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Abstract This paper reports preparation of nanoparticles

of oxides by the citrate–nitrate process and the effect of

metal ions on the thermal decomposition characteristics of

the corresponding citrate–nitrate gel precursors. In order to

understand the effect of metal ions on the thermal

decomposition characteristics of the precursors, we have

prepared a series of single component oxides such as MO,

where M = Zn, MO2, where M = Sn, Ce, Zr, and M2O3

where M = Al, Fe, Bi. In all the cases the citrate to nitrate

ratio was fixed at 0.3. In order to ascertain the decompo-

sition characteristics of the gel samples, TG/DTA studies

were performed on the dried gel samples. After complete

physico-chemical characterization of the precursors and the

calcined products, it could be concluded that the nature of

decomposition of the precursors depends largely on the

nature of the metal ions. Finally, the advantages of the

citrate–nitrate process such as its high degree of repro-

ducibility, its potential for large-scale production of nano-

crystalline ceramic oxide powders and its lower cost could

be established based on a series of experiments and

examples.
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Introduction

In recent years, there is a renewed interest in the prepara-

tion of nanoparticles of oxides due to their increasing

demand in technological applications. For example, metal

oxides such as ZnO, Fe2O3, and SnO2 are well known for

their gas sensing applications. Sensors made with such

nano-sized metal oxide powders are found to exhibit high

sensitivity at low operating temperature towards different

gases like ethanol, acetone, LPG, CNG, etc. Alumina, on

the other hand, is an advanced ceramic material with

unique physical properties with applications ranging from

abrasives, refractories, lasers, high alumina cements,

toughened ceramics, and substrates for microelectronic

computer chips. Due to their high oxide ion conductivity,

doped zirconia, ceria, and bismuth oxides are potential

materials as solid electrolytes for solid oxide fuel cell

applications. Therefore, from the technological point of

view, there is an increasing demand to develop processes

that could yield nanoparticles of such oxides with superior

properties at a lower cost.

Various wet chemical methods [1–19] are available for

the preparation of nanoparticles of oxides. Processes such

as co-precipitation technique, sol gel technique, hydro-

thermal synthesis, and micro emulsion process generally

involve the use of auxiliary reagents such as acids or bases,

templates, surfactants or dispersing agents for either to

convert, immobilize or to finely divide the corresponding

metal precursors to the corresponding oxides. Besides,

various other organic solvent assisted routes such as

solvothermal synthesis, sol gel with or without supercritical

drying, oil drop methods, template synthesis, etc. and some

more sophisticated methods such as flame pyrolysis, arc

and plasma discharge, sputtering, microwave irradiation,

molten salt flux methods, solid state reactions mechanical
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alloying, and inert gas condensation, etc. are also available

for the preparation of oxides. Each method has its own

merits and demerits. Compared to most of the processing

routes mentioned above, combustion process [20–41] is a

low cost technique with high degree of reproducibility and

a good potential for large-scale production of oxides.

Compared to other methods, productivity is high in com-

bustion synthesis since concentrated metal solutions can be

used and neither aging nor any washing methods are

required which are necessary steps in other processes such

as co-precipitation methods. Moreover, high purity powder

can be easily obtained that are free of chlorine or any other

impurity by proper use of metal precursors. Since, large

volume of gases are released during combustion, it limits

particle contact and hence coarsening and agglomeration of

the powder. Hence, among all the wet chemical processes,

the combustion process has recently emerged as a highly

promising powder preparation technique mainly due to its

simplicity, reproducibility, lower cost of production, ease

to upscale and low energy consumption as detailed above.

