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Nanomaterials are a topical subject, being used in the evolution of science and
technology, mainly due to the development of new synthetic strategies and new
characterization tools. These materials present a wide range of properties that give them
applicability in different fields such as materials science, chemistry, physics, biology, and
engineering. For each application it is necessary for the material to have well-defined
structural and morphological characteristics (structure, particle size, specific surface area,
etc.), as these determine the properties of the material.

The synthesis method has a decisive role in obtaining a material with controlled
characteristics, which is why in recent years the research has focused on developing existing
synthesis methods and designing new synthesis methods that allow strict control of particle
size, structure and properties of nanomaterials.

The aim of the thesis is the synthesis and investigation of nanostructured oxide
materials, namely cobalt chromite and copper chromite, both in bulk form and embedded in
inorganic/organic hybrid matrix. The study also draws a parallel between the synthesis
methods employed, together with the advantages and disadvantages of each method.

The studies carried out in the elaboration of the thesis pursued the following
objectives:

 Synthesis and characterization of copper and cobalt chromites from Cr(Ill) and
Cu(Il) carboxylate complex combinations and from Cr(I1l) and Co(ll) carboxylate complex
combinations used as precursors;

» Synthesis and characterization of chromites from metallic (Cu(ll), Co(ll))
carboxylate precursors and ammonium dichromate used as Cr(l11) source;
« Synthesis and characterization of CuCr,0y4 starting from different precursor mixture:
* Cu(II) carboxylate-a-Cr,0s3;
* Cu(Il) nitrate-Cr(I11) nitrate;
+ Synthesis of copper chromites/SiO, nanomaterials (nanocomposites) from Cu(ll),
Cr(111) carboxylate precursors embedded in SiO, matrix;

» Synthesis of CoCr,04/SiO, nanomaterials from Co(ll), Cr(lll) carboxylate
precursors, respectively from Co(ll) carboxylate type complex and ammonium dichromate;

The topic of the doctoral thesis is a topical scientific research subject and makes an
important contribution to the study of the synthesis and characterization methods of
nanocrystalline oxide compounds. Several synthesis procedures are presented for the copper
and cobalt chromites obtained on a nanomaterial scale, both in bulk form and embedded in
amorphous silica matrix. In addition to the classical method (ceramic method), a series of



original (unconventional) synthesis methods are used, whereby oxide powders are obtained
with nanometric particle dimensions at relatively low temperatures and with good yield.

The characterization of these materials was achieved by modern investigation
techniques, which have been used throughout the experimental studies (thermal analysis,
infrared spectroscopy, X-ray diffraction, UV-VIS absorption spectroscopy, transmission
electron microscopy, etc.).

Chapter 1. The current state of research

The first chapter of the thesis presents the literature study of the chosen topic,
consisting of a brief introduction in the field of oxide nanomaterials and of their main
obtaining methods, with an emphasis on the methods used in the experimental part of this
work, followed by a brief presentation of the characterization and investigation methods used.

In the first part of this chapter, nanomaterials are described in a general way.
Following is a brief description of the structure and classification of oxides, and then the
nanomaterials are detailed in the form of simple and mixed oxide structures formed by the
elements chosen for the elaboration of this study: Cu (copper), Co (cobalt) and Cr
(chromium). Aspects regarding the simple (CuO, CoO, Cr,0g, etc.) and double: spinel type
(CuCr,0Q4, CoCr,04) and delafossite type (Cu,Cr,0O4) oxide systems were presented.

The following part of this study describes the methods for obtaining copper and cobalt
chromites bulk and in mixture with SiO,, with a detailed description of the synthesis methods
used in the experimental part of the thesis. In order to obtain nanocrystalline oxide materials,
conventional, classical (ceramic method) methods are used based on the calcination of
mechanical mixtures of simple oxides or salts and also the unconventional methods of
synthesis, which provide good control over the characteristics of the resulting materials [1-5].

Three synthesis methods were used to obtain the copper and cobalt chromites in bulk
form (decomposition of carboxylic complex combinations, combustion method and ceramic
method), and the modified sol-gel method was used for the synthesis of nanocomposites:
CuCr04/Si07, CupCry04/SiO, and CoCr,04/SiO,. The processes involved in obtaining
inorganic-organic hybrid gels and the factors that influence the formation of silica gels are
described in the following part of the study.

