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SRR G AT 78 200°CF, AREFDGREMPIFRIFERSEEL T Cu-Zn-Ti A %A
W EALEA, A RGeS 1L R SR AE . 7E 200°CAHT 210°CHY, 7E AM 1.5G
FERUR YIRS, S/ & mik 50.6 mmol/gih A1 76.2 mmol/ghh, H A — S ALBRA Ak
TEFFERNRE R, WA, Cu-Zn-Ti E4E M IIEIIEERIC. tat, RIEK IR
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18 SORELAN GG R, A7 TR 0 A R DL (44 770 22 181 %) HH 7K ORH Y AR ELAE R 2R i FR R
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IN-SITU PHOTO-ASSISTED METHANOL STEAM
REFORMING ON CU-ZN-TI OXIDE CATALYST

ABSTRACT

Methanol steam reforming is an efficient approach to produce hydrogen with little evolution of
carbon monoxide, which has been widely applied in the fuel cells. However, the pre-reduction
procedure in hydrogen for most of the developed oxide catalysts is costly both in time and in
energy. In this work, a novel Cu-Zn-Ti oxide catalyst was prepared, showing the properties of the
solid solutions with most Cu existing in the ionic form. A photo-thermo hybrid system was used to
conduct photo-assisted methanol steam reforming on this catalyst. The synergetic effect of
thermal and photo energy realized the in-situ activation of the catalyst at 200 °C without
consuming any hydrogen. Thus, with the aid of AM 1.5G simulated sunlight, high hydrogen
evolution rates (50.6 and 76.2 mmol/g/h, respectively) without any detectable CO were achieved
at 200 and 210 °C, whereas little activities were shown on the as-prepared Cu-Zn-Ti oxide
without light irradiation. Furthermore, it was found that lights with a wide range of wavelengths
(wider than 350-600 nm) were effective for this synergetic process. In-situ DRIFT investigations
revealed that the in-situ reduced Cu species were responsible for the splitting of formates which
were formed from the interactions between water and methanol on the catalyst surface, into
hydrogen and carbon dioxide, thus greatly promoting the catalytic performance. The findings in
this work not only provide a new methodology for low-temperature in-situ activation of Cu-based
catalysts but also could inspire the development of multiple energies applied for the traditional
systems.

Key words: Photo-assisted, methanol steam reforming, Cu-based catalyst, solid solution,

low-temperature reaction
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RALNE Cu-Zn-Ti EGRHMEXFREZNMR

Bt A AR AN W KA AR VA BRI =, BRI RO T AP N 21 i
ORGS0 — A IR kg . P2, 2011 SE BRI 70 2 N1, THFERIRETR R
o 15 TW. AR H TR KR %, Fiit3) 2050 4F, 23RN DRERIAF] 90 12, REIRW#E
KB F] 30 TW. #ZE HAT, SERMASE N 85%:K F LA BEIR ALY, (B, HiBk R
REVRAER, Are—BEMENRMEH. ok, AR SHEBOC R S SR = Sk,
SRR, SIRK— RIIABER . Bk, FFRATRRSE. AT A s S BRI 4 N FsAE
SEREF, N MR, NE—ELETFHROT BN REIE I IR, ARYE AR HX
RIERR, Y X R RAED B, ke TR S E A= H R g, A ihX
KA RADEEM, LR o (B8 A X SR b) 55 BRI R ShAL, BT AXE DAFR B —Fhoxt
AERAEAN Hh X H0E FH 5 v RE R

SRR EE A A ERIE AR K R T mr e o BRRE R R A RE ) — P B, &
W B B LR R AR It (Polymer Electrolyte Membrane Fuel Cells, PEMFC). &
HA SRR, mHARM=REGK, f—FHom3amieftaaimitE. 2,
AN oiEk, XEAIERE/DNEER, SHRERIEEREET 0 WM. BRI
KM ZEVRE R S ] A SR AL AR B, TR T SR A S i i /8. H arses T
Tl =& R B e, HAh— e H A AR T T2 0. HEREE N b R iR,
HL B R ST T I ST ALK (250-300°C), B A FR e 45 AR B R 1 500°C, i
L& AU 0 300°C BARAS 2, A AR IR T LABATE SRAEAE, X5 iR S
b Tgfr . thah, FEIIEAMRESE (R MEXREEHEREN HIC JHFL, X
43 I IS & T A 45

H A R s SR SRR FEOKZRERHOR, IR AR, HEEA
VR BB AR o R J5 PP EITHI I 5 S 30 S B P 3 v, 5 36 P AR e 5 1 T 1)
[0 o A A A 2B S = 1 v S W /S AL B UL A = = R <0 Pt 9 N - Sy g
HIR, 1% PR R AR R AR AR AEE . — AR T 55 4 FL A I AR
B R B  8dy, BOA— SRR 25 5 5 802258 B PR AR 0, Frbh, B
R & P — AL S B REE I 10 ppm LA,

FR i 28R B R AR H AT Al o) 2 I — R R, 102 s B S br Tk S FANME i —
P AR o H AT P T B 2 R A 0 R A7) e AR T DAE BRI T
SBR[ R S A AR — S AR R BRI R AR, AR T R SE R SR
JR B H s P K R o B ST P I 2R S S B e s MR AR F BSR4 T v
X LA PRE AR o R ) 8 ) PR e ) A8 P AT I o 75 B AT AR SR LA B, {459
A NS Cu() 28 A AT PERT Cu(0)AT Cu(l), IX TCEEIE N T B AN Ao 2 F it ) A
HEFE .

AU ST AT H ILE T £ H — Pt B AR S A0 7, B Cu-Zn-Ti & & AL,
W R T F I 2R B B S S o AR 2 HT ORI AR B, KOG RE 5 N R SR & i T4
AL S HEAT , AT B AR FAE AL BT 75 R OB B o ARV SCOR ' AR P R (A 97 1 HR /K 7%
VRIS, FEXH A AR FIDEREXT S R S IE FEEAT THR, e, 4l T iR E
HE N S SEATLEE o
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I R AL % AR R S =g e, R EAL . PR A R A B AL
ARINEEE, WL BRI, AR A RS AR SRR SRR Y i R, R 2R
TR B SN AE RN, W] EPEBE R B SO R A T A — SR A . I S A 28T R g
PIASSOSE RS £y EECALEE i AS B T o

1.1.1 HEEER4r4E 4k (Partial Oxidation of Methanol, POM) ik

B 19 t4 90 4EARLASK, FREEER A AR AR — BB & H R — A E Eia e, s
THEMREGSE, ERRIET, R8T 2R RN, 7EHEE 4 CO Fl H,
T, B HAE KPR K, TR LARE] CO, Fl Hyo SR FAERIMR (1-1) fis. M
HFERAT LG, SRR, SRR . Ak, i H BRI TS CGRACR
PO REARYE), Ko RAERMPFRL AR, W (1-2) Fin. EAUAA A
o BESTUH KRG, MRS “#d”, iibikess, 4 Blaeafm R4,
B DB ARGV o BEAE, BT SO B 7 () S80S S 2 SR B, BRI R A
SARIKRERAR, TEAIMEINE S4B E, e T EASE AR

1

CH;0H + 50, = CO, + 2H, AH9ggx = —192.2K] - mol™1#(1 — 1)
3

CH30H + 50, = CO, + 2H,0 AH94gx = —675.5K] - mol™1#(1 — 2)

1.1.2 HEEARRER (Methanol Steam Reforming) AR

H R 28 VR BB R R 72 H T Lo i2, B AT RELE SR A F A o S AR Rt Hh i FH i)
— AR« ZERRH AR ZEIRAEAR AR E T (250-300°C) KA, 7~
AEAR, BT (1-3) fam. i RBER B AE T B BRI s S B2 A8 vy
MAS B HRFETEN S, EREZAREREIN T, W5 IEAWAER AL, 1
(1-4) M= (1-5) Frome WAL= —E B — A0k, ER0RH b 0 B ARt Ak
AR, DRl Y e 2 3/ 8 s S S SR AR AR e 48 % o tbAh, MR (1-3) ATRLE HiZx
I RSN, TR I A s e A o AR B (i AL AT (i
CH;0H + H,0 2 CO, + 3H,  AHgx = 49.7K] - mol™1#(1 — 3)
CH;OH = CO+2H,  AHYgx = 90.2K] - mol1#(1 — 4)
CO+H,0=C0,+H,  AHYgy = —41.2k] - mol~1#(1 —5)

1.1.3 HEEEZRRER (Oxidative Steam Reforming of Methanol) A

B S 2 VR B B BOR PO I BE B 2KV EE % (Autothermal Steam Reforming of
Methanol) AR, HHT, 230 78I g FRE IR 8040 28R B R I e, 958 Y It 78 0/ B 2 g R AT R
BEH A AL SR, s R R (1-6) FoRPl. PR B B AL SRR R, AT BLR
LR RE AR R S N T AR A . R, AR 2R R I AN R A MR AN R R

{H2, BOFitiaR e, FRE A AR E R R AT FREEE 0 A OB, T 72 DA EE ) 52
SRB AR N A  S 7 SRR HE 1A HBEAT TR S8 AR B N, LR R
WMo HELRES “Fal”, SEURMFIPR RN, FERRIEE AN SN g Hopd X 8, AT T RE 28
IREBE N, AR AR A LA, FLS O SATLEE i AN B, R 75 Bt — Ak
CH30H + (1 — 2a)H,0 + a0, = (3 — 2a)H, + €0,,0.5>a > 0
AHOoq = —241.8 - 2a + 49.5k] - mol~1#(1 — 6)

%2 50 k330



3 . - k /f ' )
e : 0 TONG UNIVERSITY ESEE N, Cu-2n-Ti B &SI FE B BT

1.2 FREEZREESISRIELT

P g 288 70 2R S I P AR AR RT 20 D B 4 S A R RD IR B 4 A AR o 5 8 T i A 71
FEAFEVI- X AT, 10 Pd/ZnO™, Ru/znOBAT 1/znO®), R+ 45 8 fi4k70) 32 2 4
B, 0 Cu/zro,M A Cu/zno™,

1.2.1 Si& @b

Xof F I 75 VR R i A AL MR RE LR I B S R A AR A2 Pd A P, R P AL TR I
F Pt, Uk Pd BN TR BN Z M T R EEZVRE RN & E M R. 1993 4F, Iwasa
S NESERTA T P X FEE 2R RS AR PR ¥ P G R AE A R A B

(SiOy, AlOsz, La03, Nb,Os, Nd,O3, ZrO,, ZnO) b, XfHAE LPEREREATHLEL, KL
Pd FIfELYERESE Pd-Zn & &TE UG KiRIES, fEARMEMAES, PdiZnO BA K&
PP 2 2 A 0 R o oy 1) — SR AL BB B o TG 5 5 126 9F 9 [ A P A Pt 43 3] # B47E ZnO, Gay 035
IOz I, FEXF BT A 25 /3 F 2 S D AL T AR EA T A 7T AR XRD LA K TPR R4,
R, R R &£ R Pd-Zn, Pd-Ga, Pd-In, Pt-Zn, Pt-Ga, Pt-In, 5
BARRS SRS, A E I EtE", Lorenz 2 A5 — 75 HIEH T 5t
SR A MR PR AR E R RN RSB, AR THI4E T Pd/IngOs HEALF, LR R HEAT T
W JFEAE, RIVZEAAITE 473K F1 573K FI&JR 5o B A Ak vq v, 1 H RART T =45
BRI A e (B, HEAE 673K Rk A5 2 AOFE & F T R 287K B 8 e BB, RIS 17—
Ak . RAEKIAE 473K F1 573K N IbJ5 5 FIRE A PdIn & 4:AHLL & Pdylng & 440 1A=
B AHSRLE 673K NI JEFIRES BT 5 & In0s 45 8, ¥ Pdin & & H5EAE NS, MR
55 T EATE R . X UL A AT Bt 4R AL RE ARVR R S NS FE R E B AE A