Among the various combustion processes available, gly-

cine–nitrate process (GNP) and citrate–nitrate process

(CNP) are the most popular ones. CNP is a much simpler,

cheaper and safer process than GNP. Our group has been

working on the citrate–nitrate combustion process which

was first developed for the low temperature synthesis of

phase pure perovskites and superconducting oxides, and

later extended for the synthesis and large-scale production

of other multi component oxides with diverse properties

[30–38]. Recently, we have reported the preparation of

nanoparticles of Al2O3 and CeO2 by the CNP wherein the

citrate to nitrate ratio (CIT/NIT or C/N) was varied and

optimized as 0.3 [36–38]. In this paper, we have compared

the thermal decomposition characteristics of the precursor

gels of a series of single component oxides such as MO

where M = Zn, MO2, where M = Sn, Ce, Zr, and M2O3

where M = Al, Fe, Bi prepared by the CNP with a fixed

C/N ratio of 0.3. This particular C/N ratio was fixed based

on our previous results on ceria and alumina. The oxides

obtained using this optimized ratio have been characterized

by different techniques to highlight the importance of this

process.

Materials and experimental methods

All the chemicals used were of analytical reagent grade. In

this process, an aqueous solution of 0.2(M) stock solutions of

different metals such as Zn, Al, Fe, Bi, Sn, Zr, and Ce were

prepared from the corresponding nitrate, chloride or acetate

precursors. For the preparation of different batches, calcu-

lated amount of citric acid monohydrate (C6H8O7�H2O,

99.5% Merck Ltd, Mumbai, India) was added to each of the

metal salt solutions (0.2 M) according to the metal batch

compositions shown in Table 1. A fixed citrate to nitrate

ratio of 0.3 has been used in all the cases. The above mixed

solution was allowed to evaporate on a hot plate with stirring

(hot plate temperature 200 ± 5 �C). The homogeneously

mixed solution became viscous and turned into a gel during

heating. The gel slowly foams, swells, and finally burns on its

own, and once ignited at any point, the ignition slowly

propagated forward until the whole sample was fully burnt to

produce the corresponding ash powder. The auto-ignition

was completed within a few seconds, giving rise to a volu-

minous powder. The mode of decomposition and burning

steps were monitored visually. The gels collected were air

dried. The ash powders obtained after the combustion were

ground in an agate mortar and calcined at various tempera-

tures for 6 h. In Table 1, the different batches of gels with

their preparation conditions are tabulated.

Characterization of the precursor gel and the powder

samples

The thermal decomposition characteristics of the dried gel

precursors were studied by means of differential thermal

analysis (DTA) and thermogravimetric analysis (TG)

techniques. N2 was used as the purge gas in these mea-

surements. These studies were carried out from room

temperature to 1273 K at a heating rate of 283 K/min on a

NETZSCH thermal analyzer unit (409C) using a-alumina

as a reference material for DTA. The enthalpy change, DH,

has been calculated from the area under the peak using an

in-built software in the system. The room temperature

powder X-ray diffraction (XRD) was carried out both on

the combustion synthesized and calcined powders for phase

identification using a Philips X-ray diffractometer

(PW1730) with Cu Ka radiation at a 2h scan rate of 2�/min.

The crystallite size has been calculated from X-ray line

broadening using Scherrer formula. Particle size analysis of

the calcined powders was carried out using a Sedigraph

5100 Micromeritics particle size analyzer. Surface area of

the calcined powder was measured on a Micromeritics

Gemini II 2370 surface area analyzer. The specific surface

area (SSA) was converted into particle size assuming that

the particles are closed spheres with smooth surface and

uniform size. DBET is the particle size calculated from the

BET surface area measurement assuming that the particles

are having spherical or nearly spherical shape from the

equation, DBET = 6 9 103/dth SBET, where dth is the the-

oretical density of the material under consideration, DBET

is the average particle size in nm and SBET is the specific

surface area expressed in m2 g-1. Micro structural studies

on the powder samples were carried out on a Leo 430i

Scanning electron microscope. Particle size and powder
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morphology of the synthesized powders were further

monitored with the help of a transmission electron micro-

scope (TEM), JEOL (JEM-200X).

