
167

Processing and Application of Ceramics  4 [3] (2010) 167–182

Perovskite type nanopowders and thin films obtained by chemical 
methods
Viktor Fruth1, Monica Popa1, Jose Calderon-Moreno1, Ecaterina Tenea1, Mihai Anastasescu1, 
Petre Osiceanu1, Elena Anghel1, Luminita Predoana1, Barbara Malic2, Maria Zaharescu1,*

1“Ilie Murgulescu” Institute of Physical Chemistry, Romanian Academy, 202 Splaiul Independentei, 
060021Bucharest, Romania
2Jozef Stefan Institute, 39 Jamova, 1001 Ljubljana, Slovenia
Received 21 February 2010; received in revised form 21 August 2010; accepted 3 September 2010

Abstract
The review presents the contribution of the authors, to the preparation of two types of perovskites, namely 
BiFeO3 and LaCoO3, by innovative methods. The studied perovskites were obtained as powders, films and 
sintered bodies. Their complex structural and morphological characterization is also presented. The obtained 
results have underlined the important influence of the method of preparation on the properties of the synthe-
sized perovskites.
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I. Introduction
To obtain oxide materials, conventional ceram-

ic methods based on solid phase reactions at high tem-
peratures are commonly used. In recent years, howev-
er, the interest in the synthesis of oxide materials by 
unconventional methods significantly increased. Some 
of those methods such as: precipitation/coprecipitation 
methods, hydrothermal method, the method of decom-
position of complex combinations, sol-gel method play 
an important role.

In the conventional synthesis of ceramics by solid 
phase reactions, the metal oxides or the corresponding 
salts, such as for example carbonates, are ground be-
fore calcinations to obtain a better homogeneity regard-
ing the composition and the particle size reduction. Due 
to the fact that the solid phase reactions take place by 
diffusion, the particle size and metals distribution had 
a special importance [1]. The repeated stages of calci-
nations with intermediate grinding are often necessary 
to improve uniformity and reaction completion. These 
steps can be additional sources of contamination. High 
temperatures of calcinations may also affect the stoichi-

ometry by volatilization of the reagents. The problems 
that are usually associated with solid phase synthesis 
include the following: a wide particle size distribution, 
weak sintering capacity, the presence of undesirable in-
termediate phases. To avoid the disadvantages described 
above, several new methods were developed, especial-
ly techniques in solution, leading to the improvement of 
the synthesis to obtain pure phases by performing mix-
ing of the reactants at molecular level. In these condi-
tions, the reaction temperatures are significantly lower 
leading to homogeneous and fine powders [2,3]. Some 
of the chemical innovative methods are listed below. 

The precipitation of metal salts is a classical chemi-
cal method which is often used for the synthesis of sim-
ple oxides. Adding a chemical reagent that determines 
the decrease of the solubility limit leads to precipita-
tion. Coprecipitation occurs when different cations in 
solution precipitate simultaneously [4]. The control of 
the concentration, temperature, pH, solution homoge-
neity is essential for the simultaneous precipitation of 
all cations and to obtain perfectly homogeneous prod-
ucts. The following chemicals may be used as reagents 
for precipitation: ammonia, ammonium carbonate or 
ammonium oxalate (which give by decomposition vol-
atile products), urea or hexametilentetraamina (which 

* Corresponding author: tel: +40 21 316 7912
fax: +40 21 312 1147, e-mail: mzaharescu2004@yahoo.com



168

V. Fruth et al. / Processing and Application of Ceramics 4 [3] (2010) 167–182

by step-wise hydrolysis gradually forms ammonium 
hydroxide in solution). The thermal decomposition of 
the hydroxides, carbonates or organic salts leads to the 
corresponding oxide compounds, insoluble in solutions 
[5].

The principle of hydrothermal synthesis is based on 
a reaction in the aqueous solution or suspension of the 
precursors at high temperature and pressure. General-
ly the temperature ranges between 100°C and the criti-
cal temperature of water at 374°C. Crystalline powders 
are obtained and the additional step of calcinations is 
not required. The particle size and shape can be modi-
fied by the reaction temperature, pH, time and concen-
tration of reactants [6].

Thermal decomposition of inorganic complex com-
bination method is another unconventional method of 
synthesis of the oxide compounds [5]. Among the het-
eropolynucleare combinations that by relatively low-
temperature conversion generate mixed oxides with 
special properties, the mostly used are those contain-
ing carboxylic acid as anionic ligands such as: formic, 
acetic, oxalic.

“Pechini” method [5] allows the synthesis of oxide 
compounds, with a very good control of the stoichiom-
etry of the reactants and reaction products. Advanced 
homogeneity and high reproducibility of the reaction 
mixture exceed the performances of the classical meth-
od of synthesis of ceramic compounds expressed in 
terms of production temperatures and degree of crys-
tallinity. The “Pechini” method is also called “the poly-
meric precursor method” or “the method of mixed liq-
uids”. In principle, the method consists in the formation 
of a chelate by the reaction of different cations intro-
duced into the system as soluble salts (commonly used 
are nitrates) with a carboxylic acid (most commonly cit-
ric acid). The resulted aqueous solutions containing cit-
ric acid and metal salts are then mixed with a desired 
polyol (most often ethylene glycol) and heated at 80–
100°C, resulting in a clear solution. By further heating, 
between 150–250°C, a condensation reaction occurs in-
volving COOH and OH groups, leading to the forma-
tion of a polyester “resin”, in which metallic cations are 
distributed uniformly in the resin mass.

Among these conventional methods in solution, the 
sol-gel process based on alkoxides or the sol-gel pro-
cess in aqueous medium are also included [2,7].

