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Abstract Bismuth mixed oxide powders were prepared

by oxalate coprecipitation process. The thermal decompo-

sition behaviour of the coprecipitate precursors has been

followed by thermal analysis (TG-DTA) and FTIR spec-

troscopy. During the decomposition of the precursor,

several intermediates species were detected and a mecha-

nism of formation of mixed oxide by this method is pro-

posed. After the thermal treatment, the precursor obtained

of suggested formula Ca3[Bi6O6(C2O4)4(OH)3NO3]0.5H2O,

has led to the formation of CaBi2O4 at shorter reaction time

than the traditional ceramic method. In order to consoli-

date the results, the coprecipitation in absence of oxalic

precipitant under the same conditions was examined. XRD

and scanning electron spectroscopy were used to study

particles sizes and morphology.

Keywords Bismuth oxides � Coprecipitation � Oxalate �
Thermal analysis � X-ray diffraction

Introduction

At present great interest is devoted to bismuth-based oxides

because they present a wide variety of materials where

bismuth is found either as an essential component or as an

additive. So far these materials have been demonstrated to

be potentially useful as superconductors [1, 2], oxidation

catalysts [3, 4], photocatalysts, [5, 6], pigments [7, 8],

scintillators [9, 10], sensors [11], high temperature elec-

trolytes [12, 13] and next generation data storage materials

[14].

The Bi2O3–CaO phase diagrams have been investigated

over the whole composition range [15–17]. The system has

been reviewed and optimised thermodynamic descriptions

were presented by Hallstedt et al. [18]. The mixed oxides

compounds were prepared by the authors through a solid-

state route by firing mixtures of oxides and carbonates of

the constituent elements at high temperatures with inter-

mittent grinding.

In addition to this ceramic technique, the wet chemical

methods of preparation are becoming increasingly impor-

tant. Among the chemical methods, the chemical copre-

cipitation technique is widely investigated for ceramic

powder preparation. These chemical methods have impor-

tant advantages, such as the production of more homoge-

neous powders, good stoichoimetric control and short

thermal treatment.

Considerable efforts have been devoted in recent years

to study the preparation of oxalates of metallic ions or

mixture of metallic ions and their decomposition to obtain

the correspondent oxides [19–30]. In these former studies,

the oxalate ion was found to have a multidentate character;

it can form with metal centres chains, layers or three-

dimensional networks.

The characteristics of Bi and oxalates provide a wide-

ranging potential for the synthesis of new compounds that

may be useful in technology application. However, the

oxalate coprecipitation in the synthesis of Bi-based systems

presents different opinions referring to some major aspects,

such as the pH of coprecipitation and the precipitating

agent [26–35].

Therefore exact knowledge of the relationship between

synthesis method, processing condition, microstructure and
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grain size of mixed oxide powder is required. Our work is

focussed on the comparison and optimization of synthesis

method.

The present article describes the preparation of bismuth

calcium oxide by the oxalate and/or hydroxide coprecipi-

tation processes and subsequent calcinations at high tem-

perature and reports new results of synthesis.

Experimental

Materials

In order to prepare the calcium bismuth oxides, the metal

elements are introduced in the form of nitrate salts,

Bi(NO3)2�5H2O, Ca(NO3)2�4H2O. The precipitating agents

used are: oxalic acid (H2C2O4)�2H2O and diethylamine

(CH3–CH2)2NH. All the reagents used were of analytical

grade materials AR Labosi.

Experimental procedures

The preparation of bismuth calcium oxides were performed

in two steps: The preparation of the precursors then their

calcinations at various temperatures to obtain desired oxi-

des. In this work, two different methods of synthesis based

on chemical coprecipitation were adopted to prepare the

precursors:

Method I: based on obtaining a precipitate from

oxalates.

Method II: based on obtaining a precipitate from

hydroxides, at the same conditions in absence of oxalic

precipitant.

