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Abstract Perovskite-type (La;_,Nd,)CoO; was synthe-
sized using citric acid at 700 °C. The Rietveld method
indicated that the crystal structure changed from a rhom-
bohedral to an orthorhombic system at x = 0.4. The Co-O
distance of the rhombohedral structure connected contin-
uously with the average Co—O(2) distance of the ortho-
rhombic structure, and the Co-O-Co angle of the
rhombohedral structure and the Co—-O(2)-Co angle of the
orthorhombic structure were continuous. The average
particle size of the samples was approximately 55 nm. CHy
oxidation started above 300 °C, and the temperature cor-
responding to the 50% conversion (7,) of CHy increased
linearly with increases in x. It is considered that the amount
of adsorbed oxygen decreased in response to the steric
hindrance, and that T;,, increased as a result.

Introduction

It is well known that perovskite-type oxides (ABOj3) pro-
vide excellent catalysis of hydrocarbon (C,H,, ,) oxida-
tion [1-10]. It is important to develop a new, alternative
catalyst for CH, oxidation. The -catalytic activity of
perovskite-type oxides in CH, oxidation is essentially
controlled by the B-site cation and is improved by the
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substitution of another A-site or B-site cation [1, 4-6].
Since CH,4 oxidation occurs on the outmost surface of the
catalyst, it is necessary to synthesize perovskite-type oxi-
des with good surface crystallinity (regularity of ions) and/
or a large specific surface area.

Perovskite-type LaMO3; (M = Mn, Co) has been known
to show high catalytic activity in carbon monoxide (CO)
oxidation [1, 8]. Although LaMO5; (M = Mn, Co) synthe-
sized using poly(acrylic acid) (PAA) has a large specific
surface area, the rapid combustion of PAA causes cracks on
the catalytic surface [11-13]. In order to reduce the number
of cracks and improve the surface crystallinity, a gel was
prepared by adding citric acid to an aqueous solution of
metal nitrates [14, 15]. The resulting LaCoO5 synthesized
using citric acid was found to have higher catalytic activity
for CO oxidation [15]. Recently, Yi et al. prepared highly
crystalline LaCoOj; using a novel microwave-assisted pro-
cess with a La—Co citrate complex precursor in the host
pores of mesoporous silica [6]. According to Natile et al.
[16], two nanostructured LaCoO; were prepared with
co-precipitation and with the citrate gel method. X-ray
powder diffraction pattern indicated that only the sample
prepared with the citrate gel method provided a single
phase. The results of X-ray photoelectron spectroscopy and
diffusion reflection infrared Fourier transform spectroscopy
suggested that the sample prepared with the citrate gel
method had a low presence of hydroxyl groups and car-
bonate species. Nano-sized LaCoO3; powder was success-
fully prepared by an aqueous gel-casting method, and the
effect of the ratio of organic precursors to metal nitrates and
the ratio of acrylamide (AM) and N,N’-methylenebis-
acrylamide (MBAM) were investigated [17]. The particle
size of the nano-powders was 31-60 nm and decreased with
increasing the ratio of organic precursor to metal nitrates
but was not affected by the ratio of AM to MBAM.
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There have been many reports regarding hydrocarbon
oxidation of the perovskite-type oxide that results in
changes in the kind of B-site cation or the valence of the
B-site cation [1, 2, 4-6, 18-21]. Saracco et al. have
reported that La(Cr;_,Mg,)O5 promotes CH, oxidation in
proportion to Mg/Cr substitution [2]. According to Arai
et al. [18], (La;j_,A,)MO;3 (A = Sr, Ca, Ba; M = Mn, Fe,
Co) shows high CH,4 oxidation, and the reaction kinetics
can be explained by assuming CH, oxidation occurs by
means of parallel reactions involving both adsorbed
oxygen and lattice oxygen. To the best of our knowledge,
there have been no articles regarding the effects of the
crystal structure of the perovskite-type oxides on CHy
oxidation. In this study, perovskite-type (La;_,Nd,)CoO3
was synthesized using the polymerizable complex method.
We then examined the relationship between the crystal
structure of the perovskite-type oxides and the catalytic
activity of these oxides in CH, oxidation based on deter-
mination of the crystal structure and measurement of the
average particle size and catalysis.

