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Effect of preparation routes on the catalytic activity over SmFeO3 oxide
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A B S T R A C T

The perovskite-type SmFeO3 powders were prepared by the four different methods, named decom-

position method of heteronuclear cyano complexes (CN), polymer precursor method (PP), reverse

micelle method (RM) and reverse homogenous precipitation method (RHP), and their catalytic

activities were evaluated with a CO oxidation reaction. The surface areas and the surface chemical

compositions of Sm, Fe, O and C were strongly dependent on the preparation methods and calcination

temperatures. On the basis of such the characteristics on the surface the factors controlling the catalytic

activity are discussed.
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1. Introduction

Perovskite-type oxide with basic formula ABO3 is one of the
attractive compounds among the mixed oxides used in the
environmental friendly catalytic systems. Several perovskite-type
oxides have been reported to show the high catalytic activity for
the complete oxidation of hydrocarbons [1,2] and CO [3,4] and the
decomposition of NO [5–8]. Besides the utility of perovskite-type
oxide as a catalyst, several-types of perovskite-type oxides were
applied to the electrochemical materials such as chemical sensors
[9,10] and fuel cell electrodes [11–13].

The most significant problem for applying the perovskite-type
oxide to catalytic reaction is the low surface area of perovskite-
type oxide itself. One approach to overcome this problem is the
usage of support with high surface area. Mizuno and co-workers
[14,15] reported the supporting of La0.8Sr0.2CoO3 on ZrO2 by the
impregnation method. The obtained perovskite-type oxide was
highly dispersed on ZrO2 and showed high catalytic activity for
C3H8 oxidation. Some of the present authors [16] have reported
that LaMnO3 perovskite-type oxide was deposited inside the pore
of alumina by using incipient wetness method. They demonstrated
that LaMnO3/Al2O3 gave fine particles of LaMnO3, exhibiting higher
activity for C3H8 oxidation than the bulk oxide when the activity
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was normalized to the weight of supported LaMnO3. Similar results
were reported for LaCoO3/CeO2 [17], LaCoO3/Ce1�xZrxO2 [18,19],
LaMn1�yFeyO3/carbon [20], LaCoO3/mesoporous silica [21],
LaCoO3/ZrO2 [22], LaMnO3/ZrO2 [23], La0.7Sr0.3Mn0.95Pt0.05O3/
alumina [24], La0.8Sr0.2MnO3/metal aluminates [25,26], and the
supported perovskite-type oxides cited in the review by Mizuno
[27].

An alternative approach for yielding the perovskite-type oxide
catalysts with high specific surface areas is to prepare the nano-
sized perovskite-type oxide. In general, the specific surface area of
perovskite-type oxide decreased with increasing calcination
temperature. Numerous efforts for preparation techniques have
been devoted to increasing the surface area of perovskite-type
oxide. One of the most popular processing of perovskite-oxide
powder with high surface area is sol–gel method [28]. Other
processes to obtain fine particles have been also developed so far:
i.e., thermal decomposition methods of organic cyano [29] and
polymer precursors [30], the flame hydrolysis method of an
aqueous solution of precursor salts [31], the ball-milling method
[32], reverse micelle method [33], reverse homogeneous pre-
cipitation method [34] and so on.

It has been reported that the catalytic activity of perovskite-
type oxide depended on the preparation methods [35]. The
difference in the catalytic activity could not be explained only by
the difference in the surface area. This may be ascribed to the
different surface morphologies of perovskite-type oxides. In the
present study, the catalytic activity of SmFeO3 prepared by four
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Fig. 1. XRD profiles of SmFeO3 prepared by (a) CN, (b) PP, (c) RM, and (d) RHP

methods. The samples were calcinated at 700 8C.
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different methods: the thermal decomposition methods of the
organic heteronuclear cyano metal complex (abbreviated as CN
method) and polymer precursor including metal ions (PP method),
and the calcination of hydroxides of heterometals synthesized by
reverse micelle method (RM method) and reverse homogeneous
precipitation method (RHP method), were compared each other
and the factor controlling the catalytic activity of SmFeO3 was
discussed on the basis of XPS results.

