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® 9. =33 Cad, Mn-doped Ca0, Mn/Ca0, K/CaO Z ol E A %5l 3 0|52 oiat A3l g
2ol A 600~800°C 253 FellA] AP sl Adspitge] FefdAlel W st FFL A7LERS 4T
shadth. &o)e) BAE 2Absl) S8lod XAl BRHEWEAXRD), XA HAREH (XPS), TR0 ¢
H(SEM), A X194 #-4(DSC) R G214 (TOYE A shsich. 2ophg-& 47 71|22k 25§ o] 43
depet 38 ubg7| 24 o) Relzrh FEUER21E p(CH.)/p(0:)=250 Tor/50 Torre| ] wkg-7[ A& F1i<
5+ 30 mL/min, 2212 He 347179} 4 BALPL 1 amolde}. AP 2o E FollA 6.3 mol% Mn-
doped Ca0 Zoi7} 7 $03 C, G & Ralew 775°CoM C, AR T C, s8] A7 43.2%2} 8.0%
olgivh. A2 oo PHE Zxgh AlstE FES U3 oFe] FrHgel wEt G A= Ae] FitEe A
2 vgod B k2] B2H(Mn)>63 mol%ye EIT FohlA e C AdAe] Rashe 3E B 2
Fo|go] ZZEA] ¢F& 6 wt.% Mn/CaO%} 6 wt.% K/CaO 2ol 700°Coll 4 242t 13.2%2} 30.9%2] C, A9
3¢ Bo] g2Ade MnErots K7 49 243-E B} Ca0%} Mn-doped CaO Svhe] Hr|Axe g
0 *~107" atme] AbA Rk 3ol 2 At B py o Ay 4L Bhom exd ke 2ot
27l we} QAMESE 2asts 34 noich Ao ERd A4E BAY o)l vt Y4
Y 5 UA5S ALFAR FAY Ak 2 AL S AR FAH M =43t

ABSTRACT. Pure CaO, Mn-doped CaO, Mn/CaO, and K/CaO catalysts were prepared and tested as
catalysts for the oxidative coupling of methane in the temperature range of 600 to 800°C to investigate the
effects of Mn- and K-addition on the catalytic activity of calcium oxide. To characterize the catalysts, X-ray
powder diffraction(XRD), XPS, SEM, DSC, and TG analyses were performed. The catalytic reaction was carried
out in a single-pass flow reactor using on-line gas chromatography system. Normalized reaction conditions were
generally p{CH,)/p(0;)=250 Torr/SO Torr, total feed flow rate=30 mL/min, and 1 atm of total pressure with He
being used as diluent gas. Among the catalysts tested, 6.3 mol% Mn-doped CaQ catalyst showed the best C,
yield of 8.0% with a selectivity of 43.2% at 775°C. The C, selectivity increased an lightly doped CaO catalysts,
while decreased on heavily doped CaO([Mn]> 6.3 mol%) cataiysts. 6 wt.% Mn/CaO and 6 wt.% K/CaO catalysts
showed the C; selectivities of 13.2% and 30.9%, respectively, for the reaction. Electrical conductivities of CaQ
and Mn-doped CaO were measured in the temperature range of 500 to 1000°C at Po2's of 10" to 10" ' atm. The
electrical conductivity was decreased with Mn-doping and increased with increasing Po, in the range of 107" to
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107" atm, indicating the specimens to be p-type semiconductors. It was suggested that the interstitial oxygen icns

formed near the surface can activate methane and the formation of interstitial oxygen jons was discussed on the

