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Abstract

Microstructure and electrical conducting properties of La,NiOy4, s ceramic were investigated in the sintering temperature range 1200-1400 °C.
The results demonstrate that the microstructure and electrical conducting properties of La,NiO,, s ceramic are sensitive to sintering temperature.
Compared with a progressive densification development with sintering temperature from 1200 to 1300 °C along with an insignificant change in
grain size, there is an exaggerated grain growth in the specimens sintered at higher temperatures. Increasing sintering temperature from 1200 to
1300 °C resulted in an enhancement of electrical conducting properties. Further increase of sintering temperature exceeding 1300 °C reduced the
electrical conducting properties. A close relation between the microstructure and electrical conducting properties was suggested for LayNiOy,s
ceramic. With respect to the electrical conducting properties, the preferred sintering temperature of La,NiO,4,5 ceramic was ascertained to be

1300 °C. The specimen sintered at 1300 °C exhibits a generally uniform microstructure together with electrical conductivities of 76-95 S cm™

600-800 °C.
© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Mixed electronic-ionic conductors are of great research
interest because of their various potential applications, such as
cathodes for intermediate temperature (600-800 °C) solid
oxide fuel cells (SOFCs), oxygen separation membranes,
membrane reactors for syngas production and catalysts for
oxidation of hydrocarbons [1-4]. It has been well established
that using the mixed conductors as cathodes for intermediate
temperature SOFCs results in an increase of the triple phase
boundary (TPB) length and a decrease of cathodic polarization
[2,4]. In the past two decades, much work on the cathode
materials for intermediate temperature SOFCs focused on
oxygen-deficient ~ perovskite-type  oxides such  as
La,;_,Sr.Fe;_,Co,05_s (LSFC). However, the LSFC materials
suffer from excessively large thermal expansion coefficients,
making it difficult in matching with other components of
intermediate temperature SOFCs, such as solid state electrolyte
[5,6]. Recently, oxygen hyperstoichiometric La,NiO,4,s based
compounds with a K;NiF, structure have attracted growing
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attention as a novel mixed conductor [6—12]. These materials
exhibit high oxygen diffusion and surface exchange coefficients
at intermediate temperatures together with moderate thermal
expansion coefficients around 13.0 x 107 K~'[13,14]. These
desired properties make them promising candidate materials as
cathodes for intermediate temperature SOFCs.

Microstructure is an important contributing factor to the
transport properties of mixed conducting materials [15]. As
well known, the microstructure of ceramic materials, to a great
extent, relies on sintering conditions. Thus, the influence of
sintering temperature on the microstructure and electrical
conducting properties of La;NiO,,s is an intriguing subject of
significant importance. Up to date, the research on this topic is
comparatively limited. In this work, the microstructure and
electrical conducting properties of La,NiOy4,s ceramic were
investigated in the sintering temperature interval 1200-
1400 °C. Moreover, the microstructural dependence of the
electrical properties has also been examined.

2. Experimental
Reagent grade lanthanum hydroxide (La(OH);), nickel

carbonate (NiCOs3-2Ni(OH),-4H,0) and diethylenetriamine-
pentaacetic acid (HsDTPA) were used as starting materials.
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La,NiOy4, s powder was synthesized by a polyaminocarboxylate
complex method. A designed amount of HsDTPA was mixed
with lanthanum hydroxide and nickel carbonate in deionized
water. The mixture was stirred at 90 °C to form a blue and
transparent aqueous solution, then heated in an oven at 100 °C
to yield a solid polyaminocarboxylate complex. The solid
complex precursor was pulverized and calcined at 900 °C for
2 h in air. The detail of the synthesis process has been reported
elsewhere [16]. A pure K,NiF, phase was identified for the
resulting powder by X-ray diffraction (XRD). Scanning
electron microscopy (SEM) analysis shows that the powder
consists of homogeneous and fine particles of 100-200 nm in
size. The powder was uniaxially pressed into rectangular bars
(BO0mm x 4 mm x 4 mm) and disks (13 mm diameter and
2 mm thickness) under a pressure of 300 MPa, respectively.
Then, the compacted powders were sintered at 1200-1400 °C
for 4 h in air.

The crystal structure of the ceramic specimens was
examined by a X’Pert PRO X-ray diffractometry using Cu
Ka radiation. The XRD data were collected over a 26 range
from 20° to 100° in a step of 0.02°. Diffraction data were
analyzed by the Rietveld method using the FULLPROF
program [17]. The oxygen nonstoichiometry () of the ceramic
specimens at room temperature was determined by the
iodometry titration method as described in a previous literature
[2]. The microstructure of the ceramic specimens was
investigated at a Jeol JSM-5610LV SEM using thermally
etched polished surfaces. The density of the ceramic specimens
was measured by the Archimedes method using pure ethanol.
The relative density was derived from the measured density and
theoretical density determined by the Rietiveld method using
XRD data. The rectangular specimens were polished to ensure
surface flatness and painted with platinum paste for measuring
electrical conductivity. The electrical conductivity was
measured at 50-900 °C by a dc four-terminal method in air.

