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/R A TEOS : P123 : HCI : H,O : BuOH =1 :
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TR R PR SV IAE 60 C T4 12 h J5 i A8 X
11500 CREEE3 h(1 C - min_]), ZJa 2 mol/L Y
NaOH #WAE 90 °C LBRBiM, Vhidk T 1. il & iy
LN xCu0-CeO, , Horpr x ARRAEAL ] Hh 4] 25
x = nCuw/ (nCu+nCe) x100.

VR WIR Wit 1 il 4 25Cu0-CeO,-IMP i 4L 511«
CeO, 3833 D31 550 CEEHE Ce(NO,), - 6H,0 3 h
Mif5. H k% B 5 1 CeO, A B — 5 & FL 1
Cu(NO,), - 3H,0 il 4 F 3 h, 60 C 15T
B 550 C K5 ke 3 ho il 15 B9 4 AL e R
25Cu0-Ce0,-IMP.

1.2 TR

X SR A5 (XRD) 7 Rigaku 2\ 7] SmartLab fif
S A, SR CuKa 5128 U6 (A = 0. 15406
nm) , JOZHER 40 kV, HLJE 100 mA, $4 #UE
0.03° - s, HHVEH 20 =10° ~ 80°. Lt 3% i X
( BET) M JE7E H A DL R 23 5] BELSORP 11 %Y1
A ESRA N, W R AT, RS AE 200 °CF LA TR
AEFE3 h, DhN, SRR BTAE 77 KR 3EAT B RS2
1. OtH 2 G1E ( Raman ) £ Confocal Renishaw 2%
A1) RM-1000 7 3% #3458 30O Hr 20k AL -9k T
WK, FHRUEA S 514 nm, FH S F D 200 %)
1000 em™", 43R 2 em™ . ALY 259 FITE 5L
FIFH Hitachi 23 @] [ S-4800N %137 % 5 535 49 i
T W4 (ESEM ) AL F1 JEOL 23 /] iy JEM-100 %Y
BT F T (TEM) LS5 5], XPS 5255 f#
Thermo ESCALAB 250 %Y X £} 285 vy, 1 g 1% A
B, LI ATKa YETE 16 (1 486.6 V), REH
IYPER 20 eV, SLEBHRLL Cls SR bR ELS & fENL
2846 eV N EEUER UME. KE 5L TGA 43 Hr 1E
NETZSCH STA 409 RIFAAHHL E#E T, SRA/NUA
TR e A S A TR, AR MR, B
fm P4 10 °C/min PFHEHE, NE R TFHE 2 600 C
LSRR i 1 i i A8 AL L. H,-TPR 5285 7E Micro-
meritics /3 H] Auto Chem [ 2920 | #E47, FREL 50
mg B T AT RN, Joil A4l Ar I THE
200 CHIALFE 1 h, BHEI%E 55 C, ARG HHEA H,
10% -Ar 90% , F¥ 46 2% FHl A Jii 28 900 °C. <4k
WHA S0 mL » min™', FHEEZE R 10 C - min',
K FH TCD £l 5.

1.3 U FIREREIE M

AR AR TR0 T P 00 A T R R g A T

R 1S mm. AL R R 2 o, TS A

WP IR BT RE LG 1 2 10 5R A 53, HCl ikt
2530 3.91 h', 0, 5 HCL BRFEL R 2, ZEATH]
T R HEATIEPEIR, PR 2 b i R P e 2 °C LA
P SE P R A R LA A A R i, A5 L S
BRI W, 4 BIHRY 0. 1 mol + L™ f§ Na,S,0, Al
NaOH AR 7 W0 A R AN 3R R, 114215 344
it

2 R 51Tk
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Fig. 1 XRD patterns of CuO-CeO, catalysts

I CuO MRFAEIE, X RV FILL CuO BB
S HCTE A AR 00 Y 26 T B8 AR 43 AT CeO, 11 i
B kR A AR 40% , 7E 35.5 °f138.7 oAb
PLERAH CuO HAT7 S04, VLB BLAS 3 & 1) CuO 7E 4
RN R IR EE. M8 Bragg Ml S B AT
AR SR FR 1, 4558 BoRbE S &
ARG I R RN B 2, T AR S e e B —
SERIE /N, XA AE R B T TR E NG Cu™
(0.72 A)HEAT CeO, B SbAK s B T I e 4. %
I 25Cu0-Ce0, 5 25Cu0-Ce0,-IMP, HF 25Cu0-
CeO,-IMP 5 81 1 % S B 2 19 &4 AH CuO 1 137 5
130530 e I ARl A AR ) R J8R 4 >k 23 () A5 ) T
W2 E CuO ;s Mk R ST 434, 25Cu0-CeO,
RIFHE/NE R RSE; SZ%L L, 25Cu0-CeO, Jik
/N, SX AT RESE T 2 CuO PRt AT
CeO, Yy fhHg .
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& 1 CuO-CeO, EUFIMEHIIER
Table 1 Textural properties of the CuO-CeO, catalysts