basis of solid-state chemistry.
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B3 A A e 99 e 2 v
79 Sh2A F ol YAVE A AelFS
& TTEER ShEe =2 3lgE o BAdEe
Agel Foi@Ael rlale F¥e Ak, =3
Aolg5-g gl @A Hoj9 BHL 24}
stod Holg&e 4spgg Fofol| Y = asie}
BRI FollA X Zio] ovt A Fubgols o
T2 7}E dotrgft. ol F Sl3le] F o)) 4
3HE AR EAY = oln A48 e@AA o]
Boldh B2 st gl =23 S} SR
o A3t o) S ok WA MF
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59 ofe] ARBAHE EAY 5 7] WEel o]
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=3 G F5d FEFE BT ABEe S0
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Epoiet. A2 S Sl ddte] XA PUYE
A (XRD), X-41 FHALA (XPS), FAHUA 0] &
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F¢ A7 AEEE 500~ 1000°C =394 107~
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2b3bab-& CaNOs)y- 4H,O( > 99%, Aldrich)E o
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50°Che] S22 M3 deo@ Watsiycth 7k
5 AbEtzbgel BA 8 Fol(Mn/CaO)s ks 2
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(99.9%, AldrichyE 37] F<ll4] 1000°CE 7}2& o}
+ AL71AE FeFA 800°CE 7hdsle] A=
shedct. A 23 AREL] 18 PAoJ el F2E
g3l7] slgted XA LA EH(XRDYE 44
oot £2 Aae) Atmr)e dAes, 44
AlZE A71E B E 5o 2 uhs 24 et A
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of FAHARFSEMEA & A SKc. 1o
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FAAEA(XPS, VG ESCALABYS Al X]3}ei o
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(TGA, PTC-10A Rigaku Cn. Y& A EE £t 2°C29]
S22 74284 t7) Fold SHelch Foie
7155 45kx1 A {4 (four probe de technigue)
o2 FYalgion B WP 4E ALdich
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(Keithley 220, programmable current source)el| <37
stx iy 5 AdFe 24 A9)e AedAl(Keithley
197A digital multimeter}2 23 3}gich AbnBgte
Abash A 7)0S) EREE AHpssos F1A o
2 g7 AHA(VAP 5, Vacuubrand Co.)2}
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gt whega AHE JA EYELS dHERE
AE7NTCDY} % |28 37 |(FIDy} §2
714 mZolE 2o} A=ERAM7|HP 5890 GC/
MSYE o] &3] F4slgict. GCRA A Sl 9
g Hol2E A7 fste] w7 7 43
WikrlE sl WHEFe 422 AAsE
A5 HHe AFHe2 AFsh= 10-port Vaico
switching valve-8 A}-23}¢i om 7| EHFEY FA
& A7) AKSRIA 2)E o] 838l AAs}olct. &
o= EHAee] ASE At AFEE 2of 9]
2 A 05 g olg e Alge uts7)e FohtE
off X3 eF stdck 7Y A2 Ha
2 317] $l3led Fe7b =7 ol F-EE GFEo)
v &3 4ol 252 AYch S 9k-2o)ed
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o2} 347ke] A EHE oS (e 2R
L5 A F wbgrl A EGES FYskA
e BEZAL2A oty 4bid] d"le 250
Torr : 50 Torre] 2 He?| A S E3F AAY™EL 17]
geoegA A 71H EEL=E 30 mLimino]o
TS & 7149 S AR AeFI E2F7)(AFC
2600-Pro, Allborg Co.)2 Z4slgich Zofjukge
600~800°C g &lellA o]Fet gHon Fo7} gl
Hh-& 7] (blank testyel] 7] A|uk-g-g-& F9 A2 A} A
H Lol U wRZ| A 2~-4%7}
Atk 4ol olAlslelbA g HEEHE 4 5 e
SRkl 2ste] A4H F2 HPSES HO,
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AR 28A YA o fet g 2AN S13e
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Table 1. Indexation of X-ray powder diffraction patterns and Nelson-Riley comections of CaQ, Ma-doped CaQ, and Mn/

Ca0 catalysts

Catalyst 26 hkl dons deal F(@) a(A) 11,
Ca0 32.011 111 2.79 2.780 1.683 4.843 40
37.154 200 2.420 2.408 1.416 4.839 100
53.665 220 1.707 1.703 0.886 4.830 64
63.974 311 1.455 1.452 0.682 4.827 18
67.207 222 1.393 1.390 0.629 4.826 18
63 mol% Mn-  33.436 111 2680 2.681 1.601 4.642 47
doped Ca0 38.797 200 2321 2322 1.345 4,642 100
56.021 220 1.642 1.642 0.833 4,643 37
66.822 311 1400 1.400 0.635 4,643 13
70.215 222 1.340 1.341 0.584 4.643 12
6 WtL.% 23171 --- 3.837 Mn;0, 9
Mn/Ca0 32.931 - - 2.720 Mn;0, 17
33.559 111 2.670 2673 1.595 4.625 63
38.934 200 2.313 2315 1.339 4,626 100
53.375 - 1.717 Mn;0, 11
56.231 220 1.636 1.637 0.829 4.627 48
64.115 --- 1.452 Mn,0, 7
65.808 -—- 1.419 Mni;Q; 7
67.086 311 1.395 1.39 0.631 4.628 16
70.472 222 1.336 1.336 0.581 4.628 13

