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Abstract

Lay«CoFeOz and LaFe;,Co,O3 perovskite-type oxides with 0.1 < x < 0.3 are prepared by thermal decomposition of
the meta organic complexes, using triethanolamine (N(CH,CH,OH)3) as ligand and La(NOs)s.6H,O and
Fe(NO3),.9H,0 as starting materials. CoCl,.6H,0 is used as the dopant. The obtained products calcined at 850°C for
2 h were characterized by XRD, FTIR, BET and SEM and their dielectric properties were investigated. It was found
that al the as-prepared samples crystallized in orthorhombic structure of LaFeO; perovskite and exhibit conducting
behavior. It suggests that the substituted Co(I1) and oxygen deficiency play an important role in the ionic conductivity
of these materials.
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1. Introduction

Recently, substitution effects of various impurity ions into the A and B sites of perovskite oxide with
chemical formula ABO; are scientifically attractive. Particularly, LaFeOs-based oxides have been
received much attention since they have potential as candidate materials for various applications in
advanced technologies, such as, cathode materials in solid oxide fuel cdls [1-3], catalysts [4], chemical
sensors [5-8] and magnetic materials [9] etc. The preparation of LaFeO; and the related compounds have
been achieved by many processes, including solid-solid reaction, co-precipitation, sol-gel, decomposition
of cyanide and citrate methods [10-14].

According to our previous work, the MgAl,O, and NiAl,O, spinels including the LaAlO; perovskite
are sucessfully prepared via decomposition of metal organic complexes consisting TEA as a ligand. This
preparation method offers many advantages such as simple, low cost, exhibiting high purity and
homogeneity products. In addition, the metal ion doped ceramic powders can be easily prepared by adding
the amount of dopant into the reaction of complexing process. In this work, La;CoFeO; and
LaFe; ,Co,O3 with 0.1 <x <0.3 are prepared by therma decomposition of La-Fe-TEA complexes and the
effects of partially metal ions doped to replace La(lll) and Fe(l11) at the A and B site of LaFeO; structure
were characterized. Because diglectric properties of this type of compounds have rarely been studied so
far [15], their dielectric properties are measured as a function of frequencies, at the ambient temperature.
Didectric constant and dielectric loss as the influence of Co(ll) concentrations substituted at A or B ste
of LaFeO; based perovskite are also investigated.

2. Experimental
2.1. Materials

Lanthanum(l11) nitrate hexahydrate (La(NOj3)s.6H,0) was purchased from Fisher Scientific. Iron(l11)
nitrate nonahydrate (Fe(NOs)3.9H,0), Cobalt(ll) chloride (CoCl,.6H,0), Triethanolamine (TEA,
N(CH,CH,0H)3) and Ethylene glycol (EG, HOCH,CH,OH) were purchased from Ajax Finechem. All
reagents were used asreceived.

2.2. Methods

The synthesis process of LaFeO; and Co(ll)-doped LaFeOs; from the meta-organic complexes is
illugrated in Figure 1.

The precursor, metal-organic complexes of LaFeO; (LFO) was prepared by the chemical reaction of
La(NO3)3.6H,0, F&(NO3)3.9H,0 and TEA with the 1 : 1 : 3 mole ratio of La(lll) : Fe(lll) : TEA in
ethylene glycol (EG) solvent. The reaction mixture was distilled at 190°C for 6 h with continuous stirring.
Distillation was carried out until nearly the 2/3 of EG had been evaporated. The complex was separated
by filtration, washed twice with ethanol and dried at 80 °C. The as-prepared metal-organic complex was
characterized by TGA (761 Connecticut 06859 Perkin Elmer, heating rate of 10°C/min over 50°C to
1000°C temperature range).

Similarly, to obtain the Co(ll) doped precursors of La; cCosFeO; (LCFO) and LaFe; 4Co,Os (LFCO)
with x = 0.1, 0.2 and 0.3, the stoichiometric molar quantities of Co(l1) : La(lll) and Co(l1) : Fe(lll) asthe
ratioof 0.1:0.9,0.2: 0.8 and 0.3: 0.7 were added.
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Fig. 1. Flow chart for Synthesis of LaFeO; and Co(l1)-doped LaFeO; via Metal-organic Complexes

All metal-organic complexes were converted to ceramic powder by calcination under static air at
850°C for 2 h. The powder products were characterized by XRD, using CuK, radiation (Rigaku Miniflex
X-ray powder diffractometer, operated a 40 kV and scan rate was 2° min™ with step of 0.02°). FTIR
spectra were obtained by a Perkin-EImer 2000-FTIR. KBr was mixed with a solid sample by an agate
mortar and pestle to prepare a pellet specimen for identifying the samples. The specific surface areas of
powders were measured by Brunauer-Emmett-Teller (BET) nitrogen gas absorption method. The powder
microstructures were identified by scanning el ectron microscope (SEM, 1450VP LEO).