Experimental

High-purity powders of lanthanum nitrate hexahydrate
(Nacalai Tesque, Japan, 99.9%), neodymium nitrate hexa-
hydrate (Kanto Kagaku, Japan, 99.95%), and cobalt acetate
tetrahydrate (Nacalai Tesque, Japan, 99.0%) were weighed
to the desired proportions. A small amount of nitric acid and
distilled water was added to dissolve the powders. Citric
acid (CA, Kanto Kagaku, Japan, 99.5%) was then added to
make the gel, resulting in a molar ratio of (La + Nd):
Co:CA = 1:1:1. The solution was left to sit for 12 h at
120 °C until it had gelled. The gel was slowly heated to
700 °C for 3 h in air. The heating rate was 7.5 °C/min.
The oxygen content of the sample was determined by
iodometry. After potassium iodide solution and hydrochlo-
ric acid had been added to dissolve the sample in a beaker,
the solution was titrated with a standard thiosulfate solution
[22]. The crystal phase of the sample was identified by
powder X-ray diffraction (XRD, Model RAD-1C, RIGA-
KU, Japan) using monochromatic CuKo radiation. The
structural refinement was carried out by the Rietveld method
with XRD data [23]. The XRD data at room temperature
were collected by step scanning over an angular range of
20° < 20 < 100° in increments of 0.02° (20). The average
particle size of the sample was measured by transmission
electron microscopy (TEM, Model JEM2100F, JEOL,
Japan). The catalytic activity of CH,4 oxidation was mea-
sured as follows. The sample (0.20 g) was preheated at
300 °C in air. A mixed gas of CH4 (3.0%), O, (6.0%), and
He (balance) was fed into a flow reactor at a flow rate of
7.5 x 107> m*/min. The space velocity was approximately

11,000 h™" in all measurements. The product was analyzed
by gas chromatography (Model D-2500, HITACHI, Japan)
using a column (molecular sieve 13x) kept at 50 °C during
the measurement.

Results and discussion

The oxygen content of all (La;_,Nd,)CoO; synthesized
using citric acid was determined to be 3.00 & 0.02 from
iodometry and was independent of x. The XRD patterns of
the samples at room temperature were completely indexed
as a rhombohedral perovskite-type structure in the range of
0 <x <03 and as an orthorhombic perovskite-type
structure in the range of 0.4 < x < 1.0. Structural refine-
ment was carried out by the Rietveld method to determine
the Co—O distance and the Co—O-Co angle of the samples.
In this study, we assumed the space groups of the rhom-
bohedral and orthorhombic structures to be R3¢ and Pnma,
respectively [24, 25]. Tables 1 and 2 show the refined
structural parameters of the samples. Ryp, Ry, and Rp are the
weighted pattern, the integrated R factor, and the structure
factor, respectively. The Ryp of all samples was less than
10.63%. The observed XRD pattern of (LaggNdg,)CoOs g
(x = 0.2) agreed very well with that obtained by the sim-
ulation, as shown in Fig. 1. The lattice constant (a) of the
rhombohedral structure decreased monotonously with

Table 1 The refined structural parameters and the tolerance factor ()
of rhombohedral perovskite-type (La;_,Nd,)CoO3

x=0.0 x=0.1 x=02 x=03
Cell data
a A 53793 (5)  5.3731 (6) 5.3636 (6)  5.3570 (8)
o (®) 60.77 (1) 60.78 (1) 60.83 (1) 60.80 (1)
V@AY 111972 11161 (2) 111142  110.67 3)
R factor (%)
Rwp 9.69 8.34 8.90 10.63
Ry 0.94 1.38 1.49 1.62
Rk 0.72 0.97 1.02 1.10
Atomic parameters®
La,Nd
B (A 049 (2) 0.55 (2) 0.53 (2) 0.61 (2)
Co
B (A% 0.18(3) 0.26 (3) 0.26 (3) 0.24 (3)
(0]
X —0.203 (1) —0.201 (1) —0.199 (1) —0.198 (1)
B (A% 0.70 (8) 0.83 (8) 0.81 (9) 1.08 (11)
t 0.991 0.987 0.984 0.981

& Atomic position: La,Nd (2a) 1/4, 1/4, 1/4: Co (2b) 0, 0, 0: O (6e) —
x, x + 172, 1/4
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Table 2 The refined structural parameters and the tolerance factor ()
of orthorhombic perovskite-type (La;_,Nd,)CoO3
x=04 x=205 x=1.0
Cell data
aA) 5.3587 (2) 5.3562 (2) 5.3360 (2)
b (A) 7.6096 (3) 7.6028 (4) 7.5521 (5)
¢ (A) 5.4138 (2) 5.4044 (2) 5.3481 (3)
1% (AS) 220.76 (1) 220.08 (2) 215.52 (2)
R factor (%)
Rwp 9.14 9.47 10.39
Ry 1.41 1.77 1.62
Rg 1.33 1.85 1.41
Atomic parameters®
La,Nd
X 0.019 (1) 0.021 (1) 0.034 (1)
z 0.006 (1) 0.006 (1) —0.006 (1)
B (Az) 0.54 (2) 0.58 (2) 0.52 (2)
Co
B (Az) 0.25 (3) 0.29 3) 0.21 (3)
o(1)
X 0.500 (1) 0.498 (1) 0.492 (1)
z —0.028 (2) —0.029 (3) 0.070 (3)
B (10%2) 2.75 (46) 3.94 (63) 1.24 (51)
0Q2)
X 0.267 (1) 0.271 (2) 0.280 (2)
y 0.467 (1) 0.466 (1) 0.462 (1)
z —0.275 (1) —0.278 (1) —0.288 (2)
B (A% 0.89 (21) 0.46 (24) 0.22 (27)
t 0.978 0.975 0.958