1. 2.2 HFEMEALF)

A e A 7R A A B AR S S R AL T, 7E A 2 A AR P B T s A SR R A Bk
FEME HbAh, T4 B L0 A I A S SR B — MR, BRI 2 R T H B 28R R
R LR AR JE AL 7745 Cu/ZnO, Cu/ZrO,, Cu/Al,O3, Cu/SiO,, CuO/ZnO/Al,05, CuO/CeO,.
FEIX S LA TR R, AN R ) 46 7 V2R AS R 18 771 7 48 FH 2t s 9t P 7 A LR PR L o
SRSKRUL, BB U, /RS bR T AR P 2 {8 43 s v 1 R AR ARG B K
IFE 5] o

Bl A UL %) FH T PP I 72/ R I L PR A ) (1 1) 5 7 VA SR v AR % . Yao
ENT 2006 FARIE, 5 BUER AR ILITREZH] % 1 CulZrO, AH L, A FH B 2h
LTI TE ) 4 (1) CulZrO, FLAT B8 = 11 bl e TR B8 oy () 20 5, L AE R R 2803 EE 3 Je by v
H AT T 1 R RE PR A A2 1P, Shishido 25 A FH R 25 K AR 25 AR U UE E & 1
hp-Cu/ZnOM*¥Fi1 hp-Cu/ZnOJALOS ™ Fe Lt 1 HL IR M /K ST i i) 4%t P i) 2K 784
Y R R A 700 B 100 B S A AR S i P OB A BR (R B . [FII, A ATTHE B hp-Cu/znO
F1 hp-Cu/ZnO/AI, 04 ot FF I 2575 B 8 i I FH P I S A 287K L S B R LA v ALy e, AL
SBEEVE S AR Cu(0) R FEIHAA G, FFEHA Cu(Q)HEREA, ARG
ey T At A 25 P 0 K e N 9 1 Y B o A, B A R G IR B gt AT T ks
B3] 7 B = I N TR AL AL ). 40, Jakdetchai 25 AT 2005 fEARIE, K 1,3-T
B TN R R AU R B VR B Vi, R I 2 FLA kL FSM-16 TR Ab R, &t — R 751
L G EEA L AL S, 53] CuZn-BD/FSM #EAL 7N, %Ak FI7E 573 K 1) 5 R il i
N HEA 10001 HEEEAL R, RS 1,3- T T FESCPEAC TR A 2 i [F) A A7) 1) H B L R
H 63%, —EEALBREREMEEIL 96.9%. XRD F1 TPR 252 AE Ui B AL IE IR THE 4 )84
Iy BRI ISR TSRS

B 1 ) 8 g V2 A [ 2 A 43R A7) ) e A VA R Z2 b, i 7t 2 B3 R A
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FIITERE o (R A B G e ATE P, (AN AT LA & & @ A B e f 1t e . LRI FH )
123 ZrO,, ZnO, AlLO;, CeO,%%, 2002 4F, Lindstrom 25 \Rkil, ZrO, K45 28845 1t
AR Al Os E IR B F 8 B AT o e ) — R Ak i 3170, 2003 48, Agrell 25 N4 ZrO, Fil ALO;
XI5 H2 28 R AR 1) CulZnO AL FRITE Y I 759/ E 88 S B A PR A vt 1 DA S — SR Al it Bk
KIESR T, A48, ZrO, BB AAE B T-B7 1k 4@ 5Bk (3158, AT fiF A7 B4
SRR IR THA . 2004 4, Huang %5 AJRIE, Crp05 1] LU 21 73 B R 4 H AR
(IFEFT, AT o A AR PR I 283 S (A ), Liu 25 AHR3E, FH CeO, 1
FREHEFIELH] ZnO A ALOg A (235 7] FF B 2535 B 8 S B B o s FOMEAL TR 20, kb,
THRIN, AR 2R - TR ER RO 7T 1) 4%t i MR AR i Ak 7722, 54, Papavasiliou %5
AT 2005 HFEHRIE , 4 FH R K-SR SR A B & 1) Cu-Mn 2R dib A S8 AL L CuO-CeO, A
[ A A T G A

B FTT I 2% R A B A R R 22 O DU S TR AEAE, B Cu(ll), 77 25
AR JE TRALEEAS 2] Cu(0)F Cu(l), A X H g B8 i B A EALTE PR . (2, I8t f2 2 4
REFNFESN, HIELBL, Mg M. FrLL, S HA o R S A ) B0 P 1 B fie AR 1)
g ZE R RO AR B G B, (AR A E A =

1.3 SEREEL

2015 4F, ARWFFCHEIDGT 6L o fif K A n] WG B 2K B 84T 7 A T, 8
7~ 1] DB IS A S S BR B 0 SR AL R B Y S5 M BRI P I, GG EHBEE 1Ok
P RV AL BT 2, 5 S RE R B NS5 T 480 SR BN g, S T AT OE R Bm R AP
2019 4F, ZARH P — 20X i R AL 2 K= S IR EEAT TR, 18I R R N R S
% 9% DG RETT DL 23R K 2 T IR AR, FEBUR IR R seil @A), b, 2016
&, AREDKE A LN T CO, Al CH, R EERE N, 535 FRAR T 5 U EE B S A Y
Be B HE, % SUSEIE B AR T3 400°C, ¥ CO Ml Hy (7= &4 FF 7 1000 £,

TE Pl s A, SRR R A ST 1 B A0 T B e s 2 AR R M A s 2 1 A £
B —J71H, AT UL BN RE, TRANARERIAN S, MG SR AL S S KB J7, AE T DL
IR IR E & TR M =R R B R . BT T, JGRE AT DA S VAL I B
TEALVEYE, PR SON BT TR, AT B ok A P~ R R RERE o S5 T SR A0 77 A PR 7R R
BT — AN IEAL B, 3 75 B S SO A A T I8 i FAL R , By 7% = B2 B 250-300°C 6
fESERETI N BNZAEIAR R A, JERERIINGE AR IR A A S PR R MR, $R A OB .

1.4 EHBRENARASR

1. 4.1 %8 %

T RS AU A R R A 0 O B S R A VB — R REIR, R K
HEF®R SRR, B2 2] 7T 2 08E. Bar Dl s T2 & 1 Rk
R, (ER PR R A P2 A (S Al R K N B B 4 0 F AR B AR FEL b Py ok Y SR, T L
il & S AR N R R, RERER . AHLL R, B B R A E R A ME, B x
PRI, HHR BRI AT A, T Ifiain. PR ERIEA
R IR E T, CAEBEIE TAL PSRN o ARFEAEAL T3 T R i A M
PEAEREESR, B S B A WoEia Bt . [FIEE, IR gk e nr A R 1k 4 R AR R )
15, 47 o <o B OV ) 2 BB R AR PR 1) 2 TR T 3 — 2 38 oo A S AR AL 0 PO A e e
SR, 4 A A 71 308 o 75 000 e 3 B T4k B0 — 0 R B AL AR AN, EL SRR i B
250-300°C, IXAMUAHT K VB S RE EIEAE, ot s — Aok, AT PR DU 4
(IR FE R SRR B, JCRERIIARE S P A T AR, RS . AT R R

o4 71 k33|
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f FNIF R A CIE N B Bemdi 5 TR R PERHT Y Cu-Zn-Ti &8s, bAse
ARG FEE S ] e 70 P RN o o e Y e 2 75 L 8 IS I ) s U A, 7 308 G B2 2% (1) 3
JEE T A 3 S R RS R PR RE BT RE o BbAh, AR S & SR IR AN R A RAET-Bodt— D M W T ik
5B P 28808 A BB R s AL

1.4.2 HIRHNEE

(1) AR Cu-Zn-Ti EEHAMYMET], FERIH X FLATH, AfET2HE, S48
T B ST B AT SR TE SR AE, FIRH X 406 7 REIE st Hdk 7 R AL 22404
A58 R A ] IR G ok ' 2 M R BEAT T 9T

(2) Wit BEDLHE TR AR ER R NI E, £ 190-260°C i X [A] A X%F Cu-Zn-Ti
BA B A TEAT 5 R AL REIR AN 65 A0 A 1 e IR, BF 7806 BEXT FH B 2875 L
SRR FH o % 90 B30 A 0T PR It R I R s, 3T A9 BRI & 150 . 9 R i B R
HIE MRS, A ATiE AR SR R o o A7) 2R T () e B RS AT VAl A4 HT

(3) % Cu-Zn. Cu-Tiv Zn-Ti BA BN SIRTES . 38 JF MR R 2k AT 1A
HE AR REANSE A, 2T H B 28 R S R B9 1 2L 3 R R AL R

(4) SPeiEib P 7R RO R AL AT 0T . BT E &L SIRIRE &5, 24T
FETERIN B SRR s BT AT L0 AM8 S S 6, 2ol iid fb FR I 2875 31 8 okl S0 AR P AL
il
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£_F Cu-Zn-Ti EEFHHENTIRIHIE SR

PATF A T H B 28 B S N BAT R AR PR 2 Cu-Zn-Ti B & A ALY AL 771
LA Cu iy HH I 253 S B S L PR AL PR 5 5 A Zn-Ti SR AL ) D P I 25 e B s R e i 51
LS B2 ORI R SRURE ) IR o SRAIIETTE AR 0 2 Cu-Zn-Ti B &S ML, %
THERIOCHBAE T 46 AP RERLEE /N H A 2] SRR, X i i) Cu-Zn-Ti 25 A
AT (Cu: Zn: Ti=1: 1. 1) FATIEPRAL. JTuRASTADCEIHEE . AT R fiR
T Cu-Zn-Ti & AW 26 T iR AR S R AL S R

2.1 MRERE

2. 1.1 MG

FIKEEIRE (Cu(NO3),-5H,0), Fr#irdl, T B2 L BN FAE R A A
NIKETHBREE (Zn(NO3),-6H,0), Zr#fral, 18T E 254 FIA 2G5 A IR A .
PUELLER (TiCly), 43#ral, TF L kil R R A A .

EhiR (HCl, 36.0~38.0%), fh2z4l, M+ EZ LR AT ERAF .
ZEME (NaOH), Zrirgl, W+ EZ4ER A A RA A .

