibrations 

as -CH2 deformation (1410 cm-1) and wagging (1355 cm-1) motions are also 

observed. 

After IA reaction at the nanoparticles surface, some changes are detected in the IR 

spectrum of the resulting MnxZn1-xO@IA nanoparticles. At 3110 cm-1appears a 

shoulder due to N-H piperidinyl groups associated, indicating coordination to metal 

centers through the amino groups. This is accompanied by the appearance of new 
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weak peaks at 2920 and 2855 cm-1 assigned to C-H asymmetric and symmetric 

stretching of methylene groups in the piperidinyl ring. The carbonyl stretch and 

ν(C-O) bands are preserved. However, a shift to lower frequencies (1632 and 1238 

cm-1) in their position respect to the free IA is observed. This is relevant for the 

nanoparticles conjugation to peroxidase (discussed below) [99, 118]. New bands at 

1401 and 1155 cm-1 associated to IA are also detected. Comparing the ν(Zn-O) 

stretching for naked MnxZn1-xO and MnxZn1-xO@IA nanoparticles, a negative 

frequency shift of –8 cm-1 was observed, which was also ascribed to the mentioned 

coordination bond formation. The IR spectrum of ZnO nanoparticles is highly 

sensible to the particle size and morphology. The changes commented above 

confirm functionalization of MnxZn1-xO with IA ligand. This fact is also corroborated 

by thermogravimetric analysis. 

 

Figure 3.15- FTIR spectra of MnxZn1-xO (a); (b) MnxZn1-xO@IA nanoparticles and IA ligand (c). 
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Table 3- Main IR spectral mode assignments for MnxZn1-xO, IA and MnxZn1-

xO@IA. 

Mn0.06Zn0.94O 

ν(cm-1) 

IA 

ν(cm-1) 

 Mn0.06Zn0.94O@IA 

ν(cm-1) 

Assignment 

 3531  Free N-H str. 

3437   O-H str. (adsorbed 

water, intermolecular 

hydrogen bonds) 

 3013 3110 Assoc. N-H str. 

 2957 2920 -CH2asym. str. 

 2856 

1557 

2855 

 

-CH2 sym. str. 

 

 1649 1632 -C=O str. 

1625   -COO-asym. str. 

(acetate salt) 

 1557  N-H bending 

 1410 1401 -CH2 deformation 

1383   -COO- sym. str. 

(acetate salt) 

 1355  -CH2 wagging 

 1254  -C-O str. 

 1149 

1077 

1155 

 

-C-C str. 

-C-N str. 

450  442 Zn-O str. 

3.2.4-Thermal analysis  

The TG-DTG (weight/time) analyses were carried out to determine material thermal 

stability and the fraction of volatile components by monitoring the weight change on 

mailto:Mn0.06Zn0.94O@IA
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the sample heating. The TGA study shows the stability of the MnxZn1-xO sample. 

Its TG curve (Fig. 3.16a) descends smoothly without it becomes horizontal until 

670 °C and with a total weight loss of about 3 wt%. The TG curve shows three 

main regions not well defined by the DTG data (Fig 3.16b). The first weight loss 

takes place from room temperature up to 140 °C due to the desorption of physically 

adsorbed water. The weight loss from 140°C to around 370 °C is attributed to the 

evolution of chemically adsorbed water and bound groups (hydroxide, acetate) at 

the surface of the nanostructures. [47] The last weight loss from 370 °C is related 

to the incomplete decomposition of the impurity species from the formed 

nanostructures. [103]. Figure 5b shows the TG-DTG curves for MnxZn1-xO@IA. 

These curves support the presence of IA on the surface of MnxZn1-xO 

functionalized nanostructures; their behavior on heating and the related weight loss 

are significantly different to the ones observed for naked nanoparticles. For the IA-

capped nanoparticles sample, the mass loss profile exhibits a single decrease in 

mass (∼3%) from room temperature to 370°C due to the desorption of adsorbed 

water and bound groups. The second decomposition period centered around 

490°C takes place between and 390-530°C. The total weight loss is about 18%, 

due the evolution of IA molecules onto the surface of the nanoparticles. Therefore, 

a total weight loss of ∼21 wt% is observed when the MnxZn1-xO@IA sample is 

heated from room temperature to 540°C. No additional weight loss is detected 

above this temperature. 
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Figure 3.16 - TG-DTG curves of MnxZn1-xO (a) and MnxZn1-xO@IA (b) nanoparticles. 

 

3.2.5- X-ray photoelectron spectroscopy (XPS)and Electron energy loss 
spectroscopy (EELS) 

XPS analysis was used in order to shed light on the state of Mn atom in the 

obtained ZnO-based nanostructures. Table 4 collects the high-resolution binding 

energy (BE) values of C 1s peak (Annexed 2) for the MnxZn1-xO@IA 
nanoparticles. The values reported for piperidine [119] and O-C=O group [119] are 

also indicated for comparison. The charge neutralization was monitored using the 

C1s signal for adventitious carbon. A single peak (Gaussian 70%–Lorentzian 

30%), ascribed to residual hydrocarbon was fitted to the main peak of the C1s 

spectrum at 284.7 eV. The other peaks correspond to the IA ligand. IA contains 

one nitrogen and six carbon atoms, which have different electromagnetic 

environments. There are two pairs of methylene groups with similar spectral 

features (C3,3´ and C4,4´). The peaks for these carbon atoms are observed at 286.9 

and 285.3 eV, respectively. For piperidine, as free ligand, the C3,3´ peak is reported 

at 286.7 eV. [121] 

Further, high binding energies at 288 eV and 290 eV correspond to C2 and C1 

atoms, respectively. The error in the calculated binding energy is of ±0.1–0.2 eV. In 

addition, Table 4 includes the XPS data for acetate groups, which were also found 

in the analysis. [120] As already mentioned, these acetate groups remain in the 

sample as residues from the acetate salts used in the sample preparation. 

Table 4- XPS binding energy values of C 1s in Mn0.06Zn0.94O@IA nanoparticles. 

Origin 
Binding 

Energy (eV) 

Assignment 

IA 

 

284.7 C-C, C-H 

286.9 C3,3´ 

285.3 C4,4´ 
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288.0 C2 

290.0 C1 

Acetate group 286.0 C-O 

 288.9 C=O 

 

Table 5 summarizes the high-resolution BE values of N 1s (figure 3.17) for the  

MnxZn1-xO@IA sample. 

Table 5- XPS binding energy values of N 1s in the considered MnxZn1-xO@IA 
nanoparticles. 

Origin 
Binding 

Energy (eV) 

Assignment 

IA 
398.4 N-H 

400.1 N-Metal 

Mn0.06Zn0.94O@IA 398.6 N-H 
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Figure 3.17- High-resolution XPS spectra and their deconvolution for the N 1s signal of MnxZn1-xO 

(a) and MnxZn1-xO@IA (b) nanoparticles. 

