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Effects of morphology modulation on TiO,-supported Cu catalysts for
selective hydrogenation of dimethyl oxalate to methyl glycolate

ZHANG Yu, ZHANG Xuyan, SHAO Xuhao, Al Peipei, HUANG Wei
(State Key Laboratory of Clean and Efficient Coal Utilization, College of Chemical Engineering and Technology, Taiyuan University
of Technology, Taiyuan 030024, Shanxi, China)

Abstract: As a crucial chemical intermediate, methyl glycolate (MG) has extensive applications in fields such as pharmaceuticals and
fine chemicals. The route for preparing MG through the hydrogenation of dimethyl oxalate (DMO) using syngas as the raw material has
green development concept and boasts high growth potential. Cu-based catalysts exhibit good catalytic performance in DMO
hydrogenation reaction but tend to induce deep hydrogenation. To achieve the synergistic optimization of efficient DMO conversion and
selective MG synthesis, TiO, with different morphologies were prepared as the supports firstly, and then a series of Cu-based catalysts
(Cu/TO-Nx) were fabricated via the ultrasonic impregnation method. The obtained supports and catalysts were characterized by SEM, N,
physical adsorption/desorption, XRD and so on, and the catalytic performances of Cu/TO-Nx in DMO hydrogenation to MG were
investigated. The results demonstrate that support with nanosheet structure (TO-NF) possesses the highest defect degree and the fewest
acidic sites, which are conducive to the uniform dispersion of Cu species and the inhibition of side reactions. The Cu/TO-NF catalyst has
the highest proportion (n(Cu®)/n(Cu’+ Cu")) of Cu® species at 74.80%, with Cu’ particle size of 5.45 nm, and there exists an electronic
interaction between the Cu species and TO-NF. Under the reaction conditions of temperature of 230 °C, pressure of 2.5 MPa, weight
hourly space velocity of 0.7 h and n(H,)/n(DMO) of 30, the DMO conversion rate, MG selectivity and MG yield of Cu/TO-NF can
reach 87.73%, 82.38% and 72.27%, respectively. Moreover, the catalytic performance of Cu/TO-NF can remain basically stable after
550 h continuous reaction under the aforementioned conditions.
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Fig. 1 SEM images of TO-NF (a), TO-NS (b) and TO-NB (c)
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Fig.2 N, physical adsorption/desorption isotherms (a) and pore size distribution curves (b) of TO-NF, TO-NS and TO-NB
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Fig.3 XRD patterns (a) and NH;-TPD curves (b) of TO-NF, TO-NS and TO-NB
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Fig. 4 N, physical adsorption/desorption isotherms (a) and pore size distribution curves (b) of Cu/TO-Nx
222 WML AR SR RE 7 A 5 (a) T RN BT A AT LE 20 = 35 54 Y IS Y
4057 1) XRD 3% & fH,-TPR fHZR WL 5. B CuORTHIE, X il Cu i EfEAL IR 4 HUs 4 5] «

(a) e CuO (b) 235
1 ‘ 290 : 440
C S : Cu/TO-NF
\,A\__ . CwTO-NF ‘
LA
3 B
s \_,/L CwTO-NS S e
N LM A M| N Cu/TO-NS
% % ; 470
\J}k\ CwTO-NB
L._JLJ'L/\M\_/\_J\__ 199 219 271
] . 439 CWTO-NB
o AN\ 3
TiO,: PDF#21—1272 ;
| mx ‘ H L 1IN 1 1 1 | | |
20 40 60 30 100 200 300 400 500 600
20 /(°) W C

ARAE ] 5(b) Hvide [ e 7y W T AR V5008 J5L g o5 B
5 Cu/TO-Nx#J XRD & E(a)F1 H,-TPR B £k (b)
Fig. 5 XRD patterns (a) and H,-TPR curves (b) of Cu/TO-Nx



