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Figure 1 (Color online) Catalytic performance for DMC synthesis.
(a) DMC yield of various catalysts; (b) different morphologies of CeO,.
Reaction conditions: Place 0.1 g catalyst in the reactor along with
23.76 g of MeOH; pure CO,; 3—5 MPa; 100-180 °C.

0.31 mmol/g.
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B2 (W% REE)AFREERICO,MHRTEMEZ. (a, b) CeO,ZiHA; (¢, d) CeO,/\MHifA; (e, f) CeO,3K; (g, h) CeO,#k
Figure 2 (Color online) HRTEM images of CeO, with different morphologies. (a, b) CeO, spindle; (¢, d) CeO, octahedron; (e, f) CeO, sphere;

(g, h) CeO, rod.

AU

AR TR P XPSE A AT ) 0 3% 4 R 2
WREIAT T, DERBUTR ML AN S 458 R85
A EEE R, B3R T m PR Ce 3d XPS
Jeile R ILFBMEE R, BRI T 10 F RS B A U
V'’ (~880.26 eV). V (~882.41 eV). V' (~885.39 eV).
V" (~888.88 ¢V). V" (~898.43 eV). U’ (~898.11 eV).
U (~900.81 eV). U’ (~902.79 eV). U” (~907.49 eV)Fll
U" (~916.74 eV). IXEEIER] 5 T-Ce 3d5/2 (V. V. V'
V7. VOFICe 3d3/2 (U, U. U, U”. U ETEHL
WA, RYIFTA RS EECS M RN 2.
Ce’ A7 A PR T 2 0 8 3 o e, LR A g i
BoS IRV, V. UYL USRIV, V.
VL U USRI EDY. #2015t
IHTERLEIRA, IR T =R AR T ik E
(01, 529.3eV). ALNI(0y, 531.3 eV)FIL2E A
(O¢, 532.5eV). EAVIXECHRFALL 5 A HATCO, M 1)
DR TR AR AL AL 2 G B 22, AHOG T BT
BT LA AR

Cedto, = &

0,
Tota < 100%

0 %Z¢
V7 Ao tAo, o,

Ae+=Apw + Ay + Ay +Ay

Acy=Ay + Ay tAy tAy+Ay Ay

I AR TE 3 CeO, I XPSTE I BEAT ELA (G 1),
R ILER A AL A K Ce™ A4 23 7O ) b 481 M A 5

x 100%

2906

(K3a, b), K THIRCeO,. BRI, CeO,BEHICe
R E T, N22.55%, A ANL(0y) N28.17%; MiER
FECeO I B AR 73 531 9 15.69%A110.51%. AHELZ T, J\
T 1A R 7 HE T CeO, [K1Ce™ W B 43 11 9 11.39%119.02%,
A0V 73 N9.02%F17.71%. 1% e 145 0 f 22
SR, FRIRFIERIECeO, ] BN R B2 AL T A
PRI, IR SRR T B g (9 A mT P P B
SR MNEA M EAER. REw, %8R 6 &
HIRE FH B R, BRI CeO, AL TR CeO, 8 I L B
K.

B WA REAL S BRI CeO, AL T, FrAIT3E—
RS AG X AT TR Bee b 28, 5F
fEBISEMAITEM M T AT R THTE 3. 090 K IR,
231500 CHBEEHICeO, (Ce0,-500)H ¥ HAZLE

(a) (b)
by 2 O1s

Spindle_wf?g..ag"‘,m." OL

3 3 A

8 g | Octahedron . _ . b,

= = " *

(] ‘D ,

c e r

2 8 | Sphere . “\

£ < - .
Rod N

920 910 900 890 880
Binding energy (eV)

B 3 (M E)AFRIESCeO,/M(a) Ce 3d XPSHGiEAI
(b) O 1s XPSJik

Figure 3 (Color online) XPS spectra of (a) Ce 3d and (b) O 1s spectra
of CeO, with different morphologies.
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HF. FTA R S35 I AR IS 5. 7ES500°C LA

Table 1 Relative proportions of surface ce™, oxygen vacancy, concentrations as determined by XPS analysis

Surface content CeO,-rod CeO,-sphere Ce0O,-octahedron CeO,spindle
ce’% 22.55% 15.69% 11.39% 5.02%
Oy% 28.17% 10.51% 9.02% 7.71%

(a)

Bl 4 (M%IEE) (a) CeO,-500(ISEMEI4; (b, ¢) CeO,-500 I TEMEE; (d~)73 5 NCe0,-500. Ce. ORIEDXTTE Kl
Figure 4 (Color online) (a) SEM image of Ce0,-500; (b, c) TEM images of Ce0,-500, (d—f) EDX elemental mapping patterns of CeO,-500, Ce, O,

respectively.
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B 5 (M) (a) CeO,MCeO,-TIMEPRE . (b) A
IR IR I CeOBE S I 2 . (c, d) CeO,-THICe 3d XPSHt
JEFO 1sHIE(T = 300, 400. 500. 600)

Figure S (Color online) (a) EPR patterns of CeO, and CeO,-T.
(b) Raman patterns of CeO, samples calcined by different temperatures.
(c, d) XPS spectra of Ce 3d and O 1s spectra of CeO,-T (T = 300, 400,
500, 600).

