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The effect of the mixing states of CaF,-like phases appearing in the Zr-Ce-Pr-O system on their thermochemical
behavior has been discussed on the basis of the data accumulated over the past few decades. In the Pr-O system, a
series of CaF,-like Pr,O,,.,: Pr3+4Pr4+mOz(4+m)_2 oxides are well-known; the metastable phase (m = 4) may appear in a
mixing state with the m = 5 or 3 phase for the Pr,0,,., thin film sputtered on a CaF,-related Y,O; substrate. In the
Zr-Ce-0 system, there exist many CaF,-like and -related phases: tetragonal t, t’, t”, cubic ¢, k-Ce,Zr,Og, and so on. In
the Zr-Pr-O system, the novel CaF,-type A-(Zr;4Pr34)0,., phase with large oxygen nonstoichiometry has been
discovered. For the quasi-binary solid solutions, Zr;gCe./s)Pr,30,., (0=x<6), the (c, t”) and A phases appear in the
Ce-rich and Pr-rich regions, respectively. The extremely resembling c, t” and A phases can form junctions with
coherent interfaces, accompanied by introduction of oxygen vacancy around them, when the samples pre-fired at a
sufficiently high temperature. The most excellent results for CH, steam reforming test have been obtained with Ni
catalyst supported by the oxides possessing the junctions; the catalytic activity of NiO has been reported.
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Fig.1 Unit cells of CaF,-like phases derived from CaF,.
(a) Pr;0y,, ® (b) tetragonal phase(t, t, t”),” O: Ce, Pr ions.
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Fig.2 Phase diagram of Pr-O system proposed by Hyde et al.,”
where the Pr,0,,, phases are expressed in the form of
Pr'* Pr*",,0s44my2 ; possible metastable phases (m = 2, 4) are
added in this study.
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Fig.3 Schematic description of the closed-system oxygen
analyzer utilizing an electrochemical oxygen pump.m)
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Fig.4 Superposition of the /-7-¢ curves obtained in the heating

runs, when the Pr,0,,, samples were repeatedly reduced and
then oxidized in Ar gas {p(O,) = 4.9X10* atm}. (a): PreOy,
powder as purchased, (b): magnified figure for the Pr,0,,., thin
film sputtered on Y,0; substrate. The shaded area corresponds
to 0.002 mg of O released from the sample.
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Fig.5 XRD pattern of k-CeZrO, phase, i.e., K-Ce,Zr,0g.
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*k: additional peaks to those for the pyrochlore Ce,Zr,0;. »
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Fig.9 Variation of diffraction angle 26 of 311 reflection for
oxidized sample annealed at 1473 K in air with Pr composition.
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Fig.10 Composition dependence of Raman spectra for Zryg
Ce6-vysPry30,., samples annealed at 1273 K in O, for 3 h.?
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Fig.11 Schematic description of molar Gibbs energy of mixing
for Zr,5Ce.ysPrys0,., solutions at 1273 K. (4, c) and t”
phases belong to the bold solid and dotted lines, respectively.
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Fig.12 The effect of Cu addition on the XRD patterns of
Zry3Ces/sPr330,,, sample annealed at 1373 K in O, for 3h.
(a):no addition; (b):(Zrz/gCe3/gPr3/g)Cu0,3/802_y COIIlpOSitiOH.
A :CuO, X:pyrochlore-like phase, @:CaF, mother phases.
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Fig.13 Change in the XRD pattern of (ZrygCeqsssPris
Tig.5/8)Cug 5502, sample annealed in O, by the successive
reduction in H, gas.?” (a): annealed in O,, (b): annealed in H,,
A:Cu, A:CuO, <& unknown phase, X:pyrochlore-like
phase. @: CaF, mother phases.
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Table 1 Surface areas (Sggr), NiO particle size (dyjo) before catalytic performance tests and CH, conversions of catalysts
fired at various temperarures, and summary for the oxidized condition.

