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bstract

itrate–nitrate auto-combustion synthesis is used to prepare an iron, a cobalt and a cerium-perovskite. The influence of different synthesis conditions
n the combustion process, phase composition, textural and morphological properties is studied in detail by X-ray diffraction, nitrogen adsorption
nd scanning electron microscopy.

Results show that the combustion intensity increases from iron, to cerium, to cobalt-perovskite. Conversely, the combustion intensity decreases
nd thus the safety and the gain of the combustion process increase by using high fuel/oxidant ratios, low pH values or combustion reactors with
igh heat dispersion capacity.
High fuel/oxidant ratios increase particle size and may enhance dopant segregation. Low citric acid/metal nitrates ratios may cause precipitation
f the most insoluble compounds or segregation of the dopant. High citric acid/metal nitrates ratios increase the formation temperature of the
erovskite-type structure. Low pH values are deleterious for the phase composition and/or for the morphology of the final product, although at
igh pH values dopant segregation may occur.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Combustion synthesis is an easy and convenient method for
he preparation of a variety of advanced ceramics, catalysts
nd nanomaterials.1 In this technique, based on the principles
f the propellant chemistry,2 a thermally induced redox reac-
ion takes place between an oxidant and a fuel. Many types of
ombustion synthesis exist which differ mainly in the physi-
al state of the reactants or in the combustion modality.1,3–7 By
ombustion-based methods it is possible to produce monopha-
ic nanopowders with homogeneous microstructure, at lower
emperatures or shorter reaction times, if compared with other

onventional methods like solid-state synthesis8,9 or nitrate
ethod.10,11 Citrate–nitrate auto-combustion synthesis (CNA)

s a very popular solution combustion method,12–14 where the

∗ Corresponding author. Tel.: +39 091 6809387; fax: +39 091 6809399.
E-mail addresses: francesca.deganello@pa.ismn.cnr.it (F. Deganello),

arci@dicpm.unipa.it (G. Marcì), g.deganello@pa.ismn.cnr.it (G. Deganello).

e
o
t
a
c
o
i
s

955-2219/$ – see front matter © 2008 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2008.06.012
; Microstructure-final; Perovskites; Fuel cells

uel is citric acid and metal nitrates are used as metal and oxi-
ant source. CNA method shows high similarities with the very
ell known Pechini process15,16 and it can be more properly
escribed as a “sol–gel combustion method”.17 Nevertheless the
NA method differs from Pechini process in that the nitrates are
ot previously eliminated as NOx, but remain in the mixture with
etal citrates causing the auto-combustion.
The influence of the synthesis procedures on structure and

lectrical properties of solid oxide fuel cells (SOFCs) materials
s becoming more and more important, especially when nanoce-
amics with superior quality are required.5 Many essential
spects regarding combustion synthesis have been already quite
xhaustively discussed in literature, like the effect of the type of
rganic fuel,5,18–21 the influence of the fuel content,5,6,12–14,22–24

he role of pH,24–29 the effect of various combustion aids30–32

nd inert salts33, the effect of a dry combustion3 or a wet

ombustion4 and the influence of the ignition modality34 or
f the ignition temperature.35 Nevertheless, a deep understand-
ng of the combustion-based methods has been hindered on one
ide by the tremendous number of variables and variants of the
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ethod, on the other side by the fact that very often too many
arameters have been varied at the same time.12–14,24

The aim of this paper is to investigate some important ques-
ions about the CNA method, like the role of the fuel/oxidant
atio, of the citric acid/metal nitrates ratio and of the pH in the
nal mixed-oxide powder properties and the conditions of flame
roduction. Moreover, the applicability of the CNA method for
he synthesis of powders with different chemical composition is
tudied.

Three perovskite-type compounds with promising ion-
onducting properties have been selected and prepared by CNA
ethod. These are an iron-perovskite, Sr0.85Ce0.15FeO3−x, a

obalt-perovskite, La0.6Sr0.4Co0.95Fe0.05O3−x and a cerium-
erovskite, BaCe0.9Y0.1O3−x. Ce-doped SrFeO3 and Sr- and
e-doped LaCoO3 are known to possess important oxygen-
onducting properties and have been already studied for
pplication as solid oxide fuel cell cathodes.36,37 Y-doped
aCeO3 are hydrogen conducting compounds to be used as
lectrolytes in solid oxide fuel cells.38–41 Different process-
ng parameters have been used – maintaining the others strictly
onstant – and their effect on the structure, phase composition,
orphology has been evaluated.

