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Figure 1 (a) Crystal structure of CeO, [53]; (b) oxygen vacancy
formation and localization of the electrons [55] (color online).
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Figure 2 (Top row) SEM and (bottom row) TEM images of fibrous
CeO, mats made of (a, d) column-like, (b, e) celery-like and (c, f) belt-
like nanofibers. The insets in (a—c) are the corresponding cross-sectional
SEM images while in (d—f) are the schematic of nanofiber models,
respectively [64] (color online).
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Figure 3 (a) CeO, (110), (b) CeO, (111) and (c) CeO, (100) surfaces.
The black spheres are Ce and the white spheres are O [52] (color
online).
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Figure 4 Influence of ceria structure and thermal ageing on their
catalytic performances for soot combustion [69] (color online).
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Table 1 Reviews on catalytic performances of single cerium oxide catalyst for diesel soot removal
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7 nm-CeO, 1/4 FaBk 100 mL/min, 12% O,+N, P, 15 341 413 - [57]
20 nm-CeO, 1/4 FARL W E100 mL/min, 12% O,+N, F4#i< 15 348 413 - [58]
FtkCeO, 1/4 X2 &S00 mL/min, 7% O,+10% H,O+N, A<, 5 372 394 450 [60]
IR CeO, 1/9 B% i ES0 mL/min, 10% O, + 1000 ppm NO +N, P45, 10 275 315 347 [61]
HtRCeO, 1/9 FABk IS0 mL/min, 10% O,+N, P 10 356 500 554 [61]
HEARCeO, 1/9 B FE100 mL/min, 10% O,+N, F#i5 5 354 410 - [62]
4R Ce0, 1/10 FARL V100 mL/min, 10% O, N, F-H< 5 241 400 - [63]
4R Ce0, 1/9 B VR 100 mL/min, 10% O, +N, F4i < 5 317 372 - [65]
ffLCeO, 1/5 P W50 mL/min, 4% O,+He -7, 10 - 295 - [66]
ffLCeO, 1/4 B W E100 mL/min, 555 10 - 475 - [67]
3DOM CeO, 1/10 FAB WE100 mL/min, 20% 0,+5% H,O+Ar P/, 5 - 540 - [68]
ST fRCeO, 1/10 Pk V100 mL/min, 10% O, N, F-#i< 5 - 459 554 [71]
J\HifECeO, 1/10 FABk V100 mL/min, 10% O, +N, F4 < 5 - 541 606 [71]
ffLCeO, 1/9 B V100 mL/min, 10% O, N, F-H5 5 374 464 510 [73]
CeO, 4Kk 1/9 e 100 mL/min, 10% O, +N, P/, 5 364 413 456 [74]
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Figure 5 Relationship between soot combustion capacity in a NO,+0O,

+N, gas mixture and particle size/surface area of ceria-based catalysts
[79] (color online).
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Figure 6 Soot conversion profiles over synthesized materials along
with uncatalyzed soot [86] (color online).
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Figure 8 (a) Relationship between the surface active oxygen and the
Ce’'/Ce* ratio, (b) relationship between the surface-active oxygen and
soot combustion activity, (c) relationship between the surface—active
oxygen and the utilization efficiency of NO,, and (d) relationship
between the utilization efficiency of NO, and soot combustion activity
[108] (color online).
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Figure 11 (a) Overall procedure to prepare Ag/Ce—Zr fibrous webs via typical electrospinning and deposition processes. (b) HR-TEM and (c—f) EDS
mapping images of Ag/Ce, 4;Zr,3; webs after 4.5 wt.% Ag loading [134] (color online).
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& 12 DOMM-CZ (a, b), PdAAu/3DOMM—CZ (c)fIPdAu@Ce0,/3DOMM—CZ (d~f)fiE{k57 I TEM, HRTEMATHAADF-STEM
K14, (HEE E7 T PdAu@CeO %52 Sz F-HAADF-STEM-EDX G £ 41T, Ce(4L ), PA(H o) Fl Au(Z £5) 7 (2% fin % 1))