U Zofoll gt Miller®] 5= ¥oi2} 204 wHgh 72}
%42} Neison-Riley#-+8 &3 7ot} A8l
£ o Pasled A& CaO WA FFeoldd
Nelson-Rileyuh-g- o] &3} 2§ Az Abpe 4.815
Aoz By ZHJICPDS File 4-777)) k<l
48105 A%t 71¢] LAkt AR H e £
Z3 Abglzhge] LR 7| RALE B F ukAA)
Fxolgrt. Bhg =i Alsldgn £4% A
Za XA Y A= gt Ae)rl glyled
A g T3 Mn mol%e] P52 24|81 2
AAFAZRE 28&A) JAHQIEE 24 Ay
12.5 mol%7}=| = A A D412 8adct 6.3 mol% Mn-
doped Ca02} 12.5 mol% Mn-doped CaQA] S0l o5}
of 7% AL 72t 4.644 Aol 4.629 A2
Exg g7he] ofe] 7MoY mpet A= G
sholct. =27 wkrke] ofol Fr)jtel we} Azpat
F7b adhe olfe WY o) &WE (Ma™=97
pm, Mn™*=78.5 pm)e] Ca®*2) o] 23}73(114 pm)x.c}
27] W gl Aoz Yzt & £ e}, Table 16 2.
g vle} 3ro] Abspbgrell kg ©A)F 6 wi.% Mn/
CaO ZFoi2) 9 wh7he (A7) 429} +30] &3
Mny0.24 EAste A8 vojaln). Fig 1& A
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Fig. 1. Scaning electron micrographs of (a) CaQ and (b)
6.3 mol% Mn-doped CaO catalysts.
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Fig. 2. XPS spectra of (a) 6.3 mol% Mn-doped CaO
and {b) 6 wt.% Mn/CaO catalysts.

A EFE o Rty Az o5 CaOs} 63
mol% Mn-doped Ca02] F-APHA}&v)A 24 (SEM)
ARl 224 F X BelA §1RFe] =7 HE Ao}
RS 2 F glon dAR Azl =7
1 ume)3}e|ct. BETH 2.2 £A¢ Hoige] ¥4
Ae 25 12~15 m'g HH9) 5L FE ALe
vjebdc}, Fig. 2= 6.3 mol% Mn-doped CaOs%} 6
wt.% Mn/CaOA| B2 XPS AMEHS B|1F AL
221 6 wt.% Mn/CaO &0l 8] 4§ P7ke] 2
o] 2ANgE B9F1 9o} Fig. 3& 6.3 mol% Mn-
doped Ca0 Zvjg} 6 wt.% Mn/CaO )& =23
7)A) AbA 2 S00°CelA 30E T3k A% F ¥
O(1s) XPS ~# EZ0o|t}, 6.3 mol% Mn-doped CaO
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Fig. 3. O(1s) XPS spectra of (3) 6.3 mol% Mn-doped
Ca0 and (b) 6 wt.% Mn/CaQ catalysts.

533

Znjo] 739 5294 evel 532.1 eV T §H)ellA] T
o] a7} veled] 5204 eV HabAb2] O(ls)E
oA d 532.1 eVE O~ o] 2] O(ls) ZE el
Aol sjedgict. 0779} 079 O(ls) Aypehdz] o)
£ 27 eVEA Inoves''o] &gk shstdgo} i3t
o &A% 2.7 eVel A LA} 6 wi.% Mn/CaO
Zoji= 5299 evel 531.3 eVell A O(1s) Hol =27} 3
Z5ed o) Fd 22} Absttedt A3ete] A
ol el 7lal=l= O(ls) A¥I=]elc}. Table 2+

Table 2. XPS binding energies of Mn-doped CaO, Mn/Ca0, and K/CaQ catalysts

Binding energy (eV)