ToKBREREN (NaCOz), hgkali, WF RSl S G R A

2.1.2 AR 5B

TER s (iR SRR A IR A F] S10-3)

HAETERM (Ri—EREERERARD

g (LSRN & A IR A FD

pH it (METTLER TOLEDO FiveEasy Plus)

X HHERATHMX (Shimadzu XRD-6100)

YR SHAHH4E (FEI Inspect F50)

YR SHE S 4 (FEI Tecnai G2 F20)

F AT > X (Micromeritics ASAP 2020 PLUS HD88)
AN WL e BT (Shimadzu UV-2600)

X B H T REiE{X (Escalab 250Xi, Thermo scientific)

2. 1.3 Cu-Zn-Ti B &AL %%

KLUV 4 Cu-Zn-Ti A F M. B4, FREL 0.01 mol Cu(NOs),-5H,0,
0.01 mol Zn(NO3),-6H,0, A1 0.01 mol TiCl,/HCl, M T 200 mL =5 7K. Kz
TOZ AN BEH 100 mL 0.2 M Na COg MR I =2, RN 1.7 M NaOH ¥, 1
pH {EIRFFAE 8.0. FRAEISFRE P R I ES I FE, R HBIR G5, F Cu-Zn-Ti IRE
VRN SE RS (8 F MK Z B8R IR 80°C, REF 20 /i, ATk, BALEEH S,
5 BTG BB R B R, RRGE A TE, BEE 3-5 k. 1E 80°CTFHZT /%
12 /NI, R FISESEH R AT B, B RIE AR R, BREN Cu-zn-Ti B A AL
IKEDHT R o K Z K-S VI RT IR AALE 400°C TR 2 /NI, 45 B34 (il 448 K, B Cu-Zn-Ti
HHEEMN.
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2. 1.4 Cu-Zn-Ti B &AL RAL

FI2E4 Cu-Ko 48R H) X SHAT5HY (Shimadzu XRD — 6100) 5% 20 7£ 10-80° A K X
STERATET % - B3 544 Fa s (FEN Inspect F50) 137 4 464 3% 5t HL4% (FEI Tecnai G2 F20)
i s EEAE S s EE . H R I ARAFLER B 40 Hr 4% (Micromeritics ASAP 2020
PLUS HD88) il ¥ 5t U AR . ] Shimadzu UV-2600 #4448 4] WL 43566 BE T 5 A i )
SHNET WO . TR B ARBHML (Al Ka, hv = 1486.6 V) K XPS Jt:HL T-AEi{% (Escalab
250Xi, Thermal scientific) 733 X 286 T REVE, ATfS 6k LA 284.8 eV C-1s 2k JyFd it
ITRHE

2.2 Z£R 5718

FFAF Cu-Zn-Ti A FIREICH, T —FRIIRAE, 055 X SERATI . 44l -5
i AT R X M T R RIS O T e . AR B AL AT T
BRI

2.2.1 X HH&A15 (XRD)

Cu-Zn-Ti & B KK ERTIRAR R XRD 204145 B an i 2-1 flion. PIFRE S AT
SPIGEnR AR AR TS, ULBAAE S I R IR RAE R TN . EUTIEEAF 2R Cu-Zn-Ti KA WHT
IRAR 2 Cu(OH), (PDF#42-0746) Al Zn(OH), (PDF#41-1359) 4/, i&ftEA /D& Zn-Ti
B EENYRGE S LA TiO,. 75 400°C NIBEEH /M5, Cu-Zn-Ti /K& W HT SRR F5 4k
9 Cu-Zn-Ti E&EAM4Y, Bl Cu(OH), A1 Zn(OH), 1k CuO (PDF #45-0937) #1 ZnO
(PDF#36-1451). b4k, SZAFHP) TiO, N K, BEEE MY Zn(ZnTi)Osn Zn,TiOs
F1 Cu,TiyO E . CuzZnTiO, (PDF#49-0365) AT e I 5 iz I VL L fE vy, (HA2 T
HBUWEME M, HATHERER 2-1 P TR .

= Cu(OH);  AZn(OH), w¥Zn(ZnTi)O,
. + CuO AZnO ®Zn,TiOg

* "
:«A o Cu0-H,0 +Cu,Ti;0 @ TiO,(R)
A -

e’

*
A

+
*
A
%,, . , *& + CuZnTi
ot :
i P

Intensity (a.u.)

10 20 30 40 5 60 70 80
2theta (°)

& 2-1 Cu-Zn-Ti B A€M R KEWETIRERK XRD E

2.2.2 AMHETFEHE (SEM)

£ 500 nm FIMEE R LT, Cu-Zn-Ti & & AW1E T H o S A0S Hh 0 0RL 45 F4 F RS
538t (EDS) & 2-2 fiss. Cu-Zn-Ti H&8 MW AAREMR . fEReik i, AR
EPBASILE T Cu M Ti A, £ ReRBBRIL T Zn KFE. SRS &R T
F 5y Cu (10.48%), Zn (9.29%), Ti (9.98%), O (43.23%), DU ELBIZ N 1:1:1:4, Uik

%7 00k 330
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Cu-Zn-Ti B &EMYLL CuznTio, M RAEAE, A FRR" N CuO/ZnO/TiO,, X5 XRD K%
Hred A

Atomic
27.02
43.23
9.98
10.48
9.29

SU8220 10.0kV,8.0mm %100k SE(U)

& 2-2 Cu-zZn-Ti E&EAMK SEM-EDS E

2.2.3 EHHETEME (TEM)

% T A G E 2-3 B . A 2-3(a) KB Cu-Zn-Ti 52 & E A5 AN ) Fr
RGPKBRL, FARZIN 10 nm, HHIEI R . IE 2-3(b)#) Cu-Zn-Ti &AM =5 1
S FR B AT L2 H AN [F] < 8 S A P 1) i s 2R 2. R B AR i HH ) B T TRTFE A 0.253 nm,
0.232 nm A1 0.231 nm, 435I%} R F CuO (002). CuO (111)F1 CuO (200) 44T . HhAk, FTHHE
#F 0.248 nm. 0.232 nm #1 0.225 nm 435l %} 5T ZnO (101), Cu,TisO (422), #1 Cu,Ti,O (510)
B TF o 2% i TR0 ) B2 L 92 () i T Ay T 2-3 e ] 2-3(c) A (d) 7 sl A — o X3k )
Z G SZIX 3 Cus Zny Ti AL O By At idl. af LRI, 7ERE 7 X348, Cu. Zn.
Ti o3 Aa¥5), UL TR s AR S — 1t . AEE SR 0 AR K& Cu Al Zn (X3 (BRI
E#S, RoAn 7/0ER Ti, SALTES MR, Ti A Cuy Zn [FRf
TSN -

(a)

Cu,Ti,0(510)

0.225 nm
3 . Cu,Ti,0 (422)
740.232 nm

S00nm

& 2-3 Cu-Zn-Ti EEEMNHK TEM B
(@ TEM KEl; (b) mi43#E TEM K5 (c)-(d) TEM B J Xt BT &R /0 AR

%8 1l k33T
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RALNE Cu-Zn-Ti EGRHMEXFREZNMR

2.2.4 RN (BET)

Cu-Zn-Ti EEF AWM N, - bR 26 an & 2-4(a) Fira, 23R IV BUEER 28,
A WA Hy Wi 28, 3R B F RBURLAE S FLEBR S M AR . fiZ il 264 57 Cu-Zn-Ti &
EEAYI BET ELR RN A 145.8 mlg. Cu-Zn-Ti &8 AL 44 it 28 7T 85 % N,
M - B b 28 HEAT BIH AR5, W& 2-4(b) iz . 45 BB, %08 B FLAR 20 AT T 5
4 2-100 nm, HrAFLL2-20 nm JEZ, WEEHIE 3nm LA, ALK ARTEE)T, f#15
SRS AR TR R T e e 4

(a) (b)
400
) 0.002

o 350 J 2

- | E

»

o 300 h < a

§ 20 ﬂ !

< i

8 2004 iy o 000144 W

=] /.., [+] ‘.

5 150 a

m ] [=} "l.

2 hd .y

= 100+ % —g )

c

g 50 .,.-I'."' -\‘H'_‘_'_"‘"—-—-—._._,__________‘_

C I-"'._."-._ .

0 T T T T T 0.000 T T ¥ T T ¥ T

0.2 0.4 0.6 0.8 10 0 20 40 60 80 100

T
0.0

Pore diameter (nm)

PP,

A 2-4 Cu-Zn-Ti B & E NI FLER 10547
(@) No W Bf-Reb 52k (b) fLE A

2. 2.5 BAHM] WL E1E (UV-Vis)
Cu-Zn-Ti 8 EMYRLAMA] WSO G TE W B 2-5 Afzs . £E 200-300 nm A, WROGER
. 1F 300-380 nm P, WG PR . 7E 380-800 nm PN, WROGREE 4R, H 2 R KIS
RIBWIRGE . Cu-Zn-Ti B &8 W] W6 XA B i, 15 B HAG 2B v W6 XA #4796
T A R R R N
2.0

1.5 1

1.0 1

Absorbance

0.5 1

0.0

T T T T T T T
200 400 500 600 700 800
Wavelength (nm)

& 2-5 Cu-zZn-Ti E &8I UV-Vis i &

T T
300

p=1
H
p=1
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2.2.6 X B FaENE (XPS)

I X HHEOEHETRERE, T LAXE Cu-Zn-Ti B &8 & A0 B E AL A ST
Cu-Zn-Ti B &E AL XPS REUNE 2-6 Atz . Ti 2p X3k HUEL T 263.9 eV F1 458.1 eV
W & 2-6(a)), 43315 R F- TiO, 1 Ti 2p1y 1 Ti 2pars 5 TiO, 11 Ti 2p Arvhitt 56 4 — 5?1,
YA Ti EELL TiO, TERAFTE . Zn 2pyp F1 2pgp X B B 53514 1045.7 eV 1 1022.6 eV

(] 2-6(0)) . — B HEH T, ZnO H Zn 2pap WA T 1021.6 €V, Zn(OH), K Zn 2pa, V47T 1022.6
eV, (HJE, BB B, 45t 400°CHEE, ABMMASTE. Ik, CuznTi H&HLL
AT B 2 B R A A O R, 206 VAT R T I A P i T A (Zn®) PO, il 2-6(c) T
Cu 2pap HEEI T 4324 934.8 eV 11 933.7 eV Wi, DAAIXE A7 T 944.1 eV Fl1 941.5 eV
FIPAA DA, —Mkil, CuO ) Cu 2ps, EA7F 933.5 eV, Cu(OH), 5% CuCO;3 1] Cu 2psp
i 934.7 eVPU, 53%F Zn 2p WEII TR, AAMMASIEAE, FTLL 934.8 eV ALH
CU 2Dy VAR T VA R T A4 P 88 7234 (Cu®™)o Cu (Cu LMM) [k aO s & 2-6(d)
B, RAE 917.1 eV L T — AN, X RTF Cu(ll), R 8 Cu-zZn-Ti & E L 8L Cu(ll)
FIAEAE, X5 Cu 2p BRI bras A& .

(a) 45;5-‘ Ti 2p (b) Zn2p

1022.6

Intensity (a.u.)
Intensity (a.u.)

T T r T T T T T r A ; ; ; ; . .
470 468 466 464 462 460 458 456 454 452 450 1050 1045 1040 1035 1030 1025 1020 1015

Binding Energy (eV) Binding Energy (eV)

(C) 934.8 Cu2p (d) 917.1 Cu Auger

o

Intensity (a.u.)
M
Intensity (a.u.)

950 045 940 035 930 925 922 e | 918 o6 94 912
Binding Energy (eV) Kinetic Energy (eV)
& 2-6 Cu-zZn-Ti R &S XPS & HE
(@) Ti2p; (b)Zn2p: (c)Cu2p: (d) Cu tREIE

2.3 KREIN,

PL Cu(NO3),~ Zn(NOs),~ TiCl/HCI 24 Cu. Zn. Ti FIRTIRGAR, FILUTieikdlfs 7 Cu-Zn-Ti
GREY, BBEER Cu-Zn-Ti EAEMY . Cu-Zn-Ti & E M= A T FrRgK
Wik, RRZN10nm, FHRIEBS, FELLCuO. ZnO Ml CuznTiO, KL RAFAE, I FERE
H/LER Zn(ZnTi)Osn ZnaTiOg F1 Cu,TisO. EZE &AM KE /> XA, Cu. Zn. Ti
SARYIAT, UREH TR S AR — . (HAERELE A Cu A Zn BBk, RaAma b
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&2 Ti, WIHELTIE SRR B, Ti iTeeAY Cu. Zn AR TEEEM. 1Ak, %0
AT R o ZE DL AR T AP AE, TR AR ) LB I A7 AE , RIS B A AR UL
PERT o ZFE L LA A E HE AE 2-100 nm, Bl 2-20 nm o3, WA HILAE 3 nm it
HFLRIRFL A AYE ), A AR 2R T W] 5 S i 7 7 ek b4, Cu-Zn-Ti B&EULYIE
A LG R R RIS, AT WO BTG A B 26 PR B B S N AR A T R AR R
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FZF Cu-Zn-Ti EEFHMAIEILIERE

A T M A 7E A A TR 22 (0 e FA P [ A v i SO B2 L, DI Cu-Zn-Ti B
HEAYMHELFEA R (190°C-260°C) T K ZTE B M E M, JFSHFRNRE T
(1 A T 280 L S I P EAT B, B i X Ol v A P P 2R B S B (U R
BERALR . BT RCR MR E MRS HEAT 1A

3.1 MRERE

3. 1.1 Mk 5G]

TAEAE (SiOy), srMrdll, W TR IL- AR A A TR A F

AP, oAral, T B R AR A R A F] .

