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Abstract Two aluminate spinel materials (ZnAl2O4 and

NiAl2O4) were synthesized by the citrate precursor method.

The citrate precursors consisting of coprecipitated citrates

of Zn2? or Ni2? and aluminum were first subjected to

thermal analysis (TG-DSC) for determining the optimum

temperature for annealing. Two step decomposition was

observed incorporating dehydration and formation of the

aluminate. The second step gives an endo peak (-2937 J/g)

at 356 �C in the DSC curve of the coprecipitated nickel(II)

citrate–aluminum citrate gel in O2 atmosphere. Kinetic/

mechanistic analysis of the TG data has also been carried

out and values of Ea, DS#, DG#, and A were approximated.

On the basis of the findings, 450 �C has been chosen for

annealing of the gels. Annealing has also been done at

650 �C for 1 h in muffle furnace in an attempt to obtain

nanometric particles of aluminates (MAl2O4) {M = Ni,

Zn} and to find out their magnetic properties which could

render them useful for chemical sensing applications, etc.

The TG-DSC curves of various powders which were

obtained on annealing at the two temperatures did exhibit

thermal instability when carried out in N2 atmosphere.

NiAl2O4 and ZnAl2O4 spinels (particle size 17 and 34 nm,

respectively) are obtained in pure crystalline phase at

650 �C. ZnAl2O4 prepared this way shows coercivity values

of 470 and 58.37 G and NiAl2O4, 107 and 23.24 G when

annealed at 450 and 650 �C, respectively. ZnAl2O4 prepared

by a polymer precursor method and annealed at 1000 �C, has

earlier been reported to have coercivity value of 469 G.

Thus, the citrate precursor method is good for the synthesis of

ZnAl2O4, producing single phase nanocrystalline powder of

high quality and crystallinity. The value of magnetization

was found to be small in the present case for the NiAl2O4

spinel obtained at 450 �C.
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Introduction

Aluminate content brings diverse applications to materials.

Ceramic materials (cements, castable ceramics, bioceram-

ics, and electroceramics) are normally formed from cubic

crystal systems [1] which include garnets and spinels. Many

rare earth aluminate garnets are used as laser host when

doped with Nd(III) or Yb(III) and also as scintillators and

phosphors. Upon doping, interesting properties have been

observed. Eu2?, R3?-doping for example, brings thermo-

luminiscence properties to calcium aluminate materials [2].

And BaMgAl10O17:Eu2? (BAM), is an important blue

phosphor of plasma display panel (PDP) [3]. The rare earth

aluminate glasses find use as alternatives to sapphire for use

in infrared windows. Single crystals of lanthanum alumi-

nate are known to have application as a substrate for

deposition of thin films of the high temperature
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superconductors such as YBa2Cu3O7 [4]. High-temperature

electrical property measurements (electrical conductivity,

thermoelectric coefficient) on polycrystalline CuAlO2

exhibit characteristic small polaron features [5]. Transition

metal-aluminum mixed oxide catalysts (Cu, Ni, and Co–

Al2O3), with spinel-type structure, show high activity and

selectivity for the selective reduction of NO by C3H6 in

excess oxygen even in the presence of 10% water [6]. These

were prepared by coprecipitation method.

Being basically refractory materials, the synthesis of alu-

minates usually involves solid state growth of mixture of pure

oxides. Presence of other oxides may stimulate (e.g., copper

oxides) or hinder (e.g., Li2O) crystallization of alumina [7].

Among alternative synthetic routes is the sol–gel method that

has significant advantage of being able to bring desired

porosity in the materials. An important parameter is the ligand

used if complexes have been used for such syntheses. As in

spinel ferrites [8], the mean crystallite size has been found to

be depending on the ligand used in the sol–gel precursor

method used for preparing the Mg–Al spinels [9]. ZnAl2O4

and Sn–ZnAl2O4 have been synthesized by coprecipitation,

sol–gel, and impregnation methods [10]. Solutions of nickel

and aluminum nitrates have been mixed to furnish hydroxide

samples of different compositions by co-precipitation using

dilute NH4OH. Impregnation of hydrated Al2O3, preheated at

600 and 900 �C, has been done with nickel nitrate solution in

an equimolar ratio [11]. In such case, the degree of crystal-

linity of the spinel has been found to be depending on the

calcinations temperature. Doping is also done by wet

impregnation method. Wet impregnation of finely powdered

Al(OH)3 with Zn(NO3)2 and Cu(NO3)2 solutions has been

reported to be successfully carried out by treating the doped

solids with LiNO3 solution before treatment with zinc and

copper nitrate solutions to get Li2O-doped CuO–ZnO/Al2O3

mixed solids [12]. Thermal evolution of Na(Li) polyaluminate

microspheres have also been produced by sol–gel method

[13]. Zinc aluminate spinels have been reported to be forming

at 800 �C when the mixed nitrate salts were used for the for-

mation of zinc basic carbonate and aluminum hydroxide as the

precursor to a 2ZnO–3Al2O3 spinel system [14]. The unit cells

of the ZnAl2O4, NiAl2O4, and CoAl2O4 are capable of holding

a large number of divalent and trivalent cations in solid

solution so they are interesting.

