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Abstract In this study, the formation and characteristics

of Sr-doped praseodymium alkaline-earth cobalt oxide were

studied as a function of the strontium content (x).

PrBa1-xSrxCo2O5?d ceramics with x = 0.0, 1/16, 1/8, 1/4,

and 1/2.5 were prepared by solid-state reaction method

from Pr6O11, BaCO3, SrCO3, and Co3O4. The solid-state

reaction mechanisms were analyzed by differential thermal

analysis (DTA) and thermogravimetry (TG) techniques to

characterize properly the distinct thermal events occurring

during synthesis of layered perovskite-type PrBa1-xSrx

Co2O5?d oxides. The X-ray diffraction (XRD) results were

used to assist the interpretation of DTA–TG analyses. The

TG, DTA, and XRD results for the mixtures showed that the

solid-state reaction between precursors was completed in a

temperature range between 800 and 1000 �C. The strong

influence of strontium contents (x) on the solid-state

reaction temperatures and PrBa1-xSrxCo2O5?d structure

was found.

Keywords Layered perovskite-type PrBa1-xSrxCo2O5?d

oxides � Thermoanalytical investigations � XRD �
Reactivity of solids � Solid-state reaction

Introduction

Perovskite oxides represent a prominent of advanced

compounds involved in many areas of science and

technology [1–3]. Mixed conducting oxide that exhibits

both electron and oxygen ion conduction are attractive

materials because of their various applications such as

solid oxide fuel cell (SOFC) cathodes and dense ceramic

membrane for oxygen separation [4]. Among the various

oxides used, a layered group of cobalt-based perovskites

with formula REEBaCo2O5?d (REE = Rare earth ele-

ment) has recently captured the interest of researchers

coming from a number of disciplines because of their

unique magnetic [5–10] and electrochemical properties

[4, 11–15].

The most common technique for the production of

REEBaCo2O5?d powders is the conventional high-tem-

perature solid-state reaction method of physical mixture of

REE2O3—or REE6O11 in the case of Praseodymium—and

Co3O4 oxides with carbonates BaCO3 in stoichiometric

ratio to obtain the chosen layered perovskite compound

[4–15]. In the recent literature there is a multitude of

investigations concerning the magnetic, structure, and the

electrochemical properties of REEBaCo2O5?d oxygen-

deficient perovskite compounds [4–15] but reports on

solid-state reaction mechanisms are rather rarely published.

Understanding the solid-state reaction mechanisms is nec-

essary for improving the knowledge of materials science

and control of synthesis process.

In this research, a series of layered perovskite-type

PrBa1-xSrxCo2O5?d samples (x = 0.0, 1/16, 1/8, 1/4, and

1/2.5) was examined. In particular, we have examined the

decomposition and sub-sequent reactions of PrBa1-x

SrxCo2O5?d precursors as a function of the strontium

content (x) and annealing temperature using differential
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thermal analysis (DTA), thermogravimetric analysis (TG),

and X-ray diffraction (XRD) techniques.

Experimental

Samples with different strontium content (x) were prepared

by classical ceramic method by solid-state reaction from

high purity oxides and carbonates. Phase transformations

of the quaternary (x = 1/16, 1/8, 1/4, and 1/2.5) mixtures

of Pr6O11, BaCO3, SrCO3, and Co3O4 powders were

examined using DTA/TG in a dynamic (20 mL/min)

atmosphere of air. Pr6O11, BaCO3, SrCO3, and Co3O4 were

used as starting precursor materials where the general

reaction of formation of PrBa1-xSrxCo2O5?d oxide can be

written as follows:

Pr6O11 þ 6 1� xð Þ BaCO3 þ 6x SrCO3 þ 4 Co3O4 !
6 PrBa1�xSrxCo2O5þd þ 6 1� xð Þ CO2

