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5H,0 F1 Mn(CH,CO0), - 4H,0 NETIKY), R4
JRITRHYEE/R H M/ (Mn+Ce) 2y 0. 4 BCilEw. H
il RS R TR

Iy iE R (CP) ;. LA Ce (CH,CO0), + 5H,0 Fl
Mn(CH,C00), - 4H,0 Jy i 984, &K (NH; -
H,0) HyivEs], M4 )8 IT R AR I Mn/ (Mn+
Ce) 2y 0.4 MOV . BAARS % 72 2% w o5
TR
1.2 EUFBRE

b FE AR (SSA, BET i) % 32 [E Micromerit-
ics {X AR 2 H] ASAP 2020N 4 [ 3y b 2 1 AR A fl £L
FLBR BT A 5, A i i 100 ~ 300 mg, 7E 300
CHIEZHAERE 4 h, LIN, WG, F-196 C it
AT 7E .

XRD % 1% [E Bruker D8 Advance X 5F£efiTHHY
W5E , SIS0 25 R, AT 0. 15418 nm, Ni
UEHE R, 40 KV, B 40 mA, 2P 0.02°.

Raman JM 32 {# F 325 [ HJY LabRAM Aramis
IBOCHZ 61, A HeNe SOt aw il iE .

H,-TPR 7£ 2% [E Micromeritics AutoChem I 2920
4 A SRR T I A 2 W R B 58 . B L
10% H,/Ar, ¥ii# >k 50 mL - min”’ , HEALFIHE N
150 me. S Ar <78 300 °C T3 30 min J5 &R =
60 C, PIHRTEEN 10% H,/ Ar, TFIELAGE J5 M 60
CIH2 900 CHATIRE, THERHAH 10 C + min™

0,-TPD i ft AT 9 {3 2% [] H,-TPD. 2k <4 K,
5% 0,/He, WA 50 mL « min™", AT
200 mg. S He S 7E 300 °C FWKH] 30 min, £F H AR
IR 2 60 °C, VI & 5% 0,/He fifi K i W Bt
60 min, {F R AR E T 4k S ] He IWHAE M, FF A
60 C Tt 2 900 °C A7 JIt B 52 56, T i 2 2y
10 °C + min™".

XPS iz fH 3 [E Thermo-VG Scientific ESCALAB
250 SGHLFREIE AN E , R Mg Ka HF2E (hv =
1253.6 V), Cls & UELE G HE N 284.6 V.

Jifii Raman RAEFE 532 nm K FIE. H5E
P S L1 2 9 MR LSRG, RE
i = ST i Y VAR A LS L 7 N 1 D R 7953
T Y Raman Y63, J B A ARLLS 4l Ar 58 10% O, +
Ar, S &4 100 mL » min'.

1.3 L5 giE =

SIS AT A 2 DL ET A A

TS R R AR IR, A 2 g e

o CO, HPEIRF] 5 000x10° B f3R B T, A CO,
FR Bk B B M I e AT =T,,-T, 3
TRERHR IR BE 2 AT BN, Bhbesd .

2 #HRE5IR

2.1 iEHEIEM

MG EPE T 45 R, Sk T, T, FAT
/TR 1 3R 1 Al MO, 5] A CeO, J5 ik X
(RS R TR BEREATR, AL R A5 PR 42 5. MnO, (0. 4) -
CeO,-CP X i S HATRLE A 328 °C, L Hi— CeO,-P
8¢ MnO,-P [#AIK 52 °C, FEIRABIL, HalEA ke m
JERS OB . MnO, (0. 4)-Ce0,-CA FJEMRIREIKE
218 °C, H.B— Ce0,-CA F1 MnO,-CA 43 5I[& % 170
1103 °C, 5 MnO,(0.4)-Ce0,-CP F1 MnO,-CA #f]
L, BrXEAAbe R B W g k. Sz, FETTER (CP)
SRR A AR (CA) il % (1 MnO,(0. 4 ) -CeO,
AL TS PRS0 T 50— 20 7 MnO, il CeO,, Hrh
CA & ME A E YGRS, FTREEE A AL
PRl CA YL 2 0)) BA B0 5 0y 2Pk i,
AT FE B A A AR e