Firing CH, conversion(%) Summary
Catalyst temp. SBE_T dnio for @,@

y p (m’g!)  (nm) Meas.(D Meas.® Meas.(® Meas.®  Meas.® ),
) (reduced)  (oxidized) (reduced) (oxidized) (reduced) (oxidized)

1473 3.8 19 78 0 78 0 73 X X

1373 14.3 11 91 0 90 89 88 x O

Ni/Z2C6P* 1273 38.3 9 9] 90 91 89 89 00

1073 68.2 6 87 83 80 81 80 00

873 120.9 5 68 0 65 66 63 x O

. 2 1273 23.0 10 85 81 82 82 82 00

NIZ206” 00 72.8 9 83 0 81 79 79 X0

) 1273 47.8 — 81 0 77 68 72 xO

Ni/Z4C4p 873 112.3 — 81 0 79 0 78 X X

) 1273 29.6 — 9] 84 86 85 83 00

Ni/Z4C4 1073 84.0 — 81 0 75 70 71 xO
XRD B — 7 MHBL L7223, ZOEE T Cu IRMoZAE LY ‘TE 80 T T T 1 id
INEL, WIMTEEDHEIL Cu>Ni TH-o7, PrTi,0; D = 17° P
Pr2s iz on =850, BREARELFEICEAN ST T 70+ Jaz 2
W R OB T Ti A 4 OMEME T L=7=H & 3 o @
OFCHIAARETH D, Cu, Ni DIRIMTHD THES g gL 178
NDHBETHD, Cu, Ni MNEREMANEIEORREREZ 8 T e 08 E
WmSw 2 Li2zn, REMOMIT PoTios 22512 5 | Jos 2
LT POTTiY0s 72 & &, N w7 a7 U o &
(P, Ce¥ TP, 2,0, b LHBT 5, L2AT, ThE o 404 2
TOHMIC L B L, REMREILHEO Ce, ProTiimiz s 400 Joo I
A-(c, t)FE & c-t"ShiE D 2 FEFIZ 72 D, Fig13(b)IZk T § E

NRA vz a7 UMD XRD V¥— 7 135 ERIZH Y, F L 30 61/3 87I3 1OI73 12|73 14|73 0.0

EFIE L2,
1. Zr-Ce-Pr-O Z DB A~ DS A

FR U7 R TOERFE R, BT R2EHN 25
AP IZITEER K ENEA I THT, ZIUTEWEEA
FUOMEIE TR E WA Z &, RINLZEREEITR
AT FICVER L TR O R R A E LT\ 5D Z & 2R
LTCW5, &2 CilE4RIC Ni 28R L ¢, Z 035N it
BEROSICHE A TE 2008 2 iz, 2232 pr 28N Lz
{(ZrysCeq/g)Pro 28} Oy (Z2COP) & {(ZrysCes/s)Proasg} Oropit
(ZAC4P), 3 L % Pr IRINEE L O (ZrysCeys)0,.,:(22C6) &
(Z14sCeq)0,.,:(ZACH D 4 FEFDOMAL & 725 L 912, ThZ
UCHIEE LIZIRATRIE A 371 K TNEVAEE L T an A
RIROBEWERRIRE /T, ZhE T =7 KPITHH
T A, YeirL, 673K TBE L TR & 72 BET bR imfd &4
THEGMCII R 5T, £DH%IT O, P, 873~1473 K
D2 DIRET 3 h BEALL, H#L T, EKMIC BET %
A S W TR SRR O B Z KRR 2 R L 72,
FHORETMAR XRD, 7~ 3 lIE S TEM B2 LY
1T o7, BIRDOME & BEAIRE O BfRIL Z2C6P FHAL % il
&V Fig.14 |27, BET LLREFEDOIEIT Table 1 1T7-7,
BERIREE D B & & IR A ST L, BET HRimfg
BILOXRD B —7 O2fElE (FWHM) IXHFIART Liz,
L Z AN Raman EELE — 7 OfEIEIT —EK T L 72
BICWITHINN L7z, 2 0 Raman BRELOEIFAS 1273 K T
BTN o 1212 ERT 5 L v S M, BEOE
WEH DM 3 SOF OB T RIFEIZA BT,
D &5 TR DAL RIZ {(ZrysCeg/s)Pros tNig 5502041
(Ni/Z2C6P), {(ZrysCesss)}Nig5/02.4,: (N/Z2C6), {(Zr4sCeysg)
Pro.4/s} Nig5/02.y42: (NV/ZACAP), {(ZrysCesss)} NigsgOapz: (NI/