%44

R @F: BRIAETIO, f R CufBACH] 4 8L = F By i 45 M An S 4] L AFER T 85 49 %) 65

R R A St 5 T AR Cu Bl R RS
i K B /N K Y% N Cw/TO-NB (6.30 nm) « Cw/TO-NF
(5.45 nm) 1 Cw/TO-NS(5.20 nm).  Cu 4 Fft ) )X ~F 7
A1 5 oy B 8 AR 98 58 &, B Cw/TO-NS K1Y
Cu ¥ b 43 Bk 5 5 , Cu/TO-NF X 2, Cu/TO-NB f%
ik o H B 5(b) AT %0, #4655 1) HL-TPR il £k 7 4772
BH S5 () AR RO S5 0, 158 B AR AR 38 & 2 Fh Cu )
Flto JEIEXS H,-TPR #hZR AT /0 0L A A0 3, A5 T
4T IR SR . Horb, AT 300 °CLLTR A8 J5
¢ U J&8 T 20 HIUCME B4 1K) Cu # R, A62 F- 450 °C A2 44
[ SR U U Jg - KB Cu b . 3t — 285 Ee i Ab 77
£ F 300 °C LA {34 B 04 & b, B R B /MK IR
Cu/TO-NS(82.54%) .Cu/TO-NF(65.58%) 1 Cu/TO-NB
(63.08%) o 7T 300 °C LA 13 JR U6 5 UK, i
F B CutFh o B ER T . 1%45 B 5 XRD 7 #r4h
F— B0 PR U AL Cu iR o B B s B
N Cu/TO-NS.Cu/TO-NF £ Cu/TO-NB.
223 RMETTERARI T

AL XPS A1 Cu LMM B LK 6. H11K 6(a)
AIEN, Cu/TO-Nx HI2H Jlere — 81, ¥ & Cu.Ti O
MCix4fcE. HE 6L %, A7 B FFEALE

531.9 eV)O 1 O—H 2 4 (fi7 T 533.7 eV #1534.0 eV)
PIRFAEVE o B AL, AT 2 Sl 3% HR O— T Al O—H
B [ () 0 T AR B OR BN R, 3908 Cu/TO-NF
Cw/TO-NB 1 CW/TO-NS. X it Cu/TO-NF FF 177
B2 A E R . FIE, Cw/TO-NF H O—Ti* &
VA ARG AE DA 55 2 AR P R A7) i AR T IR A% 5 gk —
A U A R AE BE 2 A BRI . B 6(c) AT A,
AL I Ti 2p FFAE U 53 51 A7 T 465 eV F1 459 eV
B30T, He o Cu/TO-NF f Ti 2p,, 45 4iF U6 B 8 ) Ti
REAE g 4b (7T 456.8 eV i #% , i B Cu/TO-NF
FAET SR A AR . B 6(d)mT %, 1 17
£ F 933.5 eV AL ) Cu 2p,, K 11 16 HAG AS X FR A
R Ca YR I AW 2 IE R EURMN A . B4
A7 T 933.5 eV AL 1) Cu B R R AR I, 7] 43 5] 43 3]
AT 932.8 eV AL (1) Cu #) il B Cu ) Bl KR AiE U , DA
JALT934.6 eV AL 1) Cu V) FhRFAE IS o X LU AR AL,
7 Cu 2p,, FFAE U6 , & B Cu/TO-NS Fl Cw/TO-NB
rH % 0 E W 43 ) A7 T 954.1 eV A1 953.6 eV At , 1T
Cu/TO-NF HiZFFAEIER T 952.9 eV b X & A
Cw/TO-NF Ht Cu# #1532 i+, H 45 & Rt 2 I
g5 G Re 7 I # Bl 1 B LR R BRI LT

O—Ti" # [ (f7F 529.9 eV) .O—Ti* H B (hi T .
(a) 4xilf 0ls ®Ols O—Ti" (c) Ti2p
CwTO-NF CU 2P Ti2p s o—H O—Ti"
Cu/TO-NE Cu/TO-NF T 2p,, i 2p.,
. Ols . .
] Cu 2, : s >
3 |cuToNs J8 P Ti2p z z
o Cls = ='| CW/TO-NS
o HlcwroNs \ o L
n~ O IS nH n
CwTO-NB CU 2P Ti2p
o Cls Cu/TO-NB
Cu/TO-NB
1 1 1 1 1 L L L L L L L
1200 1000 800 600 400 200 0 536 534 532 530 528 468 465 463 460 458 455
Bt eV Erhe eV ERE eV
(d) Cu2p (e) Cu LMM N
Lu

