
ARTICLE IN PRESS
0022-4596/$ - se

doi:10.1016/j.jss

�Correspond
E-mail addr
Journal of Solid State Chemistry 177 (2004) 4119–4125

www.elsevier.com/locate/jssc
Effect of pH on the formation and combustion process of sol–gel
auto-combustion derived NiZn ferrite/SiO2 composites

K.H. Wua,�, C.H. Yua, Y.C. Changb, D.N. Horngb

aDepartment of Applied Chemistry, Chung Cheng Institute of Technology, NDU, Tahsi, Taoyuan 335, Taiwan, ROC
bDepartment of Chemistry, Chinese Military Academy, Fengshan, Kaohsiung 830, Taiwan, ROC

Received 15 June 2004; received in revised form 27 July 2004; accepted 31 July 2004

Available online 7 October 2004
Abstract

A nitrate–citrate–silica gel was prepared from metallic nitrates, citric acid, and silica powder by sol–gel process, and it was further

used to synthesize Ni0.5Zn0.5Fe2O4/5wt% SiO2 nanocomposites by auto-combustion. The effect of pH on the formation of NiZn

ferrite/SiO2 and thermal properties of gel precursors was studied by XRD, IR, EPR, TGA and DTA techniques. The results

revealed that the ratio of the citrate ion to the nitrate ion is directly related to the pH of the solution. The pH in the starting solution

affects the combustion process, and then determines the particle size of the as-synthesized powder. The EPR parameters (peak-to-

peak linewidth, g factor, and spin number) increased with increasing pH, whereas the spin–spin relaxation time (T2) decreased. The

thermal stability and enthalpy of the decomposition process in air decreased with increasing pH, whereas the enthalpy in nitrogen

increased. Moreover, the activation energy (Ea) of thermo-oxidative degradation of the gel precursor at pH 3 was much lower than

the gel precursor at pH 5 and 7, and that increased with increasing pH.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Magnetic properties of crystalline materials dispersed
in a non-magnetic matrix, either porous or not, have
been studied in ferrite/SiO2 [1–3], ferrite/resin [4–6],
ferrite/polymer [7,8], and ferrite/forsterite system [9].
These types of composite, if formed from nanoparticles,
enhance their magnetic properties as compared with the
magnetic materials obtained by conventional processes
[10,11]. These composites also have other interesting
properties such as catalytic activity, structural stability,
and electrical resistance, depending on the kind and the
concentration of the component used and their structur-
al characteristics [10,11].
Many synthetic approaches have been employed to

prepare magnetic nanocrystals [12–16]. The nanocrystals
e front matter r 2004 Elsevier Inc. All rights reserved.
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obtained usually have a strong tendency to aggregate,
which makes it very difficult to exploit their unique
physical properties. Dispersion of the nanocrystals in a
matrix is one method for reducing particle agglomera-
tion [17] and this technique allows one to stabilize the
particles and to study their formation reactions [13]. The
sol–gel auto-combustion technique is a novel way with a
unique combination of the chemical sol–gel process and
the combustion process. The synthesis has been used to
create different ceramic systems [18–20]. Yue et al. [20]
have reported the effect of molar ratio of metal nitrates
to citric acid on the combustion process of NiCuZn
ferrite. According to their study, the combustion rate
can be controlled by changing the ratio of nitrates to
citric acid in starting solutions. Thus, the particle size of
NiCuZn ferrite powder depends on the ratio of metal
nitrates to citric acid. Similar studies of varying acid to
metal ion ratios were performed for citric acid-assisted
synthesis of LiNi0.8Co0.2O2 [21], which resulted in
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Fig. 1. Schematic diagram of the preparation of Ni0.5Zn0.5Fe2O4/SiO2
powder.
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decreased in capacity values with higher acid to metal
ion ratios. However, the thermodynamic and spin
dynamic performance of the materials synthesized with
varying pH have not been reported.
Electron paramagnetic resonance (EPR) is a powerful

