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Abstract

Crystal phases, crystal systems and lattice constants gfligd.; at §=0.106—0.224 have been studied up to 970K to examine the
orthorhombic—tetragonal phase transition o;NiD,.s. In the room temperature phase diagram oNi, .5, two orthorhombic phases
are found af =0.13-0.17 and 0.205-0.224 and two mixed phases are fodrda106 and 0.17-0.205. The+) value of the orthorhombic
phase a8 =0.205-0.224 decreases with decreasing edue and is expected to become zerd=a0.13. A Rietveld analysis of the phase at
3=0.106 shows that the phase consists of 90% of an orthorhombic phase and 10% of a tetragonal phase. The excess oxygen will be concerr
for the orthorhombic—tetragonal phase transition ofNi@,.s. However, between the orthorhombic phas&=0.205-0.224 and the phase
at5=0.106, another orthorhombic phase, whishd) value increases with decreasing thealue, exists a8 =0.13-0.17. The concernment
of the excess oxygen is not clear. For considering the phase transition, the orthorhombic phase just below the phase transition temperature
the phase at=0.205-0.224 or the phasedt 0.13-0.17 is important. The phase transition temperature gfily s is 880-890K in air,
and at 760-860 K thé{) value increases with increasing the oxygen partial pressure, that is, with increasinguthe. The orthorhombic
phase at 760-860 K is not the phaséa.13-0.17 but is likely the phasedt 0.205-0.224. The phase transition of,NiO, s should be
caused by the decrease of thealue due to the increase of temperature.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Lap _ vNd;NiO4+5 is in an orthorhombic symmetry, and the
(b—a) value is 2.8-9.3 pm. A space group of the orthorhom-
Only three compounds are now available asNi®, s bic phase should not klénmm, because the Nigoctahedra
(Ln=La, Pr or Nd). At room temperature, £/diO4 +5 is in cannot tilt in theFmmm structure and theéba) value must be

the orthorhombic symmetrfl] or in the quasi-tetragonal  smallinthe space group. Thiz{) value of the orthorhombic
symmetry[2,3], while PpNiOg+5s and N@NiOg4+5 are in phase will be caused by the tilt of the Nj@ctahedra par-
the orthorhombic symmetrB]. A phenomenon commonly  allel to thea-axis induced by the interstitial excess oxygen,
found in these compounds is the existence of the excess oxy-because theé{a) value increases with increasing thealue.
gen, thatis§ in LnaNiOg+5 [4]. In the previous papg5], the The space group of the modeld$ma. Above 650K, thes

crystal phase and thevalue changes of La \Nd,NiOg+s value of La_ ,Nd,NiO4+s decreases with increasing tem-
have been examined up to 1073 K and getting the follow- perature, and at the temperaturé at0.15, an orthorhombic
ing conclusion on the phase transition obLaNd,NiO4 +5. phase Abma) changes to a quasi-tetragonal pha&em).

At §<0.15, La_xNd;NiOa4 +s is in a quasi-tetragonal sym- A phase transition will appear &t 0.15 because thénmm

metry (Fmmm), because thebfa) value at room tem-  structure cannot store much excess oxygen in the structure.

perature (0.36-0.72pm) is larger than the sum of @ The phase transition model of the previous papéris

the lattice constants and b (0.06—0.08 pm). At > 0.15, showing that a phase transition of MO, is possibly
observed at room temperature by decreasingdthalue

* Corresponding author. Tel.: +81 44 934 7202; fax: +81 44 9347906,  ffom above 0.15 to below 0.15. In this study, X-ray pow-
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been measured in an air or oxygen flow up to 970 K, and the and the §—) values increase with increasing thealue, but

phase transition model is reexamined. at §=0.13-0.17, the: value increases but thé-z) value
decreases with increasing tlievalue. At §=0.17-0.205,
the ¢ and the §—a) values do not change with thievalue.

