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Section 1. Processing and characterization
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Ni,Zn/SiO, nanocomposites with magnetic properties were obtained by an improved sol-gd
method (hibrid gels) by using Si(OC;Hs)s Zn, Ni, Fe, nitrates, ethanol (C,HsOH) and
ethylene glycol. After drying and cdcinations of the ges a temperatures between
600-1300 °C, the reaction products were characterized by thermal analysis, IR-Spectroscopy,
X-Ray diffraction and magnetic measurements. Unlike the case when we used only the
thermal decomposition of the complex combination with glyoxilate dianion ligand method,
in order to obtain nanocrystalline Ni-Zn ferrite, in this case we used a combined method,
between the first one and the known sol-gel method. The specia result of this proposed
method is the producing of ultra fine magnetic nanoparticles, with diameters even smaller
than 3.5 nm. The presence of the ferimagnetic phase was clearly evidenced from magnetic
measurements starting even from low temperatures (550 °C) for aweight percentage ferrite
SiO, of 35:65. The magnetic behaviour of ZnNi.Fe;0,4 (x = 0.35) ferrite nanoparticles, in
silica matrix, obtained after thermal treatment a 600 °C in a quasistatic magnetic field
(50 Hz), is super paramagnetic for a 3.5 nm mean diameter, respectively ferromagnetic for
6 nm mean diameter.
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1. Introduction

Ferrites represent an important category of materials, which are largely used, due to ther
numerous practical applications, as for example magnetic devices in dectronic, optical and
microwave instalations [1,2]. Most of the physical properties of these materias, especialy the
magnetic ones (coercivity, saturation magnetization, losses) dramatically change with the decrease
of the particle size, until the nano-size [3,4]. Thus, a special interest was paid to the synthesis
methods that alow for getting the nanocomposites. In this context, the unconventiona synthesis
methods [5-8] gained an advantage over the conventional methods [9,10].

One of the most popular unconventiona synthesis methods, very much used in the past
years is the sol-gel method [11-13]. This method was successfully used in obtaining nanomaterias,
especially magnetic nanomaterials — simple ones or included in inorganic matrix. The
nanocomposites obtained by including magneti ¢ ferrite nanopartides in a nonmagnetic matrix using
the sol-gdl method are of interest due to the new physical, chemical, dectricd and magnetic
properties resulted from their particulate structure, by comparison with the bulk materid [14-16].

In our previous studies we obtained the Ni-Zn ferrite, by an original, unconventiona
patented method [17] based on the oxidation reaction of ethylene glycol to the glyoxylate dyanion,
by the NO; ion, with the formation of the heaeropoynuclear complex combination
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[Fe&NIi 1 Zn (OH)4(CoH204)2-H0], x=(0+1) [18-20]. After the thermad decomposition of the
mentioned complex combination, the Ni-Zn ferrite is obtained as a very fine powder, even starting at
~400 °C, much lower temperature than by the classical method of annealing mechanical mixtures,
where the synthesi s temperatures are 1200 °C-1400 °C.

In the present paper we pursued the preparation of the Ni-Zn ferrite as nanoparticles
dispersed in a SO, matrix, by combining the origind getting method for
NixZnFe0,4 (x = 0.35) ferrite (by the therma decompoasition of the heteropolynuclear complex
combination a low temperatures (550 °C)) with the sol-gel method. This new hybrid synthesis way
dlowed for getting Ni-Zn ferrite at rather low temperatures and with highly reduced particle
diameter (~ 3 nm), dispersed in the silica matrix. The magnetic properties of the samples strongly
depend on the dispersion in silica matrix of ferrimagnetic nano particles size.

2. Experimental
2.1. Synthesis

The materials used for the synthesis were Fe(NO3)z:9H,O (Merck), Ni(NOz),:6H,0
(Merck), Zn(NOs),-6H,0 (Merck), ethylene glycol (p.a.) and tetraethyl orthosilicate (TEOS) (Fluka,
98%).