3. Results and discussion

The XRD pattern of La,NiOy, ;s sintered at 1300 °C can be
indexed in an orthorhombic symmetry with space group
Fmmm. The Rietveld refinement profiles of the specimen
sintered at 1300 °C are shown in Fig. 1. The profile R-value
(Rp), weighted-profile R-value (R,,) and x*-value of the refined
structure parameters are 8.1%, 10.1% and 3.02%, respectively,
indicating that the refinement results are acceptable. The
refined lattice parameters of a = 5.4612(6) A b= 5.4584(0) A
and ¢ = 12.6714(9) Aare basically consistent with the results of
the previous researches [4,18]. The Rietveld refinement was
also performed for the specimens sintered at other tempera-
tures, indicating an orthorhombic symmetry for these speci-
mens and rather similar refined lattice parameters to those of the
specimen sintered at 1300 °C. The iodometry titration result
revealed slightly changed oxygen nonstoichiometry () values
of 0.13-0.15 for La,NiQO,,s ceramics sintered at different
temperatures. Considering the uncertainty of the iodometry
titration method (40.01) [2], the influence of sintering
temperature on the oxygen nonstoichiometry of the ceramic
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Fig. 1. Rietveld refinement profiles of La,NiOy4,s ceramic sintered at 1300 °C
(space group Fmmm). The observed data are indicated by dots and the
calculated data by the solid line overlaying them. The short vertical lines mark
the positions of possible Bragg reflections, and the broken line shows the
difference between the observed and calculated powder diffraction patterns.

can be regarded as almost negligible. Therefore, no remarkable
influence of sintering temperature on the crystal structure of
La,NiO,, s ceramic was detected.

Fig. 2 shows the linear shrinkage and relative density of
La,;NiOy4,s ceramic as a function of sintering temperature. A
monotonous increase in linear shrinkage and relatively density
with sintering temperature from 1200 to 1400 °C can be
observed, which enhance from 9.4 to 13.8% and 86.4 to 95.6%,
respectively. Fig. 3 shows the SEM micrographs of La;NiOy,s
ceramics sintered at different temperatures. In general, the
increase of sintering temperature promoted grain growth and
microstructural densification. This is in agreement with the
linear shrinkage and relative density data. In the sintering
temperature range of 1200-1300 °C, one can see a progressive
densification development with increasing sintering tempera-
ture in addition to an insignificant change in grain size. A
generally uniform microstructure composed of well grown
grains around 1 pm was achieved at the sintering temperature
of 1300 °C. The specimen sintering at this temperature attains
93.3% of the theoretical density. By comparison, there is a
facilitated grain growth in the specimens sintered at higher
temperatures, with the grain size remarkably increasing to
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Fig. 2. Linear shrinkage and relative density of La,NiO,,s; ceramic as a
function of sintering temperature.
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Fig. 3. SEM micrographs of La,NiO,,s ceramics sintered at (a) 1200 °C, (b) 1250 °C, (c) 1300 °C, (d) 1350 °C and (e) 1400 °C.

about 5 pwm and several abnormally grown grains appearing.
This occurrence implies a considerable increase in the amount
of liquid phase above the sintering temperature of 1300 °C.
These results refer to significant sintering temperature
dependence for the microstructure of La,NiO,4,s ceramic.
One can note that excessively increasing sintering temperature
is prone to cause a deterioration of microstructural uniformity
in spite of increased densification.

Fig. 4 shows the electrical conductivity (denoted as o) of
La,;NiOy4,s ceramic as a function of measuring temperature.
Due to the low oxygen ionic transport number of La;NiOy,s
based compounds (generally 10™* to 1072), the electrical
conductivity measured by the dc four-terminal method can be
regarded as the representative of electronic conductivity [3].
The electrical conductivities of the specimens sintered at
different temperatures display an identical variation with
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Fig. 4. Temperature dependence of electrical conductivity (o) for La;NiOg, s
ceramics sintered at different temperatures.