Sol-gel alkoxide route presents a major interest in 
the field of ceramics. The starting materials, the metallic 
alkoxide (with general formula M(OR)n), are commer-
cially available for a large variety of metals. As shown 
by Brinker and Scherer [2], by changing the reaction 
conditions of the synthesis particles, films, fibers, gels 
can be obtained. By reactions in the presence of organ-
ic compounds, hybrid materials are obtained [8]. The 
processing of oxide compounds by alkoxide route is 
based on the hydrolysis and polycondensation of metal-

lic alkoxides M(OR)n.
Sol-gel process in aqueous medium uses inorganic 

salts and chelating agents of carboxylic acids or poly-
ol type as precursors. The citrate route using citric acid 
as chelating agent compared to other methods, has the 
advantage of not only a good mixing of the compo-
nents at the molecular scale, but also offers the possi-
bility of obtaining films and fibers which have techno-
logical importance [9]. Carboxylic precursors are used 
in the sol-gel route for obtaining oxide materials espe-
cially in systems containing transition metals with the 
role of chelating agents in order to avoid their precipi-
tation. The chemistry of the sol-gel process in aqueous 
medium, in systems containing transitional metals can 
be very complicated as several molecular species could 
be formed depending on the oxidation state of the met-
al, pH or concentration. In addition, in the case of non-
tetravalent cations oxides, hydroxides or oxo-hydrox-
ides are obtained. In the aqueous medium route during 
the hydrolysis of inorganic salts, new ionic species or 
precipitates can be formed. Hydrolysis of salts may in-
volve formation of hydrated cations, anions or both 
types of ions. The hydrolysis of metal cations was first 
studied by Bjerrum in the early twentieth century [10]. 
Previous to the studies conducted by Sillen [11], the for-
mation of the polynuclear hydrated compounds was al-
most ignored. Sillen proposes a mechanism of hydroly-
sis in which the hydroxyl groups are linked to cations 
and lead to the formation of condensed species. Now, 
the iso and heteropoly oxometalate are well known and 
in the specialized literature there are detailed data about 
cation hydrolysis [12].

In the present review results concerning the prepa-
ration by chemical innovative methods of two types of 
perovskite, namely FeBiO3 and LaCoO3, are presented. 
The properties as powders, films and sintered bodies are 
also discussed.

II. BiFeO3 type perovskites

2.1 BiFeO3 films
The structure and properties of thin films are well 

known to exhibit a number of deviations from those of 
bulk ceramics and single crystals. BiFeO3 (BFO) shows 
unexpectedly small values of the ferroelectric polar-
ization Ps even in a single crystal. Wang et al. [13,14] 
have fabricated an epitaxial monoclinic pseudotetrago-
nal BFO film having Ps = 90 C/cm2, almost one order of 
magnitude higher than that of the bulk BFO by applying 
a strong compressive stress imposed by the bottom struc-
ture, SrRuO3/SrTiO3. It appears that the crystal structure 
of BiFeO3 thin films can be affected by the stress and 
may take different variants depending on the substrate 
materials, preparing routes and processing conditions. 
Due to an ever-increasing interest in this promising ma-
terial as a candidate for multifunctional devices, epitax-
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ial and polycrystalline BFO films have been successful-
ly fabricated via various techniques such as pulsed laser 
deposition (PLD), chemical solution deposition (CSD), 
magnetron sputtering and others.

Thin films techniques provide routes to structures and 
phases difficult to obtain by traditional procedures and 
they also allow properties to be influenced by strain en-
gineering [15]. Studies on the preparation of BiFeO3 thin 
films have presented promising potential for improving 
the ferroelectric polarization, for reducing the leakage 
current density associated with the low resistivity and 
high conductivity, and by suppressing the cycloid spin 
modulation that render an overall zero magnetization.  

One practical way to obtain thin ceramic films is 
the CSD (chemical solution deposition) technique. The 
general principle involved in the solution deposition of 
films is to prepare a “homogeneous” solution of the nec-
essary cation species that may later be coated onto a 
substrate. The fabrication of thin films by this approach 
involves four basic steps: (i) synthesis of the precursor 
solution; (ii) deposition by spin-coating or dip-coating, 
where drying processes usually begin depending on the 
solvent; (iii) low-temperature heat treatment for drying, 
pyrolysis of organic species (typically 300–400°C), and 
formation of an amorphous film; (iv) higher tempera-
ture heat treatment for the densification and the crys-
tallization of the coating into the desired oxide phase 
(600–1100°C). For most solution deposition approach-
es the final three steps are similar, despite differences in 
the characteristics of the precursor solution and for elec-
tronic devices, spin-coating has been used almost ex-
clusively [16]. Depending on the solution route, differ-
ent deposition and thermal processing conditions may 
be employed to control film densification and crystal-
lization for the preparation of materials with optimized 

properties [4]. Film short comings that could involve 
changes in solution chemistry include poor thickness 
uniformity (striations), crack formation, crystallization 
behaviour and phase purity, and compositional non-uni-
formities. For the production of BiFeO3 thin films, the 
most frequently used CSD approaches may be grouped 
into different categories: (1) sol–gel [17,18], (2) chelate 
processes [18], (3) citrate route [19,20], and (4) Pechini 
process [21–23]. Previously we reported the synthesis 
of BiFeO3 powders by combustion and by the polymer-
izable complex method [24,25].