Results and discussion

General characteristics

All the gel samples were hygroscopic, viscous, and sticky

in nature and exhibited different colors depending on the

nature of the metal cations. The conditions employed for

preparing different batches and their physical characteris-

tics are given in Table 1. The gel compositions are desig-

nated with a ‘‘g’’ after the sample identification. The color

of the uncalcined powder samples also varied with the

metal cations. The powder samples derived from the gels

Zn1g, Zr1g, and Sn1g were white in color, A1g, C1g, and

B1g were yellow and F1g was brown in color. The ash and

the calcined powder samples will henceforth be designated

as M1U and M1C where M = corresponding metal ion,

U = uncalcined, C = calcined, respectively, in the text

and in the figures.

TG and DTA studies on gel samples

The thermal decomposition behavior of the dried gels was

found to depend strongly on the nature of the starting metal

nitrate solutions. Figures 1, 2, and 3 illustrate the simul-

taneous TG/DTA curves of few representative gel samples.

Although the fixed C/N ratio of 0.3 has been used in all the

cases, the different metal oxide gel precursors exhibited

different thermal decomposition characteristics. Depending

upon the nature of the metal cation, the decomposition

behavior of the gels could be classified into two distinct

categories.

Single step decomposition reactions

Among the various gel samples investigated, the gel sam-

ples of ceria (C1g) and zinc (Zn1g) exhibited a single step

decomposition reaction. In Fig. 1, the thermal analysis

graphs obtained for the yellow colored Zn1g dried gel

sample is shown as a representative. The Zn1g gel exhib-

ited a weight loss of around 82%, where as the C1g gel

exhibited a higher weight loss of around 95% (figure not

shown). These gel samples practically undergo a single

step decomposition behavior which occurs at a temperature

of 400–500 K as indicated by the very sharp and intense

DTA peaks seen in Fig. 1. This is in contrast to a multi-step

decomposition behavior normally observed for the amor-

phous citrate gels decomposition [42, 43]. The onset of this

decomposition process starts around 400–423 K and due to

the highly exothermic nature of this combustion process,

the temperature of the system (Zn1g) increased to 497 K as

noted from the corresponding DTA peak temperature. The

abrupt fall in weight between 23 K and 500 K for Zn and

Table 1 Preparation conditions and the nature of decomposition of the different gel precursors

ID Sample nos. Nature of decomposition CGEL TASH CASH

C1 CeO2 Moderate decomposition with glowing flints Light yellow Fine, fluffy and porous Off-white

F1 Fe2O3 Rapid decomposition with glowing flints Brown Fine Brown

Al Al2O3 Rapid decomposition, no glowing flints Yellow Fine Yellow

B1 Bi2O3 Slow decomposition with glowing flints and flame Yellowish white Coarse Ash green

Zr1 ZrO2 Rapid decomposition with controlled burning

and glowing flints

White Fine Light brown

Sn1 SnO2 Sluggish decomposition with glowing flints

and flame

White, transparent Fine and porous Black

Zn1 ZnO Controlled burning with rapid decomposition

and glowing flints

White, transparent Fine, fluffy and porous Light pink/cream

CGEL color of the decomposed gel precursor, CASH color of the decomposed ash powder, TASH texture of the ash powder
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Fig. 1 TG/DTA graphs of Zn1 gel sample indicating a single step

decomposition behavior
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between 423 K and 534 K for Ce is a further evidence for

the single step decomposition nature of the gel during the

combustion process. As has been reported earlier, this auto-

combustion occurs due to a highly exothermic anionic

oxidation–reduction reaction between the nitrate and citrate

ions releasing a large amount of gases [30–38, 44–50]. The

thermal characteristics associated with the decomposition

of the gel samples are tabulated in Table 2.