þ 15� 12 1� xð Þ½ �=2 O2 ð1Þ

The starting mixtures containing basic oxides and carbon-

ates were homogenized in an agate mortar for 1 h. After

mixing the appropriate amounts of starting ternary and

quaternary powders, all dried mixtures of precursors were

subject to differential thermal analysis (DTA) and ther-

mogravimetric analysis (TG). DTA and TG were carried

out using a Thermal Analysis-SDT2960 (TA Instruments,

U.S.A.) in air flow (100 mL/min) at temperature range

20–1200 �C. The mass of sample in all runs was about

60 mg. The reference material was c-Al2O3. The heating

and cooling rate was 5 �C/min. All experiments were

performed under atmospheric pressure where an open

alumina crucible with 5.5 mm inner diameter and 4.1 mm

high was used as a sample container.

Moreover, phase transformations of some representa-

tive binary (i.e., Pr6O11 ? BaCO3; Pr6O11 ? SrCO3;

BaCO3 ? SrCO3) and ternary (i.e., Pr6O11 ? BaCO3 ?

Co3O4), mixtures, and the corresponding thermal events

of each component (i.e., Pr6O11; BaCO3; SrCO3; Co3O4),

were also examined using DTA/TG. The starting single

raw materials (Pr6O11, BaCO3, SrCO3 and Co3O4), binary

(PrBaO3, PrSrO3, Ba0.5Sr0.5CO3) and ternary (x = 0.0)

mixtures were studied by thermal analysis in the same

condition of quaternary (x = 1/16, 1/8, 1/4, and 1/2.5)

mixture. In particular, to prepare PrBaO3, PrSrO3, and

Ba0.5Sr0.5CO3 solid solution the same following solid-

state synthesis procedure was performed:

Pr6O11 þ 6 BaCO3 þ 1=2 O2 ! 6 PrBaO3 þ 6 CO2 ð2Þ
Pr6O11 þ 6 SrCO3 þ 1=2 O2 ! 6 PrSrO3 þ 6 CO2 ð3Þ
SrCO3 þ BaCO3 ! 2Ba0:5Sr0:5CO3 ð4Þ

From the thermoanalytical curves of individual

component, binary, ternary, and quaternary mixture, the

temperature ranges in which the chemical reactions and

phase transformations occurred have been determined.

Moreover, representative precursor mixtures were

calcined at three chosen temperatures (800, 1000, and

1200 �C) for 2 h. Cooled samples were subject to X-ray

diffraction (XRD) analysis (CuKa = 1.5405 Å) in the

Bragg angle range from 20 to 80�. X-ray powder

diffraction measurements (Rigaku Co Model D/Max

2200-Ultimaplus, Japan) were performed with a scan

step of 0.05� at room temperature. The XRD results were

used to assist the interpretation of thermoanalytical

results.

Results

Thermal events of the single components and binary

mixtures

Pr6O11 single component

The thermal behavior of Pr6O11 single component, where

1/3 of the cations are in the trivalent state [16], was

investigated using DTA measurement over the temperature

range above 1000 �C. The DTA curve recorded for Pr6O11

at 5 �C/min in a dynamic atmosphere of air (20 mL/min)

are shown in Fig. 1a. The figure indicates that decompo-

sition proceeds at last in three stages. This observation is in

agreement with the well-reported fact that the praseo-

dymium ions are available in multi-oxidation states of Pr3?

and Pr4? in the mixed oxide Pr6O11, namely Pr2O3 4PrO2

[16]. The DTA curve is a result of two endothermic events

at relatively low temperature; 292 and 469 �C. The corre-

sponding third broad DTA peak at about 870 �C is bigger

than the first two. The first stage in the temperature range

from 200 to 500 �C is attributed to the decomposition of

praseodymium sesquioxide to praseodymium (III) oxide:

Pr6O11 ! 3 Pr2O3 þ O2 ð5Þ

Thermal reduction of Pr2O3 to Pr2O3-d, as also reported in

literature, usually occurs in multi-steps [17]:

Pr2O3 ! Pr2O3�d þ d=2 O2 ð6Þ

The evolution of oxygen gas in Eq. 6 during decomposition

of the Pr2O3 was observed at *750 �C [17]. For the pur-

pose of the present description, the last stage in the tem-

perature range above 500–1000 �C is related to a slow

oxygen evolution with rearrangement of the Pr rich phase.

