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Abstract The present study deals with preparation and

characterization of spinel mixed oxide systems NiM2
IIIO4,

where MIII = FeIII, CrIII. In order to obtain 50% NiFe2O4/

50% SiO2 and 50% NiCr2O4/50% SiO2 nanocomposite, we

have used a versatile route based on the thermal decom-

position inside the SiO2 matrix, of some particular precur-

sors, coordination compounds of the involved MII and MIII

cations with dicarboxylate ligands. The ligands form in

the redox reaction between metal nitrates mixture and

1,3-propanediol at the heating around 140 �C of the gels

(tetraethylorthosilicate–metal nitrates–1,3-propanediol–water).

The as-obtained precursors, embedded in silica gels, have

been characterized by FT-IR spectrometry and thermal

analysis. Both precursors thermally decompose up to

350 �C leading to the formation of the corresponding metal

oxides inside the silica matrix. X-ray diffraction of the

annealed powders have evidenced the formation of NiFe2O4

starting with 600 �C, and NiCr2O4 starting with 400 �C.

This behavior can be explained by the fact that, by thermal

decomposition of the Fe(III) carboxylate at 300 �C, the

spinelic phase c-Fe2O3 is formed, which interacts with the

NiO, forming the ferrite nuclei. By thermal decomposition

of chromium carboxylate, a nonstoichiometric chromium

oxide (Cr2O3?x) is formed. In the range 380–400 �C,

Cr2O3?x turns into Cr2O3 which immediately interacts with

NiO leading to the formation of nickel chromites nuclei

inside the pores of silica matrix. Both spinels have been

obtained as nanocrystalites homogenously dispersed as

resulted from XRD and TEM data.

Keywords Carboxylates � Chromites � Ferrite �
Thermal decomposition � Nanocomposites � Silica

Abbreviations

TEOS Tetraethylorthosilicate

1,3PG 1,3-Propanediol

Introduction

In the recent years, research has been carried out on mixed

oxides of transition metals, of the type AIIB2
IIIO4 with spinel

structure, which are active and thermally stable. In addition

to this, there is abundant availability of raw materials nec-

essary for their synthesis. The main advantage of transition

metallic oxide catalysts is their low cost in comparison with

the noble metals, traditionally used for this purpose [1].

Fe(III) and Cr(III) are usually chosen as the trivalent cations

because they are active for methane oxidation in the form of

single oxides [2]. The synthesis of nanosize-structured

spinel ferrites was already reported to provide selective

catalysts for oxidation of hydrocarbons. These materials

were found to be very good catalysts for the oxidation of

styrene to benzaldehyde in the presence of hydrogen per-

oxide [3]. Oxidation of alkyl aromatic compounds over

heterogeneous catalysts using cleaner peroxide oxidants is

an especially attractive goal in these days [4].
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Mesoporous materials have large pores and high surface

area and thus provide good basis for catalysis, separations,

and sensors. From a catalytic point of view, inorganic

nanoparticle–mesopore composites have a potential to allow

three-dimensional (3D) designer catalysts with separate

tuning of the microscopic catalytic rates on the nanoparticles

surfaces as well as control over material transport by changes

in the pore size. Synthesis of well-dispersed catalyst—metal

or oxide—particles inside a support material is of great

interest and carries potential challenges.

The sol–gel process is a versatile method for making

ceramic and glass materials based on incorporation of

particles embedded in inert matrixes such SiO2 with spe-

cific properties, which are related with the structure of the

forming composites materials. The SiO2 glasses prepared

by the sol–gel method have been used experimentally as

supporting substrates to organic and inorganic molecules.

They specially have been used in 3D constructions, in

which ‘‘guests’’ (e.g., atomic clusters, organic molecules,

etc.) are dispersed in the framework voids [5].

