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3.4

[Model catalyst studies using surface science techniques
-Active sites of Cu/Zn0O catalysts for methanol synthesis|

AR ARERE FEWER Ba%

RV, BHERAIED A I = X 8% REFFOFIEZLE> THLNZLIZWEZ X TH
Do LU, LIk ©, REEITEME. BI3ZTh D, Z DT DHROBHRLEIM
MOBWEMN, S SITHEMECRY . TREWVDIC L TERBZO HEICE > TWnWE, 20 A
=X L% VTS 0O HEmEML L T&E e, (X3.4-2)

FP. ORA 2 ML, Em &L ONBE TOERM—BENFT— U — N2k b, £HEME
DT AVENREL, X—rF—N"— 71— x> — (TOF: 1 WRICIEMES 1
Y 7= 0 TN AERDN TE D0 EOREER) 2RERFLMET—HKTEHLE, T
ERENLCTEX 5, ZOOICIE, EHAFOBEEZEERIC, ®EOKISE/LVEDIT, ME
DERWZ A7 aTHHT 5, ZETFEN-STH, A EDOFWTH S,

—HETANTEDL L, HOLPLRERFOFELZME ST, A=A L0HF MR, FX
T4 AERETEDLDOT, MBAERAOEENDOI-TL B, B () 2056 —%ICHR
NEIX X v T BRHLHOT, REAFEZANLT, HERISHERDITHZ ENRA N EEZEZ T
o

AB ) —=NERICEATHIEELT, CO,MBAX ) — N EDL BT LERS TN
DT, AHIZZOHE LT, CWZnO O A T = X LWFEDFEET 5, LEMIZIE CO DK
FIZ CO, Z ANLD A, CO DARFILL D & CO, DKRFALDIZE D D, A K —ILERD
AERGEE DR E W, KRE7e & 2 AL A7 SONEE OWIE Th 5, TEMNTITIEEM%
DOFF IR BN 8 D M3, Bt Z & 12 TOF 25& 5 O T, T A SR L 722y & s EERY
BTN TER, ZDTD, AH ) — VEROMITH 723 E & Pt TO CO Db
Eld, EDOSHWIE) DN EDOIIZEE Lipnd, R—=Y o 72 LIXTERNWEEZT
W5,

A B ) = VEROWFRIZIEF IR WA, RiEfbF T, 95 FEHIZE » 2360 & #ih
DEBDIEEICR D Z L E2F > T, 2D Z AL, Topsoe ff:, Chorkendorff ##% .
Norskov #HfH E WH T ov~—7 TRRKDOD T NV—T0N—KIEThH 7=, 51, BB
O ED CubiFOENL T 3V =0 EDLD I ETIERIZRDEVIENL T Y —FT
NSO TWEn, ., Thvaisfi L7z, (X 3.4-3,4)

For THlish, RKEAENTEEE WD ZEE2RICE T, HiEfme LT, Bl o5
EWVWH LT, METY A, WERE U B EIRECKEZRTLEIT) & HIRT ZnO N A
2 Yy 720, BE)L THDOEZAKD, BIRO Cwin ki1l b &, ¥ EHH
Sz DR EE BT TV & OB FERNRKE 725 LRI IEHERRE 78D,
Tiebbh, HERDNHICIEITIAL TAREE DL » T, IEHEICR 2 2 LR Sz, EDX
THD &, SR FICHSAMN A > TE T, IEENRKREL > TS, (X 345) TN TET
VR L LT, #High A AE LT, 4% 5< W, ZHTCu (111) X° Cu (110) OWA
WARRE TOMEEZ Tz, (X 3.4-6) RAEOHFRIRED 17% < HWT, {EMENIER
W@ 720, BENRETED EIEERLILLTWD, IEERDBERT D & 2 A LR
MG EZAZRLE I 1311275, (110) <2 (100) 1FAREERN IR D 22, A X ) —
IVERRDEEICB T DIEMH LT RV —Z2 G5 &, it s RIKFRICTH D, MEET