. Experimental

.1. Powder preparation

Stoichiometric amounts of highly purified metal nitrates were
issolved together in a minimum amount of distilled water to get
clear solution. An aqueous solution of citric acid was mixed
ith the nitrates solution. Citric acid has a double function, being

he metal ion’s complexant as well as the fuel. Citric acid/metal
itrates ratio (C/M) was varied between 1 and 4. Ammonium
itrate was added to regulate the fuel/oxidant ratio (F/O), repre-
ented by the citric acid/total nitrate ions ratio, which was varied
etween 0.4 and 1.6. Finally ammonia solution (30 wt.%) was
lowly added to adjust the pH at the desired value, between 1
nd 11.

In a 1-l beaker, immersed in an oil bath (high temperature sil-
con oil) in contact with a hot plate, the water solution was left to
vaporate at 80 ◦C with continuous mechanical stirring, until a
ticky gel was obtained. In order to carry out the gel decomposi-
ion under controlled conditions, the temperature of the oil bath
as then raised gradually to 200 ◦C and finally the decomposed
el self-ignited. When temperatures higher than 200 ◦C were
ecessary to induce the auto-combustion, the beaker was put
irectly on the hotplate at 250–300 ◦C. The spontaneous com-
ustion lasted for about 10–20 s and gave rise to the powdered
roduct. Three different combustion reactors have been used for
omparison (Pyrex glass, stainless steel and sintered alumina
eactors). The combusted powders were then fired in static air
t 1000 ◦C for 5 h, unless otherwise specified.

Three reference samples (one for each perovskite-type com-

osition) were also prepared by using a conventional method
ased on the dissolution in water of metal nitrate precursors
without adding either citric acid or ammonia – followed by
ater evaporation at 80 ◦C under constant stirring and by ther-
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al decomposition of nitrates in air at 350 ◦C (“nitrate method”).
ince no filtration and/or separation steps were performed in

he course of the synthesis process, the stoichiometry of the
erovskite-type oxides was assumed to be the same as those of
he weights of the metal nitrates before they were dissolved in
ater, unless oxide segregation occurred.

.2. Powder characterization

X-ray diffraction (XRD) measurements were carried out on a
IEMENS D5000 X-ray powder diffractometer equipped with
Kristalloflex 760 X-ray generator and with a curved graphite
onochromator which made possible the selection of the Cu
� radiation (40 kV/30 mA). The 2θ step size was 0.03◦. The

ntegration time was 3 s per step, and the 2θ scan range was
rom 18◦ to 90◦. The diffraction patterns have been analyzed by
ietveld refinement42 using the GSAS package.43 Chebyschev
olynomials and Pearson VII functions have been chosen for
he background and for the peak profile fitting, respectively.
n the structure refinement lattice constants, Debye Waller fac-
ors, microstrain and full width half maximum (FWHM) have
een considered as variables parameters. From fitting results,
he structural parameters of the investigated compounds and, in
articular, the cell edge lengths and the relative phase compo-
ition were obtained. An estimation of the crystal size values
as been obtained from Scherrer equation in agreement with
he GSAS package procedure. Agreement factors (“R values”42)
elow 10% have been obtained for all the structure refinements
erformed in this work. A standard deviation of ±0.003 Å for the
efined cell parameters has been estimated in the experimental
onditions used in this work. The obtained Debye Waller factors
or the perovskite-type phases are in good agreement with the
iterature ones. Debye Waller factors of secondary phases have
een set to the respective literature values.

Surface area of the powders (BET method44) and meso-
ore size distributions (BJH method45) have been determined
y nitrogen adsorption/desorption measurements at 77 K, using
Sorptomatic 1900 Carlo Erba Instrument. All samples were

re-treated in vacuum at 250 ◦C for 1.5 h prior to the measure-
ents.
The powder morphology has been observed by scanning elec-

ron microscopy (SEM). SEM images were obtained on samples
pon which a thin layer of gold had been sputtered, using a model
hilips XL30 ESEM microscope operating in high vacuum at
0 kV.

In the following discussion, Sr0.85Ce0.15FeO3−x will be
eferred as FE samples, La0.6Sr0.4Co0.95Fe0.05O3−x as CO sam-
les and BaCe0.9Y0.1O3−x as CE samples.