The citrate solution synthesis is similar to Pechini 
process, except that ethylene glycol or other polyhydroxy 
alcohols are not used. By citrate route [26] we have re-
ported the obtaining of BiFeO3 thin film which has been 
used to provide homogeneous, single-phase perovskite 
BiFeO3 thin films on stainless steel. Stainless steel was 
chosen as a suitable substrate not only because it is in-
expensive but also because being a conductor it can be 
used as electrode. Samples with a multilayered structure 
were deposited in order to achieve films with the desired 
thickness, sometimes impossible to be obtained by only 
one deposition. On the other hand the thickness of the 
film cannot be simply obtained by multiplying the thick-
ness of one layer by the numbers of depositions, because 
each layer from the multilayered structure suffers a dif-
ferent number of thermal treatments and more than that, 
each new deposited film interacts with the previous one. 
Fig. 1 shows the XRD pattern of a BiFeO3 thin film that 
was deposited from the Bi-Fe precursor solution on steel 
(A) and on silica glass substrate (B), with heat treatment 
at 600°C for 1 h.

Single-phase perovskite of BiFeO3 was obtained al-
ready at about 600°C from the decomposition of the 
complexes. The pattern shows a rhombohedrally dis-
torted perovskite structure. The XRD data showed also 

1

Figure 1 

1

Figure 1 

a) b)
Figure 1. XRD pattern of BiFeO3 thin films prepared from the Bi-Fe precursor solution with heat treatment at 600°C

for 3 h on steel (A) and silica glass (B) substrate [CuKα radiation (λ=1.5405 Å)]
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that no impurity phase existed in the film after the treat-
ment at 600°C. The amorphous gel film crystallized to a 
single phase perovskite with no formation of intermedi-
ate phases or unwanted second phases. The XRD coher-
ent crystalline domain size is around 12 nm. When the 
film was deposited, using the same experimental con-
ditions, on silica optical glass substrate, it exhibited a 
somewhat lower degree of crystallinity.

The Raman spectroscopy data of the BiFeO3 thin 
films crystallized at 600°C for 1 h on stainless steel sub-
strate are in good agreement with the X-ray diffraction 
pattern, showing that the films are rhombohedrally dis-
torted perovskite BiFeO3 (Fig. 2). The film shows sim-
ilar structure to bulk BiFeO3 material prepared by the 
same method [25]. Similarly to other reported data [27], 
our thin films show the presence of the R3c symmetry; 
the wide bands indicate a small crystalline size.

The XPS experimental data reveled that the 3/2 and 
1/2 spin orbit doublet components of the Fe2p pho-
toemission located at 711.5 and 725.8 eV respective-
ly, were identified as Fe3+. No Fe2+ and Fe were found. 
The XPS results show that BiFeO3 thin film has a single 
phase with Fe present in the 3+ valence state, consistent 
with the Raman and XRD results.

SEM measurements revealed that the BiFeO3 film was 
crack free, with a homogeneous thickness. We scratched 
the surface in order to see the thickness and the transver-
sal microstructure of the film, evidenced in the obtained 
micrographs taken on samples tilted at an angle almost 
perpendicular to the electron beam. The morphology is 
dense and uniform, which further supported the absence 
of second phases as observed in Raman spectroscopy 
and XRD. An uniform microstructure and a grain size of 
less than 50 nm can be noticed (Fig. 3).

TEM images of the BiFeO3 film show that the 
BiFeO3 layer is well-grown and polycrystalline, with 
a homogeneous thickness and a dense microstructure. 
The TEM analysis revealed that the film (cross section) 
consists of two sublayers both, of BiFeO3: a nano-lay-
er at the outer surface and a micro-layer below. Select-
ed area electron diffraction measurements indicated the 
lower crystallinity of the nanolayer (Fig. 4).

The cross sectional TEM measurements of the film 
confirmed that it is crack-free, dense and polycrystal-
line. The film deposited on the steel substrate has two 
sublayers: a very thin (less than 100 nm) nanocrystal-
line layer, with crystallite size of a few nanometers, and 
a thicker (less than 1 micron) crystalline layer. EDX 
spectroscopy analysis in several areas of the film gave 
in all the analyzed regions an almost equal atomic con-
tent of Bi and Fe, within the experimental uncertainty. 
HRTEM micrograph at the interface between BiFeO3 
and the stainless steel substrate has shown excellent 
bonding to the substrate (Fig. 5).

From the measurement it becomes clear that this 
preparation method does not lead to any orientation of 

Figure 4. TEM and SAED images showing a cross-section of 
the BiFeO3 film

Figure 3. SEM images of the BiFeO3 film on steel
substrate

Figure 2. Raman features of the BiFeO3 film deposited on 
steel substrate
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the BiFeO3 nanocrystallites. The micrograph shows that 
BiFeO3 nanocrystallites placed at about 2 nm from the 
interface are randomly oriented. Some contrast can be 
observed in a very thin layer of less than 1 nm, at the 
edge of the stainless steel, indicating that the building 
up of thermal strains in the steel lattice is limited to a 
thin region of a few atomic layers.

When the citric acid is replaced by polyvinyl alco-
hol some changes may be observed. Fig. 6 exhibits room 
temperature Raman spectra of bulk BiFeO3 (as obtained), 
similar to the one reported in reference [28] and of two 
BFO films on glass substrate obtained with two different 
chelating agents: polyvinyl alcohol and citric acid [20].

As it could be foreseen, both films have shown sim-
ilar spectra to bulk BFO material except for some up-
shifted frequency peaks and the peak located at about 92 
cm−1 which seems to decrease drastically for both films. 
Singh et al. [27] assigned the four peaks at 136, 168, 215, 
425 cm−1 to A1(LO-TO) modes and the peaks located at 
275, 335, 363, 456, 549 and 597 cm−1 to E(TO) phonons 
in polarized Raman spectra on BFO films with R3c sym-
metry. Due to the reduced intensities and widened peaks 
one can conclude that the two films have lowered their 
crystallinity, in comparison to the bulk BiFeO3 in the fol-
lowing succession: BFO bulk > BFO-SP2 > BFO-SC2. 

