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SUMMARY

I. Title

Development of metal oxide for H, production with thermochemical cycle

II. Purpose ad Necessity of Research and Development
o Purpose of research
The purpose of this research is to develope the metal oxide to produce water by water
splitting by thermochemical method
o Necessity of research

The technology to produce H, from water is important to get clean energy and to
solve environmental issues such as greenhouse effects. It should be proceeded in
parallel with the fuel cell technology, because the fuel cell technology will lose the
environmental benign effects if H2 is not produced from water, but from fossil
resources. There are many technology such as photocatalytic water splitting, biological
water splitting, electrolysis via PV, PEC (phtoelectrochemical water splitting) to produce
H, from water. Those water splitting technologies are challenging to produce H, from
water, but requires advanced engineering technology and large for mass H, production.
The efficiency of the thermochemical cycle has been calculated to be in the range from
15 to 50 %. In addition to the high theroretical efficiency, the thermochemical cycle is
effective for mass H2 production in the engineering points of view. The thermochemical
cycle using metal oxide (two step) is simple, and easily operated as compared with IS
cycle (three steps) and UT-3 cycle (four steps). Therefore, the two step thermocycle is
proper for H2 production using solar energy, while IS and UT-3 cycles are proper for
H2 production using nuclear energy of HTTR or VHTIR. The system using solar
energy should not only be easily started and shut down, but also be insensitive for the
fluctuation of temperature. In those points of view, IS and UT-3 cycles are not proper

for the thermocycle using solar energy.

IIl. Contents and Range of Research and Development

o The selection of metal oxides with proper structure for producing H2 by thermocycle
- Redox behaviors of metal oxides during thermocycle
- Thermal stability of metal oxide during thermocycle

- The preparation of metal oxides with reversibility during thermocycle

- 11 -



o Optimization of metal oxide to produce H,
- The selection of metal oxide systems for the optimatization to produce H2
- Preparation and Charaterization of the optimized metal oxides

o Development of metal oxide with hlgh reversibility

IV. Results of Research and Development

The ferrites were prepared and compared by a coprecipitation and a solid method. The
ferrites prepared by a coprecipiation showed the better redox behavior than those by a
solid method. The ferrites with spinel structure can produce more H; than those with
magnetoplumbite. The ferrites was separated into metal with +2 valence state and
Fe304 with spinel structure in high temperature. The further temperature increase
resulted in oxygen deficient iron oxides (FeOs). The oxygen deficient metal oxides
could be oxidized by H)O to produce H. TGA experiments with CoMnferrite, the
highest stable among tested ferrites, showed that the weigh started to decrease at 430
°C and rapidly decreased above 600 °C. The weigh change continued until 1100 °C and
approached to 1.6 wt% weight loss. A mass spectrometer analysis confirmed the weigh
loss was due to oxygen evolution. TGA experiments with CuFe204 and NiFe204
started to be reduced at 650 °C and the weight lost upto 25 wt%, indicating that
CuFe204 and NiFe204 can produce higher H2 than CoMnferrite.

The reduction temperature increased with increase in the calcination temperature. The
ferrites calcined at low temperature showed two stage reduction, but those at high
temperature showed one stage reduction. The redox behavior indicated that the ferrites
calcined at high temperature had a single well crystalline phase. Similary to thermal
reduction, the ferrites formed two phase (metal oxide with +2 valence state and oxygen
deficient iron oxides (FeOi)) in CHj reduction. The ferrites reduced with methane also
produced H, with H;O. The metal oxide with +2 valence state such as Cu and Ni did

not participated in the redox reaction.

V. Plan for the future

The results showd the ferrite system was highly effective for the H2 production by
thermocycle methods as expected, although the specific H2 production capacity in this
report was lower than that in the paper by Namura. However, new ferrite system
showed higher H, production than ferrite by Namaura in our test system. The further
research is required for the clarification of these discrepancy. Ther research will be

proceeded in Frontier program for H2 production.
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MxOy-z + ZHZO —— MxOy + ZHZ

2) =99 ATFF

E7F 2estga v ?P‘é"é"] % “%“/%-ﬁ?’tﬂ
FAL olE ‘ﬁ?%’.ﬁr%“ 7tEE-2 H 7«‘1 2he-gd

Ao wrEgo] F& 2 =2
ojsitie 4ol 9,174" 2hs}-2 3-2-‘57} EL Aol gy AHHA
Fe304/FeO redox cycle?] Fa4o] Hzt& o).

0 Fe304/FeO redox cycle
- 19773 Y £ 9} Nakamurao] &3} =ty (Solar Energy 19 (1977) 467).
-1980d TOfighi and Sibieude o] &3] 2300 Kol AFo] S3¥
(Int.Hydrogen Energy, 5 (1980) 375)
- 19843 2kW9] solar energyE o] 8-3j4] 583 kWh/m3H2¢] d&zto] doid (e %4
of &g HIESE o]83 A$ 286 kWh/m3H2) (Int. Hydrogen Energy, 9 (1984)
293)

o Ferrite 9] redox cycle .
- 1990 £ TIT (Tokyo Institute of Technology)2] Tamaura®} Tabatao] 2} Ni
cation-excess Ferrite7} 290 °CojjA] o]33letAE &4 2 100%A3E S ¥, EolA
FLEANE 75 A Al (Nature, 346 (1990) 255).
1995 9] 2 9] PSIATF A9 A Mn-ferrited o] §-31e] 1073Ke} vl 3 A2oM €4
o] 7tedta EZREY FiadAo] £o18s AL B th(Solid State Ionics, 78
(1995) 151)
- 19963 Kojimag (TIT)2 Ni cation-excess ferritedoll A} 1273 K o]3}e] 2% oA o 5
ccH2/geat.cycleE A4H8IJ T} (J. Phys. Chem. Solids, 57 (1996) 1757).
£19964 PSIOA sFol= A2 e olgalA BFLS oSN BRRE 545 1m
AzZE W o= AHHLL ok 199 kWha 243}
- 1999 dE 9] TIT+= Ca, NaE AFE3}o] Ni excess ferrite/} AT E F33F¢ (Solar
Energy, 65 (1999) 55).