2. Experimental Since the excess oxygen is existing as an interstitial oxygen
between two Nd-O layers perpendicular to thaxis [1],

A polycrystalline sample of NéNiO4 +5 was prepared by  the ¢ value must increase with increasing thealue in a

the solid state reaction of N@3 and NiO[5]. One of the single phase region. With increasing thealue, thec value

following heat treatments was done for the sample powder: increases at=0.13-0.17 and 0.205-0.224 but do not change

(1) the powder was heated in oxygen at 773K and slowly at §=0.17-0.205. Phases & 0.13-0.17 and 0.205-0.224

cooled to room temperature at 0.3 K/min. (2) The powder will be single phases but a phase &t0.17-0.205 is a

was heated in air at 1073 K and slowly cooled to room tem- mixed phase of NgNiO4 205 and N@NiO4.17. An analo-

perature at 0.143 K/min. (3) The powder was heated in air gous phase separation is reported fopNi®D4+5 [1]. The

at 1073 K and rapidly cooled to room temperature. (4) The orthorhombic phases of bAiO,4+s até§=0.17-0.205 and of

powder rapidly cooled in air from 1073 K was heated in a Lay_ Nd;NiOg4+s [5] are the same phases, but the phase at

helium flow at predetermined temperature of 643—-973 K for §=0.13-0.17 is a new phase.

2h. In Fig. 1(A), the § value changes from above 0.15 to

Thes values of the heat-treated samples were evaluated bybelow 0.15, but no orthorhombic—tetragonal phase transition

hydrogen reductiofb]. X-ray powder diffraction data of the is found in the phase diagram. However, kig. 1(B), an

heat-treated samples were collected at room temperature byrthorhombic distortion of the phase &t 0.205-0.224 is

a diffractometer Rigaku RINT1200 with a Cukradiation expected to be disappearinggat0.13. In the phase diagram

source. X-ray diffraction data at 760—-970 K were also col- of Fig. 1(A), Nd2NiOg4 106is the only sample that value is

lected with the same diffractometer in an air or oxygen flow. below 0.13. In addition, the lattice constants ofaN@O4 106

The Rietveld analyses were done for the collected data withand N@NiO4 133 are almost identical. The NMiO4. 106

a program RIETAN-20006]. A Fmmm space groufl] was phase is possibly a mixed phase of a tetragonal phase and

used for the lattice constant evaluation, @&wanm, [4/mmm the orthorhombic phase.
andAbma space groups were used for the structure and the The Rietveld analyses done for piO4 106 give the
composition analyses. following data: When the phase is an orthorhombic phase

(Fmmm), Rwp=22.19 ands = 1.42. When the phase is com-
posed of a tetragonal phasgl/fnmm) and an orthorhom-
3. Results and discussion bic phase ¥mmm), Ryp=19.18 andS=1.23. Statistic data
show that the phase is composed of the tetragonal phase and
Lattice constants at room temperature of the heat-treatedthe orthorhombic phase. The phase consists of 10% of the
samples are shown iRig. 1(A). At §=0.205-0.224, the tetragonal phasew(2a = 54579(6) pm, ¢ = 1222.4(1) pm)
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Fig. 1. Lattice constants of NMiO4+s at room temperature (A) and the expecstedhlue at p—a) =0 pm atroom temperature for the NNiO4+5 phase at
0.205<§ <0.224 (B).



1202

Y. Toyosumi et al. / Journal of Alloys and Compounds 408412 (2006) 1200-1204

(A)

(B)

Fig. 2. Orthorhombicibma structure of NgNiO4 223 at room temperature (A) and open spaces (cavities) idbhe: structure (B).

and 90% of the orthorhombic phase =<537.24(1) pm,

Rwp=19.04 andS=1.32. Although the difference of two

b=548.01(1) pm¢ =1232.29(3) pm). The crystal system of statistic data is small, the data show that the space group
Nd2NiOg4 +5 at§<0.106 is now under investigation, and our of the N&NiO4 223 phase isAbma.
unpublished data show that a single tetragonal phaseis given In Fig. 2A), an Abma structure of N@NiOg.223 is

ats=0.09.

