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The thermal decomposition reaction of crystalline heteronuclear cyano complex precursor to crystalline
perovskite-type oxide catalyst was investigated. From X-ray single crystal analysis and XRD, FT-IR, TG-
DTA, SEM, and BET measurements, the thermal decomposition process of Sm[Fe(CN)s]-4H,O precursor
was elucidated. It was found that the specific surface area of SmFeO3; decreased monotonously with
increasing calcination temperature of Sm[Fe(CN)g]-4H, 0, while the highest catalytic activity for CO oxi-
dation was achieved for Sm[Fe(CN)g]-4H,0 calcined at 600 °C. The size of Sm[Fe(CN)g]-4H,0 precursor
depended on the molar concentration of starting materials, Sm(NOs )3-6H,0 and K3Fe(CN)g, in aqueous
solution (Cs); the size of Sm[Fe(CN)g]-4H,0 decreased with decreasing Cs. The decrease in particle size
of cyano complex was found to result in the increase in specific surface area of perovksite-type oxide
obtained after calcination.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Perovskite-type oxide with general formula, ABO3, in which
A is usually an alkaline earth metal ion or a lanthanoid ion and
B is a transition metal ion, is one of the compounds used in
the environmental friendly catalytic systems. Several perovskite-
type oxides have been reported to show high catalytic activity for
oxidations of hydrocarbon [1,2] and chlorinated volatile organic
compounds [3] and decomposition of NO [4-6]. Traditionally,
perovskite-type oxides have been prepared by solid-state reac-
tion of oxides and/or carbonates [7-9]. However, this traditional
method offers the disadvantages of long processing time, low
surface area, large particle size, and limited degree of chemical
homogeneity. In general, wet-chemical methods are available to
prepare finer and more homogeneous powders at relatively low
temperature. Up to date, numerous efforts of low temperature wet-
chemical method have been undertaken to increase the surface
area of perovskite-type oxide. For example, sol-gel [8,10-12], co-
precipitaion [7,10,13], citrate route [7,8], reverse micelle [14,15],
reverse homogeneous precipitation [16], and polymeric precur-
sor methods [17,18], and flame hydrolysis of aqueous solution
of precursor salts [19] have been developed and designed to
prepare nano-sized perovskite-type oxides. However, the develop-
ment of simple and low-cost procedures for obtaining single-phase
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perovskite-type oxide nanoparticles with a homogeneous chemical
composition under mild condition is still needed.

Sadaoka and co-workers [20-27] reported the new prepara-
tion route of perovskite-type oxide via the thermal decomposition
of heteronuclear cyano complex, Ln[M(CN)g]-nH,0 (abbreviated
as CN method). Recently, we have prepared SmFeg5C0g503 cat-
alyst by CN method and found that this catalyst exhibited the
highest CO conversion among a series of SmFexCoq_,03 catalysts.
This result demonstrated that there is a remarkable synergistic
effect by co-existing B site cations on the catalytic activities of
CO oxidation for SmFeyCoq_,03 catalysts due to high homogene-
ity in composition [28]. Thus, CN method possesses advantages for
preparing perovskite-type oxide active for catalytic CO oxidation;
however, little is known about the formation mechanism of crys-
talline perovskite-type oxide from crystalline cyano complex by
thermal decomposition. In the present study, the thermal decom-
position process of simple cyano complex, Sm[Fe(CN)g]-nH,0,
was investigated by characterizing both the synthesized cyano
complexes and the obtained perovskite-type oxides using X-ray
single crystal structure analysis, powder X-ray diffraction (XRD),
Fourier-transformed infrared spectroscopy (FT-IR), BET measure-
ment, scanning electron microscopy (SEM), and thermal analysis
(TG-DTA). In addition, the catalytic activity of CO oxidation was
evaluated for perovskite-type oxide prepared by CN method.

