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Table S1  Chemical composition of CZ55, CZ55-xCFOs, and CZ55-5vol%Fe2O3 or Co3O4. 

Nominal composition 
Ce 

(mol%) 
Zr 

(mol%) 
Co 

(mol%) 
Fe 

(mol%) 
Ce/Zr Fe/Co 

Ce0.5Zr0.5O2 (CZ55) 50.8 49.2 0.00 0.03 1.03 - 
CZ55-1CoFe2O4 (1CFO) 48.6 49.3 0.74 1.38 0.99 1.87 
CZ55-2CoFe2O4 (2CFO) 48.1 48.6 0.93 2.38 0.99 2.55 
CZ55-3CoFe2O4 (3CFO) 47.1 47.5 1.82 3.54 0.99 1.95 
CZ55-4CoFe2O4 (4CFO) 45.3 47.7 2.14 4.83 0.95 2.26 
CZ55-5CoFe2O4 (5CFO)* 47.6 44.7 2.12 5.52 1.06 2.61 
CZ55-5vol%Co3O4 45.7 46.3 7.77 0.23 0.99 - 
CZ55-5vol%Fe2O3 46.0 47.2 0.00 6.89 0.97 - 

   *Nominal cation composition of 5CFO, i.e. (CeZrO4)95-(CoFe2O4)5, is Ce46.34Zr46.34Co2.44Co4.88. 
 

Table S2  Specific surface area of CZ, CZ-xCFOs, and CZ-5vol%Fe2O3 after reduction. 
Sample SSA / m2/g Size / nm Note 

Ce0.5Zr0.5O2 (CZ55) 22.3 40.6 Pechini 
CZ55-1CoFe2O4 (1CFO) 14.4 63.2 Pechini 
CZ55-5CoFe2O4 (5CFO) 12.7 71.4 Pechini 
CZ55-5vol%Fe2O3 5.2 175 k-phase, after reduction@800°C, 1h 
CZ55-5vol%Fe2O3 3.8 324 k-phase, after reduction@800°C, 5h 
CZ55 2.7 336 k-phase, after reduction@1200°C, 5h 
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Fig. S1 (a) XRD patterns and (b) lattice constant of 1-5CFO powders after calcination at 800 °C 

for 2 h. 
 

 

Fig. S2 Magnetization as a function of CFO content. 
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Fig. S3 TGA curves in a long-term cyclic experiment of 1-5CFO at 400 °C. 

 

 
Fig. S4 Temperature dependence of oxygen nonstoichimetry, δ of (a) CZ55 and (b) 5CFO(1) as a 

function of oxygen partial pressure. A range of δ for fitting is between 0.05 and 0.1 as 
shown by blue arrows. 

 

 
Fig. S5 Reversible titration tests for CZ55 at 750 and 800 °C. Even though the oxidation and 

reduction curves do not perfectly match, hysteresis is not so significant. In principle, a 
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smaller titration current and more rigorous convergence criteria should give more 
reversible curves (smaller hysteresis). Meanwhile, inevitable gas (mechanical and 
electrochemical) leakages, which are fatal for a very small dead-volume cell with no 
buffer-effect gas, need to be minimized by shortening the measurement time. Under this 
circumstance, titration conditions were optimized, as described in the experimental 
section. 

 

 
Fig. S6 XRD patterns of CZ55 reduced in Ar-5%H2 at 800, 1000, and 1200 °C. The cation-

ordered phase (pyrochlore-type) cannot be obtained below 1200 °C without doping. 
 

 
Fig. S7 XRD patterns of Ce0.5Zr0.5O2 (CZ55) and iron-oxide-added CZ55. 5-vol%iron oxides 

were mechanically mixed with CZ55. In addition to a-Fe2O3, g-Fe2O3, Fe3O4, and FeO 
were examined. 
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3.5 CZ55 ͱ Fe ͱ࡞Խͷෳ߹ମͷࢎ Fe ͷՁ͕ཅΠΦϯͷنଇԽʹ༩͑Δ