SE spectra have been fitted using a new model based 
on multilayer and multicomponent Bruggemann’s ef-
fective medium approximation (B-EMA) [29]. While 
the published model [20] consists of a mixture of the 
dielectric constants of Bi2O3 and Fe2O3, this new one 
included also the dielectric constants of the solution 
precursors. The following components have been used 
as references in the simulation program: Bi2O3, a 1 : 1 
volumetric mixture of Bi(NO3)3  :  Fe(NO3)3 termed as 
Bi+FeNO3 (see Table 1), Bi(NO3)3, Fe2O3, Fe(NO3)3 
and voids. While the dielectric functions of Bi2O3 and 
Fe2O3 were taken from literature databases [30], the 
Bi+FeNO3, Bi(NO3)3, and Fe(NO3)3 were measured by 
a Pulfrich type refractometer.

The volume fractions of the components and the 
thickness of the layers were used as fitting parame-
ters. Both precursors induce a slightly different behav-
iour of the films regarding optical constants, films thick-
ness and composition. The citric-type samples lead to 
films with smaller n, k and d (n = 1.558 at λ = 0.55 µm) 
and ∆d (difference in thickness between the second and 
the first layer, see Table 1) in the range of 147–200 nm, 
confirmed also by SEM images, in comparison with the 
polyvinil-type samples (n = 1.604 at λ = 0.55 µm and 
∆d = 220–270 nm). These observations were correlated 
with complementary chemical and structural methods. 
Detailed XRD analysis has been presented [20] being in 
good accordance with the above observation.

Data obtained from XPS analysis show that Fe2p as 
well as Bi4f exhibit typical 3+ oxidation states (Fig. 7) 
with a lower concentration of Fe3+ on the top of the sur-

Figure 7. XPS survey of BiFeO3 two layers films onto a glass 
substrate annealed 1 h at 500°C. Inset, Bi 4f core-level

spectrum (* Satellite line due to oxygen 
contaminated Al anode)

Figure 6. Raman spectra of bulk BiFeO3 and of two BiFeO3 
films: BFO-SP2 (polyvinyl alchol) and BFO-SC2 

(citric acid)

Figure 5. HRTEM image of the BiFeO3/stainless steel
interface film
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from the substrate. It resulted from film nonuniformities 
and/or imperfections. Oxygen O1s (530.7 eV) is bond-
ed mostly to Bi3+. 

After the thermal treatment the films morphology 
is changed with a continuous variation in the volume 
fractions of the components, optical constants (n and k) 
and thickness. Both C- (citric acid) and P-type (polyvi-

face as a result of a possible Bi segregation to the surface.
The XPS sensitivity to the outermost surface layer 

must be emphasized meaning that only the first 20–30 
monolayers (a few nm) can be detected. Carbon is pres-
ent on the surface as the main contaminant but the de-
tection of Si2p at 102.4 eV together with the appearance 
of the Na1s at 1072 eV reveals the presence of silicates 

Table 1. Thickness (d) and volume fractions of the components of BiFeO3 samples obtained from the best fit of the
experimetal ellipsometric data 

Sample d Bi2O3 Bi+FeNO3 Bi(NO3)3 Fe2O3 Fe(NO3)3 Voids ∆d(lay1-lay2)

[Å] [%]a [%]b [%]b [%]a [%]b [%] [nm]
BFO-C1 1800 8.29 54.78 12.51 12.26 6.16 6.00 208
BFO-C2 3680 11.95 49.24 14.09 12.62 6.30 5.80
BFO-P1 1080 14.09 51.84 11.67 11.25 5.87 5.27 255
BFO-P2 3630 0.10 63.29 6.05 22.36 4.30 3.90
a Optical databases (e.g., http://www.luxpop.com).
b Precursors solutions

Figure 8. The XRD patterns of BiFeO3 films after thermal treatment at 500°C for 1 h on different substrates: glass (a),
stainless steel (b) and alumina (c); C-citric acid, P-polyvinyl alcohol [CuKα radiation (λ=1.5405 Å)]
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nyl alcohol) samples become denser, as the voids con-
tent decreases, which exhibit a clear tendency of crys-
tallization but smaller than in the case of bulk BiFeO3 
- revealed by Raman results. In this respect, the follow-
ing succession was found: (BFO bulk) > (BFO-C2) > 
(BFO-P2). In the near surface region one may notice 
the lower relative concentration of Fe, suggesting a pos-
sible Bi segregation to the surface and/or Fe diffusion 
into film.

Thin films of bismuth ferrite, obtained by a wet 
chemical low-temperature process, using bismuth and 
iron nitrates and two chelating agents (citric acid and 
polyvinyl alcohol) were successively deposited on dif-
ferent types of substrates (silica glass, steel and sintered 

alumina) by the immersion technique [31].
The detailed XRD spectra corresponding to the 

specimens deposit on glass (a), stainless steel (b) and 
alumina (c) are shown in Fig. 8. It can be seen that at 
lower temperature the formed phases are strongly influ-
enced by the nature of the chelating agent and the type 
of substrate. Bismuth oxide is formed especially on the 
glass substrate and subsequently Bi36Fe2O36 appears es-
pecially on the film surface. The presence of BiFeO3 
formed at this temperature may be inferred by some dif-
fraction lines which can be assigned to a distorted per-
ovskite structure. The process of BiFeO3 formation is 
not finished in the investigated conditions. These obser-
vations are in accordance with the previous investiga-
tion on Bi2O3 and BiFeO3 films formation [19,20].