952.9
CWTO-NF . Cu2p,, Cu 2p,,

3 954.1
< |Cw/TO-NS Cu 2p,, Cu 2p,,
#
B
53.6
Cu/TO-NB9 Cu2p Cu 2p,,
12

965 960 955 950 945 940 935 930 925
Y

FRAE B 6(e) P AR 2 W TRIAR T 55 Cu M0 5 EE (n(Cu®)/n(Cu®+ Cu')) .

SREE /(a.u.)

580 578 576 574 572 570 568 566 564 562
B eV

E6 Cu/TO-NxK)XPSi&kE# Cu LMM i E
Fig. 6 XPS spectra and Cu LMM spectra of Cu/TO-Nx



66 IRHAC S 5 4L T

2026 F % 51 &

HH & 6(e) AT 41, AL IS FE 455 E N 568.5 eV
570.1 eV F1572.0 eV Ff i H BLEFAE I , 3X — 2R 51 4F
FEWE S BV JE T Cu’ P fb Cu R A Cu Pl 3
o, Cu® b |] LU 3 DMO &G 2 7 1, 20 1 Wt
B AR 25, Cu™ ) b mT DL i Lewis B8 5138 HEL I 7
3, = AOECE DMO, I 52 € DMO H (1) F 4 256 | 5t
FRED, AL AT Cu A L R BNEER
Cuw/TO-NF(74.80%) .Cu/TO-NB(69.39%) £l Cu/TO-NS
(60.46%) . Zi5 XPS 1% 53 #r v LAHERT Cu #0055
b 52 5 B BA B A G AR e . ik
[ o 2 5 Ak vy, L 1) Cu 0 ) R 5 % 1) L gl
%2, XS 1 RN S Cu R AR N RN 75 Cu
Y, AT 4 =5 Cu® A Ff o BE, 3 T AA E 0 il C=0
FENEA R H 8, XA R TR EPI SO E = MG
IR R BETEN ROACRAE S T 48 3R 1, DMO
) C=0 % A CHL T 44D B H BRI iE b HE BE
XA R T A=) MG BT
224  COWBHHGES> BT

AL CO-DRIFTS /3 #r 5 B L 7. HiFE 7
ALK, AL FITE 2100 cm A1 2170 em™ 26 45 24546 Wk
I , Cu/TO-NS Al Cu/TO-NB 7£ 2060 cm Bt i/ A W i

U . FEH IR N HEAT CO MM, A7 T 2170 em™ it i
FR) WL AT U 328 319 2K, T A2 T 2100 em F12060 cm
I IR IS AR AR AFAE o B ST N B % T CO 7E Cu' )
T 0 Cu 47 Folt 2 T £ W8 B 155 450 2 A7 B BLIR N 1) A
FEEHA, BRI, TR =R AT, COTE Cu ik
THI PRI B (Cu®-COD 3= 22 32 30 Ay 55 W B H. wT 36 5 1
CO 5 Cu¥ph R I I (Cu™-COD 2R MR bt , H
HE R G 2 P, Cw/TO-Nx 7£ 2100 cm.
2170 cm B3 AW SC UG 43 731 6 B Cu™-CO L Cu®-COs;
Cu/TO-NS.Cu/TO-NB 7£ 2060 cm i} 3z [ty W i i D]
HJE T Cu’-COP. HAFE R 2, 5 Cw/TO-NS
A1 Cu/TO-NB # k. , Cu/TO-NF ] CO-Cu W i 1 41
2 2091 cm™ ik , 1X /& [F 24 TO-NF [ Cu ¥ % &
AT BT RS, U] TO-NF 5 Cu ¥y 2 8] 4746 H
FAREAE R, 38 i X b i A g 5 55 T R, 3 ol
k551 1 Cu/TO-NF [f) Cu'-CO Wi iz i 5% Ji¥ i 95 , 32
B} Cu/TO-NF X CO W B 14 58 55 T Cu/TO-NS #
Cw/TO-NB, M\ T AT 4 W7 Hi Cu/TO-NF 1) Cu™ ¥ Fh 1%
B, 24 L&, Cu/TO-NF [I35 AL % CO Y
WS A FH AR 858 5 1% 76 DMO IR S oA ) 140
LR IS R , A I R4 B8 75 MG B B