ol Crystal N . Consumption
SBE‘I‘A Dpa © Size" 607 459 reduced amount Of H2 Xcu2+ Xce3+
Samples Parameter /% /C - .
/(m?-gl) /om i /nm /(em” cg) /% ¢ /% !
fresh  used!  fresh  used! @ B a B
CeO, 154.3 6.54 0.541 13.61 16.3  8.45 5.36 - - - - - -
5Cu0-Ce0, 149.9 6.85 0.537 10.25 12.5 10.63 11.63 255.6 329.7 18.9 4.4 - -
15Cu0-Ce0, 147.4 6.94 0.536 7.45 10.1 11.11 10.11  207.5 219.8 30.1 10.0 - -
25Cu0-Ce0, 146.7 6.95 0.535 6.61 8.9 13.54 12.74 184.7 197.8 38.1 24.1 28.57 16.65
35Cu0-Ce0, 141.4 7.25 0.536 6.52 9.1 13.32 10.72 187.6 202.3 34.2 30.0 42.5  19.45
40Cu0-Ce0, 125.5  11.55 0.538 7.45 11.4 12.23 9.23  195.8 208.2 33.9 33.8 - -

25Cu0-Ce0,-IMP 35.4 15.59 0.539 12.51 19.5 9.35  7.35 194.0 206.5 27.8 16.4  33.73 16.96

. Surface area derived from BET;

oo

. Calculation from the peak at 28.4° in the XRD pattern using the Scherrer equation;

. Agy7/Ay 59 calculated from Raman results;

o o

. Crystal Size and Agy;/A s data of used catalysts;
. Surface atomic ratio of Cu 2p/(Ce 3d+Cu2p) determined by XPS;
f. Surface atomic ratio of Ce**/(Ce** +Ce*") determined by XPS.

@

2 AR N, - BRI 2RI BT TR 125.5m’ « g, S I A 3R] £ L B 4
HEACT AR B IV R 2, WAL H A i g AR 1 IR, 25Cu0-CeO, B LK THI RN 146. 7
m’ + g™, 25Cu0-Ce0,-IMP ¥ 35.4 m” - g™, {5i0
REEASEAS A Tl o A HE A R0 T LR A B o 1) L T A

3 JE T A AR ) Raman 3[4, CeO, 7E 459
F607 cm™ 4b 4 BT W 4> Raman §ig 2 i , 43 51 19

Fzg

Volume absorbed/(cm?. g-1)

/L%
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=
) ’\J CeOs
> i
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= H
& ____,J\\\ 15Cu0-CeO,
= T
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Fig.2 N, adsorption-desorption isotherms of CuO-CeO, catalysts

Raman shift/cm™!
[ 3 Cu0-CeO, fiEALHIHY Raman [}
LG AR 19 L2 BRI LA KR T Fig. 3 Raman spoetra of the CuO-Ce0), catalysts
R 1, ATLVEH, S RART 35% i, BRI
il # AT - B FLARAE 6.5 ~ 7.3 nm Z I, L &k CeO, B9 F,, PR3N A0 S0 60 ik
REFNT 141.4 ~149.9 w’ - g7 (MGG W A4l Cu0-CeO, FEALTIRY F,, 35 3 I BEH & it
RE]40% If, HEALRIAY P2 FLAR0 11.55 nm, R OB INZ NG , Hoy 459 em™ KBRS, A
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ZELANK FR AR S0 4353 e 607 em™ il i P KIS
XRWIAH T CuO PIFIHEA T CeO, fs L T
AR I CeO, FRETAAE 174K, T CeO, 1Y
SABRBESE A RIS (L. 455 il A AL R B Ty, X5 R
PRBIEE DL I 25 60 AN R FRAIR Bl e py v i AR, 9
Agn/ Nyso TR FAE MU PE ™, LRI F 3% 1
e ZEREBR CeO, RiMA S LW E N 8.45%,
25Cu0-Ce0,-IMP £ i H S MV HEE N 9. 35%. 1]
CuO-CeO, AT AR i 4 25 (07 76 2 AT e B Sl 119 42
i, Hor, 25Cu0-CeO, 311 4 25 07 ¥k BE d i M
13. 54% . X W REREAR Y BRI A 23 [F] {82 CuO