Multistep decomposition reactions

The decomposition of the gels Sn1g, F1g, Zr1g, A1g, and

B1g occurs by a multistep reaction. The representative

thermal decomposition graphs of F1g, Zr1g, and B1g gels

are shown in Fig. 2a–c, respectively. It is evident from the

TG curves that the weight loss occurs in three definite

steps. The DTA peaks of F1g and Zr1g at first showed one

small endothermic peak around 350 and 360 K corre-

sponding to weight losses of 10.6 and 10.8% occurring at

296–390 K and 296–424 K as can be seen from their

corresponding TG curves. This is followed by two pro-

nounced exothermic peaks as evident from the DTA peaks

of F1g and Zr1g gels, first peak around 423 K for F1g and

460 K for Zr1g corresponding to weight losses of 33.0

and 28.64%, respectively, occurring around 395–463 K

and 430–485 K, respectively. The second peak around 577

and 843 K corresponding to weight losses of 29.0 and

20.5% occurring in the temperature ranges of 480–611 K

and 490–870 K for F1g and Zr1g, respectively. The first

endothermic reaction is due to the dehydration of bound

water to the metal–citrate complex and the following

exothermic reactions are attributed to the decomposition of

the gel and oxidation of the corresponding metal–citrate

complexes. The decomposition of both the gels appears to

complete within 800 K. In the case of B1g, the first and the

major decomposition reaction appear to be a single step

reaction starting around 448 K with a weight loss of about

53% between 296 and 458 K. This strong exothermic

reaction is followed by another exothermic reaction

occurring around 617 K as evident from the DTA peak

temperature (Fig. 2c). The TG curves also indicate that in

addition to the first decomposition step, a relatively small

second decomposition also occurs between 500 and 700 K

in case of B1g. The formation of a stable intermediate

product prior to second step decomposition is indicated by

a thermally stable plateau in their TG curves around 450 K.
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Fig. 2 TG and DTA graphs of

a F1, b Zr1, and c B1g gel

samples indicating their multi-

step decomposition behavior
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Both the DTA peaks showed two pronounced exothermic

peaks around 435–450 and 600–800 K, the former indi-

cating the decomposition of the citrate while the latter

corresponds to the burning of the residual organic matter

and subsequent crystallization of the corresponding metal

oxides. The TG curve reveals that the decomposition of the

gel appears to be complete within 700 K in case of B1g.

The nature of decomposition of the studied gel samples are

described in Table 1. The thermal properties associated

with the exothermic decomposition of the different gel

precursor samples are tabulated in Table 2. The calculated

enthalpy change, -DH, varied in the order Fe \ Ce \
Zr \ Zn \ Sn \ Bi \ Al with Fe having the smallest

enthalpy change and Al exhibiting the highest enthalpy

change though all are prepared with a C/N ratio of 0.3. We

calculated the standard enthalpies of formation [-(DHf)] of

different oxides based on the reaction (e.g., M ? O2 =

MO2), given in Table 3 [51]. It is clear that the formation

of the oxides from the corresponding metal and oxygen

involves a much higher energy change.

The exothermicity of a combustion process is governed by

the ratio of the oxidant to the fuel (O/R) used for combustion

[15, 16, 41]. Since, citric acid is a polyhydroxy carboxylic

acid with three carboxylic acid groups and one hydroxyl

group and has a heat of combustion of 10.2 kJ/g, it can act

both as a very good complexing agent as well as a fuel in a

combustion reaction [37, 40–42]. Based on the concept of

propellant chemistry, the ratio of the oxidizing valency of the

metal nitrates (O) to the reducing valency of the fuel (R), i.e.,

O/R should be unity to get the maximum exothermicity

during a combustion reaction [15, 16, 41]. We have calcu-

lated the (O/R) ratio of the oxidant to the fuel for the systems

under investigation. The oxidizing and reducing valencies

were calculated by considering the valencies of elements as

?4 for Ce, ?4 for Zr, ?3 for Al, ?3 for Fe, ?3 for Bi, ?2 for

Zn, ?4 for Sn, ?4 for C, ?1 for H, -2 for O, and 0 for N.

Thus, the oxidizing valencies for (NH4)2[Ce(NO3)6] is -24,

for Al(NO3)3, Fe(NO3)3, Bi(NO3)3 is -15, for SnO(NO3)2,

Zn(NO3)2, ZrO(NO3)2 is -10, and the reducing valency for

citric acid is ?18, respectively.

