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Abstract

A series of nitrate–citrate gels were prepared from metal nitrates and citric acid via a sol-gel process, in order to synthesize tita-
nium-substituted lithium zinc (LiZn) ferrites with composition of Li0.5(0.4+x)Zn0.6TixFe(2.2�1.5x)O4 (x ranging from 0.05 to 0.20).

The thermal decomposition process was investigated by DTA-TGA, IR and XRD techniques. The dried gels can burn in a self-
propagating combustion process in air to transform into single-phase, nano-crystalline ferrite particles. The low-temperature sin-
tering was realized using the synthesized powders, and the sintered ferrites have fine-grained microstructures and excellent magnetic
properties. Appropriate amounts of titanium substituted for Fe in LiZn ferrites can significantly increase the permeability value.

The prepared LiZn ferrites are good materials for multilayer chip inductors. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Lithium and substituted lithium ferrites have been
found to be very good materials in microwave devices
due to their low costs, high resistivity and low eddy
current loss.1 In the preparation of lithium-based fer-
rites, low-temperature sintering is needed to suppress
lithium volatility and oxygen loss during firing. On the
other hand, Li ferrites have been also promising sub-
stitutes for NiCuZn ferrites in advanced planar ferrite
devices, such as multilayer chip inductors (MLCIs),
because of their low sintering temperature, high Curie
temperature and excellent electromagnetic properties at
high frequency.2 These chip inductors are fabricated by
laminating ferrite layers and internal conductors alter-
natively and then co-firing to form the monolithic
structure. Silver, Ag, is usually used as the internal
electrode material of MLCIs due to its low resistivity
and lower cost. Therefore, low-temperature sintered
ferrites are required for MLCIs. Usually, liquid-phase
agents such as Bi2O3 and SiO2-bassed glasses have been

used to promote the low-temperature densification.2�4

However, the additives, which form glassy phases at
grain-boundaries in sintered ferrite, generally deterio-
rate the electromagnetic properties of MLCIs.5 There-
fore, low-temperature sintered ferrites without low-
melting additives are especially required to meet the
requirement of high performance MLCIs.
It is well known that low-temperature sintering of

ferrites can be achieved by using active ultrafine pow-
ders synthesized via a wet-chemical method. Several
chemical processing techniques, such as hydrothermal,
sol–gel, co-precipitation and combustion synthesis have
been investigated to prepare ultrafine ferrite powders.5�10

Among these techniques, combustion synthesis has been
proved to be a simple and economic way to prepare
nanoscale powders.11�13 In this technique, a thermally
induced anionic redox reaction takes place. The energy
from the exothermic reaction between oxidant and
reductant can be high enough to form a desirable phase
within a very short time. In our previous works,14,15 we
synthesized nanocrystalline NiCuZn ferrites using auto-
combustion of nitrate–citrate gel, in which nitrates pro-
vided metal ions and citric acid acted as gelatin agent.
The synthesized ferrites have high sintering activity and
excellent electromagnetic properties.
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In the present work, we focus on the synthesis of
titanium-substituted LiZn ferrite powders by the sol-gel
auto-combustion technique. In this paper, we report on
the synthesis process, characterization, and the mag-
netic properties of as-sintered ferrites from the nano-
sized powders.

2. Experimental procedure

The titanium-substituted LiZn ferrites with composi-
tion of Li0.5(0.4+x)Zn0.6TixFe(2.2�1.5x)O4 (x ranging from
0.05 to 0.20) were prepared by sol-gel auto-combustion.
All chemicals used were of reagent grade purity. LiNO3,
Zn(NO3)2

. 6H2O, and Fe(NO3)3
. 9H2O were used to incor-

porate metal ions needed. Butyl titanate, (C4H9O)4Ti,
was used as a source of Ti4+ ions.
The ferrite powders were synthesized as follows.