HEE (CH,O), 7r#rdd, T EZAEBERFIER AR .

3.1.2 IX# 5 H&

T VR (P #47F CEL-HXF300/CEL-HXUV300)

FMART (VLR S E D e F g FL2R ) 9200-X@21-X600)

EEHE (L= RS E R A D

REREE R (LRI R S A2 A PR A 7] S49 32/MT)

SRR CRgRM AR 3 A TR AR GC9800 %Y, TDX-01 HAFE)

R AR g4 (Shimadzu Essentia SPD-16, C18 %)

ZLAN %A (CEM DT-980H)

WK 3-1 s, & Eiinsh RS G20 4t B - 7K IR A i Rk R R GRS
SIHTHI AR R . R RSt R RNAEE . TiEe (200°C) AUl ELEE S GEHIER
SR M. SEER G EE, DS RE. RN EENAERN 17 mm AR, LR
J5E el B F L B P ] KT OEIRANIN AM 1.5G JEYE A, RRRLK B I i E P i T LR
SHEEMEAL L, HRS 30 B0E AL — S EERE TR (4 cm?) (OB 100 mW/em?.

S—

Heater band ))

[~ Preheater

Furnace

Fixed Bed
Reactor

Xe Lamp

e

Condenser
K 3-1 EREERE

212 o 3k 38




B X ERALE
e/ SHANGHAL JIAD TONG UNIVERSITY [RALNSE Cu-Zn-Ti EAEHIELRBEEZNMR
3. 1.3 ARSI A & AN AL AR 1% 58 5B 1 2 BR
B EAEE . AR AIKIZE R 30:30:1 JRA, TERGSRIRYY, R B E A 5
R A . BB 30 0Bt E, SRR & AR A SEAE A AE I vk b, HEATHELE,
fEH NG . FRIRFRE 30 70%h. F S bl el A & = SR I A DA A JChE in A2
1100°C, fR¥F 13 /N, flz B —H Ak, & o a2 R T B LS RS & T4 5%
BN AR (1.6 cm x 0.8 cm) o S RER T B 68 SO T, AT R R
JF IR
FREX 15 mg LA A, IO\ 2 mL 257K, A 15 20 8h. dREL2 PR S IR,
g3 2-3 YU AR TR, £ 70°C NN T, 1830 BUa A 1 SRR .
3. 1.4 AL IE PNt
P HCE 15 mg AEATR AR I AR RS TR E T A . LA 30 mL/min [
) SIS 2% PR IBE NG DR 1 B 07 28 B P ) 4 o <Ak - 30 408 i, o S i % 22 10 mL/main,
FH PN # S R8s BB IR T o TR AR AR BN 10% 1 FEY - 7K IR G i 8 et v e S v 2R
PLS uL/min FEEBEEN N 289 . 15 4B EFT R, AR (AM 15G) HRETE
AR . REAMERNES, PBSEYw 2SMENE, 7S ', &/ ke —
o WARF=WIREAA B EE, NS5 A5 37 R = G €l o A S A T 20 i o g HAh oED's
F (UVeutd00nm. UVceut420nm. QD350nm. QD380nm. QD420nm. QD450nm. QD500nm.
QD600nmM) Z T AM 1.5G 36 b, AT ARG R T B PRk
3. 1.5 RMETFRERIIHE
B i B I R s 7 2 0 L e IS N 1 = A 2 OB RE S U . TR KT
A E, RUET AR LOET LT ARG H:

T, R OF

& T2 = _
W TR T (3-1

y wr _ JEER OO x K )
NG = I (32)

3.2 R 578

3.2. 1 R EFI AM 1.5G SRS i 2 00 288 S5 8 FA) 52 il

7E Cu-Zn-Ti E &SI F 2R BRI GiE b R 2R R fE T, F 27
& Hy Fll COp, FLEUHIR L0 311 X VA SEREEA TR I, i AT /1 82 1) FHR s AR R R A it 7 250°C
LR, JLFEAT 4 CO, HikfFMEAZE,

(LD A5 &

7 190-260°CN, #:T Cu-Zn-Ti 5 &AM AT (1) H i 7575 3 88 s B AN v b FE B 2%
REBE S NIAE 0.5 /N B 1 /NI B B AR vE e, BB T R s e 3-2 FioR. 7E
ERAER, 190°CHI 200°CHY, JL-FRAEASAER, A&7 %9 0.04 mmol/g/h F10.08
mmol/gth. MR EJFZ 210°CH, &A= &2 2] 12.78 mmol/g/h. 220°CH}, &A=& 5%
$2F % 76.34 mmol/g/h. fE 220-260°CN, BHIRFEN FF, =& PR, EAHE. 4
HeREM GBI NG, Cu-Zn-Ti EAEMADEAFIIE 200°CHI T EEyE, A~ E R ERTIE 50.57
mmol/g/h, J& % I5E A NG /S 7 &1 600 £ % . 210°CH (A S B4 76.19 mmol/h/g,
FEAZIRE ARG S B 6 5. 7E 220-260°C Y, &/ 77 B E ) ETHE i BTt
W v 1 [FIRE A ISR A =

N BN RAT MR, 7E 190°CHY, BB, Cu-zn-Ti & E ML FItA
Redliftb; TMAE 200°CH! 210°CHY, ZMEMFIBOLIEIL, S 7B RERIA . MAEREYkL:
Fhir, ARG R S R B 1 2 AR AN s, (B BRI R A LE (e R
o 1£ 210°CH, i fh B I 2 8 S R 5 0 FR I o 8 g B (R LS B 2 (K, 1R
oS3, B 210°CHE Mt I S

% 13 v 4t 33
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120
Il Thermal catalytic process

= [ Photo-assisted thermal catalytic process
< 100-
2
E

80+
E
c
=
5 60
=}
ie)
e
o 40+
c
[J]
g
= 201
E\ | 0.04 0.07 0.08

10

190 200 210 220 230 240 250 260
Temperature (°C)

& 3-2 &F Cu-Zn-Ti BEEMMENFINFEER KN RETEE

(2) HEEFEALR
WK 3-3 Fion, 2T Cu-Zn-Ti &AWL & BE 2803 ERE RN, CARIE) 1
HIEE AL A AE 190-210°C AL 0 (IR T 0.5%) o il f% ETHE 220°CH, HIEEHEAL AR
FRTT & 43.42% . 11 220-240°C P, H B i A0 2 B IR B2 1 b b, 7F 240°CHY i 2] 57.89% .
7E 240-260°CHN, HIEEHAALZRZHT &, F4% 50.80%. oA iZ20fbiasi R IR, RSB
W, (EALFBA ATE, MU R TR TR R, AT RE R A kL, SRR
li B AL 2R A BRI
TEDCHE A B E 8 e S, 190°CH Y R 46 AL 3R I, A 1.00% . 200°CH1 210°CH
F AL R T B 2 TH 28 18.70% A1 49.43%, 2 [R]— il P& AN I AN f) FH R 4% AL R (1)~ 110 £5 A0
~100 5. BT LA, DG IR 3 25 158 T R B AL R, Sl 1 B IRIRLRE T PR ) v U AL 7 220-260°C
W, HEEE AR FRE 7E~60%, X5 AN T IR SAA I, wTae ) IR 2 s A2k T 4
WKL > B . 7E 210°CR, i FF s 25 35 8 s S AR R0 P I 2 95 B B8 I v ) RS 40 3R
IZEERR, CERBRNEE, I 210°CE it MR, X5 ERINE S &
(AR A5 3] 1) o S I B — Ko
BATE 210°C 15 26 TE 10 H B 2R S A0 B A B AL AR T[RRI
REHCIRIEME (R 3-D
704 [l Thermal catalytic process

1 ] Photo-assisted thermal catalytic process
60

50

40

30

204

104

Methanol conversion efficiency (%)

0-
190 200 210 220 230 240 250 260
Temperature (°C)

&l 3-3 & Cu-Zn-Ti RN FREER KK FREAELE
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& 3-1 TR T AR E R RN KGR R H AR

AR

FF (o0}
AL EIE R SN 2% A bikE S Sk
AR RN
(210°C)
10%Pd-TiO, ~100% 20% 80%
10%Ni-TiO, 2838 h; ~100% 17% 91% [31]
———————— 4%H,/Ar, 350 °C, 1h

10%Co-TiO, 75% iz K ~95% 17% 45%
10%Cu-TiO, ~90% 9% 45%
Clp 75Al0 25 10% H,, 250 °C, 1h 520 FI /K 2 mmol/min  15% ~0% [32]

1:1.3 HEEIK; [33]
PdZnAl/Cu 33% H,/N, 300 °C 0 0% 0

27629 mL/(g-h)

) 50% H i/ 7K 0.1 mol/mol [34]
Nig»-Cugg/ZrO, 5% H,, 350°C, 3h ) ~5% ~0%
20 ml/min Ar iz

HNEE R 10% Ho/Ar,
i 2 25961 /K

Cu-MCM-41  550°C, Shy JRfrid o 100% 53.9%  4.6% [3]
J5 5% H,, 350 °C, 3h
CuPd/ZrO»m  70% H,/N,, 240 °C, - - ~55%  ~5% (361
_— 66.7% T E/K

CuPd/ZrO,-c 2h - ~10%  ~10%

Cu/Al,0, 50% H,, 450°C, 1h 250 FFL /7K ~55% 30% - B7]
_ 10% /7K

cu-zn REE (0,005 miminy; | 494%  ~0% T AE

N T . mi/min); 4% ~0%
HEMY ] mmol/g/h -
10 ml/min Ar

3. 2.2 JEHERhSNT R 7 25 B S L ) 2

£ 2>400 nm 1 A>420 nm [ 7] WHEHEE T, Cu-Zn-Ti B &S EALFITE 210°CHELH
W &V A/ SR WA 60.62 F1 55.38 mmol/gh, &4t (AM 1.5G) TS &
1) 79.5%7F1 72.6%, =AIGHRE IS 7R 4.74 5801 4.33 £, UiEHLE 210°C K Al WIGHED
g Cu-Zn-Ti BEEEMMEAT, LIS RU=E, XA EIRxE S E R4 nT Wk
WA A (B 2-5),

210°CH, Cu-Zn-Ti EHEMMTERIEK GRS N b= AiE g 3-4 . 18
350-500 nm PN, FEEEEHIHE R, 7F 500 nm BHAF|E K, A 53.71 mmol/gih, £ 600 nm Y
R, FEE FREE 30.33 mmol/g/. FHIERATHEDN] 500 nm fr 0 40 7 1035 AR fef:
TR S, BRI B T &, BRI T iE (B 2-5). HRKEKILRIL R
T, JCINANRE, AT A R TR B AT, R VR E R ) . B4, Suljo Linic
HRAHRIE, AT TR 2 T 55 B8 AR08, 554K Cu-ft 274, 1% CuO ib Rk Cu, $2
S S PEANE R ECE T CL, S R (6 78 R I 0 S R P A R R — A
BT,