* Atomic position: La,Nd (4¢) x, 1/4, z: Co (4D) 0, 0, 1/2: O(1) (4¢) x,
172,z O(1) (84d) x, y, z
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Fig. 1 Observed XRD and the difference between the observation
and calculation of (LaggNdy2)CoO34 (x = 0.2)

increases in x, as shown in Table 1. The lattice constants (a,
b, and c¢) of the orthorhombic structure also decreased
monotonously with increases in x, as shown in Table 2. The

@ Springer

present values of LaCoO3; and NdCoOj3 were nearly equal to
the reported values [24, 25]. The coordination number of
the La®>* and Nd>* ions is 12, and that of the Co ion is 6 in
the perovskite-type structure. The ionic radii of the La**
Nd3+, low-spin C03+, and high-spin Co’" ions are 1.36 A
1.27 A, 0.545 /f\, and 0.61 A, respectively [26]. Therefore,
the decrease in the lattice constants can be explained by the
difference between the ionic radius of the La>" ion and that
of the Nd>" ion. Mastin et al. discussed the deviation of the
crystal structure of (La;_,Ca,)CoO; from cubic symmetry
using the tolerance factor [27]. Although the tolerance
factor of (La;_,Ca,)CoOj5 increased with increases in the
Ca’" ion content, the tolerance factor of this system
decreased with increases in the Nd*>" ion content as shown
in Tables 1 and 2. The results indicated that the decrease of
the tolerance factor corresponded to the transition of the
crystal structure of (La;_,Nd,)CoOs;.

The A-site cation (La or Nd ions) coordinates with 12 O
ions in the rhombohedral structure, and the B-site cation
(Co ion) coordinates with 6 O ions [24]. In contrast, the
A-site cation (La ion) coordinates with 12 anions in the
orthorhombic structure [28]: 4 O(1) and 8 O(2) ions. The
B-site cation (Co ion) coordinates with 6 anions: 2 O(1) and
4 O(2) ions. The O(1) ion bonds with the Co ion along the
b-axis, and the O(2) ion bonds with the Co ion along the
a-axis and c-axis. Figure 2 shows the relationship between
the Co-O distance and x. The Co—O distance of the rhom-
bohedral structure decreased linearly with increases in x.
The Co—O(1) distance of the orthorhombic structure dis-
tance increased with increases in x, but the Co-O(2) dis-
tances remained constant. The average Co-O(2) distance
was approximately 1.928 A, and this value corresponded
closely to the value of x = 0.3. Figure 3 shows the rela-
tionship between the Co—O—Co angle and x. The Co—O-Co
angle of the rhombohedral structure decreased linearly with
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Fig. 2 The relationship between the Co-O distance of (La;_,Nd,)
CoO3 and x



J Mater Sci (2009) 44:5732-5736 5735
1800 ——————T—T1—— 100 T T T T T T
175.0 [ . 80 L J
< : : 5
o i X %
© 170.0 L < 60 iy ——x=0.0| |
= S ——x=0.2
© i) oy
o 165.0 @ 0 x=0.3
(&) F Q 4ol 0.0 0.2 0.4 06 0.8 1.0 —=—x=0.4| ]
O' [ E X —=—x=1.0
1 L o
& 160.0 ¢ o
o [ 20 ]
155.0
] 0 . ! . . .
1500 1 1 1111 300 350 400 450 500 550 600 650
00 02 04 06 08 1.0

Fig. 3 The relationship between the Co-O-Co angle of (La;_,Nd,)
CoO3 and x

© @

Fig. 4 TEM photographs of (La;_,Nd,)C0o0O3. a x = 0.0, bx = 0.2,
cx=04,dx=10

increases in x. Although both the Co-O(1)-Co and
Co—0O(2)-Co angles of the orthorhombic structure also
decreased with increases in x, the variations in the
Co-0(2)-Co and Co-O-Co angles of the rhombohedral
structure were continuous.