Appropriate amounts of metal nitrates, (C4H9O)4Ti and
citric acid, which could form 50 g of titanium-sub-
stituted LiZn ferrite powder, were first dissolved in 600
ml of deionized water. The molar ratio of nitrates to
citric acid was 1:1. A small amount of ammonia was
added to the solution to adjust the PH value to about 7.
During this process, the solution was continuously stir-
red using a magnetic agitator. Then, the mixed solution
was poured into a dish and heated at 120 �C stirring
constantly to transform into a xerogel. When ignited at
any point, the dried gel burned in a self-propagating
combustion manner until all gels were burned com-
pletely out to form loose powders.
The synthesized ferrite powders were mixed with an

appropriate amount of 5wt% poly(vinyl alcohol) as a
binder, and granulated using a 60-mesh sieve. The
granulated powders were uniaxially pressed at a pres-
sure of 100 MPa to form green toroidal specimens. The
specimens were heated at a rate of 5 �C/min to 950 �C,
and soaked for 8 h in air, then cooled at a rate of 4 �C/min
to room temperature.
The dried gels were characterized via thermogravi-

metric (TGA) and differential thermal analysis (DTA)
(SETARAM 92) at a heating rate of 10 �C/min in static
air. The phase identification of the gel precursors and
as-burnt powders was performed using Rigaku D/MAX
IIIB X-ray diffractometer (XRD) with CuKa radiation.
Infrared spectra (IR) for the gel precursors and as-
burnt powders were recorded on a PE883 spectro-
photometer from 500 to 4000 cm�1 by the KBr pellet
method. The average crystallite sizes of the synthesized
powders were determined by using the XRD patterns,
via the well-known Scherrer equation. The micro-
structure of sintered ferrites was observed by scanning
electron microscope (SEM, Hitachi S450). Initial per-
meability (�i) and quality factor (Q) of sintered toroidal
specimens were measured using a HP4194 impedance
analyzer.

3. Results and discussion

3.1. IR spectra of gel precursors and as-burnt powders

It was observed in our experiment that the dried gels,
formed from metal nitrates and citric acid with the
molar ratio of 1:1, exhibit self-propagating combustion
behavior, as observed in our previous work.13 When the
dried gel was ignited at any point in the air, the com-
bustion rapidly propagated forward until all the gels
were completely burnt out to form loose powders.
IR spectra of the dried gels and as-burnt powders

were examined to investigate the chemical and struc-
tural changes that take place during this combustion
process. Fig. 1 shows the typical IR spectra of the dried
gels and as-burnt powders in the range 500–4000 cm�1.
It is clearly seen from the figure that the dried gels show
several absorption bands at about 3160, 1650, and 1380
cm�1 corresponding to the O–H group, carboxyl group
and NO3

� ions respectively. The appearance of the
characteristic bands of NO3

� indicates that the NO3
�

exists as a group in the structure of citrate gel during the
gelation of mixed solution formed from nitrates and
citric acid. In the IR plots of powders after combustion,
the absorption band at �1380 cm�1, which corresponds
to NO3

� ions, disappears. And the bands at �1650 cm�1

and 3160–3450 cm�1 reduce significantly. On the other
hand, a significant spectroscopic band at �560 cm�1

appears. This band is identified to be the characteristic
absorption band of ferrite. Thus, the decrease or dis-
appearance of the characteristic bands of carboxyl
groups and NO3

- ions in the IR spectrum curve after
combustion suggests that carboxyl groups and NO3

- ions
take part in the reaction during combustion.

Fig. 1. Typical IR spectra of the dried gels and as-burnt powders.
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Therefore, the combustion can be considered as a
thermally induced anionic redox reaction of the gel
wherein the carboxyl groups act as reductant and NO3

�

ions act as oxidant, as reported by Chakrabarti [11] and
Schafer [12]. The energy from the reaction between oxi-
dant and reductant may be high enough to form ferrite
phase within a very short time. Because the NO3

� ions in
gel provide an in situ oxidizing environment for the
decomposition of the organic component, as well as the
heat released from the exothermic reaction, the rate of
oxidation reaction relatively increases, resulting in a
self-propagating combustion process.