. Results and discussion

.1. Effect of fuel/oxidant ratio
The maximum combustion intensity is observed at the stoi-
hiometric F/O ratio for every chemical composition examined,
n agreement with the results of Hwang and Wu46 about the
rend of the maximum combustion temperature with the F/O
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interpretation is further sustained by the fact that the same struc-
tural modification has been observed in FE samples at pH 1
where almost half of total cerium was present as segregated
CeO2 (see next paragraph).
F. Deganello et al. / Journal of the Eur

atio. Higher F/O ratios result in lower intensity of the auto-
ombustion reaction, as already observed by other authors,47

hereas for much higher F/O values the auto-combustion
ecomes so slow that is hardly detectable. Nevertheless the
ange of explosive auto-combustion depends on the chemi-
al composition and is different for FE, CE and CO samples:
n a Pyrex glass beaker the flame combustion occurs until
/O = 0.3 for FE samples, until F/O = 0.4 for CE samples and
ntil F/O = 0.5 for CO samples. The observed trend in the inten-
ity of the auto-combustion process was then CO samples > CE
amples > FE samples and it is in good agreement with the
rend of stability constants (log β) of the cobalt (4.90), cerium
7.41) and iron–citrate (11.20) complexes.48 High stability of
he metal–citrate complex means more involvement of the lig-
nd electrons in the chelation with the metal, which decreases
he reducing power of the fuel. As a consequence, the auto-
ombustion reaction between the nitrate and the metal–citrate
ill be less intense. Since the combustion reaction is as a mat-

er of facts a redox process,2 the influence on the combustion
rocess of the stability constant of metal citrates is more effec-
ive for metal ions with redox properties, like iron, cerium and
obalt, which are able to give electrons to the fuel, by changing
heir oxidation state. On the contrary we expect that poor effect
ill be shown by non-redox metal ions like strontium, barium

nd lanthanum, although they can form metal citrates as well
nd are present at high concentration in the mixture. Moreover,
t is quite reasonable to make the hypothesis that the combus-
ion process of compounds which are different but contain the
ame main redox element, will be the same. In order to better
larify this point further investigation is in progress, although
rst experiments seem quite encouraging.

It should be noted that even the gel characteristics are dif-
erent for the three examined perovskite-type powders: before
ombustion the gel becomes a large swelling viscous mass for FE
amples, whereas for CE and CO samples it is fully transformed
nto a dry black-brownish powder.

All the XRD patterns of FE, CE and CO powders calcined
t 1000 ◦C/5 h contain only or mainly the desired perovskite-
ype phase. The structural data of the perovskite-type phases
sed for the Rietveld fits have been taken from the ICSD
atabase. In particular, the Sr0.85Ce0.15FeO3−x phase (ICSD
249004), the BaCe0.90Y0.10O3−x phase (ICSD #72768) and
he La0.6Sr0.4CoO3−x phase (ICSD #82817) have been used
or the fit of FE, CE and CO samples, respectively. Never-
heless, under certain synthesis conditions some segregation
ccurs. For example high F/O ratios can favour CeO2 segre-
ation in FE samples (Fig. 1a) and SrLaCoO4 segregation in
O samples (Fig. 1b). Correspondently, the a0, b0 and c0 cell
arameters of the perovskite-type main phase in CO samples
ncrease abruptly from a0 = b0 = c0 = 5.411 Å (angle = 60.3◦)
o a0 = b0 = c0 = 5.419 Å (angle = 60.28◦) when the F/O ratio
hanges from 0.7 to 0.8 and the perturbation of the perovskite-
ype phase caused by oxide segregation becomes substantial.

egarding FE samples, at low F/O ratios the perovskite-type
hase shows a pure cubic structure with a cell parameter of
0 = b0 = c0 = 3.884 Å. Nevertheless, by increasing the F/O ratio,
he perovskite structure changes from cubic to a less symmetric

F
a

ig. 1. wt.% of segregated CeO2 in FE samples (C/M = 4, pH 9; calcined at
000 ◦C/5 h) (a) and of segregated SrLaCoO4 in CO samples (C/M = 2, pH 6;
alcined at 1000 ◦C/5 h) (b) as a function of the fuel/oxidant ratio (F/O).

