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Abstract

Ternary bismuth—lanthanum and bismuth—praseodymium oxides are prepared by therma decomposition of precursor complexes
derived from solutions containing polyaminocarboxylate ligands: H ,edta, H dtpa, H egta and Httha. The thermal decomposition of these
solid precursors is investigated by TGA. The resulting Bi—La and Bi—Pr oxides are characterized by XRD, XPS analysis and S,
measurements. XRD reveals the formation of Bi,_,Ln, O, solid solutions based on the fluorite-like 8-Bi,O, structure when Bi:Ln=0.5
and Bi:Ln=1, while a rhombohedral phase appears when Bi:Ln=2. Surface contamination by hydroxyl and carbonate species increases
with the Ln content. Specific surface areas as high as 30 m?/g are obtained for the Ln-rich compositions. These results are compared with
those obtained by the ceramic and citrate methods. O 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Great interest is devoted today to bismuth-based oxides
because of the wide variety of materials where Bi is found
either as an essential component or as an additive. For
example, bismuth molybdates (Bi—Mo-0O) are well-known
to be effective industrial catalysts for the selective oxida
tion and for the ammoxidation of propene into acrolein and
acrylonitrile [1]. Various Bi,0;-based systems have also
been studied as catalysts for the oxidative coupling of
methane to C,-hydrocarbons [2]. In recent years, the newly
discovered ferroelectric material SrBi,Ta,O, has been
attracting profound interest as an dternative to lead
zirconate titanate for non-volatile ferroelectric memories
[3]. The cubic fluorite phase of bismuth oxide (3-Bi,0O,) is
the best oxide ion conductor known so far, but its stability
range is restricted to temperatures between 730 and 825°C.
The sabilization of this phase at room temperature by
partial substitution of numerous cations (namely lanth-
anides) for Bi®" has attracted extensive attention [4-8].
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Investigations in the past years in other Bi—-M—-0O systems
have led to the discovery of a new family of solid
electrolyte named BIMEVOX (Bi—V-0 and Bi—(V,M)-0)
with very high oxide ion conductivity [9]. Since high-T.
superconductivity was first discovered in the Bi—Sr—Ca—
Cu-O system by Maeda et a. [10], there have been
numerous studies regarding the preparation and the struc-
ture of compounds belonging to this system. Finaly,
bismuth vanadium compounds (BiVO, and Bi—-V—-Mo0-0)
could play an important role in the world of pigments as
potential substitutes for the toxic yellow lead chromate
[11]. Because of its low water solubility and rapid elimina-
tion, bismuth is indeed considered to be the least toxic
heavy metal used for industrial purpose nowadays [12].
The most commonly used method for preparing mixed
oxides is the so-called ceramic route involving the com-
ponent oxides or carbonates. Since the diffusion of the
reactants is very slow in the solid state, the reaction
requires a long heating time with intermediate grindings to
achieve good homogeneity. The result is that the materials
prepared by this way usually present poor properties such
as lack of homogeneity and low surface area [13]. Conse-
quently, there has been much interest in developing new
strategies for materials synthesis that impart superior
properties, particularly those involving soft chemical
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routes [14]. Among them, a wide range of methods are
known as the precursor methods. These procedures involv-
ing low temperature decomposition of suitable precursors
have proven to be an advantageous alternative way to
obtain complex materials (mixed oxides, solid solutions,
sulphides, aloys. . . ). In these methods, a better mixing of
the cations is achieved and consequently, much shorter
diffusion pathways are created. As far as oxide materials
are concerned, controlled pyrolysis of amorphous citrate
[15,16] or oxalate-type [17] precursors has frequently been
used successfully to synthesize highly dispersed mixed
oxides and solid solutions. Numerous applications can be
found in the literature in the fields of high-T. supercon-
ductors [18—21] and perovskites [22,23].

The present approach is a preparation method of multi-
component oxides containing bismuth and lanthanides
based on the use of polyaminocarboxylate ligands (PAC):
H,edta (ethylenediaminetetraacetic acid), H.dtpa (dieth-
ylenetriaminepentaacetic acid), H,egta (ethyleneglycol-
bis(2-aminoethyl)tetraacetic  acid) and Hgttha  (tri-
ethylenetetraaminehexaacetic acid).

HOOC—._ ,/~\ _—COOH HOOC—— ,/—\ ,~\ —COOH
N N_ N N N
HOOC—" —COOH HOOC—/ - \—COOH
“COOH
Hjedta Hsdtpa
HOOC— . ,— ,— ,—COOH HOOC-— ,~— ,— ,— ,—COOH
N o o N N N N N
HOOC—/ \—COOH  gooc—/ LU \—COOH
"COOH COOH
Haegta Hgttha

The choice of this particular class of ligands arises from
several considerations

1. this class of ligands is well known to form soluble,
very stable complexes with a wide range of metals

2. the obtained precursors contain no other element than
C, H, N or O, avoiding thereby any contamination of
the final material by S, P, halogens or alkali metals
for example

3. the thermal decomposition of the complexes is
complete at moderate temperatures, which are suffi-
ciently low to limit the sintering effects

4. in addition, it can be shown that the residual carbon
contamination of the oxide surface |eft by the organic
part of the precursor is negligible.

Meta—PAC complexes have adready been used to
synthesize superconducting oxides. Y—Ba—Cu—-O [24-26]
and Bi—Pb-Sr—Ca—Cu-O [27] compounds have been
prepared by various chelating methods using different
ligands (H,nta, H,edta, Hjhedta (N-(2-hydroxy-
ethyl)ethylenediaminetriacetic acid) and Hgdtpa), some-
times in the presence of coreagents like ethylenediamine to
induce polymerization [28]. Similarly, La—Sr—Co-O or
La—Sr—Mn—-O perovskites have been prepared by the
thermal decomposition of precursor complexes derived
from nitrate solutions using edta [29-31]. Additional

examples involving the use of edta-type precursors concern
the preparation of SITiO, [32], BaTi,O, [33], lead mag-
nesium niobate [34] and Bi-doped lanthanide iron garnets
[35] as films or powders.