3.2. DTA characterization of dried gels

The autocatalytic combustion process of the nitrate–
citrate gels was investigated by thermal analysis (DTA
and TG) of the dried gels. Fig. 2 shows the DTA and
TG plots of the dried gel with titanium concentration of
0.05. As expected, the decomposition reaction is strongly
exothermic. The exothermic peak, at �210 �C, is rela-
tively sharp and intense. This indicates that the decom-
position of the gel occurs suddenly in a single step, as
observed in other systems.12�14 It has been concluded
that the exothermic peak in the DTA plot of nitrate-
citrate gel corresponds to an autocatalytic anionic oxi-
dation–reduction reaction between the nitrate and
citrate system.
Moreover, it was observed that the combustion pro-

cess depends on the concentration of titanium. Fig. 3
shows the DTA plots for the dried gel with titanium
content of 0.05 and 0.15. Comparing the two plots, we
can see that the exothermic peak at �210 �C reduces,
while the subsequent exothermic peak at �430 �C
increases for 0.15 titanium gel. It is believed that the
main exothermic peak corresponds to the redox reaction
between nitrate ions and carboxylate anions. The sub-
sequent peak is believed to be due to combustion reac-
tion of excess carboxylate anions. Therefore, we can
conclude that the observed decrease of combustion rate

with increase of titanium content may be attributed to
the increase of carboxylate due to the incorporation of
titanium from (C4H9O)4Ti.

3.3. Phase analysis and particle sizes of powders

Powder X-ray diffraction studies (XRD) have been
carried out on the dried gels, as-burnt powders, and
ceramic samples sintered at 950 �C, respectively. Fig. 4
shows the XRD patterns for the dried gels and the as-
burnt powders with different contents of titanium. It is
clear that the dried gels are amorphous in nature. All
the as-burnt powders are single-phase ferrites with spi-
nel structure. This indicates that the titanium-sub-
stituted LiZn ferrite can be directly formed after auto-
combustion of gel, not required calcination at high
temperature as in other synthesis techniques.
The average crystallite sizes of the synthesized pow-

ders were determined by using the X-ray peak broad-
ening of the (311) diffraction peak, via the well-known
Scherrer equation. Fig. 5 shows the average crystallite

Fig. 2. DTA and TGA plots of the dried gel with titanium con-

centration of 0.05.

Fig. 4. XRD patterns for the dried gel and the as-burnt powders with

different contents of titanium, (a) dried gel, (b) x=0.05, (c) x=0.10,

(c) x=0.15, (d) x=0.20, and (e) x=0.20.

Fig. 3. DTA plots for the dried gel with titanium content of 0.05 (a)

and 0.15 (b).
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size of the synthesized powders as a function of the
content of titanium. It is clearly seen from the figure
that the synthesized powders are nanocrystalline parti-
cles with crystallite size of 15–22 nm. The decreased
combustion rate and heat released from reaction may be
responsible for the decrease of the crystallite size with
the increase of titanium.

3.4. Microstructure and magnetic properties of sintered
LiZn ferrites

The synthesized ferrite powders were granulated using
PVA as a binder, and uniaxially pressed to form green
toroidal specimens. Then, the specimens were sintered
in static air. It was observed that the well-densified
bodies were obtained after sintering at 950 �C for 8 h,
showing the high sintering activity of nano-sized ferrite
powders. The XRD patterns of the sintered ferrites
revealed single-phase spinel structure for all samples.
No effect of titanium on the crystalline phase was
observed. The density, grain size and main magnetic
properties of the sintered ferrites are shown in Table 1.
The microstructure of sintered ferrites was observed

by scanning electron microscope (SEM). The well-den-
sified and uniform microstructures are observed from
the photographs, and the average grain size was taken
by line-section method. The values of average grain size
were given in Table 1 and were plotted as a function of

titanium content in Fig. 5. It can be observed that the
grain size increases with increasing the content of tita-
nium. The average grain sizes for all samples are about
1–2.5 mm, exhibiting fine-grained microstructure with
respect to that of the ferrites prepared by the conven-
tional route. This is preferable to the high performance
MLCIs with thinner internal ferrite layers.
The frequency dependence of the initial permeability