tructure (Fig. 2), which unfortunately was not possible to iden-
ify properly. This change could be due to the strong perturbation
f the perovskite structure caused by the CeO2 segregation. This
ig. 2. Enlargement of the XRD patterns of FE samples (C/M = 4; pH 9) calcined
t 1000 ◦C for 24 h and prepared by using different F/O ratios.
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One possible explanation of the observed dopant segregation
rom the main perovskite-type phase is that, for high F/O ratios,
he auto-combustion process becomes slower and let the atoms
ore time to rearrange in the segregated phase. To our knowl-

dge, the effect of the fuel content on the phase composition
f the calcined powders prepared by combustion-based meth-
ds has been evidenced only by few literature papers.24,47,49–51

n the contrary, no segregation was observed for high F/O
atios in CE samples and the cell parameters of the orthorhom-
ic perovskite-type main phase remain essentially constant to
0 = 8.774, b0 = 6.244 and c0 = 6.224. Despite this, we cannot
xclude that segregation may occur for F/O values higher than
.8. It is plausible to argue that segregation at high F/O ratios
ay be favoured when the concentration of the dopant cation

pproaches the solubility limit in the perovskite. The solubil-
ty limit of cerium in SrFeO3 is around 15 mol% and for higher
opant content cerium segregates as CeO2

37; the solubility limit
f strontium in LaCoO3 is ≤50 mol%, whereas for higher dopant
ontent the rhombohedral Sr-doped LaCoO3 transforms in the
ubic La-doped SrCoO3.52 In this work, for CO samples, a
r-rich phase like SrLaCoO4 segregates (Fig. 1b) instead of

he cubic La-doped SrCoO3, whereas the rhombohedral per-
vskite remains still the main phase. Regarding the yttrium
olubility limit in BaCeO3, no clarity exists in the literature,39–41

lthough for the samples studied in this work it has been esti-
ated a solubility limit around 17 mol% after calcination at

000 ◦C.39

Together with the already up cited segregated phase
CeO2 for FE samples and SrLaCoO4 for CO samples)
inor amounts of other phases are detectable in the XRD

attern after thermal treatment at 1000 ◦C for 5 h. For
xample SrCeO3 (ICSD #79003) and/or SrFe12O19 (ICSD
66403) were detected in FE samples and La2O3 (ICSD
26864) was detected in CO samples. Nevertheless after fur-
her thermal treatment at 1000 ◦C for 24 h, all the powders
each an equilibrium phase composition, the minor phases
isappearing and the segregated phase decreasing slightly
Fig. 3).

All the calcined powders showed characteristic porous fea-
ures due to the release of large amounts of gases during
ombustion, although FE samples (Fig. 4a and b) are more
orous than CE (Fig. 4c and d) and CO samples (Fig. 4e and
). The mean primary particle size at low F/O ratios is around
00 nm for all the chemical composition examined, whereas
igh F/O ratios produce more coarse microstructure and larger
article size (Fig. 4) as already observed in the literature.53,54

n the other hand crystal size remains constant at 120 nm for
E and CO samples. Regarding FE samples, at low F/O ratios
rystal size is 120 nm as well, although it was not possible to
btain a crystal size trend with F/O since, by increasing F/O
atio, the perovskite structure changes from cubic to a less
ymmetric structure, which was not possible to identify prop-
rly, as already discussed in the previous paragraph. From the

bove results it is possible to calculate the mean agglomera-
ion degree (particle size/crystal size) for CE and CO samples
hich is 1.5–2 crystals per particle at F/O = 0.4 for all the

hemical compositions examined and increases slightly to 3–4

s
F
r
C

/M = 2, pH 9) calcined at 1000 ◦C for 5 h and the XRD pattern of the same
ample calcined at 1000 ◦C for 24 h.

rystals per particle at F/O = 0.8. No agreement exists in the
iterature regarding the effect of the fuel content on the crys-
al size: some authors found an increase of crystal size with fuel
ontent,6,54 whereas other authors found the opposite trend.55–57

oreover, a volcano trend of the crystal size with fuel con-
ent is reported in literature,53,58 although this trend could be
nterpreted as the overall result of the F/O and C/M varia-
ion.