We attributed the main signal at 400.1 eV to the N–metal bonds of IA with the Zn-

Mn atoms at the nanoparticles surface. The second peak at 398.4 eV was 

associated to N-H groups belonging to piperidine ring of the IA [36]. The relative 

intensities between the N–H and the N–metal is 1: 4, which indicates that the 

adsorption of the IA to the nanoparticles surface mainly takes place through the 

nitrogen atom and, in minor proportion, through the carboxyl group. It is shown that 

the sum of the intensities of N-H and N-metal signals is approximately equal to C1 

signal intensity. This fact suggests that the adsorption by carboxyl group is 

equivalent to N-H group, because to the C1 signal intensity is contributing the 

acetate residues that remain linked at the surface of the nanoparticles. [122] 

The high-resolution BE values of O 1s (Annexed 3) for the MnxZn1-xO@IA sample 

are summarized in Table 6. 
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Table 6- XPS binding energy values of O 1s in the considered MnxZn1-xO@IA 

nanoparticles. 

Origin 
Binding 

Energy (eV) 

Assignment 

IA 
529.5 O2- wurzite 
530.8 O2- defect 
532.1 -COO 

Three peaks at 529.5, 530.8 and 532.1 eV were detected. The first peak is 

assigned to O2- of ZnO (wurtzite phase). [119] The second peak is due to oxygen 

defects in the ZnO crystalline structure. [123] The peak at 532.1 eV is attributed to 

carboxylate groups (-COO-) from acetate residues that remain bound at 

nanoparticles surface, [124] although it could be associated also to OH groups 

formed at the surface of the nanoparticles.  [125, 126] 

We used the Mn 3p photoline in XPS to identify the oxidation state of Mn because 

the Mn 2p peaks are broad and the photopeak shifts as a function of oxidation 

state are relatively small. [120]. For manganese, extensive research has been 

performed in order to a better understand on both, the Mn 3s and the Mn 3p 

regions, which can be used to obtain information on the its oxidation state. [127] 

The Mn 3p line has also been used in applied physics to determine the oxidation 

state of Mn. [128, 129] The Figure 3.18 a shows the Mn 3p photo-peak spectrum 

for MnxZn1-xO and MnxZn1-xO@IA samples. In the Mn 3p high resolution spectrum 

appears four peaks. Three oxidation states of Mn were established, Mn(II) at 48.1 

and 49.1 eV, Mn(III) at 50.0 and Mn(IV) at 51.8 eV. The weaker signal at 48.1 eV, 

has been attributed to a ternary oxide of Zn2+ and Mn2+, [130] but in this study it is 

ascribed to Mn2+ atoms found at the nanoparticles surface with an incomplete or 

mixed coordination sphere. The peak at 49.1 eV was ascribed to Mn2+ atoms 

occupying structural positions in the wurtzite structure, while the peak of Mn (III) 
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and Mn(IV) suggest that a fraction of Mn atoms are found forming small clusters of 

manganese oxides, with a local composition close to Mn2O3 and MnO2, probably 

segregated at the surface of crystallites aggregates. This hypothesis is consistent 

with the compositional mapping for Mn obtained from the recorded TEM images 

(Figure 3.13). The presence on Mn(III) in the wurtzite structure, occupying sites 

corresponding to Zn atoms, is improbable, because it supposes an increase of 

vacancies for the metal sites and the appearance of certain structural disorder in 

the nanoparticles structure, which is not observed in the recorded XRD patterns 

and in the high resolution TEM images. 

For the ratification of oxidation states of Mn we used EELs technic. The electron 

energy loss spectra (EELS) recorded are in accordance with the XPS data 

assignment. Figure 3.18 b shows Mn-L23 peaks. In the high-loss energy region, Mn 

L2 and L3 edges appear at energies from 630 to 660 eV. The energies of the peaks 

at 637.1 and 639.4 eV are attributed to species of Mn(II). The peak of lower energy 

must correspond to the mentioned surface Mn(II) atoms. The Mn(III) and Mn(IV) 

species were identified at 640.5 and 642.9 eV, respectively. 

 

Figure 3.18- High-resolution XPS spectra and their deconvolution for the Mn 3p signal in MnxZn1-

xO@IA nanoparticles (a); Mn-L23 peaks in the EELS spectra for the same sample (b). 
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3.2.6- Optical properties 

Figure 3.19 shows the UV-visible reflectance spectra at room temperature in 

the 300-650 nm spectral range for the as-prepared ZnO, MnxZn1-xO and MnxZn1-

xO@IA samples. The addition of Mn(II) during the synthesis of ZnO-based 

nanostructures results in certain spectral shift, relative to ZnO, for the recorded 

spectra towards higher wavelength (smaller energy). The red shift for absorption 

edge is about 6 nm and it is probably due to formation of shallow levels inside the 

band gap by doping. [131] This fact may also be ascribed to the increase of 

particles size by substitution of Mn2+ ions (larger ionic radius compared to ionic 

radius of Zn2+) into the ZnO matrix.  [111] No spectral changes were observed 

when the MnxZn1-xO nanostructures are capped with IA; both the absorbance and 

the absorption edge remain inalterable. 

The determination of the Egap (Inset, figure 3.19t) was made as discussed in the 

Cu-doping part.  

The doping of ZnO with Mn2+ atoms results in a decrease for the nanostructure 

band gap of about 0.09 eV, from 3.34 to 3.25 eV. This is consistent with previous 

reports on the effect of Mn doping of ZnO nanoparticles. [132- 134] Such decrease 

in the band gap results from an sp-d exchange interaction between the band 

electrons and the localized d electrons of the substituted Mn2+ ions. [134] It has 

been theoretically explained using the second-order perturbation theory. [135] On 

the functionalization with IA, the band gap remains inalterable, which is in 

accordance with the XRD data. The process of IA linking to the nanoparticles 

surface does not introduce changes in the crystallite size. Commonly, an increase 

in the crystallite size leads to a reduction in the band gap. [42] 

The results obtained show that with 6.0 at% of Mn-doping a decrease of the band 

gap is produced. Similar results have been reported. [132-134] The decrease of 9 

eV from 3.34 eV to 3.25 eV is ascribed to sp-d exchange interactions between the 

band electrons and the localized d electrons of the substituted Mn2+ ions. [134] It 

has been theoretically explained using the second order perturbation theory. [135] 



 
                                                                         Chapter 3. Results and Discussion 

 

70 
 

After functionalization with IA the band gap is maintained indicating that no 

variation of the particle size is produced. Commonly, a bigger size of the particles 

produces a closer spacing of the energy levels and decreases the band gap. [42] 

Besides, regarding Cu-doped NPs a small shift is observed. This slight variation 

respect to Cu-doped NPs is due to the fact that Mn-doped NPs have a smaller 

size. The relationship between size and the position of this band is well known. 

[136] In addition, Mn atoms possess a slightly bigger atomic radius and less 

electronegativity than Cu. Because of this the interaction between 3d orbitals of 

manganese and 2p of oxygen is weaker, producing a variation in the energy 

between the conduction and valence bands.  

 

Figure 3.19- UV–Vis spectra of ZnO (a), MnxZn1-xO (b) and MnxZn1-xO@IA (c) nanoparticles. Inset 

A: [F(R)h]2 as a function of photon energy for the optical band gap determination. 