%1 MnO,-CeO, ERRESUH T,. T, FAAT
Table 1 T,, T, and AT for soot oxidation on MnO,-CeO,

catalysts
Soot+Catalysts T/C T,/C AT/C
Blank ( without catalyst) 460 573 113
CeO,-P 380 560 180
MnO,-P 380 542 162
MnO, (0. 4)-CeO,-CP 328 520 192
Ce0,-CA 388 411 23
MnO,_-CA 321 392 71
MnO,(0.4)-Ce0,-CA 218 275 57

2.2 XRD #1 SSA

1AL XRD 3518 (a) L e IR A
SRR R ST 3B B (b) , N XRD [ rha] LU
Ce0,-CA/P HJR BRI ISE I A 4540 51
Mn J5, MnO, (0.4 )-CeO,-CA/CP #B H AL 5] CeO,
WISE 7 # A AH. B MnO, 25 3] CeO, Pl JE i A1
ZEH Ay [ AT OREE 1 (a), MnO,
(0.4)-Ce0,-CA th CeO, 1Y 4F AE A7 4 & %5 MnO,
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(0.4)-Ce0,-CP 1y SE 4k A Bk ; X &35 15 MnO,
(0.4)-Ce0,-CA 11 i #8240 (0. 5375 nm ) 5 B —
Ce0,(0.5402 nm) 784k 5K, 1 MnO_ (0. 4)-CeO,-
CP(0.5393 nm) MAS AL AHA 8202 s 61 CA
il £ 1) MnO, (0. 4)-CeO, 25 AW E L CP il 5
ML RIS SR S, 2 Mo U T Ce 3L
A b R B 1S 22, folT 0 gy AT 58742 A BER

M T (b)) AT A5 — A 50 A L 2 i ARG 22

2 -1 >
5.7~19.0 m" - g, 5Z Lk, MnO,(0.4)-CeO,
(a) " “Mn,0; =Mn;0, <CeO,
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~ Q
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e o © o o
(-}
° o * CeO,-P
o L]
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20/(°)
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BEAMAY R 2R, Hrh Mn0,(0.4)-
Ce0,-CA [ HL R M A FA 125.2 m” - g7, AT
MnO,(0.4)-Ce0,-CP 11 36. 1 m* - g”'. R CA i
2% B H— MnO, F1 CeO, B LLIRTHFYILL CP il 551
/N, TR ULEH MnO, (0. 4)-Ce0,-CA Ht MnO, F
CeO, H AT E, MnO, 1 CeO, fA7EAHH AR
ok, X EPUE T XRD #a I ag 45 K. S E 1 (b) /]
AL R AR AR o RO 2 0GR, RIELER
TR AR RTS8 o RO/ .

24r n 24,1
o
21.9 161
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8 7.4 /
i | ]
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& 1 MnO,-CeO, ) XRD(a) F1 SSA/d*(b) &1

Fig. 1 XRD patterns (a) and Specific surface area( SSA)/average crystallite size(d") (b) of MnO,-CeO, catalysts

2.3 Raman

2 JEHEAL G AY Raman 3% &, & 2 (a)
463 em™" [T I ITE F Ce0,' "2, 630, 644 Fil
665 cm™' [ W 4y ] 9 J& F Mn,O,, MnO, Fi
Mn203[23]. HH WA L, MnO,(0.4)-Ce0,-
CA ") CeO, Il MnO, FFAE ARt BLTE AL LS, F
T AIFEE 25.3,50.0 em™, HIH A CeO, fiT
U IR BUm AL 5 11 MnO_ (0. 4)-CeO,-CP N JCTa4k

" I

Ce0,-CA

rJ\ CeO:-P
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ot b
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Intensity/a.u.
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FwF L. HE MnO, (0. 4)-Ce0,-CA H Mn R4
kA CeO, ftgH, EARER, M ENAS
HZ (K 2b). X PR EPUE T XRD Al BET # £ il
25