These results are in good accord with recently reported

experiments [17–19], while these results differ significantly

from results presented in Ref. [20] where the authors
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observed a decomposition of Pr6O11–Pr2O3 at about

770 �C. This difference may be the effect of different

sample preparation methods or different sample size [21].

Co3O4 single component

For reference, a thermal analysis of pure Co3O4 single

component was carried out. Figure 1a shows the typical

DTA curve of Co3O4 single component between 700 and

1000 �C. The DTA curve for this component indicates a

single exothermic event centered at 931 �C in good accord

with literature findings [22, 23]. According to the previous

report [22], Co3O4 is the thermodynamically stable form of

cobalt oxide under atmospheric air below 900 �C and

recently Tang et al. [24] have shown that the CoO may be

obtained by thermal decomposition of Co3O4 at 950 �C. In

conclusion, the single exothermic event at 931 �C (Fig. 1a)

is ascribable, without any doubt, to the reduction of Co3O4

to CoO with liberation of oxygen according to the reaction:

Co3O4 ! 3CoOþ 1=2O2 ð7Þ

BaCO3 and SrCO3 single components

Figure 1b shows representative DTA curves obtained for

BaCO3 single component. As shown clearly in the Fig. 1b,

on heating, the BaCO3 sample undergoes two polymorphic

transformations which take place below its decomposition

temperature [25, 26]. The event at 818 �C is the first

transformation from orthorhombic to hexagonal structure:

cBaCO3 ! bBaCO3 ð8Þ

At higher temperature a second polymorphic transforma-

tions from hexagonal into cubic structure takes place at

969 �C. At the end, BaCO3 started to decompose between

1361 and 1350 �C [25].

Furthermore, Fig. 1b also shows the differential tem-

perature signals measured as a function of the temperature

for SrCO3 single component. In particular, it is shown that

the orthorhombic–hexagonal transition take place at

935 �C, in really good agreement with the results already

published [26]. The endothermic peak at about 935 �C

in the DTA curve corresponds to the polymorphic

transformation:

cSrCO3 ! bSrCO3 ð9Þ

The thermal decompositions of carbonates have been very

amply described and extensively discussed elsewhere

[25–27]. As it can be seen, within experimental error, there

is good agreement between our experimental results and

the results of the above cited authors.

Pr6O11–BaCO3 system

In order to better understand the solid-state reaction

between the oxide and carbonates in the starting Pr6O11,

BaCO3, SrCO3, and Co3O4 mixture, the mechanism of

reaction between Pr6O11 and BaCO3 was also investigated

by DTA. Figure 2 shows DTA curves for Pr6O11–BaCO3

mixtures as reported in Eq. 2. Overall, the figure shows that

both endothermic events at *306 and 470 �C associated

with Pr6O11 component are constant within the errors of the

measurements. As a consequence, both these temperatures

are related to a constant mechanism associated to Pr6O11

during the mixture reaction with BaCO3. On the contrary,

the endothermic peaks associated with BaCO3 show that

the two-stage transformation process, from orthorhombic

to hexagonal (T % 831 �C) and from hexagonal to cubic

structure (T % 1000 �C), shifts to higher temperatures in
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Fig. 1 DTA curves in the heating (5 �C/min) for the raw oxide

precursors (Pr6O11 and Co3O4) (a) and for the raw carbonate

precursors (BaCO3 and SrCO3) and for the BaCO3–SrCO3 binary

mixture (b)
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the Pr6O11–BaCO3 mixture system. One explanation may

be that at about 830 �C BaCO3 was decomposed and the

formation of PrBaO3 began at lower temperature than

single component decomposition in good accord with other

published articles [28]. In particular, these authors obtained

a single phase BaPr0.9Y0.1O3 by low temperature com-

bustion process at 850 �C.