Catalyst

Ca@pin) _Ca2pio) O(1s) Mn(2psz)  Mn(2pi2)  K@psn)
6.3 mol% Mn-doped CalD  346.5 350.1 5294 5321 641.3 652.9 B
6 wt.% Mn/Cal 346.4 3504 5299 5313 641.1 652.7 -
6 wt.% K/CaO 346.8 3503 530.2 531.6 - - 2028

Journal of the Korean Chemical Saciety
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Fig. 4. Electrical conductivity as a function of tem-
perature in the temperature range of 500 to {000°C at
Po:=0.2 atm for CaQ and 6.3 mol% Mn-doped CaO ca-
talysts.
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Fig. 5. Electrical conductivity as a function of tempera-
ture in the temperature range of 500 to 1000 °C at vari-
ous Po;'s for 6.3 mol% Mn-doped CaOQ catalyst,

7} Zoflo] i3} XPSEAH AHE $8]) Zo]ch Mn-
doped CaO Zvj|2} Mn/Ca0 o]l thgF Mn{2p;2)2)
AgtelldA) 3= b2t 641.33} 641.1 eVEA o] FHES

Mn;Q.0l tH]E 3t 641.4 eV'%l] 7p7ke ghelct. Fig.
4 Ca0s} 6.3 mol% Mn-doped Ca0¢} H7|AEE
& Py=0.2 atm¥} 500~ 1000°C H oA 259 ¥
$2 23 A2 PHE =23 Alge] Hr)A
EEE ARREY] Ar|dEEYc Yo Fig S&
6.3 mol% Mn-doped Ca0 Z0jj2] H7|HECE &7
Abd B}l A FateA APy iy
Aol 4tk el gt e} A/|HEE
7} Z7kshe pH e HA& Bt

Table 3& oj2] Foff AbollA] siwke] 4bs} #4517
YR 700 °Coll A AP A5 28 o). &
Tt Asldge] G HgEel ¥ AdHA (selec.
mtivityye 20.8%354 Baerns S0]Y 233t 559}
Siriwardane'*2] 33%sl= o7} glor} olEi @t
ole ABY AREA, £5, -2, 043 &
9| ool 71qiste AT Yzh3hch AP Zof
F FollA 6.3 mol% Mn-doped CaO 3-oll7} 713} &
< CAYAR £8& Beloo o FHEL 700°C
ol X Z+7t 33.3%8} 4.0%0)9it}. 12.5 mol% Ma-
doped CaO Foljo] Z4 C; ALY} & 2z}
16.3%9} 1.7%24 6.3 mol% Mn-doped CaQ Z-of 1.
o= ] AR ghe Hodr). Table 3042} ol 6
wt.% K/CaO &9l % 30.9%2 & C A& v}
gl em 6 wt.% Mn/CaO 20l Rl -3 ¥
AL Bk Fig 62 S9ubg = 3% CaOsg}
6.3 mol% Mn-daped CaOQ Zvfel| thd}ed 92 DSC
% TGEA ZAelnt. F Alg 27t 385°Ce} 395
°Coll4] 11 meal/mgA =2] &4 Ho]=2F Held
TGEA T AT AR} AEE BFT 9
ot AFEN7IE BHG AF o] Holze FAful

Table 3. Catalytic Activity and selectivity for oxidative coupling of methane over various metal oxide catalysts

Conversion (%)

Selectivity (%)

Catalyst
CH,; 01 CO CO; C2H4 CzH& Cz total

Ca0D 97 87 13.3 66.0 14.8 6.0 20.8
Mn;0, 15.1 100 31 88.1 0 8.7 8.7
6.3 mol% Ma-doped CaQ 12.1 S0 109 559 21.8 11.5 33.3
9.1 mol% Mn-doped CaQ 16.7 87 14.0 659 13.9 6.2 20.1
12.3 mol% Mn-doped CaOQ 146 82 7.0 76.7 10.5 5.8 16.3
6 wt.% Mn/CaO 12.5 81 4.4 82.4 9.0 4.2 13.2
6 wt.% K/CaO 12.9 76 11.1 58.0 218 9.1 309

Catalyst weight:0.5 g, total flow rate:30 cc/min, p(CH,):P(04)=250 Torr:50 Torr, temperature:708 °C. Product selectivity
is based on moles of CH, converted.

