
Preparation of new heteronuclear (NH4)RE[FeII(CN)6]�nH2O complexes

(RE = La, Ce, Pr, Nd, Sm, Gd, Dy, Y, Er, Lu) and their low-temperature

decomposition for perovskite-type oxide

Hiromichi Aono a,*, Takaaki Nishida a, Masato Kurihara b,
Masatomi Sakamoto b, Yoshihiko Sadaoka a

a Materials Science and Biotechnology, Graduate School of Science and Engineering, Ehime University, 3 Bunkyo-cho, Ehime 790-8577, Japan
b Material and Biological Chemistry, Graduate School of Science and Engineering, Yamagata University, 1-4-12, Kojirakawa-machi, Yamagata 990-8560, Japan

Received 6 October 2011; received in revised form 7 October 2011; accepted 31 October 2011

Available online 6 November 2011

Abstract

New heteronuclear (NH4)REIII[FeII(CN)6]�nH2O complexes (RE = La, Ce, Pr, Nd, Sm, Gd, Dy, Y, Er, Lu) were synthesized and their thermal

decomposition products were investigated. The crystal structure of (NH4)RE[FeII(CN)6]�nH2O would be a hexagonal unit cell (space group: P63/

m), which was the same as that of La[FeIII(CN)6]�5H2O. The hydration number n = 4 was estimated by TG results for all the RE complexes. The

lattice constants depended on the ionic radius of the RE3+ ion for the heteronuclear complexes. The single phase of the perovskite type materials

was directly obtained by decomposition of the heteronuclear complexes for RE = La, Pr, Nd, Sm, and Gd. A mixture of CeO2 and Fe2O3 was

formed for RE = Ce because of its oxidation to Ce4+. In the case of RE = Dy, Y, Er, and Lu complexes, the perovskite type materials formed at

higher temperature via. mixed oxides such as RE2O3 and RE4Fe5O13 due to the small RE3+ ionic radius.
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1. Introduction

The perovskite-type REMO3 oxides having rare earth

elements (RE) and trivalent transition cations (M) have been

extensively studied for their practical uses as catalysts [1–7],

electrode materials in fuel cells [8–10], gas sensors [11–15],

oxygen permeable membranes [16] and platinum-free alkaline

water electrolysis cells [17]. A solid state reaction method or

chemical processing methods have been widely adopted for the

preparation of such perovskite-type oxides. The solid-state

reaction of RE2O3 and M2O3 single oxides is the most

conventional method for the preparation of these heterometallic

oxides. However, with this method, it is very difficult to control

the powder quality and particle size because of its high

calcination temperature (usually above 1273 K). The synthesis

using chemical processing methods such as a co-precipitation
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method, sol–gel method, and glycothermal method is

performed at considerably lower temperatures than that through

solid-state reaction methods, and finer perovskite-type products

are obtainable.

As another chemical method, the thermal decomposition of

the appropriate heteronuclear complexes containing

RE:M = 1:1 ratio from the hexacyano complexes has been

investigated for the preparation of the homogeneous perovs-

kite-type oxides having finer size particles [18]. Especially,

nanoparticles of LaFeO3 were found to form by the thermal

decomposition of La[FeIII(CN)6]�5H2O, which is a coordina-

tion polymer having a three-dimensional network structure

with FeIII–CN–LaIII linkages, even at a low temperature of

623 K [19]. REMO3 (RE = trivalent rare earth ions, M = FeIII or

CoIII) and related perovskite-type materials have been prepared

from the corresponding cyano-bridged coordination polymer

precursors, RE[MIII(CN)6]�nH2O based heteronuclear com-

plexes [20–25]. As similar complexes, the thermal decom-

position of KLn[FeII(CN)6]�nH2O (Ln = lanthanide) has been

reported by Goubard and Tabuteau [26,27]. However, this
d.
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Fig. 1. XRD results of the (NH4)RE[FeII(CN)6]�nH2O complexes (RE = La,

Ce, Pr, Nd, Sm, Gd, Dy, Y, Er, Lu).
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Fig. 2. TG/DTA curves of (NH4)La[FeII(CN)6]�nH2O with the heating rate of

10 8C/min.
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material has a serious problem in that K+ ions remain in the

perovskite-type oxides formed. We synthesized a K-free new

(NH4)La[FeII(CN)6]�nH2O complex and briefly reported this

complex and its thermal decomposition products [28].