Figure 12 TEM, HRTEM and HAADF-STEM images of 3DOMM-CZ (a-b), PdAAu/3DOMM-CZ (c¢) and PdAu@CeO,/3DOMM-CZ (d-f)
catalysts. The (f) image shows a HR-STEM image of one PdAu@CeO, core—shell NP and its HAADF-STEM-EDX element-mapping analysis of Ce

(red), Pd (yellow) and Au (green) [137] (color online).
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Figure 13 (a) O, desorption amounts and (b) the contact efficiency of
Tso and Ty, of the as-prepared catalysts. Schematic illustration of soot
combustion process: (c) 3% Co/CesSnys0,; (d) 10% Cs/3% Co/
CeysSng 50, [143] (color online).
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Figure 14 Evolutions of NO, (a) and NO, (b) during the NO-TPO
tests in the gas mixture consisting of 10% O,, 1000 ppm NO, and N,
balanced gas [152] (color online).
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Table 2 Reviews on catalytic performances of cerium-based oxide catalysts modified by different metals for removal of soot particles

BEHME RN 1

FHEEZE  T\y/T,

Tso/ Ty

T90

A7) nghﬁz 1%;?35 Fl’g“i AR 7prid ) (Chmimy  (C)  (C) (O) Xk
Ce-Zn-La 1/9 Fafl FET5 mL/min, 20% O, +N,“ P45 10 295 389 - 7

Cey sPry 0, 5 1/4 FABL  JiE500 mL/min, 5% O,+500 ppm NO +N, P45, 10 - 477 - [78]
CePrO, 1/4 B4 JE100 mL/min, 10% O0,+600 ppm NO+Ar-T-fij=, 15 - 378 422 [80]

1% NDC 1/10 i 50 mL/min, &5 10 - 427 - [82]
Ce0,~Sm,0; 1/4 - PES0 mL/min, 2%<, 10 - 417 - [83]
MnO,~Ce0,-Y,0; 1/10 FABL  FE500 mL/min, 10% O,+800 ppm NO N, "4~ 10 - 434 - [85]
CepsLag Y0505 1/4 B #5100 mL/min, 55X 10 - 459 - 87
SLJTRIRCeg g Zr 1 Pry O, 1/9 B V100 mL/min, 10% O,+N, 4/ 5 382 419 453 [88]
Ceo P10, 1/9 Fatik FE100 mL/min, 50% O, +N, P4, 5 441 527 608 [153]
CeysPry50; 5 1/9 B V100 mL/min, 50% O,+N, P/ 5 360 408 441 [153]
Ceg3(Zr+Y)o70,5 1/9 /NG TR - 347 393 433 [154]
Cey5Eu Lag 0, 5 1/4 s #5100 mL/min, %X 10 - 446 - [153]
Cey3Zr1, Pry 0, 1/9 g% V100 mL/min, 50% %5 5+50% N, 5 388 444 503 [156]
Cey¢Gdy 0, 1/4 i W 100 mL/min, %5, 10 - 468 - [157]
Mn,Ce, , o Ndy,0, 110 Ak 500 mﬁg‘f;elg;;;;{”ooo ppm 5 274 307 - [158]
3DOM Co;0,~CeO, 1/10 FAHL V80 mL/min, 5% 0,+0.25% NO+N, T, 2 - 406 - [95]
0.6Co/Ce-NS 1/5 AL JE100 mL/min, 10% O,+600 ppm NO+N, F-{, 2 319 380 - [96]
MnO,—CeO, 1/9 FAHL B 100 mL/min, 10% O,+Ar P - 2545 299.0 359.4 [101]
1£:1K20% Mn;0,/CeO, 1/9 FAH ME100 mL/min, 25 5:Ar=1:1 5 322 382 478 [107]
3DOM-CeogMny Zrp,0, 110 #AlK 100 mi{glgz/: %)20&1:?2 ?I%H%HOOO ppm 3 ~ 402 - [109]
PR Cu,Mn,Ce, 1/10 FABL 500 ppm NOF110% O, 10 - 347 - (11
Cuy,Cey3O,~NF 1/10 Fatik V50 mL/min, 5% Oy+ 0.1% NO+N, P-4, 2 - 360 - [112]
S5 AR Cu0,/Ce0, 1/4 Fatik 100 mL/min, %55 10 342 471 - [113]
FEIRCuO/Ce0, 1/4 A 100 mL/min, %75, 10 - 419 - [114]
Ce95Cro.0s02.5 1/4 B 100 mL/min, 255, 10 - 425 - [118]
(Ni—Ce)-3DOM 1/4 FABL A ES0 mL/min, 5% O,+ 500 ppm NO+N, P55, 10 - 530 - [120]
Ce0,~Zr0, (C-T) 1/9 i 100 mL/min, 10% O,+7% H,O+N,*F-#X 5 325 366 406 [121]
CoCeO,-NRS 1/10 25 S50 mL/min, 13% O,+1000 ppm NO +He P, 5 - 321 - [159]
2D EFYEIR Co;0,~CeO, 1/20 A Vi 20 mL/min, 18% 0,+0.1% NO+He T-#7=, 5 - 380 - [160]
3DOM Co,Ce, 0, 5 1/10 FAHK i E500 mL/min, 10% O, + N, F-#< 5 367 452 - [161]
Ag/C0;0,@Ce0, 1/10 B MES00 mL/min, 1% O, +N, P, 5 - 277 - [162]
Mn/CZ 1/10 E% JHUE600 mL/min, 10% O,+600 ppm NO+N, S, 10 281 360 - [163]