0 ZnOfZn redox cycle
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PSI & 2003 38 ¥ Task oA ZnO/Zn redox coupleg o] &3t W e-&
ERHATE F939 gtk ZnO FYLEI} 1200 °C o] 4o 23 BlU%R e )
= .

AH>D AH <D
A—B A<—B

Endothermic Reactor Exothermic Reactor

’narspalt

u}. IS process: o= (G.A) / YE(JAERI)
1) 7= s
SO, + 2H,O + I, > H,SO4 + 2HI (95-130 OC)

H,SOy > H,O + SO, + 1/ 20, (850 OC)
2HI > H, + I, (130 OC)

2 = 7lend TF

o o] urge 1976\ d ulZ9l General AtomicAlel] 3] A=A ow wj=<9] Sandia
National Laboratoryolx AZA&SL 53 HrIE 19873 Fyg vprt Uk o1&%
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Sulfur-lodineThermochemical
Water-Splitting Cycle

172 Oy + 50, +@

f“%fi(},’i E‘Q{}g + ”2{)

N

634 +2H1
/ Heat

IH]

Wantar

Heat

IRl

FEEL 80 %olo R uj$ o) 19854 Sandia National LaboratoryollA] EE &

] 402 Hr g3 ok a8y o3 AL gAY EEFAHo] wif EFsA o]
A 23709 STl "o HA Y& JAERIGA AFE FHsta Jon
A&d dolesh e 1 HAel BASS ASng BAHA SRAM 7t
AT EINECERE o

o AR} 71¥+7]< L General AtomicA} £ Sadia national laboratory % U9} JAERIAMZ}:
BE3tn 9o U929 bench FEE 1-10 L/he) Fiaarado] Hue A7 A
o7 ded Yo

[«

0 20029 ol%E wWZe T PRARE o] &3 FAA RIS e HMolFE o FHO
A AR Roln AN Qr TRo= Brisln gon HZe AIChEY wxs Z
B2 Ego] oF 50%Q Ao FHA Un AAA BrEAT oF 142%kgH, & F443)
it}

t}. UT-3 Cycle: ¥ 5743 h/v]= Argonne National Laboratory

1) 7= Mea
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CaBr, + HO ----> CaO + 2HBr (700-750 °C)
CaO + Br; ----> CaBr; + 1/20; (500-650 °C)
Fe;O4 + 8HBr ----> 3FeBr: + 4H,O + Bry (200-300 °C)
3FeBr; + 4H,O ----> Fe;O, + 6HBr + H, (550-600 °C)

Wder

Water ireatment u

flaneration-fY
Nuilear Hoal
Fleetrivity

— =]

Pevwoss Tant &
Caltr? me Calh e {382

2 ATALTE

- o} 7l&2 T4l 1985 UT-28 7fAste] Agd Aot}

- 19843 bench scale®] H X7} Ax=H1 SHEUL

- 1989 20,000 m3/h T2 A pilot7} MASCOTE s olgo g 312 A2 E d
Bog st AAHART

- A4, 3RV 2 FAIESY AxV)E ARNATE FHI YS

- B]=9] Argonne national laboratory ox]+& o}z}¢] Modified calcium brimine ®j
AHEE RS ALSEL Utk AVAM =AM plasmaE ASShE WS AUl

A,

ko
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[1] Water splitting with HBr formation (1000 K)
CaBr, + H,0 - Ca0O + 2HBr

[2] Oxygen formation (823 K)
CaO + Br, = CaBr, +0.50,

[3] Bromine regeneration (non-thermal plasma)
2HBr + plasma = H, + Br,

-7 o] 7l&e Bgo] 392 %2 ALA FATHE 7=ty AT

-Be7t22E E902 o FHATIE AP Yok

FRANFR ZUH @ 2 7HE FRAPNEAT D27k VAT Ha
33 w2t dago] H¥LE Frhdhe AOE H7hHR ATk

EAYE FAloZ YR JAERI (Japan Atomic Energy Research Institute) 3 TEC
(Tokyo Engineering Corporation)# & A+E F33t Aot
-49oRE NRVFARE o) &FE o2 ATHIL UTh

2}. Westinghouse process:2=9| 2=, v]=
1) 7159 AL

HS0, -—--> H,O + SOs; (>450 OC)
SO; <> SO; + 1/2 Oz (>800 oC)
S0, + 2H,O <---> H,50, + H2 (80 OC)

2 AFMNEEH

- 1975 westing housedl A 3 7}

- 29129 RCJ 9 JRC Isprad} 3527 3
- 80 °C € 1.5 Mpa2] &Edl|A 6004 7+5<¢ 10L/he} 48 AFYLY
- IS cycledt Hl@a] streame EY5 Y A71Ed ) vE] HAr|GARY L2E FE

4=z 479 & ok

U Fe] ¢

S ME DESSFEAZAIIRA 337} 244880 I FaARVIE B ITE F3
stgon FUT AlLHAA HrbEn 7}—’-‘—4 Ni Cation excess ferrite H.t+ A%0) 9538 A4S
Agstdon HIE a4 Hs e e HaFn g oleld Aus Axde) 2

oz
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AV FEHE G2 AR AEE A3 B FRE AT 5 Aok & A7EH 7€
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A3 ATNY YU U HY
A 1A Ase Aol ZL A FolEe o] w7