The homogeneous precursor was performed by the fol-

lowing procedure: The nitrate of bismuth dissolved in

concentrated nitric acid and aqueous solution of calcium

nitrate were mixed in required stoichoimetric ratio (2:1,

respectively). The aqueous solutions of nitrates, oxalic acid

and diethylamine were added dropwise individually and

simultaneously to 100 mL of distilled water, with contin-

uous magnetic stirring. The pH maintained constant at 11.

Finally, the fine oxalate (or hydroxide) precipitates thus

obtained were filtered and washed with bidistilled water at

the same pH. The samples were then dried gradually in an

oven up to 80 �C for about 18 h. To obtain mixed oxides,

the above mentioned precursors were calcined gradually at

various temperatures 650, 700 and 800 �C according to the

case, for 6 h.

Characterisation of powder

The produced precursors have been chemically analysed

and their thermal decomposition and behaviour were

studied by classical thermogravimetry and differential

thermal analysis (TG-DTA, Setaram TGDTA 92) in the

temperature range 30–800 �C at a heating rate of

10 �C min-1, under an ambient atmosphere.

The intermediate and final compounds of thermal

decomposition of the precursors are studied by means of

Fourier transform infrared spectrophotometer (FTIR,

Nicolet 630) in the 4000–350 cm-1 region.

X-ray powder diffraction (XRD) analysis of the calcined

precursors obtained by the two methods, were carried out

on Philips PW 1710 Diffractometer, employing a scanning

rate of 0.02� and a speed of 1.2� min-1, in the 2h range

from 10� to 70�.

The morphology and size of the synthesised powders

were studied by scanning electron microscopy (SEM, JSM-

5610LV).

Results and discussion

Chemical analysis of the two precursors is realised by

colorimetry with thiourea for bismuth and by titration with

EDTA for calcium and with KMnO4 for oxalate ion. All

the results are reported in Table 1 for the two obtained

unknown precursors. The given oxalate percentages

correspond to the samples of the oxalate precursor calcined

to the indicated temperatures.

A chemical formula is proposed for each compound,

based on these results and confirmed by FTIR and TG-

DTA measurements and complete XRD studies, as well as

on the bibliographical data.

The thermal behaviour of the oxalate and hydroxide

obtained by the coprecipitation processes are shown in

Table 1 Chemical analysis of obtained precursors

Precursors Bi/wt% Ca/wt% C2O4/wt%

Ambient t Ambient t Ambient t 290 �C 390 �C 490 �C

Exp. Theor. Exp. Theor. Exp. Theor. Exp. Theor. Exp. Theor. Exp. Theor.

Oxalate 63.7 64.5 6.0 6.2 17.8 18.1 12.3 12.1 7.4 7.7 0 0

Hydroxide 86.9 – 1.0 –
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Fig. 1. The endothermic and exothermic behaviours

observed in the differential thermal analysis curve with

their temperature range and corresponding mass losses in

thermogravimetry at final temperature and successive

decomposition steps in differential thermogravimetry are

given in Table 2.

Thermal decomposition of oxalate precursor

The TG curve of oxalate precursor shows that the total

mass loss of the precipitate is 19.4% and occurs in five

steps (A ? E), indicating that the precipitate comprises

various anions in addition to oxalates. Therefore, it can be

concluded that the precipitate may contain other anions in

addition to oxalates. These findings are contrary to other

authors [26–28].

The first step (A) of the TG profile, with the slight mass

loss of about 0.5% at a range of 35–75 �C might be

attributed to the release of the absorbed water. The IR

spectrum (Fig. 2) recorded for the sample obtained at the

end of this stage shows absorption bands at 1600, 1385 and

1315 cm-1 corresponding to different modes of vibration
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Fig. 1 TG, DTG and DTA

curves of the oxalate (a) and the

hydroxide (b) precursors in air

Table 2 Thermal analysis data for the decomposition of precursors (after drying at 80 �C)

Temperature range/�C Weight loss/% Species lost Thermal effects Phase composition

Exp. Theor.