0-10r &y CwTONF 066y CurToNS 0675y cwTONB .
0.5 0.5F N\
- ; ~ 0.4 — 04]
3 2179 E 5
< L < <
< 005 <03 < 03t
i i it
# ool oot

0.03-

o.oof_y_;‘/Lﬁ

e
=

0.1F

2250 2200 2150 2100 2050 2000
W fem”

0.0E ‘ ‘ ‘ L
2250 2200 2150 2100 2050 2000
WH /em’!

0.0 E ! L . i
2250 2200 2150 2100 2050 2000
AL fem”

7 Cu/TO-Nx ] CO-DRIFTS £ #7455
Fig.7 CO-DRIFTS analysis results of Cu/TO-Nx

2.3 fEUMEESHT

AL AL PERE LI 8. I 8 AT 4N, (AL 77142
HE DMO #4023 i = 2T 2 Cw/TO-NS(91.66%)
Cuw/TO-NF(87.73%) 1 Cu/TO-NB(86.98%) , Cu/TO-NF
BN A TE M L& b . EREREZ,
Cu/TO-NF 7£ ¢ 751 1) DMO ¥4k 2 R A1) B A f i i
MG % # 1%: (82.38%) , fii Cu/TO-NS il Cu/TO-NB [¥]
DMO # 4t % 5 Cu/TO-NF #H LL A Z AN K, {H MG ik
PEVERAG RIS E £ . B AT AL, Cu/TO-NF
X DMO VR B INE R A R 4FrnfiPEae , H MG /=%
B (72.27%) o 5 TR R IE A B A A 1)
S EE A n(HL)/n(DMO) RIS , 1IX A ] T4 Cu

VIFh S AR I B I S R

THE L TR P 4 A 35 P 0 = 0 3 P 2 AR T L
QL AN eSS R S A R - N
R K, Cu Py Fh o B B SR ER =7 , Cu Pk R~
BN o B CuFh T  , AR I &R
AR AL M T = . 5 TO-NS A1 TO-NB A LE ,
TO-NF [ bR T BUE 2 Cu P R F(5.45 nm)
J& T Ak R~F, BRI H DMO 4k # 4T TO-NS Al
TO-NB Z [i] o 3@ I 33 — 25 43 B (i Ak 770 1 7= 4 o 4%
PERTEN, Cu/TO-NF (R K 5372 MG, T Cw/TO-NS
A1 Cw/TO-NB ¥ H Bl = ¥ MA FIMM 8 2, H
JREIAE T TO-NF JU-F- 35 A BRI A A, 1X A5 T4l



%44

R @F: BRIAETIO, f R CufBACH] 4 8L = F By i 45 M An S 4] L AFER T 85 49 %) 67

I NI R A . Cu WA AT i 3 DMO &g #2
H, %3 F FI W B AN AR B, Cu™ ¥ A ml il i Lewis BR B SHR
1k 7 K, 8 080E DMO, I 42 5 F AR L | Ik
LB Cu Bl 7 bE R R, BT DMO A C=0 2
R A4 FRTS A B A3 R 385 KA LR i &
FEPIMG T B 155, Cu/TO-NF H A fi i ) ik
FEFERE , R Cut M o Lhd s, SR A o s i Cu*
Folt o5 LU I8 B () Cu P R~ S 5 R , Cw/ TO-NF
AL T i e i F DMO #546 % l 87.73%, MG i
PN 82.38% , MG =N 72.27%.