3DOM CegoFensTio,0, 110 Al Vu#t100 mL/min, i;g ?gzﬁ(;% g NHy#1000 ppm 5 ~ 385~ [164]
Ceg 92210050, 1/10 B S0 mL/min, 10% O, + N, P, 2 - 355 - [165]
Cey3Z10,0, 1/10 FaBk  WES0 mL/min, 5% O,+1000 ppm NO +He P47, 2 385 469 - [166]
Co/Cey 75719250, 1/10 =% S50 mL/min, 10% O,+ NP1, 10 344 431 - [167]
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AL il R R THRER T T Ty/Tn Ty MK
B oyt (C/min)  (C)  (C) (C) UMk
ZALAIK R CoCe 1/10 v W50 mL/min, 5% O,+ N, PH#5, 2 - 311 352 [168]
Fh%CeO,@MnO, 1/9 Fatik W E100 mL/min, 5% O,+ N, P/, 2 - 403 - [169]
Ce0,~Zr0,-MnO, 1/10 B V50 mL/min, 0.5% O,+ N, P75 10 - 340 396 [170]
Ceg.95Mng 405Clig o 1/9 B JiFE100 mL/min, 50% Z5/5+50% N, 5 441 516 552 [171]
¥ RMnO,—CeO, 1/9 FABL 100 mL/min, 10% O,+ N, P45, 3 314 346 383 [102]
CuO-CeO, 1/20 B 10% 0,+500 ppm NO+ N, F#5, 10 - 383 - [172]
Pt/CeO,~NC 1/9 FAHK 100 mL/min, 10% O,+N, i, 5 500 571 619 [123]
3 wt.% Pt/Mn sCey 50, ; 1/10 FAH 50 mL/min, 10% 0,+0.2% NO+Ar-TF-#i5 2 290 342 373 [125]
3DOM Pt (@Ce0, /ZrO,-1  1/10 FAHL JiH50 mL/min, 10% O,+0.2% NO+Ar -4 2 275 328 365 [126]
Au/Ce0,/3DOM Al,O, 1/10 FABL JiE50 mL/min, 10% O,+0.2% NO+ArF#i< 2 273 364 412 [127]
Au/CeO,-R 1/10 FAHR 50 mL/min, 10% 0,+0.2% NO+Ar-TF-#i5 2 259 350 398 [128]
3DOM Au,Pty/Ce, 71,0,  1/10 FAHK FES50 mL/min, 10% 0,+0.2% NO+Ar-T-fiS, 2 236 345 397 [131]
Ag/Ce0,—C 1/9 B 200 mL/min, 8% O,+ArF#i<, 5 - 334 - [132]
4R Ag/CeO, - B 100 mL/min, 275, 10 202 429 495 [133]
Ag/Cey 7710 330, 1/19 FAHk WE100 mL/min, 255 10 451 481 511 [134]
PdAu@CeO,/CZ 1/10 FARL 50 mL/min, 5% 0,+0.2% H,O+Ar -5 2 276 363 404 [137]
Pt/Ceq ¢Z1) 40, 1/10 FABL 500 mL/min, 10% O,+1000 ppm NO+N, T4, 10 - 430 - [173]
OMMM 1/10 AL PR ES50 mL/min, 10% O+ 2000 ppm NO+Ar-F-#i5, 2 273 330 385 [126]
Pt-KMnO,/Ce »5Zr, 750,
AgCe 1/9 FARL PS50 mL/min, 5 10 386.5 431 4725 [174]
SRR Ag/CeO, 1/4 T 500 mL/min, 1% O,+N, F#i<, 5 - 376 - [175]
Ag/Ce0,~Z1r0, 1/19 FAH 50 mL/min, 4.8% O,+5% H,O+N,F#75, 2 254 286 317 [176]
Ag/CeO,/FeO,/EH A 1/9 Fatik JE7S mL/min, 255 10 235 334 - [177]
5Ag,—Cu, /SBA-15 1/10 FABL W50 mL/min, 5% O, +Ar <, 10 225 285 - [178]
Ru/Zn0:CeO, 1/9 FAHR B 75 mL/min, 20% O,+ N, P15, - 243 360 - [179]
10% Cs/3% Co/CeysSnysO,  1/10 FABL WES00 mL/min, 10% 0,24+5% H,0+ N, P75, 10 - 393 —  [143]