measuring temperature, increasing with measuring temperature
up to a maximum value near 450 °C and then decreasing. Such
a transition in electrical conduction from semiconducting to
metallic behavior is similar to previous reported results [12,19].
In the case of a same measuring temperature, the electrical
conductivity increases with sintering temperature and attains
the largest value at 1300 °C, followed by a decrease of electrical
conductivity with further elevated sintering temperature. The
specimen sintered at 1300 °C offers a maximum electrical
conductivity of 103 S cm ™', which is comparatively larger than
literature data of ~80 S cm ™' and ~90 S cm ™" obtained from
the specimens made by the solid state reaction method [10,19]
and citrate gel method [8], respectively. At intermediated
temperatures (600-800 °C), the specimen gives electrical
conductivities of 76-95S cm ™', roughly near to the least
conductivity requirement for cathode materials of SOFCs.
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Fig. 5. Plots of In o7 vs. 1000/7T for La,NiO,4, s ceramics sintered at different
temperatures.
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Fig. 5 shows the plots of In o7 versus 1000/7 for La,NiOy, s
ceramics sintered at different temperatures. The plots are nearly
linear at low temperatures, suggesting that small polaron
hopping is the predominant mechanism for the electrical
conduction [3]. At higher temperatures, the plots present a
negative deviation from linearity. It is attributed to an extensive
loss of hyperstoichiometric oxygen, decreasing the concentra-
tion of electronic carrier [13]. The values of activation energy
for small polaron hopping (E,) were calculated from the linear
fit of the Arrhenius plots in Fig. 5 over low temperature ranges.
Fig. 6 shows the E, of La,NiO4,s ceramic as a function of
sintering temperature. It can be found that the E, declines with
increasing sintering temperature through a minimum value at
1300 °C and then slightly increases.

As well established, the electrical conduction of
La,;NiO,4,s ceramic is essentially a kind of bulk transport
[13]. The conductivity data in the present work indicate an
obvious sensitivity of the electrical conducting properties to
sintering temperature for La,NiO,4,s ceramic. This phenom-
enon can be qualitatively interpreted with respect to the
microstructural evolution with sintering temperature. The
enhancement of electrical conducting properties with
sintering temperature from 1200 to 1300 °C is reasonably
ascribed to the densification development of the ceramic. At
higher sintering temperatures, the facilitated grain growth
infers to a considerable increase of liquid phase amount. This
resulted in a complicated effect on the microstructure and
consequently electrical conductivity. On one hand, the
increase of the liquid phase can improve mass transport
during sintering, favoring grain growth and microstructural
densification. This acts as a positive effect on the electrical
conduction. On the other hand, the amorphous phase formed
by the liquid can be regarded as a kind of heterogeneous
component in ceramic bulk from microstructural viewpoint.
Thus, the increase of the amorphous serves to block the
transport of electrical carriers. The electrical conducting
properties of the specimens sintered at temperature exceed-
ing 1300 °C rely on the dual contribution of these two
distinct effects. The later effect is likely to be dominant with
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Fig. 6. Activation energy for small polaron hopping (E,) of La,NiOy4, s ceramic
as a function of sintering temperature.

regard to the conductivity results of the present work.
Therefore, a close relation between the microstructure and
electrical conducting properties can be suggested. One can
conclude that it is crucial to adequately control the sintering
temperature of La,NiQO,4, s ceramic in order to achieve desired
microstructure and optimum electrical conducting properties.
In terms of the electrical conducting properties, sintering at
1300 °C is ascertained to be preferred for La,NiOy,s
ceramic, producing a generally uniform microstructure.

4. Conclusions

The microstructure and electrical conducting properties of
La;NiOy4,s ceramics have been investigated in the sintering
temperature range of 1200-1400 °C. It has been determined
that the microstructure evolution is responsible for the variation
in the electrical conducting properties with sintering tempera-
ture. It is important to adequately control the sintering
temperature to obtain desired microstructure and optimum
electrical conducting properties. The preferred sintering
temperature of La,NiO,4,5 was ascertained to be 1300 °C with
regard to the electrical conducting properties. La;NiOg,s
ceramic sintered at 1300 °C presents a generally uniform
microstructure together with electrical conductivities of 76—
95 S cm " at 600-800 °C.

Acknowledgments

This work was financially supported by Natural Science
Foundation of China (Grant No. 50572079), the Program for
New Century Excellent Talents in University (Grant No.
NCET-04-0724) and the Foundation for Innovative Research
Team of Hubei Province (Grant No. 2005ABC004).

References

[1] A.Closset, S. Diethelm, K. Nisancioglu, J. Van Herle, A.J. McEvoy, Study
of oxygen exchange and transport in mixed conducting electroceramics, J.
Eur. Chem. Soc. 19 (1999) 843-846.

[2] E. Boehm, J.M. Bassat, M.C. Steil, P. Dordor, F. Mauvy, J.C. Grenier,
Oxygen transport properties of La,Ni;_,Cu,O,4,s mixed conducting oxi-
des, Solid State Sci. 5 (2003) 973-981.