CIMGIZEG I MA [T EtOH = MM
100 - - 100
«% T[] \
=80T - 80
Eal L .
% . ) $
2 60 160
A £
) ©)
40 40
ket
o)
2
20 —20
0 0
Cuw/TO-NF Cuw/TO-NS Cu/TO-NB
T

HFEF230 °C £ 772492.5 MPa.WHSV 40.7 b 1 n(H,)/n(DMO) = 30,
B8 Cu/TO-NxHIfiEfLIERE
Fig. 8 Catalytic performances of Cu/TO-Nx

fE BB AE R, X ALV BE 5 4 1f) Cw/TO-NF
BEAT T RREVE VRO, SR LI 9.

100

80%

60 -

40 [

—a— DMO#Ak %
—eo— MGk
—A— MGF=%H

DMO#EAL R & MGk & MGULE /%

0 I I I I I
100 200 300 400 500

SCRESA] /h
B9 Cuw/TO-NFHIFRE MK LE R
Fig. 9 Stability test result of Cu/TO-NF

i &9 Al &N, £E K ik 550 h g B B TR
Cuw/TO-NF FIfEA I AR AR . IX PR AR
FEME R BHEF T HAER : (D CuFI{E Cu/TO-NF
F 7 HOPE BT, PRAE T 35 A AU 50 00 A K s
ORI ; (2)Cu/TO-NF /1 Cu#)fh 5 TO-NF 2 [8] [
THIEAER A2 AT S A 1 [RIE, tAR 3 T 1
i R TR

3 45

KRICRI& T BA K R ER A4k B
3PS FETE S TiO, 3ok . Uk IEnt b, #l 4 7 —
Z5 Cu T E N 10% 1) Cu FEAEALT, HEAF 7L T 3K
IR R 2584 , DL AR A FRIZE DMO i & MG
SRS AL R BE 15 I R 4518

(1)TO-NF [ bt 2 T FRUE A R e 72 8 A v EL
PR AL s /b o TO-NF 5k Cu ¥t J5 B 19 A 77
Cuw/TO-NF B A5 3& /1 [ Cu ¥ 43 Btk K Cu#yfh R
~1(5.45 nm) , PA K f s 1R Cu 0t o b (74.80%)

() TE R E N 230 °C .\ & /14 2.5 MPa, WHSV
0.7 h' Al n(H,)/n(DMO) = 30 f{] 564 T , Cu/TO-NF
) DMO ¥ 1k, % A 87.73%, MG % £ 14 4 82.38%,
MG =2 72.27%. (BRI AT FIELE B 550 h,
Cuw/TO-NF HIEAb 1 BEIE AR FERRE

S 3Lk

(1] EORfE, HakE, VPR SRR P BRI R A S [T]. R
AT —ClLL2 56T, 2005, 30(4): 64-68.

WANG B W, TIAN K S, XU G H. Synthesis and application
of methyl glycolate [J]. Natural Gas Chemical Industry,
2005, 30(4): 64-68.

2] JEfE. ZRERR R A L2 R H &I AR Tl
A, 2014, (22): 48.

ZHOU J. Production process and application analysis of methyl
glycolate [J]. Journal of Shandong Industrial Technology,
2014, (22): 48.

[31 WENGYJ, ZOU M, LIU XY, et al. Conversion of glucose
to methyl glycolate in subcritical methanol [J]. Chemical
Communications, 2023, 59(29): 4340-4343.

(4] BOWTT, RO, bRIE AL T A A R A SR I R AR LR

i F AR AL & BB U R JRE (D). BT TR 27 A4l CE SRR 1RO,
2020, 59(5): 664-678.
DUAN X P, ZHAO W, YE L M, et al. Progresses in
catalytic synthesis of methyl glycolate as biodegradable
polyester monomer [J]. Journal of Xiamen University (Natural
Science), 2020, 59(5): 664-678.

[S]  JEskUg, 25048, MR . ) £ IR RS ()], AL i
£, 2010, 29(11): 2003-2009.