In the present case, the solid precursor is formed by the
isomorphous complexes of component metals in the
adequate ratio. This means that each metal is engaged with
the same ligand to ensure a better homogeneity of the
precursor. The precursor powder is then converted to the
mixed oxide by thermal degradation under air. Within this
context, the Httha ligand establishes itself as an interest-
ing candidate, because of its ability to form dinuclear
molecular complexes. Oxides containing two different
cations are synthesized more easily from a single molecu-
lar precursor exhibiting the required stoichiometry than
from a mixture of precursors. This approach has already
been described in the literature for the obtention of nickel
ferrite [36] and lithium [37] or calcium [38] antimonates
using edta-type precursors, or to synthesize Gd cuprate
from a dtpa complex [39]. We have tested this procedure
for the preparation of Bi—La and Bi—Pr mixed oxides. For
comparative purposes, we also synthesised equivalent
oxides by the citrate gel process, or by the ceramic route
involving the component oxides (Bi—L&) or carbonates
(Bi—Pr). In this paper, we report the preparation of Bi—La
and Bi—Pr PAC precursors and heterodinuclear Bi—La and
Bi—Pr complexes with ttha ligand, the study of the thermal
degradation of these complexes in air, the preparation of
mixed oxides from these precursors, the preparation of the
same oxides by the citrate route and the bulk and surface
characterization of the mixed oxides obtained by X-ray
diffractometry, X-ray photoelectron spectroscopy and sur-
face area measurements (BET). Some preliminary results
were aready published elsewhere [40].

2. Experimental
2.1. Materials

Bismuth(l11) oxide («-Bi,O,, Alfa), bismuth(I1l) ox-
ocarbonate ((BiO),CO,, Fluka), bismuth(lll) nitrate
(Bi(NO,)5-5H,0, Fluka), lanthanum(lil) oxide (La,O,,
Aldrich), lanthanum(l1l) nitrate (La(NO,),-6H,0O, Al-
drich), praseodymium(Ill, 1V) oxide (Pr,O,;, Acros),
praseodymium(li1) nitrate (Pr(NO,),-6H,0, Aldrich) and
praseodymium(l11) carbonate (Pr,(CO,),-xH,0, Alfa), al
of p.a purity were used as starting materials. The starting
La,O, was kept under an argon atmosphere since lantha-
nide oxides are very hygroscopic. H.dtpa and H egta were
purchased from Fluka, Hgttha from Aldrich and H,edta
from Merck.

2.2, Preparation of mixed oxides by the ceramic method

Attempts to synthesise the Bi—Ln oxides according to
the ceramic method were made using either the component
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oxides (Bi—La/Pr systems) or carbonates (Bi—Pr system).
These starting materials were ground in an agate mortar
and calcined in air under different experimental conditions
between 600 and 800°C.

2.3 Preparation of mixed oxides by the chelate method
with Hedta, H dtpa or Hegta

Fig. 1 describes the preparation process of Bi—Ln-O
mixed oxides (Ln=La or Pr) by the chelate method. The
Bi and Ln complexes with H,edta, H.dtpa and H,egta
were obtained by dissolution of (BiO),CO, or La,0O, or
Pr,(CO,), in adequate proportions (molar ratio Bi:Ln=
0.5, 1 and 2) in agueous solutions of the corresponding
ligand (about 100 ml of water per gram of ligand). The
molar ratio of the metal to the ligand was always 1:1. Only
in the case of H ,edta, it was necessary to add NH, to raise
the pH in order to achieve the formation of the La—edta
complex. The colorless solutions were filtered off to
remove the excess of metal reagent and then mixed with
each other. The final solution was eveporated in a
rotavapor and the resulting powder dried under vacuum at
40°C. This precursor powder was finally calcined under air
flow in a tubular furnace at various temperatures for at
least 2 h.

2.3 Preparation of mixed oxides by the chelate method
with Hgttha

The BiLn(ttha) compound was obtained by a different
way. (BiO),CO, was added to a boiling aqueous solution

(Bi0),CO, La;0; or Pr;(COs);

+ ligand + ligand

\ /

filtration

|

mixing of the
solutions

evaporation
(rotavapor)

drying

|

PRECURSOR
powder

|

calcination

|

Bi-Ln-O

Fig. 1. Process flowsheet for sample preparation according to the chelate
method.

of the ligand Hgttha. The resulting suspension was stirred
and heated until the bismuth reagent was completely
dissolved. The solution containing the soluble Bi(H,ttha)
complex was then filtered off to remove any excess of
bismuth oxocarbonate. After addition of La,O; or
Pr,(CO,),, the suspension was stirred and heated at reflux
for 24 h. The reagents were engaged in such a way that the
Bi—Ln—-ttha molar ratio was 1:1:1. The precipitate was
then filtered off, washed with distilled water and dried in
an oven at 40°C under vacuum. This precursor powder was
finally calcined in a tubular furnace under an air flow at
various temperatures for at least 2 h.

2.4. Preparation of mixed oxides by the citrate method

Nitrate salts of bismuth (Bi(NO,),-5H,0), lanthanum
(La(NO,),;-6H,0) and praseodymium (Pr(NO,),-6H,0)
were used as starting materials. The required amounts of
bismuth nitrate and lanthanide (La or Pr) nitrates were
dissolved separately in diluted nitric acid and distilled
water, respectively. The individual nitrate solutions were
mixed with citric acid engaged with 50% excess with
respect to the metal. After mixing, the solution was
evaporated on a rotavapor until a very viscous liquid was
obtained. This gel was then heated in a vacuum oven at
80°C for 20 h. The amorphous solid foam obtained was
calcined, after grinding, at 300°C in air for a further 20 h.
After this precalcination step, the solid, after a subsequent
grinding, was calcined in air at the final temperature for 20
h.