Pr6O11–SrCO3 system

A mixed Pr6O11 and SrCO3 powder (see Eq. 3) has been

analyzed by DTA in the temperature range of 25–1200 �C.

Considering the DTA curve reported in Fig. 2, the results

obtained show that SrCO3 have a little influence on the

decomposition of praseodymium sesquioxide to praseo-

dymium (III) oxide but, in other hand, the interval tem-

perature between the first orthorhombic–hexagonal

transition and second endothermic peaks for the SrCO3 in

the present powder Pr6O11–SrCO3 mixture is about 40 �C.

In fact, the results of this study suggest that the ortho-

rhombic–hexagonal phase transformation peak associate at

SrCO3 (Eq. 9) shifts to higher temperatures in a Pr6O11–

SrCO3 mixture system.

Supplementary evidence based on X-ray structural

analysis is presented in Fig. 3a, b as further evidence

supporting the suggested origins for DTA peaks in Fig. 2

for Pr6O11–BaCO3 and Pr6O11–SrCO3 systems, respec-

tively. We have investigated the phase transition in the

Pr6O11–BaCO3 and Pr6O11–SrCO3 systems at 800 �C by

powder XRD. Figure 3 shows the XRD pattern of reacted

Pr6O11–BaCO3 (Eq. 2) and Pr6O11–SrCO3 mixtures (Eq. 3)

at 800 �C in static air atmosphere (1 h). A clear BaPrO3

phase is observed in Fig. 3a, whereas at the same calcining

temperature of 800 �C, room temperature XRD patterns

did not show any significant peaks corresponding to

SrPrO3-like phase (Fig. 3b). It may be concluded from

these results that Pr6O11–BaCO3 powder mixture reacted at

a lower temperature than the Pr6O11–SrCO3 system. The

phases revealed by XRD and DTA were in good agreement

with those found in previous studies [28–30].
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BaCO3–SrCO3 system

The DTA curve is shown in Fig. 1b while the Table 1

shows the results of our measurement on the BaCO3 ?

SrCO3 system. In accord with literature data [26], an

endothermic peak at 791 �C indicates the first transfor-

mation from orthorhombic to hexagonal structure of

Ba1-xSrxCO3 solid solution (x = 0.5) as reported in Eq. 4.

This peak shifts toward lower temperature in comparison

with pure BaCO3 or SrCO3.

The phase transformation in the system BaCO3–SrCO3,

which form a complete solid solution, has been investi-

gated by a number of experimental techniques, including

DTA by Weinbruch et al. [26]. Their results showed that

the orthorhombic carbonate BaCO3 and SrCO3 transform

into a hexagonal structure at 793 and 924 �C, respectively,

and a minimum is evident for the same transformation at a

composition near 40% Sr-doped BaCO3 with a peak tem-

perature at *794 �C. On the basis of our analysis of the

Ba1-xSrxCO3 solid solution mixtures it can be concluded

that, in first approximation, the absence of SrCO3 in the

ternary mixture (Sr = 0) or different SrCO3 content in the

quaternary mixtures (x = 1/16, 1/8, 1/4, and 1/2.5) may

influence the solid-state reaction between the Pr6O11,

BaCO3, and Co3O4 powders.