The present study deals with preparation and charac-

terization of spinel mixed oxide systems NiM2
IIIO4, where

MIII = FeIII and CrIII, inside a silica matrix. In order to

obtain 50% NiFe2O4/50% SiO2 and 50% NiCr2O4/50%

SiO2 nanocomposites, we have used a versatile route based

on the thermal decomposition inside the SiO2 matrix, of

some particular precursors, coordination compounds of the

involved MII and MIII cations with dicarboxylate ligands

obtained in the redox reaction between metal nitrates and

1,3-propanediol. In reaction with MII(NO3)2 or MIII(NO3)3,

this diol is oxidized at malonic acid, which coordinates to

these cations forming polynuclear malonates, as previously

reported in the literature [6, 7]. This reaction takes place in

a similar way when the reacting mixture is embedded in a

silica gel [8]. The thermal decomposition of the as-formed

precursors leads to the formation of as intimate mixture of

the two oxides in a highly reactive state, which further

reacts to form the spinel system embedded in silica matrix.

The thermal evolution of the obtained gels was studied by

thermal and FT-IR analyses. The decomposition products

at 400 �C of the precursor/silica system have been

annealed at different temperatures up to 1000 �C to study

the evolution of the two oxidic systems inside the silica

matrix. The annealed powders have been characterized by

X-ray diffraction and TEM.

Experimental

Materials and methods

In the synthesis, we have used tetraethyl orthosilicate

(TEOS) (Merck, 98%), metal nitrates (MN) (Merck (p.a.)):

Cr(NO3)3�9H2O, Fe(NO3)3�9H2O, Ni(NO3)2�6H2O and 1,3-

propanediol. The processing scheme is resumed in Fig. 1.

The gels tetraethyl orthosilicate (TEOS)–metal nitrates

(MN)–diol (EG) were prepared by dissolution of the metal

nitrates in the corresponding amounts of diol and of water,

resulting in clear solution. To these solutions, the ethanolic

solutions of TEOS were added under magnetic stirring. The

resulted stable solutions have been left for gelation in cov-

ered glasses at room temperature. The amounts of reactive

used in the synthesis of different gels to obtain the desired

50% (mass percent) simple or mixed oxides embedded in

SiO2 nanocomposites are listed in Table 1. The resulting gels

were dried at 50 �C for 3 h, then grinded, and heated at

140 �C. At this temperature, the redox reactions diol–metal

nitrates took place with formation of the corresponding

carboxylate type precursor of the mixed oxide nanoparticles

in the pores of the hybrid gels. These precursors were

decomposed by thermal treatment at 350 �C for 3 h to obtain

the primary oxidic system embedded inside silica matrix.

The obtained powders were then annealed for 3 h at higher

temperatures, to obtain 50% NiFe2O4/50% SiO2 and 50%

NiCr2O4/50% SiO2 nanocomposites.

Experimental techniques

The obtained gels and nanocomposites have been charac-

terized by thermal analysis, infrared Fourier transform

(FT-IR) spectrometry, X-ray diffraction (XRD), and trans-

mission electron microscopy (TEM).

Si(OC2H5)4 + C2H5OH

NiM2O4/silica nanocomposites

Solution

Clear gel

50 °C

Dried gel containing the mixture of metal nitrates and
the diol in the pores of the hybrid diol-silica matrix

140 °C (redox reaction)

350 °C (decomposition of 

Xerogel containing the MII/MIII carboxylates in the

(Mixture/mixed oxides)/silica nanocomposites

Annealing

pores of the hybrid diol-silica matrix

Room temperature

(Ni(NO3)2 + M(NO3)3) + Diol + H2O

precursor)

Fig. 1 Scheme of the main steps in the synthesis of NiM2O4/SiO2

nanocomposites, starting from TEOS, metal nitrates, and diol
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The progress of the redox reactions between mixtures of

nitrates and diol was studied by thermal analysis of the

dried gels using a 1500 D MOM Budapest Derivatograph,

on Pt plates. The thermal decomposition of the formed

precursors was studied on a Diamond Perkin Elmer thermo

balance. All the experiments have been performed in air, in

the temperature range 20–500 �C, with a heating rate of

5 �C min-1, using as reference a-Al2O3.