Adsorption–desorption isotherms and pore distributions are
ery similar for all the samples prepared by CNA method. Fig. 5a
hows a typical adsorption–desorption isotherm. The isotherm
an be classified as an isotherm of the type IV (IUPAC clas-
ification), which is characteristic of the mesoporous powders,
s those investigated in this work. The hysteresis loop is of the
ype H3 (IUPAC classification), suggesting that the majority of
ores are slit-shaped with narrow entrances. Fig. 5b shows the
arrow pore diameter distribution centered at 2 nm typical of the
amples examined in this work. Surface area of all the samples
xamined in this work is mainly determined by the cumulative
esopore volume. In FE samples the surface area decreases with
/O until a minimum and then increases again for higher F/O
alues as shown in Fig. 6. This trend is probably the result of two
ifferent factors affecting the BET surface area: high F/O ratio
eans a less intense process and a slower combustion reaction,

ut high F/O ratio means as well large amount of gases com-
ng from metal citrates decomposition, which enhances powder

esoporosity and surface area. Similar trends have been already
ound in literature.5,46,54,59 Any slight difference can be ascribed
o the fact that the authors of these cited references varied both
he F/O and C/M ratios. For CE and CO samples the surface area
s lower than 5 m2/g and constant with F/O, although any trend in
he BET area with F/O could have been masked by both the very

hort F/O range examined (0.4–0.8 instead of 0.4–1.6 used for
E samples) and the low surface area values measured at low F/O
atios. Other authors found that for CeO2 powders prepared by
NA method the surface area decreases with F/O.60 Neverthe-
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Fig. 4. SEM pictures of powdered (a and b) FE samples (C/M = 4; pH 9), (c and d) CE samples (C/M = 2; pH 6) and (e and f) CO samples (C/M = 2; pH 6) at low (a,
c and e) and high (b, d and f) F/O ratios, calcined at 1000 ◦C for 5 h. The measured mean particle size is for FE samples: 209 nm (low F/O ratio) and 344 nm (high
F s); fo

l
b

t
t

C

/O ratios); for CE samples: 170 nm (low F/O ratio) and 270 nm (high F/O ratio

ess, these authors managed to obtain higher surface area values

ecause they considered the powders just after combustion.

A large surface area of the final powders could be quite impor-
ant for FE and CO samples for application as cathodes, in order
o increase the interaction with O2 at the cathode interface or for

u

p
t

r CO samples: 232 nm (low F/O ratio) and 490 nm (high F/O ratios).

E samples in order to improve the sintering properties, when

sed as electrolyte materials.7,61

It has been reported that F/O may have some effect on the
owders sinterability34 and on the overall electrical properties of
he electrolyte56 and cathode materials,47 although it is not clear
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Fig. 5. (a) Nitrogen adsorption (open circles)–desorption (close circles)
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F
in FE samples does not change for pH > pK2, but the per-
ovskite structure is perturbed for pH < pK2, although no defined
value for the cell parameter could be obtained, as already dis-
sotherm and (b) pore volume distribution (continuous line) and dV/dr (open
ircles) vs. pore radius for a FE sample (F/O = 0.47; C/M = 2; pH 9; calcined at
000 ◦C/5 h).

f high F/O ratios improve47 or reduce56 the electrical properties
f the materials.

.2. Effect of pH

All the considerations made in the previous paragraph refers

o powder prepared at pH 6 or 9. On the contrary at pH 1 the
ombustion process changes considerably: at 170 ◦C the gel
ransforms into a brownish powder, and the auto-combustion

ig. 6. Trend of the surface area (BET method) as a function of the F/O ratio
or FE samples (C/M = 4; pH 9; calcined at 1000 ◦C/5 h).

F
1
(

Ceramic Society 29 (2009) 439–450

ccurs when the temperature reaches a value higher than 250 ◦C.
his behaviour is explained by the fact that at this low pH
alue the citric acid, being poorly dissociated, does not form
ny metal complex and decomposes at 175 ◦C. Similar results
ave been found in literature for cobalt ferrites.27 As a con-
equence, no more citric acid is left for the citrate–nitrate
uto-combustion reaction and perovskite decomposition as in
he case of CE samples (Fig. 7a) or heavy segregation as for
E samples (Fig. 7b) may occur. It is worth to notice how the
hase composition of the samples prepared by CNA method at
H 1 is very similar to the phase composition of the samples
btained by the nitrate method, where no citric acid is present,
s shown in Fig. 8 for FE samples, where the amount of seg-
egated CeO2 is comparably high. While for CE samples pH

can be considered a good choice, since phase segregation
oes not occur if pH > pK1 (3.15), for FE samples, in order
o avoid or reduce the CeO2 phase segregation, pH should
e higher than pK2 value of citric acid (4.77) as shown in
ig. 9a. The cell constant of the main perovskite-type phase
ig. 7. XRD patterns of CE samples (F/O = 0.4; C/M = 2; calcined at
000 ◦C/5 h) (a) and FE samples (F/O = 0.6; C/M = 1.5; calcined at 1000 ◦C/5 h)
b) prepared at pH 1.
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ig. 8. Comparison between the XRD pattern of a FE sample prepared by CNA
ethod (F/O = 0.6; C/M = 1.5) at pH 1 and the XRD pattern of a FE sample

repared by the nitrate method, both calcined at 1000 ◦C/5 h.