Thermal events of the ternary (x = 0.0) and quaternary

mixtures (x = 1/16, 1/8, 1/4, and 1/2.5)

Undoped praseodymium alkaline-earth cobalt oxides

The curves of mass loss to temperature (TG) and first order

of differentiation curve of mass loss (DTG) of the Pr6O11,

BaCO3, and Co3O4 mixture (x = 0) were obtained. The

solid-state reaction between Pr6O11, BaCO3, and Co3O4 to

undoped praseodymium alkaline-earth cobalt oxides pro-

ceeds via a complex process. In Fig. 4a, three weight loss

steps on the TG curve were found. First weight loss, in the

temperature range between 245 and 293 �C, was ascribed

to the decomposition of praseodymium sesquioxide to

praseodymium (III) oxide (Eq. 5), which is supported by

the DTA result shown in Fig. 1. The following pronounced

weight loss stage, from about 617–1000 �C, corresponding

to about 8 wt% weight loss, is likely due to the following

reactions: two-stage transformation BaCO3 process (Eq. 8)

and reduction of Pr2O3 and Co3O4 to Pr2O3-d//PrO2 and

CoO (Eqs. 6, 7), respectively. The inflexions in the DTG

curves also show multiple peaks. The first one corresponds

to Eq. 5 of the Pr6O11 compounds. The several other DTG

peaks in the temperature range 300-500 and at 843-

908 �C are recorded but without drawing conclusions. We

consider that the last DTG peak at 940 �C can be attributed

to the reduction of Co3O4 (Eq. 7).

As regards DTA peaks (Fig. 4b), the endothermic peaks

due to the sequentially Pr6O11 decomposition are evident at

274, 478, and 491 �C. Moreover, as seen in the inset of

Fig. 4b, synthesis processes of PrBaCo2O5?d at high tem-

perature are complex multistage process where each stage

is composed of several endothermic events as following:

780, 818, 893, 908, 940, and 964 �C. We observe that, in

Table 1 Transition temperature in the BaCO3 ? SrCO3 system

Composition Orthorhombic–hexagonal transition Ref.

Tangent

temperature/oC

Peak

temperature/oC

BaCO3 809 818 This study

BaCO3 793 808 [26]

Ba0.5Sr0.5CO3 780 791 This study

Ba0.5Sr0.5CO3 783 794 [26]

SrCO3 927 935 This study

SrCO3 924 935 [26]
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the first approximation, these thermal events (780–964 �C)

correspond to decomposition of single components, binary

and/or ternary system reaction in the Pr6O11, BaCO3, and

Co3O4 mixture as demonstrated above.

Sr-doped praseodymium alkaline-earth cobalt oxides

The PrBa1-xSrxCo2O5?d ceramic were obtained by solid-

state reaction from quaternary raw mixtures with various

strontium content (x = 1/16, 1/8, 1/4, and 1/2.5) and

studied by TG. In Fig. 5a, the TG curve showed a total

weight loss of about -11/12% up to 1200 �C, which is due

to the evolution of oxygen and carbon compound as CO or

CO2. Solid-state reaction of all the mixtures gives almost

the same temperature of about 800 �C, but at different

completion temperatures in the range of 800–1000 �C,

depends on the strontium content (x). In particular, the

mass loss measured up to 1200 �C amounts to -11.39,

11.31, 11.37, 11.73% of the x = 1/16, 1/8, 1/4, and 1/2.5

samples, respectively, while it is only -11.21% of the

ternary mixture (see Fig. 4a). It is very difficult to detect

when more than one reaction is occurring simultaneously

from a simple inspection of experimental TG curves and it

is also well known that DTG curve offers a possibility to

find the inflexion point in the complex TG curve and then

separate—if any—the single reaction steeps. For these

reasons, in this study, we also report the results of DTG

curves for the quaternary mixtures (x = 1/16, 1/8, 1/4, and

1/2.5) with the aim to understand the complex interactions

that occur between all single components in a mixture of

oxides (Pr6O11, Co3O4) and carbonates (BaCO3, SrCO3)

[31, 32]. A comparison of DTG curves measured at below

600 �C shows small differences as reported in Fig. 5b. At

more high temperature, it is found that the DTG peak for

high-strontium content (x = 1/2.5) at 922 �C splits into

two peaks at low strontium content (x = 1/16) at temper-

atures around 915 and 942 �C. The last DTA peak,

appearing at 970 �C in the x = 1/16 mixture, has to be

assigned to the second polymorphic transformations from

hexagonal into cubic structure of BaCO3 phase in the

quaternary mixture. DTG peak intensity decreased with

increasing strontium content (x). Moreover, it can be seen

that the DTG peak shifts at lower temperatures by

increasing the strontium content (x) in the starting mixture.