The synthesized powders were characterized by FT-IR

spectrometry with a Shimadzu Prestige FT-IR spectrome-

ter, in KBr pellets, in the range 400–4000 cm-1. The phase

compositions of the powders were determined by XRD

using a Bruker D8 Advance System (monochromatic Mo-

Ka radiation) operating at 40 kV and 40 mA. The average

crystallite size was calculated based on the XRD patterns

using the Scherrer’s equation: DXRD = 0.9k/bcosh [9],

where DXRD is the mean crystallite size, k is the radiation

wavelength of Mo-Ka (0.70930 Å
´

), b is the full-width-at-

half of the maximum (FWHM) (in radians), and h is the

Bragg angle. TEM microscopy was performed on a JEOL

JEM 1010 microscope.

Results and discussions

The synthesis method used for the preparation of nickel

ferrite and nickel chromite spinels is based on the redox

reaction between the corresponding mixture of metal

nitrates Ni(NO3)2–MIII(NO3)3 and diols, within the pores

of the silica gel.

Previous studies on the redox reactions between metal

nitrates and diols have shown that the diols are oxidized to

the carboxylic/dicarboxylic acids as results from Eqs. 1

[10] and 2 [11], with emission of reddish-brown nitrogen

oxides NxOy. In the equations, we have considered the

reduction of NO3
- to NO, which further reacts with O2 to

give NO2, leading to a mixture of nitrogen oxides (NxOy).

C2H4 OHð Þ2þ 2NO�3 þ 2Hþaq $ HOð Þ2CH� COOH
Glyoxylic acid

þ 2NO þ 2H2O ð1Þ

3C3H6 OHð Þ2þ 8NO�3 þ 8Hþaq

$ 3CH2 COOHð Þ2
Malonic acid

þ 8NO þ 10H2O ð2Þ

The as-formed organic acids loose their protons and

coordinate as dianions to the metal cations present in the

system leading to polynuclear coordination compounds

[10, 11]:
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When the diol interacts with a mixture of metal nitrates, the

reaction takes place in one or two steps, depending on the

metal cations nature (on the difference on the aquacation’s

acidity). Thus, while chromium (III) and copper (II)

nitrates interacts in a single step with the diol forming a

polynuclear coordination compounds [7], iron (III) and

zinc (II) nitrates interact separately with the diol leading to

a mixture of homonuclear carboxylates [12].

Our sol–gel-modified method starts from the sols con-

taining the mixture of diols and metal nitrates (as reactant

for the metal carboxylates which will represent the NiM2O4

nanoparticles precursors), tetraethylorthosilicate (TEOS)

(as precursor of the siloxane network) and water and eth-

anol as solvents, in acidic catalysis insured by the hydro-

lysis of Fe(NO3)3. The sols are left for gelation at room

temperatures when, according to our previous studies [13],

the diol interacts with the Si–OH groups from the siloxane

network leading to a hybrid organic–inorganic network

with the Si–OH groups. In these conditions, the processes

that take place during gelation are complex, and can be

presumed to be as given by the Eqs. 3–6:

Table 1 Synthesis parameters and notations of the prepared gels

Sample Quantity/mole %MxOy/SiO2%NiM2
IIIO4/SiO2

Ni(NO3)2�6H2O Cr(NO3)3�9H2O Fe(NO3)3�9H2O TEOS H2O Diol EtOH

NiPGSi 0.020 – – 0.025 0.100 0.040 0.150 50

FePGSi – – 0.020 0.025 0.100 0.040 0.150 50

CrPGSI – 0.020 – 0.025 0.100 0.040 0.150 50

NiFePGSi 0.0066 – 0.0132 0.025 0.100 0.040 0.150 50

NiCrPGSi 0.0060 0.0132 – 0.025 0.100 0.040 0.150 50
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Si(OR)4þnH2O)���������������*hydrolysis

