
Effects of dispersant addition on the synthesis of indium-doped
calcium zirconate by co-precipitation techniques

Vivek Krishnan Æ Jeffrey W. Fergus

Received: 3 May 2006 / Accepted: 19 September 2006 / Published online: 16 April 2007

� Springer Science+Business Media, LLC 2007

Abstract The synthesis of In2O3-doped CaZrO3 by solid

oxide and oxalate co-precipitation routes has been studied.

The effects of using polymeric surfactants (PEG) and ball

milling on the synthesis were determined by characterizing

the materials at various stages using SEM, XRD, FTIR and

particle size analysis. PEG addition and ball milling led to

the formation of smaller particles which reduces the time

and temperature needed for perovskite formation.

Introduction

Perovskites of the type ABO3 display a wide range of

chemical compositions and attributes, and for this reason

have been called ‘‘inorganic chameleons’’ [1]. Calcium

zirconate (CaZrO3) forms the perovskite structure and

possesses excellent mechanical, optical and electrical

properties. Stoichiometric CaZrO3 maintains low elec-

tronic conductivity at very low oxygen partial pressures

and has been considered as a replacement for stabilized

zirconia in oxygen probes for steel melts [2]. Trivalent-

doped CaZrO3 (e.g. In3+,Y3+,Yb3+) conducts protons in

humid or hydrogen-containing atmospheres [3–5] which,

along with its excellent chemical and mechanical stability,

makes it a prime candidate for hydrogen sensing applica-

tions in liquid aluminum and copper [6–8]. CaZrO3 based

materials also have a high dielectric constant (~30) and a

low loss tangent (quality factor of 3000 at 13 GHz) leading

to their being investigated as a potential material for

CMOS applications [9, 10].

The properties of CaZrO3 depend on the synthesis

method employed. The most common method for powder

synthesis is the solid mixing technique using CaCO3 and

ZrO2 as starting materials [11, 12]. Although the method is

simple and inexpensive, wet chemical methods like sol–gel

[13, 14], hydrothermal routes and co-precipitation can

improve cation homogeneity and reduce the temperatures

required for phase formation [15, 16]. These methods also

help produce more surface active powders that sinter better

and thus produce higher density ceramics [17].

Among the various wet chemical techniques used for

the synthesis of doped and undoped CaZrO3, oxalate

co-precipitation has received wide attention [18–20]. The

technique involves precipitation of metal oxalate precur-

sors from the reaction between a cationic solution and a

chelating agent (e.g. oxalic acid). These powders thermally

decompose to produce the desired perovskite phase.

Agglomeration, which is detrimental to sintering, can occur

in the solution phase, so ionic and non-ionic polymeric

surfactants that use electrostatic or steric effects to reduce

particle size have been used [21].

This paper examines a co-precipitation technique for the

synthesis of In2O3-doped CaZrO3. Perovskite formation

from the decomposition of oxalate precursors is compared

to that for the solid oxide route of synthesis. The effects of

adding polyethylene glycol (PEG-HO(CH2CH2O)nH) as a

dispersant and reducing particle size by mechanical means

are also discussed.

Experimental

The perovskite CaZr0.9In0.1O2.95 was synthesized using

solid oxide and co-precipitation methods. In the solid oxide

method, stoichiometric amounts of CaCO3 (99.5%), ZrO2
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(99.9%), In2O3 (99.99%) were crushed together using a

mortar and pestle and ball milled for 5 days in ethanol with

a 3:1 ratio of ethanol to powder. CaCO3 was used instead

of CaO as this has been reported to produce a more active

calcium species [22]. The solid mixture was then calcined

in air at various times and temperatures using a tube fur-

nace or a muffle furnace.

For the synthesis using co-precipitation, calculated

amounts of ZrOCl2 � 8H2O (99.9%), CaCO3 and In2O3

were dissolved in a 1:1 solution of HCl and distilled water

at 70 �C with constant stirring. The acidic solution con-

taining a mixture of the ions (Ca2+, Zr4+, In3+) was then

added dropwise into an alkaline solution of oxalic acid,

which was maintained at pH 9 by adding NH4OH. The

resultant solution was stirred continuously for 30 min and

then aged for 3 h. The aged solution was filtered and the

precipitate was washed three times using water to remove

Cl– ions. An AgNO3 solution was used to check for any

residual Cl– contaminants, as a curdy white precipitate of

AgCl would form immediately if Cl– was present. A final

washing step was carried out using an ethanol solution. The

precursor powder was dried for 12 h at 70 �C and then

calcined for perovskite formation.

