
Journal of Alloys and Compounds 408–412 (2006) 1026–1029

New high-yield preparation procedure of Ln[Fe(CN)6]·nH2O
(Ln = La, Gd, and Lu) and their thermal decomposition into

perovskite-type oxides

Nobuyuki Kondoa, Hiroyuki Itoha, Masato Kuriharaa, Masatomi Sakamotoa,
Hiromichi Aonob,∗, Yoshihiko Sadaokab

a Department of Materials and Biological Chemistry, Faculty of Science, Yamagata University, Yamagata 990-8560, Japan
b Department of Materials Science and Engineering, Faculty of Engineering, Ehime University, Bunkyo-cho,

Matsuyama 790-8577, Japan

Received 24 July 2004; received in revised form 13 November 2004; accepted 13 November 2004
Available online 31 May 2005

Abstract

L eld of the
L this new
m ed
L r Ln = La,
G
©

K

1

k
a
e
t
s
A
o
o
t
a
p
L

eous
-
using

-
et-
t the
anol
sol-
a-
a

nol.
ion
ol
the

tud-

0
d

The heteronuclear Ln[Fe(CN)6]·nH2O (Ln = La, Gd, and Lu) complexes were synthesized by the mixing of (NH4)3[Fe(CN)6] and
n(NO3)3 methanol solutions as a new method. Their thermal decomposition products were then investigated. Although the yi
n[Fe(CN)6]·nH2O complexes was ca. 20% for the well-known method in a water solution, it was improved to ca. 90% using
ethod. The X-ray diffraction (XRD) patterns of the complexes agreed with those of the Ln[Fe(CN)6]·nH2O single phase for all the examin
n systems. The LnFeO3 single phase was obtained by the thermal decomposition of the synthesized heteronuclear complexes fo
d, and Lu.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Perovskite-type oxides are promising materials for many
inds of applications, such as chemical sensors, electrodes
nd electrolytes for fuel cells, and catalysts[1–3]. In gen-
ral, polymetallic oxides have been prepared by the conven-

ional solid reaction method. Chemical processing methods,
uch as the sol–gel method are used to obtain fine powders.
s a new method, we proposed the thermal decomposition
f heteronuclear complexes for the preparation of the di-
r tri-metallic oxides. The heterometallic oxides with rela-

ively high specific surface areas were formed at low temper-
tures, when the heteronuclear complexes were used as the
recursors[4–10]. The decomposition of the heteronuclear
n[Fe(CN)6]·nH2O (Ln = lanthanoid) hexacyano-complexes
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is a promising method for the preparation of homogen
mixed oxides on an atomic level[11]. Up to now, the het
eronuclear hexacyano-complexes have been prepared
the aqueous solutions mixture of K3[Fe(CN)6] and the lan
thanoid salt[11–14]. However, we have not obtained the h
eronuclear complexes in high yield. We postulated tha
yield of the complexes should improve, when a meth
solution is used instead of the water solution, since the
ubility of the complex in methanol is lower than that in w
ter. However, the usual K3[Fe(CN)6] could not be used as
starting material because of its low solubility in metha
From this point of view, we considered that the utilizat
of (NH4)3[Fe(CN)6] having a high solubility in methan
as the starting material would produce high yields of
Ln[Fe(CN)6]·nH2O complexes.

In this study, we prepared the Ln[Fe(CN)6]·nH2O
(Ln = La, Gd, and Lu) complexes using (NH4)3[Fe(CN)6]
with methanol. Their decomposition products were then s
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ied by thermogravimetry (TG) analysis and X-ray diffrac-
tion (XRD) to confirm the formation of the Ln:Fe = 1:1 com-
plexes.