Chapter 2. Synthesis of complex combinations with carboxylate organic ligands
used as precursors to obtain copper and cobalt chromites

This chapter presents the synthesis and characterization of copper and cobalt
chromites (CuCr,Q4, Cu,Cr,04 and CoCr,0,4) from metal carboxylate complex combinations
obtained through the redox reaction between the corresponding metal nitrates and 1,3-
propanediol (1,3PD).

The obtaining method of the complex combinations containing the malonate dianion
ligand (CsH,04%) is based on the oxidation reaction of 1,3PD by the nitrate ions from the
metal nitrates (Cr(NOs3)3-9H,0, Cu(NO3),-3H,0 , Co(NO3),-6H,0), simultaneously with the
isolation of carboxylate compounds in solid state. From our previous studies we have
established the conditions for obtaining the malonate dianion (acidity of the reaction medium,
due to the hydrolysis of the metal nitrates in the reaction system which enhances the oxidizing
character of the nitrate anion) [6].

The synthesis takes place in two stages; the first stage consists in obtaining the
malonate precursors by the redox reaction between the nitrate ions and 1,3PD and the second
step consists in the controlled thermal decomposition of these precursors, followed by their
thermal treatment at different temperatures.



Thermal decomposition of carboxylate/hydroxycarboxylate precursors was used to
obtain the CuCr,04, Cu,Cr,04 and CoCr,04 nanoparticles [7].

An important role in the way the redox reaction unfolds, with the formation of
complex combinations is played by the catalytic effect of the metal ions in the system. The
onset temperature of the redox reaction is influenced by the acidity of the metal aquacation
and this decreases as the acidic character of the aquacation is more pronounced
(pKa[Cu(H20)4]**= 8.2, pKa[Co(H,0)s]**=12.2, pKa[Cr(H20)e]**= 4).

Cu(ll) and Cr(I11) metal nitrates or Co(ll) and Cr(l111) metal nitrates were dissolved in
distilled water. To the obtained solutions were added concentrated HNO3 and 25% excess
1,3PD compared to the redox reaction stoichiometry between the NO3™ ions and 1,3PD. The
mixtures were heated controlled in an oven until the redox reactions between Cu(ll) and
Cr(111)/Co(I1) and Cr(l11) nitrates and 1,3PD were initiated at ~80 °C with massive release of
nitrogen oxides (exothermic reaction).

The synthesis temperature of the complex carboxylate combinations was set in the
130-150 °C interval. The carboxylate complex combinations of Cu(ll), Co(ll) and Cr(llI)
were studied by FT-IR spectrometry and thermal analysis, in order to obtain information on
the function of the coordinated ligand of the complex structure. FT-IR spectrometry
confirmed the formation of metal carboxylates by emergence of the bands corresponding to
the asymmetric vibration v, (COQO?) and symmetric vibration vs (COO") of the carboxylate
group [8-9].

This method allows the synthesis of divalent chromites, CuCr,04 and CoCr,0,
(spinels) starting with 400 °C, when the amorphous Cr,03.x 0xide passes into the crystallized
form a-Cr,03, which reacts with the simple oxides of CuO, respectively CoO [7, 10].

The study confirms that the formation mechanism for CuCr,04 and CoCr,04 has as a
first step the transformation of amorphous Cr;03.x into a-Cr,05 with the formation of copper
chromite germs, or cobalt chromite germs, which have an autocatalytic role thus explaining
the formation of chromites at low temperature. The wide temperature interval in which
CuCr,04 and CoCr,04 are obtained offers the possibility to control the structural and textural
properties of the oxide systems.

The presence of a copper excess in the Cu:Cr=1:1 sample, favors the formation of
CuCr,0,4 at low temperature. Cr,03 reacts completely at 400-600 °C (it was not identified in
the RX diffractogram). As confirmed by thermal analysis, the formation of the monovalent
copper chromite (Cu,Cr,0,) has as a first stage the formation of the bivalent copper chromite
(CuCr,0Qy4), which at temperatures above 800 °C was transformed into Cu,Cr,0,.

Copper chromites results as a single phase in the temperature range 800-1000 °C
according to the initial composition (Cu:Cr =1:2 and Cu:Cr=1:1). The obtained chromite
particles have an average diameter of ~55 nm for CuCr,O,4 and ~115 nm for Cu,Cr,0,4 and
can be used in various applications such as gas sensors, pigments, catalysts, etc.