Synthesis |: the synthesis of NigesZNoasFe:04/S O, (35% ferrite, 65% SO,, mass percents)
starting from metallic nitrates, ethylene glycol (EG) and tetraethylorthosilicate (TEOS).

The metallic nitrates, weighed to the designed stoichiometric ratio, have been dissolved in
ethylene glycol (EG) (to obtain aNO;™: EG ratio of 1:1) and ethanol. The obtained sol ution has been
slowly added in drops, while stirring, to the ethanol TEOS sol ution. Ethanol has been added in order
to increase the miscbility of the two solutions.

Synthesis I1: the synthesis of NiggsZNgssFe,04/S O, (35% ferrite, 65% S O,, mass percents)
starting from metallic nitrates, and tetraethylorthosilicate (TEOS).

The metalic nitrates have been dissolved in ethanol and than added in the same conditions
as the previous synthesis, to the ehanol TEOS solution.

Synthesis 111 the synthesis of the SO, matrix starting from EG and TEOS

The ethanol-EG sol ution has been added under stirring to the ethanol TEOS sol ution.

The homogenous, clear solutions obtained in all the three syntheses have been left a room
temperature and air atmosphere to gellify. The obtained gels have been dried in the drying oven at
60 °C, for 10 hours. After drying and milling, the resulted powders have been thermally treated at
different temperatures and than characterized.

Standard complex combination [FeNiggsZNng 35(OH)4(CoH204),.xH,0] was prepared from
the corresponding metal nitrates and ethylene glycal, according to our original method described in
the previous papers [18-20].

2.2. Experimental techniques

The dried gel's and the thermally treated powders from the synthesis have been characterized
by thermal analysis and IR spectrometry. The thermal analysis (differential thermal analysis (DTA)
and thermogravimetric analysis (TG)) was carried out in unisothermal regime, on Pt plates, in air,
usinga MOM Budapest 1500-D Derivatograph.

The FT-IR spectra of the powdered samples were carried out with a JASCO 430 FT-IR
spectrometer on KBr pellets.

The crystdline phases obtained on the composites were identified by X-ray diffraction in a
Brukee and Dron 3 diffractometers using Cu-Kq (Acwa = 154056 A) and dso
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MoKy (Awok = 0.70930 A) radiation. The use of Mo-K, radiation was necessary in order to put in
evidence more clearly the material with very small size nanocrystalites.

The magnetic behaviour of the Ni-Zn ferrite nanoparticles, dispersed in the silica matrix was
studied at room temperatures and magnetic fidd frequency of 50 Hz. Magnetic measurements were
performed with a standard equipment described in ref. [21] provided with a data acquisition system
(DAQ) connected to apersona computer (PC).

3. Experimental results
Obtaining the NiggsZNngssF&0, farite in SIO, matrix by the proposed method assumes the

formation of the heteropol ynuclear complex combination [F&NigesZNo 35(C2H204)2(OH)4H20] as an
intermediate phase, included in the inorgani c matrix, as aresult of the redox reaction (eguation 1):

2Fe(N03)3 + 065N|(N03)2 +0.35 Zn(N03)2 +2 C2H4(OH)2 + XHzo — (1)
Fe:Nio esZNg 35(0H) 4(CoH204)2.XxH0 + 4 NO + 4 HNOs
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Fig. 1. TG and DTA curve of samples: dried gdl at 60 °C from synthesis | (0); dried gdl at
60 °C from synthesis Il (A); asolution metal nitrates—ethylene glycol (NOs: EG=1: 1) (7).

The formed complex combination leads to the corresponding oxide mixture after the thermal
decomposition at ~400 °C.

InFig. 1 thereare shown the TG and DTA curves of the gdsresulted from the synthesis| (o
curve) respectively synthesis Il (A curve), aswell as of a metallic nitrates — ethylene glycol solution
(inmolar ratio NO;= EG=1: 1) (o curve).

The formations in the matrix of the heteropolynuclear complex combination, its thermal
decomposition and the behaviour during the thermal treatment of the silica matrix system, have been
studied by IR spectrometry. The FT-IR spectra are shown in Fig. 2. The frequencies of the IR main
absorption bands corresponding to the studied sampl es and the assignment of these bands are shown
inTable 1.
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Table 1. IR frequencies of main absorption bands of the studied samples.