Oxalate precursor Ca3[Bi6O6(C2O4)4(OH)3NO3]0.5H2O

40–200 0.5 0.46 H2O Endoth./50 �C Ca3Bi6O6(C2O4)4(OH)3NO3

200–260 4.8 4.63 CO2, NO2 Exoth./245 �C Ca1.5(BiO)4O(C2O4)(OH)3 ? (BiO)2(C2O4) ? 1.5Ca(C2O4)

260–290 1.5 1.44 CO Exoth./275 �C Ca1.5(BiO)4O(C2O4)(OH)3 ? (BiO)2(CO3) ? 1.5Ca(C2O4)

290–390 5.0 5.09 CO, CO2, H2O Endoth. Bi2O3 ? CaO ? (BiO)2CO3 ? Ca(C2O4) ? (CO2)adsorb

390–490 4.3 4.42 CO, CO2 Exoth. CaCO3 ? (Bi2O3 ? CaO) ? Bi1.6Ca0.4O2.6 ? (CO2)adsorb

490–770 3.3 3.39 CO2 Exoth. CaBi2O4

Hydroxide precursor (1 - y - z)Bi2O3 ? 2yBiO(OH) ? 2zBiO(NO3) ? xCaCO3

200–400 0.7 – H2O, NO2 Endoth. a-Bi2O3 ? xCaCO3

620–680 0.9 – xCO2 Endoth./660 �C a-Bi2O3 ? b2Bi2(1-x)Ca(x)O(3-2x)

690–745 – – – Endoth./734 �C d-Bi2O3 ? b1Bi2(1-x)Ca(x)O(3-2x)
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of oxalate group [36, 37]. The two strong absorption bands

appearing in the vicinities of 1385 and 1600 cm-1 can be

attributed to the symmetric and asymmetric vibration of the

carbonyl groups, while the absorption at 1315 cm-1 cor-

responds to m(C–O). The sharp band appearing at the

774 cm-1 is characteristic of oxalates metallic species

m(C–O–M). The two broad bands around 3000 and

3750 cm-1 correspond to the structural OH groups’

vibrations which are due to the presence of hydroxides.

The well-resolved band at 1603 cm-1 due to m(NO)

vibration indicates the presence of bidentate nitrates in the

precursor. Other bands of the NO3 group occur approxi-

mately at 1385, 1322, 1060, 840 and 760 cm-1 can be

assigned to m(NO2), m(NO2), m(NO), m(NO3) and m(NO3)

bands, respectively, as a result of the employed reagents. It

should be mentioned that the band at 1603 cm-1 is possi-

bly overlapped with the m(C–O) vibration of the carbox-

ylate group present in the oxalate. The spectrum indicates

an oxalate coordination to the Bi3? and Ca2? in the pre-

cursor, while the nature of such coordination is not yet

clear.

Further, the wide absorption band located at 512 cm-1

is ascribed to the metal–oxygen–metal bond. Occlusion or

sorption of CO2 in the solid is certainly responsible for the

band observed around 2330 cm-1 (m3 CO2) [38, 39].

The second step B showed a strong exothermic peak in

DTA with less drastic mass loss is observed in the tem-

perature range 200–300 �C which corresponds to the

reaction which is a result of a thermally induced redox

reaction between the two anions present in the precipitate,

where oxalate acts as a reductant and nitrate as an oxidant.

The IR spectrum (Fig. 2) of the product obtained at the

decomposition stage end (step B) shows a reduction in the

intensities of the oxalate and nitrate bands and an increase

in those being in the oxide region of the IR spectrum. Thus,

the oxalate at this stage has decomposed partially, as

shown in the decomposition scheme. This degradation step

is divided into two parts. The first part in the temperature

range 200–260 �C, the mass loss observed for this stage

(4.8%) tallies with the calculated loss of 4.63% for the

removal of 1 mol of the nitrate of the empirical formula

suggested of the precursor and one mole of CO2, while the

second part in the temperature range 260–290 �C with a

mass loss of 1.5% corresponds to the loss of 1 mol of CO

resulting from the degradation of 1 mol of oxalate.