Figure 3.20 shows the photoluminescence (PL) emission spectra at room 

temperature for ZnO, MnxZn1-xO as well as MnxZn1-xO@IA samples. The broad PL 

emission peak centered at 421 nm probably contains contributions from free 
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exciton recombination, [137] transitions from the conduction band to shallow 

acceptor levels due to zinc vacancies [137] and transitions from zinc interstitial to 

zinc vacancies. [138]. An additional broad green emission attributed to defect 

levels associated with oxygen vacancies or Zn interstitial [138, 139] is observed at 

554 nm. After Mn-doping, the fluorescence intensity of the first band decreases by 

almost three times with a very slight blue shift, which is likely due to not emissive 

surface Mn sites resulting from the replacement of Zn2+ by Mn2+ in the ZnO lattice. 

According to XPS, in the material a significant fraction of Mn(II) atoms are found at 

surface sites. On the other hand, after Mn-doping the green emission band 

disappears. In the case of MnxZn1-xO@IA sample, the fluorescence intensity 

increases relative to the non-capped MnxZn1-xO nanoparticles, but no obvious 

emission peak shift and change of full width at half maximum was found. The 

fluorescence enhancing effect might be caused by changes at the surface of 

nanoparticles due the passivation of MnxZn1-xO nanostructures surface by IA, 

which could remove surface defects, improving the luminescent efficiency. 

 

Figure 3.20- Room temperature PL spectra of ZnO (a), MnxZn1-xO (b) and MnxZn1-xO@IA (c) 

nanoparticles. 

 



 
                                                                         Chapter 3. Results and Discussion 

 

72 
 

3.3- Nyckel-doped ZnO nanoparticles (NixZn1-xO); functionalization with 
pyridine-4-carboxylic acid (IA). 

As in the previous materials, nickel-doped nanoparticles were obtained by co-

precipitation method. A white solid was obtained yielding 60%. The 

functionalization process with IA ligand was made in aqueous media (yield of 97%) 

without changes in the physical properties of the solid. 

3.3- Particle morphology and structural characterization. 

3.3.1- X-Ray diffraction (XRD) and Energy-dispersive X-Ray spectroscopy 
(EDAX). 

Figure 3.21 shows the EDAX spectrum of the NixZn1-xO nanoparticles consisting of 

peaks due to Zn, Ni and O. No signals associated to impurities were observed. 

This fact is consistent with the XRD analyses. The results confirm the presence of 

nickel in the ZnO nanostructures. The EDAX intensity for the Ni peaks indicates a 

Ni concentration of a few atomic percent. From the wt% values obtained, the 

effective Ni-dopant concentration of 6.0 at% was estimated (Ni0.06Zn0.94O). 

 

Figure 3.21- EDAX spectrum for the as synthesized Ni0.06Zn0.94O nanoparticles before and after 

their capping with IA. Inset: XRD patterns for the corresponding Ni0.06Zn0.94O and Ni0.06Zn0.94O@IA 

nanoparticles. 

mailto:Ni0.06Zn0.94O@IA
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Structure and phase formation of Ni0.06Zn0.94O were investigated by using XRD 

technique. X-Ray diffraction patterns of the samples were recorded at room 

temperature. The inset at Figure 3.21 shows the XRD patterns of pure ZnO, Ni-

doped ZnO and IA-modified Ni-doped ZnO nanostructures. For all the samples, the 

XRD patterns exclusively show the high intensity peaks corresponding to the 

planes (100), (002), (101), (102), (110), (103) and (112), indicating that the 

products are of high purity with an hexagonal wurtzite structure (JCPDS file 89-

1397). No trace of nickel metal, oxides or any binary zinc-nickel phases were 

observed in the doped samples. 

Unlike the observed in the Cu and Mn-doped samples, the diffraction patterns 

maintain the same intensity ratio in the (002) and (100) planes, different to that 

reported in the literature. The unit cell parameters, estimated for the as-

synthesized Ni0.06Zn0.94O nanoparticles, were a=3.250 and c=5,269 Å. The slight 

variation in the cell parameters regarding the non-doped NPs indicates that the 

doping process occurs through the substitution of zinc by nickel atoms. [140-142] 

This decrease in the c coordinate of the cell has been reported by many authors. 

[140] It Is an indicator for Ni-doping in ZnO crystalline structure since the ionic 

radius of Ni2+ (i.e., 0.55 Å) is significantly smaller than that of Zn2+ (i.e.,0.60 Å) in 

the tetrahedral coordination. Thus, the decrease observed in the lattice parameters 

could be satisfactorily ascribed to the substitution of Zn2+ by Ni2+. [143] Similar 

results have been observed by other authors. This is due to the small nano-grain 

size and Ni-doping, which cause a lattice disorder in ZnO structure without change 

its wurtzite nature. [141]  

When cell parameters for each of the three transition metal-doped ZnO 

nanoparticles are compared, a change in the distance bond is observed following 

the order Cu> Ni> Mn (opposite to the atomic radius size). This can be explained 

on the basis that a bigger atomic radius leads to an approach of the atoms in the 

crystal cell and therefore to a smaller bond length. 
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3.3.2- Transmission electron micrographs (HR-TEM). 

Figures 3.22 a and c show the HR-TEM micrographs for Ni0.06Zn0.94O and IA-

capped Ni0.06Zn0.94O nanoparticles. The size average of the particles was found to 

be around∼3-5 nm. The as-prepared NixZn1-xO sample exhibits particles of 

hexagonal (hemispherical) morphology with a tendence to agglomeration.  

According to the calculated histogram for the Ni0.06Zn0.94O@IA nanoparticles, the 

functionalization process is accompanied of certain increase in the nanocrystal 

size, (around 3-8 nm). In addition, it was observed that when functionalization with 

IA occurs a desaggregation process takes place and isolated particles can be 

found in TEM, which retain the spherical morphology of the NPs.  

 

Figure 3.22- Transmission electron micrographs of Ni0.06Zn0.94O nanoparticles and 

Ni0.06Zn0.94O@IA. TEM image for Ni0.06Zn0.94O nanoparticles (a); histogram for Ni0.06Zn0.94O 

particle size distribution (b); TEM image for Ni0.06Zn0.94O@IA nanoparticles (c) and the histogram 

for particle Ni0.06Zn0.94O@IA size distribution (d). 
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3.3.3- FT-IR spectroscopy.  

FT-IR technique was used to shed light about the chemical species found at the 

nanostructures surface and to identify the nature of the interaction of IA with the 

NixZn1-xO surface. Figure 3.23 shows the FTIR spectra for IA, NixZn1-xO, and  

NixZn1-xO@IA. Table 7 summarizes the position and assignments of the absorption 

bands in the three systems. 