IR frequencies [cm] Assignment

1 2 3 4 5 6 7
3360 | 3426 3426 3438 3368 3427 3400 | 3440 cm™ v(H:0)
2959 | 2947 2936 - - 2940 2947 | 2950 cm™: v(CH,)
2880 | 2880 - - - - 2860 | 2880 cm™: V(CH)
1623 1610 1615 1627 1638 1620 - 1640 cm™: §(H,0)

- - - - - - 1615 | 1620 cm™ v(COO)

- - 1393 - - - 1386 | 1390 cm™: v{(COO)
1380 1380 - - 1380 - - 1380 cm™  (NOs)

- - 1364 1358 - - 1358 | 1360 cm™: &(OH)

- - 1312 | 1312 - - 1312 | 1320 cm™: v(CO)

. - - - - - 1218 | 1220cm™:v(OH)+3(OH)
1180 1188 1183 1200 1194 1194 - 1200 cm™: v(Si-0-Si)

- - - - - - 1073 | 1080 cm™: v(COH)
1072 1062 1065 1065 1065 1065 - 1075 cm™: v(Si-0-Si)
960 960 - - 948 950 - 960 cm™: v(Si-OH)
792 794 800 800 79 790 - 800 cm™: v(Si-O-Si)

- - - - - - 800 | 780cm™: 5(OCO)+v(MO)

- - - - - - 715 | 715 cm™ p(H,0)
452 445 446 450 446 434 490 | 480 cm’: v(MO)

“

@
®
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Fig. 2. FT-IR spectra: (1) gel from synthesis I, dried a 25 °C; (2) gdl from synthesis |, dried at

60 °C; (3) gd from synthesis I, thermally treated a 130 °C; (4) gel from synthesis |, thermally

trested at 200°C; (5) standard complex [FexNiggsZngzs(OH)4(CoH204)2.xH,0; (6) gl from

synthesis Il, thermally treated at 130 °C; (7) gel from synthesis i, thermdly treated at 130 °C.
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Fig. 3 represents the XRD patterns of the samples obtained by synthesis | (spectra (a) and
(c)) respectively by synthesis Il ( spectra (b) and (d)), both after thermal treatment at 800 °C. Also,
the XRD patterns of the sample obtained by synthesis | calcined a 600 °C are shown in Fig. 3
(spectrae). In order to obtain a better identification of the phase, it was used both Cu-K, radiation (a
and b spectra) and Mo-K,, radiation ((¢) and (d) spectra). The XRD patterns of the samples prepared
by synthesis | and synthesis |1, and fired a 1300 °C, were recorded. Fig. 4 represents the spectrum of
the sampl e obtained by first synthesis after firing at 1300 °C. The spectrum of the sampl e obtai ned by
the second synthesis is amost like the spectrum of sample | with the remark that XRD patterns are
narrower and sharper in the case of sample Il. The spectra of samples obtained by both syntheses (1
and 1) recorded with Cu-K, radiation at 600 °C show that all phases are quasi-amorphous at this
temperature.
The magnetical behaviour of the samples was studied at 600 °C (Fig. 5). Clear differences
were evidenced between samples prepared by synthesis I, and samples prepared by synthesis I,
respectively. For both samples (synthesis | and I1) at temperature upon 700 °C, magneti zation follows
ahysteresis cyce, and increases with temperature.
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Fig. 3. XRD patterns of samples obtained by synthesis | and Il fired a 800 °C

recorded with Cu-K, radiation ((8) and (b) spectra) and respectively with Mo-K,

radiation ((c) and (d) spectra). XRD spectraof thesamplel recorded (with Cu-K,
radiation) after athermal treatment at 600 °C (€).
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Fig. 4. XRD patterns of sample |, calcined at

1300 °C, recorded with Cu-K, radiation. 2
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Fig. 6. Theoreticd and experimental M — H Fig. 5. Magnetization vs. magnetic field for the
curve for the sample forom synthesis |, sample prepared by synthesis | (@) and I
fired at 600°C. (b) fired at 600 °C.