Fig. 9 shows room temperature Raman spectra 
of bulk BiFeO3 and of the BFO films on glass, stain-
less steel and alumina obtained using the two chelat-
ing agents. 

Polyvinyl alcohol caused wider bands and higher Ra-
man peak intensities compared to those obtained using 
citric acid. There is a peak intensity decrease from the 
glass substrate toward the steel substrate (Fig. 9b). Sim-
ilar behaviour shows the films with polyvinyl alcohol, 
on all substrates except the one on alumina. Both films 
on stainless steel, OC2 and OP2 show distinct spectral 
features over 250–450 cm–1. In this spectral range there 
are few peaks, except for the peak at 380 cm–1, originat-
ing from residual Fe2O3 and/or from the stainless steel 
substrate [32]. Higher frequency peak position of both 
films can point out a higher distorted R3c phase and/or 
the formation of a second phase, Bi36Fe2O57 as report-
ed earlier [33]. Since the processing temperature of the 
films was kept around 500°C and the thermal stabili-
ty range of Bi36Fe2O57 is about 600–700°C, a possible 
explanation consists in the presence of some residual 
Bi2O3 and Fe2O3 as well as of small amounts (under X-
ray detection limit) of the Bi36Fe2O57 phase (XPS iden-
tified) in both films.
2.2 BiFeO3 powders

The interest in the investigation of the BiFeO3 as a 
bulk material is justified by the need to distinguish be-
tween the intrinsic and extrinsic contributions to the 
electrical characteristics of this material. It is expected 
that in films, particularly in ultrathin structures, extrin-
sic factors such as epitaxial stresses, electrode film or 
intergrain interfaces play an important role on the elec-
trical properties of the system. In this spirit, the bulk 
polycrystalline ceramic is an isotropic system in which 
the electrode material interfaces give a negligible con-
tribution to the total impedance, so that values closer to 
the intrinsic ones are expected for the electrical prop-
erties [34]. During synthesis, the kinetics of formation 
always leads to a mixture of BiFeO3 as a major phase 
along with other impurity phases. The task becomes dif-

Figure 9. Raman spectra of the BiFeO3 films obtained by us-
ing two chelating agents: (A) citric acid and (B) poly

vinyl alcohol on different substrates: glass (a), 
stainless steel (b) and alumina (c)

Figure 10. DTA curves of Bi2O3:Fe2O3 1:1 mixture and
nitrates precursor (insert)
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ficult because of the narrow temperature range in which 
BiFeO3 stabilizes and there are a number of other phas-
es of Bi and Fe, which appear if the temperature is not 
controlled accurately. Several authors [35] have report-
ed the existence of Bi2Fe4O9 or Bi46Fe2O72 as an addi-
tional impurity phase in spite of adopting the impro-
vised method suggested by Sosnowska et al. [36] and 
Achenbach et al. [37]. Another method include simul-
taneous precipitation/coprecipitation involving Bi and 
Fe nitrates starting solutions as treated with ammonium 
hydroxide and thermal treatments at 550-750°C to get a 
pure BiFeO3 phase [38]. The synthesis of pure BiFeO3 
powder was reported consisting of a solution evap-
oration process at a temperature as low as 400°C, us-
ing the corresponding nitrates but dissolved in a strong 
acid such as nitric acid 2N [39]. Fruth et al. [24,40] re-
ported the preparation of bismuth ferrite by the solu-
tion combustion method from an α-alanine containing 
precursor. As reference, BiFeO3 was prepared by the 
conventional classic ceramic route starting from Bi2O3 
and Fe2O3 (99% in purity). Fig. 10 presents the differ-
ential thermal analysis (DTA) curves of Bi2O3 : Fe2O3 
1 : 1 mixture compared with bismuth sesquioxide (dot-
ed line) and BiFeO3 α-alanine-based precursor (see in-
serted picture). Only a highly exothermic effect with a 
major weight loss in the 157–177°C temperature range 
for the last case can be noticed. An endothermic event 
at around 710–730°C, characteristic to the α/δ Bi2O3 
polymorph transition was observed but the endother-
mic event at 810°C on the Bi2O3 DTA curve, assigned 
to the melting of this oxide is missing. This observa-
tion suggests that the reaction between the components 
is very fast and started at lower temperatures. Also the 
absence of the endothermic effect at 810°C, assigned to 
the melting of Bi2O3, proves that this component has al-
ready reacted. Based on this observation we have estab-
lished the corresponding annealing treatments.

XRD patterns for BiFeO3 powders obtained after 
3 h of annealing at 600°C, in air revealed that BiFeO3 
is obtained at low temperature with rhombohedral dis-
torted perovskite structure with ahex  =  5.577 Å and 
chex = 13.866 Å (Fig. 11). In the case of the classic route 
(800ºC/1 h) the cell parameters were ahex = 5.570 Å and 
chex = 13.861 Å in accordance with the size effect stud-
ies of BiFeO3 which indicate that as the particle size de-
creases, the lattice expands [41]. A trace of a bismuth 
rich secondary phase (silenite-type) was observed. The 
intensity of the secondary phase peak at 2θ = 27.9° is 
the highest for the samples obtained by calcining the 
precursor at 500°C for 3 h and decreases in the case of 
the samples obtained at 600°C.