Citrate precursor methods and polymeric precursor

methods have recently been used for obtaining some other

interesting aluminates in general and nanoparticles in

particular [15–18]. In the present study, thermal analysis

(TG-DSC) of coprecipitated aluminum(III) citrate–nick-

el(II) citrate gel has been carried out in O2 atmosphere. The

citrate precursors consisting of coprecipitated citrates of

Zn2? or Ni2? and aluminum were first subjected to thermal

analysis (TG-DSC) for determining the optimum temper-

ature for annealing. In both, the two steps of decomposition

incorporate dehydration and formation of the aluminate.

Thermogravimetric data and their kinetic/mechanistic data

provide insight into the thermodynamics, kinetics, and

thermal stability of the substances [19–28]. With this view,

kinetic/mechanistic analysis of the TG data has also been

carried out for the step corresponding to the endo peak and

values of Ea, DS#, DG#, and A were approximated. On the

basis of the findings, 450 �C has been chosen for annealing

of the gels. Annealing has been done at 650 �C as well for

1 h in muffle furnace in an attempt to obtain nanometric

particles of aluminates (MAl2O4) {M = Ni, Zn} and to

find out their magnetic properties which could render them

useful for chemical sensing applications, etc. This way

ZnAl2O4 and NiAl2O4 spinels have been prepared. Char-

acterization of the annealed powder was done using X-ray

diffraction for phase and materials crystalline size and

Vibrating Sample Magnetometer for magnetic parameters

at room temperature.

Experimental

Materials

Zinc nitrate, nickel nitrate, and aluminum nitrate (all AR)

were taken in the required stoichiometric proportions as

starting materials. Aqueous solutions of these salts were

prepared separately (equimolar ratio) by dissolving the

respective salts in minimal amount of deionized water

while stirring constantly. After mixing the respective pairs

of solutions, an aqueous solution of citric acid was added to

it which was prepared in adequate quantity by weight

(equimolar ratio). The mixture was heated around

60–80 �C for 2 h with continuous stirring. This solution

was allowed to cool at room temperature and subsequently

dried at 60–65 �C in an oven until it formed a fluffy mass.

Thermal analysis and kinetic analysis

The coprecipitated citrate gels of Zn2? or Ni2?, and alu-

minum thus obtained were first subjected to thermal anal-

ysis (TG-DSC) to get an idea of a minimum temperature

for annealing. Its thermogravimetric analysis was carried

out in oxygen at heating rate of 10 �C/min. The citrate gel

sample was dehydrated by heating up to 200 �C and the

measurement was carried out without removing the sample

from the instrument up to the desired temperature range

using O2 gas (Fig. 1).

The decomposition is over around 430 �C. Kinetic/

mechanistic analysis of the TG data has been carried out

for the endo step and values of Ea, DS#, DG#, and A were

approximated for the nickel sample. Calculations were

made for the respective f(a) values for different possible
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models and by constructing spreadsheets on MS Office

Excel, the most linear plot [24, 25] of ln k versus 1/T was

searched out through regression formula. Values of ln A

and Ea were obtained from the intercept and slope,

respectively, of the plot which corresponded to the model

being followed by the step. The plot was based on the

following relation:

ln k ¼ ln A� Ea=RT

Here,

ln k ¼ ln da=dtð Þ=f að Þf g

The value of DS# was approximated using the

thermodynamic equation:

DS# ¼ R ln Ah=kTð Þ

where DS# is the entropy of activation, A is the frequency

factor, R is the gas constant, k is the Boltzmann constant,

and T is the peak temperature.

The value of DG# was approximated using the thermo-

dynamic relations:

DH# ¼ Ea � RT

and

DG# ¼ DH# � TDS#

On the basis of the findings, 450 �C has been chosen for

annealing of the gels.

Annealing, XRD, and magnetic studies

The gels were annealed separately at 450 and 650 �C,

respectively, for 1 h in a muffle furnace. Annealing has

been done at 650 �C as well in an attempt to obtain na-

nometric particles of aluminates (MAl2O4) {M = Ni, Zn}

and to find out their magnetic properties which could

render them useful for chemical sensing applications, etc.
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Fig. 1 TG-DSC curves of

coprecipitated nickel(II) citrate–

aluminum citrate gel in O2

atmosphere
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Fig. 2 XRD patterns of a ZnAl2O4 and b NiAl2O4 both annealed at

450 �C
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Fig. 3 XRD patterns of a ZnAl2O4 and b NiAl2O4 both annealed at

650 �C
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By this process, the precursor was thermally decomposed

to give the aluminate powder which was later characterized

using X-ray diffractometer (XRD Model D/max-IIB, Rig-

aku) for phase and particle size and Vibrating sample

magnetometer(VSM, PAR155) for magnetic parameters

observation. The thermal analyses were carried out on

Mettler TGA and NETZSCH STA 449F3 instruments.

Scherrer formula (D = 0.9 k/b Cosh) was used to calculate

the particle size [29].