2. Experimental

The cyano metal complex, Sm[Fe(CN)g]-nH, 0, was synthesized
as a precursor of perovskite-type oxide [21]. All chemicals were
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Fig. 1. Crystal structure of Sm[Fe(CN)s]-4H,0 complex.
Table 1
Crystallographic data for Sm[Fe(CN)s]-4H,O.
Empirical formula CeHgFeNgO4Sm
Formula weight 434.41
Crystal system Orthorhombic
Space group Cmcm (No. 63)
a(A) 7.444(2)
b (A) 12.817(4)
c(A) 13.688(4)
V(A3) 1306.0(6)
z 4
Deaied (gecm=3) 2.168
Fooo 792.00
(Mo Ka) (cm™1) 55.855
A (A) 0.7107
T(°C) -173
No. of refls. measured 1113
No. of refls. used (I>2.00(I)) 52
R1 2[Ry 0.0265/0.0757
Goodness of fit indicator 1.197
2 R=X [IFol — |Fc||/2 |Fol.
b Ry = [S(w(F2 — 2/ Sw(2)] .
Table 2
Selected bond lengths (A) and angles (°) for Sm[Fe(CN)g]-4H,0.
Bond length (A)
Sm(1)-0(1) 2.397(2) sm(1)-N(1) 2.530(4)
Sm(1)-N(2) 2.499(2) Fe(1)-C(1) 1.932(3)
Fe(1)-C(2) 1.930(2) N(D)-C(1) 1.150(5)
N(2)-C(2) 1.154(3) o(1)-0(2) 2.803(3)
Bond angle (°)
O(1)-Sm(1)-0(1) 108.31(9) O(1)-Sm(1)-N(1) 71.97(5)
o(I)-Sm(1)-N(2) 79.54(7) o(1)-Sm(1)-N(2) 142.78(6)
N(1)-Sm(1)-N(1) 116.20(12) N(I)-Sm(1)-N(2) 141.93(6)
N(I)-Sm(1)-N(2) 76.56(9) N(2)-Sm(1)-N(2) 73.82(8)
N(2)-Sm(1)-N(2) 74.19(8) C(1)-Fe(1)-C(1) 180.00(17)
C()-Fe(1)-C(2) 91.23(11) C(1)-Fe(1)-C(2) 88.77(11)
C(1)-Fe(1)-C(2) 88.76(11) C(2)-Fe(1)-C(2) 89.15(11)
C(2)-Fe(1)-C(2) 90.85(11) Sm(1)-N(1)-C(1) 147.2(3)
Sm(1)-N(2)-C(2) 166.1(2) Fe(1)-C(1)-N(1) 178.6(3)
Fe(1)-C(2)-N(2) 178.1(2)
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Fig. 2. XRD patterns of Sm[Fe(CN)s]-4H,0 complex (a) as-prepared, (b) preheated
at 300°C for 2 h, and then calcined at (c) 400°C for 5 h, (d) 600°C for 1h, (e) 600°C
for2 h, (f)600°C for 5h,(g)800°C for 5h,and (h) 1000°C for 5 h after heat treatment
(b). (a) Sm[Fe(CN)g]-4H,0 and (M) SmFeOs.
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Fig. 3. TG-DTA curves of Sm[Fe(CN)s]-4H,0 complex. The solid and dotted lines
stand for TG and DTA curves, respectively.
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Fig. 4. FT-IR spectra of heteronuclear cyano complexes, Sm[Fe(CN)s]-4H>0, (a) as-
prepared, (b) pretreated at 300 °C for 2 h, and calcined at (c) 400°C, (d) 600 °C, and
(e) 800°C for 5h. The band at 1385 cm~"! originates from KBr powder.
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Fig. 5. SEM images of the heteronuclear cyano complexes, Sm[Fe(CN)g]-4H,0, (a) as-prepared, (b) preheated at 300°C for 2 h, calcined at (¢) 400°C for 5h, (d) 600°C for 1h,

(e)600°C for 2 h, (f) 600°C for 5h, (g) 800°C for 5 h, and (h) 1000°C for 5 h.

used without any purification. Aqueous solutions of appropri-
ate amounts of Sm(NO3)3-6H,0 (Wako, 99.5%) and KsFe(CN)g
(Hayashi, 99.0%) were mixed at room temperature by continuous
stirring for 0.5 h, resulting in the formation of Sm|[Fe(CN)g]-nH,0
according to the following reaction:

Sm(NO3)s(aq) + KsFe(CN)g(aq)
— Sm[Fe(CN)g]-nH,0(s) + 3KNOs(aq)

The resulting precipitate was collected by suction filtration, washed
with deionized water, ethanol, and diethyl ether, and then air-dried

at 50°C. The obtained powder was preheated at 300°C for 2 h and
then calcined in air at 400-1000°C for 1-5h to yield perovskite-
type oxide, SmFeOs.