1. dZtoj29 &&

HelolEE FeO:® FAROZ 3t A4 A8EZ ALAR T /M gol AHS
= EHQ Aotk maolEE o Fehz AxHDL Yon, AHEHE =& O
ooks- THTable 1)V. slgto]E7} 714 Qulste AFozE weole Zojst 297, 2H
ol k. EY AV7BAAR v 5T 54 /M 9] HolE, Ha3, Fh=
Toz 93 UF AN Bo] AgHAAZ AUtk el AthA7IA R (Giant
magnetoresistance, GMR), 713l =, HAHH, ARF 2=, A71BeA8, A& - o] 7t
&7], WA, BAIE Aol A4, AN 5 HgolEE A 7HF Fol AHE-H
AL e AR Fahtoloh

Table 1. Classification and application by preparation

2 Fo8E
SRR A, WE Haz, volazst &, B
AAA 7, AR, AN, A% FFA, A
CEE Az, NaBLA, slo|azs &z}, A7,
A

2}7] gol=, 7] gaA, A7) A=, GEAA,

)

B 3l

o SR, A3 A, R

uluk A7) Y23, wtelazs IC, FE a3
EE 347 71500

A ZUelN dFHolA 1 e Feo]EE Table 2049} Zo] A H4& ol 8%
ANA R Fobst BoAz 34 $9 A7/ dFPolth a2y, AfoEs AAARR
AL F e 54 A= 98 JHA 54L AR Aol F WE AT £okE 7L
AEAQ ol AFA T AAFAR v &9 ol AW PR
LA 2o BEs Ao WEE L, AY BYAE AL %Uﬂ
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Table 2. Research trend of domestic ferrite
d4 = e
1976 St setel 59 AP EA
1977 Mn Zn HEolE S EF A BE 754

EEREELCED)
1
o NiCuCoEﬂ ECECEY
1980 NiZn#golE L2HL2E & 7|54

1982 Ba#lglol E 4 g4

FE A BadgolE

1985 5374 doolEe] dAdA AR
YFe;Osb 24 Apwlol g+
1990 Fe:0. 2823 A Az 54
Ferrite-F+ A A A58 ARFFA
1991 Ferrite-Ferrite 533 AgfF5A9 A%
Ni-Zn#|Zo|EE o] &3 uFad Ax FA A+
Co-Y-Ba#|g}olE A&

Ni-Zn-Cuz|gto] E wrubAjz o} 271 &4
A=A 23 Mn-Zn9ZAAFolE A&
FIEERAFAE ol &3 29 HA FeOsdA

1993 YoFes0128l #7154

1995 Seed #H7}ol]l @& Sr¥|Ete] E 9] mlMFZ o
Zulguladlelol E §AAAFA Azt EA
CuAl 2 dsjgtolE 27|54

1997 A} 23 BaslglolEvtbAx

1998 CuH 7t YsFes0129] vl A& A7 EA

AQYE Y Hz2rE

YIGH 2 A &

Sy

1992

1996

1999

* 1971-2001Q 2 A2} she)x) F=

HIZo= HEolEE 873 ABE AMESIY AF2dss F8

e B2 HO0E viud 2 XA Esstd FAFASEY
8 & , &3 71%—"— goz g @
HAY & de W 8% Ve ZdHAAL o

AA 53 2]
Yoz gdEd CO, B35
H,E Azxdte A7 A
2A B3 Fog Q3% Ty

=3

!ﬂ

2. HgolEE o] &

rot
i
M
e
o
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getelEw Ao wel Table 3ellX 7 AXNZ M7 2ATEE 7HAL 8
. o]Fel M CO; RalE A8l F2 AHEHAAL gl AL 29d ot

209 3z #Hgo|E9 3342 Me”O - Fe0; EE MeFeyOsMet #Ho|F%)2 U
9 F glon, g9 ARGsE 83-86A0ty. 239 T2E Fig 194 He A
2ol o] W7ol & 4bA o] 2(140A)¢] AN YW H LS (Face Centered Cubic)2.2 =
o193, GAAL 24709 FEole(Fe¥ ol Me*o])H 32719 Atholeoz FTAH
A, FHoleo] Fol g AAE o) Aol s 4vAR SR e 499
o] A site?} 67)9] Abzo] 23 8WAZ EM] At Bsited] 2 TFHIF AN, 2 FE
A site7} 870, B siter} 16707} ZEAjstc}h. o371 27be] o] &(Me™)o] A sited] Eojrle
AL AF2Td(normal spinel), B sited] Eoi7te AL ALy d(invers spinel)ojzt g+

ok ol 59 3L sitedE A 29 Eq (1), (29 2o

Nomal shinel

Invers spinel

[M92+ l]A [Fe3+ T]B 04

[FSlt |1, [METFS* 115 O,

1)

@

Manganese ferrite

[FS* M3l [MndEFE ], O,

(3)

Table 3. Classification for crystal structure of ferrite

A4+ = 3} s o H) 3
MnFez204 8.52A (Normal or Inverse)
FeFeyO4 8.39A (Inverse)
R CoFez0q4 8.38A (Inverse)
, NiFe;O4 8.34A (Inverse)
(Spinel) .
MgFes0,4 8.37A (Inverse)
CuFez0q4 8.35A (Inverse)
ZnFexOq4 8.44A (Normal)
st EZFHo]E | BaFepOu
(Magnetoplumbite) SrFe;2019
T E YsFes012
(Garnet) GdsFesOrz
HIZHE ATl E YFeOs
(Perovskite) SrFeOs