1998, Vol 42, No. 6
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Fig. 6. (a) DSC and (b) TGA curves of CaO and 6.3
mol% Mn-doped CaO catalysts after the oxidative cou-
pling of methane at 700 °C.
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Fig. 7. Variations of C; selectivity with temperature for
various catalysts.
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Fig. 8. Variations of metahne conversion and product
selectivities with temperature for 6.3 mol% Mn-doped
CaQ catalyst, -@: Methane conversion, : Carbon mono-
xide, &: Carbon dioxide, < Ethylene, <-: Ethane

wje] 72 775°Cell M 74 & C, AHMAAE3%E B
oot Fig. 8& 6.3 mol% Mn-doped CaQ Zrfjoj 2]
et g3 2 AGE| oyt A= wHIE
600~800°C ool 4] 252 P2 EAZE Ze|c},
meke] AEE2 257} S8k b Fr13led
o CO, A¥AL 227} SUlghd we} Ase
uiriel] CO A=A 227} S71gdel we} F7)sls]
o}, ol ala} ofekel] i3t AL 2% Z$oke}
7 <7t Z7ske A S B3k

I @

Table 3¢l 753 vle} 2ho] Ab3padg- o8k 4
2} & 317] Wk-gol] cfdl Fe) 8-S Heolud 700°Ce
A ollete] A2 C; A Ade] 9.7%s 20.8%]ct.
6.3 mol% Mn-doped CaO Zo= 43 &oF F
A4 7H FL AL B 700°CelA} 4.0%2] C;
247} 333%9) C, AAE Jekith 12.5 mol%
Mn-doped CaO Ze)o]73-¢ ogte] M55 C, A
dlide] 63 mol% Mn-doped CaQ Zmjivvie 2}
#E Bock H& ofe Pg =23 A &
oo} C; deAe] Frlgitle AE =28 w7kl
2|8l wighE A A EA] Y Fot S
g Eo 2 A7 4 <lc), Fig. 12 SEM Zabdl 1}
ehd vle} o] 6.3 mol% Mn-doped CaOs} &=+3%F
Ca09] AAYzl =717} AY k3 BET T3 e
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W5k S shbgolld Ablgg Eofe] Bde] N =bakat AEY Yohas 625