X-ray single crystal diffraction measurement was made on a
Rigaku VariMax Saturn CCD 724+ diffractometer with graphite
monochromated Mo Ka radiation at —173 °C. Data were collected
and processed using Crystal Clear [29] for windows software. Neu-
tral scattering factors were obtained from standard source. In the
reduction of data, Lorentz and polarization corrections were carried
out. The structural analysis was performed using Crystal Structure
[30] for windows software. All structures were solved by SIR2004
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Fig. 6. Catalytic activities (Tso%; W) and specific surface area () as a function of
calcination temperature. The perovskite-type oxide catalyst (0.5 g) was pre-treated
in flowing helium gas at 500 °C. The reaction gas contained 1.0 vol% of CO, 20.0 vol%
of 0,, and helium as a balance gas. The total flow rate was 50 cm? min~'. Tsgy is
defined as the temperature giving 50% CO-conversion.

[31] (direct methods) and refined by SHELX-97 [32]. The powder
XRD patterns of products were collected on a Rigaku MiniFlex II
diffractometer using Cu Ka radiation. The thermal decomposition
process of complex was studied by thermogravimetry and differ-
ential thermal analysis (TG-DTA; DTG-60E, Shimazu), performed
at a heating rate of 10°Cmin~! in air. FT-IR spectra of samples
with KBr powder were recorded with a PerkinElmer Spectrum One
spectrometer. To measure the distributions and the mean particle
sizes (day), the cyano complexes and the perovskite-type oxides
were observed by SEM (JSM-5310, JEOL). The specific surface area
was determined with the BET analysis (Belsorp-mini, BEL Japan)
for the adsorption-desorption property measurements using N,
adsorbent at —196°C.

The catalytic reaction of CO oxidation was carried out in a con-
ventional fixed-bed flow reactor [28]. The perovskite-type oxide
catalyst (0.5 g) was placed in the flow reactor and pre-treated in
flowing helium gas at 500 °C. The reaction gas contained 1.0 vol%
of CO, 20.0vol% of O, and helium as a balance gas. The total flow
rate was 50cm3 min—!. The reaction temperature was increased
stepwise from 50 to 450°C, and the reaction was carried out at
each temperature until the conversion reached a constant value.
The gas composition was analyzed by gas chromatography (GC-
8AIT, Shimazu) using Molecular Sieve 5A column. The catalytic
activity for CO oxidation was evaluated by conversion of CO
(=([COlout/[CO]in) x 100).

3. Results and discussion
3.1. Thermal decomposition process of Sm[Fe(CN)g]-nH,0

The crystallographic data of prepared heterocyano-complex,
Sm[Fe(CN)g]-nH,0, as a precursor of perovskite-type oxide,
were obtained by a single crystal X-ray analysis. Fig. 1 shows
the crystal structure of Sm|Fe(CN)g]-nH,O with orthorhombic
space group Cmcm (a=7.444(2)A, b=12.817(4)A, c=13.688(4)A,
V=1306.0(6)A3, and Z=4). The crystallographic data are summa-
rized in Table 1 and selected bond lengths and angles are given in
Table 2. A samarium ion is eight coordinate; two oxygen atoms in
crystal waters and six nitrogen atoms in CN groups are coordinated
to a samarium atom in square antiprismatic geometry. On the other
hand, six carbon atoms are coordinated to an iron atom in octahe-
dral geometry. As can be seen in Table 1 and Fig. 1, the number of
crystal water in unit cell, n, is determined to be 4, being in good

agreement with TG-DTA result (vide infra). In addition, the unco-
ordinated crystal water molecules may be hydrogen-bonded to a
crystal water coordinated to a samarium atom because the bond
length of O(1)-0(2) is 2.803(3)A. A similar crystallographic result
was reported by Zhou et al. [33].