RX analysis and FT-IR spectroscopy showed CoCr,0,4 formation as a single phase and
revealed samples with well-crystallized cubic structure starting from 400 °C, with metal-
oxygen vibrations in the tetrahedral and octahedral sites of the spinel structure. The average
diameter of the crystallites was in the range 6-50 nm (400-1000 °C), depending on the
annealing temperature.

TEM images confirm the formation of crystalline structures and the obtained particle
dimensions are in agreement with the data obtained from the X-ray diffraction, and the UV-
VIS absorption confirms the potential for use as a pigment.

The advantage of the method is the obtaining of chromites on a nanometric scale with
controlled composition, at low temperatures and practically with 100% yield.



Chapter 3. Synthesis of copper and cobalt chromites from Cu(ll), Co(ll)
carboxylate complexes and (NH,4),Cr,O7 as a chromium source

This chapter presents a new method for the obtaining of copper and cobalt chromites,
which represents the combination of two synthesis procedures: the thermal decomposition of
the Cu(ll) or Co(ll)carboxylate precursors and the combustion method ((NH4).Cr,O7
decomposition at low temperature). The synthesis method is based on the use of ammonium
dichromate as a chromium source and consists in the preparation of a homogeneous mixture
of the reagents Cu(NO3),-3H,0 or Co(NO3),-:6H,0 and 1,3PD, with (NH,).Cr,O followed by
its controlled heating.

The method consists of heating an aqueous solution of inorganic salts (usually are
used metal nitrates), which act as oxidizing agents (Cu(NOs),-3H,0, Co(NO3),:6H,0,
(NH,)2Cr,07) and an organic fuel, the reducing agent (1,3PD), which can be the complexing
agent of the metal ions. The homogeneity of the mixture is very important. The complete
dissolution of the components is necessary and the mixture is subsequently heated in a
controlled manner up to the ignition temperature and gives rise to a rapid exothermic reaction
leading to the oxides formation [11-12].

Stoichiometrically dosed reagents (Cu(NO3),-3H,0, 1,3PD and (NH,4),Cr,0-), for the
CuO:Cr,03=1:1 oxide ratio, respectively (Co(NOs3),:6H,0, 1,3PD and (NH,4),Cr,05), for the
Co0:Cr,03=1:1 oxide ratio, were dissolve in distilled water and a few drops of concentrated
HNOs. After homogenization the mixture was heated controlled in the oven. At ~130 °C the
redox reaction between NOj3 and 1,3PD takes place with the formation of the Cu(l1)/Co(ll)
carboxylate type complex combination and with NOx release. The mixture of Cu(l1)/Co(ll)
carboxylate-(NH,).Cr,0O; was further heated until the exothermic (energetic) decomposition
of ammonium dichromate (180 °C) takes place, also favoring the decomposition of the Cu(ll)
carboxylate/Co(ll) carboxylate, resulting in the homogeneous mixture of amorphous oxides
(CuO and Cr,0s3, respectively CoO and Cr,03). The oxide mixture was thermally treated at
temperatures between 400-1000 °C for 3 hours.

Ammonium dichromate contains both oxidizing groups (Cr,0-*) and reducing groups
(NH4"), and upon heating it decomposes autocatalytically with Cr,0O5 formation. Because the
decomposition reaction, which takes place at 180 °C, occurs with massive gas release, the
Cr,03 particles obtained are very fine [12].

Thermal analysis and FT-IR spectroscopy show the thermal decomposition of the
(NH3)2Cr,07-Cu(ll) carboxylate/(NH,4),Cr,0,-Co(ll) carboxylate mixtures. The exothermic
effect at 180 °C (DTA curve) was intense because in this case the energetic decomposition of
ammonium dichromate (AH=—476.4+0.4 kJ/mol) was superimposed with that of the Cu(ll)
carboxylate complex. Decomposition occurred in asimilar way for the case of the ammonium
dichromate and Co(ll) carboxylate mixture. Following the decomposition, a mixture of
amorphous oxides was formed (CuO and Cr,03/Co0O and Cr,03), which interacted during the
thermal treatments and formed mixed oxide compounds.