In this study, we studied new (NH4)RE[FeII(CN)6]�nH2O

complexes (RE = La, Ce, Pr, Nd, Sm, Gd, Dy, Y, Er, Lu) and

their thermal decomposition products.

2. Experimental

The complex (NH4)RE[FeII(CN)6]�nH2O, was almost

quantitatively synthesized by mixing equivalent amounts of

RE(NO3)3�nH2O, REIII = La, Ce, Pr, Nd, Sm, Gd, Dy, Y, Er, Lu

(50 mmol in 20 ml water), and (NH4)4[FeII(CN)6]�nH2O (ca.

14.4 wt.% H2O content) (Wako Pure Chemical Industries, Ltd.)

(50 mmol in 20 ml water) under continuous stirring. After that,

400 ml of methyl alcohol was added in the mixed solution and

then stirred for 1 h at 60–70 8C. The resulting precipitate was

collected by suction filtration and then washed with a small

amount of water and methyl alcohol before drying in ambient

air. The complexes decomposed at low temperature for 1 h to

obtain the perovskite-type REFeO3 powders.

The thermal decomposition process of the complex and the

sintering process were studied by thermogravimetric analysis

with differential thermal analysis (TG/DTA, Seiko Instrument

TG/DTA 32), performed with a heating rate of 10 8C/min in dry

air. The sample powder was dried at 50 8C for 2 h in dry air

before the TG/DTA measurement. X-ray diffraction analysis

(XRD, Model Rint 2000, Rigaku Corporation, using Cu-Ka

radiation) was used to investigate the structure of the thermal

decomposition products. Specific surface areas were deter-

mined by the BET method (Belsorp-mini, BEL Japan) at 77 K.

The homogeneity of the samples was analyzed using SEM-

EDX (Model JSM-6510LA, JEOL Corporation). Elemental

analyses of H, C, and N in the precursors were carried out at the

Central Elemental Analysis Laboratory, Faculty of Science,

Kyushu University, Japan. The H, C, and N elemental contents

of the complex were determined by measuring H2O, CO2, and

NO2 concentrations in the gas formed from the decomposition

of the complex at elevated temperatures.

3. Results and discussion

3.1. Complexes

Fig. 1 shows the XRD results for (NH4)RE[FeII(CN)6]�nH2O

complexes. The Millar index was shown as a hexagonal structure

(space group: P63/m). The peak position was shifted to a high 2u

angle with the decrease in ionic radius of the RE3+ ion in the

complexes. Fig. 2 shows the TG/DTA curves for the

(NH4)La[FeII(CN)6]�nH2O complex. Decomposition proceeded

in a few steps from 50 to 250 8C. The weight loss percentage of

the small plateau range at around 260 8C was ca. 17–18%, which

is in agreement with the value (16.37%) calculated by assuming

the formation of anhydride from the n = 4 complex. Further

heating caused an abrupt weight loss at 287 8C with a strong

exothermal peak in DTA result due to the decomposition of
cyanide groups, and two plateaus appeared at around 300 8C and

500 8C. The final plateau was observed from 600 8C and higher

temperatures. Table 1 lists the temperature of cyanide group

decomposition and the final plateau, as well as the estimated n-

value for the (NH4)RE[FeII(CN)6]�nH2O complexes. The

temperature of the decomposition and the final plateau tended

to be comparatively small for the complexes having a large RE3+

ionic radius. The weight percentage 54.39 wt.% measured in the

final plateau range was in good agreement with the theoretical

value of 55.16 wt.%, calculated by assuming the formation of

LaFeO3 from the complex with 4 molecules of water tied up in

the crystallization. We determined the hydration value to be n = 4



Table 1

TG/DTA results and estimated n value for (NH4)RE[FeII(CN)6]�nH2O complexes (RE = La, Ce, Pr, Nd, Sm, Gd, Dy, Y, Er, Lu).

RE CN decomp. temp. (8C) Final plateau temp. (8C) Final weight (%) Theoretical weight (n = 4) (%) Estimated n value

La 287 600� 54.39 55.16 4.2

Ce 257 550� 55.23 54.05 4.7

Pr 289 620� 54.11 55.25 4.5

Nd 313 670� 57.10 55.59 3.3

Sm 333 700� 56.21 56.19 3.9

Gd 304 745� 57.27 56.85 3.8

Dy 319 765� 56.54 57.33 4.3

Y 316 775� 49.37 49.30 3.9

Er 310 795� 58.59 57.77 3.7

Lu 313 820� 60.84 58.24 3.6
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for all the complexes examined, because the estimated value

using TG measurement was very close to 4 as shown in Table 1.