-
—
-
—

CRDS-F

Y2017-WR-12 EMFRAREARZEAIREMEE MEFRERB L 22—

29

SFMHORY - HSHH w

FHEROBTEEREENO<IXO



HERMARERT—I 3y TRESE
BERRE - KRBRICET DEMBIRIC - FEED 25D CxHyOz HlEFE

IFREN E BN~ LTZD T, BTV E LTERYLEEZLN, TRERHITHITIE, W
ANIRZ EWOND EZEZ T Z LTE T, HIMEENEWEIEERED 501X, CO,
T L EN T, ZnOlZR B0 THbH, ZOFETFNT, BAIFHPOEENT T +— A —
MR AR OkFER) 7628 B2 T05D, (K3.4-7,8)

UL, HEEE Science TR U & 9 2 SUB# S AV72 23, flamasiE > TV b, #EMET
b EETIHRNWEFERLTWS, 2 DiEmic/ b &5, Science TG L7, (X
3.4-9)

CO, 25 A& ) — AT M OF RN 7 +—A— T (HCOO), # h¥F ¥ (CH;0),
RERONOFRAENRH D, WA EZATEHE L TV D OO FMEL X THI-, £
T CO, 74— A—FETERVH LT, EHEZIND, HEOFEETHENL S
EOLHNEFNZE A, B EDLLRVOT, HENIZ ZICHE LW, & ZA0, i
ESTIELDIEE, A NFURTELN, @z o ThRnE, A MFURHTI 2N,
EWVWH ZENDLNY, NI T A—A— B A M TOMOPREIRD & Z 2L LT
WA E S BIZHIEL T 5, (X 3.4-10,11)

EHICHENE I NI SHITEEE DL > TV NERRT, REBEN VT LR
ETHDLN, FTZy IV T, Cul R LN V7R T D, Z O
ZREIE L, B b3V X¥—%2HEL D, EHOWV ) REEEN TX o0 ExitHE LT,
T, TH—A— PN TEDETOFRMKIL, CO, WAKFBIZHEBE L 2> TRIST D &
9 Eley-Rideal BIOE LWL W) Z LD o>TE T, TOAD =X LEWIHEL T
%, (X3.4-12,13,14)

FT. HHORmME XNV LT, KEDTFEMEA L7 4T A MZBLTRT &, R
FWRAKFELPRET D, £ZIZCO, 25005 E, RENHATVTEH, COy I R/LF—
ERAET D720 TG T %, CO, DIEMELIZ, FHOEE TIZRL, IR LF—
AU TS L. FRTRIST A ZERbhro TETWD, HFHEV IS T
Teafa, FloREBLTREDS DN, NV ULERAEIELD 2 AVEMBLIZY
He, WETR X — L IRF= R VX —Z2MICHECE 5 2 L5, KIGIZE I W)
TRNLX =PI DEFRCE ZA, R R LT —RNRERZ Lo TEz, il
O— I ST, —HWE L THLRIGT D0, WaE LW TEBEKIST 5 &9 il
FEFEIZE LV, (X 3.4-15,16,17,18)

REI= RV X =N ERENE VD & REITKBZENRONTEY, V=772470 CO,
DI SN TE 26, BIEOS TR0 TETEZITRODITTHA N, MISICEHEET 50
2 LUMO TH V., F»nrndhin s & LUMO 28 FAR 5, MofiEidZsb S 720y, sp?
TA 7 HDOT, LUMO BIEFICTFRY, $iok KU RKFEEIIKST S, 50
9 ETRIED CO, DRV F—IZ Lo TEDL>TL b, CO, DEHDAT v FRIEF
WV, (X 3.4-19)

TN BRI e 2 ED TN, EO LB AX ) —LEREHELS TH0nEN) &
X2, FT 74— A— FOAERBIEFICE, RIFFIE Z 20 KET AL 7 MRIGHRH 5
B, FNEDBEY, ZUTEBEAH Y RANIKFZ EKIZDETHDOT, CO, DE
AHFIZIRFEDN D DT, ISHEEERORTRRE R E N TS, {HE b= X —3%
AIRIZE L TRV, CO, ZIEML ST T 4 — A — 25 BITiE, BAFTORE
WCAKFEDITDHZ LN, TNDRIEFICEETHD, FHx OFEMT CO, IR/ F— %l
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Mo L 10 <SHVEENELS 725, (X 3.4-20,21,22,23,24)
HEF, 7= A—FPRBHETTELHDOT, BRTA MK, TORHITVAF AT L
V. RIVAT AT E RERANRSH D03, F 2 O e 23T, EEERRFZE SIsH O
IZEF-> TV 5 EEZXTRY, |IET, 74 —A— &2 A FXFUITT B3RO flERR