SEM (Fig. 12) and TEM images (Fig. 13) confirm 
the above observations. After sintering the nanopowder 
at 700 °C/1 h (Fig. 12), a high tendency of densification 
can be observed. A high interconnection of the grains 
can be noticed and also the presence of small amounts 

Figure 11. XRD patterns of BiFeO3 nanopowder obtained by 
combustion route (* secondary phase) 

[CuKα radiation (λ=1.5405 Å)]

Figure 12. SEM micrographs of BiFeO3 sample sintered at 
700°C/1h (combustion route)

Figure 13. TEM images of BiFeO3 sample annealed at 
700°C/3h obtained by combustion technique
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of a secondary phase.
Popa et al. [25] reported a simple technique for the 

preparation of single phase BiFeO3 powders using the 
polymerized complex method, starting from iron and 
bismuth nitrates. A mixed aqueous solution with citric 
acid (CA), ethylene glycol (EG), Bi and Fe ions was po-
lymerized. The initial powder images indicate that the 
onset crystallization occur already around 350°C. It can 
be observed that crystalline grains were already formed 
at this temperature in the precursor powder and show 
small particle size around 20 nm (Fig. 14).

A broad exothermic effect on the DTA curve (Fig. 
15) associated with a major weight loss on the TG 
curve, at around 380°C, can be assigned to the de-
composition of the trapped nitrates and noticed up to 
900°C. At around 935°C, on the DTA curve, there is an 
endothermal effect caused most probably by the melt-
ing of BiFeO3. One assumes that the effect at 370°C is 
also related to the Neel temperature of BiFeO3 corre-
sponding to the magnetic phase transition of BiFeO3 
[33,42,43].

The XRD data show that the powders were rhom-
bohedrally distorted BiFeO3-perovskite, according to 
JCPDS 20-169 file. The XRD analysis showed that 
no impurity phases existed in the powders obtained at 
600°C (Fig. 16). The initial material was partially crys-
tallized, indicating that the onset crystallization oc-
curs around 350°C, as at this temperature the BiFeO3 
phase begins to form. It can be noticed that in spite of 
the presence of a Bi rich secondary phase peaks around 
27° (marked as * in Fig. 16) completely disappeared at 
600°C. Contrary to the observations reported by Ghosh 
et al. [44] related to the use of citric acid replacing tar-
taric acid in their synthesis method, in this case BiFeO3 
was the only formed phase and no other secondary phas-
es were registered in the final XRD pattern.

Fig. 17 shows the microstructures of the perovskite 
type BiFeO3 prepared by PC method at 400 and 500°C. 
The mean particle size is almost in the nanometric range, 
between 100–200 nm. The SEM images show an uni-
form grain size distribution and homogeneous structure. 
No significant growth of particle size was noticed with 
the increase of the temperature of the thermal treatment.

III. LaCoO3 type perovskites
The mixed oxides type perovskite with general for-

mula ABO3 can be considered strategic materials due 
to their magnetic, electrical and catalytic properties 
[45]. Special attention was given to LnMeO3 type ox-
ides with perovskite structure, where Ln belongs to the 
lanthanides group and Me is an element of transitional 
metal groups, due to their application as materials for 
electrodes in solid electrolyte cells (SOFC) or materi-
als for chemical sensors. LaCoO3 compound belongs to 
this class of materials showing interesting electrical and 
catalytic properties, due to a high ionic and electronic 

Figure 14. TEM images of the precursor powder

Figure 15. The thermal analysis results for the BiFeO3 
powder precursor, treated in air between 20–1000°C

Figure 16. The X-ray diffraction patterns of the BiFeO3 
powders crystallized at different temperatures

a) 350°C, b) 400°C, c) 500°C, d) 600°C 
[CuKα radiation (λ=1.5405 Å)]
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conductivity.
It is also known that LaCoO3 electrode offers much 

better performance than the cathode materials based on 
LaMnO3+δ [46,47]. To get good performance and func-
tional properties, dense materials with a well defined 
microstructure are desired. For this purpose, it is im-
portant to prepare high quality powders with controlled 
microstructure and stoichiometry. Single phase materi-
als are preferred because in most cases, the presence of 
secondary phases decreases the functional properties. 
Many authors were interested to synthesize powders or 
films in this system [3,46–57].

LaCoO3 compound can be obtained through sever-
al methods of preparation. As conventional preparation 
technique, solid state reactions based on metal oxides, 
carbonates or oxalates followed by a thermal treatment 
around 1000°C, with intermediate grinding was used 
[47]. This method leads to materials with low specific 
surface area, with low activity, requiring high tempera-
tures and long thermal treatment. 

To avoid the disadvantages described above, sever-
al new methods were developed, especially techniques 
in solution, which lead to improved conditions for ob-
taining pure phases. Such syntheses require low reac-
tion temperatures and enable obtaining homogeneous 
and fine powders [3].

These methods include the sol-gel process (alkox-
ide route and aqueous route) in the presence of citrate or 
tartrate [7], hydrothermal and coprecipitation [58–60]. 

Kleveland et al. [51] used a chemical route starting 
with nitrates and ethylendiamine tetracetic acid, while 
Faaland et al. [61] applied a spray pyrolysis method start-

ing with the same precursors. Berger et al. [62] proposed 
a combustion method, while Li et al. [63] presented a 
combined method of milling nitrates with nitric acid fol-
lowed by coprecipitation with potassium hydroxide. 