esterification
ðRO)4�nSi(OH)nþnROH

ð3Þ

� Si� ORþ HO� Si � )���������������*alcohol condensation

alcoholysis
� Si� O� Si

� þROH

ð4Þ

� Si� OH + HO � Si � )���������������*water condensation

hydrolysis
� Si� O� Si

� þH2O

ð5Þ

� Si� OH + OH� CH2 � CH2 � OH þ OH� Si

�)���������������*condensation

hydrolysis
� Si� O� CH2 � CH2 � O� Si

� þH2O ð6Þ

Thus, we can speak in our case of hybrid gels, containing

the mixture of metal nitrates and 1,3-propanediol. Taking

into account the interaction of TEOS–1,3-propanediol

quantitatively studied previously, we always introduce an

excess of diol corresponding to a molar ratio diol:

TEOS = 0.5:1.

These gels dried at 50 �C have been characterized by

thermal analysis. Figures 4, 5, 6 show the registered TG

and DTA curves for the gels CrPGSi (Fig. 2), NiPGS

(Fig. 3) and NiCrPGSi (Fig. 4).

The main purpose of thermal analysis of the dried gels

was to evidence the redox reaction between the metal

nitrates and the diol, which takes place in the pores of the

silica matrix at the heating of the gels. As it results from the

weak exothermic effect registered on DTA curve of gel

CrPGSi (Fig. 2), chromium nitrate reacts with 1,3-pro-

panediol around 70 �C, leading to a compound which

thermally decomposes in the range 275–375 �C with a

large exothermic effect. The gels containing Fe(NO3)3 and

1,3-propanediol behave similarly with CrPGSi one, and it

was studied previously [14].

The evolution of the curve of NiPGSi gel (Fig. 3) show

a completely different thermal behavior. Thus, in this case,

the main mass loss takes place at 130 �C, when the redox

reaction Ni(NO3)2–1,3-propanediol takes place probably

forming the corresponding Ni-carboxylate, which instantly

burns leading to a black powder presenting magnetic

properties. According to the small increase of the mass

around 230 �C and to the magnetic properties, a mixture of

metallic nickel and nickel oxide form inside the silica

matrix.

Figure 4 presents the TG and DTA curves of the gel

NiCrPGSi. In this case, the redox reaction between metal

nitrates and 1,3-propanediol takes place around 110 �C,

when a weak exothermic effects appear on DTA curve. It is

possible that, in this case, the redox reaction of chromium

nitrate with the diol to induce the redox reaction of
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Fig. 4 TG and DTA curves of the gel NiCrPGSi containing the

mixture Ni(NO3)2–Cr(NO3)3–1,3-propanediol

0 50 100 150 200 250 300 350 400 450 500

0

–10

–20

–30

–40
Exo

70°

340°

DTA

TG

–50

–60

Temperature/°C

Δm
/%

D
TA

 s
ig

na
l/a

.u
.

Fig. 2 TG and DTA curves of the gel CrPGSi, containing the mixture

Cr(NO3)3–1,3-propanediol
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Fig. 3 TG and DTA curves of the gel NiPGSi containing the mixture

Ni(NO3)2–1,3-propanediol
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Ni(NO3)2 with the diol also. In this case, the formed

product (e.g., the nickel malonate) is more stable and does

not burn, because of its dispersion within the formed M(III)

carboxylate.

As can be concluded from thermal analysis study of the

synthesized gels, the 140 �C temperature is optimal to

obtain the carboxylate type precursors in the pores of the

silica matrix, because the redox reaction is complete. Thus,

the dried gels FeNiPGSi and CrNiPGSi have been grinded,

and thermally treated for 4 h at this temperature. The as-

obtained powders have been characterized by thermal

analysis and FT-IR spectrometry.