-
—
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Firing Temperature, T/ K

Fig.14 FWHM values of the 470 cm” Raman band and 111
reflection in XRD as function of the pre-firing temperature for
{(Zry5Ces/3)Pro 218} O2.y1-:(Z2C6P) Sample-zg)
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~ULIER) 12y b L, WEIRED 873 KIZHET S, Wi
Hy, #AZP L CHREZEILL, CHy, & HIREA T AN+
HyO+CH)IZH) 0 B x TKRERREEOWMEDEAT 72, I
0, T AZFH L CHEI 2L L, ZOHBICCH, &/ N A %R
LTHED%, S5, T A% L CRE 48T L%
WICHIE® %, LIERIT-7-, £ DO%ICHKIRT 5 FIECTEIE
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BICHIED, Hy T AL 72 %ICHIE® & KRS £
IR L=, HAHZHD H, CO, CO, CH, %2 HIE
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LT o CRMI L 72,

A X o RE (E )
=[1 = CH4(%)/{CH4(%)+CO5(%)+CO(%)}1x100 (1)
Ni/Z2C6P i iz & 5 KRR UL G R 2%, Ni A FRTOH
T8 R D BERRIELE DBIRIZ LT Table 1 127R7, HFRTO H,
HAETTAEIZ LD &E NiRREICH 2 HED, @, ®DT
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T, L LAHEEBDEROMEENKRESBERL TS Z L2VR
BEND, —J7, O BRLALELC X Y NiO REEICH D HIED
TIX 1073 K & 1273 K THak L7285 A 121 A & o fiftide
1T, MOBERIRE ClIE o 72 SIS EE e o 72,
ST TV RN i C OB SUG A3, Ni BRI 1
Te% NiO BRI & /a2 L 28 LTV 5, NiO IREET
OGN E 5 2 L NAREEE D TH S, Table 1 & Fig.14
D Ni/Z2C6P filiE D7 — % 2354303 % L 912, NiO IRREDH
TEQTD A Z 43 EIL Raman H#EL Y — 7 OH-EIE DS /)
EIZESITHONTHREL TV, ZORBEIIXHEIT T
IERBITE 22T S ICESEL L7 ZBEOHNEE L T
BT &R LT 5, BREMOSENPES, BEEREDE
AN XV O FDORE IHA—FH L TL b & Raman #
HE—21 3y v—7ICRDTHA D, SR BEAR
BHOTAH, ZFICo L9 & Raman AL — 27 137 o —
RiZ72 %, Figd5 (2% 873 K, 3L T8 1073 K THERL L 7=
Z2C6P ¥y KD TEM B E %R LTz, BAMEDH D sy
D—ERITHANL (dislocation) DIFTEMNTRD HILDH DS, BEFEIE
JER B HIF ERE RO GRS, S L E Z R0y
MHRLRBERTFNRTEND, Z 9 LT, NiO JREETDfil
BSOS I L= 01X, BEEL L 7= B O S A EA
SN IEE KR EEH LT, NiO 38 JE Ni D X 5 (28 L
Teinb EHETE D,

Fig.15 Coalesce of particles accompanied with dislocations,
observed when Zr2C6P powder was fired in O, for 3 h, at
(a): 873 K, and (b): 1073 K.
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