The spectra of the as-synthesized Ni0.06Zn0.94O powders shows an absorption 

band at 3491 cm-1, which corresponds to O-H stretching vibration of surface 

adsorbed water. [144] A broad intense band centered around 450 cm-1 [99] is 

assigned to Zn-O stretching mode. Reference spectra of ZnO powders often 

demonstrate two absorption maxima at ≈512 and 467 cm-1. [145] This confirms the 

Zn substitution by Ni atoms in the crystal lattice. The observed frequency shift is 

due to the change in bond lengths Zn–O lattice when Ni ion replaces Zn ion. The 

shift of absorption peak corresponding to Zn–O reflects the Zn–O network is 

perturbed by the existence of Ni in its environment which suggests incorporation of 

Ni2+ ions instead of Zn2+ ions existing in hexagonal wurtzite structure. [43] An 

additional band 880 cm-1 was observed. It is attributed to the vibrations of local 

bonds ZnO–Ni and defects. [43]   

Comparing the position of the νZn-O band we can detect a variation in the order 

Cu˃Ni˃Mn, similar to the behavior observed in DRX. Due to the smaller atomic 

radio of Cu it has a bigger effective charge, being more electronegative. This fact 

implies that the force constant of this bond is bigger leading to a higher frequency 

value for this vibration, according to:  

 

Finally, two low intensity peaks are observed around 1630 cm-1, being assigned to 

νC=O coming from COO- groups present in the precursor salts. [146]  

mailto:Ni0.06Zn0.94O@IA
mailto:Ni0.06Zn0.94O@IA
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After the IA-capping of the NixZn1-xO nanoparticle surface. The IA ligand has 

two groups able to form coordination bonds with the partially naked metal centers 

found at the nanoparticles surface, the R-CO2H and NH-piperidinyl groups.  

New bands are observed in the spectrum after functionalization with the IA 

organic ligand. A group of bands are observed in the 2977 a 2824 cm-1 region, 

which can be assigned to symmetric and antisymmetric vibrations of the C-H 

(νs,asC-H) bonds of the IA skeletal. In addition, a band at 1577 cm-1 assigned to 

ν(C-O) is detected. The presence of this band and the absence of intense band in 

the C=O region suggest that when the IA ligand is coordinated to the NPs through 

the COO- group, the double bond is broken and the ligand remains linked to the 

surface through a simple C-O bond. Other bands belonging to the IA ligand are 

observed at 1405, 1230 and 1152 cm-1 (Table 7). The presence of these new 

bands confirms the IA linkage to the nanoparticles surface through –COO- groups. 

Finally, the characteristic band due to νZnO is observed at 446 cm-1.  

 

Figure 3.23-FTIR spectra of Ni0.06Zn0.94O (a); Ni0.06Zn0.94O@IA (b) nanoparticles and IA ligand (c). 

 

mailto:Ni0.06Zn0.94O@IA
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Table 7- Main IR spectral mode assignments for Ni0.06Zn0.94O, IA and Ni0.06Zn0.94O 

@IA 

Ni0.06Zn0.94O 

ν(cm-1) 

IA 

ν(cm-1) 

 Ni0.06Zn0.94O@IA 

ν(cm-1) 

Assignment 

 3531  Free N-H str. 

3491  3458 O-H str. (adsorbed 

water, intermolecular 

hydrogen bonds) 

 3013  Assoc. N-H str. 

 2957 2960  -CH2asym. str. 

 2856 

 

2876, 2839 -CH2 sym. str. 

 

 1649  -C=O str. 

1704 

1631 

  -COO-asym. str. 

(acetate salt) 

 1557 1574 N-H bending 

 1410 1418 -CH2 deformation 

   -COO- sym. str. 

(acetate salt) 

 1355  -CH2 wagging 

 1254 1222 -C-O str. 

 1149 

1077 

1154 

 

-C-C str. 

-C-N str. 

885  880 Zn-Ni str. 

467  439 Zn-O str. 

3.3.4- Thermal analysis  

The TG-DTG (weight/time) analyses were carried out to determine material’s 

thermal stability and the fraction of volatile components by monitoring the weight 

change that occurred during the heating of the specimen. The TGA study shows 
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the stability of the Ni0.06Zn0.94O sample. Its TG curve (Figure 3.24 a) shows a 

continuous lost from 40 °C to 700 °C, corresponding to 3.8 % of the total mass. 

These weight loss is due to the desorption of physically and chemically adsorbed 

water and bound groups (hydroxide, acetate) on the surface of the nanostructures. 

On the other hand, TG-DTG results for Ni0.06Zn0.94O@IA are shown in Figure 3.26 

b. It is observed a continuous mass lost from 50 °C to 640 °C, corresponding to a 

3% of the total mass due to decomposition of the IA ligand bounded at the surface 

of the NPs. 

 

Figure 3.24 - TG-DTG curves for Ni0.06Zn0.94O (a) and Ni0.06Zn0.94O@IA (b) nanoparticles. 

3.3.5- Optical properties 

Figure 3.25 shows the UV–Vis absorption spectra for Ni0.06Zn0.94O and 

Ni0.06Zn0.94O@IA nanoparticles. 

The spectra for the Ni0.06Zn0.94O NPs shows a band at 372 nm, which is assigned 

to the characteristic ZnO conduction band. Compared to the behavior seen for the 

others doping metals we can say that the band is shifted to lower wavelength 

following the order: Ni (372 nm) ˃Mn (363 nm) ˃non-doped ZnO (347 nm) ˃Cu 

(327 nm). Is not simple to make a comparison of these changes because the 

position of the absorption maximum depends on the nanoparticle size, [146] which 

is below 10 nm in all the cases but with different size average. Another factor to 
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take into account is the atomic radio of the dopant, which affects the total band 

energy of the semiconductor.  

When NPs are functionalized with the IA ligand no changes were observed neither 

in the absorption spectrum nor in the Egap values (see inset). This confirms the 

stability of the NPs after functionalization.  

The Egap value obtained for Ni0.06Zn0.94O nanoparticles is 3.19 eV. Comparing 

with non-doped NPs the behavior is similar to that observed for Mn. doped ZnO 

NPs; it means a red shift of the wavelength associated to the absorption maximum. 

This shift in the band edge of the nickel-doped ZnO nanoparticles in comparison 

with pure ZnO can be explained on the basis of an increase in the p-d exchange 

interactions between the band electrons and the localized d-electrons of the Ni2+ 

ions substituting Zn2+. [110, 148] It can be also explained in terms of the distortion 

of the host lattice generating defects, but these factors would not play a main role 

in the determination of the band gap energy. [148] In the case of Ni-doping we 

obtained a lower value of Egap compared to the one observed in Mn-doped Nps. 

(Ni2+ (3.19 eV˃ Mn2+ (3.25 eV))). To analize this variation we have to consider the 

size of the NPs. Like it was previously discussed, the Mn-doped NPs have a 

smaller size than the one doped with Ni. Because of this a smaller Egap compared 

to Ni is expected. The explanation relies in the fact that the bigger size of Ni 

cations implies that there are more Ni2+ atoms providing orbitals to the conduction 

and valence band of ZnO, making smaller the difference between them.   

Functionalization with the IA ligand does not change the Egap value 

(Ni0.06Zn0.94O@IA 3.18 eV). This indicates that NPs functionalization does not 

affect its optical properties. 
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Figure 3.25- UV–Vis spectra of ZnO (a), Ni0.06Zn0.94O (b) and Ni0.06Zn0.94O@IA (c) nanoparticles. 

Inset A: [F(R)h]2 as a function of photon energy for the optical band gap determination. 

Photoluminescence emission of the samples was measured at room temperature. 