The third step (C) is endothermic as indicated by the

DTA curve in the temperature range 290–390 �C. The IR

spectrum of the product obtained at the end of this stage

shows another reduction in the intensity of oxalate bands

with the carbonate bands still appearing at 1450 cm-1, and

at 1385 cm-1. The hydroxyl stretching band at 3770 cm-1

was found to be absent at this stage indicating a loss of

OH- group from the precursor molecule.

The observed mass loss of 5.0% obtained during this

stage is in agreement with the calculated loss of 5.09% and

corresponds to the release of 1 mol of CO, CO2 and a loss

of 1.5 mol of water. This weak and irregular endothermic

behaviour is due to the overlapping of the endother-

mic effect of the dehydration which surpasses the exo-

thermic effect of oxidation of CO to CO2.

In the fourth decomposition step (D), in the temperature

range 390–490 �C, further decomposition of the remaining

oxalates and the intermediate compounds takes place. The

IR shows that characteristic bands of the oxalate group

vanished and that broad carbonate band at 1456 cm-1

reveals that there is still some unreacted carbonate.

The oxide bands obtained in the spectrum are now much

stronger, which is due to the formation of oxide phase at

the end of this stage.

Also in this case, the irregular exothermic conduct of the

DTA curve is due to the overlapping of the exothermic

effect of the oxidation of CO to CO2, which exceeds the

endothermic effect of decomposition of the intermediates

Ca(C2O4) and (BiO)2CO3.

The last stage (E) which the slow variation of the shapes

of the DTA and TG curves shows the progressive decom-

position of remaining carbonates. IR spectrum of the

resulted product shows the complete degradation of the
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Fig. 2 IRTF spectra of the oxalate precursor heat-treated at various

temperatures
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precursor and the intermediates and the formation of mixed

oxide, which was also noticed in the XRD pattern.

By comparing with the curves of TG and DTA of the

pure oxalate of Bi or Ca [21, 29], it is noted that the curves

of TG and DTA of the precursor do not present any

behaviour of degradation of bismuth oxalate compound, on

the other hand, the calcium oxalate and its decomposition

product, the calcium carbonate, are probably expected like

intermediates.

Oxides formation process

To account for the intermediate species formed during the

thermal treatment in air of the precursors, X-ray diffrac-

tograms of the inorganic residues formed at different

temperatures 650 and 800 �C were collected.

According to the studies of FTIR and XRD, it was

revealed that a thermal treatment of the precursor at 650 �C

(Fig. 3) yielded a mixture of bismuth mixed oxide CaBi2O4

(JCPDS No. 48-0216), a phase identified as a solid solution

of formula Bi1.6Ca0.4O2.8 (JCPDS No. 41-0309) and a

calcium carbonate CaCO3 (JCPDS No. 86-2339). Some

diffraction peaks detected in this residue were broad, which

is indicative of a poor crystallinity. As the calcined tem-

perature increased CaCO3 reacted with the formed solid

solution into CaBi2O4 which is the only phase identified

finally at 800 �C and all the 2h-line patterns match with

reported values (JCPDS No. 48-0216).

The following bibliographical data and the investigation

on the reactions of thermal decomposition of the oxalate

precursor lead to the clarification of the important steps of

the thermal decomposition in air of the precursor and the

determination of the different corresponding intermediate

products.

The bismuth(III) forms stable homo- and heterometallic

complexes with a large number of ligands [40–42] and it

readily hydrolyzes in aqueous solutions (pKa = 1.51) and

has a high affinity to both oxygen and nitrogen ligands

[43, 44]. Mehring et al. have recently reported several

polynuclear bismuth oxo clusters which might be described

in terms of assemblies of the hexanuclear motif [45, 46].