Fig. 2 shows XRD profiles of Sm[Fe(CN)g]-4H,0 complexes pre-
heated at 300°C for 2 h in air, followed by calcined at 400-1000°C
for 1-5h in air. It is demonstrated from XRD analysis that
as-prepared Sm|[Fe(CN)g]-4H,0 complex possesses orthorhombic
structure [34]. When Sm[Fe(CN)g]-4H,0 complex was preheated
at 300°C for 2 h in air, XRD peaks due to the orthorhombic struc-
ture of Sm[Fe(CN)g]-4H,0 disappeared completely. No strong peak
was observed in the calcination temperature range of 300-400°C
except for the hallow peak centered at ca. 31°. Therefore, the sam-
ple calcined at 300-400 °C was found to be in an amorphous phase
and/or an assembly consisting of nanoparticles (<1 nm) with size
below detectable level by XRD analysis. When the sample was
calcined at 600°C, the peaks assigned to orthorhombic structure
of perovskite-type oxide, SmFeO3, newly appeared [34] and their
intensities increased with increasing calcination time (Fig. 2(d)-(f))
and calcination temperature (Fig. 2(g) and (h)). This indicates that
the crystal growth of perovskite-type oxide successively proceeds
in the temperature range between 600 and 1000 °C.

TG-DTA and IR measurements were performed for further
understanding the influence of calcination temperature. Fig. 3
shows TG-DTA curves of Sm[Fe(CN)g]-4H,0 complex measured in
flowing air. The two large weight losses in TG curve were observed
at 100-200 and 300-400°C, being accompanied by endothermic
and exothermic effects, respectively, in DTA curve. These two
weight losses may be due to desorption of H,O for 100-200°C
and oxidation of CN groups for 300-400°C. A similar result was
observed for Sm[Co(CN)g]-nH,0 complex [35]. The small weight
loss was additionally observed at 400-600 °C. This may come from
desorption of CO, and/or NOy produced by the decomposition of
surface carbonate and nitrate species derived from oxidation of CN
groups.

Fig. 4 shows FT-IR spectra of Sm[Fe(CN)g]-4H,0 as-prepared,
preheated at 300°C for 2h, and calcined at 400-800°C for 5h.
For the as-prepared Sm[Fe(CN)g]-4H,0 complex, CN stretching
bands were clearly observed at about 2145 and 2067 cm~! [36].
In addition, the bands related to the bending vibration of the dif-
ferent crystal waters in complex were observed in the range of
1600-1630cm~! [37]. When Sm[Fe(CN)g]-4H,0 complex was pre-
heated at 300°C for 2 h in air, the bands due to CN stretching and
H,0 bending vibrations disappeared, as can be seen in Fig. 4(b).
This result is in agreement with TG-DTA result that crystal water in
complex was desorbed below 200 °C and CN groups were oxidized
at 300-400°C. It should be noted that the bands attributed to car-
bonate and/or nitrate groups were newly observed at 1300-1500,
1075, and 840cm~! [26]. Our previous in situ DRIFT-IR study of
calcined Sm[Fe(CN)g]-4H,0 demonstrated that at least two types of
carbonate species were formed by thermal decomposition of cyano
complex; one is the bidentate-type carbonate produced by oxida-
tion of CN groups and the other is the monodentate-type carbonate
formed by CO, adsorption [35], although such carbonates could not
distinguish from the present IR spectra. Nitrate species undoubt-
edly come from oxidation of CN groups in Sm[Fe(CN)g]-4H,O0.

The band intensities of carbonate and nitrate species decreased
with increasing calcination temperature (Fig. 4(c)-(e)). When
Sm[Fe(CN)g]-4H,0 complex was calcined at 600°C (Fig. 4(d)), the
intense bands appeared at 560 and 450 cm~!. These bands can be
assigned to the Fe-0 stretching and bending vibrations of octahe-
dral FeOg, supporting the formation of perovskite-type structure
[36].