AR LTV D,

KHOFEEME) &, SEIERFERPEBICEOND, FRC, ET VA A2 — BT
TEHUE, IR Z EDBNANADNDL, TOHT, bDOEE IO DNEWV I RO
ThH0, 220V IO FTHEOND EE S,

(B ]

Q : RILHEETO DFT 3R TE R Rt L 2ANDH o723, ZDOFRITTHEMATE
HEZAF, CO,M—HIRFEEMRBIZ - T, KFEDRE RY MIREETKIST 2D,

A: b RU REDORIEHEIZ, CO, RIITONWTET, filtlinbEZATCLEHDODARS R
NTE, EE bz A X =13 hndn oo xL¥—L 7%, CO, ®» LUMO O ZE2#f,
HEEE FU FoOa X7 BGT 5,

Q: tRY ROAAUMEEER B, o LD RITEIGT 5D,
A CO, TR B EWNiTF 720, COITETZH b - TH, Frivthn - T CO, 1%
FTETED, TR -EEDORE 2 L— g VIERIRE & RE LRV, BIRBIC

NI OV T o TR EET 22D X > LY TD Ly LiiLihin- T,

BFbH-o72V, E R FEL6o70 5L TRIND,

Q : LD EIZHE L TWD R, RO EIL, EH9WNI 5T A I =ALIEET 5
75)
A TEERMEED FETETE AL TWRWEES,
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TR R SRR BT - R ) P oy O MRS 3 | =gy T TIRAA20HT

Model catalyst studies

s ik P Dl

using surface science techniques

mtha
poEded ]
Active sites of Cuw/Zn() catalysts for methanol . E:ﬁ;.
) p ML W MM
synthesis AEE p
10-406) 1t Ah=A L 'h'-::.'

E '
£394032

J. MNakamura
E— [FRaosizon ]

* University of Tsukuba

SRERERD
Acknowedgments gmennry [(EFUR i
“’ Tsukuba Research Center for o L
e Interdisciplinary Materials Science @ A

X 3.4-1 3.4-2

History of Methanol Synthesis

Industrial proces of MelH synibesys Active sales. mechamem, eflect of Znld
F9E Botamsk) [ aibditen of 0
7 i 2 M Fromm £y vt dlan 8, histepe

IVIIE 3T, Catadvul by MAKK
SBeL wpa lliens Wi

—— 1L Pwlar s Nibooveey of Do based Colabial VoS BB | b D, EER B
e — RS Fruich ; Cut 200 catadysl LIBE b B Waingh D b e the sispebes
P —-\\l 47 PRt © TRy {Fatrar, Frbmd) Cudell Cuaklh, Cubg
S CulorCu' 2, AENA—ri—F 1968 MoeOi T wwiles, 1T V9T WanghChbnchn, Sprecenic O B Inlermcdisey
ot . . . L% comblerd Wil CHL refermisg procem i ¢ hbedol o, £, rathier han 040, ket
Clhor 00,7 PRI ey 3 Sirface Sceonoe shules

Amsaiys 2 OOy H, uppent eieet
CH,0OH l'II 199 Chundman | LSS B | pinadeah, miv i, spmeegy Mcpolery