The PL spectra of ZnO, Ni0.06Zn0.94O as well as Ni0.06Zn0.94O@IA samples are 

shown in Figure 3.26. 

Ni0.06Zn0.94O NPs shows an absorption band at 419 nm, which is characteristic of 

ZnO. This band is assigned to a recombination band. It is related with photon 

emission during electron-hole recombination or a direct transition of an excited 

electron from the conduction to the valence band. Regarding the Cu and Mn-doped 

NPs there is not a significant difference in the wavelength for this band showing the 

trend: Cu (423 nm) ˃Mn (421 nm) ˃ Ni (419 nm).  

It is interesting that the intensity of this emission band increases with 

functionalization. This confirms that the particles are ligand-capped. The 

fluorescence enhancing effect might be caused by changes at the surface of 

nanoparticles due the passivation of MxZn1-xO nanostructures surface by organic 

ligand, which could remove surface defects, improving the luminescent efficiency. 

On the other hand, we observed a decrease in the intensity of the fluorescence for 

the M-doped sample compared to pure ZnO. With M-doping the distortion centers 
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in the lattice and the surface defects are increased. This fact causes the absorption 

of the nanoparticles decreasing the emission. It seems M-doping diminishes the 

concentration of oxygen vacancy at the surface of ZnO nanoparticles. [149]   

 

Figure 3.26- Room temperature PL spectra of, pure ZnO (a), Ni0.06Zn0.94O (b) and 

Ni0.06Zn0.94O@IA (c) nanoparticles. 

3.4- Binding of peroxidase to MxZnx-1O@OL (OL: MPA and IA) nanoparticles. 

In this study bioconjugation of the MxZnx-1O@OL nanoparticles has been 

performed using inactivated type IV horseradish peroxidase (HRP) as a target. 

Molecules with diverse biological functions and catalytic activity, such as heme 

peroxidases, can be useful models as biological labels for specific targeting in 

bioimaging probes and for recognition studies in biosensing applications. The 

principal reasons to couple HRP to the MxZnx-1O@OL nanoparticle system is its 

accessibility and high versatility in biological assays. [69]    

The peroxidase enzyme is most stable in the pH range of 5.0–9.0. HRP can be 

conjugated by several different methods that include the use of glutaraldehyde, 

periodate oxidation, disulfide bonds, and also via amino- and thiol-directed cross-

linkers. It is smaller and more stable than the enzyme labels, β-galactosidase and 

alkaline phosphatase. Hence, it is the most desired label. HRP was immobilized at 



 
                                                                         Chapter 3. Results and Discussion 

 

82 
 

the MxZnx-1O@OL nanoparticles surface using carbodiimide reaction. In this 

immobilization process also the occurrence of non-specific interactions between 

the peptide and the OL molecule linked to the particle surface could be 

contributing. We also added N-Hydroxysuccinimide in order to accelerate the 

conjugation process. For this reason, the conjugation with peroxidase occurs 

probably through both, the amino and the carboxylate groups. In this 

immobilization process also the occurrence of non-specific interactions between 

the peptide and the OL molecule linked to the particle surface could be 

contributing. As sensing tools for the conjugation process, FT-IR and UV–Vis 

spectroscopies, as well as photoluminescence, were used.  

33.4.1- Binding of peroxidase to Cu0.05ZnO.95O@MPA nanoparticles. 

The recorded FT-IR spectrum of Cu0.05Zn0.95O@MPA nanoparticles after 

conjugation with HRP (Fig. 3.27) shows new absorption bands characteristic of 

HRP at 1685 and 1035 cm−1 as the clearest evidence of the conjugation reaction. 

These bands appear in the peptide at 1658 and 1067 cm−1, respectively. This 

indicates that the interaction with the MPA molecules or Cu0.05Zn0.95O surface 

produces a global change on the electronic structure of the peptide. 

When Cu- doped nanoparticles are conjugated with HRP no Zn-O characteristic 

band is observed. In order to discard the possible nanoparticle decomposition, 

several measurements with other techniques were made, as we will analyze after. 
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Figure 3.27- FTIR spectra of Cu0.05Zn0.95O@MPA (a); (b) HRP@Cu0.05Zn0.95O@MPA 

nanoparticles and HRP peroxidase(c). 
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Table 8- Main IR spectral mode assignments for Cu0.0 5Zn0.9 5O@MPA, HRP and 

HRP conjugated Cu0.0 5Zn0.9 5O@MPA 

HRP (cm-

1) 
Cu0.05Zn0.95O@IA 

ν(cm-1) 
HRP@Cu0.05Zn0.95O@IA 

(cm-1) Assignment 

3292 3390 3341 
N-H str. 

O-H str. 

2937 
2959 

2835 

2958,2919,  

2839 

-CH2 asym. str. 

-CH2 sym. str. 

1689 
 

1555 

1685 

1580 

-C=O str. 

1557 

 

1412 

1372 

 

N-H bending 

-CH2 deformation 

-COO sym. str. 

1081  
 

1035 

-C-C str. 

-C-N str. 

-C-O str. 

By Raman spectroscopy we study de zinc oxide presence. Figure 3.28 shows the 

Raman spectrum of HRP-conjugated Cu0.05Zn0.95O@MPA along with the spectra 

of the Cu0.05Zn0.95O @MPA and HRP (inset) for comparison in the 100–2200 cm−1 

region. The Raman spectrum of HRP-conjugated Cu0.05Zn0.95O @MPA sample 

indicates a shift in the E2 modes signals of ZnO (low-E2 mode is associated with 

the vibration of the heavy Zn sub-lattice and the high-E2 mode involves only the 

oxygen atoms), deactivation (E2H–E2L) and significant intensity decreasing of other 

modes (E1+ A1). The characteristic high-E2 mode of wurzite phase [104] near 420 

cm−1 shifts toward higher frequencies (477 cm−1) after conjugation, while the low-

E2 mode shows a reverse shift from 193 to 160 cm−1. It reveals that on conjugation 
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the local polarizability is affected by charge distribution resulting in several 

vibrational modes being strongly influenced [150] On the other hand, the Figure 

3.28 shows bands associated with the HRP peptide [(Fe(III)-OH) and (C-COO)] at 

596 and 974 cm−1 respectively, as the most intense bands of the Raman spectrum 

for HRP-conjugated Cu0.05Zn0.95O @MPA sample. 

 

Figure 3.28- Raman spectra of Cu0.05Zn0.95O@MPA (a), its conjugated with HRP peroxidase (b) 

and HRP peroxidase(c). 

Figure 3.29 shows the UV–Vis absorption spectra in solid state for the conjugated 

between Cu0.05Zn0.95O@MPA and HRP. In the last one, a band with two maxima 

can be observed, the first one around 370 nm and the second one at 405 nm. 

These bands, characteristic of HRP, are assigned to n-π* y π- π* transitions, 

respectively. When conjugation with nanoparticles is made, a band of higher 

intensity at 350 nm appears. A shift of 17 nm compared to non-conjugated 

nanoparticles (333 nm) is observed. The conjugation process produces a red shift 

of the absorption edge due to a higher electron density within the valence band 

induced by the peptide. A pronounced decrease of the intensity of the band is also 

observed, indicating that some of the HRP molecules are adsorbed on the 
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Cu0.05Zn0.95O@MPA surface without specific interactions with the MPA molecules 

linked to the particles. 