2. Experimental

2.1. Sample preparation

2.1.1. Decomposition method of heteronuclear cyano complexes (CN)

[29]

The heteronuclear cyano complexe, Sm[Fe(CN)6]�nH2O, as a
precursor of perovskite-type oxide was synthesized at room
temperature by mixing aqueous solutions of appropriate amounts
of Sm(NO3)3H2O and K3Fe(CN)6 under continuous stirring, according
to the following reaction; SmNO3(aq) + K3Fe(CN)6(aq)! Sm-
SmFe(CN)6�nH2O(s) + 3KNO3(aq). The precipitate obtained was
collected by suction filtration, washed with deionized water,
ethanol, and diethyl ether, and then dried in air at 50 8C. The
resulting powder was calcined at 550–800 8C for 5 h in air.

2.1.2. Decomposition method of polymer precursor method (PP) [30]

Sm(NO3)3 and Fe(NO3)3 were dissolved in an ethylene glycol
solution at the desired metal molar ratio. Acetylacetone (acac) was
then added (oxide:acac = 1 mol:8 mol) as a chelating agent, and
next a polymer, i.e., poly(vinyl alcohol) (PVA) or poly(ethylene
glycol) (PEG) was added as the polymer additive (7.5 wt%) to form
the polymer precursor. The prepared polymer precursor was
decomposed on a heating-plate to obtain the powders. The
powders were calcined at 550–800 8C for 2 h.

2.1.3. Reverse micelle method (RM) [33]

Two kinds of reverse micelle solutions (RM solutions A and B)
were prepared by using hexaethyleneglycol nonylphenyl ether
(NP-6) and cyclohexane, surfactant and solvent, respectively. RM
solution A (RM-A) contained an aqueous solution of an equimolar
mixture of Sm(NO3)3 and Fe(NO3)3 (0.2 M), while RM solution B
(RM-B) contained an aqueous solution of tetramethylammonium
hydroxide (TMAH, 10 wt%, coprecipitator). The ratio of water to
surfactant was set in 9 in both solutions. When RM-A was poured
into RM-B under agitation by stirring, a yellow colored transparent
solution, which could be an RM solution including mixed
hydroxides of Sm3+ and Fe3+, was obtained. After stirring for 1 h,
ethanol was added to the solution to collect the hydroxide
precursor by breaking reverse micelles. After filtration and drying,
obtained precursor was calcined in air in the range of 550–800 8C.

2.1.4. Reverse homogenous precipitation method (RHP) [34]

Samarium and iron nitrates (0.02 mol for each) were dissolved
in 100 mL of deionized water. The mixed nitrate solution was then
dropped through a burette at a rate of 0.5–1.0 mL min�1 into aq.
NH3 (300 mL, pH 13) under vigorous stirring. The final pH of the
reaction medium was about 11. The suspension was further stirred
for 1 h, kept standing for 30 min, and filtrated to collect the solid
precursor (hydroxide). The precursor was dried at 110 8C for 12 h,
and calcined at 550–800 8C in air.

2.2. Characterization and catalytic reaction of SmFeO3

The crystalline structure of the products was elucidated using
the powder XRD (Rint 2000, Rigaku, Cu Ka) and the surface areas of
the obtained powders were determined with the BET analysis for
the adsorption–desorption property measurements (Belsorp-mini,
BEL Japan) using N2 adsorbent at 77 K. The surface chemical states
and compositions of the SmFeO3 oxides were evaluated by X-ray
photoelectron spectroscopy (XPS) analyses (XPS 1600E, PerkinEl-
mer) using an Mg Ka excitation sources. All the binding energy (BE)
values were referenced to the C 1s line at 284.5 eV. The sputtering
was conducted with argon gas. The thermal desorption profile was
measured with quadrupole mass spectrometer (JEOL SUN200)
attached with thermogravimetric analyzer (Seiko Instruments Inc.,
TG/DTA6200).