2. Experimental

We compared two sample preparation processes, i.e., for
previous one (Method 1) and a new method (Method 2).
For Method 1, the heteronuclear complex, Ln[Fe(CN)6]·
nH2O, was synthesized by mixing aqueous solutions of
equimolar amounts of K3[Fe(CN)6] (1.0 mol dm−3) and
Ln(NO3)3·nH2O (1.0 mol dm−3) under continuous stirring
at room temperature. The resulting precipitate was col-
lected by suction filtration and then washed with water,
ethanol, and diethyl ether, before drying in air at 50◦C.
For Method 2, the heteronuclear complex was synthesized
by mixing 4:1 methanol solutions of equimolar amounts
of (NH4)3[Fe(CN)6] (0.25 mol dm−3) and Ln(NO3)3·nH2O
(1.0 mol dm−3) under continuous stirring at room tempera-
ture for few min. The resulting precipitate was collected by
suction filtration and then washed with ethanol and diethyl
ether before drying in air at 50◦C. The (NH4)3[Fe(CN)6] as
the starting material of Method 2 can be obtained by dif-
ferent routes: (1) the mixed solution of the K3[Fe(CN)6]
methanol suspension and NHCl methanol solution (1:3 mol
r fil-
t ob-
t s-
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T ted
s , we
c g
t f
K

res (in
t e
p om-
p rac-
t 0,
R e
t nal-
y

3

he-
s d of
t ith
t ng
a ation
o
s it.

Table 1
Yield of Ln[Fe(CN)6]·nH2O (Ln = La, Gd, and Lu) complexes using Method
2

Ln n Yield (%)

La 6 92
Gd 4 94
Lu 4 88

Hydratedn value was estimated using TG measurement.

Table 1presents the yield of the complexes using the new
method (Method 2). The yield was improved to ca. 90%
for all the examined complexes. This high yield also sug-
gests similar results for the other kinds of Ln-complexes.
In this case, then value in the complexes was estimated
by the TG measurement.Fig. 1 shows the TG/DTA result
of the La[Fe(CN)6]·nH2O complex. Dehydration by the loss
of water of crystallization started at about 80◦C. A weight
loss due to the exothermal decomposition of the ligand (con-
firmed by DTA) was confirmed at around 320◦C followed
by a slower loss that ended at about 720◦C. The weight
loss percentage of 51.5 wt% in the last plateau range gave
ca.n = 6, which was greater than 55.0% for the general for-
mula of the La-complex with five molecules of water tied
up in the crystallization[12]. The complex and decomposed
products were investigated by XRD are shown inFig. 2.
The XRD peak position for the complex agreed with that of
La[Fe(CN)6]·5H2O, which has a hexagonal structure (space
group:P63/m) [12]. In addition, the decomposed product at
400 and 500◦C showed the peaks of the LaFeO3 phase with a
“halo” at around 30◦ without those of the mono-metallic ox-
ide phase, such as La2O3 and Fe2O3. The single perovskite
phase was obtained at 600◦C or higher. This formation of
the LaFeO3 phase means that the synthesized material was
pure La[Fe(CN)6]·5H2O even for this high-yield method. The
water absorption from atmosphere might be a cause for the

F ts
o
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atio) was separated into the KCl precipitate and the
ered solution; the filtered solution was concentrated to
ain the (NH4)3[Fe(CN)6] material and (2) the water su
ension of K3[Fe(CN)6] (1.0 mol dm−3) and (NH4)2C2O4
owder (1:1.5 mol ratio) were mixed for 2 days, then se
ated into the K2C2O4 precipitate and the filtered solutio
he (NH4)3[Fe(CN)6] was obtained from the concentra
olution. In our case, we used method (2). In addition
onfirmed that (NH4)3[Fe(CN)6] was also obtained usin
he La[Fe(CN)6]·5H2O complex (1.0 mol dm−3) instead o

3[Fe(CN)6] to form the La2(C2O4)3 precipitate.
The complex was decomposed at selected temperatu

he range from 400 to 1000◦C) for 1 h, in order to obtain th
erovskite-type powders. In order to characterize the c
lexes and the decomposition products, their X-ray diff

ion patterns using Cu K� radiation were recorded (Rint 200
igaku, scanning rate = 2◦/min at 40 kV and 20 mA). Th

hermal decomposition behavior was examined by TG a
sis, performed at a heating rate of 5◦C/min in air.