From the present XRD, TG-DTA, and IR results, the thermal
decomposition process of Sm[Fe(CN)g]-4H,0 may be proposed
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Fig. 7. SEM images and particle size distributions of the heteronuclear cyano complexes, Sm[Fe(CN)s]-4H,0, synthesized from the aqueous solution with concentration of
(a)0.2M, (c) 0.6 M, and (e) 1.0 M. SEM images (b), (d), and (f) are of the perovskite-type oxides, SmFeOs, prepared by calcination of (a), (c), and (e) complexes, respectively,

at 700°C for 1h.

as follows. (1) When Sm[Fe(CN)g]-4H,0 is calcined at <300°C,
the desorption of crystal water initially occurs and CN groups in
cyano complex are oxidized to form amorphous particle and/or
nanoparticle assembly of perovskite-type oxide, probably covered
by carbonate and nitrate species. (2) At >600 °C of calcination tem-
perature, CO, and NOy produced by decomposition of carbonate
and nitrate species are desorbed and simultaneously the crystal
growth of perovskite-type oxide starts to proceed.

Fig. 5 shows SEM images of Sm[Fe(CN)g]-4H,0 preheated
at 300°C and calcined at 400-1000°C. For as-prepared
Sm[Fe(CN)g]-4H,0 complex, the particle size (2-20 m) was much
larger than the crystallite size estimated from XRD diffraction line
using Scherer’s equation (46 nm). This suggests that as-prepared
cyano complex shown in Fig. 5(a) is polycrystalline particle. The
particle sizes as well as shapes were essentially the same as those
of Sm[Fe(CN)g]-4H,0 complex calcined at 300-400°C (Fig. 5(b)
and (c)) although CN groups were oxidized as demonstrated by
TG-DTA measurement (vide supra). When the sample was calcined
at 600°C, the progressive change in the morphology of particle

was observed with calcination time. Clearly, the sample calcined
at 600°C showed the powder deposition on the surface of each
particle, probably due to the surface diffusion for crystal growth
like normally observed for powder-sintering. Such a crystal growth
was supported by XRD result that the diffraction peaks assigned to
perovskite-type oxide were observed at 600 °C, as shown in Fig. 2.
With further increasing calcination temperature, the assembly
consisting of small particles was observed as shown in Fig. 5(h).
The catalytic activities of CO oxidation were measured for
Sm[Fe(CN)g]-4H,0 calcined at 400-1000 °C for 5 h. Fig. 6 shows cat-
alytic activities and specific surface areas as a function of calcination
temperature. The specific surface area decreased monotonously
with increasing calcination temperature. The specific surface area
of SmFeO5 calcined at 600 °C (ca. 20 m2 g~ ') was comparable to that
calcined at the same temperature in the other preparation meth-
ods (11-17 m2 g~1)[38]. In contrast to the specific surface area, the
catalytic activity of CO oxidation exhibited the maximal value at
600 °C of calcination temperature. This suggests that the catalytic
activity depended on not only specific surface area but also another
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of specific surface area. Calcination temperature was 700°C.

factor. The specific surface area of the sample calcined at 400 °C was
very high, whereas it showed no XRD peak due to perovskite-type
oxide, as shown in Fig. 2(c). Therefore, the formation of crystalline
perovskite-type may be also important for obtaining high catalytic
activity.

3.2. Preparation of Sm[Fe(CN)g]-4H,0 precursor

As mentioned in previous section, it is important to prepare the
perovskite-type oxide with both high specific surface area and high
crystallinity to improve catalytic activity. In the case of general
preparation methods such as sol-gel and co-precipitation meth-
ods, the specific surface area of perovskite-type oxide is controlled
by calcination temperature of amorphous precursor; that is, lower
calcination temperature, higher specific surface area [7,8,10]. In the
present study, the control of the specific surface area of perovskite-
type oxide was attempted by changing the preparation condition of
crystalline cyano complex precursor. The resulting precursor was
calcined at 700°C for 1h to yield the perovskite-type oxide with
high crystallinity.