The FT-IR spectra confirmed the formation of Cu(ll) carboxylate and ammonium
dichromate mixture, or of the Co(ll) carboxylate and ammonium dichromate mixture by the
presence of characteristic bands of carboxylate group: symmetrical vibration vs (COQO") at
~1300 cm™ and the asymmetric vibration v,s (COQ") at ~1600 cm™.

For the annealed samples in the 400-1000 °C temperature interval the FT-IR spectra
are similar and show the formation of CuCr,04/CoCr,0, through the presence of the bands
located at ~510 cm™ attributed to the bonding vibrations of the Cr** ions situated in the
octahedral positions of the spinel structure and ~630 cm™ attributed to the vibrations of
Cu?*/Co* ions in the tetrahedral sites of the spinel structure [13].

From the results it was found that by this synthesis method, in both cases the



chromites form only after the 400 °C temperature, when the non-stoichiometric chromium
oxide, Cr,0344, loses the excess oxygen and passes into stoichiometric chromium oxide
Cr,03, which reacts with MO (M=Cu, Co).

In the case of copper chromite, it begins to crystallize at 600 °C and at 1000 °C it was
the majority phase (96%). The average diameter of the CuCr,0, particles was about 50 nm for
samples annealed in the 600-1000 °C temperature interval.

Via decompositon of Co(ll) carboxylate type complex combinations and ammonium
dichromate mixture, the CoCr,04 spinel was obtained as a single crystalline phase, that occurs
at an apparently low temperature (170 °C), after the exothermic decomposition of the
ammonium dichromate, which makes the temperature of the system to be much higher
(AH=—476.4%0.4 kJ/mol).

RX and TEM analyzes showed that the cobalt chromite samples had a cubic structure
and were well crystallized, and the average diameter was between 11 and 50 nm, slightly
increasing with the increase of the annealing temperature.

The disadvantage of this synthesis procedure is the difficult control of the
decomposition reaction which can lead to the loss of certain amounts of substance during the
energetic decomposition reaction. For this reason, a procedure has been developed to isolate
the reaction mixture, in order to prevent the loss of substance.

Chapter 4. Synthesis of copper chromites from mechanical mixing

This chapter includes a study on the formation of copper chromite (CuCr,0,) starting
from the mixture of Cu(ll) carboxylate and a-Cr,0O3 on the one hand and starting from a
mixture of salts (copper nitrate and chromium nitrate) on the other hand.

The reactants Cu(NO3),-3H,O, 1,3PD and a-Cr,O3, stoichiometrically dosed
(CuO:Cr,03=1:1) were mixed and homogenized with distilled water and the mixture obtained
was heated controlled in the oven. At 130 °C the redox reaction between NO3™ ions and 1,3PD
took place with the formation of the copper carboxylate type complex combination in mixture
with a-Cr,O3 and gas emission (NOX).

Controlled heating of the Cu(ll) malonate-a-Cr,03 mixture led to Cu(ll) carboxylate
complex combination decomposition at 220 °C, with the obtaining of CuO (amorphous) in
mixture with a-Cr,O3. The obtained powder was annealed at different temperatures in the
400-1000 °C temperature interval, for 3 hours.

The FT-IR spectra of the Cu(ll) carboxylate type complex combination, simple and
mixed with a-Cr,O3, obtained at 130 °C contained the characteristic bands from 1625 cm™
and 1390 cm™, which can be attributed to the carboxylate bonds vibrations v,s (COQ") and vs
(COO) coordinated to metal ions (Cu?*), confirming the formation of the copper carboxylate
(malonate) combination.

FT-IR analysis of the annealed samples demonstrated the formation of M-O bonds,
and the X-ray diffraction confirmed the formation of the oxide structures in the samples. At
800 °C, CuO reacted with Cr,03, forming a mixture of copper (I) chromite and copper (II)
chromite. This can be attributed to the good stability of chromium oxide. The presence of a-
Cr,03 together with the chromites mixture can be explained by the fact that part of CuO (it
was consumed) reacted with CuCr,0,4 to form monovalent chromite.

The copper chromite obtained from the Cu(I1) and Cr(I11) nitrates mixture was similar.
The salt mixture was milled with 1mL distilled water, heated under controlled conditions up
to 90 °C and kept for two hours at this temperature. Subsequently, the temperature was raised
to 170 °C and maintained for two hours, and then the sample was annealed at different
temperatures in the 400-1000 °C temperature interval, for 3 hours.