tool in investigation of internal fields and spin dynamics in
solids. More detailed information on magnetic and
electronic state can be extracted from the measurements
of electron spin relaxation. Thermal analysis plays an
important role in the determination and identification of
materials, change in phase, thermal dehydration and
decomposition reactions, solid-state formation, and kinetic
studies. In our previous paper [22], a series of (Ni0.5Zn0.5
Fe2O4)100�x(SiO2)x (x ¼ 5; 10, 20wt%) nanocomposites
were prepared using sol–gel auto-combustion method, and
we found that the nitrate–citrate–silica gels exhibited self-
propagating combustion behavior and it directly trans-
formed into nanosized (8–16nm) NiZn ferrite particles
with spinel crystal structure after combustion. The content
of silica in the starting solution affects the combustion
process, enhances interaction between the NiZn ferrite and
silica, and reduces NiZn ferrite agglomeration. In the
present paper we investigate the effect of pH on the
formation and combustion processes of NiZn ferrite
doped with silica powder using sol–gel auto-combustion
method. The results are greatly affecting the structure,
thermal, and spin dynamic properties. Varying pH and its
effect on the enthalpy, apparent activation energy of the
decomposition process of the gel precursors, particle size,
and EPR characteristics of Ni0.5Zn0.5Fe2O4/5wt% SiO2
are described in detail.
2. Experimental

2.1. Preparation of NiZn ferrite/SiO2 nanocomposite

Analytical grade nickel nitrate, zinc nitrate, iron
nitrate, citric acid, and silica powder were used as raw
materials to prepare Ni0.5Zn0.5Fe2O4/5wt% SiO2 nano-
composite. The initial molar ratio was Ni:Zn:Fe=1:1:4.
First, 2.0 g Ni(NO3)2 � 6H2O, 2.05 g Zn(NO3)2 � 6H2O,
and 11.12 g Fe(NO3)3 � 9H2O were dissolved in 60mL of
deionized water, and then 5wt% of SiO2 powder
(Aerosil 200; o100 nm) was added into the solution.
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 3, 5, and 7. The entire mixture
was thoroughly stirred for 6 h at 70 1C. Then, the mixed
solution was poured into a Teflon dish and heated 24 h
at 60 1C and 3 h at 100 1C under a vacuum to obtain a
dried gel. When ignited at any point, the dried gel burnt
in a self-propagating combustion manner until all the
gels were burnt out completely to form a loose powder.
A schematic diagram of the preparation process is
shown in Fig. 1.
2.2. Characterization of NiZn ferrite/SiO2

nanocomposite

The phase identification of the as-burnt powder was
performed using X-ray diffraction (XRD; SIEMENS
D5000) with CuKa radiation. Average grain sizes (D)
were determined from the XRD peaks using Scherrer’s
formula. Infrared spectra (IR) of the gel precursor and
the as-burnt powder were recorded on a Bomem DA
3.002 spectrophotometer from 400 to 4000 cm�1 by the
KBr pellet method. The EPR spectra were recorded at
room temperature with a Bruker EMX-10 spectrometer
operating in the X-band (m ¼ 9:6GHz) with 100 kHz
field modulation. DPPH (g ¼ 2:0036) was used as a field
marker. The characteristics and kinetics of decomposi-
tion of the gel precursors were examined by a Perkin-
Elmer TGA-2 at heating rate of 10 1C/min under air and
nitrogen. The sample weight was about 10mg, and the
gas flow rate was kept at 100mL/min.

2.3. Kinetic analysis

The degree of conversion a is defined as the ratio of
actual weight loss to total weight loss. Therefore, the
rate of degradation da=dt; dependent on temperature
and weight of sample, is given by

da=dt ¼ kðTÞ � f ðaÞ; (1)

where kðTÞ is the rate constant and f ðaÞ is the
conversion functional relationship. If kðTÞ ¼

A expð�Ea=RTÞ and f ðaÞ ¼ ð1� aÞn; then Eq. (1) can
be expressed as

da=dt ¼ A expð�Ea=RTÞð1� aÞn; (2)
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Fig. 2. XRD spectra of NiZn ferrite/5wt% SiO2 at (A) pH 3,

(B) pH 5, (C) pH 7.
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where A, Ea; R, T, and n represent pre-exponential
factor, activation energy, gas constant, temperature, and
reaction order, respectively. By integrating Eq. (2) and
introducing the initial condition of a ¼ 0 at T ¼ T0 the
following expression is obtained:

gðaÞ ¼
Z a

0

da
ð1� aÞn

¼
A

q

Z T

T0

exp
�Ea

RT

� �
dT ; (3)

where q is the heating rate (dT/dt). For the special case
n ¼ 1;

gðaÞ ¼
Z a

0

da
ð1� aÞn

¼ � lnð1� aÞ: (4)

For n not equal to zero or unit,

gðaÞ ¼
Z a

0

da
ð1� aÞn

¼ �
1� ð1� aÞ1�n

1� n
: (5)