For a complete combustion reaction, the oxidant and the

fuel should be present in a stoichiometric ratio. Following

Pederson’s reaction model, the idealized combustion

reaction involving the corresponding metal nitrates and

citric acid may be represented as follows [40, 41]. Here, we

have not taken into consideration of the water of hydration

for calculation.

2Al NO3ð Þ3þ5=3C6H8O7

Al2O3 þ 10CO2 þ 3N2 þ 20=3H2O
ð1Þ

2Bi NO3ð Þ3þ5=3C6H8O7

Bi2O3 þ 10CO2 þ 3N2 þ 20=3H2O
ð2Þ

2Fe NO3ð Þ3þ5=3C6H8O7

Fe2O3 þ 10CO2 þ 3N2 þ 20=3H2O
ð3Þ

Zn NO3ð Þ2þ5=9C6H8O7

ZnOþ 10=3CO2 þ N2 þ 20=9H2O
ð4Þ

SnO NO3ð Þ2þ5=9C6H8O7

SnO2 þ 10=3CO2 þ N2 þ 20=9H2O
ð5Þ

Zr NO3ð Þ4þ10=9C6H8O7

ZrO2 þ 20=3CO2 þ 2N2 þ 40=9H2O
ð6Þ

NH4ð Þ2 Ce NO3ð Þ6
� �

þ 4=3C6H8O7

CeO2 þ 8CO2 þ 4N2 þ 28=3H2O
ð7Þ

The calculated C/N ratio is around 0.277 for the

reactions corresponding to Eqs. 1–6 and is 0.22 for Eq. 7,

Table 2 Thermal decomposition characteristics of the different gel precursors prepared by CNP process

Samples CIT/NIT or F/N O/R Valency of the metal ions Wloss (Gel)/% Wchange (Ash)/% DT/K -DH/J g-1

ZnO 0.3 0.926 ?2 81 -2.56 497 276

Fe2O3 0.3 0.926 ?3 75 -8.66 423 140

Al2O3 0.3 0.926 ?3 77 -70.1 435 436

Bi2O3 0.3 0.926 ?3 67 ?5.34 449 348

ZrO2 0.3 0.926 ?4 63 -67.8 461 203

SnO2 0.3 0.926 ?4 91 -39.97 503 322

CeO2 0.3 0.74 ?4 95 ?0.55 533 146

CIT/NIT citrate/nitrate ratio, F/N fuel/nitrate ratio, O/R oxidant/reductant ratio, DT decomposition temperature, Wloss weight loss, DH enthalpy

changes of the corresponding decomposition reaction

Table 3 Standard enthalpy of formation of oxides

Samples Standard enthalpy of

formation - DHf/kJ mol-1

M ? O2 = MO2

Al2O3 1676

Fe2O3 824

SnO2 286

ZnO 348

CeO2 1089

ZrO2 1100

Bi2O3 574
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i.e., the C/N ratio for which the value of O/R ratio is

expected to be unity. So, we have optimized the C/N ratio

to be very close to its near whole number, i.e., 0.3. For the

experimentally used C/N ratio of 0.3, the ratio of the

oxidizing valency of the oxidizing group to the reducing

valency of the fuel (O/R) calculated is around 0.92 for

Eqs. 1–6, which is closer to unity and a slightly lower

value of 0.74 for Eq. 7. This indicates that the composition

corresponding to Eq. 7 is comparatively a fuel rich

composition and the compositions shown in Eqs. 1–6 are

comparatively fuel lean compositions. It is also interesting

to note the lower enthalpy changes of around -140 to

-146 J/g exhibited by the C1 and F1 batches although they

are having dissimilar (O/R) ratios. On the other hand, the

batches A1, B1 Zn1, Zr1, F1, and Sn1 with a similar (O/R)

ratio of 0.92, exhibited a different enthalpy of decomposition

as well as decomposition temperatures. This emphasizes that

in addition to the effect of oxidant to fuel ratio, i.e., O/R, the

metal cation, its valency, charge, and oxidizing power also

play a vital role in controlling the auto-combustion reaction

as revealed from our experimental results.