This synthesis resulted in a mixture of oxides. The reaction mechanism for the
formation of the copper chromite from the mechanical mixture of nitrates took place through
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the copper chromate (reaction intermediate), recorded in the diffractogram of the sample
annealed at 400 °C, and the copper chromite was formed starting with the 500 °C
temperature. At 800 °C, Cu,Cr,04 was also formed from CuCr,O,4 and the mixture of oxide
phases (Cr,0O3, CuCr,04 and Cu,Cr,0,4) was maintained up to 1000 °C.

Chapter 5. Preparation of nanocomposites from carboxylate complexes of
malonate type through the modified sol-gel method

The method used to obtain the nanocomposites represents an original synthesis
method that combines the decomposition of carboxylate precursors with the classical sol-gel
method. The formation and decomposition of carboxylate precursors takes place inside the
silica matrix at low temperatures and leads to the formation of nanocomposites of the
M"'Cr,04/SiO, type.

The modified sol-gel method was developed within the research group led by
Professor M. Stefanescu and his colleagues, who have carried out numerous studies regarding
the interaction between different diols with the hydrolysis products of TEOS (Tetraethyl
orthosilicate), as well as the effect of these interactions on of the silica matrix morphology
and have established the optimal parameters for the synthesis of these gels [14-16].

The modified sol-gel method consists in the preparation of gels by hydrolysis and
condensation of TEOS-diol-metal nitrate precursors, which are subsequently subjected to
thermal treatments, and following the decomposition of these precursors, metal oxides
embedded in SiO; are formed.

The diol has a dual role in this synthesis method because in the gelling step it interacts
with the TEOS, leading to the formation of an inorganic-organic hybrid gel and in the thermal
treatment stage, it interacts with the metal nitrate and forms metal-carboxylate type
combinations embedded in the silica matrix.

The decomposition of the precursors takes place at low temperature and leads to the
formation of a homogeneous mixture of metal oxides in amorphous state, with high reactivity
and offers the possibility of obtaining very fine particles (nanoparticles).

The precursors nature (carboxylate complex combinations) plays an important role in
the synthesis of oxide nanoparticle systems. In addition to the precursors nature, the
conditions under which the decomposition is performed (heating rate, temperature and
annealing time, the atmosphere in the oven) play a decisive role and allow the control of the
structural and morphological characteristics of the decomposition products [17-18].

In the case of the studied systems, the conditions of solubilization of metallic nitrates
in distilled water and ethanol by magnetic stirring were established. The required amount of
1,3PD, concentrated nitric acid and the TEOS-ethanol solution were added and stirring
continued for one hour. The resulted clear solution was allowed to rest, and after some time a
gel was obtained. This gel was dried at 40 °C, then milled and thermally treated in the oven at
90 °C and 200 °C, for 3 hours, when a powder was obtained which contained in its pores the
reagents mixture (90 °C) or the carboxylate precursors (200 °C).

By controlled heating in the 90-150 °C interval, the redox reaction occurred depending
on the metal nitrate type, with the formation of the carboxylate which was isolated and
stabilized in the pores of the hybrid silica gel.

Thermal analysis and FT-IR revealed the formation of Cu(ll), Co(ll) and Cr(llI)
carboxylate precursors. Thermal analysis showed that in the 250-350 °C temperature interval
the decomposition of carboxylated precursors took place inside the gel pores, with the
formation of simple or mixed metal oxides.

According to the synthesis procedure, two series of gels Cu(NO3),-6H,O-TEOS-
1,3PD, with different compositions 50% oxide/SiO, (molar ratios Cu(ll):Cr(l11)=1:1 and
Cu(1D:Cr(111)=1:2) were prepared.



The gels obtained at 90 and 200 °C were characterized by thermal analysis and FT-IR.

By thermal analysis of the gels, in the 200-270 °C temperature interval, on the TG
curves the loss of water from the composition of the complexes was recorded, when their
structure was reorganized. All samples show a strong exothermic effect at 270-310 °C, on the
DTA curve, attributed to the oxidative decomposition reaction of the carboxylate mixture.
During the decomposition reaction, an amorphous mixture of oxides (Cr,O3.x and CuO) was
formed in the pores of the gels. At 400 °C, Cr,03:x (amorphous) passes into a-Cr,O3
(crystalline), which in the 400-500 °C temperature interval interacts with CuO and results in
CuCr,04 formation [10].