The dried samples were ground, sieved at 45 microns and uniaxially pressed (~ 30 Mpa) into pellet
with 13 mm diameter, 1.5 mm thickness and subsequently isostatically pressed (CIP) at ~200 MPa. The
dense pellets were prepared by stepwise sintering in air, at 700°C, 2 h, and at 1100°C, 2 h and naturally
cooled in the furnace. The Archimedes was used to determined bulk density and X-ray diffraction
analysis was carried out on the polished sintered ceramic pellet samples. Gold el ectrodes were painted on
both faces of the pellets using gold paste and then fired a 800°C for 2 h. The didlectric constants (K) and
dielectric loss factors (tan &) of these pressed pellets were measured at room temperature between 1-1000
kHz using LCR meter (4194A, Hewlett Packard).

3. Resultsand discussion
3.1. Characterization of Metal-Organic Complex Precursors

Figure 2 comparatively shows the FTIR spectra of a free ligand, TEA and meta-organic complex
precursor for preparing LaFeO; (LFO) ceramic. In the FTIR spectrum of La-Fe-TEA complex, Figure
2(b), the broad band located at around 3382 cm™ was assigned for the stretching of O-H groups which is
due to the moisture absorption and/or the TEA residue from the reaction. The very weak band around
2950-2870 cm™ correlated with the absorption of C-H stretching vibration for -CH,- group and the peaks
in the region of 1477-1325 cm™ were assigned to the C-H bending. The band at 1640 cm™ was attributed
to O-H overtone. The small peaks at about 935 and 1074 cm™ were ascribed to the C-O and C-N
stretching, respectively. FTIR spectrum of metal-TEA complex (Figure 2(b)) exhibited a significant peaks
shifted from that of free TEA ligand (Figure 2(a)). The strong bands of C-H stretching at about 2882 cm™
and the sharp peaks of C-N at 1152 cm™ and C-O stretching at 1035 cm™ are obviously affected by the N
and O coordinating atoms of TEA. In addition, the small absorption peak at 518 cm™ is assigned to M-O
or M-N stretching of metal coordinated with TEA ligand. Consequently, observation of the C-O and C-N
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stretching of coordinating ligand slightly shifted to lower frequencies, denoting the formation of metal-
organic complex. FTIR spectra of the Co(ll)-doped perovskite oxide precursors are similar to that of
undoped LFO precursor.
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Fig. 2. FTIR Spectra of (a) Free Ligand, TEA and (b) Metal -organic Complex

Unfortunately, an attempt to recrystallize metal-organic complex precursors failed because of their
high stability and undissolved in any solvent such as methanol, ethanol, acetone, hexane, acetonitrile,
dichloromethane, ethyl acetate or chloroform. Thus, further characterizations and their structures could
not be carried out.

To obtained ceramic powders, the prepared complexes were calcined to remove the organic contents.
The calcination temperature and weight oss phenomena of complexes were determined by TGA.
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Fig. 3. TGA Thermogram of Metal-organic Complex Precursor

Figure 3 shows the TGA thermogram of undoped LFO precursor. There are three regions of weight
loss. The first weight loss occurring below 200°C resulted from water evaporation and organic solvent
decomposition. The second weight loss ranging from 200°C up to 500°C corresponded to oxidation of the
organic contents, generating volatiles and char. Findly, the slight weight loss was found from 500°C to
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700°C and it was ascribed to the burning of carbon-residue. Above 700°C, no weight |oss was observed,
showing that the appropriate temperature for calcining and converting the complexes to ceramic powders
isstarted at 700°C.

Based on TGA result, all complexes were calcined at 850°C for 2 h to ensure that all of organic
contents were compl etely removed.

3.2. Characterization of Ceramic Powders

Figures 4 (a) and (b) show XRD patterns of the as-prepared ceramic powders calcined at 850°C for 2
h, namdy, LaFeO; (LFO), LagoCog1Fe0s (LCFO'].), LaygCaogoFe0s (LCFO'Z), Lag7Coq 3Fe0; (LCFO-
3), LaFeygCop10; (LFCO-1), LaFepgCop,03 (LFCO-2) and LaFey7;Coo30; (LFCO-3). The XRD
spectrum of each ceramic displayed the reflections corresponding to the orthorhombic structure of
perovskite LaFeO; (JCPDS file no. 37-1493). However, as increasing amounts of Co(ll) dopant, a small
shift to higher 2-theta values of diffraction peaks was observed and trace impurity of CoO was also
detected, indicating by the increasing of peaks intensity at 2-theta values of 36.6 and 74.0 degree for the
LCFO and LFCO series, Figures 4 (a) and 4 (b), respectively. In addition, the diffraction peaks are a bit
broaden as obviously seen in the LFCO series (Figure 4 (b), suggesting that the A ste, La(lll) or the B
site, Fe(l11) of LaFeOs; perovskite was partly substituted by Co(Il) so that no phase change in XRD was
observed.
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Fig. 4. XRD Patterns of the Obtained Products Calcined at 850°C for 2 h
(a) Lay.xCoxFeOs (LCFO) and (b) LaFe;.xCoxOs (LFCO)