To investigate the effect of dispersant addition, 5 wt.%

PEG 200 was added to the cationic solution before addition

into the oxalate solution. An equal quantity of a higher

molecular weight polymer PEG 1450 was added after the

salt solution was added to the oxalic acid. The remaining

steps of the synthesis process were not changed. For the

investigation of ball milling effects, a batch of precursor

powders was prepared without any dopant. The powders

were ball milled with ethanol in a ratio 1:3 by weight for

2 days. The slurry was then dried and calcined for desired

phase formation.

All powders were characterized using scanning electron

microscopy (SEM), X-ray diffraction (XRD) and electron

dispersive X-ray spectroscopy (EDS). Particle size analysis

was accomplished using laser scattering. Fourier transform

infra-red spectroscopy (FTIR) measurements were made in

the transmissive mode using pellet samples fabricated by

uniaxial pressing of the powders with KBr.

Results and discussion

Comparison of synthesis techniques

CaZrO3 forms the orthorhombic perovskite structure

(a = 0.55912 nm, b = 0.80171 nm, c = 0.57616 nm) [23]

at temperatures up to 1750–2000 �C, above which a cubic

phase has been reported [24, 25]. The XRD spectra in

Fig. 1 confirm the formation of the perovskite phase in

powders prepared from the solid oxide route. A secondary

peak (2h = 32.9�) corresponding to the In-rich CaIn2O4

phase is also present which suggests that the indium did not

completely dissolve in the perovskite lattice.

Figure 2 shows XRD results from oxalate precursor

powders prepared using the co-precipitation technique. All

the crystalline peaks shown can be attributed to the Ca-

C2O4�H2O phase based on the JCPDS reference card.

While the presence of this phase is consistent with other

published reports, there is some disagreement over the

other phases present in the system [26–28]. For example,

Wei et al. and Le et al. report the presence of a

ZrC2O4�H2O phase in the precursor material based on XRD

data. However, the XRD peaks attributed to this phase are

either very small or match closely with those of Ca-

C2O4�H2O. Following the work of Le et al., van Rij et al.

conducted a more thorough investigation of this system and

concluded that CaC2O4�H2O was the only major crystalline

phase present in the precursor powder.

The precipitation of zirconium in the form of hydrous

oxides has been discussed previously by Baes and Mesmer

[29]. Other researchers have explained the presence of

these phases in the form of amorphous humps in the XRD

Fig. 1 CaZr0.9In0.1O2.95 prepared from calcination of solid oxides for

12 h at various temperatures. Peaks indexed according to JCPDS card

35-0790

Fig. 2 Precursors formed by the oxalate co-precipitation process
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spectra [30]. The XRD spectra in Fig. 2 contain broad

peaks at ~30� suggesting that zirconium is present in an

amorphous phase. Although XRD peaks for an In-rich

phase were not present, EDX results confirmed presence of

the dopant in the desired proportions. Figure 2 contains an

additional XRD peak in the spectrum for powders prepared

without using the elaborate washing procedure. The peak

can be attributed to ammonium oxalate, the presence of

which was further confirmed with FTIR results that showed

a characteristic peak at 2950 cm–1. Ammonium oxalate has

been found to inhibit sintering in other oxide systems [31],

so careful washing of the powder is an important step in the

precursor powder preparation.

The oxalate precursor powders decompose to form the

perovskite at temperatures higher than 850 �C. The XRD

data in Fig. 3 shows disappearance of the CaIn2O4 peaks

when the sample is calcined at 1400 �C. The decreasing

amount of CaIn2O4 with thermal treatment is represented in

Fig. 4 by the ratio of integrated peak intensities of CaIn2O4

(32.9�) and (121) CaZrO3 (22.35�). The CaIn2O4 peaks

decrease more rapidly in samples calcined at 1400 �C as

compared to samples calcined at 1200 �C, presumably due

to faster diffusion at the higher temperature.