Figure 5 presents the thermal curves of the xerogels

NiFePGSi obtained at 140 �C. The oxidative thermal

decomposition of nickel ferrite precursors inside the silica

matrix takes place in the range 250–350 �C leading to the

corresponding oxidic system embedded in silica matrix.

This stage of the thermal decomposition generates on DTA

curve a large split exothermic effect, because of the

superposition of the burning of the organic parts from the

hybrid diol-siloxane network [13]. In case of the gel,

NiCrPGSi (Fig. 6), the burning of the organic parts from

the network overlapped with the oxidative decomposition

of the precursor, generating on DTA curve a sharp exo-

thermic effect.

The suggested thermal evolutions of the synthesized

gels have been confirmed by FT-IR spectrometry of the

gels thermally treated at different temperatures. Figures 7

and 8 presents the FT-IR spectra of the gels NiFePGSi and

NiCrPGSi thermally treated at 50, 140, and 270 �C. The

spectra of the gels dried at 50 �C present besides the bands

characteristic to the silica-gels (*420, *800, *960,

*1060, *1640, and *3400 cm-1[13]), additional bands

characteristic to the NO3
- ions (*870 cm-1 and the strong

band at *1380 cm-1[8]), and characteristic to the diol

(3000–2800 cm-1, *1100 cm-1). The spectra of the gels

thermally treated at 140 �C do not present the strong band

at 1380 cm-1 any more, because of the consumption of the

NO3
- ions in the redox reaction with the diol. A new

strong band located at *1580 cm-1, corresponding to the

asymmetric stretching vibrations of the –COO- group,

formed by the oxidation of the C–OH group from diol,

together with the band located at 1350–1370 cm-1 char-

acteristic to the symmetric stretching vibrations –COO-

group, confirms the formation of coordination compounds

between the cations present in the system and the carbox-

ylate ligands [12]. The FT-IR spectra of the gels heated at

270 �C evidence a partial decomposition of the precursors,

in the pores of the xerogels. The FT-IR spectra of the

powders annealed at 350 �C evidence the complete

decomposition of the carboxylate type precursors, and

present the bands characteristic to the silica matrix and

some additional weak bands in the range 700–400 cm-1

because of the formation of primary oxidic system inside

the silica matrix.

It is interesting to note that, in the case of the powders

annealed at 350 �C, significant changes take place in the

range 3700–2800 cm-1. Thus, while in case of NiFePGSi
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(Fig. 7), a large band characteristic to H-bonded water

molecule or Si–OH groups appear around 3400 cm-1, in

case of the gel NiCrPGSi several bands appear in the range

3800–3600 cm-1, characteristic to free, unbonded –OH

groups, together with a large band in the range

3400–2900 cm-1 with maximum at 3097 cm-1[14]. In this

case, it is possible that a higher number of internal Si–OH

groups to remain in the silica network, confirmed also by

the band located at 952 cm-1, which can be also assigned,

according to some studies [15], to the Si–O–Cr bond that

possibly appears as a result of the interaction of Cr–OH

(formed by thermal decomposition of the Cr(III) hydrox-

ylmalonate) with the Si–OH groups.

The powders obtained at 350 �C have been annealed at

400, 600, and 1000 �C and studied by X-ray diffraction and

FT-IR spectrometry.

Figure 9 presents the XRD patterns of the powders

obtained at 400 �C for the gels FePGSi (pattern 1), NiPGSi

(2) and of the powders FeNiPGSi annealed at 400 �C (3),

600 �C (4), and 1000 �C (5).

XRD pattern (1) of the gel FePGSi show no crystalline

phases because at thermal decomposition of this type of

iron carboxylates, c-Fe2O3 is formed inside the silica

matrix, as very fine nanoparticles, almost amorphous at

low-temperatures [16]. This phase, which usually turns into

a-Fe2O3 at around 400 �C, stabilizes inside the silica

matrix up to 800 �C [16]. The spinelic phase c-Fe2O3

interacts at low temperature with the NiO formed by

thermal decomposition of the Ni malonate, as a result of

pattern (2). NiO thus formed (JCPDS file no. 85-1977) is in

a weakly crystallized and reactive state, forming the ferrite
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nuclei, inside the silica matrix. By annealing the powder

NiFePGSi at 600 �C, NiFe2O4 spinel (JCPDS file no.