Figure 4 shows the TEM photographs of (La;_,Nd,)
CoO5; (x = 0.0, 0.2, 0.4, and 1.0). The particles of the
samples did not show a distinct shape, and the average
particle size determined from the TEM observation was
independent of x: 52 + 6 nm (x = 0.0), 55 &+ 8 nm
(x=20.2),57 £ 8 nm (x = 0.4),and 55 + 7 nm (x = 1.0).
Figure 5 shows the relationship between the conversion of

T (°C)

Fig. 5 The relationship between the conversion of CH, on
(La;_,Nd,)CoO5 and x. The inset is the relationship between the
50% conversion (T,) and x

CH,; on (La;_,Nd,)CoO; and x. CH, oxidation started
above 300 °C. The catalytic activity of a given catalyst is
usually expressed in terms of the temperature corresponding
to the 50% conversion (T,) of CH,, which can be obtained
from the conversion versus temperature curve [29]. The
relationship between T;, and x is inset in Fig. 5. Ty,
increased linearly with increases in x: 484 °C for x = 0.0,
488 °C for x = 0.2, 494 °C for x = 0.3, 495 °C for
x = 0.4, and 511 °C for x = 1.0. According to Arai et al.
[18], Ty, of CH, oxidation on LaCoO; synthesized by
decomposition of metal acetates at 850 °C is 525 °C. Yi
et al. have reported that 7),, of CH4 oxidation on LaCoOs5
using a novel microwave-assisted process is approximately
500 °C [6]. These values are higher than the T, of this
study.

Voorhoeve et al. have reported that CO oxidation occurs
at the metal ion of the surface [30]. CO, is produced by the
reaction of CO with oxygen adsorbed on the metal ions of
the outmost surface, and the amount of adsorbed oxygen
depends on the valence of the metal ion, the amount of the
metal ion, and the surface crystallinity (regularity of ions)
[14]. Seyfi et al. reported that the catalytic activity of the
perovskite samples depends on three factors; chemical
composition, degree of crystallinity, and the crystals mor-
phology [9]. In this study, (La;_,Nd,)CoOj3 had a stoichi-
ometric composition, and the average particle size of the
samples was approximately 55 nm. These results indicated
that the valence of the Co ion was 3+ in the range of
0.0 < x < 1.0, and that the specific surface area of the
sample remained nearly constant because the particle size
was constant. Although the crystal structure of the sample
changed at x = 0.4, the Co-O distance of the rhombohe-
dral structure and the average Co-O(2) distance of
the orthorhombic structure were continuous. The Co—
O—Co angle of the rhombohedral structure connected
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continuously with not the Co—O(1)-Co angle but the
Co—0O(2)-Co angle of the orthorhombic structure. It is
therefore considered that the linear increase in T},, depends
on neither the valence of the metal ion nor the specific
surface area, but the crystal structure of the sample. In the
rhombohedral structure, both the Co—O distance and
the Co—O-Co angle decreased with increases in x. In the
orthorhombic structure, however, the average Co—O(2)
distance remained nearly constant, and only the Co-O(2)—
Co angle decreased with increases in x. From these results,
it is considered that the variation in the Co—O distance and
the Co—O—Co angle resulted in steric hindrance, and that
the decrease in the amount of adsorbed oxygen due to the
steric hindrance caused the linear increase in T/,. Zhao and
Wachs investigated the selective oxidation of propylene
over well-defined supported vanadium oxide catalysts as a
function of the oxide support (Al,O3, SiO,, Nb,O5, TiO,,
and ZrO,) [31]. Decreasing the electronegativity of the
oxide support cation, the catalytic reactivity qualitatively
increased. This reflected the increase in the electron density
of the bridging V-O support bond and the bridging oxygen
atom’s availability for redox reaction. In this system, the
electronegativities of the La and Nd are 1.1 and 1.2 [32].
The ionic radii of the La>* ion and the Nd** ion are 1.36 A
and 127 A , respectively [26]. Because the electronega-
tivity of the A-site of the sample increased and the ionic
radius of the A-site decreased with increases in x, it is
considered that the electron density of the Co—O bond
decreased with increases in x and that 7', increased line-
arly with increases in x. This study suggests that control of
both the B-O distance and the B-O-B angle is very
important to improving the catalytic activity of perovskite-
type oxides (ABO3).

Conclusion

A gel was prepared by adding citric acid to an aqueous
solution of lanthanum nitrate hexahydrate, neodymium
nitrate hexahydrate, and cobalt acetate tetrahydrate.
Perovskite-type (La; _,Nd,)CoO5; was synthesized by firing
the gel at 700 °C in air for 3 h. Although the crystal
structure changed from a rhombohedral to an orthorhombic
system at x = 0.4, the Co—O distance of the rhombohedral
structure connected continuously with the average Co—O(2)
distance of the orthorhombic structure, and the Co—-O—Co
angle of the rhombohedral structure and the Co—O(2)-Co
angle of the orthorhombic structure were continuous. The
linear increase in 77/, was explained by the decrease in the
amount of adsorbed oxygen due to steric hindrance.
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