These results are in good agreement with those mentioned

in the above section.

Figure 6 shows a comparison of quantitative evolution

rate DTA data for four different powder mixtures with

various strontium content (x = 1/16, 1/8, 1/4, and 1/2.5). It

can be seen that single peak at 817 �C at low strontium

content (1/16 \ x \ 1/8) split into two overlapping peaks

at 797 and 822 �C as the strontium content was increased

(x [ 1/4). The weak peak at about 870 �C, which exhibits a

relatively small shift toward lower temperatures with

increasing strontium-dopant content (x) in the mixtures, is

isolated from the other peaks. Moreover, Fig. 6 shows the

existence of two overlapping DTA peaks at low strontium

content (1/16 \ x \ 1/8); these two peaks were overlapped

and appeared as one (922 �C) as the strontium content

increases (x [ 1/4). It is interesting to note that the position

of the DTA peak at about 970 �C does not change as the

mixture composition changes.

Discussions

From combining the data presented in this study, the

endothermic DTA and DTG peak temperatures of the solid

satire reactions of Pr6O11, BaCO3, SrCO3, and Co3O4 to

Sr-doped praseodymium alkaline-earth cobalt oxides
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PrBa1-xSrxCo2O5?d are schematically illustrated in Fig. 7.

For instance, from left to right side of Fig. 7 we show our

experimental estimation of the DTA thermal events of the

single component, binary, ternary (x = 0.0) and quaternary

(x = 1/16, 1/8, 1/4, and 1/2.5) mixtures from the same

sequence of events shown in Figs. 1, 2, 4, 5, and 6. For

comparison the integrated DTG peaks for Sr-doped pra-

seodymium alkaline-earth cobalt oxides (x = 0, 1/16, 1/8,

1/4, and 1/2.5)—as resolved in Fig. 5b—are also sche-

matically shown in right side of Fig. 7.

The following points can be raised from thermal anal-

ysis: first three stages (see I–III in Fig. 7) in air atmosphere

are quite identical to those found in case of heating the

BaCO3, Ba1-xSrxCO3 solid solution and Pr6O11–BaCO3

mixtures. It can be seen that the temperature associated to

the BaCO3–SrCO3 mixture increases with increasing of

strontium content (x) in I of Fig. 7, whereas the thermal

events associated at the first transformation from ortho-

rhombic to hexagonal structure of the BaCO3 do not

change as a function of strontium content (x) under the

present conditions of mechanical mixture as shown in III of

Fig. 7. Within experimental error, the relative temperatures

of Ba1-xSrxCO3 solid solution system in the Pr6O11,

BaCO3, and Co3O4 powder mixture were linear functions

(see II in Fig. 7) of the strontium content (x). The values so

obtained are in good accord with measurements based on

single BaCO3 and SrCO3 components or Ba1-xSrxCO3

solid solution and Pr6O11–BaCO3 mixture (compare with

Figs. 1b and 2). Moreover, in comparison with DTA, the

DTG peaks of the right side of Fig. 7 are much simpler;

changes in DTG peaks in the range temperature

770–820 �C are reasonably correlated with the variations

registered in DTA.

With the increasing of temperature, the DTA results of

quaternary mixture exhibits a series of peaks at about

870 �C, but these are not associated with any other thermal

events, as suggested in IV. Here, it can be also noted that

these peaks are centered at the temperature of the broad

peak derived from decomposition of Pr2O3 (see Figs. 1a

and 2) [20].