The space group of the phase &t 0.205-0.224 will
be Abma [5]. The Rietveld analyses done for piO4 223
with Fmmm andAbma space groups give the following data:
When the space group of the phaseigmm, Ryp=19.42
and S=1.35. When the space group of the phasgtsi,
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Fig. 3. X-ray powder diffraction patterns of BNiO,4+s measured in an air flow (A) or an oxygen flow (B).
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Fig. 4. X-ray powder diffraction patterns of BNiO4 +s measured in an air
or oxygen flow at 860 K.

Fig. 5. Orthorhombic distortions of théa) values of N@NiO4+s in an
air or oxygen flow at 760—930 K. Error bars are the sumwb8the lattice

between the peak positions of the (200) and the (020)

peaks, which is an index of the orthorhombic distortion,
_ _ in an oxygen flow is larger than the difference in an air
NiOg octahedra shortens the length®bxis but does not  flow. Since thes value of the sample in an oxygen flow

change the length df-axis. The tilt of the Ni@ octahedra
is induced by the excess oxygen existing as an interstitial
oxygen between two Nd-O layers. Positions of the excess
oxygen cannot be determined by the Rietveld analysis of the
X-ray data, but the oxygen should exist at open spaces in the
cell, called cavities. Ifrig. 2(B), cavities in theAbma struc-
ture are given with a computer program ATOMS Version 5.1.
Cavities are locating at an 8e-site of (1/4, 1/4, 0.194), while
only 4 cavities are found iRig. 2(B) for the resolution of the
program.

The excess oxygen is concerned for the orthorhombic—
tetragonal phase transition of WdiO4.5. However,
at room temperature, between the orthorhombic phase
at §=0.205-0.224 and the phase &t0.106, another
orthorhombic phase &t=0.13-0.17 exists, and then the con-
cernment of the excess oxygen is not clear. For considering
the phase transition, the orthorhombic phase just below the
phase transition temperature is the phasie=.205-0.224
or the phase at=0.13-0.17 is important. As the temperature
just below the phase transition temperature, 860 K is selected,
since inFig. 3the phase transition is observed at 880-890 K
in an air flow and at 910K in an oxygen flow.

In Fig. 4, (200) and (020) peaks of NNiO4+s at
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Fig. 6. Lattice constants of N#liO4+s measured in

860K in an air or oxygen flow are shown. The difference 810-970K.

an air flow at
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should be larger than the value in an air flow, the difference 4. Conclusions

between the peak positions is increased with increasing the

8 value. The orthorhombic phase just below the phase tran-  Although the orthorhombic—tetragonal phase transition is

sition temperature cannot be the room temperature phase ahot found at room temperature &t 0.15, the NeNiOg4.106

§=0.13-0.17. phase consists of 10% of the tetragonal phase and 90% of
In Fig. 5 the (p—a) values, which are indexes of the the orthorhombic phase. Excess oxygen is concerned for

orthorhombic distortions, of NdNiO4 +5 at 760-930K in an the orthorhombic—tetragonal phase transition ofNi4 + 5.

air or oxygen flow are shown. Thé+) values in an oxygen  The orthorhombic phase just below the phase transi-

flow are larger than the corresponding values in an air flow at tion temperature will be the room temperature phase of

760-860 K. The orthorhombic phase at 760—860 K is not the § =0.205-0.224, of which space-group A$ma. A high

room temperature phased&t 0.13-0.17. This phase willbe  temperature orthorhombic—tetragonal phase transition of

the room temperature phase’at0.205-0.224. Nd2NiOg + s will be anAbma—Fmmm transition caused by the
Mauvy et al. have reported an electrocatalytic activity of decrease of th&value due to the increase of temperature.

Nd2NiO4 +5 for a cathode material of solid oxide fuel cells

[7]. On using NdNiOg4+s for an electrochemical material,
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