K 2(b) & MnO_ (0. 4)-Ce0,-CA/CP fJ Raman
JHE K, MnO, (0. 4)-Ce0,-CA 7£ 570 cm™ b A
—Ig, T8 T CeO, fi ks iy 4 25 ™), i 1E
MnO, (0.4 ) -CeO,-CP I R MEH LI L. X ZEH Ny

(b)
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1

1
1
i
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Intensity/a.u.
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% 2 MnO,-CeO, Y Raman i, (a)£&(b) RFE
Fig. 2 Raman spectra of MnO_-CeO, catalysts, (a)total graph(b) topography



168 7 A (1

28 %

CAERIHME S A MY, Z Mn i A CeO, i
Wi, B T 2R 500, nIfE S Fh i i B A
Fefl, HEMTAR m AL R B RE T X R T
MnO,(0.4)-CeO0,-CA HAT il (£ 1).
2.4 0,-TPD #1 H,-TPR

El 3 J2fEfL R 1Y 0,-TPD F1 H,-TPR [&]. 7£ O,-
TPD &1, Ba— MnO,-CA/P X} 100 °C [ i iy i
U JE T3 T R4 (0,7 ) , 400 ~600 °C i B i 2
5% B 48 (O™ ), KT 700 C 1y I8y il 4 4R
(0*)I2 81 MnO,-P A K 0. B — CeO,-
CA/P H HREER 0,7 5 A Mn J5 Ak 7] i 400 B
WA TR AR AR 4 Ry, LG RT3t 32 v AR IR 7 1l (i %
TR R AR I PE B4R, Hodh CA 3L &
f) MnO, (0. 4)-CeO, L7 5 K 3. 454 XRD,
BET F1 Raman i Z5 5 Al 41, Mn A CeO, T3
R RIE K, [FIn s a2, BN T HFE
OE=N7/ L =Ry AR < I 1 S R =N L ¢ NS i 2 S 2
k. MnO,(0.4)-CeO,-CA 114 5 i B A A IR D B 5
%, HAWR & (R 07, WL 3 a) Bl KT

MnO,(0.4)-CeO,-CP| (a)

MnO,(0.4)-CeO -CA

0 200 400 600 800 100

Ce0.-C
MnOy(0.4)-CeO,-CP,

Maoe )

CeO,-P

Intensity/a.u.
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MnO,(0.4)-CeO,-CP, T K i AR b 3= 2L IX [a] 4,
FTEFIRIX (200 ~500 °C, WLER 1), FFEHK TPO i
PRI S R T DAHEN O™ 7 1k 77 44 Ak 41 Btk A
Hh ke J SR .

M TPR [ H A1, MnO,-CA/P 7E 200 ~500 °C
I A B R B S, 435V T Mn, O, iR 5K
Mn,0, Fl Mn O, i J§ i MnO'*'. Ce0,-CA/P ¥
450 71 800 °C [ Jr 1Y ik it Ve 43 Sl S 3 T R0 A4 AH v
Ce* iR 5k Ce™ 27 #¢ MnO,(0.4)-Ce0,-CP/CA
REAAA T, ML T 3 MR, Hp KR
(R NI (24 210 F11 340 °C) 2/ i 24% Mn BB )
BARJE ) EIRAL (25780 C) ZARAF Cet ik
JrU 55— S AL AR A S5 0 ) AR IR 1) B L
FEE ISR, 3] CeO, H5| A Mn J5, fALFI A AT
WIREMESEE T, X5 0,-TPD {45 F —8. HER
MnO_(0.4)-Ce0,-CA 5 MnO, (0. 4)-Ce0,-CP i J5
M EEAHE, [HATE A PR XA A s ok, XEHE T
TPO H MnO, (0. 4)-Ce0,-CA i b1 BE L F MnO,
(0.4)-Ce0,-CP.

MnOy(0.4)-CeO,-CP
Ce0,-CA

Intensity/a.u.