2.5. Sample characterization

The complexes and the precursor powders were char-
acterized by IR spectroscopy, thermogravimetric analysis
and C-H-N analysis. The Bi—La and Bi—Pr oxides were
characterized by IR spectroscopy, XRD, XPS and measure-
ment of their specific surface areas using the BET method.
Infrared spectra were registered in the form of KBr pellets
on a Bio-Rad FTS-135 Fourier transform spectrometer
operating in the range 400—-4000 cm™ ‘. Thermogravi-
metric analysis (TGA) was performed in air with a Mettler
Toledo TGA/SDTA 851° or a Setaram TGC85 analyser at
a heating rate of 10°C min~*. Powder X-ray diffraction
spectra (XRD) were measured on a Siemens D-5000
diffractometer using the CuKa radiation (A=1.5418 A)
and interpreted by reference to the JCPDS file. X-ray
thermodiffractometry studies were carried out using a
Siemens D-5000 X-ray diffractometer equipped with a
Siemens HTK10 high temperature device (heating
platinum plate). Diffractograms were registered at intervals
of 100°C between 300 and 900°C and started after an
isothermal step of 30 min. X-ray photoelectron spectra
(XPS) were registered on a SSI-X-probe (SSX-100/206)
spectrometer from Fisons, using a monochromatized AlK
radiation (E=1486.6 &/), under conditions of charge
compensation (flood gun fixed at 10 &/). The analyses
were based on the following pesks: Cls, Ols, Bid4f,
La3d,,,. The binding energy scale was calibrated with
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respect to the Cls photopeak of hydrocarbon contamina
tion fixed at 284.8 e/. The intensity ratio I(Bi4fy,,)/
[(Bi4f,,,) was fixed at 0.75.

The BET specific surface areas of the oxides were
measured with a Micromeritics ASAP 2000 analyser, using
krypton or nitrogen gas at 77 K.

3. Results and discussion
3.1. Sarting complexes

Before being involved in the preparation of ternary
oxides, the PAC complexes of Bi(lll), La(lll) and Pr(Ill)

were isolated and characterized separately. The following
complexes were isolated (with Ln=La or Pr): Bi(Hedta),

(NH,)Ln(edta), (C(NH,),),Bi(dtpa), Ln(H,dtpa),
Bi(H,ttha), La(H,tha), (C(NH,).,),Bi(Hittha),
(C(NH,),(NHNH,)),Pr(Httha),  (C(NH,).),Ln(Httha),

Bi,(ttha), Ln,(ttha), BiLn(ttha), Bi(Hegta), Ln,(egtd),.
Their isolation and characterization are described else-
where [41]. For some of these compounds, the crysta
structure has been solved; this is the case for the following
complexes. Bi(H,ttha) [42], (C(NH,),),Bi(Httha) [43],
(C(NH,);),Pr(Httha) and (C(NH,),(NHNH,)),Pr(Httha)
[41]. The crystal  structures of  Bi(Hedta),
(C(NH,),),Bi(dtpa) [44] and (C(NH,),),La(Httha) [45]
have been described by other authors.

32 Precursor synthesis

The mixed precursors based on edta, dtpa and egta
ligands are actually a mixture of mononuclear complexes
with the same type of ligand. For instance, a precursor
with the overal stoichiometry Bi,,;La,,5(H,dtpa) is, in
fact, a mixture of one equivalent Bi(H,dtpa) with two
equivalents of La(H,dtpa). For convenience, such a com-
pound will be noted as [Bi(dtpa)],,;[La(dtpa)],,; in the
related tables. Each metal atom is chelated by one ligand
molecule. The situation is completely different in the
precursors based on ttha: BiLa(ttha) and BiPr(ttha). In this
case, due to the fact that the decadentate ttha ligand is able
to pick up two different metal atoms in the complex, the
precursor molecule is a heterobinuclear complex where the
two metal atoms are chelated by the same ligand molecule.
It is therefore impossible to change the Bi:La molar ratio
in the latter case, but this precursor presents the great
advantage of ensuring a perfect mixing of the two metals
at the atomic scale.

In the case of the edta ligand, the experimental pro-
cedure is dlightly different from the general procedure:
addition of NH; to a pH of 7 is necessary to complete
complexation of the lanthanide by edta, and precursors
containing ammonium as counterions, (NH,)M(edta), are
therefore observed. With egta and dtpa, the stability
constants are sufficiently high to ensure La or Pr com-

plexation without pH control. Stability constants of PAC
complexes with Bi are so high that complexation can be
achieved without any pH raising [46]. Complexes of Bi, La
and Pr with edta, dtpa and egta are characterized by an
extensive water solubility, contrary to BiLn(ttha) (Ln=La
or Pr) which is totally insoluble.

3.3 Thermal decomposition of the mixed oxide
precur sor

Whatever the nature of the ligand, or the Bi:Ln ratio, the
thermal decomposition of the precursors always proceeds
in three major steps: first, dehydration of the complex
followed by the ligand pyrolysis to a carbonate stage and
finally, removal of CO, leading to a crystalline mixed
oxide. The nature of this mixed oxide is discussed in
another section. All the precursors (with edta, dtpa and
egta) behave in a similar way except BiLn(ttha) which will
be discussed separately. The analogy between the thermal
decomposition of the La and Pr precursors is remarkable
and, consequently, they will be discussed together without
any distinction between La and Pr. The main relevant data
are presented in Tables 1 and 2 for Bi—La and Bi—Pr
systems, respectively. The theoretical water contents listed
in column 9 of these tables refer to the stoichiometry given
in column 1, as determined from the experimental value of
the first weight loss in the TG curves (column 10). The
theoretical total weight losses listed in column 11 are
calculated assuming that the residual oxide corresponds to
the stoichiometric formula Bi,_,L.n O,. In both cases,
calculated and experimental values agree pretty well with
each other.