. Results and discussion

The Ln[Fe(CN)6]·nH2O complexes have been synt
ized using our previous method (Method 1). The yiel
he complexes was ca. 20% for all the Ln systems. W
his method, it is very difficult to improve the yield usi

highly concentrated solution, because the concentr
f the K3[Fe(CN)6] aqueous solution (1.0 mol dm−1) as the
tarting material is almost at the maximum solubility lim
ig. 1. TG/DTA result for La[Fe(CN)6]·nH2O complex (Method 2). Weigh
f experimental and (theoretical) ofn = 5 and 6 are shown.
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Fig. 2. XRD results of La[Fe(CN)6]·nH2O complex (Method 2) and decom-
posed products. Decomposed temperature is shown.

highern value in the TG result for the LaFe-complex. It is con-
firmed that the full-width-at-half-maximum (FWHM) of all
the LaFeO3 peaks decreased with an increase in the decom-
position temperature up to 1000◦C because of the crystallite
growth.

For Ln = Gd and Lu, 58.5 and 60.1% for TG measure-
ments of the decomposed materials almost agreed with the
theoretical values of 59.1 and 60.6% asn = 4, respectively.
Figs. 3 and 4show the XRD results for the complex and
decomposed products of Ln = Gd and Lu, respectively. The
XRD peaks for each of the complexes showed an orthorhom-
bic structure (space group:CmCm), which clearly agreed with
the reported crystal havingn = 4 [12]. For the decomposed
products of Ln = Gd, the XRD patterns of the samples fired
at 400–600◦C showed “halo” and no peaks. The peaks of
the perovskite-type phase were detected from the samples
decomposed at 700◦C. The GdFeO3 single phase was ob-
tained from the samples decomposed at or above 800◦C. In
our previous paper, we reported that the single perovskite
phase was formed by the thermal decomposition of the com-
plexes for Ln = La, Pr, Nd, Sm, and Gd in the 600–900◦C
in temperature range[4]. The temperature for the forma-
tion of the perovskite-type oxide gradually increased with
an increase in the atomic number for Ln, i.e., a decrease in
the ionic radius of the Ln3+ ion for Ln = La, Pr, Nd, Sm,
and Gd. For the Ln = Gd system, the formation temperature
( reed

Fig. 3. XRD results of Gd[Fe(CN)6]·nH2O complex (Method 2) and de-
composed products. Decomposed temperature is shown.

Fig. 4. XRD results of Lu[Fe(CN)6]·nH2O complex (Method 2) and decom-
posed products. Decomposed temperature is shown.
800◦C) of the single perovskite-type phase clearly ag
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with that of our previous results[4]. The single phase of the
perovskite-type oxide did not form for the heavy Ln = Dy
and Ho of the decomposed samples even at 900◦C [4]. For
Ln = Dy, the DyFeO3 single phase was obtained by sinter-
ing at 1000◦C [1]. Up to now, the thermal decomposition
products have not been investigated for the heavy Ln = Er,
Tm, Yb, and Lu systems. Although the Lu3+ ion has the
smallest ionic radius in the lanthanoid, the formation of the
single perovskite LuFeO3 phase was confirmed for the de-
composed sample even at 1000◦C. From the XRD results
for the complex and the decomposed material, it is very
clear that the Ln:Fe ratio was 1:1 for all the samples syn-
thesized by the new high-yield method (Method 2) using
methanol.

4. Conclusions

The perovskite-type oxides are some of the most use-
ful materials for many applications. We have been in-
vestigating the preparation of perovskite-type oxide pow-
ders having a high homogeneity and small particle size by
the thermal decomposition of the appropriate hexacyano
Ln[M(CN)6]·nH2O heteronuclear complexes. In this study,
a new method was discovered for the high-yield (ca. 90%)
preparation of the Ln[Fe(CN)6]·nH2O complexes by the
m .
T ns,

such as chemical sensors and electrode materials for fuel
cells.
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