68

f&BALE BT

2026 F % 51 &

(6]

(7]

(8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

ZHOU Z F, L1 Z J, PAN P B. Advances in coal to ethylene
glycol technology [J]. Chemical Industry and Engineering
Progress, 2010, 29(11): 2003-2009.

TR, £REENR, Bauf e, 55 Brh A0 5N AL
b A= 2 A AN BT R R R AR [T]. AR IR, 2022, 48(8):
7-13.

ZHANG S L, JIAO H Q, YANG J H, et al. Ecological chain
layout and innovative development path of modern
coalchemical industry under the background of carbon
neutrality [J]. China Coal, 2022, 48(8): 7-13.

YAN W Q, ZHANG J B, XIAO L, et al. Toward rational
catalyst design for partial hydrogenation of dimethyl oxalate
to methyl glycolate: A descriptor-based microkinetic analysis
[J]. Catalysis Science & Technology, 2019, 9(20): 5763-
5773.

WANG X, QIN S Q, ZHANG H Q, et al. Effect of Ce
addition to Ag/ZrO, catalyst on the hydrogenation of DMO
to MG [J]. ChemistrySelect, 2023, 8(11): €202300192.

YAN W Q, ZHOU R J, JING L J, et al. Computer-aided
bimetallic catalyst screening for ester selective hydrogenation
[J]. Catalysis Science & Technology, 2022, 12(9): 2761-
2765.

HUANG H J, WANG B, WANG Y, et al
hydrogenation of dimethyl oxalate on Cu/SiO, catalyst
modified by sodium silicate [J]. Catalysis Today, 2020, 358:
68-73.

ZHENG J W, ZHOU J F, LIN H Q, et al. CO mediated

deactivation mechanism of SiO,-supported copper catalysts

Partial

during dimethyl oxalate hydrogenation to ethylene glycol
[J]. The Journal of Physical Chemistry C, 2015, 119(24):
13758-13766.

ZHENG X L, LIN H Q, ZHENG J W, et al. Lanthanum
oxide-modified Cu/SiO, as a high-performance catalyst for
chemoselective hydrogenation of dimethyl oxalate to
ethylene glycol [J]. ACS Catalysis, 2013, 3(12): 2738-2749.

ZHAO Y J, KONG L X, XU Y X, et al. Deactivation
mechanism of Cu/SiO, catalysts in the synthesis of ethylene
glycol via methyl glycolate hydrogenation [J]. Industrial &
Engineering Chemistry Research, 2020, 59(27): 12381-
12388.

CUI Y Y, WANG B, WEN C, et al. Investigation of
activated-carbon-supported copper catalysts with unique
catalytic performance in the hydrogenation of dimethyl
oxalate to methyl glycolate [J]. ChemCatChem, 2015, 8(3):
527-531.

ABBAS M, CHEN Z, CHEN J G. Shape and size controlled
synthesis of Cu nanoparticles wrapped on RGO nanosheet
catalyst and their outstanding stability and catalytic
performance in the hydrogenation reaction of dimethyl
oxalate [J]. Journal of Materials Chemistry A, 2018, 6(39):

(16]

[17]

[18]

(19]

[20]

(21]

(22]

[23]

(24]

[25]

[26]

19133-19142.

NIU J C, AI P P, GUO Q W, et al. The effect of nitrogen
doping on hydrogenation capability and stability of Cu-based
catalyst in ester hydrogenation to methyl glycolate [J]. Fuel,
2023: 128866.

IR T BRI N U B 4 4 77 22 RUBE S5 M) e vk 5 4 2
KA F[D]. KEE: KEK, 2019.

YAO D W. Multi-scale design and structure effect of
Cu-based catalysts for dimethyl oxalate hydrogenation [D].
Tianjin: Tianjin University, 2019.

YEN H, SEO Y, KALIAGUINE S, et al. Role of metal-
support interactions, particle size, and metal-metal synergy
in CuNi nanocatalysts for H, generation [J]. ACS Catalysis,
2015, 5(9): 5505-5511.