2712 23 NS 257} 12~15 mig H9)e]
FE2A F Ao|7} it gl PRE £ LF A
59 C; A¥Ael ozt Frhe TR 93]
AR AgtpEe) r|eldle Aoz Q4E) 6
wt.% Mn/Ca0 Zrii= 8] 23} ok9] Mn2 2238} AF
g FoRcE Zojddo] FA3F) Pl o] 3
e 5 oolAke] AR 2AE 5 gle w3t
2)sls wigke] VAI2lsle ARk APTRe
A 2% A7t o] FR3iche e g
3} Fig. 40i|A4] 2} 2o] Mng = CaO2] A7)A
E57) Zadke A¥dse Sogie) Arel A
714 BA, & AgFz2 BEdo] L Yehle
Aelct. weke] Atst BA7] kSN 4545 E
Zoo] BA 3Rt dh3tod e ATAE B
Hou £ AF e} Zol F o]Ae] a7t
2 EAE e Bt 2 Ao|F&e] 24 vk
EA] digke] BAIEE A A e e AL B
it} FHARLEA viete] 43S 7 o
B3 2E| 2 el EA)3te 243 Abdol
& ALY 4 Q) F5AEEe] BEHel 858 &
A3 7| A AdAs 07, 08,07, 0°7, 0°7 Z9] AMeg
2 ZARF # o). XPSe} EPR A7) sld 2
Fel gol Azt 07 o} 037 & 7huid) shake
A{YEEL FEH 22 A3H{partial oxidation)A] 7]
o 0° v} O' & A A3RA7)E ZAeE deiH gl
th 2pals}e] & (peroxide jon, OF )] wRrREAE
A7k 9% dpEREe)] oyt 2
theFtt B3 AFAREL EoiEH EA3)
£ 07 o]Ro] viwrE REHOo= AT BA
Halzlzhe X9 HE BTy ok’ Table
3ol 423 Afe} Po] AR} HAE FellA] 6.3
mol% Mn-doped CaQZvj7} 7} £ C, A&
Bolk AYAFE Abslzbgel] m}zle] £28) A9
s Ay es 45497 £ gle 07 o9
FE7} AL ovlge. Fig. 39 6.3 mol% Ma-
doped CaO Zofo]] ik O(ls) XPS A E] ]
O o] &o) ARyt Fr 2 2AE BoiF T 9o}
079 AL Eoist 7 AAtaele) ubse] 28}
A" £ glon] AbstaEA) Sofola] o)’ 4ka
Fo] AL vhe ) o) AE £ gl
Atsiarge| ATz HAEAe B 377
e 33 A gse ool APz} AVHE oz}
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HFel Hslire oAz vgsiA Ay o= gl
v} Bty A7 @ ate] 25w u] 2HEH(band gap)e]
7.7 eVE w2 & Holo}.” Alstadere| q) 7hHo) 2
the A& 2H A=A A E(intrinsic electronic condue-
tion)7} & d oM e & F8317) Yrhe RS
ofojtc}. Abshge| vlgdaken] gd 2 b5
¥ AHEE 27| 94L& oz oA ) ujel
Frenkel A& o]} Schottkey A% & AYLR7}
FR371 dfEell A7 4ot Fv FA4o] S
AR7}be] S0 Asfof] o3te] kS LE A
ol}. Aty e g oate] BEFde] 43 EEL Akn
2 Wel ade} p-nFHelzt delvts oz o
A ok &, A2 P At o
Rz A SA4E Bolv} & Aoy dAs pY vk
=A 5L ¥l Absbakge] AP AT o
st A3 W9} oA gaeAie] than
& gHdHs 1A AT 2 2 Sakste 24
&+4k(extrinsic diffusion)@t o] dojvie AR
Al ool 23 Sl g4l g 7 A4k ¢
A gHide] EdrES] dohde). AA R Akt dgol A
= o] &3t Fol2 FH e o] el ol2idt
Schottky Aghe] M-S 3 AgH Hes 6.10
eV AxQl Aoz A ek Astgge] o2
FEAE 2ol v)Ete o8k FA7] vEE-ellA H]
23 & G AL L el olfe 7l al4bs
914 4ol G Floir} wma 27] wEoz A
Zijtc), B Ay Absde grke =23 4
Hugel A7NWETE Fig. 59 A8 Aol s} 2
o] 107'~10"" atme) AbA 24t o)y st
o| F7}el el Frlshe pH W= §4& B
o}, whek 7] A AbAc) AbSp g ] HR¢ 2 4bs)
of thedt o] B&pelsh ATl Y HTHY
A8 p¥el 548 vehd ol

172 O,g) == Op+ V" +2I' 1))

71 Vo'e FEASIL - 29 ZgFgoeld o,
= AAMlz, 12l hie oke] WA (positive
holeys vhebdich. kol d <134 vle} o) oigke]
A7) whdld € Aol Atke RE ke
AYAez AL 3 gle 077F Fadel b
Ho@ o] 4AHE 4+ 97 @Folok A (1)2] A
o] SAIEHA Qo A A B pye W)Y B4



626 FHoBAE - FLEER - 2EE - FRE

& 2 Zoht Abavh F2 AR 0 0 4
B2 EALRCHE 07 o129 $EE 3¢ Aoz
C; AUAE Folal Feolth. A=) p&l F43% U
Y 4 9t 09 AHE Hsied ZIANATL SAZ
S ASE ARG + Aok o] BYL ke
o) 2 4 3leh.

1/204(g) == O} )]

AAE A8 A0 ohg Tt Zo] ol 23d
Ut

OF == 0/ +k 3)
O = O/ +N (4)