The catalytic reaction of CO oxidation was carried out in a
conventional fixed-bed flow reactor. The perovskite-type oxide
catalyst (0.5 g) was placed in the flow reactor. The reaction gas
contained 1.0 vol% of CO, 20.0 vol% of O2, and helium as a balance
gas. The total flow rate was 50 cm3 min�1. The reaction tempera-
ture was increased stepwise from 100 to 400 8C, and the reaction
was carried out at each temperature until the conversion reached a
constant value. The gas composition was analyzed by gas
chromatography (Shimazu, GC-8AIT) using molecular sieve 5 A
and active carbon columns. The activity was evaluated by the
conversion of CO (([CO]out/[CO]in) � 100%).

3. Results and discussion

Fig. 1 shows the XRD profiles of SmFeO3 prepared by different
methods. The calcination temperature was unified to 700 8C. The
samples prepared by the CN, RM, and RHP methods provided
the XRD patterns indicating the single phase formation of the
perovskite-type structure of SmFeO3 (JCPDS# = 82424). The XRD
profile of the sample prepared by the PP method contains a weak
signal at 28.3 degree assigned to the impurity of Sm2O3, although
the relative intensity of this impurity signal normalized by the
(1 2 1) signal is ca. 0.08. Except for the impurity signals, any
outstanding differences (peak position, line-width, etc.) were not
confirmed in the XRD patterns.

Fig. 2 shows the change in the BET surface areas of the SmFeO3

powders with calcination temperatures. For all the methods, the
surface areas were decreased with the increase in calcination
temperature. For the RM method, for example, the value at 600 8C
was around 20 m2 g�1 and this is 5 times higher than that at the
800 8C calcination. The surface area seems to depend on the
preparation methods as well. Although the difference is not
remarkable, the CN and PP methods gave the trend of lower surface
areas compared to the RM and RHP methods.



Fig. 2. Surface area changes with the calcination temperatures: (*) CN, (~) PP, (*)

RM, and (~) RHP methods.

Fig. 3. The catalytic activity for CO oxidation of SmFeO3 as a function of surface area:

(*) CN, (~) PP, (*) RM, and (~) RHP methods.

Fig. 4. O 1s XPS spectra of SmFeO3 prepared by the CN method at calcinations

temperature of 700 8C.

Fig. 5. Correlations of the surface chemical compositions between (a) Olattice/Sm and

Fe/Sm and (b) Oad/Sm and Fe/Sm for the sample prepared with the different

methods and calcination temperatures: (*) CN, (~) PP, (*) RM, and (~) RHP

methods.
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The catalytic activities of each SmFeO3 powder were char-
acterized by examining a CO oxidation reaction. Fig. 3 demon-
strates how the surface area affects the catalytic activity. Two
groups of linear relationships were found between the BET surface
area and the temperature for the 50% CO conversion (as an index of
the catalytic activity), and such a temperature was reasonably
reduced with an increase in the surface area. One group consists of
the powders prepared by the CN and PP methods and the other
consists of the powders prepared by the RM and RHP methods. The
former group was lower in the activity than the latter. Overall, the
difference of the temperature between the two groups is around
50 8C. Since the difference in the surface area is not large, only the
BET surface area cannot explain the difference in the catalytic
activity. Therefore, not only a surface area but also a surface
chemical composition of the SmFeO3 oxides would also be an
important factor as discussed later.