Figs. 2 and 3 present the thermogravimetric curves of
the Bi—La precursors with edta and dtpa, respectively. The
egta precursors display the same type of decomposition.
The dehydration step spreads over a wide temperature
range: from about 60 to 220°C. The ligand pyrolysis
begins near 250°C and ends around 400°C. It can be
divided in three or four substeps, following the inflexions
of the curve. When the Ln:Bi molar ratio increases, the
curve displays a more ‘staircase’ look and the number of
subdivisions in this second step increases. The first mass
loss in this second step begins with a slow process (column
1), followed by afaster one (columns 2a and 2b). The third
major stage (column 3) in the precursor thermal decompo-
sition lies around 450-550°C and must be related to
inorganic residue evolution because it is quite independent
of the ligand nature. It consists of the decomposition of the
carbonate species formed at the end of the ligand pyrolysis
into an oxocarbonate (MO),CO, intermediate. Finally, this
mixed oxocarbonate decomposes to the mixed oxide in a
very soft process (column 4). Sometimes, in Bi-richer
precursors based on dtpa, the oxocarbonate stage is not
visible. The final decomposition temperature increases
with the Ln—-Bi molar ratio, which reflects the great
stability of the lanthanide carbonates.
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Table 1
TGA data of the Bi—La precursors
Precursor® Decomposition steps (°C) T, Weight loss (%)

Dehyadr. 1 2a 2b 3 4 Dehydration Total
Cac® Exp® Cac! Exp’

[Bi(edta)] ,,,[La(edta)] ,,5-2H,0 80-115 255-285 285-395 450-470  470-495 495 6.8 6.3 603 67.8
[Bi(edta)],,,[La(edta)] ,,,-2H,0O 60-170 265-290 290-380 380-390 450-470 470-540 540 7.0 66 617 61.6
[Bi(edta)], 5[ La(edtd)] ,,5-2H,O 60-120 250-290 290-370 370-395 450-480 480-570 570 7.1 75 631 62.8
[Bi(dtpa)],,s[La(dtpa)],,;-2.5H,0  65-175 235-240 285-385 430-515 - 515 7.2 6.6 662 72.0
[Bi(dtpa)] ,,,[La(dtpa)],,, 1.5H,O0  70-170 225-250 290-370 370-380 445-465 465-530 530 4.6 49 665 67.7
[Bi(dtpa)] ,,s[La(dtpa)],, ;- 1.5H,O0  85-180 240-250 290-365 365-380 460-485 485-565 565 47 45 679 68.2
[Bi(egta)] ,,s[La(egta)] ,,,-1.5H,0  80-150 220-260 260-380 430-460 460-505 505 4.6 42 645 65.0
[Bi(egta)],,,[La(egta)] ,,,-1H,0O 50-150 220-270 270-385 450-465  465-550 550 32 35 652 65.4
[Bi(egta)],,s[La(egtd)] ;- 1.5H,0  60-160 220-275 275-360 360-395 465-500 500-600 600 48 44 671 68.8
BiLa(ttha)-6.5H,0 100-125 - 295-325 325-500 500 123 124 585 58.5

#Proton and ammonium counter-ions have been omitted in the formula.
® Calculated dehydration weight loss=n H,0-M,, /M
¢ Experimental dehydration weight |oss.

¢ Calculated total weight loss= (M
© Experimental total weight loss.

precursor*

- Moxlde)/M

precursor precursor

The heteronuclear BiLn(ttha) compound (Lh=La or Pr)
decomposes itself in a much simpler way. After dehydra-
tion, the ligand pyrolysis occurs in a single step leading
directly to the mixed oxocarbonate  stage
(BiO)(LNO)(CO,) (for Pr: TG loss: 51.7%, calc.: 52.40%;
for La TG loss: 53.9%, calc.: 53.86%). Then, the ox-
ocarbonate releases slowly one CO, molecule to produce
the mixed oxide BiLnO,. It has not been possible to
confirm the presence of the oxocarbonate by XRD because
of the amorphous nature of this intermediate.

3.4. XRD characterization of the mixed oxides

The nature of the final oxides obtained after calcination
in ar has been determined by powder XRD. Tables 3-5
summarize the results observed with the ceramic method,
the polyaminocarboxylate and the citrate precursors, re-
spectively. Here again, great anaogy is observed between

assuming the oxide stoichiometry Bi,_.Ln

0,

La and Pr-based compounds but some differences in the
nature of the final phase are, however, sometimes ob-
served.

34.1. Ceramic method

In the case of the Bi—La system, attempts were made to
use the ceramic method to prepare certain ternary Bi—La—
O phases whose compositions correspond to already
described systems: Bi, g,La,,30, (JCPDS No 41-0273,
tetragonal), Bi, gl @y 1,05 (41-0292, cubic),
Big 175180 0,50, 5 (48-0346, rhombohedral) and the cubic
solid solution 3-Bi,_,La O, (based on the 8-Bi,O, phase,
16-0654). Some other compositions were also considered.
In the Bi-rich samples (Bi/La=24, 15.7, 4.7 and 3.0),
there is no trace of La oxide except in very low amountsin
the last of these compositions. On the other hand, «-Bi,0,
appears only after heating at 800°C for 4 h for the Bi/La
ratio of 15.7. For al four compositions mentioned above,

Table 2
TGA data of the Bi—Pr precursors
Precursor® Decomposition steps (°C) T Weight loss (%)
Dehydr. 1 2a 2b 3 4 Dehydration Totd

calc? Exp’ calc? Exp’®
[Bi(dtpa)] ,,s[Pr(dtpa)]  ;5- 1.5H,0 85-230 255-265 290-410 475-565 - 565 45 46 729 66.8
[Bi(dtpa)] , ,,[Pr(ctpa)] ,,,-1.5H,0 90-220 225-295 295-390 450-510 - 510 46 43 66.4 64.9
[Bi(dtpa)] , ,5[Pr(ctpa)] ,, 3-2.5H,0 50-220 235-275 275-375 375-385 460-545 545-700 700 75 78 68.6 70.0
[Bi(egta)],, 5[ Pr(egta)] ;,5.2H,0 70-210 240-285 285-290 290-415 475-540 540-620 620 6.0 56 65.9 639
[Bi(egta)] 1, ,[Pr(egta)];,,*2H,0 65-210 240-285 285-295 295-425 500-565 565-720 720 6.1 6.1 66.2 68.0
[Bi(egta)] ,,5[Pr(egta)] 5 2.5H,0 65-160 250-295 295-300 300-425 485-555 555-740 740 17 73 68.0 68.3
BiPr(ttha)-5H,0 140-170 - 315-390 390 9.7 95 57.1 55.9

#Proton and ammonium counter-ions have been omitted in the formula
® Calculated dehydration weight loss=nH,0-M,, /M
© Experimental dehydration weight |oss.