TG/DTA of the ash powders

The ash powders derived from the different gel batches

such as Sn1g, Zn1g, F1g, A1g, B1g, C1g, and Zr1g are

designated in Fig. 3 as Sn1U, Zn1U, F1U, A1gU, B1U,

C1U, and Zr1U, respectively. The TG curves of the cor-

responding ash powders in Fig. 3, show different decom-

position behavior. The TG curves of the ash powders B1U,

C1U, and Zn1U show almost a straight line throughout the

temperature range from 273 to 1200 K indicating a negli-

gible weight loss. The TG curves of the ash powders Zr1U,

A1U, and Sn1U decomposed in two steps. The first and

second weight losses observed in the regions 273–500 and

650–800 K, respectively, is attributed to the conversion of

residual carbonates to metal oxides. The weight losses

observed in both the steps were different for different

batches depending on the characteristic nature of different

metal ions. Zn1U shows an overall weight loss of only

2.56%, B1U and C1U ash powders on the other hand,

exhibited a weight increase above 700 K probably indi-

cating the non-stoichiometric nature of the precursors

(MO2-d, M = Ce, Bi).

X-ray diffraction analysis

The XRD analyses of the ash powders of Ce, Zn, Bi, Al, Zr,

Sn, and Fe calcined at different temperatures are shown in

Figs. 4, 5, and 6 respectively. The phase formation occurs

at different temperatures for different systems. Iron oxide,

zinc oxide, and zirconium oxide require 773 K/6 h for

complete phase formation to the corresponding hematite,

wurzite ZnO, and tetragonal ZrO2, respectively. Similarly,

tetragonal casseterite, phase of SnO2 was formed after

calcination at 873 K for 6 h. Again, a clear transition from

the nano-crystalline c-Al2O3 phase to the a-alumina phase

could be noticed only after calcination at 1373 K for 6 h.

But the most interesting feature is the X-ray diffraction

patterns of the as-synthesized ceria, and bismuth oxide

powder samples shown in Figs. 4 and 5, respectively,

where typical diffraction peaks of CeO2 and Bi2O3 are

evident even in the uncalcined stage itself. The XRD peaks

of both the as-synthesized and the calcined powders of

CeO2 are quite broad thus reflecting its nano-crystalline

nature. It is interesting to note that a lower enthalpy change
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of -146 J/g of the combustion reaction of CeO2 and a

higher enthalpy of -348.24 J/g of Bi2O3, both resulted in

complete phase formation at room temperature thus

emphasizing the effect of the nature of the metal ion in

controlling the combustion reaction. In Fig. 7, the XRD

patterns of the calcined Fe2O3, SnO2, and ZrO2 powder

samples are shown confirming the formation of the

respective oxides at 773, 873, and 773 K, respectively.

From the X-ray analysis it is evident that depending on the

nature of the cations, oxides such as CeO2 and Bi2O3 are

formed in situ during the combustion whereas oxides such

as Al2O3 required a higher temperature of 1373 K for

complete phase formation. For Bi2O3, although weight loss

of the gel in TG occurs between 900 and 1100 K, calci-

nation temperature still has been fixed at 773 K for 6 h

since the melting point of Bi2O3 is very low and is around

823 K. Moreover, the corresponding TG graphs of the

Bi2O3 gel (Fig. 2c) and the corresponding ash powder

(Fig. 3) indicates almost no weight change above 800 K.

So, after careful analysis of the TG curves, calcination

temperature of Bi2O3 has been fixed at 773 K for 6 h.