It is well established that the aqueous chemistry of bis-

muth is dominated by hexanuclear cations of the type

[Bi6O4?x(OH)4-x]
(6-x)? [47], where the hexanuclear

[Bi6O8]2? motif is found to be the central structural unit in a

large variety of compounds such as bismuth oxo hydroxo

nitrates [48–52] and bismuth oxo citrate [53, 54]. The

tetranuclear building block can be built from the hexanu-

clear core structure by removal of two bismuth atoms and

the attached oxygen atoms from the latter. (Bi2O2)2? layers

represent a characteristic structural element of various bis-

muth compounds, of which some principal representative

structures are as follows: The Sillèn phases [55], the Auri-

villius phases (Bi2O2)2?(An-1BnO3-n)2? [56], the basic

bismuth carbonates (BiO)2CO3 [57] and (BiO)4(OH)2CO3

[58], bismuth oxysalts of carbonic acids with the general

formula BiO(OOCR) [59].

Scheme 1 represents the probable course of the

decomposition reactions of the precursor in the range of

temperatures from 20 to 800 �C.

Thermal decomposition of hydroxide precursor

Mass loss related to the different steps of decomposition, as

well as the composition of the corresponding phases are

presented in the Table 1.

The thermal decomposition of the hydroxide precursor

up to 800 �C exhibited three endothermic process stages

(Fig. 1). According to the TG curve, the thermal decom-

position process is characterised by two apparent falls in

sample mass in the temperature ranges (200–400 �C) and

(620–680 �C), respectively. Each of the falls in the TG

curve corresponds to an endothermic peak in the DTA one.

No exothermic effects were detected in the DTA curve.

The IR spectrum (Fig. 4) recorded for the sample

obtained at 600 �C compared with that observed at 200 �C

shows the disappearance of the weak bands corresponding

to the hydroxyls at 3400 cm-1 and nitrates at 1384 cm-1.

This is justified by the first loss of mass of approximately

0.7% as indicated by the TG curve. It also shows the

constant presence of bands at 2540, 1800, 1450 and
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875 cm-1, which are similar to those of calcium carbonate

[60], present in the form of impurity and formed from the

absorption of CO2 from the air during the synthesis of the

precursor.

The X-ray diffractogram and the IR spectrum recorded

for the sample obtained at 700 �C confirm the existence of

the a-Bi2O3 oxide (JCPDS No. 71-0465) and solid solution

as impurity of nature b2Bi2(1-x)Ca(x)O(3-2x) obtained by the

reaction of carbonate with a corresponding quantity of

oxide. A visibly strong endothermic peak occurred at

740 �C without any accompaniment in weight loss may be

attributed to the transitions of the phases of the mono-

clinic a-Bi2O3 to cubic d-Bi2O3 and of the solid solution

b2Bi2(1-x)Ca(x)O(3-2x) to b1Bi2(1-x)Ca(x)O(3-x).

The IR spectrum illustrates successive intense bands

located at 343, 347, 351, 355, 359, 363, 371, 420, 497 and

538 cm-1, which are assigned to the vibration of Bi–O

bonds in the a-Bi2O3 compound. One observes that when

there is a weak substitution of the Bi by Ca, the case of

b2Bi2(1-x)Ca(x)O(3-x) (IR at 800 �C), the intensities of the

bands situated at 351 and 355 cm-1 decrease and constitute

themselves like a shouldering. The same behaviour of these

two bands is found in CaBi2O4 (IR at 800 �C) in the

presence of similar peaks at 347, 359 and 371 cm-1 and

with a displacement of the others at 339, 512 and

549 cm-1.

According to the studies of FTIR and XRD, it revealed

that a precipitate obtained without oxalate and dried in an

oven is composed mainly of the a-Bi2O3 oxide.

The SEM micrographs of calcium bismuth oxides

powders prepared from oxalate and hydroxide coprecipi-

tation and calcined at temperature of 800 and 700 �C,

respectively, are shown in Fig. 5.