The sol-gel method using alkoxides La(OiPr)3 and 
Co(NO3)2 as precursors was used by Hwang [50]. The 
polymerizable complex method was used by Popa [64] 
and Guo [65]. The carboxylic route was applied by 
Taguchi et al [66] and Ajami et al. [67] using lanthanum 
and cobalt nitrate and citric acid as chelating agent.
3.1 LaCoO3 powders

Sol-gel method is often used as a technique for the 
preparation of powders, because of well known advan-
tages such as an easy way to obtain homogenous distri-
bution of precursors with the possibility of controlled 
introduction of a given quantity of dopant, control by 
chemical reaction, control of viscosity and low temper-
ature of processing. Citrate sol-gel process route pres-
ents advantages over other methods not only of good 
mixing of the components at the atomic scale, but also 
offers the possibility of obtaining films and fibers which 
have technological importance [9].

The studies of the LaCoO3 powder formation 
started with the investigation of the sol-gel process in 
aqueous medium using inorganic salts and carboxylic 
acids (citric acid) as chelating agents [68]. Two different 
reagents, namely La- and Co nitrates and acetates, 
respectively and citric acid in 1  : 1  : 1 molar ratio in 
aqueous solutions were used [69–71]. The solutions, 
the resulting gels and the powders, starting with nitrate 
were labelled (N), while the similar solutions and gels 
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Figure 17. SEM micrographs of the BiFeO3 perovskite powders at 400°C (a) and 500°C (b, c)

Table 2. The maxima of absorbance identified in the UV-VIS spectra of the studied solutions with their assignments

Sample Maxima of absorbance
nm (cm-1) Assignments

La-Co-CA (N) solution

300 nm   (33231 cm-1)
468 nm   (21368 cm-1)
510 nm   (19531 cm-1)

CT
Splitting

4T1g     
4T1g(P)

La-Co-CA (A) solution 467 nm   (20217 cm-1)
512 nm   (18587 cm-1)

Splitting
4T1g     

4T1g(P)



177

V. Fruth et al. / Processing and Application of Ceramics 4 [3] (2010) 167–182

obtained with acetates were labelled (A).
The gelling process in the studied solutions was ap-

proached by spectroscopic methods. In the UV-VIS spec-
tra of the La-Co solutions based on nitrates and acetates 
immediately after their preparation and after 30 hours 
of storage at 80°C the Co2+ ions in octahedral coordina-
tion were observed [72]. The positions of the absorbance 
bands of the UV-VIS spectra are presented in Table 2.

In the Table 3 the assignment of the vibration mode 
in the FT-IR spectra of the same solutions are present-
ed. In the case of the La-Co solutions based on nitrates, 
according to the frequency separation between the an-
tisymmetric stretching and symmetric stretching of the 
carbonyl ion (∆ν = 314 cm-1), it could be concluded that 
the carboxylic groups of the citrate act as unidentate li-
gands [73]. On the other hand in the case of La-Co so-
lutions based on acetates the same separation is only 
∆ν = 142 cm-1, leading to the conclusion that carboxylic 
groups of citrate ligands act as bridging ligands.

According to the literature data, systematic investi-

a)

Figure 19. XRD patterns pf the LaCoO3 powder and sintered 
pellets at 600°C [CuKα radiation (λ=1.5405 Å)]

b)
Figure 18. SEM images of the thermally treated samples at 600°C, a) nitrate and b) acetate

Table 3. The assignment of the vibration bands in IR spectra of the studied solution and gels

N A
Vibration mode Assignments

solution gel solution gel

3300 3350 3276 3326
3200 ν OH structural OH group

1718 1720 - - νasym (COO) carbonyl asymmetric stretching
1635 1616 1636 1616 δH2O adsorption of water

- - 1552 1568 νasym (COO) carbonyl asymmetric stretching
1404 1432 1410 1415 νsym (COO) carbonyl symmetric stretching
1333 1383 - - ν NO

-
3 introduced by the precursors

1230 1229 1263 νC-O

introduced by the citric acid
- 1078 - 1078 πCH

- 1033 - 1036 νC-OH

- 813 - 912 ν CH2
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gations of the sol-gel chemistry in the aqueous medium 
using citric acid for the mentioned system have not been 
carried out before.

The viscosities of solutions kept at 80°C display a 
slow constant continuous growing evolution in time. 
For the solutions prepared starting with acetates a high-
er viscosity was observed relatively to the solution start-
ing from nitrate, due to the presence of the acetate ions 
which can act also as a chelating agent. The increase of 
the viscosity values takes place between 1.7 cP and 2.05 
cP for the nitrate derived solution and 1.75 cP and 2.25 
cP for the acetate derived solution.

Under above presented experimental conditions 
amorphous red gels were obtained. 

The SEM images of the samples obtained with dif-
ferent starting precursors (nitrate N and acetate A), are 
presented in Fig. 18 and show pieces of gel.  The siz-
es of the gels’ fragments are different and depend on the 

starting precursors.
The positions of the absorbance bands of the UV-

VIS spectra, of gels obtained starting with nitrates and 
acetates are presented in Table 4. In the spectrum of the 
nitrate-derived gel the d-d transitions correspond to the 
Co(II) ion in the tetragonal distorted geometry. In the 
acetate-derived gel the d-d transitions correspond to the 
formation of complex gels in which Co(II) ion has an 
octahedral symmetry.

Based on the data presented above one may con-
clude that during the sol-gel processes of the lantha-
num-cobalt-citric acid system in the presence of the car-
boxylic acids starting with both nitrates and acetates, a 
lanthanum cobalt citrate gel with a coordinative struc-
ture was obtained. 