9 Calculated total weight loss= (M
¢ Experimental total weight loss.

precursor*

precursor - Muxide) / Mprecursor

assuming the oxide stoichiometry Bi,_,Ln,O,.
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Fig. 2. TGA curves of [Bi(edta)],[La(edta)],_, precursors [x=0.33 (---), 0.50 (- - -), 0.67(—)].
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Fig. 3. TGA curves of [Bi(dtpa)],[La(dtpa)],_, precursors [x=0.33 (---), 0.50 (- - -), 0.67(—)].
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Table 3

XRD identification of the Bi—Ln—O samples obtained by the ceramic route

Starting Calcination conditions Bi/Ln Phases detected®

mixture T (°C), t (h)

Bi, O, +La,0, 800, 96 24 Bi, 65l 81,05 (V9), Big 775185555015 (VW)
800! 4 157 Bil.QZLaO.OSOS (VS)' Bi1.88La0.1203 (VS)’ BiZOS (S)’ Bi0.775La0.22501A5 (VW)
800! 96 Bil.SBLaO.12O3 (VS)' Bi0.775LaO.22501.5 (VW)
800, 4 47 Big 7751802550, 5 (V9), Bi, gl 8y 1,05 (9
800! 96 Bi0.775Laﬂ.22501.5 (VS)' Bil.BSLaﬂ.12OS (VW)
800! 4 30 Bi0.775Laﬂ.22501.5 (VS)' Bil.BSLaﬂ.lZOS (VW)’ LaZOS (VW)
700, 4 10 Big775L80.2,50, 5 (v9), La,0, (9), Bi,O, (VW)
800! 4 Bi0.775Laﬂ.22501.5 (S)' 8 BizfoaxOB (S)’ La203 (m)
800, 96 8'Biz—xl-axoa (VS), Bi0.775|—ao.22501.5 (S)r Lazos (VW)
800, 4 0.33 La,0; (v9), BigyssL a8y ,,50, 5 (W)

Bi203+Pr8011 700' 48 20 Bi0.775Pr0.22501.5 (VS)’ PrGOll (W)’ 6-Bi27><Prxo3 (VW)
800, 48 Bio.775Pro.22501,5 (VS), 8'Biz—xPrxo?, (VW)
700! 48 10 Bi0.775PrO.22501.5 (VS), PrGOll (S)' 8-Bi2—><Pr)<()3 (VW)
800! 48 Bi0.775Pr0.22501.5 (VS)’ PrGOll (S)’ 5_Bi27>(|:)r)<o3 (VW)
700, 48 05 Bio775Pr0225015 (v8), PrsOy; (9)
800! 48 Bi0.775PrO.22501.5 (VS), PrGOll (S)

B|2COS+ PrZ(COCS)S 700' 48 20 Bi0.775PrO.22501.5
700, 48 1.0 Bio775Pr022s015 (vS), PrsOy, (9)
700! 48 05 Bi0.775PrO.22501.5 (VS)’ PrGOll (S)

 Abbreviations: vs, very strong (>80%); s, strong (50/80%); m, medium (25/50%); w, weak (10/25%); vw, very weak (<10%).

the corresponding mixed oxide was never obtained in pure
form and the XRD patterns indicate a mixture of the cubic
BI 1.88La0.1203 and rhombOhedral BI 0.775La0.22501.5
phases, the latter being the major one except for the two
Bi-richest compositions under extreme calcination con-
ditions (800°C, 24 h). For the eguimolar composition
(Bi/La=1), the rhombohedral Bi,;,5L8,,,50,5 phase
appears systematically, together with La,O, and the cubic
solid solution which appears at 800°C. At 700°C/4 h, the
rhombohedral phase is the only mixed phase generated and
coexists with the two binary oxides. For the Ln-rich
composition investigated (Bi/La=0.33), small amounts of
the mixed rhombohedral phase appear with La,O, as
major component.

Three different compositions were considered in the
case of the Bi/Pr system (Bi/Pr=2.0, 1.0 and 0.5). When
starting from the corresponding binary oxides heated at
700 or 800°C, the rhombohedral Bi ;75Prg 2,50, s phase is
omnipresent whatever the overall composition and is
accompanied by large amounts of Pr,O,, for Bi/Pr=0.5,
by smaller amounts of this oxide but also very small
amounts of the cubic 3-Bi,_,Pr,O, solid solution for
Bi/Pr=1.0. In the case Bi/Pr=2.0, the rhombohedral
phase is still present but coexists essentially with the solid
solution and aso small amounts of Pr;O,, a 700°C. When
starting from carbonates, the rhombohedral phase is ob-
tained in pure form when Bi/Pr=2.0, and is accompanied
by PrsO,, for the two Bi-richer compositions. In these
interpretations, the diffraction lines assigned to Pr,O,, are
aways very dightly shifted towards larger diffraction
angles, suggesting that small amounts of Bi could be
incorporated in the lattice.

In conclusion, the rhombohedral Bi;5LNg 5,50, 5
phase is omnipresent in al these samples whatever the
starting composition and the solid solution appears more
easily when the Ln content increases, but never in pure
form.

34.2. Chelate and citrate methods

Though the formation of «-Bi,0,, La,0, and Pr,O,,
was systematically confirmed after calcination of pure Bi,
La and Pr polyaminocarboxylate respectively, the con-
stituent oxides (Bi,O; La,0O;, Pr,O; and Pr O,;) have
never been observed in the products obtained after calcina
tion of the mixed precursors for the Bi/Ln molar ratios
presently investigated. Only ternary Bi—Ln—O phases are
detected in the samples prepared by the citrate or the
chelate methods.