Furthermore, the results of elemental analyses for H(2.80%),

C(16.04%), and N(22.01%) were in good agreement with the

theoretical values estimated to be 2.74% for H, 16.34% for C, and

22.24% for N, for the (NH4)La[FeII(CN)6]�nH2O complex with 4

molecules of hydration water.

From the XRD and TG results, the crystal structure for the

(NH4)RE[FeII(CN)6]�nH2O complexes can be estimated to be a

hexagonal structure (space group: P63/m), which is the same as

that of La[FeIII(CN)6]�5H2O. In this structure, the La3+ site was

coordinated by six nitrogens and three oxygens from CN and

H2O in the complex. There are two types of water molecules for

the La[FeIII(CN)6]�5H2O. Three water molecules are coordi-

nated to the La3+ ion and two zeolitic water molecules are held

in cavities within hydrogen bonding distance of the coordinated
Fig. 3. Crystal structure of (NH4)La[FeII(CN)6]�4H2O.
water molecules. For a similar complex of the

KLn[FeII(CN)6]�nH2O (Ln = lanthanide), three types of crystal

structures have been reported as n = 3 (Ln = Sm, monoclinic,

P21/m) [26,29], n = 3.5 (Ln = Gd–Lu, orthorhombic, CmCm)

[26,27,30], and hexagonal (Ln = La–Nd, P63/m, n = 4) [26,31–

33]. For the n = 4 hexagonal phase, one of the two zeolitic water

molecules is replaced by a K+ atom. For the (NH4)RE[-

FeII(CN)6]�nH2O complexes, the NH4
+ ion would exist instead

of the K+ ion (Fig. 3). Fig. 4 shows the lattice parameters for the

(NH4)RE[FeII(CN)6]�nH2O complexes. The lattice constants

were linearly increased with an increase in the ionic radius (9

C.N.) of RE3+ ions [34]. The reported lattice parameters of

a = 0.7412 nm and c = 1.3943 nm for KLa[FeII(CN)6]�4H2O

complex [32] were close with a = 0.7417 nm and c = 1.403 nm

for (NH4)La[FeII(CN)6]�4H2O in Fig. 4, because an ionic radius

of NH4
+ is similar with that of K+ ion. These lattice parameters

would be smaller than a = 0.7557 nm and c = 1.4457 nm for the

La[FeIII(CN)6]�5H2O [35] due to difference in N–O and La–O

distance with the change in La–N–C angle as reported in

previous study [32].
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3.2. Thermal decomposition products

Fig. 5 shows the FT-IR spectra of (NH4)La[FeII(CN)6]�nH2O

and its thermal decomposition products at various tempera-

tures. For the as-prepared complex, a n(CN) stretching band at

about 2100 cm�1 and a d(H2O) band at about 1620 cm�1 were

observed. The n(CN) stretching band disappeared at 330 8C,

just after the abrupt decomposition. Instead, some new bands

assignable to carbonate and nitrate groups became observed

around 1480, 1070 and 850 cm�1, and 1385 cm�1, respectively.

The intensities of the absorption bands weakened for the

sample calcined at 500 8C and disappeared at 625 8C and

higher temperatures. This can indicated that the carbonate and

nitrate groups formed by the thermal decomposition of the

complex remained on the surface of the perovskite grains. This

behavior agreed with the plateaus appearing at around 500 8C
and the last plateau from 600 8C in the TG measurement.
Table 2

Phase of decomposed materials at various temperatures for the (NH4)RE[FeII(CN)6]�nH2O complexes (RE = La, Ce, Pr, Nd, Sm, Gd, Dy, Y, Er, Lu).