The thermal behaviour of the dried gels was also in-
vestigated. Both dried gels lose weight stepwise. The 
choice of the starting compounds influences the path-

Table 4. The maxima of absorbance identified in the UV-VIS spectra of the studied gels with their assignments

Sample Maxima of absorbance
nm (cm-1) Assignments

La-Co-AC (N) gel

356 nm   (28089 cm-1)
406 nm   (24639 cm-1)
532 nm   (18797 cm-1)
671 nm   (14903 cm-1)

CT
4T1g     

4A2g
4T1g   4T1g(P)

4T1g     
4B1g

La-Co-AC (A) gel
372 nm   (26881 cm-1)
540 nm   (18518 cm-1)
685 nm   (14598 cm-1)

CT
4T1g     

4T1g(P)
4A2g     

4T1g(P)

Table 5. Crystallographic parameters, particle size and internal stress of the thermally treated powders at 600°C

Sample a
[Å]

c
[Å] c/a V

[Å3]
S

[E-3]
D

[Å)
BET surface area

[m2/g]
LaCoO3 (N) 5.4390 13.1616 2.4199 337,19 0.87 537 8.82
LaCoO3 (A) 5.4455 13.2098 2.4258 339.24 1.04 777 13.30

Table 6.Ceramic properties of the sintered samples at different temperatures 

Sintering temperature
[°C]

Shrinkage Δl/l
[%] Open porosity % Experimental density

[g/cm3]
Relative density

[%TD]

Sintered samples from powders obtained from nitrates
800 1.65 7.12 4.92 73
900 6.00 5.29 6.14 91
1000 10.60 4.77 6.34 94
1100 15.50 1.29 6.50 96
1200 18.85 0.12 6.71 99

Sintered samples from powders obtained form acetates
800 6.9 6.09 3.88 58
900 10.45 9.36 5.11 76
1000 13.00 5.68 5.66 84
1100 19.25 2.58 5.81 86
1200 24.30 1.31 6.21 92
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way of decomposition. Above 400°C for nitrate-based 
and above 500°C for acetate based gels there is no pro-
nounced weight loss [71]. 

According to the results obtained by DTA/TG analy-
sis, the gels were thermally treated at 600°C, for 6 hours 
leading to the formation of the single pure perovskite 
rhombohedral phase of LaCoO3 (JCPDS 84-0848) (Fig. 
19). The annealed samples were evaluated by X-ray dif-
fraction using a CuKα (λ = 0.1540 nm) radiation source 
in a BRUKER AXS D4 ENDEAVOR X-ray diffracto-
meter. The diffraction angle (2θ) range between 10° and 
90° was scanned.

In Table 5 the XRD evaluation of the crystallograph-
ic parameters, particle size and internal stress of the 
thermally treated powders is presented.

The presented results have shown the same rhombo-
hedral perovskite structure for both samples, but with 
higher values of the crystallographic parameters, high-
er internal stress of the crystals, higher particles size 
and higher surface area when acetates were used as pre-
cursors. Due to the fact that in the case of the powders 
obtained from acetates both particles size and specific 
surface area are higher than in the case of the powders 
obtained from nitrates, one may assume that in this lat-
er case an intragranular porosity is present.

TEM and SAED measurements confirm the for-

mation of the rhombohedral perovskite structure of 
the LaCoO3 (Fig. 20) which is in accordance with the 
XRD results.

Comparing our data with results published before, 
one may underline that the formation of LaCoO3 pow-
der, as pure phase, takes place at essentially lower tem-
perature as the previously published [51,74].
3.2 LaCoO3 ceramic samples

According to the literature data no matter of the 
precursor powders used, the sintering temperature and 
time required for obtaining dense ceramic samples were 
high. Schmidt et al. [74] obtained sintered samples by 
thermal treatment at 1200°C for one day, starting with 
powders prepared by classical method, while Kleveland 
et al. [51] used the same procedure with powders ob-
tained by chemical methods.

Predoana et al. [75] studied the sintering properties 
of the pressed powders characterized above in the tem-
perature range 800–1200°C. The ceramic properties of 
the pressed and sintered samples are presented in Table 
6. One may notice that the variation of the open poros-
ity with the thermal treatment of the samples obtained 
from both powders presents close values. However, the 
ceramics obtained from the powders prepared from ace-
tates have shown much lower densities as compared with 

Figure 21. SEM images of the samples sintered at 1100°C, a) nitrate and b) acetate
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Figure 20. TEM and SAED images of the LaCoO3, powders thermally treated at 600°C, a) starting with nitrate, 

b) starting with acetate and c) SAED for sample a [68]
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the powder samples prepared from nitrates. This behav-
iour could be correlated to the presence of an internal po-
rosity of the grains obtained starting with acetates.

The structure of the sintered powders, as determined 
by XRD was the same as in the initial powders, but with 
a higher intensity of the diffraction lines. In the case of 
the powders obtained starting with acetates, Co2O3 trac-
es occurred during the sintering process at highest tem-
perature (1200°C), as a secondary phase.

The SEM images (Fig. 21) have shown a lower ten-
dency for sintering and a less homogeneous morphol-
ogy for the ceramics prepared from powders obtained 
from acetates.

The ceramics sintered at 1100°C from powders ob-
tained from nitrates present uniform grain size distribu-
tion and practically no open porosity.

The increased sintering ability of the reactive pow-
ders obtained by innovative methods lead to ceramic 
bodies with good ceramic properties at lower temper-
ature than that reported before (1100°C as compared to 
1250°C).

IV. Conclusions
In the present review results concerning the prep-

aration of two type of perovskite, namely FeBiO3 and 
LaCoO3, by chemical innovative methods are present-
ed. The structural properties of films, powders and sin-
tered bodies are also discussed. The beneficial effect on 
the preparation methods used on the structure and prop-
erties of the resulted materials is revealed.
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