When Ln/Bi=2 (Ln=Laor Pr), whatever the precursor
nature (citrate or chelate), a solid solution based on &-
Bi,O, is formed: 8-Bi,_,LnO;. The high temperature 3
phase of Bi,O, crystalizes in a defect fluorite structure
with 25% of the oxide ion sites unoccupied. This phase is
well known because it is the best oxide ion conductor
known so far [47] but is stable only between 730 and
825°C, the fusion temperature of bismuth sesguioxide
[48,49]. Stahilization of this phase to room temperature by
substitution of various cations for Bi has been the subject
of many studies. A solid solution between 3-Bi,O, and
PryO,, is not surprising since both of them have the same
related defect fluorite structure [50]. Contrary to Pr, La,O,
does not present the fluorite structure but a solid solution
between La,O, and Bi,O, is nevertheless observed for
that composition. In the latter case, no shift is observed
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Table 4
XRD identification of the thermal decomposition products of Bi — Ln (Ln=La, Pr) polyaminocarboxylate precursors”
Precursor® Calcination conditions
600°C, 2 h 600°C, 20 h 800°C, 2 h
[Bi(edta)],,5[Ln(edta)] ,, La 8-Bi,_,LnO, 3-Bi, ,Ln O, 3-Bi,_,Ln O,
[Bi(dtpa)] 1,3[Ln(dtpa)]2,3 Pr 8'Bi2—><|-n><o3 - 8'Biz—xl-nxos
La 8-Bi,_,LnO, 3-Bi,_,Ln O, 3-Bi,_,Ln O,
[Bi(egta)]l,a[Ln(egta)]m Pr 8'Bi2—><|-n><o3 - 8'Biz—xl-ﬂxos
La 8-Bi,_,L.nO, 3-Bi,_,Ln O, 3-Bi,_,LnO,
[Bi(edta)], ,[Ln(edta] , , La 3-Bi, Ln,0, 8-Bi,_,LnO,
(R_Bi27anx03)
[Bi(dtpa)] 1/2[Ln(dtpa)]1/z Pr S'Biz—xl-nxos - B'Biz—xl-nxos
(R_Biz—xl-nxo3) (R_Biz—xl-nxos)
La 3-Bi,_,Ln O, BigLa,,O,,
(R_Biz—anxo3) (R_Biz—xl-nxos)
[Bi(EQta)]l/z[Ln(EQta)] 1/2 Pr 8'Bi2—><|-n><o3 - 8'Biz—xl-nxos
(R-Bi,_,Ln,0,) (R-Bi,_,Ln,0,)
La 8-Bi,_,LnO, Bigla,,0,,
(R_Biz—anxos) (R_Biz—anxoa)
BiLn(ttha) Pr 8-Bi,_,Ln O, - 3-Bi,_,Ln O,
La 3-Bi,_,L.nO, 3-Bi,_,L.n O, 3-Bi,_,L.nO,
[Bi(edta)]2,3[Ln(edta)]1,3 La R_Biz—anxoz R_Biz—xl-nxos
[Bi(dtpa)] 2,3[Ln(dtpa)] 1/3 Pr R_Biz—xl-nxo3 - R_Biz—anxo3
(6-Bi,Ln,0,)
La R-Bi,_,LnO, R-Bi,_,LnO,
(B'Biz—xl-nxos) (B'Biz—xl-nxo3)
[Bi(egta)],,s[Ln(egta)] /5 Pr R-Bi,_,LnO, - R-Bi,_,Ln,O,
(8-Bi,_,Ln0O,)
La R-Bi,_,LnO, R-Bi,_,LnO,

(8-Bi,Ln,0,)

(8-Bi,Ln,0,)

“ Phases between parentheses are very low abundant in the XRD pattern.
°R-Bi,_,Ln,O, refers to the rhombohedral phase Bi, ,,5LN; .50, 5 corresponding to the JCPDS files No. 48-0346 for La and to No. 48-0347 for Pr.
¢ Proton and ammonium counter-ions have been omitted in the formula.

Table 5

XRD identification of the therma decomposition products of Bi:Ln
(Ln=La, Pr) citrate precursors

Ln/Bi Calcination conditions®
600°C, 20 h 700°C, 20 h H
2 Pr $-Bi,,Ln0, - _
La 3-Bi,_,L.n,O, 3-Bi,_,L.nO, :
1 Pr 8-Bi, ,LnO, - z
. N
(R-Bi,_,Ln0O,) g
La 3-Bi,_,LnO, 8-Bi,_,LnO, £
(R_Biz—anxO3) (R_Biz—xl-nxos)
05 Pr R-Bi, LnO, -
(8-Bi,_,Ln0O,) . .
La R-Bi, ,Ln,O, R-Bi, ,LnO, 10 20

(B'Biz—xl-nxo3) (B'Biz—xl-nxo3)

®Phases between parentheses are very low abundant in the XRD
pattern; R-Bi,_,LnO, refers to the rhombohedral phase
Bi, 175Ny 5,50, 5 corresponding to the JCPDS files No. 48-0346 for La
and to No. 48-0347 for Pr.

Fig. 4. XRD pattern of the Bi—Pr—O oxide obtained by calcination of the
BiPr(ttha) precursor at 500°C for 8 h. The position of the lines for
3-Bi, 0, (JCPDS-No. 16-0654) and Pr,O,, (JCPDS-No. 6-0329) are
indicated by broken lines.



H. Wullens et al. / International Journal of Inorganic Materials 3 (2001) 309—-321 317

from the position of §-Bi,O, pesks, as expected on the
basis of the ionic radii of Bi and La cations which are
amost identical (in eightfold coordination: r3; =131 pm;
rir =130 pm) [51]. Asillustrated in Fig. 4 for Bi/Pr=1,
the difference between r3" and r3" (r3" =126.6 pm) is
naturally reflected in a shift in the diffraction lines, the
partial substitution of the smaller Pr cation for Bi leading
to a lattice contraction.

When Bi and La are engaged in equimolar proportions, a
new ternary rhombohedral Bi—La—O phase corresponding
to Bi 77518, 5,50, 5 appears in small quantities. Thisis the
case for both the citrate and the chelate methods but not
when the heterometallic BiLa(ttha) precursor is used.
Calcination of BiLa(ttha) up to 850°C leads to a pure solid
solution 8-Bi,_,La,0,. A similar behaviour is observed in
the Bi—Pr—0O system with Bi/Pr=1: the pure solid solution
appears after calcination of BiPr(ttha) at 600 or 800°C,
while the use of dtpa and egta precursors generates minor
amounts of the rhombohedral phase corresponding to
Biy,75Pr9 2050, 5. The latter phase is somewhat more
abundant in the samples obtained by the citrate route.