for titanium-substituted LiZn ferrites is shown in Fig. 6.
Flat permeability profiles are observed at frequencies up
to 1 MHz for all samples, exhibiting good frequency
stability. The composition dependencies of permeability
and quality factor are also observed from the figure and
Table 1. The maximum permeability value of more than
600 is obtained at the titanium concentration of 0.15.
This suggests that appropriate amounts of titanium
substituted for Fe in LiZn ferrites significantly increase
the permeability. The magnetization change caused by
the substitution of non-magnetic ions in ferrite structure
may be responsible for the changing of permeability as a
function of titanium concentration.
It is well known that LiZn ferrite is an inverse spinel

with lithium ions occupying the octahedral sites and
zinc ions occupying the tetrahedral sites. In titanium-
substituted LiZn ferrite, the Fe3+ ions in the B site are
replaced by lithium and titanium ions. As observed
from Fig. 6, the permeability value shows a maximum
at the concentration of titanium of 0.15 and a decrease
on further addition of titanium. A similar behavior was
also observed in LiTiZn ferrites prepared via the con-
ventional method by Manjula et al.16 They reported
that the net magnetization and Curie temperature
values of titanium substituted LiZn ferrites increase
with the concentration of titanium and reach a max-
imum at the titanium concentration of 0.56. A further
increase in the concentration of non-magnetic ions
weakens the inter-site exchange interaction, and values
of Curie temperature and magnetization decrease. This
was attributed to canting of spins at higher concentra-
tion of non-magnetic substitution.17 Compared to those
of Manjula,16 the decrease in the concentration of tita-
nium, at which the maximum permeability occurs, may
be caused from the uniform distribution of ions in fer-
rites prepared via the sol-gel route. The other factor,
which is responsible for the increase in permeability

Fig. 5. Average crystallite size of the synthesized powders and grain

size of the sintered ferrites as a function of titanium concentration.

Table 1

Density, grain size and main magnetic properties of sintered Ti-substituted LiZn ferrites

Ti

concentration

Density

(g/cm3)

Grain size

(mm)
Initial permeability

(100 kHz)

Quality factor

(100 kHz)

Curie temperature

(�C)

�m
a

(�10�6/�C)

0.05 4.64 0.8 273 32.0 >200 9.7

0.10 4.63 2.2 590 28.7 172 6.3

0.15 4.66 2.3 613 27.4 152 5.6

0.20 4.61 2.5 413 36.0 143 5.3

a �m, The temperature coefficient of permeability in the range of temperature from �25 to +85 �C.
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value from the titanium concentration of 0.05–0.10,
may be the increase in grain size.
Fig. 7 shows the temperature dependence of perme-

ability for titanium-substituted LiZn ferrite. It is clearly
seen from the figure and Table 1 that the Curie tem-
perature decreases with increasing the concentration of
titanium ions from 0.05 to 0.20. This may be originated
from the non-magnetic nature of titanium ions, which
may break linkages between magnetic cations. No
maximum value of Curie temperature occurs in the
compositions studied. This is consistent with the obser-
vation of Baba et al. in LiTiZn ferrites,18 but not con-
sistent with Manjula’s observation.16

Although the Curie temperature reduces with incor-
poration of titanium, the temperature stability of per-
meability in the range of temperature from �25 to
+85 �C is good for all samples. The temperature coef-
ficient of permeability, shown in Table 1, is less than
1�10�5/�C, meeting the requirement of MLCIs.

4. Summary

A series of nitrate–citrate gels were prepared frommetal
nitrates and citric acid by sol-gel process, in order to syn-
thesize titanium-substituted lithium zinc (LiZn) ferrites
with composition of Li0.5(0.4+x)Zn0.6TixFe(2.2�1.5x)O4 (x
ranging from 0.05 to 0.20). The nitrate–citrate gels can
burn in a self-propagating combustion way. After com-
bustion, the gels directly transform into single-phase,
nano-crystalline titanium-substituted LiZn ferrite parti-
cles. The average crystallite size of the synthesized powders
decreases with increasing titanium concentration. The fer-
rites sintered at 950 �C possess fine-grained microstructures
and excellent magnetic properties. Appropriate amounts of
titanium substituted for Fe in LiZn ferrites can significantly
increase the permeability. The maximum permeability
value of more than 600 is obtained at the titanium con-
centration of 0.15. The prepared titanium-substituted LiZn
ferrites can be used for multilayer chip inductors.
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