ZHANG C C, WANG L T, ETIM U J, et al. Oxygen
vacancies in Cu/TiO, boost strong metal-support interaction
and CO, hydrogenation to methanol [J]. Journal of
Catalysis, 2022, 413: 284-296.

TRIEMR, FNEF, 2508 . Bk 2 iR Ag 15 4% THO, DB HEAL 771
TS T i i L S TR S R A B N2
2025, 45(2): 38-45.

HAO G D, SUN X, LI C. Performance of carrier hollow
microsphere silver doped titanium dioxide photocatalyst and
first-principles analysis [J]. Journal of Liaoning Petrochemical
University, 2025, 45(2): 38-45.

B, BIRE, KA, % . CdS BT B TiO, 4K K&
SR A SR RERT AT D). A AL R A R A R, 2022,
35(4): 38-45.

YU Z C, TANG Z G, ZHANG N, et al. TiO, nanotubes
modified by CdS quantum dots and performance of
photocatalytic water splitting for hydrogen [J]. Journal of
Petrochemical Universities, 2022, 35(4): 38-45.

ZHANG P F, TIAN Z L, KANG Y K, et al. Sub-10 nm
corrugated TiO, nanowire arrays by monomicelle-directed
assembly for efficient hole extraction [J]. Journal of the
American Chemical Society, 2022, 144(45): 20964-20974.
GONG H Y, WANG L, ZHOU K C, et al. Improved
photocatalytic performance of gradient reduced TiO,
ceramics with aligned pore channels [J]. Advanced Powder
Materials, 2022, 1(3): 100025.

LIUJL, LUO Z Y, MAO X C, et al. Recent advances in
self-supported semiconductor heterojunction nanoarrays as
efficient photoanodes for water
splitting [J]. Small, 2022, 18(48): 2204553.

LAN K, LIU Y, ZHANG W, et al. Uniform ordered two-

photoelectrochemical

dimensional Mesoporous TiO, nanosheets from hydrothermal-
induced solvent-confined monomicelle assembly [J]. Journal
of the American Chemical Society, 2018, 140(11): 4135-
4143.

LIU Y, CHE R C, CHEN G, et al. Radially oriented



%44

R @F: BRIAETIO, f R CufBACH] 4 8L = F By i 45 M An S 4] L AFER T 85 49 %) 69

mesoporous TiO, microspheres with single-crystal-like
anatase walls for high-efficiency optoelectronic devices [J].
Science Advances, 2015, 1(4): e1500166.

carbon monoxide promoted by the Cu-Ce/ZSM-5 catalyst in
CO/O,/N, atmosphere [J]. Applied Catalysis B: Environmental,
2015, 162: 282-288.

[27] SRHE . EAGEK 0%k Ru ZE (AL 1 28 R n B S0 B 1 [34] HADIIIVANOV K I, KANTCHEVA M M, KLISSURSKI
AE[D]. R Ja[ 4k Tk K%, 2022. D G. IR study of CO adsorption on Cu-ZSM-5 and
WU H. Hydrodeoxygenation of sebacic acid catalyzed by CuOSiO, catalysts ¢ and © components of the Cu—CO
titania-supported ruthenium [D]. Tianjin: Hebei University bond [J]. Journal of the Chemical Society, 1996, 92(22):
of Technology, 2022. 4595-4600.

[28] LIZ,MA Z, LI Y H, et al. Tuning the product selectivity of [35] WU G J, GUAN N J, LI L D. Low temperature CO
dimethyl oxalate hydrogenation over WO modified Cu/SiO, oxidation on Cu-Cu,0/TiO, catalyst prepared by
catalysts [J]. Journal of Energy Chemistry, 2024, 97: photodeposition [J]. Catalysis Science & Technology, 2011,
128-138. 1(4): 601-608.

[29] THAKUR A K, KURTYKA K, MAJUMDER M, et al. [36] DU Z N, LI Z, WANG S 'Y, et al. Stable ethanol synthesis
Recent advances in boron and nitrogen doped carbon based via dimethyl oxalate hydrogenation over the bifunctional
materials and their various applications [J]. Advanced rhenium-copper nanostructures: Influence of support [J].
Materials Interfaces, 2022, 9(11): 2101964. Journal of Catalysis, 2022, 407: 241-252.