Both the DTA and DTG peaks (V) shift to higher tem-

peratures with increasing of strontium content (x); whereas

the DTA and DTG peaks decreasing with decreasing of

barium content (1-x), as shown in VI of Fig. 7. Here it can

suggest that these two events (V and VI) between about

910 and about 945 �C may be related to decomposition of

Co3O4, a partial polymorphic transformation of SrCO3 and

reaction between Pr6O11 and SrCO3.

In present experimental condition the DTA peaks at

about 975 �C—for instance, thermal events detected as VII

in Fig. 7—correspond well with the DTG peaks in right

side of Fig. 7. In a first approximation, these DTA and

DTG peaks were associated with the second polymorphic
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transformations of BaCO3 from hexagonal into cubic

structure.

As reported in the Introduction section, this study was

designed to help the elucidation of the solid-state reaction

mechanisms from inhomogeneous quaternary (1/16, 1/8,

1/4, and 1/2.5) mixtures of Pr6O11, BaCO3, SrCO3, and

Co3O4 powders to Sr-doped praseodymium alkaline-earth

cobalt oxides. Certainly, the solid-state reaction between a

quaternary powder mixture of oxides (Pr6O11, Co3O4) and

carbonates (BaCO3, SrCO3) would appear extremely

complex, and traditional techniques such as DTA, TG, or

DTG, might help the elucidation of the sequence of single

steep reactions involved in high-temperature solid-state

reactions [33, 34]. On the basis of the thermal analysis, a

tentative reaction sequences from Pr6O11, BaCO3, SrCO3,

and Co3O4 powder mixtures to Sr-doped praseodymium

alkaline-earth cobalt is proposed. In particular, based on

the above discussion, it is evident that (1) the first two

thermal events, centered at 292 and 469 �C, are associated

with the decomposition of praseodymium sesquiosside to

praseodymium (III) oxide and successively reduction to

Pr2O3-d (Eqs. 5 and 6); (2) the competition between the

decomposition/reaction of BaCO3 with SrCO3, and BaCO3

with Pr2O3-d started at relatively intermediate temperature

(780–830 �C); (3) PrBa1-xSrxCo2O5?d solid solutions were

formed below 980 �C; (4) the strontium content (x) shows

remarkable effect on the solid-state reaction and phase

transformation; and (5) strontium carbonate in the BaCO3–

SrCO3 mixture (i.e., Ba1-xSrxCO3 solid solution) can lower

the reaction temperature and facilitate the synthesis of

PrBa1-xSrxCo2O5?d phase.

The above considerations are schematically summarized

in Fig. 8a, b for the undoped and Sr-doped praseodymium

alkaline-earth cobalt oxides, respectively. Figure 8 reveal

that the precursor powder starts to react at *300 �C and

the reaction develops via a complex process, which runs

out at T = 965 �C with the completion of residual BaCO3

decomposition. Moreover, here it can be noted that the

praseodymium alkaline-earth cobalt oxides compound is

mainly produced from the reaction between PrO2, bBaCO3

(or Ba1-xSrxCO3 solid solution in the BaCO3–SrCO3 sys-

tem) and CoO in a temperature range between 780 and

965 �C, as explained in Fig. 8. The final PrBa1-xSrx

Co2O5?d phase seems to be formed from the solid-state

reaction between CoO and PrBaO3 at a temperature above

*950 �C.
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1100 �C for 2 h. Data were collected at room temperature
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In order to further investigate the reactions taking place