QiR oz HolF&A Me'7t Zn, Cd & W) H29d 72E A9, Me7t Ni, Co,
FAASA Bk 23y, MnFex0s9] 7% Mn 20%= B
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7} CO; E3fol] F2 AHE-H 1A

u
s
L 4
BN

£ olfe Aol F508 FE7} o|Fold AAkeel wMBol A9 As-d Wl F
257 Mot oleid SAE ol83W FEAE FE A2UAE FHHL U
239 NOU SO, 55 Rzt 7hssich E@ mny Ao COE 2NA F2
3|

Qctahedral interstice
(32 per unit cet)

Tetrahedral interstice
Oxygen (64 per unit cell)

@ Cation in octahedral site

Cation in tetrahedral site

Fig. 1. Unit cell for spinel structure with tetrahedral and octahedral site

E3], 223 o] 2ojA cation excess ferrite7} wWj$- F&3F HIOlEZ IA Ut
Cation excess ferrite:= Fe;.;049] T+% % t2 Z&AEL T{dle 22 HoJgTh
E 3], o]E cation excess ferrite® NigsiMngsFe1000:8] TF7} E8alo] &E74Z<QA 3 2tol
EZ 484 Ada G2 2 stepol] o] wr3-o] APHT

Reduction step; NiosiMngsFe1990s -> Nigsia+eMnosareFeroa+Os + 1/20;

Oxidation step; Nigsia+eMnosa+eFeroon+Os + 1/2HO ->
NiosiMngsFe19004 + Ha
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Ao FADANA excess cations= ZAAHO] AEEZHA HI A siteo] U= Fet3 S &
A ANA B siteZ o] F3HA A}t d7]M MnE A7 AN Azl o]Fo] AFF
A F3leg nHE JXE HAA 29 w2tA Fesl Nitto] {2 & o] FF A A
25189 u2o] APHCDE YL EEF 9 FHolEx FYFE COo HYPukg
S80) 7FEdth 71, NBE 27} FEYlee FF wet COv C7F FAEE A
AEgeE ot COE wi¢ B4Ag S o|X U}—E— FER Azt AY s &
stAl 82 & 21% ERolty 3 COyt B S$AEY HetolE WA CF A4

A EZE AR COE XE A Col AHHE Fnj9 wkZo of
$ FA 2o 9L o 24, AgoEe A% FAY viE Fig 2% 2o| B2
AFRAE o, C Hyt w83l CHyE % ZE}E]" Methanation ¥+%-o] ol zj&-8-o]
7bs8itt). o] Wo) X magnetites ABLA EW FFE Ce ¥ A¥EL dEpd
WA CH:2 A3HPen, 843} Rh-magnetiteE AE3tH Ce 300Co A CHiZ 98%
7t AEHUTS =, Ni-iﬂa}o]Es:L A3 A7)A FElo]E o] &Y Fole B
L 9 Co Hpo) HESS EAAA CHE AES XN 98 stdem, Ni
o} AF Fo] FHEFE HET %7}o}gau}8>.

O

CH,

y  Momiccarbon
3 Fe

i
\0} (o 0’/ FC’O‘C‘
}/ '2‘ > 'l‘ v —
NN
o o o o o

Fig. 2. CO; decomposition reaction and methanation with reduced magnetite
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A 2 A wgtolEY Ax W AT
1. HgolEe] A=z

7 A 2 g olF HetolE A
Hglo]E Bwre FeCls - 6H,09 NiCl, , CuCly(First Grades, Kanto Chemical Co)& &
2 A8 3o, Fig. 49 2L A= .x.zfseg }*J—I"é F#9] CuFe0s8t NiFeOsE AZ
s AA zhzhe] zAo| WA Aok 23 F, FHFF o TFEAL AxEA
# 25M KOH %Qﬂ& AH8-8te pH. 197?}5@ a¥ede FAANAEG T e
C =94 pH 10& fAsdA 64l B¢ wyhe F3to] FE3] ¥EAAT
FHE Yo EAste K ]ﬂ*lﬂr Cl o]&g AAs7] At F/HT-E AHEst
o A g o3 FRL dHEIGET AE & 120 Tl 1247 ARAIZL F, 900 Tl
A2/ B skadtY BRE ARSEG dla 2o XRD(McScience,
M18SHF-SRA X-ray diffractometer, Cu Ka, 40kV 20pA)& ©]&3lo 2P F+2E BF3}Y
t}. Cation excess ferrite A 99| Wz FUIA A= o}i’i}:}
TAYL w3 A BHR Az} o W Y F FH5Y

E& BY2 AT kneading 34 st HEOlEE %z?‘s}‘“‘ gL &

dtu fate 249 HAPolEE 44 28 F v Al AUtk AT ¢
F}EL AAIYl §r)o) Wi FUZ EEE& EY F 900 °C- 1200 °CAlM ¥
35l E Ao AMESISTH
U 2295 o] &3 gl Boe] A
259 EEAASE

olEZ HO E3lv Fe’ tiAl X8 271 ol F50] upe}

9 o}
|
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32
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ot
o
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rkﬁ
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ol7} Vet 1 JL} 7o zAolE slddx ool 7)o
E}rﬂt‘rg} i‘ji o AFRse 'cx}/\«gs}. ,g_:go =5

goz Lol stz SWF FAVF Wedtd BY Az @it F7hs

2 74D ok EF, E-AMe BA W4 B3, 98] HF S8l
2APE D Ao, 2 9, 2z =ajold, $E7Z2HCVD)E $&

of FAo] 948 Bue ARF £ gou, Ax Wyt uise, dF e &

ol AT, amg, Ywdoz ulHG Ay g2g 4 A0 AT 2839

o Tt TAWo] Yok NSNS 14 YRS 2Ydon By U EFY
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Prepared solution

A 4

Dron:; 5M KOH
roping DH = 10
Y.
T 100°C
Stirring 6hr
Y
Filtering
\ 4
. Distilled water
Washing Acetone
A
100°C
Dry 12hr