i, H

YIRhEEA T CeO, ftgHr, MMIERL T 9 2 A6k fa
AR IE g A

& 4 J& 25Cu0-CeO, (1) ESEM F1 TEM FHE5H
. M\ ESEM [&] AT L& H o B R AR 35 o 4
25Cu0-CeO, 2 JLAIK ) JL 140 K 51 i BRCIR 5
A HE AR IR, A L 31 A A 1 0 1 B
LIRS BT SR AR A B T R SR 1) FLaE
TERE e R A CuO-CeO, 1A K AEALIE
AR5 N TEM Bl LI F], 25Cu0-CeO, {1345
—EWA A FLILIE, FW] 25Cu0-Ce0, F4r 4k K
THERAR KIT-6 fyFLiB S5 4.

& 4 25Cu0-Ce0, ) ESEM F TEM [#
& 4 (a)ESEM and( b) TEM morphology of 25Cu0-Ce0,

5(A) AR Y Cu JURAY 2p S
TREMGI, 2076 933.1, 941.3, 953.1, 961.6 eV
Zigidl, HBL4 A ERARIENE. X E )R
T Cu™ fie, T AT S B SR A LA, A

AR R I 5 S BT A R ORE (LK 1),
JITAS B AR 7R) B 2 T 57 4 DR T S e I
A, X — 5 R R W CuO-CeO, i 1 i 2L L
Cu™ I 2AFHE THAL I KT 5 %TH: 25Cu0-CeO,

Cu2p A
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Fig. 5 XPS spectra of Cu2p (A),Ce3d (B) for CuO-CeO, catalysts
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F1 25Cu0-Ce0,-IMP , HH 25Cu0-Ce0,-IMP [ ]
FRURIRR B T 9, X L] 25Cu0-CeO,-IMP H iy K
SR AL IR 2, D B P Rl el e
AET CeO, ShAs . HHELRNN &, BRIKGN K2 0]
Wil £ 1 25Cu0-CeO, H1EE 2 (14 ) F Al BEAEZE T
CeO, MIAHHE T, X 5 XRD (45 R Hr A — 30 B
(B) M &AL 1 Ce LR MY 3d L FREIE
B, Hdru, u u”, v, v VAL I, XEEERIE
W FEE VAR T Ce™ BURFAEIE, T AE u' L v/ H B
W) g T Ce™ MUFRAENE, Ce’ AYAH XS 7 B 1T DL i
w' v LA 0 T RRURD A s T BRLAG AR F, ELR
LRI FE 1. BE 1A ILI, 25Cu0-Ce0, 5
25Cu0-Ce0,-IMP AL, Ce™ AN & & A Frig It
117 Ce™* AAHNT 5 0 B B2 T+ WAL 77 352 i 1 o %2
1) A8 2 r AN AN A2, 00 B PR skl oK 2 [ o 7%
(1) 25Cu0-Ce0, REUETE BUE Z A, X5 Ra-
man [ 53 H7 45 A — 2.

&1 6 S A ik A iy H,-TPR LS, MK 6
ATLVE ], CeO, P\ 300 ~485 °C i il P H B4 55 1Y
g, X AT UH & S CeO, 3504 ) il 1) 38 Ji.
5 CeO, it JFIEA L, CuO-CeO, fELLF YA LR R
PR & A T B E AR, 5Cu0-Ce0, 7E 255. 6 Fil
329.7 CHIELM o F1 B X P IEJRIE, o )R K
AL 2 401 CuO Bik I, i B T8 Ky
HEAZF] CeO, i CuO PyFp R R ™, XF 17 48
AEEE R TR L A SRR, 15Cu0-
CeO, F125Cu0-CeO, MM o Fl B WL [ AR

100

A

—4—25Cu0-CeO,

80— 35Cu0-CeO0,
—4—15Cu0-Ce0,
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>

Xua!/%

:
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Fig. 6 H,-TPR profiles of CuO-CeO, catalysts

W%, HAW RFE S ik — 20 K, X SR WAL )
EA R IR A L id it fg. {H)2, 35Cu0-Ce0,
F1 40Cu0-CeO, ALY o FI B XA 0] 25 IR I 75
XYY o WEE TR AR/ )N B UAE THT ARG R, X R B i 1 1)
CuO Pyp— & BB 055 1 4 A6 0] A9 K o ik
gl 25Cu0-Ce0,-IMP [J « 1 B UEAH L T 25CuO-
CeO, 34 1) 1=y it A % H X 1z A% g 1] AR /)N, IR 7E
236.5 CHI N T i AH CuO FYik i, & W] A
Mkl & A FL CuO-CeO, HEAL T 7R H B 4 1%
A RE.
2.2 EFIMERE R Bh S