Vi
¢ CONCOH

| Cul L0 CONC0,Hy, O s astive O, D000y Ty, dBfrrems sprciic aciivily
Y 19 ChirkradordT, Sorske VR ik aploavn, Klig o Ko piaimaron
WEZES el J 0k o] D0, i sl 1 B, Spemcer 1 OOO0 . Colnd. yied v ares
* / NP9 Camnphiatl | Mo CRR R ALY, ©O, peolinear
|._‘ & M o il bl Sy € cammemi on Tovch paps:
-\\ ELTFOS—7, Lti—7 JJ-"l Nabammura, Fujitani; Fowee: COH;, Cn b Imsrive
\ r CLhy . Fuliu poly P Blier | CWSKD,, OOy OO
.\'_ _f" OO0 PR W1 AR w1 R0 = agerckal i — Tty Intorface,
\\_ . 199 { bl 1 ks
— Cat 1100, Marphalogy effea 3
— Sl phology hEn wriive diF
| IO Ahdoal. Norskey

spreific Uu siies i Cuifn alisys
ABLE L horkonador¥
Quantilying ¥/l s eatslytic activity

& 3.4-3 X 3.4-4

15" Fujiasl Sakamura : Cu-En sctive dic
VO N s, Nakamura: DFT 000 X acihve i)

del catalysts based on powder experiments

(FI-IR, EDDX,
XRD,

Oxygen Coverage
MEAsurements

The role of Enll is 1o creale adtive silcs

Active sites form on the
ZnOx-covered Cu surfaces

consistent

£n

win Mudel catalyst
[XPS, AES, KTM, )

X 3.4-5 X 3.4-6

EnCvEIO,
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ZnfCu(111) model catalys

High pressure flow reactor conneeted 1o XPS
< e " 18 atm, CO.H, =13
| ] o ZWwli] %
:r ssl L i E
& d | iy
1wt [ i
i | I
i 15 = b | E
= |4 | i
1 ] i | =
= i & \ —
= tl: Lt | | -
= o8 . ‘1\'-.} i =
& o, S
=] uut ....... i S =
= 0 @l 02 0) &a 0l 08 07 03 L= - - =
ey, LT = 108K
! i o i i
I I‘:lerII'I:.I.1 u:'!.:.n. bs observed Kimciics s Mlentleal between Zn/Cuf111)
only for Cullll) Amd CoZndd powder eatalyst In terms of
activation energy and TOF

with formate.

the rxn, Cu-Zn s : metallic

Formmaie on Cu-fn?

Active sifcs scem
tor b Cu-Fn sites

Cu atoms ane
replaced by Zn
nioms

Surface alloy is

Below Zn coverage ol 0.2, ZnCul 111} stable L'|,|m_|1'.1r4_11 o
surlice 1 metallic with ndsorbed Tmmie buslke alloy.
STM dmage of Zo/Ca{ll1)

0,848 = 40 A7

anneaked on 380 K, O,

X 3.4-7

b BEE TINE-1300 [ NAT) 34 Manih 3077

SEAE AIZCuU-Zn0y
b R~

by £l

P 111
| SE N W ——pr

Camments on “Active tites for OO, Mydrogenation to mathansl an CuZed extahyete”,
J Makamura, T, Fujitani, 5 Kuld, K.5bg, H.elveq.J. Sehasted , | Chorkendord?
Science, accept

3.4-8

Zn promotes hydrogenation of CH,O to CH,OH

€O, — HCOO, — CH,0,—CH,0H on Zn/Cu(111)

COy+ % Hy — HCOO, HCOO, — CHO, is promaoted

No En efTect

Ty o b
=4
==

ot bt e

[Emeiiiy

T
Wavenumiber (cm ')

Eaposuref o 10°' L

{XPS) (in-gitu IR}

X 3.4-9

RITE project (1884 —2003 34 papers)

=1 Cu-Zn active sites have been proposed

a

\

farmaic e molbay e mclhansl | Yelr

§ [ L]
*

| a
Parmale o melNTy e Hdhlbul]('-,ll:l_l
31

=
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Cu sites are also Impertant for formate synthesis