Fig. 3. Flow chart for preparation of ferrite powder using co-precipitation
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298 7 gol AHgdh 2y, TAHe D&M HaTHE
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e dxe FAHE AR gk sth FAHL Yt o F 800T o] w2 =N
A AZE B FASOk dh B 2EoiA dXEE & Mgy g £29 dA
o) A7|7} Frbete A BES Axded oyeel dow, B4R oo

olg1d EAHE sAdy] st FAPer Azxd &fyel 2HE AL
o FeoA Rus AN OR uARTS Axde A2E ATE FSAH 42
AN BLe AAANZ AE AT BLTE Az 5 o 53 3-8 wke
S48 7Idg & A

o} (NiosCuos)Fex0s8 253 ZALE F3te] Fig 49} £& TH2E ¥¥& AXIAS
NiCl; - 6H,O, CuCl, - 2H,08} FeCl, - 4H,08 &4EH =2 3} )
2% F, 47EH2394 ERFIAT. o] EFEYY 25 M KOH F&03 AHA=
AHg-3te] pH 100] B wi7hA] H7kA ) F, A pH 10& FAsHAA 34T < W
st it

253 AL FgolE £29) ZAS}) nAe 9%
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Preparation of IM FeCl, - 4H,0 + 0.25M NiCl, - 6H,0
Mixed Solution + 0.25M CuCl, - 2H,0
. 2.5M KOH
Dropping H-10
25T
3h
Ultrasonic Oh, 5h
Irradiation 15h, 25h
Filtering and Distilled Water
Washing
Dry 1007C
12h

Fig. 4. Flow chart of experimental method
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UtresoricGreretar

Fig. 5. Ultrasonic apparatus
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22 AE AAE ARSI Ats-3 WA, HaolEE FAAT
71§18t mgolE BT S quartz tubeo] 50 mg F&ety, WEE AFPFEZ2 AT
%, 5% Ho/Ar 23 7}2E 60 mi/min2 A3 FUAA 4 EH7E HEdH &
BEHY el 22 %‘Ei% o] g8t AR E 800 CT7HA) 10 C/mingl £E2
Ztgslgon, Heloley ANt 9 veve 254 @E FA ¥sE 4847
(TGA, Cahn 2000 Electrobalance)i =335tk &, 5% Hy/Ar &% 7}*9} #Heto| E g

o BNk s Yelys ek vk FRHEE JFAAZFEAZ|(MS,
Balzers MSC 200 MS-Cube)2 #aAsig o, v zt 229 ZAY W3lE XRDE #
Zat Aot
Hgad-B 2 oldsleth AghutSe thed Zo] FYsEATh 5% Ho/Ar EF
Zhesstel wigd] o3 Ud AolEst FolglE quartz ubeS FAWS mo L
W o g C0Oy99.9%) B9712 243 F, CO; %2 60 m¢/mine2 IA3tA A8t
Ak ALRE 800 T7HA 10 T/min® £E2 7143HA CO9 &dE #H o] ES
B olE] dolue BFUH sHEolEe FAMSI AA4rt2 vx WHIE TGAS
Msz ##stg o, vhg & 7t wetolEe ZAAgel HEE XRD2 #Zs3H
39 FHeto]lEV EoldE quartz tubeE FUHEE o} 2 Wy oe g H20
2 COx99.9%) E9712 243 F, H20(g) 2 CO; FFHS 60 m¢/minSE PAHA
A
|

ull

g ALEE 800 C7HA 10 T/ming &% 2 7}dstd A H20 2 COxoF 3¢ d
Aol uh3d] o3 dojute FUE HElolEY FARIS AAHVI2e vE W
2 TGASH MSE #Fstgon, vt F 7 Fgo|Ee ZRFo ¥sE XRDE B3}
Attt CHeol 93] 3938 mgo]lEr E0lds quartz tubeo] CO»E 60m¢/ming] &%
2 dASA FHRUEA AFJEH7E HEJTE FL2ol4] 800 T7A 10 T/ming] £
T2 71d9stdA 98 HtolEg CO whgo] o3t FAWSIE dEA7IZ2 BET)
Atk =3, CO, #3lA] FA st CO9 w= WstE MSE #EsAH-

HO # H F-3-2 Fig. 79 Zo] d5& |83 = 2}
H,Od Ar 7}2E 60 mi/min®] £58 FAAA X3} £F5718 e F, &44 ol
EJl ¥x s quartz tube W& X3} =77} H
23l ¥k CO; ¥3f #&3 22 = '
2 7tEstaA APA AL, HO 2 wrol o3 slaolE FANSE dEAVE
2339k =3, HO #8A] d4sts H09 Hy 55 #3tE MSE &3t

AzE HolES Asl-BANte T ZF Edo] AR wste XRDE EA3IA
ou, Halo|EQ At3l-ghPdulgo] AP W Fe ¥A9] site W3}= Mossbauer spectrum
& o]R3te] AHLdA BHSYTE. Myssbauer spectrume H7] GEgH FIEEFH
Mossbauer ¥3712 #3gow, v ALL DupontAle] Rh &0 E9%0e A24H 9
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& g A7 T PHoR Yo
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S22 EHh FEolEE SUAT7] Q8o AedA 1000 TR 2§ 10 T
/min®] £E2 2417 F, 1000 T 308 #AFoz HolEr €44 B34
EE3EE 3t olFA FYE (Coos Mnos)Fex0:2] A FRE XRDE o] 838t &
Zstgch. ARG aE XRD ZA}E BEdig AA444 ag o Nelson-Riley 34 (cos™®
/sinB+cosB/8)2 Alakste] Tt}