EI7(A) & AR EE T 9 CuO-CeO, fiE Ak 71 7E
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r B
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¥
: i —&—a
z 60 —e—b
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50 Yaud
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K7 AFREE R 89 CuO-CeO, fEAIEFENNIA (A) FIATE Z A T H) 25Cu0-Ce0, HTHTENMIK(B)
Fig. 7 Catalytic activities of the CuO-CeO, catalysts at different reaction temperature ( A) and Activity tests of 25Cu0-CeO,
under various conditions(B) : (a) 0,/HCI=2 and W_,/F,;,=0.025 g - min » mL™"; (b) 0,/HClI=6 and W_/F,,,=0.08 g -
min + mL™"; (¢) 0,/HCl = 4 and W_,/F,,=0.08 g+ min - mL™". ; (d) 0,/HCl = 4 and W_,/F},,=0.0333 g - min + mL™’
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HCI Ak B v g i v i, 25 R BT CuO-
CeO, 1 Al 57 1 1 P #5 Fif 4 I B2 A9 32 w5 i b T
CeO, AT TG PERAR, BEA & B rsg i, CuO-
CeO, HEALFNTE MRS BT E WD, Hrr 25Cu0-CeO,
AR R I S U AL VERE. e b, TEREAN IR
D[R] PN, BEASE AR 1 i 45 1 25 CuO-CeO, (14 41 1
F 5T 25Cu0-Ce0,-IMP. [&] 7(B) J& X P e £ Y
25Cu0-CeO, MEALFIHAT IR LR H LR,
S5R IR 25Cu0-CeO, HEAHTE BRI BE T 15 R AH

[ ] C902
® 25Cu0-Ce0,
A 25Cu0-Ce0O,-IMP

. 1 .
2.4 2.8 3.2 3.6 4.0
InPyq

ZARK. HREERZE 370 C, fE% O,/HCL FI W,/
Fuo H800, AR W28 m. 0,/HCL 2y 6 FI
W../Fua }0.08 g + min - mL™" [}, 25Cu0-CeO, fif
FEFIALE 370 C T HALFIEF] 90% . [ iy il B 4 25 T
w5, A L2 A T AR 435 B A 2.

Kl 8 3 CeO, . 25Cu0-Ce0,-IMP FI 25Cu0-CeO,
G3%5 O, 1 HCL (4 520w A 2 , BAR I35 vk
TEZ R TAE A AR sl 2 g
R AR E HCLAy R /9 26 00T, 44 31 10 B 7 2 B

3.6

B
3.4r

3.2F

3.0

Inr,,

2.8

| ] C902
® 25Cu0-Ce0,
A 25Cu0-Ce0O,-IMP

2.6

2.4

1 1 1 1
2.0 2.5 3.0 3.5 4.0
InP,,

18 (a) 25Cu0-Ce0,(b)25Cu0-CeO, IMP Fi(¢) CeO, HEALHIAF(A) HCIFI(B) O, f iAol
Fig. 8 Determination of reaction orders of HCl (A) and O,(B) over (a) 25Cu0-CeO, (b) 25Cu0-Ce0,-IMP Fi(c) CeO,

0, Zr A8 4k, it THA AT A, CeO, | 25Cu0-
Ce0,-IMP F1 25Cu0-CeO, X O, [ I F 543 5 R
0.38,0.41 F10.45; 7EfHE O, 7 K Z&MFF, Xt
HCI 1y B8 E 535124 0. 52, 0.58 Fi10. 61. 4 fr
A5 HCL W 8T, B i R[] i) 52 HCL Al
0, Jr FERFZMR. X R Cl, A7 fh 700 2 18T %) 1 B
R IR IR. S AL RIS O, 1 S
GERTLAR I, 25Cu0-Ce0, MUK, XAl REH T

A

25Cu0-CeO,

TG/ %

35Cu0-CeO,

25Cu0O-CeO2-IMP

1 1 1 1 1
0 100 200 300 400 500 600

Temperature/°C

AR A7 A SR B 1 48 25 0 5 5 1 I BT RTG £
AR, NICAER R O, o0 T, i ik PR A f e
SRR T AL ) AR JEAE R - Hr A AL
FxE HCL BSOS A, & A 2 73 CuO [ fiEfl
FRISE AT HCL FEAE AT 2 18T A I R RIS A