1 1 1 1 1 1 1
100 200 300 400 500 600 700 800
Temperature/°C

[ 3 MnO,-CeO, f) 0,-TPD(a)#1 H,-TPR(b) K]
Fig.3 0,-TPD (a) and H,-TPR (b) curves of MnO_-CeO, catalysts

2.5 XPS

X R BT 19 MnO, (0. 4)-Ce0,-CA/CP {4k
FHEAT XPS Wk, 45 5H % F 3 2. MnO, (0. 4)-
Ce0,-CA TPO HiJ5 1y O 1s Fll Mn 2p % & WL A 4,
0 1s EFP2E 4 RETE 531.77 ~532.22 €V [A]IH )& T4
TR 0,7, 7E 529.96 ~530. 33 eV [f] b 51K
Bi48, O™, 7E 528. 84 ~529.06 eV [i]J& s % 48 0.
Mn 2p J% & FRARE D4 642. 6 eV J&T Mn*", 641.2 eV
ﬂﬂ?@ Mnbﬂ] Mn3+[28].

B 2% 2 AT 41, 76 MnO,_ (0. 4)-Ce0,-CP Hr1,

70. 6% HYSEW Fh Ry O F1 O, 1 1% P b 48 4 b 7
MnO_ (0. 4)-Ce0,-CA H & EH 2%, X5 0,-
TPD MNAZE R —F. PR 7 245 19 MnO_ (0. 4)-
Ce0, 1 Ce #H T LA Ce™ f74E, Mn B EZLL Mn*
F7£1E. MnO_(0. 4)-Ce0,-CA/CP I 5, O, i di kb
BN, O7FN O & &y, 10 HA 15 B 4 A
WA S 5 ROV AEIEFERL. MnO,(0.4)-Ce0,-CP J )i
J&, F00 Ce, Mn & 8K/, Mn*/ (Mo’ +Mn™) [t
1) 9 2>, Ce** 7 Ce™ B3 T, 3 26 W1 s o ot A
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MnO,(0.4)-Ce0,-CP Hi Ce, Mn iF A{EHH, HFEH
Mn* IS Mn™ (=3 872) #4k, {2 Ce’ i) F
5 Ce i Ak MnO,(0.4)-Ce0,-CA Jz 5, F1h Ce
S g/ . Mn H3Eh0, Mo/ (Mo’ +Mn®") 1 Ce**/

(a) Ols After TPO

Intensity/a.u.

536 534 532 530 528
Binding energy/eV

Ce™ LLBIH8 /L, X W] R 72t MnO, (0. 4) -
Ce0,-CA 1 Ce ;T AR, T Mn AI7ER TR H 4, H
I Mo 1 Ce™ IR 45 Mn"" (n=3 5 2) Fl Ce™
e

Intensity/a.u.

648 646 644 642 640 638 636
Binding energy/eV

K 4 T g MnO,(0.4)-Ce0,-CA 1) XPS j£&, (a)Ols,(b)Mn 2p
Fig. 4 XPS spectra of MnO_(0.4)-Ce0,-CA before and after TPO, (a)Ols,(b)Mn 2p

R 2 XPS REMA A HFENETFLL

Table 2 Atomic ratios by XPS surface compositional analysis

0/at. % 0 Ce Mn
MnO, (0. 4)-CeO, Ce*'/Ce™  Mn*/(Mn™+Mn™)
0, 0 0 /at. % /at. % /at. %
CP-Fresh 29.40 20.00 50.60 66.37 23.84 9.79 3.19 1.38
CP-After TPO 68.40 14.90 16.70 81.53 13.28 5.19 3.90 1.01
CA-Fresh 8.00 41.50 50.50 66.71 25.38 7.91 4.46 1.75
CA-After TPO 49.56  28.85 21.59 67.06 24.65 8.29 3.61 0.68