1

1A A7) F9 W2 844y 4 Qcks AL AR
7} 68 AR S AS-S 2rlEE A (3] (4]
A2 ool AAFTFH(h)e] S F3=2E A
B AgAAelrg) 2e] py FAS ek 7o)
o} dutge 2 Ay 4kX(interstitial oxygen)t= 2
Aol o] 52 ¥ 5 et el X 0]Fo]
v foltlt}. Ge] B4 ABIEEY WHE
o o] 24 A7IdEel 23 FEA< 7ledrt =
o]-f7} viE olejdt FAHH Alio) 22 o] 54 HE
22 A7) el DA AHE O fE
A37F - 124 Opgy o} Actw AZMg 5 9lemz
Oie dehd Aoz ¥ 2 AN F dE A
olch. FEkstE Fvliol 2% oide] AbE Al
kol S8y 24 gle BN O vee
Az o2 88 483 & glon Ahho)22] o]
ot C; AgAde]l &dle] slvke I3 A
233 v ek =3 ulS B £4) 07 A
o HAHY S e FYord Wilissh Age
23173 3k (defect complexy 32| £ 7p5-AE 2
3 & 5 Qlok 9714 BEAFFEY 022
A2 435 SAY Abae) AT FA ) A
QY AFFEE ZPt o7 AF A2 THY
ZANE Uzt A AkAo] 2 o)5-2 FopEH
A4 t{& go)& Flo|r}. A2 UO,sl g
242} 24 ¥4 (neutron diffractionyd ?He F4413}
€ el olejdt BT AME S}
= AL BoFT qloh? At ggade) s &
ZAETFZ AAAA S KiogerE7)H L2 FA|31
th&3 o] Vel 4= gle)

V(@) +V(B)+ 00+ 0x(g) — [O{e) Vo O(B)]" +2h (5)

o714 Vi)t ViBre TR B B HAE
vieb o Oy ArRbaeut A (5)ell A shte] 4k
23907 AR A Fo0e B Abdel
o| 44t Astdwe] A 7| At 2A et
A4LE HREAIZIR o[AESHE(0Ca0) | e
(Ca0y)8] Aol 73t o] HA-L FutEo 2
2 A Belld A& o 40 kcal/maig £al Ao ot
#A gl AsimaE AL A Gl 2 4t
o APty Y 5 gleo] Fwed HAYH B
AL TEE [0 9V @2 VERE & 3& 7
olc}. #1A17l ZnOof| A bk} ~®EF
(diffuse reflectance spectrum) &3-ell 2|3} [0; (Vs ]
o 7108 AEFF7} 185X10° cm ollA] #&g
o® BRIt Asbge o) 29 2 A
ARt oeke] 4kst B 7] uhgoll A G AR &
Fole 079 =7 A (2l % HEct: X
271 = 9l vlad 2L G A9AdE vepd 4
& Aol

Table 29| 423% v}l 7o) 6.3 mol% Mn-doped
Ca02} 6 wt.% Mn/CaOol] i3t Mn(2ps,) 2 §elly
2| ZHz}b 6413 eV 6411 eVEA F2x )
Mn(2p,) A Eellvizlele] 2ol 2F 11.6 eVEA
#rsbekzlel thgh gk 11.7 eve} Q2jgkcl Longo 5
o* oo 2l w7lo] HEoe EAste Ca-
Mn-OAol| A %2k +30]vt +42] sbsiAtel 2 A
ok MnOyell w3t Ma(2pyp) A¥elze 642.2
eVEA 4hEnizt EE ol A1 2 3E 2
< A2 AdaA gler M08 7% Mn(2psn)et
Mn(2p;) ZgelldzlE 22t 641.4 eV 653.0 eV
ot} Table 29 Mn(2py2)9) A gLz MnsO,
o gt 3t ol 77, aela] 43k 128 +39]
A3 EE A2 EA3s AL g doizin.
Zbstagel ko] Mot A2 =29 A$ EAY
o] o] 2 oA o8 oL S
e[ Aolct.

Mn,0, + 2V, +2h  — 2Mn;, +30"  (6)

o) A& Ashebal(carienl he) =7k ot
vedich. gt AZAZAReA A (6 &%
Al gAe] S Lotk A2 AR
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o &gl Astde Fojel FA ¥ wt 2] HrpEs) 627