At higher temperatures (~800 °C), CuCr,04 changed its structure and Cu,Cr,O4 was
formed. Both samples exhibited a weak exothermic effect on the DTA curve associated with
structural changes and rearrangement of the crystalline network from the spinel structure
(CuCr,0Q4) to the delafossite structure (Cu,Cr,04). In the case of a CuO excess, the ratio
Cr,03:Cu0=1:2, starting with the 800 °C temperature, the formation of the Cu(l) chromite
from the Cu(ll) chromite started, in air atmosphere.

FT-IR spectra, in the 40-200 °C temperature interval, highlighted the presence of
nitrate (NOs3) through the specific band from ~1380 cm™, which at higher temperatures
disappeared due to the consumption of nitrate in the NOs-diol redox reaction. The gels
presented two characteristic bands of the asymmetrical and symmetrical stretching vibrations
of the carboxylate groups coordinated to the metal ions: vas (-COO") at about 1.560 cm™ and vs
(-COO") around 1.350 cm™. These bands disappeared in the annealed samples (400-1000 °C)
due to the carboxylate precursors decomposition.

The silica matrix plays a decisive role in the formation of copper chromates because it
prevents contact between oxides (CuO and Cr,03) and the reaction was delayed, and also
limits the oxygen diffusion into the system.

Even if the syntheses started from different molar ratios, CuCr,0,4 was formed in both
samples at low temperature (600 °C). At 800 °C, in the RX diffractograms, CuO and CuCr,0,
are registered, which reacted as temperature increased at 1000 °C with the formation of
monovalent copper chromite, due to the influence of the silica matrix.

The synthesis procedure of CoCr,04/SiO, nanocomposites was similar to that of the
CuCr,04/Si0O, system and 20%, respectively 50% CoCr,04/SiO, (molar percent) mixtures
were synthesized. The gels obtained at 70 °C and 150 °C were subjected to thermal analysis.

Thermal analysis of the gels followed the redox reaction 1,3PD-metal nitrates
unfolding with the formation of Co(ll) and Cr(lll) complex combinations in the pores of the
hybrid gels and 150 °C temperature was proposed as a synthesis temperature of the
precursors. FT-IR spectrometry revealed the formation of Co(ll) and Cr(lll) carboxylate
complex combinations in the pores of hybrid gels.

On the DTA curves there was a weak exothermic effect at 90-130 °C attributed to the
redox reaction between Co(NOj3),-6H,0, Cr(NO3),-9H,0 and 1,3PD, which occurred in the
gel pores with the Co(ll) and Cr(I1l) carboxylate mixture formation. The second exothermic
effect registered on the DTA curve (250-350 °C) was stroger and was associated with the
decomposition of the carboxylate mixture and the formation of cobalt chromite.

The FT-IR spectra of the samples obtained at 70 and 150 °C showed the characteristic
bands for the asymmetrical v, (-COQO’) and symmetrical vs (-COQ") carboxylate group
vibrations. The carboxylate band from 1380 cm™ overlapped with the NOs vibration,
indicating that NO3™ was not completely consumed in the redox reaction at 70 °C [19].

The sample heated to 150 °C was annealed in the 300-1000 °C temperature interval.
The diffractograms of the annealed gels showed the formation of the CoCr,Q, structures
embedded in SiO,. CoCr,0O4 was identified by X-ray diffraction starting with the 300 °C
temperature for both compositions of nanocomposites (20% and 50% molar percent
CoCr,04/Si0,), but it was well crystallized only for the 50% CoCr,04/SiO, composition at

7



this temperature.

The average diameter of CoCr,0, crystallites was of 4-15 nm, for both series of
samples. TEM images show the distribution of cobalt chromite in the silica matrix and the
maps of the elements distribution in the CoCr,04/SiO, nanocomposites (20% cromite)
showed the uniform distribution of Co and Cr atoms throughout the scanned area.