The crystallite size (DXRD) of each of the metal oxide

nano-particles were calculated using Scherrer’s formula

given by,

DXRD ¼ 0:9k=bcosh ð8Þ

where DXRD is the crystallite size in nm, k is the Cu Ka
radiation wavelength (0.15406 nm), b = full width at half

maxima (FWHM) data in radians, and h = X-ray diffrac-

tion angle at full maxima. The crystallite size of the

powders calcined at different temperatures are presented in

Table 4 which indicates that irrespective of the preparation

condition, all the powder samples contained crystallites in

the size range of 5–18 nm.

Particle size and specific surface area

Particle size analysis of the powders calcined at different

temperatures shown in Fig. 7 was carried out using a

Sedigraph 5100 Micromeritics particle size analyzer and is

expressed as the corresponding D50 values in Table 4. D50

is actually 50% average agglomerate size and represents

the size of the secondary agglomerated clusters of 5–18 nm

sized initially formed crystallites or primary particles

obtained from XRD. The agglomerate size was almost two

orders of magnitude higher than the primary crystallite size

which is indicative of particle agglomeration. The average

agglomerate size of all different metal oxide samples

remained between 0.2 and 0.9 lm. In fact, the strong inter

particle forces within the initially formed nano-crystalline

phase powders lead to particle agglomeration.

The particle size distribution depends on the nature of

ignition of the gel which in turn is related to the nature of

the cations. The gel A1, B1, and F1 exhibited larger par-

ticle agglomeration whereas C1 exhibited very weak par-

ticle agglomeration with a broader distribution (Table 4).

Independent of the fixed citrate to nitrate ratio of 0.3 being

used here, samples from all the batches exhibited a broader

particle size distribution.

The surface area of the powders calcined at different

temperatures is given in Table 4. All the calcined powders

have surface areas in the range of 20–58 m2/g as shown in

Table 4. The difference in surface area further indicates a

strong influence of the nature of the metal ions in con-

trolling the decomposition reaction and the powder char-

acteristics. A large particle size (DBET) calculated from

surface area compared to the crystallite size measured by

XRD (DXRD) illustrates the rate of agglomeration among
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the particles. The relative ratio of DBET and DXRD, desig-

nated as the extent of agglomeration (Table 4) is smallest

for powders derived from F1, B1, and S1 batches and

highest for the powders derived from C1 and A1 batches.

The thermal analyses and the XRD results confirm the

ease of formation of nano-crystalline metal oxide powders

by the citrate–nitrate process. More importantly, the cal-

cination temperature used for complete phase formation is

quite low in all the cases compared to other methods

available in the literature. Thus, in addition to maintaining

a near stoichiometric citrate to nitrate ratio (CIT/NIT), the

importance of the metal ion characteristics have also been

established through these studies.

Transmission electron microscopy analysis

Figure 8a and b shows two representative TEM pictures of

the 573 K calcined ceria (C1) and 873 K calcined tin dioxide

(Sn1) powder samples. The TEM images show nano-parti-

cles of CeO2 and SnO2 having crystallite sizes of similar

range as obtained from corresponding X-ray analysis.

Conclusions

This paper reports the synthesis and characterization of a

series of nanoparticles of metal oxides by the citrate–nitrate

process. We studied the effect of the metal ions on the

thermal decomposition characteristics of the corresponding

gel samples. A near stoichiometric CIT/NIT ratio of 0.3 has

been used for this purpose. It was found that the decom-

position nature of the gel and different physical charac-

teristics of the resultant powder samples were affected by

the nature of the metal ion and the combustion reaction. It

is established that nanoparticles of oxides with surface area

in the range of 40–58 m2/g, crystallite size in the range of

4–18 nm with reasonably low agglomeration could be

prepared by the CNP. Thus the salient features of the CNP

employed here with a CIT/NIT ratio of 0.3 are as follows:

(1) Nano-sized metal oxide powders could be formed even

in in situ during combustion. (2) Particles with high spe-

cific surface area and weaker agglomeration could be

produced at lower calcination temperatures. (3) A large

volume of powders could be prepared easily and safely

with a low cost.
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