Surface ssencs
appanalus cConmecied [
Fugh prassLne Peaclons

3.4-10

L2 nBFECuImMoAFy Tihs
AEEAMERI L T

=

X 3.4-11

CRDS-FY2017-WR-12

EMFRAREARZEAIREMEE MEFRERB L 22—

FHEROBTEEREENO<IXO

SFMHORY - HSHH w



HERMARERT—I 3y TRESE

34

BERRE - KRBRICET DEMBIRIC - FEED 25D CxHyOz HlEFE

1R KL

COpI i)

e ;
o4l | | TH1 [T RIS
- | Noswn
£ | :-\:?J-u o7 )
§a sl
L5 e
o
A
4

w Qe Qo

Sabithaas

Conversion of €O, + H,, to bidentate formate on Cu{111]

ST Wheg, YMseieus, | Nbierses o2 o, |7

X 3.4-13

X 3.4-14

Experimental method

(3) CO, molecular beam

expasure . oslationsl anergy
E,=1.2-232 oV
MNozzle temperature
T, =660-1000 K

T,=160-210 K

i4) IRAS. Temperature Programmed
Desorption(TPD)measurament

Macs analyzer
o, Temperature
Farmate a

rising rate
2 Kfs

HCOO y
et
surface

15 Formate formation by CO, beam (IRAS) 1%
(1) Surface cleaning (2) Saturation of H atem Touar=180 K, Toaone=1050 K, Eyune=1.65 8V yuco,mne HfCuf111)
exposure r———
lan gun I . ; IR&AS ™
* Ar*sputtering| |Heated X mn ' FABLE 1 Vermsismal Fxtaseacies frms1 for tir Formate Spevies
ard L wmmnt'_:* T | l” suaga (Bt ALl =
27 * Annealing temperature -]
5 & T":=n3 K T,=2'ﬂn K
“u surface surface

i TR

-
), ks 10 oo §u s

Formate IR peak was appeared
on Cu surface

X 3.4-15

X 3.4-16

braadth

Principle of supersonic molecular beam 1" Comparison between E,, and E, 1
i mdscular B Bl Reaction Probability Reaction Probability
Sapaal ake molecular beam by spouting . , ]
High pr I high pressure gas from nozzle against €O, £, against €O, £,
2T PR A _fi i Mozzle Temperatune
~1 atm ) ) =10 a TS0 oo
Frev malecular flow  SKIMmer contributes to select = g 10 T 1 T
- similar velocity of gas 2 10° s|¢p¢:ﬂ'|ﬂprr,=5_"w | B oaf AnPry 10 ey-]
;@ AF, e 210 AE,
Vacuum Comparison of translational 1wt = <« F
S E o g 1 E107f 1
~1* Toarw - energy distribution s B Ll 1
— Thesrmal eqpaililicium Bt o BT G ra ]
=t maslecular beam E: 10 :" a 3 % why W(: q
b g T Placular besm 2 0 r=180 K o Cul111)] 7 = 10 L r=180K & ot
LightHe  m>wm | E'uﬂ 1o | N T.=1000 K =0T F,=laeV !
L] . F s =] | AE/E = 0.1 e[S L 2 - I 1
x Adisbatic Beceleration . Wom 12 16 20 24 Woos oos 008 o007 008
Heavy co, *Pm™an Translational Energy Translaticnal Energy (eV) Average Vibrational Energy (eV]
’:’* j kit Translational energy of supersonic
erati malecular beam is narrow energy

The CO, Vibrational energy is very maore effective than
Translational one from a comparison of slope: Aln P,/ AE

X 3.4-17

X 3.4-18
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DFT calculations of formate synthesis 1

0=C=0 bending o, —Transition State

) €O, Vibraticnal energy is important

2
asf . m miff h\.-""'\. ié\;

naf i / Activation ﬂarnEr\ A
[ 0.7 eV -\ i
o3| = —
[

aopE L

Relative energy feV
-
w
T

Repultion of electron cloud
“brmwrl Cu surface and CO;

e . g
B CO; Translational energy is important  © 90

Pauli repulsion

Reaction coordinatian

. G, T Wi, 53, Wng, . akcumer, ngrs. s, Jo. 5. 5001 T bk

[ Formate formation involves both E, and E ]

nOMEICES LS S =0E

L VM ERR A

Oy e OO, —« CHO, -~ CHyOH on ZnCul111)
Cu site Cu-Zn sie

What is the mechanism, kinetics, and dynamics for
1. formate synthesis on Cu?
2. formate hydrogenation on Cu-Zn?