ussed in the previous paragraph. A very similar trend with pH
as been found in literature for Sr- and Co-doped LaFeO3.25

hese results are apparently in disagreement with the result
f Majid et al.9 who found that the best pH to obtain a pure

rFeO3 is lower than 5. Nevertheless the authors did not add
ny dopant to the SrFeO3, which could have segregated from
he perovskite.

ig. 9. Trend of the wt.% of the segregated phase as a function of pH for CO
amples (F/O = 0.6; C/M = 2) (a) and FE samples (F/O = 0.6; C/M = 1.5) (b).

i
c
m
C
g
s
a
m
h
s
a
l
c
b
m
o

i
f
P
a
t
u
g
a

3

p
i
o
t

Ceramic Society 29 (2009) 439–450 445

On the other side, high pH values can be deleterious for
O samples, where phase segregation occurs at pH higher than
(Fig. 9b). The cell constants of the main perovskite-type

hase do not change with pH: higher percentage of dopant
egregation is probably necessary in order to perturb the per-
vskite phase properly. A possible explanation for SrLaCoO4
egregation at high pH could be that some more stable mixed
trontium–cobalt–lanthanum citrates form or that ammonia
erturbs the metal citrates gel network, favouring SrLaCoO4
egregation. This result is in apparent contradiction with the
esults of Xu et al.8 where a similar composition prepared by a
ery similar synthesis method shows phase segregation at low
H, but not at high pH. Nevertheless it is possible that, at the
alcination temperature of 750 ◦C used by Xu et al.8 not all the
hases are well crystallized and it is not possible to completely
xclude SrLaCoO4 and Co3O4 segregation at pH 9. Moreover,
u et al.8 used a F/O = 0.5, which is slightly lower than the
/O ratio used in this work and for CO samples substantial
egregation occurs for F/O ratios higher than 0.6, as we have
emonstrated in Section 3.1.

Low pH values have a negative effect on the final powder
orphology as well (Fig. 10). The powders prepared at pH 1

partial complexation of metal cations) have irregular texture
nd larger particles size for every chemical composition exam-
ned. Fig. 10 shows the progressive positive effect of citric acid
omplexation on the final powder morphology, from the nitrate
ethod (no citric acid), through the CNA method at pH 1, to the
NA method at pH 6 (full complexation of metal cations). As a
eneral consideration it is possible to observe that the particles
ize values of the samples prepared by CNA method at pH 1
re more similar to those of the samples obtained by the nitrate
ethod, although in the first case particle shape and particle size

ave a more regular distribution. On the other side, the particle
hapes of the samples prepared by CNA method at pH 1 and 6
re quite similar to each other, although the particles size of the
ast one are, generally, smaller (Fig. 10). From these results it
an be concluded that the optimum pH seems to be dependent
oth on the metal complexing strength and on the presence of
etal compounds with poor solubility, although pH 5–6 can be

ptimum pH for many cases.
By increasing pH, the combustion process becomes more

ntense as already observed by other authors.26 In particular,
or CE samples no flame appears for pH 6 (F/O = 0.4; C/M = 2;
yrex glass beaker), but at pH 9 high flame is produced during the
uto-combustion. The reason why pH can influence the combus-
ion process, even after water evaporation and gel decomposition
ntil 200 ◦C, is that some ammonia probably remains in the
el structure until auto-combustion, as observed by other
uthors.17

.3. Effect of citric acid/metal nitrates ratio

The optimal C/M value highly depends on the chemical com-

osition of the combustion mixture and in particular on the
nteraction of citric acid with metal cations and on the formation
f insoluble metal compounds. As a consequence it is difficult
o find out some general rules.