Өڹ

લઅΑΓɺཅΠΦϯͷنଇԽ Ce0.5Zr0.5O2 ͱ Fe3O4 ͷෳ߹ঢ়ଶͰੜ͡Δ͜ͱ͕໌ͨ͠ɻ͜ͷ

߹ɺཅΠΦϯͷنଇԽʹ CZ55 ͔Βͷ Fe ੳग़ʹΑΔΧνΦϯۭͷܗɺੳग़ͨ͠ Fe3O4 ʹ

ΑΔࢎૉ์ग़ԠͷଅਐͳͲ͕د༩͢Δͱ͑ߟΒ͑Δɻ͜͜Ͱ༹ͨ͠ݻ Feͱ CZද໘্ʹଘ͢ࡏ

Δ Fe ʹΛ͢ΔͨΊڹԽͷӨࢎ Ce0.5Zr0.5O2 ͱ Fe ͷޙॲཧݩ͠ɺؐ࡞Խͷෳ߹ମΛࢎ

ΛධՁ͢ΔɻFeߏ ͕ҟͳΔߏԽʹՁࢎ FeO, Fe3O4, γ-Fe2O3, α-Fe2O3 ͕༻͍ΒΕͨɻ

ෳ߹ମ 5 vol% ͷ Fe Խࢎ (FeO ͷΈ 4.3 vol%) ͱ Pechini ๏Ͱ࡞͞Εͨ CZ55 ΛΠιϓϩύ

ϊʔϧதͰ༡ϘʔϧϛϧʹΑΓ 300 rpm, .͞ΕͨɻFig࡞ͷ݅Ͱࠞ߹͢Δ͜ͱͰؒ࣌1 3.11ʹ

Ce0.5Zr0.5O2 ͷ͔মคʹ FeO, Fe3O4, γ-Fe2O3, α-Fe2O3 ͓ΑͼΛఴՃͨ͠ෳ߹ମͷ XRDύλʔϯΛ

ࣔ͢ɻ֤ෳ߹ࡐྉʹ͓͍ͯɺۭؒ܈ P42/nmc ͷ Ce0.5Zr0.5O2 ਖ਼ํথܬੴߏܕʹؼଐ͞ΕΔϐʔΫ

ͱͦΕͧΕఴՃͨ͠ FeࢎԽͷϐʔΫ͕֬ೝ͞ΕͨɻͦͷଞͷϐʔΫݕग़͞Εͳ͔ͬͨɻ

Fig. 3.6 XRD patterns of Ce0.5Zr0.5O2 and FeO, Fe3O4, γ-Fe2O3, and α-Fe2O3-added Ce0.5Zr0.5O2.



 
Fig. S8 (a) XRD patterns of CZ55 with 5 vol%γ-Fe2O3 after reduction at 800 °C for 0.5 to 3 h 

under Ar-5%H2. An ordered peak area around 14° is shown in (b). 
 

Fig. S9 XRD pattern of Ce-Fe mixed oxide after coulometric titration at 800 °C. 
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Fig. 3.8 XRD patterns of Fe3O4-added Ce0.5Zr0.5O2 powder after reduction at 800◦C under 5%H2-Ar

atmosphere for different time.

Fig. 3.9 XRD patterns of γ-Fe2O3-added Ce0.5Zr0.5O2 powder after reduction at 800◦C under

5%H2-Ar atmosphere for different time.
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Fig. S10 Raman spectra taken for CZ55 powders coated with Fe2O3 after reduction at 900 °C for 5 h. 

The spectra were taken from area 1 (top) to 2 (bottom) shown in Fig. 9(a). Strong peaks at 
280 and 440 cm-1are attributed to the ordered phase. 

 

 
Fig. S11 Cross-sectional (a) STEM-ADF and (b) ABF images of a-Fe2O3-coated CZ55 powders, 

and its elemental mapping of (c) Ce, (d) Zr, (e) Fe, and (f) O. 
 
 



 
Fig. S12 STEM-ADF images of (a) near the surface and (c) substrate. (b) and (d) are electron 

diffraction (ED) pattern obtained from (a) and (c) respectively. The ED patterns of (b) 
and (d) are indexed as metallic Fe and the ordered phase, respectively. 
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ଓ͍ͯਂ͞ํʹର͢ΔཅΠΦϯͷنଇԽྖҬΛධՁ͢ΔͨΊɺTEMΛ༻͍ͯஅ໘ͷ؍Λͬߦ

ͨɻFig. 4.21ʹද໘ۙͱج൘ۙʹ͓͚Δ TEM૾ͱిࢠճં૾Λࣔ͢ɻද໘ۙͰۚଐ Feʹ

༝དྷ͢Δճંύλʔϯ͕ಘΒΕͨɻج൘ۙͰύΠϩΫϩΞܕ Ce2Zr2O7 ʹ༝དྷ͢Δճંύλʔϯ

͕ಘΒΕɺཅΠΦϯͷنଇԽ͕ບશମʹਐ͍ͯ͠ߦΔ͜ͱ͕ࣔࠦ͞Εͨɻ͕ͨͬͯ͠ɺບްํʹͭ

͍ͯཅΠΦϯͷنଇԽ͕Ͳͷ༷ʹਐݱ͔ͨ͠ߦஈ֊ͰผͰ͖ͳ͔ͬͨɻ

Fig. 4.21 STEM-ABF image around (a) surface and (c) substrate. (b) and (d) are electron diffraction

pattern obtained from (a) and (c) respectively.

ບްํʹର͢Δ Feͷࢄঢ়ଶΛΑΓৄ͘͠ཧղ͢ΔͨΊʹ Fig. ͍͓ͯʹࢹࣔ͢ʹ4.22 EDS

Λ༻͍ͯݩૉϚοϐϯά͕ߦΘΕͨɻͦͷ݁ՌΛ Fig. 4.23ʹࣔ͢ɻCeͱ ZrບશମʹۉҰʹଘࡏ

ͨ͠ɻFeେ෦ບͷද໘ʹଘ͢ࡏΔ͕ɺҰ෦ CZ55ບͷ෦ʹଘͨ͠ࡏɻεϐϯίʔτບ

ඇৗʹۭ͕ܺଟ͍ͨΊɺPLDʹΑΔບஈ֊Ͱ Fe͕ج൘ํʹ৵ೖͨ͜͠ͱ͕͑ߟΒΕΔɻҰํɺ

ບ෦ʹ͓͍ͯ Ce͓Αͼ Zrͷͱ Feͷ͕΄΅Ұக͢Δ͜ͱɺ͞Βʹคͷ TEM-EDSͷ݁

Ռ͔Β Fe CZ55ͷཻͷ෦ʹ·Ͱ֦ͨ͜͠ࢄͱ͕ࣔࠦ͞ΕΔɻ͕ͨͬͯ͠ɺFeͷେ෦ບͷද

໘ʹଘ͢ࡏΔ͕Ұ෦ CZ55தʹ༹ͨ͜͠ݻͱ͕ࣔࠦ͞Εͨɻ