it h ECuZnOMIRIc LS AR/ — L ERER O EBERLLISRE

X 3.4-19

X 3.4-20

and tilted formate species are formed on Znf

...... On the ZnfCul111) surface, tited formate
' species was obsensed due o OGO
el Cw1ET] asymmatric sinsiching.
_— = In addition, methoxy Spacies was obsensd,
2l | which shauld be formed by the
¥ hydrogenation of CuZn-formate.

lmcmasiry (0w i

The resulls indicate thal the role of Zn s
+ fa promole hydrogenation of formate by
anhancing the raactivity ol Termate.

Ax1017 L comesponds b 5714 sec al
TED tner

: TOF of methoxy formation is estimated
1 r i o b about 107 from the initial slope
ard the assumpion that satwnaled
methesy coverage of 0.1 The TOF for
ZndCui111) is camaparable with TOF
medsured Tor (Zn)CwEic,.

Reaction probability of GOy is ~ 107 at
JEH

Zn coverage: 0.23

Forrmnate S 7L RO 3R

X 3.4-21

3.4-22

Lo R

M GG Ll L

0, mE G TR
A /—RRE50 3:10°
Farmaly 35 RS (3535 2 x 107"

Fonate 400N BETHRT AT, S5 0emale L ARG A5~ S H AR,

LPREATAR/ AR EET AN ormate R LNAL it Eai,

Coverage of species on Cu surfaces at 523 K and 18 atm
Coverage of alams hydiogen @ 9=0.6

»  Coverage of lormate: B=0.1

+ Cowaerage of GOy @S0

+  Kinetic balance or catalytic activity
+  TOF on ZnfGu ol 523 K and 18 atm,

+  methandl synthesis; 2,7 x 10+, CO formation; B0
+  formale synthesis 2.7-0, methesy formation: 0.2
+  Formate synithesis is slower than RWGS reasslic

Apparent activation energy

Methanal synthesis : 0.6~0.8 eV, RWGS reaction: 1 &V,
ferrmale synihasia: (.55 &V, Tormate decompasition: 1.1 eV,
methoxy formabon 0,75 el

X 3.4-23

X 3.4-24
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i Jﬁuuu [CWSI0+ ZnOVSIO) M ISR AL Zn/Cu111)EF LMILE N
Lt i

CuZnEtE Iz EMe TH2l-— CuZng P THEA

CuZntr o Fitformate X B E0H (Znd EW)

Cuth o b Tltformatet % i (Znit WL LY

SRRETIE. ZnMFIZCull FEEBL . Znl FETERELLL
FormateE FIZEley-Rideal R E L @M THE
Formate B IZME 28I COMI 3 LA —EIZ X8 Rl At
Foramated REEFormatek BILOZRIZEHETELY, HOMEE
BBl ERIZEL

FormateE B3O LD IE . CO, M EE 3 O f- 0 REF
sEacENBE

2 EE;;J:H M X —ERHLTRET AL LRI R0

B/=IL GRS NERIZEE

X 3.4-25
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3.5 [BERF - KFERICET=PRERTOERILZREEL]

AR BO SUNKELERER SRCEDE Z88aR

FITERAFR R T BV EFIH L= f VX — O FM & B WE ~DE# %5 2 T
W5, HEE LT, BURTOKFETIEL, KBS RICHELE XL L TH, CO, DHI
BUTIE & A ETERVN, k@ﬁm%ﬂﬁ%ﬁwi5@ﬁ$ﬁ%:?w¥~@ﬁAi K
K5~ 15%DWFEIENINH Y . Z OEEIEZFIHTHUL, BUKTO CO, DHEHED 3 %
FREEICHY CTH DN, CO, DHIJEVNHIFRFCE 5, WMEIENNH D Z L &ifRic, & &
KGR EGDRAABEZRAT S Z ENTEIE, KEZLCO, 2 H 9 1], ﬁ%ﬁm
EMITEBL L TRDIENTEDH LWV ZETHD,