T, BEEBREIR T 5, U I o B IR N, JFTE
500°CHIE 5 RAE. AT, #E— DA EinE oS 8E
HBR PG, IXPTRE 2 i T i i B e iR A s T
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594 cm” A H B AE I (&ISb). Hir, 468 em™ AL IR
WX T~ CeO, I JAYF, S, 15 Ce—O% 19X FR L fi
PRAENFIFE; 259 em™ Ab AU I R T CeO, 3 7 45 g h 1
R A S T2 TA), 594 em b E I S
BFEE S IIDW AL, W8S Frenkel B S S A0 K.
DI 5 F, W 1583 H (I L) 85 T 1A CeO, 48 58
RLITHREE. F2BH T A FHRBEUR L N (WL L fH. 45
SR, WA BRI TE i, 594 em ™ Ak DGR i 1
I, FFAES00°C R IE 2B KB (0.0399). RT, 4B
JEHE— S TR E600°CH, DGR AL, X ]G H
TRl et T e rce’ im R, AT T % 14
(IR, IXUEEE R, CeO, 4 25 r (IR i Wt B e
EFE T e g kb, 7E500°C ik 1) 5 R AE, 1X
SR ek K IR R —8 thah, WR2AT VR
H, CeO, K ILAEARNE B A AR IFE i (CeO,-T,
T = 300. 400. 500. 600°C)HICe> W JE 45N
15.69%. 19.25%. 20.20%. 24.53%%120.61%, %5
RL(OV) I E 23 71 2N10.51% . 20.02% 20.71%-
23.44%R117.60%. FHrh, Ce0,-500 0% 25 Aok FE #e e,
FKETESO00°CHY, CeO, 3R I 14 A0 iRk BEak BIVEAE, 1M
BT ERE N S BE S AR E L. XS
Ce 3d XPSHt ik (U 28 SR —E (5, d), KR bk
JiF 55 25 B Ce O, R TH AR 25 AL IR . 5 R AL HE R CeO,
HHEL, AL FER)CeO,7E 500 C i 48 25 o 4 18 M
531.0 eVEEBIE531.2 eV, BEIHE BRI TR
THI A 25 0 (1) LT 544

BATTE— 2B 50 T AN B IR E R CeO, i 1L
PERE. WEeafR, SAAEEERT T CeO, L

F 2 EIEXPSHIBL BT E H Ty Ly 5 R THICe™ AR A 20, ) IR JEE FI AR X LL 451

Table 2 Relative proportions ratio of /p//p,, and surface ce”, oxygen vacancy, concentrations as determined by XPS and Raman analysis

Surface content CeO, Ce0,-300 Ce0,-400 Ce0,-500 Ce0,-600
In/lpy, 0.024 0.024 0.029 0.040 0.031
Cce’'% 15.69% 19.25% 20.20% 24.53% 20.61%
Oy% 10.51% 17.60% 20.02% 23.44% 20.71%
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Vacant cerium oxide-catalyzed synthesis of dimethyl carbonate
from CO,
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Abstract: Given the increasing global focus on climate change and the pressing need to reduce greenhouse gas
emissions, the efficient conversion and utilization of CO, have become pivotal research areas in chemical engineering
and catalysis. However, the high thermodynamic stability and low reactivity of CO, present significant challenges in its
conversion processes, making the development of efficient and stable catalysts essential. This study investigates the
application of cerium oxide (CeO,) catalysts in the direct esterification of CO, and methanol for the synthesis of
dimethyl carbonate (DMC). CeO, catalysts with different morphologies (spherical and cubic) were synthesized and
characterized using advanced techniques such as X-ray photoelectron spectroscopy (XPS). The results show that
hydrogen treatment significantly increases the concentration of oxygen vacancies on the catalyst surface, thereby
enhancing its catalytic activity. Experimental data reveal that the spherical CeO, catalyst treated with hydrogen at
500 °C achieves the highest DMC yield, reaching 16.31 mmol/g, with excellent stability maintained over multiple
cycles. Secondary kinetic isotope effect (SKIE) experiments further demonstrate that C—H bond cleavage is not the rate-
determining step, confirming the crucial role of oxygen vacancies in the reaction mechanism. A detailed reaction
pathway analysis reveals the key intermediates involved in DMC synthesis and elucidates the substantial enhancement
of catalytic performance resulting from hydrogen treatment. This study provides theoretical insights into the industrial
application of CeO, catalysts for CO, conversion and opens new avenues for the optimization of catalytic materials.

Keywords: cerium oxide, oxygen vacancies, CO, conversion, dimethyl carbonate
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