The reaction order n of thermo-oxidative degradation
in this paper was determined by Kissinger’s equation
[23]. Several techniques using different approaches were
developed for solving the integral of Eq. (3). The
method investigated in this work was that by van
Krevelen [24].
Van Krevelen method for na1 gave the following

expression:

ln gðaÞ ¼ ln
Að0:368=TmÞ

x

qðx þ 1Þ

� �
þ ðx þ 1Þ ln T (6)

for n ¼ 1; ln gðaÞ ¼ ðx þ 1Þ ln T ; (7)

where x ¼ Ea=RTm: The activation energies were
evaluated from the slopes in plot of ln gðaÞ versus lnT :
3. Results and discussion

3.1. Formation of gels and grain size

The pH of solution was regulated to control the rate
of turning sols to gels and the diameter of the grains in
this study. In solution-based synthesis, the formation of
chelation complexes depends on the pH of the solution.
The experimental results showed that the solution of
mixed reactants was dark green and finally produced
brown dried gel at pH 5 and 7. At pH 3, the citric acid
can facilitate the gelation ability of the mixed solution
and the solution was dark blue. Formation of a
chelation complex is important in preventing the
segregation or precipitation of transition metal ions [25].
Fig. 2 shows the X-ray diffraction (XRD) pattern of

as-burnt powder with different pH values. The diffrac-
tion peaks are broadened with decrease of pH value,
suggesting that the crystallite size of the ferrite decreases
with decreasing pH value. The NiZn ferrite at pH 3 and
5 exhibits more X-ray peaks than ferrite at pH 7, which
corresponds to the impurities of F2O3. Crystallite sizes
of the ferrite are calculated from the X-ray peak
broadening of the (311) diffraction peak using Scherrer’s
formula [26]:

D ¼ 0:9 l=b cos y; (8)

where D is the crystallite size in nm, l the radiation
wavelength (0.154 nm for CuKa), b the bandwidths at
half-height and y the diffraction peak angle. The
calculated crystallite sizes are 13, 16, and 25 nm,
respectively, for NiZn ferrite/5wt% SiO2 at pH 3, 5,
and 7. It was evident that the crystallite size of the ferrite
phase depending on pH, which was fairly consistent
with the particle size, was determined by transmission
electron microscopy (Fig. 3). Solution-based synthesis
methods are sensitive to pH, which determines the
formation of the compound as well as its burning
performance.

3.2. Infrared spectra

Fig. 4 shows the IR spectra of the dried nitrate–
citrate–SiO2 gels and as-burnt powder. All the dried gels
show characteristic bands of nitrate–citrate precursors
and silica. The bands at about 3150, 1615, and
1390 cm�1 correspond to the O–H group of citric acid,
carboxyl group, and anti-symmetric NO3

� stretching
vibration, respectively. The silica network is character-
ized by the strong absorptions at 3450, 1100, 830, and
470 cm�1, corresponding to the silanol groups (Si–OH),
Si–O–Si anti-symmetric stretch, symmetric stretch, and
bending mode. In the IR curves of the as-burnt powder,
a new band appears at 590 cm�1. That is the character-
istic band of NiZn ferrite and Fe–O stretching in
Fe–O–Si bonds [13]. On the other hand, the disappear-
ance or decrease at 1615 and 1390 cm�1 of the as-burnt
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Fig. 3. TEM photograph of Ni0.5Zn0.5Fe2O4/5wt%SiO2 composites

with different pH (A) pH 3, (B) pH 5 and (C) pH 7.
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Fig. 4. IR spectra of (A) the dried gel at pH 3, (B) the dried gel at

pH 5, (C) the dried gel at pH 7, (D) NiZn ferrite/5wt% SiO2 (pH 5).
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powder (Fig. 4D) reveals that the carboxyl groups and
the NO3

� ions take part in the reaction during
combustion.
Fig. 5 illustrates the effect of pH on the absorption

intensities at 1100 cm�1 (Si–O–Si stretch), 1390 cm�1

(NO3
� stretch), and 1615 cm�1 (carboxyl group stretch)

for dried gel. In order to examine the result more
thoroughly, the peak areas at 1100, 1390, and 1615 cm�1

are fitted using Gaussian function. The intensity ratios
of I1100=I1390 and I1615=I1390 as a function of the pH
value are evaluated from the deconvoluted spectra
(Fig. 5 inset), and the intensity ratio decreases with
increasing pH. The result indicates that pH significantly
affects the concentration ratio of Si–O–Si and citrate ion
to nitrate ion.