K/3% CeO,—Al,0,4 1/4 e W E:180 mL/min, 12% O,+Ar P/, 10 - 480 - [144]
Ky,—Cey sMny 50, 1/4 B VB 100 mL/min, 12% O,+N, P-4/ 15 278 323 - [147]
Ba/Mn-Ce 1/10 FABL 500 mL/min, 10% O,+1000 ppm NO+N, 75, 10 - 405 - [150]
Ba-Cu-Ce 110 fAlK L1000 m;g‘f;z G100 pem 20 376 400 - [I51]
Ba(10%)FeCe 1/10 FABL  AE500 mL/min, 10% O,+1000 ppm NO+N,“F-#5 5 282 429 506 [152]
K/Ce0,~Zr0, 1/10 FABL 500 mL/min, 10% O,+1000 ppm NO+N, 45, 2 - 428 - [180]
K/Cu0,—CeO, 1/10 FABL 500 mL/min, 10% O,+1000 ppm NO+N, T4, 2 - 338 - [181]
K/Lay sCey,Co0; 1/9 B V50 mL/min, 20% O,+N, F#i<, 10 - 380 - [182]
K—Mn/Lag sCey ,FeOs 1/9 FABL  JHFS0 mL/min, 5% 0,+1000 ppm NO +N, P/, 2 349 409 462 [183]
K/Cey 6521350,/ BT A1 - FASC FE20 mL/min, 18% 0,+0.1% NO +He P4/, 5 - 435 — [184]
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Figure 15 Schematic diagram of soot combustion mechanism on ceria
catalysts [188] (color online).
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Figure 16 Schematic diagram of soot combustion mechanism of
ceria—lanthana catalysts [192] (color online).
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Figure 17 A general reaction pathway of soot combustion over Co—
CeO, mixed oxides [194] (color online).
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Figure 18 Schematic illustrations of soot combustion mechanism
under tight and loose contact mode with MnCeO catalysts [99] (color
online).
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Figure 19 Schematic diagram of soot combustion mechanism of
MnO,—CeO, mixed oxides [101] (color online).
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Figure 20 (a) Active oxygen mechanism, (b) NO,-assisted mechan-
isms, (c) overall mechanism of reactions for soot combustion over
CuCePr+CePr catalysts [195] (color online).
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Figure 21 Scheme of the Ce;¢Zr,40,-catalysed soot combustion
under NO,/O, [196] (color online).
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Figure 22 (a) Catalytic mechanism of PdAu@CeO, core—shell active
sites. (b) Mechanism illustration of PdAu@CeO,/3DOMM-CZ cata-
lysts for soot combustion under the loose contact [137] (color online).