% 15 u{ 4t 33
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@) XY FELILY
B swancrnL WO ToNG UvERSTY BIHSEM Cu-zn-Ti BAFLDREL PR ERHHR
60

504

40-

30-
20
l
LI 150 B9 BE BN
350 380 420 450 500 600

Wavelength (nm)
Bl 3-4 Cu-Zn-Ti EEEMMERRFE LR THEL-SE

Hydrogen production (mmol/g/h)

3.2.3 BMEFRE

K55 O AR LA AR 5 3R, FF 210°C B Y63 1k FF I 275/ 5 38 S S Ao 0 F I 7%
TRE R N P Z A NEEER, AT E AR R RR M E T, 210°CH, AN
KR EFRERME 3-5 Fia CRHESTOLRE £ IUE R —5KEIH). 7E 350-600 nm I3
KGR, 28T RCRBE R K TN . 350 nm R R W& T RCR s, =ik 92%.
£ 350-420 nm yuFE N CFRAMEIXD, RWE TR FREEE, 420 nm R E T RN
N 24%. {F 420-600 nm JEHEIPN (AP ILGIXD), R ETFRCEE R REAAN S, 600 nm FHI#E
ME TG, 6%, %A 5 Cu-Zn-Ti E &8 AN IIWOE B BE K 125 1 35k
eh, FTLARUCATE Cu-Zn-Ti A S RIBGE R P I BT e #8 el DA R, DM bigtk
FH i B

100

- 80

- 60

40

Absorbance (a.u.)

- 20

Apparent quantumn efficiency (%)

0.8 T T T T T T T T T T T
200 300 400 500 600 700 800
Wavelength (nm)

& 3-5 RME THRAPOLEREER KA E
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</ SHANGHAI JIAO TONG UNIVERSITY BALTEW Cu-Zn-Ti EAE MR HREEENMHSR
3. 2.4 A P R B S AR E

210°CHY, F:4 Cu-Zn-Ti ARG F I 8 S B ) 0™ A A
3-6 7 o ££ 32 /NE S GiF A S B, S EAERT 1-3 N/ AT, 1551 76.19 mmol/g/h,
M5 18T R P28 E, F87E fE~40 mmol/g/. %R H L] Cu-Zn-Ti &AW HEAL )
JF AL IEE A R AR OB TR B RGOS S CERAR IR R /52— 5@ I TRl 2008
1-3 /N MGG G, iEVEEET MR E, ATRERE T OSSR AR A A R AR T AR
o FEIRBERDEREMIILRIIE RS, BBz S A A R IR, (A L4
Pi—AB AR, B OB T Eh .

N T T CHACAEREAN B RE T R B, AR5 32 /NIRRT, AU R RERD R RE T
~10%, (EREALREETIRIRES, E/RZ00 13 M NE S BIEEARFFAE . XU, 1EY]
IRROGIE )G, RS BOGIRIERIFA R . £5 45 M TFHIT, S BRI 2R
AT, A E BV ER SR TRE, WHDERER SR T iZR &R
BB RE. XU, R AESRB, ATCOEE B ERIEHE, OREERRE B AR Tk
PR RRAS AN 200 S R A A S R

100
_ 210°C
go“ 1T = Light off Light on
o] I
% --wfﬂ_w
.40 - e — —
_.iﬂnzo -
z
0 T T T T T T T T T T
10 20 30 40 50 60
Time (h)

& 3-6 JaiEH Cu-Zn-Ti B &SP EARER N HERE

(al eCUD  +CuTLO eCe® (bl Znzp

Intensity (a.u.)

Intensity (a.u.)
L]
» »
.
. " * "
.
13 -
.
» 3
: 5
: - 8
. ]
A A .
%
0 . g

CuZnTi
W0 20 30 40 50 60 70 80 1050 1045 1040 1035 1030 1025 1020 4045
2theta (°) Binding Energy (eV)
(c) —_ (d)
i CuZp Cu Auger
: 916.3
3 3
5 5 / :
= z 7
“ [
c g —
E E / S
-u-u—\.\_,_."'-r ; .
8950 ﬂt;ﬁ sllﬂ Eiﬁ 9:'9{' 925 92‘0 !1‘5 9';5 9;11

Binding Energy (eV) Kinetic Energy (eV)

B 37 RELIEH Cu-Zn-Ti HARHAENANFRIE
() XRD K; (b) XPS-Zn 2p K; (c) XPS-Cu 2ps, [&l; (d) Cu ki it
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@) X FRAY
OB SHANGHAL JIAD TONG UNIVERSITY FRILAEN Cu-2n-Ti EAENIRKPESEHMR
SBLRT Cu-Zn-Ti A E AN TG (0, [N S5 12 A0 TRAE S B €0, B I A 000 i
XF SN S FORE Al EAT XRD 430 (B 3-7(a)), KIL Cu(l)FSC I 2%, Cu(0)fug B,
WA T AE S B I FE R 434 5 o X6 B S FRRE di iR AT XPS 43 AT, 76 XPS-Zn 2p B (B 3-7(b)),
1021.8 eV HHL T —/M&, $LH Cu-Zn-Ti & & E LTI b OB FA8EE(Zn? D #4kh ZnO.,
7E XPS-Cu 2p K (& 3-7(c), & T AT 943.8 eV #1941.3 eV HIHA TR IELL K A7 T 934.8
eV IR T4 (Cu?™) [, EEAIEHBL T — M T 932.6 eV KU, ZIEIHA T Cu(l)
8 Cu(0). Cu HMEEHOLIGWE 3-7(d)fiw, R 7 — T 916.3 eV By, XK T
Cu(l). rbk, FE6TEAL I R, Cu-Zn-Ti B& FUYEA I TR Cu(I)BGEE R T Cu(0)
Al Cu(l). HAZ, FERLME, M3EHEN Cu-Zn-Ti BA AT R EE S P,
HARE, SBWEN. FrLL, SRIFRIEEIR A R, RSB FEAM & &
FRAISA o

3. 2.5 HAEREN M

JERE T DAL A FAEE, S8 Cu-Zn-Ti EEEMW M RERE B, (i H iz
RIS o F AL A AT S TR 1) R FAHiZ A R e T (iR R A, [T 3-8 H
J5 R DX 3837 7 B AR ) — S AR TR 3R T, R R EAT i, oI 1 A X S P 13
R, BHARME TR T .

MR 210°CHS, ZLAMNIRAE RIH) Cu-Zn-Ti &AM RITEE N
211.4°C (] 3-8(a)). JFAT /5 (AM 1.5G BLHUCKFHIG), i Ab 73 i 2 52+ 42 220.7°C (K]
3-8(b)), EE BFt TIE 10°C. A T IR UFMEALFRIZR TS b RIS b 80T i 2 75
HIAMTTER, B ECA Cu-Zn-Ti EEE MY FIN —Fr RS mA A SRR A
S5 R By o) F i B R I N TG A A, (EURT DASR TR R IR o A A A I R A A A
B, R SRR S AR . KRR A B TR, Wi ECE Cu-Zn-Ti E64
AT — T X (B 3-8(c)). RIS HEAFIEE A 320G, BT LAEA Jeis iR,
IEAETHRAEH o I ZL AN A AR P A0 7 2R T B3R B 2 220.1°C, 5 B HE IR AE 8
) ERREE (211.4°C) MHZEAK. BREHF=E & 43.5 mmol/gh, &t B4 RR G107
I 1 7= S B 1) ~57.8%, 3 B IR 5 B0 oy A i it T DA g R 2 VR R AL (R
LI DTER A ] 200, P A B4 50l T masr=a. 46 Ldses (B 3-6), k
B, it EER AT RN IVIGE B, 51K Cu-Zn-Ti E&EMMEAFIRAS, B
W MEFEM B, JerFEERZTHE, 51K FREAR B RE A S 2Tt

(a) «(b) - (c) .
O IR0 RO

211.4°C 220.7°C 220.1°C

&l 3-8 ARBERE T AT HRERE 216
@ At (o) HEAGTUTE Y (c) AT R/ 47 2530 5 1 T ot

3.3 RE/NG

ARFEXT Cu-Zn-Ti B &AL FF BE 28 VR 2 S oy P AL PR REREAT T 72
200°CHl1 210°CHY}, Cu-Zn-Ti E&HEMEAFI AT PR iEth, AR & BEHRT,,
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J2 (AR T A B 2 VR LR N, ORI 1) 600 245581 6 fis; W B AL (R 25 1Rt
fEik 18.70%7H11 49.43%, J2 [ B2 ) 0 HY B 26 VR B 8 IR NI ) | 110 4% A 100 1%
W5 U 4k STt iy, A R IR B IR AL R R A A R 22 AR AN R, (HRE
Pz AR RS EF . BTeL, JRREAT LS Cu-Zn-Ti A AT, TERIKM
RS S R B ) s S R S, BRI T R SO AR AR B R . 7E 210°CHT, JeiEL
TRz 20 9 L R g IR A PP O 728 /R I S PR LS R R B A A e ) 2 S B R, 16 o
N, I 210°CIE N Em R SR B, 34T 5 8Et 9.

210°CH, TER LG (A>400 nm A1 A>420 nm) HIRBES T, SeiF 4k B s o 88 s B ATy Al
R EETE, 226 NH 79.5% 72.6%, ULEAFE 210°C~, A WOGEIAIARNE4L Cu-Zn-Ti
A EHEATIIROER . F 350-600 nm Py FR S T F I 75 VR B 8 e N kAT TR AL, 45
i 500 nm IEXT AR FITE AL SO B, IXRIOERE . JnE. SIS R T 45 3 AL
REER R ILFEEA LA SR T H K THES"E, WJIIFEHZEK FTHRAET
R R B B P ACHE KM/, 227 WO IX (420-600 nm) (R L& T30 % 4 6-24%,
AT SRR RBUEAL, BRI LT A BT AR

210°CHY, 3T Cu-Zn-Ti EAE AN GIE A0 H BE 2877 B OB = EE A7 L BN
TE SN RGBT B, Z 2 A BB e s 4k, 105 15 I T P 2 450 , Fae 78 40 mmol/glh.
TES L JE EEB B, B B GRR AN 218 B s 1 KR PRI CRFRAR 1 ~10%), BRItk mT DAIE
T 8 B R R B A BB BV FE R A 77 BUAR

JEHR AR FH S ZRBUE AN 7T, — 3T, (2 Cu-Zn-Ti E &5 LA
(i J5, FERAELERBIIVIGEH B —RGETHE, (2l R RIS =B, KA
EREAN R, TR RN T SRR ETHR S A LI T m A

L LRk, ARFX Cu-Zn-Ti HA AWML AL B I 28 7R B 8 i B P ) (A v R adk AT
T RGMVENY, AIRFEEFGREFEREE TR E S 8 R BT R e At
1T 7RIS, S HCIIE BT 70T, B, mar 28R R AR R R IR T 9 8
.
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ZPE Cu-Zn. Cu-Ti 1 Zn-Ti EAF YRR

AEHAIA T Cu-Zny Cu-Tiv Zn-Ti B &AM RRAESE RAMEA - E0EE, DA

UEBEFEA L Cu-Zn-Ti & BT RIER, A HmGE AL BARRCR

4.1 MREFE

4. 1.1 #HEHSFH)