From the calculated Egap value for conjugated nanoparticles no significant shift is 

obtained (3.22 eV). The slight shift is associated to the HRP presence.  

 

Figure 3.29- UV–Vis spectra of HRP@Cu0.05Zn0.95O@MPA nanoparticles (a), and HRP peroxidase 

(b). Inset: [F(R)h]2 as a function of photon energy for the optical band gap determination of 

HRP@Cu0.05Zn0.95O@MPA nanoparticles. 

Figure 3.30 compares the PL spectra of the conjugated HRP- 

Cu0.05Zn0.95O@MPA, HRP and Cu0.05Zn0.95O@MPA. The room temperature PL 

spectrum of the HRP represents an intense less broad split band centered at 422 

nm coinciding in position with the band (broader) for Cu0.05Zn0.95O@MPA 

originated from the recombination free excitons. After HRP conjugation the 

Cu0.05Zn0.95O@MPA nanoparticles show an increment in the photoluminescence 

band companied by a very slight blue shift. These results indicate that peroxidase 

was immobilized at the Cu0.05Zn0.95O@MPA surface.  
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Figure 3.30- Room temperature PL spectra, HRP-Cu0.05Zn0.95O@MPA nanoparticles of the 

samples excited at 350 nm. 

3.4.2-Binding of peroxidase to Mn0.06Zn0.94O@IA nanoparticles. 

In figure 3.31 FT-IR spectra for the conjugated between HRP and 

Mn0.06Zn0.94O@IA nanoparticles is shown. The Zn-O characteristic bands (νZn-O: 

432 cm-1) can be observed. The presence of these bands confirms the presence of 

the Mn0.06Zn0.94O@IA nanoparticles. We also observed new absorption bands 

characteristic of HRP at 1662 and 1066 cm-1 as the clearest evidence of the 

conjugation reaction. These bands appear in the free peptide at 1665 and 1044 

cm-1, respectively. This indicates that the interaction with the IA molecules or 

MnxZn1-xO surface produces a global change on the electronic structure of the 

peptide. In table 9 appears the assignments of the all bands observed in the 

spectrum. 

mailto:Mn0.06Zn0.94O@IA
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Figure 3.31-FTIR spectra of MnXZn1-XO@IA (a), HRP-MnXZn1-XO@IA (b) nanoparticles and HRP 

peroxidase(c). 
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Table 9. Main IR spectral mode assignments for MnXZn1-XO@IA, HRP and HRP-

MnXZn1-XO @IA conjugated.  

HRP  
(cm-1) 

MnXZn1-XO @IA 
ν(cm-1) 

HRP@ MnXZn1-XO 
@IA (cm-1) Assignment 

3292 3110 3406 
N-H str. 

O-H str. 

2937 
2920 

2855 

2959,2923,  

2853 

-CH2 asym. str. 

-CH2 sym. str. 

1689 1632 1660 -C=O str. 

1557 
 

1401 
 

N-H bending 

-CH2 deformation 

1081 1155 
 

1049 

-C-C str. 

-C-N str. 

-C-O str. 

 442 432 Zn-O str. 

The UV-visible absorption spectra in solid state for HRP-MnxZn1-xO@IA 

conjugated, HRP and MnxZn1-xO @IA samples are shown in figure 3.32. The most 

important change produced after conjugation process is the occurrence of a broad 

shoulder in the 400-460 nm region associated to peroxidase (band centered at 425 

nm). This shoulder is assigned to the HRP bands, specifically to π- π*. The 

presence of this new band confirms once more the HRP conjugation to NPs. No 

decrease in the intensity neither change of the band gap (see inset) were 

observed, discarding adsorption of the HRP molecules on the MnxZn1-xO surface 

without specific interactions with the IA molecules linked to the particles. 

This indicates that no breakdown occurs for the NPs when they are conjugated 

with HRP. 
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Figure 3.32- UV–Vis spectra of HRP-MnXZn1-XO@IA nanoparticles (a), and HRP peroxidase (b). 

Inset: [F(R)h]2 as a function of photon energy for the optical band gap determination of HRP@ 

MnXZn1-XO @IA nanoparticles. 

The PL spectra of HRP-MnxZn1-xO@IA conjugated, HRP and MnxZn1-xO@IA are 

show in the figure 3.33. The room temperature PL spectrum of the HRP presents 

an intense band centered at 436 nm with a shoulder at 475 nm. The PL spectrum 

of MnxZn1-xO@IA was described above. After HRP conjugation the 

photoluminescence band of MnxZn1-xO@IA nanoparticles is broaden showing a 

significant increment of its intensity accompanied of a slight blue shift. These 

results seem to indicate that peroxidase was immobilized at the MnxZn1-xO@IA 

surface.  
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Figure 3.33- Room temperature PL spectra, HRP-MnXZn1-XO@IA nanoparticles of the samples 

excited at 350 nm. 

3.4.3-Binding of peroxidase to Ni0.06Zn0.94O@IA nanoparticles.  

3.4.3.1-FT-IR spectroscopy  

The FT-IR spectra for the HRP conjugated Ni0.06Zn0.94O@IA NPs are shown in 

figure 3.34 The characteristic bands of ZnO (νZn-O: 448 cm-1) can be seen in the 

spectrum. Also, a band at~ 800 cm-1 is observed, which is assigned to νZn-Ni. The 

presence of this band confirms the presence of the Ni0.06Zn0.94O@IA NPs, and that 

no breakdown occurs during the conjugation process with HRP peroxidase. 

No significant shift in the characteristics vibrational bands of ZnO (∆~ 18 cm-1) is 

observed after conjugation. 

A new high intensity band is observed in the FT-IR spectrum of HRP-

Ni0.06Zn0.94O@IA NPs at 1653 cm-1. Also, a significant increase in the intensity of 

the band at 1052 cm-1 can be noted. These bands are assigned to νC=O y δC-C + 
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δC-N + δC-O respectively (Table 10). The presence of these bands confirms the 

conjugation of HRP over NPs.  

 

Figure 3.34-FTIR spectra of Ni0.06Zn0.94O@IA (a), HRP-Ni0.06Zn0.94O@IA (b) nanoparticles and 

HRP peroxidase (c). 
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Table 10. Main IR spectral mode assignments for Ni0.06Zn0.94O @IA, HRP and 

HRP-Ni0.06Zn0.94O@IA conjugated. 

HRP (cm-1) Ni0.06Zn0.94O@IA 
ν(cm-1) 

HRP@Ni0.06Zn0.94O@IA 
ν (cm-1) Assignment 

3292 3458 3410 
N-H str. 

O-H str. 

2937 
2960 

2876, 2839 
2955 

-CH2 asym. str. 

-CH2 sym. str. 

1689  1653 -C=O str. 

1557 
1574 

1418 
 

N-H bending 

-CH2 deformation 

1081 1154 1052 

-C-C str. 

-C-N str. 

-C-O str. 

 880 816 Zn-Ni str. 

 439 457 Zn-O str. 