3.3. Electron paramagnetic resonance spectra

The EPR spectra of dried gel and as-burnt powders
have been recorded at room temperature, as shown in
Fig. 6. It can be observed that the EPR spectra shows a
single broad signal, indicating that the isolated Fe3+,
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Table 1

EPR characteristics of NiZn ferrite/5wt% SiO2 composites with different pH values at room temperaturea

Sample D (nm) DHPP (G) g factor NS (� 10
10 spins/g) T2 (� 10

�11 s)

Dried gel 1549 2.12 3.38 2.94

pH 3 13 833 2.20 1.20 5.39

pH 5 16 1351 2.44 3.15 2.92

pH 7 25 1385 2.52 3.34 2.77

aD is the crystallite size; DHPP; the peak-to-peak linewidth; NS; the spin number; T2; the spin–spin relaxation time.

0

20

40

60

80

100

100 200 300 400 500 600

-20

0

20

40

60

80

TG in air
 pH 3
 pH 5
 pH 7

W
ei

gh
t (

%
)

E
nd

o.
 

 E
xo

.

Temperature ( °C)

DTA in air
 pH 3;     

∆Η∆Η

    
∆Η∆Η
    
∆Η∆Η

=-5013 J/g
 pH 5; =-1229 J/g
 pH 7;     =-757 J/g

↑

Fig. 7. TGA and DTA thermograms of the dried citrate–

nitrate–5wt% SiO2 gel under air at the heating rate 10 1C/min.

K.H. Wu et al. / Journal of Solid State Chemistry 177 (2004) 4119–4125 4123
Ni2+, and Zn2+ ions do not exist. Furthermore, we
performed quantitative EPR measurements and the
results are shown in Table 1. All the spectra were
analyzed using Gaussian distribution function and the
parameters like peak-to-peak linewidth (DHPP), g

factor, spin number (NS), and spin–spin relaxation time
(T2) were obtained. As shown in Fig. 6A, a single
resonance line at g ¼ 2:12 was the combined contribu-
tion of the Fe3+, Ni2+, and Zn2+ ions, indicating that
these transition metals appeared to participate directly
in the sol–gel chemistry. When the gel was dried, these
isolated transition metals are complexed with citric acid
or probably distributed uniformly throughout the pores
of the silica, and Fe3+ ions still have some weak
interactions with the silica through Fe–O–Si bonds [13].
The EPR parameters (i.e., DHPP; g factor and NS)

increase with increasing pH and particle size (Table 1).
The results may be ascribed to the increased crystal-
lization degree of Ni0.5Zn0.5Fe2O4 particles with increas-
ing pH and particle size as revealed by XRD. This could
make the spin number of Fe3+ increase and the
interaction among the paramagnetic centers increase
[27]. The spin relaxation process is characterized by a
time constant, which is a function of static magnetic
field and depends on the rate at which microwave energy
can be absorbed and dissipated. The spin–spin relaxa-
tion process is the energy difference (DE), the energy
absorbed from the radio-frequency source, transferred
to neighboring electrons and the relaxation time (T2)
can be determined from peak-to-peak linewidth accord-
ing to

1

T2
¼
gbDH1=2

_
; DH1=2 ¼

ffiffiffi
3

p
DHPP (9)

(in s�1), where b is the Bohr magneton (9.274�
10�21 erg/G), DH1=2 the linewidth (in G) at half-
height of the absorption peak, and _ a constant
(1.054� 10�27 erg s) [28]. The spin–spin relaxation time
is correlated with the peak-to-peak linewidth of EPR. In
this case T2 decreases with increasing pH, indicating
that the spin relaxation at pH 3 exhibits a slow
relaxation (high T2) and a fast relaxation (low T2) at
pH 5 and pH 7. The result may be due to the motion of
composites being restricted by agglomeration at a higher
pH value. It is interesting to note that magnetic ions in
the Ni0.5Zn0.5Fe2O4/5wt% SiO2 composites with differ-
ent pH can be found in different environments.

3.4. Thermal analysis

The autocatalytic nature of the combustion process of
nitrate–citrate–SiO2 gel was studied by thermal analysis.
Fig. 7 shows TG and DTA results for the dried gel
precursors with different pH under air. The decomposi-
tion rate increases with increasing pH value, indicating
that the decomposition rate is associated with the ratio
of citrate ion to nitrate ion. The increase in pH would
lead to an increase in NO3