4. Discussions

As we have previously shown [20], from the evolution of the DTA curve (o), Fig. 1,
corresponding to the metallic nitrates solution in EG, it may be noticed an exothermal effect at
~100 °C assigned to the redox reaction, when the heteropolynuclear complex combination forms,
followed by another exotherma effect at ~ 290 °C, corresponding to the decomposition of the
complex combination. Comparing the DTA curve () (Fig. 1) corresponding to the gel resulted from
the synthesis | (metdlic nitrates — EG — TEOS) with the DTA curve (o), there were noticed two
similar exothermal effects at ~100 °C, respectively at 230 °C, which can be assigned to the complex
combination [FeNigesZng.a5(CoH204)2(0OH),-H,0] (110 °C) formation in the inorganic matrix and its
decomposition (230 °C). The complex combination decomposition at lower temperature (230 °C) in
the silica matrix is due to the advanced dispersion of the complexes particles inside the matrix. The
absence of some similar effects on the DTA curve (A) in Fig. 1, corresponding to the gel resulted
from synthesis Il (metallic nitrates — TEOS) make us to assign them to the formation, respectively
the decomposition of the heteropol ynuclear complex combination with glyoxilate dyanion is correct.

From the TG curves (©) and (A), shown in Fig. 1, it may be noticed that slow mass |losses
take place slowly, the losses being assigned to the dimination of the (-OH, -OR) residual groups
from the silica matrix [22]. The FT-IR spectra (Fig. 2, spectra (1) and (2)) of gels dried at 25 °C and
60 °C respectively, show the characteristic bands assigned to stretching vibrations of silica matrix
(Table 1) [23-25] and the strong band from 1380 cm '~ assigned to the asymmetric NOs ™ stretching
vibration [26]. Upon increasing temperature a drop in band intensity is observed, and, finally, in the
spectrum (3) of gel treated at 130 °C this band disappears. The disappearance of the band from
1380 cm™ is due to the NO5" ions consumption during the oxidation of ethylene glycol. The presence
of the strong band v{(NO;) at 1380 cm™ in spectra (6) of the gel treated at 130 °C (obtained from
synthesis Il — without EG) confirms the disappearance of the complex combination according to
equation (1).
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Heteropolynuclear complex combination was obtained from the gel dried at 130 °C. The
formation of this complex combination was confirmed by three IR absorption bands which appear in
the 1300 — 1400 cm™* region and aso by the band from 1615 cm™. These bands are assigned to vs
(CO0), v{CO), 6(OH) and vs{(COO) vibrations which are characteristic to carboxylic group of
glyoxilate anion. These characteristic bands — presented also in the spectrum (4) of gd (synthesis 1)
claimed at 200 °C — have low intensities as aresult of thermal decomposition of compl ex compound
included in silica matrix. In the proposed synthesis conditions (synthesis I: NOs', EG, TEOS) and
according to literature [27] thereis the possibility as ethylene glycol to take part in the condensation
reaction by silanol groups, and finaly to enter in the silica matrix structure. This assumption is
confirmed by the Presencein the IR spectra (7) of sample prepared by synthesis 111 of IR bands in
2800 — 3000 cm™ region assigned to characteristic stretching vibrations of C-H band from CH,
groups [28]. All these adsorption bands are recovered in spectra (1)-(3) of samples prepared by
synthesis|.