FKETHEE (Cu(NO3)-5H,0), Zr#fraf, W+ [E 254 BL 2= A PR A A o
INIKEEIREE (Zn(NO3),-6H,0), Zr#fral, WyT [ 254 Bk ZlFIE R A
PUEALER (TiCly), Zdral, T B i kil AE R A PR A A

iR (HCI, 36.0~38.0%), fh2al, W+ [ 2548 b Sk A R A
SEMET (NaOH), Zriral, 18T E 247 H RA A

TR (NapCO3), R 4l, M+ K2R 7T A RA A .
4.1.2 U 5%

RGP FEas (iR IR A TR A F] S10-3)

HAETRMA (LE—ERAEE R AFD

Bl (RS R & A RA D

pH it (METTLER TOLEDO FiveEasy Plus)

X HHRATHHX (Shimadzu XRD-6100)

BNASWPA CREESEHLA F TP5076-TPR/TPD)

AT W6 T (Shimadzu UV-2600)

4.1.3 Cu-Zn. Cu-Ti. Zn-Ti E-& %ALY BAL K H) 5
5 Cu-Zn-Ti B & EMDHIH| &AL, HILTTEEE R Cu-Zn. Cu-Tiv Zn-Ti EA5% M

YMEALF. 4G, FREL—E&H Cu(NOs),-5H,0, Zn(NOs),-6H,0 F1 TiCl/HCI, K1
T 200 mL EB Tk F SR BN BN 4-1 Fios 8 FR TR SVETGZ T N B 100 mL
0.2 M Na,COq I I =#keiirh, FIH#IN 1.7 M NaOH 38, 1 pH & #4577 8.0, #/Fid
FEr L P2 Sai b, HEIIR A%, £ Cu-Zn. Cu-Ti 8¢ Zn-Ti A B IN5E
YeJE, fd A% BRI AR 80°C, FRTEZIRE T ORFF 20 /N, BHT M. ZALER
i, HEBEF/KIGEEIR A RIE A, RGE eSS EATmIE, EE 3-5 k. 1E 80°CF
FETHR 12 /N, FRRoEEE i SISO HaH TS, MRBEUKEMEER K. KiZKE
VIR ARAE 400°C FHBE 2 /i), 13 EIMI R R A B AR

41 BREEPCU-ZN-TITENSE

FE A FR Cu (mol)  Zn (mol) Ti (mol)
Cu-Zn 0.01 0.01 0
Cu-Ti 0.01 0 0.01
Zn-Ti 0 0.01 0.01

20 7 4t 33
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4.1.4 Cu-Zn. Cu-Tiv Zn-Ti E&E AR IE

3 Cu-Ko 58 B X S ATHHX (Shimadzu XRD - 6100) i35 26= 10 — 80°f#] X
BATH R . S AL CRESERLA 5] TP5076-TPR/TPD) 18 2SS FE 5 FH iRk J5 i 26
Ji} Shimadzu UV-2600 %95 4h-17 I, 53 66 B 0052 B i 10 48 48 1T IIBOR el o

4.1.5 Cu-Zn. Cu-Ti. Zn-Ti EE&E AW = S0 4

EF Cu-Zn. Cu-Tiv Zn-Ti A FAMHEAL AL = S0 PEIRR A B A i 5 5 =
oA, AWM. FESRIANKL, ERZMFIAEENRT, H AM 1.5G
PEIE IR B HEAT eI Ak, Rk S oy 3 UL B 25 il 4 210°C

4.2 ER5118

4.2.1 Cu-Zn. Cu-Ti. Zn-Ti &8 ALWIIFRAE

(1) X FH£AiT4 (XRD)
Cu-Zn. Cu-Ti f1 Zn-Ti EMYIH) XRD 45 Rl 4-1 Fizn. Cu-Zn EA A M4 5
FEw, HUEHTE, WEMTHL A HEE CuO Ml ZnO (k. Cu-Ti E &8 A S: 5 B FAHEHIL,
A5y HEtH CuO W, Zn-Ti B LT A g, 455K,

e CuO ——CuTi
i AZn0 ZnCu
' ——— ZnTi

Intensity (a.u.)

2theta (°)

& 4-1 Cu-Zn. Cu-Ti fl Zn-Ti E4uMi XRD & &

(2) BAEETFTHRAE)E (H-TPR)

A FEE VR R TR 2y, BT LUK Cu-Zn-Ti & E M Cu(ll)id &l
Cu(l)F1 Cu(0)Z X E %, d#id TPR-H, A] LA BIFE i i S 0E SR RIS, 45 A0 HA AS Bl 5L R
)24k, Cu-Zn. Cu-Ti. Zn-Ti. Cu-Zn-Ti EE&E YLLK H CuO ik (F2 7 e S5 ith
L 4-2 Fior. BT Zn-Ti EEEMY), FrE &R S TE 300°C R AT B (1018 IR g,
YU el nT A R T4 R i . kb, BT i T v A PR R o 1 0 T 0 L s
CuO ki (1) R FEAR o 1X A FHILUTIERE i S 7B S /N AR BORE A B A7AE TS 3L ]
Ve 45 BB, H Cu-Zn. Cu-Tiv Zn-Ti E&EMMAMLEL, Cu-Zn-Ti H & E4L7E 200°C
PAF e SR g iR, i85 SR . Cu-Zn B&FMIITE 215.6°CH — M 5id JEid, i B HAE %
W TG #OE R, HIERRE RS Cu-Ti E&EEMY.

XYL, 2SR A 210°CH), Cu-Zn-Ti & A 4840 KA B R 3 PR IC LE 1) &2 & Ak
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i/ SHANGHAI JIAO TONG UNIVERSITY BAIFEEW Cu-2n-Ti E6 S5 iE{(LPiEEEHR
P& H 7 b Tt fE, SBEAS BN FAENESERRE T —2E
iR EE Y, SEBUEILEE K AN

i1
.'I I'
? - ,_,-—-f'j \\-\_. CuZ_n
o
3 __,/’\N\ CuTi
2
0
o CuZnTi
Q
=
CuQ
ZnTi
— : — T — . —
100 150 200 250 300 350 400

Temperature (*C)

& 4-2 Cu-Zn. Cu-Ti Ml Cu-Zn-Ti B FR R TFHEE 8 i 28 &

(3) B4R W EE (UV-Vis)

Cu-Zn. Cu-Ti~Zn-Ti E W) J Cu-Zn-Ti E-& E MW ER o] WU 1E W& 4-3 B s
Cu-Zn AN B, £F 200-800 nm P REFEIOEIE . Cu-Ti B ERAR, £
700 nm I T AN, Cu-Zn-Ti A A NROEELT Cu-Zn A1 Cu-Ti ALY,
Zn-Ti EA YRGB 5iX =& ANA], £E 300-400 nm O 2wl R, JLPBRESE, &£
Sk, BTLL, Cu BIF/E RS S T ol WOLX TR AAMDE X Faml, Nieimfbieft 7
HIB A -

2.0
1.5 5
3
5
8
c 1.0-4
o
0
[
]
0
K
< 0.5 4
ZnTi
0.0 . I " T v I . I v T :
200 300 400 500 600 700 800

Wavelength (nm)

B 4-3 FEEEII RS RBOELE
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4.2.2 Cu-Zn. Cu-Tiv Zn-Ti E&EM AL ERE

F 5 55 = 2 A0 [F (0 77 01 Cu-Zn. Cu-Tiv Zn-Ti EAITE 210°C F = S0m 1, St
LERNE 4-4 FiR. Zn-Ti SEALYITE S AR SR E B S8 #%A B B A= s . Cu-Ti
A EACAE S R A S 171 mmollglh, R F USRI 12 1. 6k kR
15 Cu-Zn E &AM RN, SR N AP BB U MR T T 943 £i%, ik 61.32
mmol/g/h. X EBH, SRR 3 BET T4, X554 T IR itk 45 R £ o P SRR,
Cu(0)F Cu(l) & F R BB EME R, T Cu(I) A 2B, L, & &AM mik J5
Fere AT AR e v gk k. I H-TPR RAE (] 4-2) R RIS, ATDGH, &EE&
FAIIE IR BE F1HEF K ECN Cu-Zn-Ti > Cu-Zn > Cu-Ti > Zn-Ti, X 5 HXF M K 6iF AL i
ARVRER N AT A R X PR, e —ANEEEA R, ERRIIRE T, e
HFK Cu-Zn-Ti EEEMY I Cul)BATRALE R, SRR, Jed 270k FEEa i sl
CO, 2 it »

BEAh, YERLELER, HROGTE LT A B ZnO T LMME N Cu IR, P ROV EIVE
7E R 7835 T BRI 5 o P op D243 DAGIE A 94230, Sl Ad Cu( T )IEJE, A4 ZnO
P FIER . 52 ARX, FEAIEHRESL R, Cu( )M LML R, WA MM AR Zno
Mt EER, SR MCE . HECT Cu-zn B84, Cu-Ti E&8 Wit aiE
RLFHEARE . ATRERI R Cu-Zn B &AMt E & T Cu-Ti E&4 0y (B 4-3). &
FHERE, HET Cu-Zn EEEMWTN S, Cu-Ti EEEMMWH ESHILEEZ, G T
PIANL o TR B LT A o K Ti ST\ Cu-Zn B8R, dE—Dhag 1 = aamte, JtH2
W PEALTE TSR TE 13T 200 £ . @i 55— E ot Cu-Zn-Ti B & E AL XRD F1 XPS
I AT Rl A, ZE RO (GRUTIETER) SEC T SREREEAERIRA TR B, A B AT DL
TR RAEAE T X RKE R AT . B AT Cu(T)E CuO Hf) Cu( )5 5 ik R Y,

20

1 Il Thermal catalytic process
] [ Photo-assisted thermal catalytic process

14, =1 =~
=] (=] (=]
L 1 s 1

-y
(=]
P

= N
o o
Lo 1 .

P
AN
AL}

Hydrogen production (mmol/g/h)
8

-
1

-
.—.