� ion content and increase in
decomposition rate, because the nitrate ions provide an
in situ oxidizing environment for the decomposition of
the organic component [21]. Here, the variety in the pH
results is a noticeable difference in the major decom-
position reaction.
In the case of the gel precursor with pH 3, the initial

weight loss which occurred in the temperature range
40–150 1C was mainly due to the dehydration, which is
accompanied by an endothermic peak at about 120 1C in
the DTA curve. The second stage of weight loss in the
temperature range 150–270 1C was attributable to the
decomposition of nitrates and citrate to carbonate. This
process shows an exothermic peak at around 260 1C in
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the DTA curve. The final step in weight loss which
occurred between 270 and 320 1C signified the decom-
position of carbonate complex to NiZn ferrite, which is
accompanied by an exothermic peak at around 300 1C in
the DTA curve. Moreover, the weight loss of pH 3 was
slower than that of pH 5 and 7, whereas the char yield
(final weight residue) increases. This is due to the
pyrolysis processes are very sluggish and gases are
released out slowly [29]. On the other hand, a large
exothermic peak (DH ¼ �5013 J=g) observed at pH 3
and the enthalpy (DH) decreases with increasing pH.
This is attributed to the citrate–nitrate gel decomposi-
tion accompanied by the exothermic oxidation reaction,
when the ratio between citric acid (fuel) and oxidizer
(metal nitrates) increased.
Fig. 8 shows TG and DTA results for the dried gel

precursors with different pH under nitrogen. In compar-
ison with the spectra shown in Fig. 7, the thermal history
of the gel precursors showed a similar step-like pattern of
weight loss. However, the weight loss was slower than
that in air and the enthalpy increases with increasing pH.
The results may be due to the autocatalytic anionic
oxidation–reduction reaction between the nitrate and
citrate system being restrained in nitrogen and then the
rate of the oxidation reaction relatively decreases. More-
over, at pH 5 and 7, about 70–90wt% of the weight loss
for the gel precursors occurred in air and nitrogen
because a large amount of gases was released when the
temperature of pyrolysis was 180 1C.

3.5. Kinetic analysis

The reaction order (n) of the thermo-oxidative
degradation in the second stage, determined by Kis-
singer’s equation, is dependent on pH. Fig. 9 shows the
logarithmic plot for the degradation rate gðaÞ of the gel
precursors versus temperature under air. The reaction
order (n) and apparent activation energy (Ea), evaluated
by van Krevelen method, are listed in Table 2. The Ea
value of the thermo-oxidative degradation of the gel
precursors at pH 3 is much lower than that gel precursor
at pH 5 and 7, and that increases with increasing pH.
The dramatic decrease of the Ea may be associated with
the higher enthalpy of the gel precursor at pH 3, as is
evident from the DTA curve shown in Fig. 7. The
excessive heat transfer would allow ease rupture of the
metal–oxygen bond in the gel precursor [30]. Rupture of
theM–O bond would be followed by rupture of the C–O
bond which would lead to the formation of the ferrite.
4. Conclusions

Variations in the structure, thermal, spin dynamic,
and kinetic properties of the composites synthesized at
different pH revealed that varying the citrate ion to
nitrate ion ratio affected the formation/decomposition
reaction, which was dependent on the pH of the
solution. The ratio of citrate ion to nitrate ion can be
observed from the band intensity of the gel precursor in
the FTIR spectra. Increasing the pH resulted in increase
in decomposition rate and particle size. The EPR
characteristics for fine particles were presented and
discussed in terms of the pH effect. The systematic
increase in ESR parameters and decrease in T2 observed
in our present study were attributed to the increase of
particle size with increasing pH value.
The Ea value of the thermo-oxidative degradation of

the gel precursors at pH 3 (55 kJ/mol) was much lower
than the gel precursor at pH 5 (536 kJ/mol) and pH 7
(633 kJ/mol), whereas the enthalpy of the gel precursors
at pH 3 (�5013 J/g) was much more than the gel
precursor at pH 5 (�1229 J/g) and pH 7 (�757 J/g). The
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Table 2

Activation parametersa of the citrate–nitrate gel precursor thermo-oxidative degradation at heating rate of 10 1C/min under air

Samples Tm (K) n Ea (kJ/mol)

NiZn ferrite/5wt% SiO2 (pH 3) 520 1.76 55

NiZn ferrite/5wt% SiO2 (pH 5) 469 1.01 536

NiZn ferrite/5wt% SiO2 (pH 7) 465 0.85 633

aTm is the temperature at maximum rate of weight loss, n the reaction order, Ea the activation energy of the thermo-oxidative degradation.

K.H. Wu et al. / Journal of Solid State Chemistry 177 (2004) 4119–4125 4125
consequences may be due to the citrate–nitrate gel
decomposition accompanied by an exothermic oxida-
tion reaction, when the ratio between citric acid (fuel)
and oxidizer (metal nitrates) increased. The excessive
heat transfer would allow ease rupture of the chemical
bond in the gel precursor.
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