P9 (A) S RIS =5 [ il 15 21 1) CuO-CeO,
AL TR R — MBEVA I 35 12 1 45 1Y) 25 CuO-Ce O, -IMP
A TGA 2. PO (A) Hhal LA i FRSZN K 23 fi]

120 B

100
0o o0 0o o 0000

1 1 1 1 1
0 10 20 30 40 50
Time-on-stream/h

K9 CuO-CeO, HI#IIT (A), 25 CuO-CeO, MM (B)
Fig. 9 TGA profiles of Cu0-CeO,( A) and stability test over 25Cu0-CeO,(B)
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il &3 819 CuO-CeO, HELLFIAE 10 ~100 C H B —
DR RRE XS, EEIZANFL CuO0-CeO, 1L
H K BB 5 2 5 Rl TR Y T, B SR A
PREFAAS. ¥R 5T i 55 1 25Cu0-CeO,-IMP I
IRARIE PR, X F P 25Cu0-Ce0,-IMP
HUAG /D55 W W R KA A e T B DX ) PN ot
AARAE. BT AL FITE 100 ~ 600 C f) LB X
[E1] P 1 R M R A

K 9(B) Jy 25Cu0-Ce0, 7£IEF N 430 C, 0,/
HCl=2, W_ /F.0.025 g + min - mL™", {47
2 g FARGEMEILR, MIERIZE 50 h G R
PRI T, 2542 1 himss R, ROV AR
aroRn RUSH H BEAS [R) A 3 1 dloR g K, b RO e
25Cu0-CeO, 1 aHAL R EEA /N A 8.9 nm, 48 %5 oL
WIE Agor/Ayso ZEAAS K. 3 B B ASE A 5 o1 & 1)
25Cu0-Ce0, Brn i R AFH i fLFa e .

3 #ig

PR ASE AR ) PR S8 499 A 2 TR A0 07 (A5 A ) E 4
H<35% 1T, CuO Py Fh g BE 4 SOTE AL 7 1Y
R EBEHEA CeO, fntk. FE SRR T BRI FL
T LE R ARG LL R AR (5140 m® - g7 ) RN
B RGT. 25Cu0-CeO, A7) B & 5 i 19 R 18 AL S
LU E | B CuO 4310 DL S e It AR A8 Ak id
JRPERE, JRAE HCL Sk b 3R e U f A 17 1 A
RAFmtEErE, 78 0,/HCI=6, W, /Ty 0.08 g -
min - mL™", 370 °C W55ALZA] 235 90% . [ W 5 7
YRR, TR AR b R Ay e 25 IR,
25Cu0-CeO, 2 F 3L CuO PR EH T HCl 7E
PR 2 T R IR BT FR TG A s T R B A AR S o, 1Y
ST AR R IR BT AN TS AL R R T, By O,
3T I 1A Y A A I R
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Synthesis of Efficient CuO-CeO, Catalysts in Limited
Nanospace for HCI Oxidation

Z0U Chong'*, DAI Yong'?, FEI Zhao-yang'*>* , CHEN Xian®, TANG Ji-hai’,
CUI Mi-fen®, QIAO Xu'**
(1. State Key Laboratory of Materials-Oriented Chemical Engineering, Nanjing Tech University, Nanjing 210009, China;

2. College of Chemistry and Chemical Engineering, Nanjing Tech University, Nanjing 210009, China)

Abstract; A series of meosoporous CuO-CeO, composite catalysts were prepared using the ordered pores of hard

template KIT-6 as a limited nanospace. The prepared catalysts were characterized by XRD, BET, Raman, ESEM ,

TEM and H,-TPR. The performance of catalysts for gas-phase HCI catalytic oxidation to Cl, were also investigated.

The results showed that CuO species could highly disperse on the surface of CuO-CeO, catalysts with Cu loading be-

low 35% , as well as some Cu”" dissolved into the CeO, lattice. In addition, the catalysts gained good surface area

(>140 m* - ¢”') and small grain size. Among all catalysts, 25Cu0-Ce0, obtained the highest surface oxygen va-

cancies concentrations, suitable CuO dispersion and best reducibility at low temperature, leading to a 90% conver-
sion of HCI at 370 C (0,/HClI=6). Kinetic studies showed that the more highly dispersed CuO provided more ac-

tive sites for HCI adsorption and activation, while the oxgen vacancies could obviously enhanced the adsorption and

activation of gas-phase oxygen.

Key words: CuO-CeO, ; hard template; HCl; chloride; oxygen vacancies