FTIR spectra show strong and sharp pesk at 562-576 cm™* which is attributed to antisymmetric
stretching vibration of Fe-O in BOg octahedra unit of perovskite oxide ABO; as shown in Figure 5. A
dlight shift of Fe-O mode indicating that Fe-O bond strength was affected by Co(ll) substitutution, similar
to that reported in calcium-substituted LaFeOs; [16]. As Co(ll) has lower oxidation state than Fe(l11), by
substituton Co(Il) to Fe(lll) leattice site, in order to maintain the structure eectroneutrality, oxygen
vacancies are generated. Consequently, BOg octahedra in the perovskite structure were distorted. This
might be responsible for the weakness of Fe-O bond stretching vibration and shift towards lower
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frequency with the increasing of Co(ll) concentration. Moreover, the weak band at ~1500 cm™ was
observed. This ascribed to -COO wagging vibration of COs*, demonstrating that the sample contained
certain amounts of impurity which occurred during thermal decomposition of metal -organic complex and
could be destroyed if longer heat treatment is applied.
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Fig. 5. FTIR Spectra of LaFeO3; and LaFe; «CoO; Calcined at 850°C for 2 h

Surface area and porosity characteristics of the powders areillustrated in Table 1. BET surface area of
LFO was 10.06 m?/g which was higher than that prepared by other methods reported e sewhere [16-18].
The doped products, LCFO seriesillustrated relatively low specific areas of ~ 5 m?/g while that of LFCO
series varied in the range of 9.40-25.88 m/g. It is surprising that with increasing Co(I1) content the BET

surface area shows contrary tendency. The higher surface area in the LFCO series possibly due to
increasein porosity.

Table 1. BET Surface Area, Porosity and Pore size of the Powders Calcined at 850°C for 2 h

e vwaion ST e
area (cm¥g)  (nm)
(m?lg)
LaFeO; LFO 10.06 0.03 12.79
LaosCoosFe0;  LCFO-1 5.98 0.01 5.77
LaosCopoFeO;  LCFO-2 5.69 0.01 6.39
Lao;CopsFeO;  LCFO-3 5.25 0.01 5.90
LaFeysCopi0s  LFCO-1 9.40 0.02 8.05
LaFepsCop,0s  LFCO-2 1934 0.02 4.85
LaFey;CopsOs  LFCO-3 2588 0.01 231

The SEM micrographs of some perovskite powders prepared are shown in Figure 6. The morphology
of the LFO powder exhibited homogeneous and porous microstructure (Figure 6 (@). Denser
microstructure was observed in the LCFO-3 due to particle agglomerated (Figure 6 (b)), corresponding to
lower specific areas of 5.25 m?g. Agglomeration in LFCO-3 exhibited irregular shape of block-like
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particles with homogeneous particles distribution and various size of porosity (Figure 6 (c)). This might
be responsible for the highest surface area of 25.88 m?/g found in LFCO-3.

2um 2um
20kU  X8,000 __2msm 0000 11 .20 SEI 20kU  X8,000 ~ Zum 0000 11 20 SEI

Fig. 6. SEM Micrographs of Ceramics Powder Calcined at 850°C for 2 h
(@) LFO, (b) LCFO-3 and (c) LFCO-3

3.3. Studied Didlectric Properties of Pellet Samples

3.3.1 Characterization of Pellets

Prior to didectric measurement, density of pellet samples sintering at 1100°C for 2 h were determined.
The density of all pellets was higher than 90% of theoretical density as presented in Table 2. The phase
identification of pellet samples confirmed by XRD showed identical diffraction pattern asthat of LaFeOs
(Figures 7 (a) and (b)). It was found that diffraction peaks of each pellet became narrower and stronger,

indicating ahigh degree of crystallinity.
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Fig. 7. XRD Patterns of the Sintering Pellet at 1100°C for 2 h (a) Lay-«CoxFeOs (LCFO) and (b) LaFe;«CoOs (LFCO)