A B ) — VTR T BRI RN H S 1o DTN H AT D =R F =N 2o,
HOYBFIIR O LT 2o 23, BURMA B WS & FAERMREm VX =N L, FAEA
R XX =23 TIREE IR H E VI FHED S L IZE X TRNEL, 20X 9 2k
RO SEOFREMEN B D L 9, TN TUKEEASL CO, & —HAFZRL COIZ LT, FifEfl,
B R LIRS, 2NE FTERRAZ ) — VAR T, KELHRIIRENCIEHL T 5 = & 23,
BRTIXY —F— = by« Zax)LEART, et Biffshicngd, EEEiZ, 7Y —
EHRLDE LT NAV—TN, ZORERTaV =7 FEHATRO> TODLEREH 5,

EREMRE VD Z LT 3.531%, CO, DEMDAG & TAS, AH OIREERFNEZ 7
LCW5, KEBEOBBEBVIIREIZH L U E A EEEFELRVR, TAS IS FRS2D
IS0, @miRlEEX T AOHH TR X =MD, BERICVERT IV —IIZ DX T
ADHMEZRNAF—THEND, EIEEEMICLEREIN/NSL, HIRTEHZ LI
725, IZER T Z ENKREKEMRICONWTEF XD, KEJLEMROGEIL, BEEF->T
BY ., AU R TeHOEMII. TAS ODFHEZZIT T, AG B ELS, 2O TAS OF I
REEENCTH Y | WIRIZ EISMETWBREEIZ 72 0 | DI WE N TEMNTX 5, (X3.5-3)

EIRTO CO, EffIL. Qifﬁ@*ﬁnﬁéé’bffib\@ﬁ>ﬁﬂtf%@ KRR BRI HE
%l WFEBNIIERE I, 2T —o 0B ENH Y, CO, ZEBMRELI- X, WA
AIREMRSOCNE Z Y . F RIS BEREANITL T, CO, B I —R o F T B
NEGIHEALTLEY Z & _%60¢&b%\a)$Mi T —R AR E DRI B -
T, HELWEIRIC2 %, (X 3.5-4)

HEMOBEITIE, V7 MG ENT T — RGN Z D DT, ZORREE L TARK
Yo a bua— nIEFICEE L <, SR TOUIIH TSI ZER CO, KELMNT
TIZL, RIBETRONE =R BN >TERLTLE I DT, WTIIZLTHK
BENTEDLZ LT D,

ZHUIRERDRFFE T, CO, ZmiRCTEM LI L DR E R L TWD, CO, & Efid
e, CO, DEMITIEMAAL= RN F—DREL, ERPHELVL, xDELEZAT=Y
N EBREIRAG LI REEHT S & FEFICEWERE T CO, #EMRTE 5, (X3.5-5)
T —AR U PAERRT HEEICKT LTI, BONMRIRKDR S D, = VRO 235
L IERICEVEIREEETCO, ZEMTEXHMN, I—RUPAEKRLT, EELEL
TIHENTLEI D, TZICHDINANARBIEMERFT 5 &, &N TE, Frlo~v
W 2B LTz LaFeO, 520 7 A A RO ZEAT 5 & BRFEHSTHERE
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WIREENLZETHY . ZTOFRLE LT, BWEREETH CO, b HrREEMTE, h—
RUBER LN ERbhoTETWD, (X3.56)

HEMRTH DN, @WRREBEBHEZMEHAL T, CO, EAKERZNE CO EXkFEEDOL AT, £
D CO LARZBLOLARBEEMITEELI L L5 LT 5D THIUL, RINIZE > THEZ CO
EKRFBOUNEDD, 2O, ZOEEMIEEZBRIZZ ha— L Lz BT, 22BN