It is possible that the surface composition of the SmFeO3 oxides,
Sm, Fe, lattice and adsorbed oxygen can be a controlling factor for
the catalytic activity of the CO oxidation reaction. For this reason,
the XPS analyses targeting at surface O, Sm and Fe elements were
carried out. Fig. 4 shows the O 1s XPS peaks for the SmFeO3

prepared by the CN method recorded before and after the
sputtering. The O 1s peaks can be deconvoluted into two
components: one component at lower BE is attributable to the
lattice oxygen (Olattice) and the other at higher BE is to the surface
adsorbed oxygen (Oad). The BE of Olattice (529.0 eV) is intermediate
between those of Sm2O3 (528.6 eV) and Fe2O3 (529.6 eV) [36].
Before the sputtering, the two oxygen species were observed with
almost equal intensity. By the sputtering, the surface adsorbed
oxygen notably reduced concomitantly with an increase in the
intensity of the lattice oxygen. This is clearly due to that the surface
oxygen was eliminated during the sputtering process and, at the
same time, the lattice oxygen emerged at the surface. As
mentioned later, carbonate species exists on the surface of the
oxides; therefore the detected Oad element might be ascribed to
the oxygen in the carbonates.

Fig. 5 shows the correlation between the amounts of O/Sm
(Olattice/Sm and Oad/Sm) and Fe/Sm derived from the result of the
XPS analyses for the different preparation methods and calcination



Fig. 7. C 1s XPS spectra of the SmFeO3 prepared by (a) CN, (b) PP, (c) RM, and (d) RHP

methods, where the samples were prepared at 700 8C. The relative intensities of the

C 1s peaks in % are denoted in the figure.

Fig. 8. Correlation of the surface compositions between C/Sm and Fe/Sm: (*) CN,

(~) PP, (*) RM, and (~) RHP methods.
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temperatures. In all the samples, the ratios of Fe/Sm were <1,
indicating that they possess Sm-enriched surfaces especially in the
CN and PP methods. In the region of Fe/Sm <0.4, the value of
Olattice/Sm falls on 1.2–1.5, suggesting that the surfaces are more in
Sm2O3-like features. The value of Olattice/Sm shifted to increase
linearly at above 0.4 and became close to 3 when the value of Fe/Sm
is close to 1 (which is the stoichiometric ratio of Sm, Fe and O in the
perovskite structure). The amount of Oad also seems to increase
with an increase in that of Fe/Sm. This might indicate that Oad

species adsorbs more favorably on the Fe sites rather than the Sm
sites.

The correlation between the surface concentrations of Olattice

and Oad are shown in Fig. 6. Linear relationships were clearly found
between the two oxygen species; the Oad increased with an
increase in the Olattice. The relationships were again grouped into
two groups: one is the CN and PP methods and the other is the RM
and RHP methods. The surface of the former group is more
abundant in Oad than that of the latter group. Given the catalytic
activity of the latter group was superior to the former (Fig. 3), it is
thus possible that the Oad species on the Fe surface reduces the
catalytic activity. In turn, this result supports that the Fe site or B
site is an active site for the CO oxidation.

The formation of carbonate species is known for the oxides
prepared via organic precursors [28,34]. The carbonate species
exists on the surface of the catalysts possibly related to the
catalytic activity. Therefore, the XPS analysis was also conducted
for C 1s spectra. Fig. 7 shows the C 1s XPS spectra of the samples
prepared from the four different methods. These spectra were
collected before sputtering. The peaks at 284.5 eV are those of the
referenced contaminated carbon. The carbonate peaks were
weakly observed at higher BE and their relative intensities to
the carbon reference are fairly dependent on the preparation
methods in the order of PP > CN >> RHP > RM. Fig. 8 shows the
correlation between the amounts of C/Sm and Fe/Sm. Two kinds of
linear relationships were suggested, one was grouped by the RHP
and RM methods and the other was by the CN and PP methods. In
both the groups, the C/Sm values increased with an increase in Fe/
Sm. In particular, the dependence of the latter group is more
prominent than that of the former. This indicates that Fe is likely to
be a dominant adsorption site of the carbonates. The methods in
the latter group are possibly in a more favorable environment for
the formation of the carbonate species. In both the groups, higher
values of C/Sm and Fe/Sm are realized at higher calcination
temperature. Although the reason is still unclear, the PP powder
cacinated at 600 8C (denoted as PP-600) seems to contain distinctly
large amount of carbonate species.
Fig. 6. Correlation between Olattice/Sm and Oad/Sm on the surfaces: (*) CN, (~) PP,