Effect of dispersant addition

PEG could lead to reduced particle size either by inhibiting

agglomeration or by causing redispersion of agglomerated

particles formed earlier in the process. Mechanisms based

on both of these effects have been proposed in the litera-

ture.

The first mechanism explains particle size reduction

based on PEG’s ability to prevent agglomeration. Since

PEG is a non-ionic polymer, it consists of neutral hydro-

phobic and hydrophilic parts. The O–H bonds are, how-

ever, polar and should form linkages within the system by

hydrogen bonding. According to Liu et al. [32] and Ece

et al. [33], the interfacial energy at the particle/liquid

interface is reduced because of these surface linkages as the

adsorbed polymer produces repulsive forces between the

suspended particles. Steric stabilization of the dispersion

results in limited particle–particle interactions and reduced

agglomeration. A schematic of particles separated by PEG

molecules is shown in Fig. 5.

Fig. 3 CaZr0.9In0.1O2.95

prepared from oxalate

precursors decomposed at

different temperatures and times

Fig. 4 Decrease in CaIn2O4 peak with increasing calcination times Fig. 5 Surface PEG layers adsorbed on precursor particle
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Uhland et al. [34] propose a different mechanism in

which PEG is said to promote deagglomeration and redi-

spersion of particles. According to this model, osmotic

pressure is created due to a change in the chemical

potential of the solvent within and outside the agglomerate.

Since the osmotic pressure is inversely related to the

molecular weight of the polymer, (vant Hoff’s law), a

lower molecular weight PEG should be more effective in

breaking down larger agglomerates. SEM micrographs of

Fe–Ni double oxalates shown by Uekawa et al. [35] con-

firm particle size increases with increasing molecular

weight of PEG.

SEM investigation of the powders synthesized in this

work (Fig. 6) shows that PEG reduces particle agglomer-

ation. The particles produced with PEG are smaller and

less agglomerated than those produced in the absence of

PEG. The particle size distribution in Fig. 7 shows that the

powders synthesized without PEG consist mainly of larger

particles with a relatively narrow distribution. The addition

of PEG results in a wider distribution with an increase in

the amount of smaller agglomerates.

Washing of the precursor powders with ethanol and

water affects the particle size distribution as shown in

Fig. 8. Although the distribution does not change as much

as for PEG addition, smaller particles are formed with

washing. According to Kaliszewski and Heuer [36], the

ethanol treatment aids in the formation of surface ethoxide

groups, which inhibits growth of inter-particle bridges by

displacing adsorbed water that causes hydrogen bonding

between the polar water molecules.

The PEG addition improves the kinetics of perovskite

formation as shown in the XRD of precursors decomposed

at 850 �C (Fig. 9). XRD spectra of powders prepared

without PEG contain a large peak matching with the

Fig. 6 SEM image of powders

prepared with and without PEG

(3500·)

Fig. 7 Effect of surfactant PEG on size distribution of oxalate

precursor powders

Fig. 8 Effect of powder washing on size distribution of oxalate

precursor powders

Fig. 9 Influence of PEG on formation of CaZrO3 from oxalate co-

precipitation process
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Zr-rich u1 phase (CaZr4O9) and several other unidentified

peaks (marked with #), while powders prepared with PEG

contain only peaks from CaZrO3.

Particle size reduction by mechanical means also

brings about similar results in this oxide system. The

XRD results in Fig. 10 show that powders milled for

2 days prior to decomposition form the perovskite after

calcinations at 900 �C while powders that were not

milled contain additional phases after the same heat

treatment. Some additional peaks are still present in

the unmilled powders even after calcining at a higher

temperature of 1200 �C.

Conclusions

The oxalate co-precipitation process has been used to

synthesize In2O3 doped CaZrO3 at lower times and tem-

peratures as compared to the solid oxide method. The

reduction in agglomerate size by chemical methods

(addition of PEG) and mechanical means (ball milling)

improves the kinetics of the synthesis process.
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