EIREM T — BT DT, 25X FEOFHZEEZ B 570, EiFIC L 2EsbE
EFAZ ENERINS,

3.5 71X, =7 VRO ZER LT, 8722 250584 TF T CO, & KKK %%
Abtk%@$M@ﬁ%rLTmé 900°C & 72> T00C < B WDIRE TH L2, Zn<
HVWDIRERTH D & | it?'-éﬁfp@ﬂtwf% 2A/cm” ZHBZ H L BUVWDOBIRBE 25| &
He ZENTE, IBENTRIVUETND BIROBRBEN TN ST HEWVIIR
mmﬁéo:@io_igﬁif%éﬂ %% AR A ST LD MK 3.5-8 TH Y,
700°C T 40% D CO, & 20% DKAER & B LTz & X O /AT O BT ARG 2 R
LTWb, h—ZLOBEZ7 777 —HINZE I, MEIEZ, CO, DIRFEISEME T ALY
M*%K%Aﬁ%@ﬁf%é:kf&éo

PFA KRG Z 509 & | IFIEARKIE T ORISR ER, EIRTIEH A7 MRS E
:5@?\mrwx/7hﬁm®%@%§ﬁ\miﬁUy%&ﬁxﬁﬁﬁéoWkﬁ%&
F—a yOLGEIFXCO EAREDOHIZ I X STRE/LOT, ZNTHLEWA, b o0 LIKkE
HOEWSFEAERLEY ET5HE, COEHIF1 &2, BIAERMIZI LT CO
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227 -V CUOEAIE. 1FE - REILBENMN, AT LVUVHEETEZLND DT, BLE
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4 8.7-91%, ThZho—EECKRLEEEREREDOHAEHEZHNZLOTH D, Hillx
AR DYREE . MEENI AR OVIRE CTH D, TNENMBER DIRENHE 2 512 LIZh
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EE Y U O—E BT IIRAMESR 2 WA 2T FDH OG22 5372 v
M ECTEX5Z bbb, Ax7222 -EE U CUDNIKESEE D & RIEAL L —FE
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NIEAEENER LT, AcdPMO 2 FEIZWILT 5 400 nm OFSENEH T, Z0EE
ROFCF M 2 IS L7245 5. RuRe AT 5 & Acd 0D OFIEITRNR L <L
S AL, #7212 Ru BEE 0 D ORI BUA S iz, Z ORI, Rk S 47z Acd
DD Ru IR~ D = f L X —B@3 N EIT L2 L 2/R LT 5,
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[ 7l FI S AL L < KIC & % CO, DiE]
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3.10 [#EFkmRMEzRAVZATIRER]
T REE RRERRFREERICALER B2

FADOT —~1%, YEER, Wb D EEIEAEIC LD NTHRERTH 5,

NIIEARIT, KGR F—2 AR LT X CEWT 5 RIS TH Y | B
BRES - = L X — R ICERR T X 5, MR, KR TERE 2 HZ LIXTX 5,
REFALF R EOWE L EETH Y . mAEAIZIZCOy EKRZFEELTZ oWV b
DHEDLDDONNDLOYHNTHAKRTH D, ZDONITHAKIZBNT, S, SeEmD
YA T ART V7 ) ao—nx—L5,

ANTHARDORER S DX, KEofEL TKEESL DG, KEKER - EFIEL
LCObRFZZETL L TOANARLEDE DL DL, £ LTKEETRE LTERE
BIGLTT =T 522 D6 TH D, (K3.10-1) AlEl, KFERE L T bR FEE
TED T DOV T RG-S,

EFTKFETH DM, K 3102 1IFTKENTEIUIMTHLTEDLZLERLIEBDTH S,
B Z WK TR EF B OBRENC 72 5, L TEERAKZENHNIE BILIKFE L REGI L
LTWANAEREDEDL DI ENTE DL KERNHNIEL DA MITHLTEDLHLEES
THBE TR, TOBEWKRT, Y—F—KOMRTKEELED DI ENEEIIRD,

KNBKFEEZHL D EE, KBEMOEBERICL DKM ETNEEEbN5, YRTE
A, BEAEENTOWARVDIFI A R R EDODWANWARIENRH 512D Th H, ok
& LT, BRI, N A AR LORH D, L LA A~ A TEREROE
DK RN —BRNREBZD Z EIIARARET, ZKTH 3% THY ., 10%72ED
ERITFHEANCLED R, b —oD kL LT, ALEAKAH S5, (X 3.10-3)
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BWT CULILFOERENRH V|, At 072 VML L CWA LS, =72, 22
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