(*) RM, and (~) RHP methods.
Fig. 9 shows the results of the thermal desorption MS
spectroscopy of CO2 (m/e = 44) released from the SmFeO3 oxides
prepared at 700 8C, where the intensities are calculated as those
per unit weight and surface area. Desorption peaks were observed
in the three temperature regions, around 100, 250, and 500 8C. The
Fig. 9. Thermal desorption profiles of CO2 measured for the SmFeO3 powders

detected by MS (m/e = 44 [CO2
+]), where the samples were prepared at 700 8C. The

relative intensity was defined as total ion count of [CO2
+] per unit weight and

surface area.



Fig. 10. The catalytic activities of the SmFeO3 for CO oxidation as a function of

multiplication product of Fe/Sm and surface area (S), (Fe/Sm)S.
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first two peaks were observed for all the samples, probably
being originated from weakly bound CO2 species on the oxide
surfaces. However, the third peaks were seen only in the PP and CN
samples. In particular, peak intensities in the PP sample were
significantly higher than those in the others. The order of
intensities accommodates to the XPS result in which the CN and
PP methods give a higher peak intensities of the carbonates
compared to the RM and RHP methods. It seems that the order of
the third peaks is compatible with the result of the C 2s XPS in
Fig. 7. Therefore the third peaks are attributable to strongly bound
carbonate species. As shown in Fig. 3, the activities of the oxides
prepared at 700 8C are classified into two groups; CN- and PP-700
as a lower activity and RHP- and RM-700 as higher activity. The
oxides prepared by the former methods contain the carbonate
species observed as third peaks in the MS spectra absorbed on the
active site of the oxides. Thus it was clarified that the surface
chemical compositions as well as the surface areas could control
the catalytic activity. Since the CO2 species corresponding to the
first and second peaks are released at the reaction temperature,
they have small or no contributions to the catalytic activities.

Fig. 10 finally summarizes the correlation between the catalytic
activity and the multiplied product of Fe/Sm and the surface areas.
The single linear relationship was clearly confirmed. Fig. 10
demonstrated that the surface concentration of Fe is the main
factor of catalytic activity and Fe acts as a catalytically active site
for CO oxidation. The higher activities were achieved with the RM
and RHP method, especially at the lower calcination temperatures.

4. Conclusion

The perovskite-type SmFeO3 oxides were prepared by the four
different methods (CN, PP, RM and RHP). Except the precursor
prepared by the PP-method, calcination of precursors at 550–
800 8C gave single SmFeO3 oxide phases. The surface areas and the
surface elemental compositions were dependent on the methods
and calcination temperatures. The difference of such the char-
acteristics of the powders reflected in the catalytic activity for the
CO oxidation. The BET surface area analysis indicated that the RM
and RHP methods gave slightly higher surface areas than the other
methods. The XPS and thermal desorption MS analyses on the
surface concentrations of Oad, Olattice, Sm, Fe and C gave following
knowledge. (1) The Oad species were probably originated from the
carbonate species and preferably adsorbed on the Fe sites, which
reduced the number of active sites on the surface. (2) The surface of
RM and RHP have larger amount of Fe than that of CN and PP. From
the above analyses, the particles prepared by the RM and RHP
methods have better surfaces for their higher catalytic activities.
This effect is more prominent at lower calcination temperatures. It
is thus concluded that both surface area and surface chemical
composition are the factors controlling the catalytic activity and
these factors strongly related to the preparation method and
calcination temperature.
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