ZnTi CuTi CuZn CuZnTi

B 4-4 ZEREEUINRETEE

(=]

4.3 REING

AFXF Cu-Zny Cu-Ti M Zn-Ti AL P EE 2R BT PEEAT T 7T AR iR
BEHETEAL Ty, £ 300°C N Al g GRS, B RS ) Cu(0)AN Cu(l) ml A R AL HH i 287 E R
RRLo BEAE, HARIAEAE R SR TR IS IX TS ELAAEIX OEl, veiEte st 7R
Wl IR R, Cu(iNBoOtAER IR, WEEROEE A AL, TR SR AR
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S senarun 100 Tow Unarair BAESEL Ou-2n-Ti B A F N EEEEOTS
NI T RS T R RO R R P EE . AN, UERALERE, ORI E N
R, PIE T AEEVER, Fril Cu-Zn E-& S ATE B3 = T Cu-Ti #l Zn-Ti E5 %4
W, (B Cu-Zn-Ti EEEMMRF L T 5008 51 &S a8 wAE:, 2IH 7 &

A2 T
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FRE Cu-Zn-Ti EAFHYRLPAREERNIYIERR

A B J T SR AT AN S e, St BRI AN HR A5 PF T R I 2% 7R B S B 1) S S R kAT
TOrHT, R TORRRAEZIE FE R VR, SR JE 25 S A ) BB 485 KXot S TiE A A A FE AL
BEAT T B 0HT

51 NB/BEFE

F #7534 (Nicolet 6700) 1521 JFAL L1 4ME [ 5 61 (DRIFTS). PLIIE Ay 300 W
(AT (CEL-HXF300, AULIGHT) J9til, LL4 cm™ (#8394 32 . Bbhih B TR
A, 7EZIE T LA 30 mL/min OB NS, PR¥FE 30 28l T e n#E] 210°C, DAY
BRAEALFIR AR A A R 2 SR G, @ 8 - KR AW LA 10 mL/min
RS P i) JE AT St AR N 15 43, LA AN o K A s,  DUEE T SV A e A3t
(IR =P T AR ae 2 MR EAW ) ST ot R 1 o1 O N | B T R A

5.2 BTz NHRALIINE R 5 1%

AEIE 15 B EERUK R, (ML FE BT, R, HEIER (-OCHS,,
-OCH,) ¥t (-OCOH) [ C-H hifiRzh1E 2926 A1 2825 cm™ ¥, HAAKEMF I C-O
FFAE I S #E 1102 cm™t HEBL, OCO (A FR AN AT Fkefiz {6143 )48 1300-1450 cm™ A1 1577 cm™
BB (B 5-1) B geah, KT O-H BiRSD, BRI O-H BifREl, L O-H i
RS, 4 BT 3437 cm™, 3680 cm™ AT 1630 e, H AN K [E IS R B, A
0 5 A i R R,

SRIGHG IR B s, WA %0 O B 25 E R IR TR AR 4k, BIVH I B 280K
FRGSFER A R FTE R, SR AR C-H RriRsh, 7 30 48PN iE
AR, BEAh, #E 1195 cm™t B T —ANHIERER R (-COs) [LEIREIIRIA, IR
It T 1] (RS TR S8 3, X R W 7 IS R PR T AR T R 2 R . 76 30 0 B i Akt A
2926 1 2825 co™ MR ISCHE LT 25, {H 1300-1450 cm™ f) 4% AT SR 1R I 55k

EMATIRTIMACH S, B S BER AN, RILM RSN SRS, Ui
REf 5 AN B2 B A B A 361 o AR Peppley Al Breen BT FT, i LA AL AL B 259K
T P 048,

2CH3;0H — CH3;0OCHO + 2H, (5-1)
CH30CHO + H,0 — HCOOH + CH3;0H (5-2)
HCOOH — CO, + H, (5-3)
CO,+H,=CO +H,0 (5-4)

gi b, MRIEATZLAMNE SO R4 R, BT Cu-Zn-Ti B F i) i 20 S B s ™
WA LR BT . FERRIE RN, HAE Cu-Zn-Ti B-&E 2T 1 FF REFI K120 e fk
JSCHBE B AR TR T 1 R » (HL2 HBRARAE 7% COL AT Ho 0L RER SIS, 3RIH Cu(T)
YO, AT A, 77 E CO, Al Hyo

% 25 y{ 4t 33
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N SanGHALJIAO ToNG UNIVERSITY BERISEEW Cu-Zn-Ti E2E WL PR ERNS

ryd
Fard
H,0 OH
Methoxy/formate C-H Methoxy C-O
OH 3437 Xy 1630 &0
3680 | 2926 with light | <-OCOH -CO,

\ 1577 1195

| 2825
i} 30 min '\ | 1450-1300

in the dark

Absorbance (a.u.)

30 min

T T T T T T T
3500 3000 2000 1500 1000
Wavenumber (cm™)

& 5-1 Cu-Zn-Ti REEMWHIRAL A8 I ek

5.3 RMNHIIE

B FPTESREAE 7] R TG E B TiO,.ZnO 1 CuO & Cu-Zn-Ti E & E AL 1) =Fh
FERNS . oM TiO, KRer A5 BT AL TiO, A, 7BRA 3.2 eV, Fififi1-0.45
eV AR SCRRIRIE, TLARH CuO ISR 43 HIAI T 0.5 eV Al 22 eV, ZnO 15
MR 23 767 T--0.35 £ 2.95 eVEI, CuO BIMEETER, St AEESNEINE Ky 729 nm KI5
AW, T Tio, M ZnO RIS, T UL RS R, T Cu-zn-Ti H&A D
HIGIE AL FR I 7287 B R S S AL AT E ] 5-2 Ron . FERRUKPHYS (AM 1.5G) KIS T,
oA TR AE 2 A = R R 2 AR . TR CuO F S A e A B AR, T
A2 ISSTE CUO WIS A A 5 B4R, Kl 5-2() i, fEIEEFEd, BALE Cuo M
6 A 2 7Ok B e AT AE ) (IR &4, T REEAE CuO SRR T T S
BT HH, PEGE R AL, BTUOREER I TR R = A AR R A4 FL 7K CuOo
TR Cu0, PPA GRS . AN, 7E 210CHIEIR T, CuO i HIEJRSE 51T, H5
FEAE RN . CuO FIMRGTE B8, BRI T 700 nm (AT WO R, % HIE ISR
e R

LG B Cu-Zn-Ti &SI TR B S5/ A P 5-2(0) Tz BERT, Cu0 A2i%E
EE AR LB, R PR AR E R N R EE M P, e R T

026 70 4L 33T
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&/ SHANGHAI JIAO TONG UNIVERSITY FRALAERE Cu-Zn-Ti EAEWIMELRREENMR

P12 S S I3EAT o D6 TR R T IR R AR R, RS S R AR, [F]
I e 2 F R FA S A 70 fi

a Vvs NHE b V vs NHE

Ep

........ - B AR H,

[ - : - (GH,OH+H,0)Cc0, 04 e e ---- (CH;0H+H,0)/CO,
e ip -OCOHICO,

Tio, Zno

&l 5-2 Cu-Zn-Ti REEMYEN P RN E R R HLE
(a) JRADGIEAERE; () e TIRAAE S G AL B b

5.4 RENE

A IEL R LLANE S R B, AERRIESRAT T, N AE Cu-Zn-Ti &R ML
FRIZE I ) FP EEAK PZ AT AL P IR, (B2, FRRIRAE M if 9 CO A Hpy — EOGRERLIIN,
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AR R ) 2 B 5T R & % T Chemical Engineering Journal. B, Z. Sun, S. Fang, Y. Lin,
and Y. H. Hu*, Photo-assisted methanol steam reforming on solid solution of Cu-Zn-Ti oxide,
Chemical Engineering Journal, 2019;375:121909,
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IN-SITU PHOTO-ASSISTED METHANOL STEAM
REFORMING ON CU-ZN-TI OXIDE CATALYST

Researches on the development of sustainable energy have been in the spotlight for years as
pollutions from the combustion of fossil fuels have threatened the well-being of our planet and our
lives. As a clean energy, hydrogen (H,) has gained numerous attentions as it turns into only water
after combustion and possesses a high energy efficiency when used in the proton exchange
membrane fuel cell (PEMFC). However, due to its low density and active chemical properties, H,
does not exist in nature. Several methods have been developed to produce H,, including catalytic
steam reforming of methanol, ethanol or biomasses, electrocatalysis, photoelectrocatalysis, and
photocatalysis.

Among the various methods for H, evolution, methanol steam reforming (MSR), which
produces H, in a high efficiency with little carbon monoxide (CO), is regarded as the most
effective way to obtain H, and has been applied in the energy industry. Cu-based catalysts are the
most studied ones for this reaction as they show a large production of H, and a high selectivity to
CO; with little formation of CO. The little CO content in the obtained H; is particularly favorable
for PEMFC whose catalyst (i.e. Pt) can be poisoned by CO. However, these Cu-based catalysts
usually require a reduction pretreatment with hydrogen in order to reduce oxidized Cu species
especially Cu (I1) to Cu(l) and Cu(0). Besides, steam reforming of methanol (CH,OH + H,0 =
CO,+ 3H,) on Cu-based catalysts is normally efficient at the temperature range of 250-300 °C.
Though the temperatures are lower than steam reforming of methane (~500 °C) and ethanol
(~300 °C), it is still energy-consuming, especially when the heat should be provided by fossil fuels.
More importantly, a higher temperature usually results in a higher selectivity to the undesirable
CO. In other words, exploiting a highly efficient catalyst functioning at low temperatures is not
only of great significance for economical industrial application but also beneficial for CO-free H,
generation.

Introducing photon energy to reduce the reaction temperature and making use of the synergetic
effect of thermal and photon energies have been well demonstrated in our previous work for
hydrogen production from water and carbon dioxide reforming of methane. We suppose that the
introduction of additional photon energy to the thermal catalytic process of methanol steaming
reforming could help to reduce the energy input and improve the reaction efficiencies as well.
Accordingly, herein, a novel Cu-Zn-Ti-oxide solid solution catalyst was synthesized and used in a
photo-assisted MSR system with the aim to study the possible roles that photon energy could play
during the MSR process.

Cu-Zn-Ti oxides were prepared via co-precipitation. The low intensities of the diffraction peaks
in the XRD patterns of the as-synthesized Cu-Zn-Ti oxide and its hydroxide precursor implied the
small crystal sizes of the samples. The hydroxide precursor was mainly composed of Cu(OH), and
Zn(OH), along with some composite oxides of Zn and Ti and minor TiO; in rutile phase. After
calcination at 400 °C for 2 h, the Cu and Zn based hydroxides turned into their corresponding
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oxides, i.e., ZnO and CuO, while the patterns of TiO, disappeared with the presence of very weak
signals, possibly ascribed to some Zn-Ti and Cu-Ti oxides. The absence of TiO, diffraction peaks
suggested that TiO; in this sample should be existing in an amorphous form. Consistent with the
XRD results, observations through SEM and TEM suggested that the Cu-Zn-Ti oxide was
irregular flake-like nanoparticles with sizes around 10 nm, and the lattice fringes of different metal
oxides could be well recognized in the high-resolution TEM image. According to the analysis of
elemental distribution, there were parts with only Cu and Zn but little Ti, suggesting that in a
certain period of the co-precipitation process, the hydroxides containing Ti might not form at the
same time with Cu and Zn. But in most areas, Cu, Zn and Ti were distributing uniformly in the
catalyst, indicating the most uniformity of this sample. The atomic ratios of the elements obtained
from EDS suggested that the atomic ratio of Cu, Zn and Ti was close to the designed value (1:1:1).
The N, adsorption-desorption isothermal curve of the as-prepared Cu-Zn-Ti oxide was a typical
type IV isotherm with a typical Hj hysteresis loop, indicating the irregular pore structure of this
flaky grain sample. The BET specific surface area of Cu-Zn-Ti oxide estimated from this curve
was 145.8 m’/g. The sample possessed a wide range of pore sizes from 2 to 100 nm with the
majority in 2-20 nm and a peaked value at around 3 nm. The wide range of pore distribution with
both mesopores and macropores could allowed an adequate contact between the catalyst surface
and the reactants. The chemical state of Cu, Zn and Ti elements on the as-prepare Cu-Zn-Ti oxide
was examined by XPS. The Ti 2p region in XPS spectrum of Cu-Zn-Ti oxide showed two peaks at
263.9 and 458.1 eV, corresponding to the Ti 2py, and 2psy, spectra of Ti oxides, respectively. The
values were the same as the standard Ti 2p spectrum of TiO,. The Zn 2p,/, and 2ps;,; spectra were
located at 1045.7 and 1022.6 eV, respectively. Normally, the Zn 2psj, spectrum of ZnO appeared at
1021.6 eV, and the peak observed at 1022.6 eV herein resembled that of Zn?* in Zn(OH),.
However, no hydroxides would exist after the calcination process. Therefore, the presence of ionic
Zn (Zn?*") suggested that the Cu-Zn-Ti oxide possessed the properties of solid solutions. Cu 2pg,
spectrum could be convoluted into two main peaks (934.8 and 933.7 eV) along with two satellite
peaks (944.1 and 941.5 eV) of Cu (Il). Generally, the Cu 2p3, peak of CuO is located at 933.5 eV
while that of Cu(OH), or CuCOs is at around 934.7 eV. Consistent with that of Zn 2p spectrum,
the Cu 2pz/, peak at 934.8 eV should be attributed to the Cu®" in the solid solution. Also, the auger
spectrum of Cu with only one peak at 917.1 eV confirmed that the Cu species in the as-prepared
Cu-Zn-Ti oxide were all in valance II.