Particles morphology of calcined powder (700 �C for

6 h) of CaBi2O4 prepared by oxalate process is irregular in

shape and has varying dimensions. A good fraction of

small-sized particles with dimension of around 300 nm is

perceptible. The crystallite size calculated from Scherer’s

Ca3Bi6 O6(C2O4)4 (OH)3 NO3 0.5H2O      35–75 °C          Ca3Bi6 O6(C2O4)4 (OH)3 NO3  + 0.5 H2O 

Ca3Bi6 O6(C2O4)4 (OH)3 NO3
200–260°C        1.5 Ca(C2O4)  + Ca1.5 (BiO)4 O(C2O4)(OH)3 + (BiO)2(C2O4) + NO2 +CO2

 (BiO)2(C2O4)
                                              260–290 °C                (BiO)2  CO3  +  CO 

 Ca1.5 (BiO)4 O(C2O4) (OH)3    
290–390 °C              2 Bi2O3 + 1.5 CaO  +  CO  +  CO2 + 1.5 H2O 

 1.5 Ca(C2O4)  +  (BiO)2  CO3 
390–490 °C              1.5 CaCO3  +  1.5 CO  +  Bi2O3  +  CO2

 3 Bi2O3  +  1.5 CaO                              390–490 °C          3.75 Bi1.6Ca0.4O2.8

 3.75 Bi 1.6Ca0.4O2.8  + 1.5 CaCO3
490–770 °C               3 CaBi2O4   +  1.5 CO2

Scheme 1 Decomposition

scheme of oxalate precursor
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equation D = Kk/bcosh, where D is the average size of the

crystallites, K = 0.9 assuming particles are spherical, k,

the wavelength of X-ray radiation, b, the full width at half

maximum of the diffracted peak and h, the angle of dif-

fraction is 400 nm.

On the other hand, SEM micrograph of the oxide

obtained by coprecipitation using only the diethylamine

without the oxalic acid, shows that the crystallite sizes are

more uniform and larger, in the micrometre range, than

those watched previously.

Conclusions

Fine particles of CaBiO4 were successfully prepared by

coprecipitation at pH 11 by using oxalic acid and diethyl-

amine with subsequent calcinations at 800 �C. The solid

solution Ca0.2Bi0.8O1.4 is formed initially from 390 �C,

which leads, while reacting with CaCO3 to the formation of

CaBi2O4 with average particle size of 400 nm. On the other

hand, without the presence of oxalic precipitant, a-Bi2O3

was formed fruitfully after heating the hydroxide precipi-

tate in the drying oven at 80 �C, and there is a minor

quantity of calcium which precipitated in the form of

CaCO3 and which conduct to the formation of the solid

solution b2Bi2(1-x)Ca(x)O(3-2x) from 620 �C as impurity.

This result confirms that calcium forms a bimetallic com-

plex with bismuth in the oxalate precursor with a proposed

formula: Ca3[Bi6O6(C2O4)4(OH)3NO3]0.5H2O.
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8. Šulcová P, Trojan M. Thermal analysis of the Bi2O3-Y2O3-ZrO2

pigments. J Therm Anal Calorim. 2008;93:795–8.

9. Becchetti FD, Lister PM, Thorn CE. Bismuth germanate scintil-

lator as a fast high-energy ion detector. Nucl Instrum Methods

Phys Res. 1984;225:280–2.

10. de Jesus FAA, da Silva RS, Macedo ZS. Synthesis of Bi4Ge3O12

ceramic scintillators by the polymeric precursor method. J Therm

Anal Calorim. 2010;100:537–41.

11. Poghossian AS, Abovian HV, Avakian PB, Mkrtchian SH,

Haroutunian VM. Bismuth ferrites: new materials for semicon-

ductor gas sensors. Sens Actuators B Chem. 1991;4:545–9.
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