Figure 8 shows SEM micrograph of LCFO and LFCO pellet samples sintering at 1100°C for 2 h.
For lowest concentration of Co(ll) dopant, LCFO-1 and LFCO-1, smaller grainsand grain boundary were
obtained. With higher concentration of dopant, larger grain sizes and looser microstructures were
observed, corresponding to lower density of pellet samples (Table 2).
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Fig. 8. SEM Micrograph of LCFO and LFCO Pellet Samples Sintering at 1100°C for 2 h

Table 2. Density (% of the Theoretical Density) of Pellets Samples Sintering at 1100°C for 2 h

Sample Density Sample Density

(% theoretical) (% theoretical)
LCFO-1 92 LFCO-1 98
LCFO-2 91 LFCO-2 97
LCFO-3 91 LFCO-3 91

3.3.2 Dielectric Behaviors of Co(ll)-doped LaFeO; Pellets

Figures 9 and 10 demonstrate the variation of dielectric constant (K) and dielectric loss (tan d) as a
function of frequency measured at room temperature. With increasing frequency, all the pelletsin LCFO
and LFCO series exhibited dispersion and relaxation in dielectric constant and the dielectric constant
found in LCFO series was much lower compared to that of LFCO series (Figure 9(A) and Figure 10(A)).

160+ (b) 1.00
1401 A)
1204 0.80
1001 0.60
K 804 ‘%
604 = 0.40
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9 0.20
20{(d '
o . - . - T . 0.00 T r T T T T
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Fig. 9. Didectric Congtant, K (A) and Dielectric Loss Factor, tan 5 (B) of LaCoFe;.xO3 vs Frequency at Room Temperature:
(@) LFO, (b) LCFO-1, (c) LCFO-2 and (d) LCFO-3
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Fig. 10. Didectric Constant, K (A) and Dielectric Loss Factor, tan § (B) of LaFe;«Co.Os vs Frequency at Room Temperature:
(a) LFO, (b) LFCO-1, (c) LFCO-2 and (d) LFCO-3

In LCFO series, only dielectric constant of LaggCopiFeOs; (LCFO-1) was enhanced exhibiting
didlectric constant of 150-10 between 1-1000 kHz (Figure 9(A)-(b)), however, its didectric loss was
higher than 0.5 over the same range (Figure 9(B) -(b)), suggesting that el ectrical behavior was dominated.

In LFCO series, the dieectric constants of all three compounds, LFCO-1, LFCO-2 and LFCO-3 were
enhanced. As increasing the amount of Co(Il) dopant, the dielectric constant decreased. The dielectric
constant of LaFey9Cog 103 (LFCO-1) is 750-13 (Figure 10(A)-(b)) and its dielectric lossis 12-0.8 (Figure
10(B)-(b)) over the frequency range of 1-1000 kHz. Because of the high dielectric losses of all the pellet
samples in LFCO series, it indicated electrical behavior in al range of frequency (Figure 10(B)).The
highest dielectric constant found in both Co(ll) doping series, LCFO-1 and LFCO-1 might be associated
to the smallest grains sizes and grain boundary as presented in Figure 8. Since few dielectric properties of
the related LaFeOs-based compounds have been studied, their dielectric properties have been unclear so
far [15].

When Co(ll) occupies the sites of La(lll) or Fe(lll) in the crystal lattice, in the view of charge
compensation, oxygen vacancies are produced to maintain a neutra charge, consequently, holes are
generated, resulting in non-stoichiometric Lay, CoFeOs.; and LaFe; ,Co05.5 compounds. As a result of
haoles producing in the structure of Co(I1)-doping sample, the conductivity was enhanced resulting in high
didlectric loss, showing low potential for use as dielectric materials. So that La;CoFeO; and
LaFe, ,Co,0; are one group of the modification LaFeO; p-type semiconductors that may be useful for gas
sensing application.

4. Conclusion

La; xCoFe0s and LaFe, ,Co0Oz (x = 0, 0.1, 0.2 and 0.3) powders were successfully prepared from
metal-organic complex decomposition synthesized from the reaction of LaNOs;.6H,0, Fe(NOs),.9H,0,
triethanolamine (N(CH,CH,0OH)3) and appropriate amount of cobalt(ll) chloride (CoCl,:6H,0). XRD
results showed that all the compounds were perovskite phase with orthorhombic structure. The specific
surface areas of ceramics in LCFO series is ~ 5 m%g while that of LFCO series increased when the
amount of Co(I1) dopants increases and found in the range of 9.40- 25.88 m?g. From the investigation of
the didlectric constant and dielectric loss, we found that Lay,.,CoFeOs and LaFe; ,Co,03; showed p-type
semiconducting properties. The dielectric loss of the LaFeOs increased with Co(ll) doping, especialy in
LaFey 9C0p 103 corresponding to theincreasing of electrical conductivity.
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