during calcinations, and then understand the mechanism of

this solid-state reaction clearly, the powder obtained by

mixing Pr6O11, BaCO3, SrCO3, and Co3O4 single compo-

nents was subjected to heat treatments in air at three tem-

peratures ranging from 900 to 1100 �C. The nature of the

calcined product was studied by XRD. Figure 9 displays

XRD patterns of Sr-doped praseodymium alkaline-earth

cobalt oxides with x = 1/2.5. XRD studies reveal some

important information regarding the phase evolution of the

specimens. The X-ray pattern of the heat-treated sample at

900 �C for 2 h is displayed in the bottom of Fig. 9. As we

expected, for low reaction temperature, the Bragg reflec-

tions of the starting oxides are clearly shown. Moreover, the

results obtained from thermal treatment at 900 �C show the

presence of additional PrBaO3 and unknown phases, as

the minority phases in the XRD pattern. Increasing the

sintering temperature to 1000 �C results in appreciable

changes in the material, as shown in Fig. 9. This figure

displays the X-ray diffractogram for the same sample heat-

treated for 2 h at 1000 �C. As the calcination temperature is

further increased to 1200 �C, the XRD peaks gradually

become sharper and higher, which indicates an increase of

crystallinity of the PrBa1-xSrxCo2O5?d phases. In conclu-

sion, calcination temperatures on the range 1000–1100 �C

produce well crystallized Sr-doped praseodymium alkaline-

earth cobalt oxides, without secondary phases.

Based on the results of XRD for the Sr-doped praseo-

dymium alkaline-earth cobalt oxides with x = 1/2.5,

1000 �C was chosen for the calcination temperature all

ternary (x = 0) and quaternary (x = 1/16, 1/8, 1/4, and

1/2.5) mixture precursor to produce PrBa1-xSrxCo2O5?d

phases. Figure 10 shows powder XRD patterns of the

products obtained by heating the precursor in static air at

1000 �C for 2 h. The XRD analysis indicates that all the

obtained compounds are pure with no presence of sec-

ondary phases. A second interest of the XRD results is that

the overall aspect of the XRD patterns indicates that all the

major peaks are split and well separated at low strontium

content (x) [13]. Further investigation is necessary to

clarify this point, as well as the possible role of the

strontium-induced structural effect in PrBa1-xSrxCo2O5?d

phases [8, 13, 14].

Conclusions

The solid-state reaction mechanism involved in synthesiz-

ing the strontium-doped praseodymium alkaline-earth

cobalt oxides solid solution phase is analyzed in this

article.

It was found that the formation of PrBa1-xSrxCo2O5?d

(x = 0, 1/16, 1/8, 1/4, and 1/2.5) solid-state phase by solid-

state reaction between non-homogeneity Pr6O11, BaCO3,

SrCO3, and Co3O4 powder mixture is a complex process

which cannot be described in terms of a single-state reac-

tion model.

Partial substitution of strontium for barium in PrBa1-x

SrxCo2O5?d solid solution phase (x = 0, 1/16, 1/8, 1/4, and

1/2.5) is found to have a large influence on solid-state

reaction mechanisms. Interestingly, it should be noted that

the relatively low temperature at which the reaction

between SrCO3 and BaCO3 occurs have a strong effect on

overall solid-state reaction mechanism.

A qualitative interpretation for the overall progress of

the transformation from raw materials has been proposed

taking into account the PrO2, bBaCO3, Ba1-xSrxCO3 solid

solution, PrBaO3, and CoO formation reactions in a tem-

perature range between 780 and 965 �C.

Our results showed that pure phase PrBa1-xSrxCo2O5?d

(x = 0, 1/16, 1/8, 1/4, and 1/2.5) can be prepared using

solid-state reaction at 1000 �C. Moreover, the strontium

content characteristics of raw material mixture played an

important role also in the synthesized PrBa1-xSrxCo2O5?d

solid solution structure (x = 0, 1/16, 1/8, 1/4, and 1/2.5).
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Fig. 10 XRD patterns of products obtained by heating all compo-

sition powder precursors, PrBa1-xSrxCo2O5?d (x = 0, 1/16, 1/8, 1/4,

and 1/2.5) to 1000 �C for 2 h. Data were collected at room

temperature
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