446 F. Deganello et al. / Journal of the European Ceramic Society 29 (2009) 439–450

F ples
b he sam
f

p
p
c
p
i
C
i
t
f
a

o

t
p
g

i
h
c
fi
t
e

T
M

C

1
2
4

ig. 10. SEM pictures of powdered FE samples (F/O = 0.6; C/M = 1.5), CE sam
ottom), at pH 1 (middle column) and pH 6 (right column) in comparison with t
or 5 h.

C/M ratio may have some effect on the morphology of the
owders calcined at 1000 ◦C, without affecting their phase com-
osition, like for FE and CE samples. In these cases, the cell
onstants do not change with C/M. For example, in FE sam-
les a very low surface area was measured at C/M = 1.2, which
ncreased for C/M = 2 and decreased slightly again for higher
/M values (Table 1). Although the interpretation of this trend

s still not clear, it is in agreement with the correspondent trend of
he agglomeration degree with C/M (Table 1), according to the
act that for higher agglomeration degrees lower surface areas

re obtained.33

Another example of the effect of C/M ratio on the morphol-
gy is the large particle size (540 nm) and non-homogeneous

d
s
t

able 1
orphological properties of FE samples for different C/M ratios

/M Particle size (nm) Crystal size (nm) Agg

.2 234 69 3.4
200 116 1.7
209 91 2.3
(F/O = 0.4; C/M = 2) and CO samples (F/O = 0.6; C/M = 2) (from the top to the
ples prepared by the nitrate method (left column), after calcination at 1000 ◦C

exture observed for CE powders prepared at C/M = 1, which is
robably caused by the BaCO3 precipitation occurred before the
el formation.

In general, low C/M ratios mean low cost and low organ-
cs to burn out, although, from the examples described above,
igh C/M values seem more pertaining. Nevertheless in some
ases high C/M ratios may affect the phase composition of the
nal powders, as for CO samples, where some phase segrega-

ion (2.7 wt.% of SrLaCoO4) occurred for C/M = 4. A possible
xplanation of this result can be related on one side with the

ependence of the phase segregation with pH described for CO
amples in Section 3.2; on the other side it can be related with
he slight increase of the ammonia concentration for high C/M

lomeration degree (particle size/crystal size) Surface area (m2/g)

5
33
21
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Fig. 12. XRD patterns of FE samples calcined at 600 ◦C for 5 h and prepared by
using different C/M ratios (F/O = 0.47; pH 9) (a) or different F/O ratios (C/M = 2;
pH 9) (b); XRD patterns of FE samples just after combustion prepared by using
a stoichiometric or an over-stoichiometric F/O ratio (C/M = 2; pH 9) (c).
ig. 11. Trend of segregated SrLaCoO4 as a function of the Total NH4 /citric
cid ratio in CO samples prepared at F/O = 0.6, but at different pH and C/M
alues.

atios: in order to investigate the effect of C/M ratio on the
nal powder, pH and F/O values were maintained strictly con-
tant and NH4NO3 was introduced as F/O regulator. It has been
rgued that segregation in CO samples depends more on the total
H4

+/citric acid ratio than on the pH itself, as clearly shown in
ig. 11, where for a total NH4

+/citric acid ratio >2 segregation
n CO samples increases substantially. The cell constant of the
erovskite-type main phase in CO samples does not change with
/M, because the entity of the segregation is too low, as already
iscussed in the previous paragraph.

The C/M ratio has an important effect on the formation tem-
erature of perovskite-type structure as shown in Fig. 12a for
E samples: for C/M = 2 almost 100 wt.% perovskite is present
fter calcination at 600 ◦C for 5 h, whereas, at higher C/M val-
es, the diffraction peak of the perovskite-type structure almost
isappears and longer calcinations times at the same tempera-
ure or higher temperatures are necessary in order to obtain the
erovskite-type structure. A possible explanation of this result
ould be that the excess of not-bounded citric acid produces
esidual organic materials which at 600 ◦C transform into isolate
arbonates and oxides, instead of forming the multicomponent
erovskite. A similar interpretation has been proposed by other
uthors.62 Conversely, the XRD patterns of two samples with
ifferent F/O values (and the same C/M value) are identical
egarding the phase composition after calcinations at 600 ◦C for
h as demonstrated for FE samples in Fig. 12b.