When the molar ratio Ln:Bi equals 0.5, the diffractog-
rams reveal the presence of the rhombohedral phase as the
major phase and the 8-solid solution as a minor com-
ponent, for the two lanthanides and whatever the precursor
nature.

X-ray diffractometry has also been used to observe the
high temperature modifications during a heating run be-
tween 300 and 900°C. Fig. 5 presents a series of XRD
patterns of the BilLa(ttha) precursor taken at intervals of
100°C, showing the formation of the 3-solid solution and
the appearance of small peasks at 900°C, that can be
attributed to the rhombohedral phase. For samples calcined

at 500°C for 2 h, oxocarbonate species can be sometimes
detected in the diffractograms.

3.5. XPS characterization of Bi—La—O oxides

As pyrolysis of the organic skeleton of the ligand could
be at the origin of a high carbon contamination, XPS
analysis was performed in order to control the surface
chemical composition.

Beside the two usual components of the Cls peak at
284.8 and 286.3 e/ assigned to C—~CH) and C-O,
respectively, a third peak lying in the range 288.9—289.3
e/ is present in the Cls spectra. This peak may be
explained by the presence of carbonate species at the
surface. It is well known that lanthanides show a great
affinity for carbonate and hydroxyl species. Earlier studies
[52,53] have shown that upon exposure to atmospheric
H,O and CO,, lanthana transforms into a partly carbonated
hydroxide. The fina lanthanum oxide stabilized in air
consists actually of a nucleus of crystalline La(OH),
surrounded by hydroxycarbonate phase.

For al the samples, the O 1s signals could be fitted with
two peaks: one with a maximum around E, =529.0 e/ (O,)
and a second around 531.3 e/ (O,,). In accordance with
severa earlier studies [54,55], the oxygen peak at the
lower binding energy is attributed to lattice oxygen. The
binding energy associated with O, (529.0-529.2 &/) for
Bi—La—O mixed oxides lies between the corresponding
values for pure Bi,0, (529.5) and pure La,O, (528.6 eV).
We attribute the broad peak at higher binding energy to
hydroxyl and carbonate groups chemisorbed on the oxide.
This peak at the higher binding energy has been interpreted
as adsorbed oxygen or hydroxyl groups by other authors

* Pt
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Fig. 5. X-ray thermodiffractograms of the BilL a(ttha) precursor calcined in situ between 300 and 900°C; ¢, R—Bi, ;,sLa, ,,50; 5; %, Pt support.
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XPS characterization of the Bi—La—O oxides obtained by the chelate

method 600°C 20 h

Precursor® C1s/ Bi4f/ 0, /0,
(Bi4f +La3d,,,)  Ladd,,,
[Bi(edta)],  [La(edta)],,,  2.15 0.90 1.19
[Bi(ctpa)], [La(dtpal,,, 235 085 120
[Bi(egta)], o[Lalegta)],,, 238 0.83 0.87
[Bi(edta)],,,[La(edta)],,,  1.56 1.70 0.65
[Bi(ctpa)], [La(ctpal,,, 164 152 057
[Bi(egta)],,[La(egta], ,, 1.80 172 0,57
BiLa(ttha) 1.65 1.74 0.67
[Bi(edtd)] ,,.[La(edta)],,,  1.48 3.39 0.45
[Bi(dtpa)] ,,,[Ladtpa)],,, 151 3.04 0.61
[Bi(egta)] ,,5[Lalegta)] 5 159 2.90 0.52

Bi/La exp

= g o
=N O WO s
1 1 1 1 1 1

0.5

Proton and ammonium counter-ions have been omitted in the formula.

[56] for Bi-based oxides partialy substituted by Y, Zr, or
Pr. However, the presence of a third component at 289 &/
in our C 1s spectra led us to interpret the O,, component
by the presence of both hydroxyl and carbonate groups.
For comparative purposes, the Ols component in the
corresponding Bi oxocarbonate (Bi,0,CO,) appears at
530.4 ev.

No significant variations in Bi or La binding energies
are observed between the samples prepared by the chelate
or the citrate method and between the samples of different
Bi:La molar ratios. The 4f spectra of Bi display one
doublet which can be assigned to Bi(lll). The binding
energies values associated with the Bi 4f,,, photopeak lie
in the range 158.5—-158.8 &/ which correspond to the value
typically observed in Bi oxides.

The La 3dg,, photoemission peak is accompanied by a
satellite appearing at some 4 e/ towards higher binding
energies from the main peak. The satellite is interpreted in
terms of the excitation of an electron from the anion O2p
valence band into the lanthanum 4f band [57]. However,
the shape of the main peak at lower binding energy is
broadened for the Bi—La—O mixed oxides. It was thus
necessary to include additional components at higher
binding energies to obtain a satisfactory fit of the ex-
perimental data. In the literature, the value for the La 3d;,,
pesk position in La,O, varies from 832.5 to 834.9 eV [58].
This great discrepancy in the binding energy values may
be explained by the fact that La,O, surface is rapidly
Table 7

XPS characterization of the Bi—-La—O oxides obtained by the citrate
method (calcination time: 20 h)

Precursor T Cls/ Bi4f/ 0, /0,
(°C) (Bi4f +La3dy,,) La3d,,,
Bi,,sLa,,,(citrate) 600 2.39 0.77 1.01
700 245 0.84 1.22
Bi,,,La,,,(citrate) 600 2.02 1.49 0.67
700 174 155 0.56
Bi,,;La,,,(citrate) 600 184 259 0.60
700 1.67 249 0.49

0 T T
0 1 2 3
Bi/La theor
(a)

1.5 1

C/Bit+La

o
(2]
1

Bi/La exp
(b)

1.6
1.4 -
1.2 - r

oli/ol

0.8 -
0.6 - O (m]