L5 XPS AL A, JEA I far <y 48 2, ]
RIBIAEAE, 1 1) MnO, (0. 4)-Ce0,-CP 1, Mn*" J& it
— T2 ARBGA SR, TR & A2 O F1 Ce™ 43 1 1)
O il Ce*" #% 4k ; MnO, (0. 4)-Ce0,-CA 1, Mn*" FlI
Ce* BV F 2 R plaR Ji, TR & A 0% [ O™ %%
b, 2) O™ F1 Mn** 7 52 H Bt T4 6 1T T 42 G I Ak A
A, SeaT R B YR, X RS SLAE MnO,
(0. 4)-Ce0,-CA P EE Ry ig #; 45 & Raman fil O,-
TPD ., H,-TPR MiX 45 5, MnO, (0. 4)-Ce0,-CA
TR T2 S o, AR TG TEY R O % AN
FeAb 5 Mn* B9HAL, RIS PR
2.6 J&{i Raman

T B AR MHTE MnO, (0. 4 ) -CeO, fEfL

A E et As, sl sl Ar(T) F110% O, +
Ar(IDSSUF, X CP 3L FI CA Ll &I E A A1k
W 50 ) BN S FE AT A7 Raman 1R, 45540
Bl 5 s,

HH OGSk TG HY 640 1 445 em™ AbFAE I A 1
FRZ I (Agn/Ays ) DE0E T AL 5] 4802 7 1Y ik
FELPL, XS e ik R 0 T AR AT A
IR THR 3. ONER I PELIESE, Ar AT,
MnO, (0.4)-Ce0,-CP/CA 11525 {00 ik 3 HR bt 5 T 8
T G O, 3R B e KB G AR B A TE 2, W] g
=175 I i o v = e W M A [ R 7/ B s P
AR RS A, MnO, (0. 4) -Ce0,-CA 7E 200 C it
AP LR IR R AE , fIRT MnO,(0. 4) -Ce0,-CP
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(a=I) CP+soot under Ar (a-II) CP+soot under 10% O,+Ar 600 °C
600 °C
500 °C
500 °C
e e 400 °C
3 3
3 300°C 3
= ey
£ *’/\\‘ L e £ 400 °C
2 I T e 300°C
] I NS %< I e N
200
30 °C M
e ™ e ___30C|
350 400 450 500 550 600 650 700 750 350 400 450 500 550 600 650 700 750
Raman shift/cm™ Raman shift/cm
(b-I) CA+soot under Ar (b—II) CA +soot under 10% O,+Ar
e 600°C
500°C ™ 600 °C
wm
. 400°C . 2
z il DI 400°C
= 300°C =
= e N 300C]|
g g
E M - M
M V//\‘“v—/\ﬂ
e N 30C | e N C|
350 4;)0 4I50 5I00 5I50 6I00 6I50 7I00 750 350 4I00 4I50 S;)O 5I50 6I00 6I50 7I00 750
Raman shift/cm ™' Raman shift/cm ™
[ 5 MnO, (0. 4)-Ce0,-CA/CP BRUHIEEWITE Ar 3% 10% O, +Ar S48, H (49517 Raman % [&]
Fig.5 In situ Raman spectra of MnO, (0.4 )-Ce0,-CA/CP soot mixture under Ar or 10% O, +Ar
% 3 Raman i & A, /A, BILLE
Table 3 The ratios of Ag,)/A,;; in Raman spectra
Temperature MnO_(0.4)-CeO,-CP MnO,(0.4)-CeO, CA
/€ Ar 10% 0, +Ar Ar 10% O, +Ar
30 0.11 0.11 0.11 0.11
100 0.14 0.24 0.34 0.24
200 0.15 0.22 0.66 0.21
300 0.32 0.24 0.69 0.12
400 0.44 0.05 0.57 0.21
500 0.44 0.76 0.57 0.23
600 0.41 0.74 0.56 0.21

[ 400 °C510% O, +Ar 4R R, PIRPAEALTR] Y 402
{3 e B B P ) T e AL e A — 2, Beg e
BN, PR, fJn RN I EAR R A1 T
HEALTR A 1 S Rl B e A BRI, AR A o e T Y

R HRIX, AU AR R 18 SRR A T el PR o ) 4
PR L, AR s s, X E > ARG AL
Je i 2 S 9 S AL s 25 TR BE— 28 T i A
PP Z. [ MnO,(0.4) -CeO,-CA i X 41
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ANV BE B /1N B TR L A I B2 IR T MinO, (0. 4 ) -
Ce0,-CP, 15 TPO %% - H1—%L.