Nevertheless the perovskite-type structure formation temper-
ture depends as well on the chemical composition considered:
E and CO powders calcined at 600 ◦C contain mainly the
erovskite-type phase, whereas CE powders calcined at the same
emperature contain just BaCO3 and CeO2, which convert to a
ubstantial fraction of perovskite only after calcination at 800 ◦C
Fig. 13). The XRD pattern of the powders just after combustion

s different for different chemical composition. If a stoichiomet-
ic F/O value is used, the perovskite structure is directly obtained
fter combustion, as shown for FE samples in Fig. 12c. For

Fig. 13. XRD patterns of CE samples prepared by using C/M = 2 (F/O = 0.4, pH
9) and calcined at 600 ◦C, 800 ◦C and 1000 ◦C.
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igher F/O ratios the combusted powder is totally amorphous
n FE samples (Fig. 12c), but shows poorly crystallized diffrac-
ion peaks in CE (only BaCO3 and CeO2) and CO samples (the
erovskite-type structure is already visible), in agreement with
he different intensity of the process for these three chemical
ompositions examined (see Section 3.1).

A lower formation temperature of the perovskite-type struc-
ure may be of special importance for FE and CO samples, if they
ave to be deposited at low temperature on a dense electrolyte
urface in order to obtain a porous cathode.36,63 The results
bove discussed indicate that in most cases a C/M value of 2
an be considered a good choice of compromise. Too low C/M
atios may have some influence on the morphology, but too high
/M ratios may negatively affect the phase composition of the
owders and the perovskite-type formation temperature.

.4. Identification of the safety conditions

The auto-combustion reaction can be explosive, yielding a
igh flame which quickly propagates through the reactant mix-
ure. Therefore, safety becomes more and more important when

any grams of powder have to be prepared by auto-combustion
ynthesis, as observed by other authors.5 Moreover, if the com-
ustion reaction is more explosive, more powder is displaced
rom the combustion beaker and the product is thus lost. Even if
he combustion reaction takes place very calmly, without flame
roduction, only 80% of the product can be recovered at low
/O ratios, because some of the very fluffy powder flies away
ith the combustion gases. At F/O = 0.8, where the intensity of

he process is decreased, a 90% of recovery can be attained.
or these reasons, in this work, special care has been taken in

he identification of the safety conditions. In Section 3.1 it is
escribed that the combustion intensity decreases with F/O ratio
nd changes with the phase composition of the chemical mixture.
oreover, the combustion intensity increases with pH value as

hown in Section 3.2. Another important point is the material
f the combustion beaker. On this respect, by comparing three
ombustion reactors made of different materials (sintered alu-
ina, Pyrex glass and stainless steel) and by fixing all the other

arameters, results show that sintered alumina reactor displays
he highest combustion intensity, whereas stainless steel reac-
or displays the lowest one. This trend has been associated with
he different dispersion capacity of the three materials. In sum-

ary, when this is possible, higher F/O ratios, lower pH values
nd combustion reactors with higher heat dispersion capacity
re recommended in order to conduct safely the combustion
ynthesis.

. Conclusion

This work gives some general guidelines in order to obtain
ulticomponent nanopowders with desired properties by using

itrate–nitrate auto-combustion synthesis in a smouldering

ombustion modality. The systematic investigation of the rela-
ionship between synthesis and properties of the final powder
as been made possible by varying every processing parameter
ne by one.
Ceramic Society 29 (2009) 439–450

The fuel/oxidant ratio has clearly the most intense influence
n the structural and morphological properties of the powders.
ow fuel/oxidant ratios are recommended in some cases in order

o avoid segregation of the dopant and to obtain powders with
mall particle size. Nevertheless, high fuel/oxidant ratios may be
onsidered a better choice, in order to avoid dangerous flame pro-
uction and massive powder volatilization. Low pH and the use
f stainless steel beakers are two other recommended conditions
hich decrease the explosivity of the combustion reaction.
Low pH are generally deleterious for the phase composition

nd/or for the morphology of the final product and high pH
alues may cause dopant segregation.

The citric acid/metal nitrates should be carefully selected in
rder to avoid precipitation of the most insoluble compounds or
egregation of the dopant. Moreover, high C/M values increase
he formation temperature of the perovskite-type structure.

The systematic investigation performed in this work has
llowed the identification, for the three chemical compositions
xamined, of a general response to the variation of the vari-
us processing parameters, although in some cases a different
ehaviour has been shown by the three perovskite-type com-
ounds. These differences have been ascribed on one side to the
pecific chemistry of the mixture and on the other side to the dif-
erent metal citrate stability constants of the main redox cations
resent in the perovskite and pointed out to the necessity of an
ccurate selection of the processing parameters.
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