86-2267) appears as sole crystalline phase inside the

amorphous silica matrix (pattern 4). The crystallization

degree significantly increases after calcination at 1000 �C

according to pattern (5) from Fig. 9.

Figure 10 presents the XRD patterns of the powders

obtained at 400 �C from the gels CrPGSi (pattern 1),

NiPGSi (2), and of the powders CrNiPGSi annealed at

400 �C (3), 600 �C (4) and 1000 �C (5).

XRD patterns (1) and (2) of the gels containing only one

metal cation (CrPGSi, NiPGSi) annealed at clearly evi-

dence the crystallization of the corresponding simple oxi-

des inside the amorphous silica matrix: Cr2O3 (JCPDS file

no. 38-1479) and NiO [17]. In the case of the gel

CrNiPGSi, containing both metal cations, after calcinations

at 400 �C, XRD pattern does not evidence any crystalline

single oxide (Cr2O3 or NiO) probably because of their

interaction, with formation of NiCr2O4 nuclei inside the

amorphous silica matrix. This hypothesis is confirmed by

the appearance in the pattern (4) of the powder CrNiPGSi

annealed at 600 �C of the diffraction peaks characteristic

for spinel phases. When this powder is annealed at

1000 �C, well-crystallized NiCr2O4 spinel (JCPDS file no.

77-0008) forms inside the silica matrix, according to the

corresponding XRD pattern (5).

TEM images of the nanocomposites NiM2O4/SiO2

obtained at 1000 �C are presented in Fig. 11 for M = Fe

and in Fig. 12 for M = Cr.

TEM images for NiFe2O4/SiO2 evidence the formation

of spherical nickel ferrite nanoparticles with diameters in
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the range 10–30 nm homogenously dispersed inside silica

matrix. In the case of nickel chromites, the contrast

between the spinel nanoparticles and the silica matrix is

weaker, and the shape of the nanoparticles is less visible. In

both cases, the mixed oxide nanoparticles are homoge-

nously dispersed inside silica matrix.

Conclusions

The comparative study regarding the formation of nickel-

based spinels NiM2O4 for M = Fe(III) and Cr(III) inside a

silica matrix showed the possibility of obtaining nano-

composites of 50% NiM2O4/50% SiO2 for potential

applications as catalysts. The synthesis method used is a

particular sol–gel method that starts from sols containing

tetraethyl orthosilicate, the corresponding metal nitrates,

and 1,3-propanediol, besides water and ethanol as solvents.

The complexity of the sols, especially the presence of the

diol besides TEOS during gelation, influences the forma-

tion of the siloxane network, leading to hybrid gels which

contain in the pores the mixture of metal nitrates and the

diol. During the thermal treatment metal nitrates interact

with the diol with formation of metal carboxylates, which

will function as precursor of NiM2O4 particles. By the

thermal decomposition of this precursors inside the silica

matrix, weakly crystallized, very reactive simple oxides

form, which interact to each other leading to the formation

of the desired spinels as nanoparticle inside the amorphous

silica matrix, as evidenced by TEM images.

Acknowledgements This study was partially supported by the

strategic grant POSDRU/21/1.5/G/13798 inside POSDRU Romania

2007–2013, co-financed by the European Social Fund—Investing in

People and by the strategic grant POSDRU/88/1.5/S/50783, Project

ID50783 (2009), co-financed by the European Social Fund—Invest-

ing in People, within the Sectoral Operational Programme Human

Resources Development, 2007–2013.

References

1. Tasca JE, Quincoces C, Alvarez AM, González MG, Lavat A.
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