s b HFORE TS HE SR 1) BT U < M SR R R P B . 7E
KWL, PUR 25 TR M CeO, 3R TH I A IR AT
. MIENOAFAEMITEOLT, WA A RS
TR =R N iZALH P NOFEPLR [ _E 4L ANO,, 1M
NOFA PR, 2 B3-S R IERORLIEAT IR, T RORR
R IMAMIR(SOC) AT BI—EMEW). 4%,
T T HEAFINOLMO,) N, SOCHS Lt — 4y
fift, £ CO. CO,MINO.

Wei%s POl 5k R [F R AL H AR B T 3DOM
Pt@CeO,_srich/Ce, Zr,O, i AL HEAL T TERE, JF
P2 T AT R AR I B AL HLBR A 23 Bl
e, 3DOM&S K4 T LS ey P A4 711) 5 7 IR RURE 1) 42 fih 2
R, HIR, 3DOMEADY) | HHEERE & Pt@CeO, 41
1% 7 B K FTRL(NPs) 38 0 T O, 3 A6 & PR A7 £2(Oy)
HEE. WA, Pt@CeO, si% 5 BINPs R IH I A Fh
A LA SR R 72 0, K H AN NCO,. Fith, #%
AL TIZE A T 3DOMAEAL )5 A4 71— 0 1) R 47
ik F1AZ 72 45 /) I Pt @ Ce O, 4N KL T~ 1) 1o 48 25 I 55 B
DI AL, 2L HE T SR ATL 0 MR AR A5 P e e A 1 .

1050

.. .. ‘

0, + ® soor

0 .. * Oxygen vacancy
PN Py

@ Oxygen atom

C© Ceatom
© Zratom
© Ptatom

B’ 23 HTRMEBEEFI3DOM-Ce,_ Zr,0,- 1 #Pt@CeO,_s
1—7ENPs o 8 B (4 0% )

Figure 23 The catalytic mechanism of 3DOM—Ce,_ Zr,O,-supported
Pt@CeO,_srich core-shell NPs for soot combustion [204] (color
online).
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Figure 24 Scheme of the soot combustion over the Ag/CeO, catalysts
[175] (color online).
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Figure 25 Reaction mechanism for the soot combustion on K/CeO,
catalysts [207] (color online).
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Figure 26 (a) NO, storage at low temperatures and (b) NO,-assisted
soot combustion on BaCuCe catalyst [151].
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Recent advances in performances and mechanisms of cerium-based
oxide catalysts for catalytic combustion of soot particles released from
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Abstract: With the increasingly strict environmental protection regulations and the improvement of people’s awareness
of environmental protection, the serious environmental pollution caused by soot particles from diesel vehicle exhaust
has attracted people’s attention. Catalytic purification technology is one of the most effective ways to eliminate soot
particles and the research and development of highly effective catalysts is one of the key factors for determining the
application of this technology. In recent years, cerium-based oxide catalysts have been widely used for catalytic
combustion of diesel soot particles due to their excellent oxidation-reduction performance, suitable surface acidity, and
high oxygen storage/release capacity. The researches focusing on highly active essence of the cerium-based oxide
catalysts in soot combustion are helpful to understand the fundamental theories of catalytic processes of soot combustion
and provide scientific guidances for the optimization of existing catalysts and design of new-type catalysts. In this
review, the recent research progress of cerium-based oxide catalysts for diesel soot combustion is summarized, including
single cerium oxide catalyst and cerium-based oxide catalysts modified by rare earth metals, transition metals, noble
metals and alkali (alkaline earth) metals. Meanwhile, the reaction mechanisms of above-mentioned catalysts are also
summarized. Finally, the problems and development directions of cerium-based oxide catalysts for soot combustion are
proposed and prospected.

Keywords: cerium-based oxide, catalyst, diesel engines, soot particles
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