Fig. 7 shows SEM images of the Sm[Fe(CN)g]-4H,0 complex
synthesized from aqueous solutions with different molar concen-
tration of starting materials; Sm(NO3)3-6H,0 and K3Fe(CN)g. The
shape and size of cyano complex were dependent on the concentra-
tion of starting materials (Cs). The synthesis from aqueous solution
with low Cs gave rod-like particle (Fig. 7(a)), while that with high
Cs gave hexagonal column-like particle (Fig. 7(c) and (e)). Addition-
ally, the flake particles with 2-5 wm were observed regardless of
Cs and the number of their particles increased with increasing Cs.
The insets of Fig. 7 represent the particle size distributions of each
cyano complex. The mean particle sizes were 6.1, 7.0, and 8.4 wm
for cyano complexes synthesized from the aqueous solution with
Cs=0.2,0.6,and 1.0 M, respectively. The mean particle size of cyano
complex increased with increasing Cs.

The SEM images and the particle size distributions of perovskite-
type oxides prepared from each cyano complex are shown in
Fig. 7(b), (d), and (e). The mean particle sizes of perovskite-type
oxides increased with increasing Cs: 4.1, 6.1, and 7.4 pm for 0.2,
0.6, and 1.0 M, respectively. The size of Sm[Fe(CN)g]-4H;O particles
(Fig. 7(a), (c), and (e)) was slightly larger that of perovskite-type
oxide (Fig. 7(b), (d), and (f)) because of the contraction of lat-
tice volume in the transformation from a cyano complex to a
perovskite-type oxide. From these results, it was concluded that
the synthesis of cyano complex with small particle size is effective
to obtain the perovsktie-type oxide with small particle size, giving
the perovsktie-type oxide with large specific surface area. In fact,

the BET specific surface area of SmFeO5 prepared from cyano com-
plex synthesized with Cs=0.2M (10m2g~!) was larger than that
with Gs=1.0M (5.3 m2g1).

Fig. 8 shows the correlation between catalytic activity (Tso%)
and BET specific surface area of SmFeO3 prepared from cyano
complex synthesized with different Cs;. The catalytic activity of
SmFeO3 monotonously increased with increasing specific surface
area. Therefore, if cyano complex with small particle size can be
synthesized, the perovskite-type oxide with large surface area can
be obtained, resulting in high catalytic activity.

4. Conclusion

The thermal decomposition reaction of heteronuclear cyano
complex, Sm[Fe(CN)g]-4H,O0, to yield single-phase perovskite-type
oxide, SmFeO3 was investigated by X-ray single crystal anal-
ysis and XRD, FT-IR, TG-DTA, SEM, and BET specific surface
area measurements. The single crystal X-ray analysis provided
that Sm[Fe(CN)g]-nH,O possessed an orthorhombic structure
(Cmcm) with lattice parameters: a=7.444(2)A, b=12.817(4)A, and
c=13.688(4)A. From XRD, TG-DTA, and IR results, the thermal
decomposition process of Sm[Fe(CN)g]-4H,0 complex was pro-
posed as follows: when Sm[Fe(CN)g]-4H,0 was calcined at 300°C,
the desorption of crystal water initially occurred and CN groups
in cyano complex were oxidized to form amorphous particles or
the assembly of oxide nanoparticles covered by carbonate and
nitrate species. At >600 °C of calcination temperature, CO, and NOy
were desorbed by decomposition of carbonate and nitrate species
and simultaneously the crystalline growth of perovskite-type oxide
took place. The surface area decreased monotonously with increas-
ing calcination temperature, while the highest catalytic activity for
CO oxidation was achieved for the sample calcined at 600 °C.

The shape and size of Sm[Fe(CN)g]-4H, 0 precursor significantly
depended on the concentration of starting materials in aqueous
solution (Gs); the particle size of Sm|[Fe(CN)g]-4H, 0 decreased with
decreasing Cs. The decrease in particle size of cyano complex was
found to result in the increase in specific surface area of perovksite-
type oxide obtained after calcination.

Supplementary data

Crystallographic information for Sm[Fe(CN)g]-4H,0 is available
as CCDC798434 from the Cambridge Crystallographic Data Centre
(CCDC). These data may be obtained from the CCDC via the web link
www.ccdc.cam.ac.uk/data_request/cif.
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