Chapter 6. Synthesis of CoCr,0,4/SiO, nanocomposites from Co(ll) malonate type
complex combinations and (NH,4),Cr,O; through the modified sol-gel method

The study presented in this chapter presents the synthesis of CoCr,04/SiO;
nanocomposite. The method represents a changed procedure of the modified sol-gel method.
The synthesis method aims to combine the advantages of decomposition of the carboxylate
precursors and those of the decomposition of the ammonium dichromate, with those of the
sol-gel method. The method consists in obtaining gels in the TEOS-1,3PD-Co(NQO3),:6H,0-
(NH,)2Cr,07 system, that are subsequently subjected to controlled thermal treatments.

As showed in the previous chapter, where the modified sol-gel method was presented,
the diol has a dual role, interacting both with the metal alkoxide (TEOS) and with the cobalt
nitrate. The interaction of the diol with the TEOS, during the gelling process, influences the
characteristics of the obtained matrix, and upon heating, as a result of the interaction with the
cobalt nitrate, the Co(ll) malonate type complex combinations are formed in situ, during the
nitrate-diol redox reaction. The corresponding CoCr,0O, oxide phase, embedded in the
amorphous silica matrix, was formed by appropriate thermal treatments.

Three sets of samples with different oxide content were prepared (20%, 50% and 80%
CoCr,04/Si0,-weight percent, for which the following notations were used:Gzo, Gsp and Ggy).
For the gel precursor synthesis, the amounts of Co(NO3),-6H,0, (NH4),Cr,0; and 1,3PD with
25% excess were dissolved. After homogenization a ethanol-TEOS solution was added
dropwise. The obtained samples were allowed to gel. The obtained samples were dried at 80
°C for two hours and then were milled. Then the gels were the thermally treatmented at 170
°C, for two hours, to complete the redox reaction between Co(NO3),-6H,0 and 1,3PD, which
occurred with gas emission (NOx) and the Co(ll) carboxylate complex formation. At this
temperature (170 °C) the samples contained a mixture of Co(ll) carboxylate complex and
(NH,;)2.Cr,07, embedded in the gel pores. The samples thus obtained were annealed at
different temperatures (400-1000 °C) for three hours.

The samples obtained at 80 °C were subjected to thermal analysis. The strong
exothermic effect recorded on the DTA curve at 167 °C corresponds to the decomposition of
(NH,)2Cr,07, which occurs at ~170 °C [12], together with the decomposition of the Co(ll)
carboxylate complex and the formation of the mixed oxide. The second effect, recorded at
293 °C, was wider and less intense and may be associated with the decomposition of the
Co(Il) complex. The thermal analysis for the Gso sample obtained at 80 °C had a similar
thermal behavior to the G, sample, and for Ggy the thermal analysis could not be performed.

Due to the presence of the SiO, matrix, not all the amount of Co(ll) carboxylate
decomposed in the first decomposition step associated with the (NH;).Cr,O; decomposition.
During the formation of the matrix, a series of pores were formed in its structure that
incorporated the reagents mixture, which led to a smaller exothermic effect and a controlled
decomposition process. When the amount of (NH,4).Cr,O; was higher, as in Ggo, the behavior
of the sample was different. The decomposition reaction for this sample was violent and the
energetic decomposition reaction occurred at 170 °C with particle scattering.

FT-IR spectroscopy showed the presence of Co(ll) carboxylate precursor in
combination with ammonium dichromate in all samples obtained at low temperature (80 °C).
The Co(ll) carboxylate precursor is of the malonate type [20] and was formed in the redox
reaction between NO3™ and -OH groups of 1,3PD.



X-ray analysis confirmed the crystallization of CoCr,0, inside the silica matrix as a
single cubic phase, at 400 °C. RX diffractograms and TEM images showed relatively
spherical CoCr,04 nanoparticles, with dimensions ranging from 3.9 to 12.4 nm.

General conclusions

The studies carried out in the thesis aimed to obtain oxide nanomaterials based on Cu,
Co, and Cr, bulk and mixed with SiO, through four synthesis methods:

» The thermal decomposition of carboxylate type complex combinations method
obtained by the redox reaction between metal nitrates and diols;

* The combustion method which consists in the thermal decomposition of the M(lI)
metallic carboxylate complex combinations in mixture with the ammonium dichromate, used
as a chromium source;

* The ceramic method, mixtures of:

Cu(Il) carboxylate-a-Cr,Og;
Cu(Il) nitrate-Cr(I11) nitrate;

» Modified sol-gel method which consists in the obtaining and thermal decomposition
of carboxylate type complex combinations inside the silica gel pores.