[3] A.A. Yaremchenko, V.V. Kharton, M.V. Patrakeev, J.R. Frade, P-type
electronic conductivity, oxygen permeability and stability of La,Nigg.
Co¢.104,s, J. Mater. Chem. 13 (2003) 1136-1144.

[4] A.Aguadero, M. Perez, J.A. Alonso, L. Daza, Neutron powder diffraction
study of the influence of high oxygen pressure treatments on La;NiOy,s
and structural analysis of La,Ni;_,Cu,O4,5 (0 < x < 1), J. Power Sources
151 (2005) 52-56.

[5] A. Petric, P. Huang, F. Tietz, Evaluation of La—Sr—Co-Fe—O perovskites
for solid oxide fuel cells and gas separation membranes, Solid State Ionics
135 (2000) 719-725.

[6] S.J. Skinner, J.A. Kilner, Oxygen diffusion and surface exchange in
La, SryNiO4,s, Solid State Ionics 135 (2000) 709-712.

[7]1 E. Boehm, J.M. Bassat, P. Dordor, F. Mauvy, J.C. Grenier, P. Stevens,
Oxygen diffusion and transport properties in non-stoichiometric
Ln,_,NiO,,s oxides, Solid State Ionics 176 (2005) 2717-2725.

[8] V.V. Vashook, S.P. Tolochko, I.I. Yushkevich, L.V. Makhnach, S.P.
Tolochko, I.F. Kononyuk, H. Ullmann, H. Altenburg, Oxygen nonstoi-
chometry and electrical conductivity of the solid solution La, ,SrNiOg4,s
(0 < x<0.5), Solid State Ionics 110 (1998) 245-253.



D.-P. Huang et al./Ceramics International 34 (2008) 651-655 655

[9] M.V. Patrakeev, E.N. Naumovich, V.V. Kharton, A.A. Yaremchenko,
E.V. Tsipis, P. Nunez, J.R. Frade, Oxygen nonstoichiometry and electron-
hole transport in La,Nig9Cog 10445 Solid State Ionics 176 (2005)
179-188.

[10] V.V. Kharton, A.A. Yaremchenko, A.L. Shaula, M.V. Patrakeev, E.N.
Naumovich, D.I. Logvinovich, J.R. Frade, FM.B. Marques, Transport
properties and stability of Ni-containing mixed conductors with
perovskite- and K,NiF,-type structure, J. Solid State Chem. 177
(2004) 26-37.

[11] M. Al Daroukh, V.V. Vashook, H. Ullmann, F. Tietz, I.A. Raj, Oxides of
the AMO; and A,MOy-type: structural stability, electrical conductivity
and thermal expansion, Solid State Ionics 158 (2003) 141-150.

[12] J.A.Kilner, C.K.M. Shaw, Mass transport in La,Ni; _,C0,04,5 oxides with
the K,NiF,-type structure, Solid State Ionics 154-155 (2002) 523-527.

[13] V.V.Kharton, A.P. Viskup, E.N. Naumovich, EM.B. Marques, Oxygen ion
transport in La,NiOy4-based ceramics, J. Mater. Chem. 9 (1999) 2623—
2639.

[14] E.N. Naumovich, M.V. Patrakeev, V.V. Kharton, A.A. Yaremchenko, D.I.
Logvinovich, EM.B. Marques, Oxygen nonstoichiometry in La,Ni(-
M)Oy,s (M =Cu, Co) under oxidizing conditions, Solid State Sci. 7
(2005) 1353-1362.

[15] V.V.Kharton, EM.B. Marques, Mixed ionic-electronic conductors: effects
of ceramic microstructure on transport properties, Curr. Opin. Solid ST. M.
6 (2002) 261-269.

[16] D.P. Huang, Q. Xu, F. Zhang, W. Chen, H.X. Liu, J. Zhou, Synthesis and
electrical conductivity of La;NiOg4,s derived from a polyaminocarbox-
ylate complex precursor, Mater. Lett. 60 (2006) 1892-1895.

[17] J. Rodriguez-Carvajal, Recent advances in magnetic structure determina-
tion by neutron powder diffraction, Phys. B 192 (1993) 55-69.

[18] J.D. Jorgensen, B. Dabrowski, S. Pei, et al., Structure of the interstitial
oxygen defect in La,NiOy4,5, Phys. Rev. B 40 (1989) 2187-2199.

[19] S. Nishiyama, D. Sakaguchi, T. Hattori, Electrical conduction and ther-
moelectricity of La,NiOy, s and Lay(Ni,C0)O4,s, Solid State Commun. 94
(1995) 279-282.



	Sintering, microstructure and conductivity of La2NiO4+&delta; ceramic
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgments
	References