Results and discussion

The thermal decomposition of the coprecipitated nickel(II)

citrate–aluminum citrate gel in O2 atmosphere is taking

place in two steps viz. dehydration and formation of the

aluminate. The second step gives an endo peak (-2937 J/g)

at 356 �C in the DSC curve. The onset and endset tem-

peratures have been found to be 341.4 and 366.1 �C,

respectively. Kinetic/mechanistic analysis of the TG data

has also been carried out for the second step. The

decomposition is following 3D diffusion mechanism.

Values of Ea, DS#, DG#, and ln A were approximated and,

found to be 192.278 kJ mol-1, -12.02 J K-1 mol-1,

194.609 kJ mol-1, and 28.76, respectively. The values are

in consonance with what is expected during the process.

The X-ray diffraction patterns are shown in Figs. 2 and 3

and the magnetization curves are shown in Figs. 4 and 5.

The XRD and magnetization data have been summarized in

Table 1.

The two samples annealed at 650 �C furnished pure and

excellent crystalline phase. The main peaks are indexed in

accordance with spinel structure (JCPDS data file#

73-1961) suggesting that the prepared samples are in pure

phase with particle size 34 nm in case of ZnAl2O4. The

average particle size was found using Scherrer formula

[29]. On the basis of kinetic and thermodynamic consid-

erations, formation of aluminate (e.g., MgAl2O4 i.e.,

MgO ? Al2O3) is not expected to take place below

1200 �C [30]. It may be necessary to heat it for several

days at 1500 �C. Earlier, nanocrystalline ZnAl2O4 was

synthesized (20 nm) by polymer precursor method [31]

when the annealing was done at 1000 �C. The coercivity of

the sample was reported to be 469 G but the retentivity and
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Fig. 4 Magnetization curves of a ZnAl2O4 and b NiAl2O4 both

annealed at 450 �C
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Fig. 5 Magnetization curves of a ZnAl2O4 and b NiAl2O4 both

annealed at 650 �C

Table 1 Observed XRD and VSM data of the aluminates annealed at 450 and 650 �C

Sample Annealing temp. Particle size/nm Phase Coercivity/G Retentivity/emu/g Magnetization/emu/g

ZnAl2O4 450 �C – Amorphous 470 0.013 0.0303

650 �C 34 Nanocrystalline 58.37 0.00109 0.00956

NiAl2O4 450 �C – Poorly crystalline 107 0.0626 0.62

650 �C 17 Nanocrystalline 23.24 -0.000467 0.0538
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magnetization was very small. In the present case, although

the ZnAl2O4 obtained after annealing at 450 �C is in

amorphous phase, the coercivity was found to be almost the

same (470 G). While NiAl2O4 shows poor crystallinity

when the annealing temperature is 450 �C, the one

obtained at 650 �C shows particle size of 17 nm. The

crystallinity of the powders is comparable to the reported

value of the aluminates obtained at 1000 �C by the polymer

precursor method [31]. Small value of magnetization was

found (0.6163 emu/g) for NiAl2O4 annealed at 450 �C.

The magnetic properties are usually determined by the

size of the nanocrystallites. The decrease in magnetization

with decrease in particle size of nanocrystalline materials is

attributed to surface effect, spin canting, and broken

exchange bonds [32, 33]. In case of nanocrystalline Ni–Zn

ferrite, the magnetization has been found to be increasing

from 28.3 to 58.3 emu/g when the annealing temperature is

raised from 400 to 1000 �C (2 h) [34]. The degree of

magnetization may also be affected by the presence of

metallic traces of iron and other magnetic elements [35].

Although aluminum does not have magnetic moment,

magnetization has been observed in the present aluminates

and the value varies with the annealing temperature.

Conclusions

• The thermal decomposition of the mixed citrate gel is

taking place in two steps viz. dehydration and forma-

tion of the aluminate. The second step gives an endo

peak (-2937 J/g) at 356 �C in the DSC curve of the

coprecipitated nickel(II) citrate–aluminum citrate gel in

O2 atmosphere.

• Although the ZnAl2O4 obtained after annealing at

450 �C is in amorphous phase, the coercivity was found

to be almost the same (470 G) as that of literature value

of 469 G when the sample was prepared by polymer

precursor method followed by annealing at 1000 �C.

• Annealing at 650 �C leads to particle size of 17 nm

(NiAl2O4) and 34 nm (ZnAl2O4), respectively. Thus,

the citrate precursor method is good for the synthesis of

ZnAl2O4, producing single phase nanocrystalline pow-

der of high quality and crystallinity.

• Small value of magnetization was found (0.6163 emu/g)

for NiAl2O4 annealed at 450 �C.

Acknowledgements The authors thank Dr. R. K. Kotnala, Head,

Magnetic Lab, National Physical Laboratory (NPL), New Delhi for

magnetization measurements and Mr. Mahesh (Mettler) and Ms Priya

(Netzsch) for the recording of TG curves. Authors R.K. Singh and A.

Yadav also thank Nalanda Open University, Patna for a partial

financial support in this study.

References

1. Wilding MC. Aluminates. In: Shackelford JF, Doremus RH,

editors. Ceramic and glass materials. New York: Springer; 2008.

p. 49–70.
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