MSR and photo-assisted MSR on the as-synthesized Cu-Zn-Ti oxide were conducted in the
continuous-flow set-up. The major products detected were H, and CO, with a little amount of
formaldehyde and formic acid in the condensed liquid. The detectable CO selectivity below
250 °C was zero. The sample was used without a pre-reduction process in H,, which is commonly
needed for MSR catalysts. Little H, (0.04 and 0.08 mmol/g/h, respectively) was formed on the
Cu-Zn-Ti oxide at 190 and 200 °C in the dark. As the temperature increased to 210 °C, the H,
production rose gradually and reached an optimal value of 12.78 mmol/g/h. In contrast, when the
photon energy was introduced, the catalyst showed activity immediately at 200 °C, achieving a H,
evolution rate of 50.57 mmol/g/h, which was even 4 times that at 210 °C without light With the
assistance of simulated sunlight at 210 °C, 6-time enhancement in H, production was observed.
Nevertheless, without reaching a certain temperature, the photon energy could not activate the
catalyst (as reflected by the little H, production at 190 °C), implying that the activation was
resulted by the synergistic effect of photon and thermal energies. As the temperatures was elevated,
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the difference between the optimal H, productions with and without light irradiation became less
obvious. But a certain increase in activities could still be investigated with the additional input of
photon energy. The trend of the optimal methanol conversion efficiencies on Cu-Zn-Ti oxide in
MSR and photo-assisted MSR processes was almost the same as that of the H, production rate,
confirming the activation and promotion resulted by the introduction of photon energy at the valid
temperature range. With the assistance of in-situ photo-activation and photon-induced promotion,
the methanol conversion efficiency on Cu-Zn-Ti oxide reached 49.4% at 210 °C, surpassing most
of the reported values for hydrogen production from MSR at such a low temperature.

Long-time H, production suggested that the in-situ activation of Cu-Zn-Ti oxide took place at
the initial stage of the reaction and soon allowed the sample to achieve an optimal activity.
However, the activity went down gradually till reaching a stable status with a stable hydrogen
production rate of around 40 mmol/g/h. The value could be maintained for a long time (over 30
hours), indicating that the sample was rather stable for the reaction. After the initial activation and
the subsequent stabilization process, the role of the light irradiation became less important.
Removal of the illumination caused only 10% percent loss of the H, evolution rate.

As light irradiation sometimes results in a local temperature rise on the catalyst, it could be
doubted that it was the temperature rise generated by the photon energy that contributed to the
activation of the catalysts. Taking this concern into consideration, we measured the temperature of
the holder we used for the test at the side with catalyst under irradiation at 210 °C by an infrared
thermal imager and found that the local temperature at the catalyst reached close to 220 °C. To
elucidate the contributions of this temperature rise to the increase of H, production rate, we tested
a holder with the back side (i.e. the side without catalyst) facing the light. The back side was
coated with graphite powders, which was not active for MSR, to help increase the local
temperature. In this way, the local temperature on the catalyst could reach around 220 °C as well
but the H, evolution rate (43.5 mmol/g/h) in this condition was only ~57.8% of that with light
irradiating on the catalyst side, indicating that though the increase in local temperature could show
a certain promoting effect to the MSR performance, without the contribution of light irradiation,
the catalyst was unable to be fully excited and reach the optimal H, production rate.

Given the confirmed positive effect of light irradiation, elucidating the effective part of light in
this simulated sunlight would be helpful to instruct further studies and applications. Herein, the
catalytic performances of Cu-Zn-Ti oxide at 210 °C under the irradiation of visible light with
wavelength less than 400 nm and 420 nm, respectively, as well as different single-wavelength
light, were also obtained. 79.5% and 72.6% of the hydrogen evolution rates remained with the
irradiation of lights whose wavelengths were less than 400 nm and 420 nm, respectively,
suggesting that visible light was capable in activating the catalyst at 210 °C. To recognize the
effectiveness of the light with different light wavelengths, we estimated the pseudo apparent
quantum efficiencies during the process, supposing that the enhanced H, production was
contributed by the introduced photons. As a result, the efficiencies of the lights at different
wavelengths were in good accordance with the light absorption spectra of the Cu-Zn-Ti oxide. UV
light was the most effective, while visible lights (420-600 nm) also showed appreciable
efficiencies.

To evaluate the prerequisites for the photon energy to play a role in this photo-assisted thermal
catalytic process, control experiments at 210 °C with catalysts comprised of two components, i.e.
Cu-Ti, Zn-Ti and Cu-Zn oxides, were conducted. Zn-Ti oxide exhibited little MSR activity both in
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the dark and under simulated sunlight at 210 °C, whereas light-assisted H, production on Cu-Ti
oxide was more than 12 times than that without light. The promotion induced by light was more
obvious on Cu-Zn oxide with a 943-fold increase in H, production after the introduction of photon
energy. These results suggested that the influence of photon energy was mainly exerted on Cu
species. It has been well known that in MSR, Cu(0) and Cu(l) is active, while Cu(ll) is not.
Therefore, a considerable reducibility of the sample should be a prerequisite for the photon energy
to play its role. To confirm this, the H,-TPR profiles of Cu-Zn, Cu-Ti, Zn-Ti, Cu-Zn-Ti oxides and
commercial CuO particle were analyzed. Except for Zn-Ti oxide, all the samples containing Cu
showed obvious reduction peaks before 300 °C, indicating the peaks were ascribed to the
reduction of Cu species. Besides, the reduction peaks of all the co-precipitated composite samples
were much lower than of that of commercial CuO particle, mainly because of the well dispersion,
small crystals sizes, as well as the ionic form of Cu species which are more reducible. Comparing
the reduction peaks of Cu-Ti, Cu-Zn and Cu-Zn-Ti oxdes, Cu-Zn-Ti oxide possessed the best
reducibility as it showed the largest peak at the lower reducing temperatures (< 200 °C). This
could be one important reason that the photo-assisted performance of the composites followed the
sequence of Cu-Zn-Ti > Cu-Zn > Cu-Ti >> Zn-Ti. In fact, during the experiments, a distinct color
change of the catalyst (from gray yellow to black) was observed after the photo-assisted reaction,
implying a chemical change with the sample. XPS detection suggested that after the
photon-induced activation/reaction, the ionic Zn (Zn*) in the original Cu-Zn-Ti solid solution
turned to Zn(11) with its Zn 2psj, peak locating at 1021.8 eV. More obvious chemical state change
was observed for Cu. As revealed by the Cu 2ps, spectrum of the activated sample, besides the
two satellite peaks at 943.8 and 941.3 eV and Cu®* peak at 934.8 eV, a large peak at 932.6 eV,
which was ascribed to Cu(l) or Cu(0) and not shown in the same XPS region of the as-prepared
Cu-Zn-Ti oxide, emerged. The corresponding Cu Auger spectrum showed only one peak at 916.3
eV that was ascribed to Cu(l), suggesting that most of Cu(ll) in the Cu-Zn-Ti oxide was reduced to
Cu(l) after the photo-assisted activation.

Another prerequisite for the function of photon energy at the certain temperature is the presence
of the reducing agent, which could consume the photo-generated holes. It was found that by solely
irradiating the catalyst without the presence of CH;OH, no color change of the Cu-Zn-Ti oxide or
valence change of Cu could be resulted. That was to say, CH;OH was indispensable for this
photo-assisted activation process. In this light, it could be deduced that the reduction of Cu(ll)
species could be caused by the photo-generated electrons along with the consumption of
photo-generated holes for the oxidation of CH3;OH and its adsorbed derivatives. This was also
confirmed by in-situ DRIFT study at 210 °C. As the temperature reached the target value (210 °C),
the catalyst was first subjected to a flow of methanol and water vapor to reach an adsorption
equilibrium. After 15-min adsorption of water and methanol, formate species were formed on the
surface of the catalyst. Then we sealed the chamber to observe the change of the surface species at
this reaction temperature in the dark. It was found that a new absorption band of carbonate (—-CO53)
stretching vibration appeared and became stronger with time, suggesting the formation of
carbonate species during the process. After 30 min, the chemical states were almost stabilized.
Subsequently, a simulated sunlight was introduced on the catalyst surface. Once the light was on,
the bands attributed to OCO vibration of formate decreased sharply in 30 min with the continuous
growth of carbonate species, indicating the reaction was significantly promoted by the
introduction of photon energy. Namely, in the dark, the methanol and water adsorbed on the
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Cu-Zn-Ti oxide changed gradually to form surface formate but it was hard for the formate to
decompose and form CO, and H,, while the formate soon diminished with the introduction of the
light with suitable energy.

Based on the above results and discussion, the mechanism for the photo-induced activation
process in MSR could be proposed. Amorphous TiO,, ZnO and CuO were the three major
components of Cu-Zn-Ti oxide. The band structure of amorphous TiO, was the same to that of
anatase TiO, with a band gap of 3.2 eV and the conduction band (CB) at around -0.45 eV. The CB
and valence (VB) of CuO (at 0.5 and 2.2 eV, respectively) and ZnO (at -0.35 and 2.95 eV,
respectively) were also estimated based on reported works. While CuO can adsorb light with a
wide range of wavelength from UV to 729 nm, both TiO, and ZnO absorb only the UV light.
Under the irradiation of the simulated sunlight with both UV and visible light, photo-excited
electrons and holes can be generated on all the three oxides. Due the highest CB and lowest VB
locations of CuO, the electrons tend to accumulate on the CB of CuO and the holes on the VB of
CuO. With the presence of CH3OH and water, the holes efficiently participated in the oxidation of
CH30H/H,0 and their derivatives after adsorption (such as -OCOH). However, the electrons
gathered on CuO CB with a rather high redox potential were unable to reduce protons.
Consequently, the self-reduction of CuO by these accumulated electrons, i.e. the photo-induced
activation, took place, especially provided the sufficient thermal environment (210 °C). Due the
wide range of light absorption of CuO, even under the irradiation of visible light with wavelength
less than 700 nm, the self-reduction could happen. The activated Cu-Zn-Ti oxide is with Cu,O as
the major Cu species which is an active catalyst for MSR. Besides, the photo-generated charges on
the activated catalyst can further facilitate the reaction with the electrons reducing the protons to
H, and the holes participating in the oxidation reactions.

In conclusion, the introduction of photon energy in photo-assisted methanol steaming reforming
on a novel Cu-Zn-Ti oxide catalyst not only allowed the activation (reduction) of Cu species at a
low temperature (200 °C), eliminating the pre-reduction procedure that is normally needed for
Cu-based oxide catalysts, but also abled to promote the reaction efficiency. Lights with a wide
range of wavelengths (wider than 350-600 nm) were effective to achieve the two functions with
the synergetic aid from the thermal energy. Under the irradiation of AM 1.5G simulated sunlight,
the H, production rate on the Cu-Zn-Ti oxide catalyst reached 50.6 and 76.2 mmol/g/h at 200 and
210 °C respectively with no detectable production of CO, suggesting a promising H, generation
system under sunlight. The in-situ photo-assisted activation was realized because of the reduction
of inactive Cu(ll) species to active Cu(l) by the accumulated photo-generated electrons on its
conduction band when the holes were consumed by the organics presented in the system.
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