MU EEE Fig. dol|xe} Zo] Absbatg Bl @
o} XA & Zolr}. AnlH o Z F&413F 2] Wiie
Al B AtAr) o] F317] = AR e 41
25 SR gz Azlxe] & AA]Fe
FAE2Z2 2SI mia ArFHE =g
R A ES B AEFY FEE A AEER
ohm ARAg] o] Fof £o|3}A] Qo Abio] 8 o] F
£ = F4 2 A7 DR_3d. ey 4
29 EHifZed 34" A dihs ArWie
A8 Aavrles 823 olFo] §o]5}r] ofFe
2ojggd 2R A Gl o3 FAE Ade
o} &3brh fA Al o2 A G4e
(07)8] 5= 2718 4= 91& Aol Table 3014
6.3 mol% Mn-doped CaO Z:oll8] C, A=HAlo] CaO
Fojrct & ol A (6)F (3 sl FdelA
Ofe] 22| ¥x7} v} F7i87] ¥z A7}
12.5 mol% Mn-doped CaO Fv{¢] 3% 6.3 mol%
Mn-doped CaO o Btie C, A 4de] I}, o=
& A= Al (6 25led AAEE FAY Attol
22 Fxol v F7kskA 2 o TS AdASel
doEgy ez B slA He AAYRZ Ev)
7) BB AR AR 4 ek olB WgoE
heliim ohgst 2,

0 == 0., +V}, %)

A )l 2le) B4R TAY ALE FoA4 A (7))
) AAADZ Torhe OFF] $EE v 4
(6FF (& AFaHR ehest 7o) & 4 ek,

Mn,0, + (2— PV, + 2h &= 2Mng, + (390 + Y0, (8)

= 3 Akt AR AR 7l 57 ZA3)
e 02 5 FFAs)7] d-Eel 12,5 mol%e]
EX8 A5 A$- Table 32) A Az} 7+
2 A2 38 ZAslA & Aol

7} iR AW o2 B8 4847 8413
782 224 o vgke] 22z Alslo)] 9% &
2 k5ol 93l olFallo|} of|'le] A E = Qe

o WY EL e o) ALY 4 glrk,

A&

>
> o

=

N
do

-

]

o

©n

Ogum + CHy — CH; + OHg, @
2CH,— CH, (10)
CHg + 20,5 — C:H, + 20H 5, (11)
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20Hg,0— Ogun + HXO +e- (12}

LiMgO Folv} 3 EF F&4518 Sl ¢k o
gre] B2 ARsiukgelA o g 2lo|gte] A
71e] MIESR(matrix-isolated ESR)cA-t-ol] 2]&}e] &
AR Ot Tl A3 B3} 4k
£ vieblie oi"bate] ub-gef ofzte] OH 8} ofd
2tz Aok A vy eju)ZES 390)
uh 714 gollM #A7) shed ofvte g AEE £ Q)
o] GE AEE ThA Oy o HEE3l] ol
2.2 gAY Adspubgel o AeYEo] Uibzed
Ak olAlgErr g HEE 2% glek” OHgy =
Fig. 62] DSCY TGEA Ao} vehd vle} Zo)
A (129 &3 H,0F EH o g e o|gsin F4
o Oyt o4 Elel] AT O 3082 F
ol X 7] Al 4bae] 3H3HE3ol ofsle] WD = gl
o, gk Sof Xl ZA o e A Abne) &
Abel o= MY 4 it A E WE2REH &
Hege S AkAe] HARES ejpgievle] 3y
o 22 ZHAe] B Aelng 3] Yo =
gich zejE2 Zofe) &Ao] &5 fiMe
A2 O o)&e) Fiol Al ) sjeio} &7 o
2ol 07 o] && Xwlo] d&H ez P AL 9]
B A]of| it Aot o ® Fasicln 47
et £ AP AN o st 2FabstAlQl 4st g2
ARt gg Folodld HAPAY] J¥g 3t 0 o)
24 FE& 771 ez Helr) Table 3004
6 wt% K/CaO Zole CaOxr} & C, A=A
(30.9%)y& Holo 6 wt.% Mn/CaO Eof9] C, A4
132%5cke X & gk Jephdch & F o]
AR R E2AE o o] AR e e)
£o)8 P7He 2|3 Ca0 Hof B} BE-L B8
Ca0 Fojj7} viste) BAJsloll ©f AAHo|r} ZEH
22 vgke) 4ks #H37] whEE 9 sEe &
gjoll A Wte] o) WA} Hrhe =44 o3t
AZFEY Yol Fulas-g A7 ed o F
Lsjck Adagdd FAHLE EAde Atk
(O y= v=te SASY 5 Qo 2% UHe
Zx3laRA ZefEdd4 O ¥25 F7HA- £
glttz weizin),

£ AT 19973% etz e %)
Sdol] slafed o] F017) 7Y,
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