 

Figure 3.35 shows the UV-visible absorption spectra in solid state for HRP-

Ni0.06Zn0.94O@IA conjugated, HRP and Ni0.06Zn0.94O@IA samples. 

In the UV spectrum of the conjugated NPs a new high intensity band is observed at 

371 nm, which is shifted compared to non-conjugated NPs (372 nm). This 

indicates, as was commented above, that the nanoparticles maintain its stability 

during the conjugation process with HRP peroxidase. This statement is confirmed 

with the Egap value obtained for such NPs, a 3.14 eV, which is no very different to 

that obtained for non-conjugated NPs, a 3.18 eV (Figure 3.35 Insert). In addition, a 

new shoulder appears around 440 nm after conjugation. This shoulder can be 

assigned to HRP bands with two possible origins: π- π* transitions that have been 

mailto:Ni0.06Zn0.94O@IA
mailto:Mn0.06Zn0.94O@IA
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shifted to higher wavelength due to conjugation, or M-L transitions from HRP with 

the metallic center (iron). The presence of this new band confirms also the 

conjugation of HRP to NPs. 

 

Figure 3.35- UV–Vis spectra of HRP-Ni0.06Zn0.94O@IA conjugated (a), and HRP peroxidase (b). 

Inset: [F(R)h]2 as a function of photon energy for the optical band gap determination of HRP-

Ni0.06Zn0.94O@IA conjugated. 

The PL spectra of HRP- Ni0.06Zn0.94O @IA conjugated, HRP and Ni0.06Zn0.94O @IA 

are show in the figure 3.36. The room temperature PL spectrum of the HRP 

presents an intense band centered at 436 nm with a shoulder at 475 nm. The PL 

spectrum of Ni0.06Zn0.94O@IA nanoparticles was described above. After HRP 

conjugation the photoluminescence band of Ni0.06Zn0.94O@IA nanoparticles is 

broaden showing a decreased of intensity accompanied of a slight blue shift. 

These results seem to indicate that peroxidase was immobilized at the 

Ni0.06Zn0.94O@IA surface.  Aqui voy a escribir un parrfo d emanera de conclusion s 

elo hago llegar por correo. 
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Figure 3.36- Room temperature PL spectra, HRP@ Ni0.06Zn0.94O @IA nanoparticles of the 

samples excited at 350 nm. 

3.4.4- Quantitative HRP determination.  

For determination of the amount of HRP absorbed on the surface of the NPs a 

quantitative assay was performed from the remaining solution after conjugation. 

Two different methods were employed: 

I. Bradford's method 

It is based on the binding of a dye, Coomassie Blue G-250 (Serva Blue also) to 

proteins. The dye exists in two species in acidic solution: one blue and the other 

orange. Proteins bind to the blue species to form a protein-dye complex with a 

higher extinction coefficient, showing an absorption maximum between 465-595 

nm. This method is sensitive (1-15 mg), simple, fast, cheap and only few 

substances interfere in the determination. Among interfering substances are 

detergents and basic solutions. [152]  
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A HRP standard curve was used to determine the concentration of the absorbed 

HRP. Six known concentrations were used starting at a minimum concentration of 

0.005 mol/L to a maximum concentration of 0.024 mol/L. 20 µL of Bradford reagent 

were added to a total volume of 2 ml, and the wavelength for the measurements 

was 595 nm (table 11). The results obtained by this method are shown in the table 

11 and figure 3.37. For the calibration curve a linear fit was achieved where R2= 

0.9899. 

Tabla 11. HRP calibration curve 

m(HRP), (mg) 
Concentration HRP, 

(mol/L) 
Abs 

0.4 0.005 0.208 

0.8 0.009 0.489 

1.0 0.016 0.659 

1.4 0.016 0.813 

1.8 0.021 1.065 

2.0 0.024 1.264 

 

Figura 3.37- Calibration curve for determining the concentration of HRP in washings using the 

Bradford method. 
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In order to obtain better accuracy 3 replicates of conjugations prepared under 

the same conditions were carried out. The absorbance values (Abs) obtained for 

the three washes of conjugations with 20 µl of Bradford reagent are shown in Table 

12. 

Table 12. Replicas of the HRP by Bradford method  

NPs Abs 1 Abs 2 Abs 3 Abs Average 

HRP@Cu0.05Zn0.95O@MPA 0.294 0.289 0,295 0.293 ± 0.004 
HRP@Cu0.05Zn0.95O 1.242 1.243 1.241 1.242 ± 0.001 

HRP@Mn0.06Zn0.94O@IA 0.770 0.760 0.770 0.766 ± 0.006 
HRP@Mn0.06Zn0.94O 1.041 1.037 1.037 1.038 ± 0.002 

HRP@Ni0.06Zn0.94O@IA 0.511 0.511 0.512 0.511 ± 0.001 
HRP@Ni0.06Zn0.94O 1.046 1.048 1.046 1.047 ± 0.003 

Once the absorbance values were obtained we introduce them in the calibration 

curve, thereby determining the concentration of HRP remaining in the wash water 

after conjugation. To determine the influence of organic ligand in the conjugation 

with HRP, the same study for uncoated NPs (Table 13) was performed. The initial 

added concentration of HRP was 0.023 mol / L. 

After determining the concentration of the supernatant, the calculation of ∆ (CInitial - 

CEnding) allow us to estimate the concentration of the absorbed HRP on NPs, 

estimating the achieved percent of conjugation (tabla13). 
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Tabla13. Concentration of adsorbed HRP on NPs by Bradford method  

NPs Abs Average 
Concentration 

(mol/L) 
∆(CInitial - CEnding) 

(mol/L), (%) 

HRP@Cu0.05Zn0.95O@MPA 0.293 0.0055 0.0175 (76 %) 
HRP@Cu0.05Zn0.95O 1.242 0.0216 0.0014 (6 %) 

HRP@Mn0.06Zn0.94O@IA 0.766 0.0147 0.0083 (36 %) 
HRP@Mn0.06Zn0.94O 1.038 0.0199 0.0031 (13 %) 

HRP@Ni0.06Zn0.94O@IA 0.511 0.0098 0.0132 (57 %) 
HRP@Ni0.06Zn0.94O 1.047 0.0200 0.003 (13 %) 

The results obtained in the table 13 show that in the three cases a greater 

absorption of HRP is achieved when the organic ligand is on the surface of the 

NPs. For NPs HRP @ Cu0.05Zn0.95O@MPA we obtained 76% absorption of HRP to 

NPs, being the highest percent of all cases. We can also observe that the NPs with 

IA ligand have a lower absorption compared to NPs with MPA ligand. We suggest 

that this may be caused by higher concentrations of this organic ligand on the 

surface of the Cu0.05Zn0.95O NPs compared to the other MxZn1-xO systems, since 

the MPA ligand accommodates better on the nanoparticles surface (more mobility) 

due to its flexible aliphatic chain.  

Similar to the previous case, Mn and Ni doped NPs show a higher HRP absorption 

when the IA ligand is present, being 36% and 57% respectively. 

It is also noted that in the case of NPs without organic ligand the interaction with 

HRP peroxidase is stronger for MnxZn1-xO and NixZn1-xO, which suggests the 

possible direct interaction between NPs and -NH and –COO- groups of HRP. 