0.2 ) T I

Bi/lLa exp
(©

Fig. 6. XPS data of Bi—-La—O oxides obtained from polyaminocarbox-
ylate precursors cacined at 600°C for 20 h. (8 Experimental vs.
theoretical (Bi 4f/La 3d,,,) atomic ratios. (b) C 1s/(Bi 4f+La 3dj,,)
atomic ratio vs. (Bi 4f/La 3d;,,). (c) O(I1)/O(l) atomic ratio vs. (Bi
4f/La 3d;,,).
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Fig. 7. Oxygen Ols XPS spectra of the Bi—La—O oxides obtained by calcination of [Bi(edta)],[La(edta)],_, precursors ((8) x=0.67, (b) x=0.50, (c)

x=0.33) at 600°C for 20 h.

covered by hydroxyl and carbonate species, as mentioned
above. An in situ sample treatment is necessary to get a
pure clean La,O, surface. It seems that the most realistic
value for pure La,O,, i.e. the oxide free from hydroxyl or
carbonate groups, is 833.4 &V as reported by Haack et al.
[59]. The binding energy value of La 3dg,, in an old
lanthanum carbonate sample has been found at 835.1 eV.
This value corresponds exactly to that reported by Gal-
tayries et a. in a La,O, sample aged in air. In accordance
with the binding energies values for La 3d,,, presented
above, the La 3d;,, spectrum of our Bi—-La-O samples
were fitted with two peaks at around 835 and 833 &V, each
being accompanied by a satellite. This pattern suggests the
existence of two kinds of chemical environments for La’".
The component at higher binding energy can be attributed
to hydroxylated/carbonated La’" ions located near the
surface and the second one, resembling the pattern of La®>"
ion in a pure oxide environment may be assigned to La>"
ions enclosed in an oxide lattice.

Tables 6 and 7 compare the XPS atomic intensity ratios
of the Bi—La—O oxides prepared by the chelate and the
citrate methods, respectively. No significant difference can
be found in the surface chemical composition between the
samples prepared from the PAC precursors and those
prepared from citrate precursors. The Bi:La experimental
molar ratio is always higher than the theoretical one. As
illustrated in Fig. 6a, these values are linearly related with
a dope of about 1.6, indicating a surface enrichment in Bi.
Similarly, the C/(Bi+L3) ratio increases when the overall
composition gets richer in La (Fig. 6b) and the O, /0,

ratio follows the same evolution than C/(Bi+La) (Fig.
6C): the proportion of the O,, component increases as the
samples get richer in La. Fig. 7 illustrates this behaviour in
the case of the Bi—Ln edta precursors. Considering the
great affinity of lanthanides for carbonate and hydroxyl
species, the surface contamination by —CO; or —OH
groups becomes more important when the Ln content
increases.

3.6. Specific surface areas

The results of the surface areas measurements are
presented in Tables 8 and 9 for the ceramic and chelate/
citrate methods, respectively. The BET specific surface
area of the Bi—Ln—O mixed oxides is strongly influenced
by the Bi:Ln ratio. The mixed oxides obtained by the
ceramic route exhibit surface areas which are in any case
lower than 5 m?/g, the largest values being observed in the
Ln-rich region. As far as the chelate method is concerned,

Table 8
BET specific surface areas (m?/g) of the Bi—Ln (Ln=La, Pr) oxides
prepared by the ceramic route

Starting mixture Bi/Ln

Calcination conditions 0.33 0.5 1.0 20
Bi,O,+La,0, 2.8 - 12 -
800°C 4 h

Bi,CO,+Pr,(CO,), - 4.6 27 0.8
700°C 48 h
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Table 9
BET specific surface areas (m”/g) of the Bi—Ln (Ln=La, Pr) oxides prepared by the chelate and citrate methods
Bi/Lh=0.5 Bi/Lh=1 Bi/Lh=2
edta dtpa egta citrate edta dtpa egta ttha citrate edta dtpa egta citrate
600°C 2 h La 217 22.0 30.0 - 12.0 7.0 115 10.6 - - 4.8 3.0 -
Pr - 19.9 31.2 - - 9.9 13.8 12.9 - - 8.8 7.7 -
600°C 20 h La 265 234 33.6 9.3 22.7 10.1 26.5 12.9 9.2 14 3.6 29 5.0
Pr - - - 8.6 - - - - 8.4 - - - 32
800°C 2 h La 163 15.3 22.0 - 16.0 12.0 9.5 11.9 - - 0.7 0.2 -
Pr - 8.4 9.8 - - 5.6 7.0 11.2 - - 25 4.0 -

when Bi/Ln=2, the surface area does not exceed 3-4
m?/g but as the composition gets richer in Ln (La or Pr),
the surface increases significantly to reach values of more
than 30 m*/g when Bi/Ln=0.5. The ligand nature seems
to have very little influence on the S;c; of Bi—-Ln-O
oxides except for samples prepared from BiLn(ttha) pre-
cursors. The surface of these oxides, contrary to the other
ones, is apparently very insensitive to calcination con-
ditions. Although sintering is responsible for a decrease in
the surface areas of the samples prepared from edta, dtpa
or egta as the temperature increases, the influence of
calcination temperature on samples prepared from ttha
precursors appears to be quite negligible. In most cases,
samples prepared from the citrate method exhibit smaller
surface areas than oxides prepared from PAC precursors,
especially when Bi:Ln=0.5.

4. Conclusions

This work illustrates the potentialities of precursor
methods based on the use of polyaminocarboxylate-type
ligands as alternative routes to synthesise ternary Bi—Ln—
O oxides characterized by various Bi:Ln compositions.
This pathway is proven to ensure the generation of pure
crystalline phases exhibiting high specific surface areas. In
addition, the use of carbon-rich precursors leads to no
major carbon contamination of the oxide surfaces. In
genera, the chelate and citrate methods are shown to
provide ternary oxides which cannot be obtained as pure
phases by the ceramic method. More particularly, for the
equimolar Bi—Ln composition, the decadentate ttha ligand
allows one to synthesise heteronuclear Bi—Ln complexes
which act as molecular precursors in which the two
elements are combined at the molecular level, leading
much more readily to the corresponding cubic solid
solution.
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