La Ce Pr Nd Sm Gd Dy Y Er Lu

1000 8C LaFeO3 CeO2

Fe2O3

PrFeO3 NdFeO3 SmFeO3 GdFeO3 DyFeO3 YFeO3 ErFeO3 LuFeO3

Unknown

900 8C LaFeO3 CeO2

Fe2O3

PrFeO3 NdFeO3 SmFeO3 GdFeO3 DyFeO3 YFeO3 ErFeO3 LuFeO3

Unknown

800 8C LaFeO3 CeO2

Fe2O3

PrFeO3 NdFeO3 SmFeO3 GdFeO3 Dy2O3

Dy4Fe5O13

Unknown

YFeO3

Unknown

ErFeO3

Unknown

LuFeO3

Unknown

700 8C LaFeO3 A PrFeO3 NdFeO3 SmFeO3 GdFeO3 A YFeO3

Unknown

YFeO3

Unknown

A

600 8C LaFeO3 A PrFeO3

A

NdFeO3

A

SmFeO3

A

A A A A A

500 8C LaFeO3 A PrFeO3

A

A A A A A A A

400 8C A A A A A A A A A A

A, amorphous phase.
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The XRD profiles of the thermal decomposition products at

various temperatures for (NH4)La[FeII(CN)6]�nH2O are shown

in Fig. 6. A broad band centered at about 308 as an amorphous

phase was obtained for the sample calcined at 400 8C. The

peaks of the LaFeO3 perovskite-type phase were obtained for

the samples calcined at 500 8C and the higher temperatures.

The XRD profile showed only the signals due to the

orthorhombic LaFeO3 (space group: Pnma) without the broad

halo patterns. It is confirmed that the full-width-at-half-

maximum (FWHM) of all the LaFeO3 peaks decreases with an

increase in the decomposition temperature because of crystal-

lite growth. The change in the peak position for the perovskite

phase could not be confirmed with an increase in decomposi-

tion temperature from 300 8C to 1000 8C. The LaFeO3 phase
Fig. 9. SEM-EDX results of (a)–(c) the (NH4)La[FeII(CN)6]�nH2
was directly formed from thermal decomposition of the

complexes. Table 2 shows the phases of the decomposed

(NH4)RE[FeII(CN)6]�nH2O at various temperatures. For

REIII = La through Gd having larger ionic radius, only the

peaks due to the perovskite-type oxide were observed except

for Ce. In the case of RE = Ce, a mixture of CeO2 and Fe2O3

was formed because of Ce3+ oxidation in the complex to Ce4+ at

elevated temperature. A single phase of the perovskite-type

oxide could not be directly obtained for RE = Dy through Lu

having a smaller ionic radius. In this case, RE2O3 and RE-Fe-

oxide such as Yb4Fe5O12 phases were mainly formed after

decomposition, and the perovskite-type phase was formed by

the solid reaction at higher temperatures. Fig. 7 shows the

lattice parameters as orthorhombic (Pnma) using the XRD

results for the decomposed materials at 1000 8C. The lattice

parameters for b- and c-axes increased linearly with an increase

in the ionic radius of the RE3+ ion (C.N. = 8). On the other

hand, the lattice parameter showed constant value for the a-

axis.

Fig. 8 shows the surface area of the decomposition materials

at various temperatures for the (NH4)RE[FeII(CN)6]�nH2O

complex. In the case of a single perovskite phase for RE = La

through Gd, the specific surface areas of the REFeO3 particles

prepared in the last plateau range were ca. 20, 10, and 5 m2 g�1

at 500, 600, and 700 8C, respectively. Such an increase in size

and decrease in surface area are consistent with a general

tendency that the particle growth proceeds as the calcination

temperature is increased. For the mixed phase materials for Dy

through Lu, the surface area was 2–3 times larger than those of

single perovskite materials. The formation of two phases for

RE2O3 and RE-Fe-oxide would influence the high surface area

compared with that of a single REFeO3 phase. Fig. 9 shows the

SEM-EDX results for the (NH4)La[FeII(CN)6]�nH2O complex

and its decomposition sample at 500 8C. The samples were

pressed to obtain a flat surface. Elemental analyses were
O complex and (d)–(f) its decomposition product at 500 8C.
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performed on the same surface observed by SEM (Fig. 9(a) and

(d)). The elemental distribution of La and Fe was highly

homogeneous for the complex and the decomposed sample.

4. Conclusion

New heteronuclear (NH4)REIII[FeII(CN)6]�nH2O complexes

(RE = La, Ce, Pr, Nd, Sm, Gd, Dy, Y, Er, Lu) were synthesized,

and their hydration number and crystal structure were estimated

to be n = 4 and a hexagonal unit cell (space group: P63/m).

Their thermal decomposition products were investigated, and

the single phase of the perovskite-type materials was directly

obtained by the decomposition of the heteronuclear complexes

for RE = La, Pr, Nd, Sm, and Gd. The elemental distribution of

RE and Fe was very homogeneous in these materials.
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