1000 CTeljN Exez SdE FHAGolES o]&¢ HO #3f W& 800 T 700 T
A stk HOs EZE ol&3td 03 m/min® §E08 400 TE 7ldd HF2 U
2 FRYUAA 28BS UE F NEUIE BV HASY weUIE A4 F g}
e AF HOE trapg o83t AASRAT. ofwf H45E Hye Mass spectrometry
(Balzers MSC 200)& o]&3to] B&stath
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Fig. 6. Experimental apparatus for CO, decomposition
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Fig. 7. Experimental apparatus for CO; and HxO decomposition
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wgol Yolum glemd, L7} EolASE weel 343 Yol A& BT + 3
Atk

L 399 HetolEE 0] &3 CO, &3
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Fig. 9. TGA curves of ferrites while heating up to 800 C under 5% H/Ar gas
atmosphere; (a) CuFe;O4 and (b) NiFeO,
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Fig. 10. Variation of gas concentration for reduction of ferrites up to 800 T under 5%
H»/Ar gas atmosphere; (a) CuFe;O, and (b) NiFe;O4
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Fig. 11. TGA curves of reduced ferrites while heating up to 800 T under CO; gas
atmosphere; (a) CuFe;O, and (b) NiFe,O4
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Fig. 12. Mass signal intensities of CO during CO, decomposition with reduced ferrite
(a) CuFe;O4 and (b) NiFe;Oq4
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Fig. 13. XRD patterns of NiFe;Oy prepared by (a) co-precipitation, (b) reduction at 800
T and (c) CO; decomposition at 800 C
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Fig. 11. XRD patterns of CuFe;O4 prepared by (a) co-precipitation, (b) reduction at 300
C, (¢) reduction at 800 C and (d) CO:» decomposition at 800 T
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Fig. 12. XRD patterns of (Nix Cur)Fe:O4 solid solution; (a) (Nio2s Cuozs)Fe:Oq (b) (Nios
CUO,s)F6204, and (C) (Ni0.75 CU0,75)Fe204
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Fig. 13. TGA curves of (Nix Cui,)Fe;O, solid solution while heating up to 800 T
under 5% Ha/Ar gas atmosphere; (a) (Nio2s Cuors)FexOs (b) (Nios Cuos)FexOs, and (c)
(Nio.7s Cuozs)FeOq
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Fig. 14. Variation of gas concentration for reduction of (Nix Cui«)Fe:Os solid solution
while heating up to 800 C under 5% H/Ar gas atmosphere; (a) (Niozs Cuozs)Fe:Os
(b) (Nios Cups)Fe20y, and (c) (Niozs Cuors)Fe0q
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Fig. 15. XRD patterns of reduced (Nix CuiFe:Os solid solution at 800 C under 5%
H,/Ar gas atmosphere; (a) (Nipas Cuoss)FeOs (b) (Nios Cuos)FexOq and (c) (Nio
Cug7s)FerOs

_61...



92

% |

88 I (b) g

88 L

Wt %

84 1

82 r

80 r . ‘ \

78
(c)
76 I i i I I L ! i 1 i !

200 250 300 350 400 450 500 550 600 650 700 750 800

Temperature (°C)
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Fig. 17. Variation of CO gas concentration for oxidation of reduced (Nix Cuix)FeO4

solid solution while heating up to 800 T under CO; gas atmosphere; (a) (Nioxs
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Fig. 18. XRD patterns of oxidized (Nix Cuix)Fe;Os solid solution at 800 C under CO;
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Fig. 19. TGA curves of ferrites while heating up to 800 C under CH, gas
atmosphere; (a) CuFexO4 and (b) NiFe;O,
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Fig. 20. Variation of gas concentration for reduction of ferrites up to 800 T under
CH, gas atmosphere. (a) CuFe;Oy and (b) NiFeO4
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Fig. 21. TGA curves of reduced ferrites while heating up to 800 C under CO; gas
atmosphere; (a) CuFeO4 and (b) NiFe,Oq
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Fig. 22. Mass signal intensities of CO during CO; decomposition with reduced ferrite
up to 800 TC; (a) CuFe;O4 and (b) NiFe:04
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Fig. 24. Mass signal intensities of H, during HO decomposition with reduced ferrite
up to 800 C; (a) CuFexO4 and (b) NiFeO4

_75_



m FeO
o Cu
1 a-Fe

(b)

w0

Fig. 25. XRD patterns of CuFe;Os; (a) calcination, (b) reduction at 800 C and (o)
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Fig. 26. Mossbauer spectrum of CuFexOq

Table 4. Mossbauer parameters of CuFe;O, before reduction reaction

HF QS IS G A lon Stat
on State
(kOe) (mm/s) | (mm/s) | (mm/s) (%)
B-site 479.46 -0.012 0.146 0.474 60 Fe
A-site 505.83 -0.146 0.249 0.467 40 Fe'

- 77 -




-~ |

X

e’ 1F

=

)

» o

=)

o 2T

&

/]

=

< 3t
4 SN R SERUI R SR | L 1 ) { L
45 10 5 0 5 10 15

Velocity (mm/s)

Fig. 27. Mossbauer spectrum of reduced CuFe;O; at room temperature

Table 5. Mpssbauer parameters of CuFe;O4 after reduction reaction

HF QS IN) G A
(kOe) (mm/s) (mm/s) (mm/s) (%)
a-Fe 335.82 -0.012 -0.098 0.352 25.8
FeO 308.31 -0.005 -0.105 0.419 30.9
C 0.736 0.734 1.278 43.3
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Fig. 28. Mgssbauer spectrum of oxidized CuFe;Os4 at room temperature after CO;

decomposition reaction

Table 6. Mossbauer parameters of CuFe;O; after oxidation reaction

HF QS IS G A

(kOe) (mm/s) |(mm/s) [(mm/s) ((%6)
B-site 458.38 -0.001 0.533 0.590 64.1
A-site 494.73 0.017 . 0.178 0.446 28.9
C -0.075 0.582 1.04 7.0
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Fig. 29. XRD patterns of NiFe;Oy (a) calcination, (b) reduction at 800 C, and (c)
oxidation at 800 C
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3. (Coos Mnps)Fe:0,9] 2 &A-E&3) g