[30] CHEN H M, TAN J J, CUI J L, et al. Promoting effect of [377 YE R P, LIN L, WANG L C, et al. Perspectives on the
boron oxide on Ag/SiO, catalyst for the hydrogenation of active sites and catalyst design for the hydrogenation of
dimethyl oxalate to methyl glycolate [J]. Molecular dimethyl oxalate [J]. ACS Catalysis, 2020, 10(8): 4465-
Catalysis, 2017, 433: 346-353. 4490.

[31] SMITH M L, KUMAR N, SPIVEY J J. CO adsorption [38] FANG X L, LI B, ZHENG J W, et al. Ruthenium complexes
behavior of Cu/SiO,, Co/SiO,, and CuCo/SiO, catalysts with N-functionalized secondary amino ligands: A new
studied by in situ DRIFTS [J]. The Journal of Physical class of catalysts toward efficient hydrogenation of esters
Chemistry C, 2012, 116(14): 7931-7939. [J]. Dalton Transactions, 2019, 48(7): 2290-2294.

[32] SU J J, ZHANG Z P, FU D L, et al. Higher alcohols [39] ZHENG HY, XUE Y F, NIU Y L, et al. Synthesis of methyl
synthesis from syngas over CoCu/SiO, catalysts: Dynamic glycolate via low-temperature hydrogenation of dimethyl
structure and the role of Cu [J]. Journal of Catalysis, 2016, oxalate over an efficient and stable Ru/activated carbon
336: 94-106. catalyst [J]. Journal of Chemical Technology & Biotechnology,

[33] BIN F, WEI X L, LI B, et al. Self-sustained combustion of 2022, 97(9): 2572-2580.

(L##58 M)

[68] XU, s, TKEH . G S B P 6 4 1 700 i ) 2% and applying a type of vinyl acetate catalyst: 115445658B
J71%: 103878022B [P]. 2016-05-18. [P]. 2024-06-28.

LIU J X, YANG Y X, ZHANG L B. Preparation method for [72] VFERVE, BUH 4x, R E, & . — PP A% 5 45 M I I 0 TR I 1k
synthesizing allyl acetate catalyst: 103878022B [P]. 2016- A7) B H i) 46 T AN ST : 116139903 A [P]. 2023-05-23.
05-18. XU Q F, HE C Q, YANG T B, et al. A core-shell structure

[69] EEmEsh, MIE (s, I . BE RIS T4 I (A0 70 o ikl 45 7 v vinyl acetate catalyst, its preparation method and
104437625A [P]. 2015-03-25. application: 116139903A [P]. 2023-05-23.

ZHA X Z, YANG Y X, ZHANG L B. Preparation method of [73] VFERUE, T 77, FLAEMY, 55 . — RS0 A R R 3L 2%
allyl acetate catalyst: 104437625A [P]. 2015-03-25. VEFIRLF: 117943052A [P]. 2024-04-30.

[70] #bi, T, B, & — M OB A AR L % XU Q F, YIN L, KONG D B, et al. A type of oxoacid
T7VE Bl 24 SR I G 1 77425 1143453698 [P]. 2023-05-30. catalytic agent and its preparation method and application:
YANG Z C, WANG L L, CAO C Z, et al. Acetyl oxidation 117943052A [P]. 2024-04-30.
catalyst, preparation method thereof and method for [74] WHERE, B L oR, VFIRUE, 55 — P 4b ) K i 4% 7 iR Al
preparing alkenyl acetate: 114345369B [P]. 2023-05-30. M.: 114054044A [P]. 2022-02-18.

[71] FPRUE, B, A7, 55— PhimSER I A I o A0 ) f F YANG Z C, CAO CZ, XU QF, et al. A type of catalyst and

il 4 J7 IR T 115445658B [P]. 2024-06-28.
XU Q F, YANG Z C, BO L J, et al. A method for preparing

its preparation method and application: 114054044A [P].
2022-02-18.