In conclusion we can say that the direct conjugation between NPs (MnxZn1-xO, 

Ni0.06Zn0.94O) and HRP is viable. But, higher percentages of conjugation with HRP 

were achieved through the formation of peptide bonds when capped NPs with IA 

were employed. 
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II. The second procedure was performed to corroborate the Bradford method. 

It is based in the direct determination of the Abs in the supernatant waters at HRP 

absorption wavelength. The procedure was the following: 

1) The calibration curve of HRP was performed. Different concentrations of HRP 

were prepared in 2 mL (Table 14) for which the absorbance was measured at 370 

nm (Figure 3.38). A linear fit for the calibration curve was achieved, with R2= 

0.9912. 

Tabla 14. Calibration curve for HRP 

m(HRP), (mg) 
Concentration 
HRP, (mol/L) 

Abs 

0.4 0.0046 0.746 

0.8 0.0091 0.999 

1.0 0.011 1.222 

1.4 0.016 1.598 

1.8 0.021 1.946 

2.0 0.024 2.012 

 

Figura 3.38- Calibration curve for determining the concentration of HRP in washings. 
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2) After performing conjugation the absorbance of the NPs solutions was 

measured at a wavelength of 370 nm. Then, the value was inserted in the 

calibration curve, thus determining the concentration of unabsorbed HRP on NPs. 

As in the above assay, three replicates (Table 15) were performed. The influence 

of organic ligands in the HRP conjugation was studied, while performing the same 

study for uncoated NPs (table16). 

Tabla 15. Replicas of the HRP 

 NPs Abs 1 Abs 2 Abs 3 Abs Average 

HRP@Cu0.05Zn0.95O@MPA 0.914 0.914 0.914 0.914 ± 0.0003 

HRP@Cu0.05Zn0.95O 2.020 2.020 2.020 2.020 ± 0.0002 

HRP@Mn0.06Zn0.94O@IA 1.488 1.488 1.488 1.488 ± 0.0002 

HRP@Mn0.06Zn0.94O 1.848 1.848 1.848 1.848 ± 0.0002 

HRP@Ni0.06Zn0.94O@IA 1.238 1.238 1.238 1.238 ± 0.0002 

HRP@Ni0.06Zn0.94O 1.865 1.864 1.865 1.865 ± 0.0002 

Tabla 16.  Concentration of adsorbed HRP on NPs. 

NPs 
Abs 

Average 
Concentration 

(mol/L) 
∆(CInitial - CEnding) 

(mol/L), (%) 

HRP@Cu0.05Zn0.95O@MPA 0.914 0.0071 0.0159 (69 %) 
HRP@Cu0.05Zn0.95O 2.020 0.0224 0.0006 (3%) 

HRP@Mn0.06Zn0.94O@IA 1.488 0.0151 0.0079 (34 %) 
HRP@Mn0.06Zn0.94O 1.848 0.0201 0.0029 (13 %) 

HRP@Ni0.06Zn0.94O@IA 1.238 0.0116 0.0114 (50 %) 
HRP@Ni0.06Zn0.94O 1.865 0.0203 0.0027 (12 %) 

The results obtained by this method are similar to those obtained by the method of 

Bradford. It can be observed that a better conjugation is achieved with the 

Cu0.05Zn0.95O@MPA NPs. The percentages of coatings are higher when the 

organic ligand is on the surface of the NPs. 
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Therefore, we conclude that the conjugation of the NPs with HRP was achieved 

and that the use of the organic ligands on NPs favors the interaction HRP with the 

M-doped ZnO systems through peptide type bonds. In the figure 3.39 is illustrated 

the possible interaction between the systems studied and the HRP. 

HRP@Cu0.05Zn0.95O@MPA 

 
 

 

HRP@M0.06Zn0.94O@IA 

M: Mn, Ni 

 

 

Figure 3.39- Possible interaction between the systems studied and the HRP. 
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Conclusions  las conclusiones las voy a mejorar y se las mando por correo 

 Pure ZnO and M-doped ZnO nanoparticles were synthesized by 

coprecipitation. The Nps have a wurzite structure, with a mean size of 

around 5-10 nm.  

 The Cu-doping of ZnO (CuxZn1-xO) produces highly crystalline 

nanostructures with particle size in the 3–5 nm range. The Cu atoms 

are found as Cu1+ and Cu2+ species. The nanostructures are rich in 

oxygen vacancies in order to maintain the solid charge neutrality.  

  Cu0.05Zn0.95O@MPA nanoparticles were prepared in order to create 

active surface sites appropriate for the conjugation to biomolecules. 

MPA molecule was found coordinated to the partially naked surface 

metal centers through both, -SH and -CO2H acidic groups, mainly 

through the first one. The available (unreacted) carboxylic acid sites 

were used for the conjugation with peroxidase. HRP molecule was 

found immobilized at the Cu0.05Zn0.95O @MPA nanostructure surface.  

  MnxZn1-xO resulted in the formation of nanostructures where Mn 

atoms are found in four states, two of them as Mn(II) species, 

assigned to Mn(II) atoms occupying sites for the Zn atoms in the 

wurtzite type framework of ZnO, and the remaining ones as Mn(II) 

located in surface sites of this phase, with a mixed coordination 

environment or as partially naked metal centers. XPS and EELS 

spectra demonstrated the presence of Mn atoms as Mn(III) and 

Mn(IV) species, probably forming small clusters of metal oxides, but 

of enough small size to be undetected by XRD data. The composition 

mapping of TEM images suggests that at least a fraction of Mn atoms 

are found forming clusters. The formed MnxZn1-xO solid solution 

shows a highly crystalline order, according to XRD and HR-TEM 

data. 

 MnxZn1-xO@IA nanoparticles resulted in the linking of the ligand to 

the surface partially naked metal centers through mainly its basic N 
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atom. The carboxylate groups remain available for subsequent 

nanostructure conjugation to biomolecules if the material is designed 

to be used as fluorescent labels or any other biological application. 

HRP molecule was found immobilized at the MnxZn1-xO@MPA 

nanostructure surface. This study suggests that on the doping of 

nanostructures, e.g. ZnO, with transition metals, to form solid solution 

with the host framework, a significant fraction of the doping metal 

could be found forming small clusters with a different structure to the 

one expected. 

  FALTA NI, ESPERAR POR XPS 

 Absorption of HRP for NPs HRP@Cu0.05Zn0.95O@MPA was 76%, being the 

highest percent of all cases. The NPs functionalized with IA ligand 

presented a lower absorption compared to NPs functionalized with MPA 

ligand, 36% in the case of Mn-doping and 57% for Ni-doping. The 

conjugation of the NPs with HRP was successful indicating that the use of 

capping ligands on the NPs surfaces favors of the HRP conjugation through 

peptide bonds. 
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Annexes  

Annexed 1 - FT-IR spectrum pure ZnO nanoparticles. 

 

Annexed 2 - The high-resolution binding energy values of C 1s for the MnxZn1-

xO@IA nanoparticles. 
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 Anexes 

Annexed 3 - The high-resolution binding energy values of O 1s (Annexed 3) for 

the MnxZn1-xO@IA. 
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