7} 9489 8 7=

FAHOZ Az T X3 (Cops Mnys)FexOy E2 ZA T2 Fig. 309 o] #& Y
. 900 T 347 Et A2 (Coos Mnos)FeOss 231 T2k thke} Fe0s8) T34
o] FZHT} (Fig. 30 (). L&, o] B ES 1100 TolA 16413 BXejg A FeOsE A}
gA1, add PR "ol BEHILh XRD 7 peakell #Fat= ARG alB)9
Nelson-Riley $45 o]-&38td AAE (Cops Mngs)Fe0,8] AAMESE 841 Aol o] &
CoFe048) ARG RTRE AT MaFe0s] AAISFRTRE 22 302 magnetited] Fe™ A
glo) Mno] 3oz AzGErt ARE & F Adck Ar EH71A (Coos Mnos)Fe048] 2=
Z7t) WE ZAWSE Fig. 319 2t (Coos Mnps)Fe042] FAE 480 TolAMFE vt ¥of
W] AFsEn siztelEe] RARAE 95 B9 HY F 44 W) A2t BEIRA Yede
oz, 480 T L= AF7AA B € g2 F T} gash) Adele A v &
Tolth. 480 TAARE 722317 A3 ZAE 600 C7AE dA38) A= Thzl 600 T o) /dF ¢
FA8A AP e, 1100 T7Ax &3] Adgs= Aol AU 53], (Coos Mnos) FexOu
£ 1100 T7/AA < 1.6 wt% 2] FA7F Z2ste] o w5 ko] AAvt AR YN WEHe v
g 3 ¥ SAS JEiSIth

ole} Z& HFE Fig 320] Jehd Avel 2 AAsn Yok Fig 32& (Cons
Mnos)Fe:0sZ He 7F2 2971914 10 C/ming] $& £%2 1000 T7HA 2412 %,

1000 ColX 308 B¢ 2= FAEA HEHE d2e $EE BFF Zolth Ux

T TG A7t Zo] oF 480 T RIZXRE A WelX &7 AFste] 600 T
AREE F23) Z2U8tAch A4 wE e 670 T F2oA 71 &3] Y=t o
X ol 3REH LAase AFS Bolxm Yth 1000 T7AA A& HEHA ae 1000 T
oA 308 5 FAE FL © o] die WEHA RowlAM FIP ===
Aol #ZHJUT}

1000 ColA] 3087F §A3 (Cops Mngs)Fer0:8] AR T ZE Fig. 339 2t 4

A
223 (Coos Mnos)Fe:Os WHE A9 AR TR} 2 29 Fxo Tddio] BFEHS
on, AAGSE 845 ALz Y WS Apn 4 AR AL BAY & AU

FAHo g Axdd & dAgsted AZH (Cows Mngs)Fe:0u8} €3 3rtgS &
3l A)ZH (Cops Mnys)Fe:OsF 13 KoljA] Mossbauer spectrum o2 £ § A= Fig.
343 7t duwrygog Aujdl pxol HlolEx 4w A sited) 8899 B site® T
Ao gt} agumz, A9y Fxe HZolEE A, B sited] 6 set2 T4 E Mossbauer
spectrumo] UEIA Hed, Sdutgedel #HelolE9 #HYUuE Fo HIolE EF
Mossbauer spectrumo] B3t pattern® 2 FAHo] &S #AFT & AJdh 2HY,
Lorentzian A ¥& o] &3t HaALY Z2aPo 2 ALE A B sited] aread BT
A Zol7} YEgE & 4 Ath(Table 7, 8).
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Fig. 30 XRD patterns of (Cops Mnos)Fe:Oy; @ spinel structure, [[] FexOs;
(a) Calcination at 900 C for 3 h,
(b) Calcination at 1100 C for 16 h
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Fig. 32 Mass signal intensity of released Oz in (Cops Mngs)Fe:O4 under He
atmosphere
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Fig. 33 XRD pattern of oxygen deficient (Coos Mnos)FexO4
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Fig. 34 Mogssbauer spectrum of (Cops Mnos)FexOy at 13 K;
(@) before reduction reaction, (b) after reduction
reaction
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Table 7 Mossbauer parameters

of (Coos Mngs)FexO; before reduction

reaction
HF QS IS Area
(KOe) (mm/s) (mm/s) (%)
A-site 521.18 -0.01 0.28 64.7
B-site 536.26 0 0.42 35.3

Table 8 Mossbauer parameters of (Cops Mngs)FexOs after reduction

reaction
HF QS IS Area
(KOQe) (mm/s) (mm/s) (%)
A-site 524.60 0 0.31 69.7
B-site 528.78 -0.02 0.48 30.3

B sitedl] 417

o2 9x3ly, Mng A sited]

R EEERCE LIS

— Ly
24 st Yo o] s EXo] TFH £A9d T (Cops Mnos)Fe:042] A site T
B site®] H]&2 64.7 : 35302 A site7} ZA Vet o] HEelEx 1000 T7HA €
3 A site O B site?] BH]SL 69.7 : 30302 A siter} o AR A
Atk OIZi% 3}YWgA) B site e} Fe¥' o] o] BAHO] A siteZ WFEA
doz Aadarel W&ol B site o} F¥' oled AFE oA dojdth