Zi BTk, JFARIE A AL G PR AL, i Ak
T AP ek, RE RS A, AR
TR A 2 e A 751 2 T A s A B AR BTE AR AR i O,
0, Akl O, HE— 50 Fhik 4R 0717 xXu
IR A S M S PRI RS 5 ROV vE

Oxygen vacancy
soot

C(O)(ads) 0@
2(8

XY 1=

CO,(ads) L4

* catalyst

Mn* —> (Mn** +Mn?*")

0, (ads)

1AM

K 6 SR AL AT BERY AR I, AR A
oy 073 HFFER BWHHR M A C(O) , [ A
AL, oA O AR P A 07, R
FH A B 3] 402 3B AN W7 b T BT AR BT PE R
M, S ST

Gas phase

CO,(g)

/ CeA+ —_— Ce3+

L w

Bulk phase

6 MnO,(0.4)-CeO,-CA/CP {1k LR I 12
Fig. 6 The pathway for MnO,(0.4)-Ce0,-CA/CP catalyzes soot oxidation

3 it

3.1 CP 1 CA 3145 ) MO, (0. 4)-CeO, ¥5TE
BT HA ST B AT AR R [ VA, AT PR b
Hi— CeO, il MnO, &, HH MnO,(0.4)-Ce0,-CA
AP T P i e

3.2 5 MnO, (0.4)-Ce0,-CP #H t., MnO,
(0.4)-Ce0,-CA /5 5 £ Mn U, Ce 3k A CeO,
M, BT /R R R He R T AR B A R [ v
7, MRV R AL E PR (JUHE 07) Misk
1 Mn*" 32, SRAk T IR R, 1 I AR A
Afe.
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An Investigation of Surface Reactive Species on MnO_(0.4) -CeO,
Catalyst towards Soot Oxidation

LIN Jun-min', FU Ming-li"*, ZHU Wen-bo', YE Dai-qi'*"**
(1. College of Environment and Energy, South China University of Technology, Guangzhou 510006, China;
2. Guangdong Provincial Key Laboratory of Atmospheric Environment and Pollution Control, Guangzhou
510006, China;
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Abstract: Citric acid complex method and coprecipitation method were utilized for the preparation of MnO (0.4 )-
CeO, catalysts towards model soot oxidation. The structure properties and surface reactive species on the catalysts
were characterized by XRD, BET, Raman, H,-TPR, O,-TPD and XPS. The soot catalytic oxidation mechanism
was investigated by in situ Raman spectra. The results showed that MnO (0.4 )-CeQ,-CA catalyst synthesized with
citric acid complex method, with more Mn ions incorporated into the ceria lattice, possessed larger specific surface
area, more oxygen vacancies, Mn*" and Ce*. Thus, MnO, (0.4 )-Ce0,-CA exhibited better redox properties and
higher soot oxidation activities. O was found to play a key role in soot oxidation. Mn** and Ce* favored to the
redox reaction, and the increase of oxygen vacancies were propitious to the adsorption, migration and transformation
of oxygen species, boosting soot oxidation. The reaction path was O~ spilled from the catalyst and reacted with soot
firstly, oxygen vacancy was formed simultaneously, and then part of the lattice oxygen O°” replenish the consumed
0”. Gaseous oxygen O, adsorbed to the oxygen vacancy and activated to O, , and then changed to O™ ( can trans-
formed to O in the further step) , O™ migrated to the soot surface and oxidizes it very efficiently in the next cycle,
CO, was formed subsequently.

Key words: MnO,_(0.4)-Ce0,; soot oxidation; catalysis; surface reactive species; mechanism