By indexing the XRD patterns it could be observed the Ni-Zn ferrite formation for the
samples resulted through firing a 800 °C of the gels from synthesis | and |1 (Fig. 3). The diffraction
maximum (311) of sample from synthesis| (Fig. 3 (c)) has alower intensity, but a full-width at hal -
maximum larger than the same diffraction maximum of sample from synthesis Il (Fig. 3 (d)). All the
diffraction peaks have low intensity with the exception of those cacined at 1300 °C (Fig. 4). In the
same time, in the spectrum of the sample from synthesis |, calcined at 800 °C, there are some
unidentified diffraction lines (these lines cannot be attributed to any compounds according to ASTM
files) which are absent at low temperatures (600 °C). These lines could not be found in the spectra of
sample from synthesis | calcined at 1300 °C. The characteristic diffraction lines of p-SiO, phase
were evidenced (Fig. 4). The XRD spectrum of the sample from synthesis Il presents the same
diffraction lines, but in this case they have higher intensities and lower values of full width at hal f-
maximum. Taking into account that for both samples B-SiO, phase crystallised at 1300 °C we
suppose that owing to the presence of ethylene glycol even from the starting of silica matrix
formation process it could be possible to form a Si-O compound, even at low temperature (800 °C).

The amorphous features (low and large diffraction maxima) of the sample fired at 800 °C
(Fig. 3. (a) and (b)) show that NigesZno.ssFe04 ferriteis presented in the samples as nanoparticles. In
order to obtain a better determination of full width a half maximum of diffraction lines, the XRD
patterns were recorded by using Mo-K, radiation (Fig. 3 (c) and (d)).

By using Scherrer formula [29] it was determined that the nanoparticles mean diameter is
Diz11y U 3.5 nm for sample from synthesis | and Dyz1y 0 6 nm for sample from synthesis 11,
respectively. So, by using the synthesis Il an increase of nanoparticles diameter with 71% was
observed. These results prove some real advantages of our method, especialy the possibility to
obtain finer nanoparticl es than those obtai ned by well-known sol-gd method [30].

The magnetic behaviour of nanocomposites is influenced by the mean diameter size. Thus,
owing to higher values of nanoparticles diameter of sample from synthesis Il compared with the
sample from synthesis |, in the former case the hysteresis loops are presented, while for the other
one hysteresis loops are not observed. However, for Ni-Zn ferrite with 3.5 — 6 nm diameter range,
the observed behaviour is unusud, as ferrite would exhibit super paramagneti c properties.

According to literature, when nanoparticles are included in silica matrix their magnetic
anisotropy exhibits a pronounced increasing (with one, even two orders of magnitude) [31,32]. Thus
the energy barrier of magnetic moment becomes comparable or even higher than thermal barriers.
Due to above-mentioned effects for magnetic moments it is difficult to overcome the potential
barrier (Fig. 6.) or in some cases they could be blocked (especialy for nanoparticles with higher
diameters) (Fig. 5. (b)). Indeed, even for sample from synthesis | which gives rise to nanoparticles
with mean diameter of only 3.5 nm, one gets a deviation of experimental curve (Fig. 6, (m)) from
the Langevin theoretical one (Fig. 6. (O )). Also, the magnetization in the fidld of 130 kA/mis twice
higher for nanoparticles of 6 nm (sample from synthesis I1) than the magnetization for nanoparticles
of 3.5 nm (sample from synthesis ).

5. Conclusions

The proposed method, which is a combination between the therma decomposition of
complex with glyoxilate ligand method and the sol-gel one, allows to obtain ultra fine Ni-Zn ferrite
nanopartid es (diameter size under 3.5 nm) inserted on silica matrix at reaction temperature until
550 °C. This is a real advantage if compared to classical sol-gd method. In the later case, the
diameter values of nanoparticles exceeded 6 nm, depending upon working conditions. Moreover,
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even in the absence of ehylene glycol (synthesis 1) owing to our working condition we have got
nanoparticles with average diameter of 6 nm - which is lower than that obtained by others autors
(19 nm [13]) at the same ferrite-SIO, concentration and same temperature. The magnetic behaviour
of nanoparticlesisinfluenced by the mean diameter size. Thus, whilethe Ni-Zn ferrite nanoparticles
of 3.5 nm behave in external magnetic fidd (v = 50 Hz) without hysteresis loop and tend to
saturation (very close to a soft superparamagnetic material), the nanoparticles with 6 nm diameter
presents hysteresis loop without saturation, in the used fidd of 130 kA/m. This deviation could be
attributed to the higher anisotropy of nanopartid es inserted into silica matrix.
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