He £%7]2 1000 ColA 30% Tt f-A8d 4217 (Coos Mnos)Fe0sF o] &3}
H,O s g3 AF Fig. 357 Zo] Yetgth H,O E&i¥H-&-& 800 T 700 ToljA
2z Ytz om, dEe =& FYsI Al;ﬁrf‘z} AZroltth. Fig. 35914 & & SA%°]
HO07t #98 ¥ H9 271 718l 248 #28 & AJTh o] vrge A(2)¢ 7o

A= Tl
345 HgolEVF B %aﬂ%]ﬂtﬂﬁ AAE Wol AMElE T, Hyyt WHEHEA A F
= Wslo|t} vhe-e 158 oA A& AYPHA oW, Ho] &2 Ajgte] Add wet =7
A 7+t r 800 TeF 700 TolA E3f wrgS 3}3 Ax Hye % #He 7 &%

oAA & Aol7} AR
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700 ColA HO £3) whg & 234% XRD Z#+ Fig 367 ok H0 2ajyts %
(Coos Mngs)Fe:040] AR F2E FYE (Coos Mngs)FerO48F 2o 2mjd ddgo=z 4t
gEl= AA A TR WA L= Aol 2HH Y. w3, Ashale To ARabSes
AP T ANYro LS 845 Aoy AANAE A4 WY gl Ao B
. H09) s} 2st8 slgolesl 24U HelolE} SUP ARASE 2 olfe
HO 231 48 257} 840 AFHE LEut ¥7] AEQ 202 ARG (Cons
Mnos)Fe:0s9] BUNHE-2 480 THE A#ste] 670 Tolld 718 gL 448 ¥2dd
@ehA 700 TolM HO 83 ¥ FoIE (Coos MrogFe:Ors W3] Ahart $E )

ZolER EAI el Aol Wslrt g Aoz FHHEn

FHH2E A2 (Coos Mnos)Fex0:F o83t dstsiiio]d Hy AI2E A3 wetolE9] 45
< G733tk 2 23 (Coos Mnos)Fe048) Aba &2 480 CTHE AlZ3te vlud o
SENA Abkr) wEH Y] AFEIEoH, 1100 T7A 1.6 wi% 9] T2 ool AAE wEslgoh
399 (Cops Mnos)FexOsZ 0]-83F HO #3] whgofla H,O8 AAREE (Coos Mngs)Fe049)
gt ols) BalEHA HE LA
(Coos Mngs)Fe:049) €3 39 dHE £ XRD9} Mossbauer spectrum$- 0]3-0}04 A
o AEE ¥EF 23, dAPolEY Ak WEE HIZolE Y B sited] EA3 e’ %}
Aged27E HEE Zolw, o] BAFNAM (Coos Mnos)Fe0s2] H 2ol E 2] 7:’2}”““""'
845 Aog 3l WA ARG Hrh ot FU4E Zo] #EHUG 2, (Coos
Mngs)Fe;040] ZA G2 2ud ddAdoez Y urgdsa Zgen, HO E3) whg
Fox AAYyxd AAGFAE A5yt dehvA gtk 2822, (Coos Mnps)Fe0sE
O Holedd w3 &9 S| 95w, I35t MelF wrEF A T2 Wi ¢
o] i AASA HE XY F de +57F A2 Hrtdoh

J
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Fig. 35 HO decomposition to form Hz on (Coos
Mnys)FexOy; (a) 800 C, (by 700 C
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Fig. 36 XRD pattern of (Coos Mngs)FexOs. after HXO decomposition

reaction
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4. (Cuos Mnys)Fe:050] &3 v
7} (Cugs Mnos)Fe;0s2) EA3URES-

28 (Cuos Mngs)Fe,0y B2o] AR T ZE Fig. 376|149} 2o] 23 Fx71 #E5
ATk Ar B97|JA (Cuos Mnos)Fe:Os8] 25 Z7bo) me ZAMsHE Fig. 387 2tk (Cuos
Mnygs)Fe;0:9] A= ¢k 300 TolMEE 7t dojubr] Alasldtt HetolEY FAZAE €
;ﬂ 9 #Y F AR W Aat $E2EEA Yehus d4dolth < 300 CoAlMFE Hasty] AlF
FAE 800 T7XE AH3] WY Thrl 800 T ol e FASA Hasler, 1200 TAR|
11111:-] AP HE Aol #FYAUT E3], (Cups Mngs) FexOs= 1200 T7AA| oF 1.3 wthe] A7t
badte] o) Be o) Axrl A WdA BEge £33 3 v 548 JeRdo
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30% B¢ S=E FAGEAM WEHE W29 FEE B 7401‘:} Atae TG Aws}
Zo] °F 300 T FZAXFE AR ‘4401]/‘1 HL"EV] A& te] 800 C oldFHE #4739
Z 78t th 1200 C7HA] A& wEHW AaE 1200 CTolA 30 l“i‘ ¢ fAE ¢ °
o]Fe] AtAhE WEHA FoWA %%%}bﬂ 5%3}7‘3 Aol #AZEHAU
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= o
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Fig. 37. XRD patterns of (Cugs Mngs)Fe;O4; 4 spinel structure
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Fig. 38. TG curve of (Coos Mngs)Fe:O4 under Ar atmosphere
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Fig. 39. Mass signal intensity of released O in (Cuos Mnos)Fe;O4 under Ar

atmosphere
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Fig. 40. XRD patterns of (Cuos Mnys)FexOy ;
after 1200°C /30min reduction
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Fig. 41. H;O decomposition to form H; on (Cugs Mngs)Fe-O4 at 800 C
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Fig. 42. XRD patterns of (Cugs Mnos)FexOs ;
after 800C /30min oxidation
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