The optimal conditions for the redox reaction between Cu(NO3),-3H-0,
Co(NO3)2:6H,0, Cr(NO3)3-9H,0 and 1,3PD were established.

The Cr(1l1), Cu(ll) and Cr(l11), Co(ll) hydroxycarboxylate complex combinations
were obtained in the mixture at ~130 °C and were decompose in the 270-380 °C temperature
interval, with an oxide mixture formation Cr,O3.xand CuO, respectively Cr,03.xand CoO.

At about 400 °C amorphous Cr,O3.x transformed into crystalline a-Cr,O3, when it
reacted with the simple oxides (CuO, CoQO) forming mixed oxides. The formation of
carboxylate complex combinations was highlighted by thermal analysis and FT-IR
spectroscopy.

CoCr,04 and CoCr,04 were obtained by the thermal decomposition of carboxylated
precursors method at low temperature, starting at 400 °C.

The presence of an excess of copper (Cu:Cr=1:1) favored the formation of CuCr,0O, at
low temperature. Copper chromites (CuCr,O4 and Cu,Cr,0O4) formed as a single phase at
temperatures above 800 °C, when CuCr,0, interacted with excess CuO to form Cu,Cr,0,.

Cobalt chromite was obtained as a single, well crystallized cubic phase at temperatures
above 300 °C and the obtained cobalt chromite particles had an average particle diameter of
6-50 nm.

TEM images showed that the obtained copper and cobalt chromite nanoparticles
(CuCr,04 and CoCr,0,) had a good crystallinity, with fine spinel structure, and Cu,Cr,0,4 had
a hexagonal structure.

The combustion method is an original synthesis procedure that uses ammonium
dichromate as the chromium source and the M (Il) carboxylate combinations as the divalent
metal source (M=Cu, Co).

CuCr,04 was formed starting with the temperature of 600 °C, and at 1000 °C it was
the majority phase (96%).

CoCr,04 was obtained by the thermal decomposition of (NH4),Cr,0O5, starting with a
temperature of 170 °C, which also triggers the decomposition of the Co(ll) carboxylate
complex.

According to the values of the average crystallite diameters (dxrp), it was found that
the two chromites were nanocrystalline (dxrp=48-51 nm for CuCr,0,4 and dxgp=11-46 nm for
COCI'204).

The modified sol-gel method was used to obtain the CuCr,04/SiO,, Cu,Cr,04/SiO,
and CoCr,04/SiO, nanocomposites.



The formation of hybrid gels took place within the SiO, matrix and was highlighted by
FT-IR and thermal analysis. In the pores of the gels, the redox reaction between metal nitrates
and diol (1,3PD) occurred in a controlled maner due to the presence of the silica matrix.

The study of the thermal decomposition of the Cu(ll), Co(ll) and Cr(l1l) carboxylate
type complex combinations, in the pores of the silica matrix revealed that it unfolds in steps,
in the 250-360 °C temperature interval and was not influenced by the concentration of the
oxide precursors.

CuCr,0, started to form at temperatures higher than 400 °C, for both compositions
considered (Cu:Cr=1:2 and Cu:Cr=1:1), together with a-Cr,O3 formation.

At temperatures above 800 °C, CuCr,04 passed into Cu,Cr,0,, in both cases due to
the influence of the SiO, matrix, which prevented the contact between particles and limited
the diffusion of oxygen into the system.

CoCr,04 began to form at temperatures above 300 °C, for both compositions (20%
and 50% molar percent CoCr,04/SiO,); CoCr,O, was obtained as a single phase, and the
average diameter of the obtained particles was between 5-15 nm.

The method used to obtain CoCr,04/SiO, nanocomposites is an original synthesis
method, a different procedure of the modified sol-gel method.

The decomposition of the precursor mixture was controlled by the presence of the
SiO, matrix, which took up a significant amount of the reaction enthalpy, which led to the
lowering of the mixture’s temperature and to a better control over the energetic decomposition
process of the precursor mixture (Co(ll) carboxylate and (NH4),Cr,05).

Nanocomposites with different oxide ratios (20%, 50% and 80% CoCr,04/SiO,) were
obtained, with average diameter of cobalt chromite particles between 4-13 nm.

The materials obtained can be used as inorganic pigments and catalysts.
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