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Electrodeposition preparation of Cu,O-based catalyst for CO, to alcoholic fuels

LEI Tao-ning, DANG Qi" , WU Tong, WU Yun, YU Jing-yi
(China-UK Low Carbon College, Shanghai Jiao Tong University, Shanghai 201306, China)

Abstract : Cuprous oxide (Cu,0) film catalyst is prepared via electrodeposition method under copper sulfate/lactic
acid system.The influences of the space structure and chemical composition of the electrode on electrocatalysis reaction
performance are revealed through the comparison of different electrode substrates. On this base, Cu,O film catalytic
electrode ( Cu-foam @ Cu,O-film) is prepared by means of three dimensional porous structure of foam copper and
synergistic effect of Cu-Cu,0,in order to improve the selectivity of Cu,O on alcoholic products and the stability of the
catalyst.It is indicated that at —=0.9 V vs.Ag/AgCl in 0. 5 mol-L™" KHCO, electrolyte , the Faradaic efficiency of methanol
and ethanol is 33. 2% ,nearly triple that over traditional carbon paper substrate electrode.

Key words : cuprous oxide; electrodeposition; electrochemistry; catalysis; carbon dioxide; methanol; ethanol

2022 4, KR H €O, MR 4> 5w ik 417
pL/LMY S SRR AR AR fE AL, B AT E A A 130
22 I GORN Ml AR T TR ol il R R A AR A
HERP L, FF& CO, i sk b RURI 2 A 2 S 3Rk
TER A AR EE RS, HArm s e |
Jefife e LUK AT SRR AR SR CO, B R
Jria s HA R R AR CO, Ak M BRI A B
RERI A i 1) Hh A A A PR i) B 17 T P4 P
SEAFTEAL A b SO 2 I AR A7 A, W
P T 2 A Ay v A5k v % R VR B o AL TR AT
IR T, WAL CO, AIARZ P b i 3
it

R T T IR P AT T R A A AR
CO, [R5k e e A A F AN S BER EE EERE ,  3%
AT B A i E i — A RO co, #iikh
LY AR A ST A (Cu,0) B A

X S 2 A e R M A B R A T DL R
TRAI T AR AR A 7 Le 2605 I AR DR
il 7 — R IV B A ALY, IFPE N CO, 8 5N
(CO,RR) il H B A Ak A AR, A 92 R B, fifEFH Cu,, O
HLBR A, F B P ) B3 b SRR3R (FE) 3 = TR
rh LA A B P A o AR A i i 2 1 AR A A v
e, B Cu( 1) WAide H B i) A b i DGRV
Hazarika %' %2 B, A HC T4 B8R, Cu, O 44K kY
A LA A TG R B A A A B R A B R 1 AR
PE, R4S Cu, O B Ry 2 A B BN & i A 2 ™
Y1) SR AR E A b S g ATh T I 2 B bR e i
PRV i A0 R0 A 1 22 H K % HLEAS BH off 55 )
AT AR RIS ad A S R
) i R IR) P, T 38 5 LA i CO, A9 I T i,

B Cu,O XTEESE = W) e B v DL AR e v, A
B HAS & Cu,0 Wbk, MU RA 5

%5 B #A.2023-05-04 ; & B H #:2023-12- 14
BEEWE . 558 KRS 334 (WF220428003)

TEEBN . FHT(1997-) 5B WA WF5E 05 ) A HLAEAL — S AEBRIE B, lemond @ sjtu.edu.cn ; 3¢ B (1987-) | 4 fi-t | Bl #0852, WF 52 7 nl B4
Jo R ORI B — A AR AL i AL IR RN, dangqi613@ gmail.com,



192 - A AL T

TP G B M A BOE A5 R R B
AL FEEAE KA FIE Y Cu, O 35 (Cu,O—flim)
JEE S A A R, A H ORI AT Cu, O
SR & B ITR kA F L5 A s g, A wue
o FL i A R R DL R P R . Munir 26 I
FEL AR 0 S A SR IS 28 in 48Uk S A K A8 Tb v e
P32 AR, AH T T B — 174 ] F A A 4 I A
W, B B 0 3 B . Tan 252 R AL UTAY
B Cu,0 54 (Au) 854, M Cu,0-Au &8
A R T — A kb e R, B
A, A RH PR H 5 Cu,0 MIFST 2 B4 Tk
HZ M4 G4BT ER , b= )8 A48 J I 451 X7 i 1k
FEPERERITRAMIGY . =4k 22 FLEAEF il i B L JEE 7
P AR £ 3 i D R A 2E M R T TR I —
AP0 e H AT H AL CO, B9 Hh B = 18
ARSI A Z AL A AH G HGE . L, R L DT
TR Cu, O 8 15 57 17 28 22 Y R 4 25 IS, AN g
F R Cu—Cu, O 538 33 Pp R F B2 = r A e 7 1%
AT ) FH LR Y 22 FLA5 P 8 e i A 300 £ 3 i D S
ek Re , 4 S R R I — R A T B

25 R H TR A6 AN [R) %) H A 6 G (e 4k
il B B TR ) R A K Cu, O JR, il 55 T — &R 51
LM AZL Cu,O A ML FLB, IF X FEBESE T A
[FZLJE [ Cu, 0 FLAEILIRJE CO, ITERE, 7 BLIEAE
b #E—2BESE T AL E AR K B[R] H AR 5 CO, il
PSR 2L R B N7 1 i, 38 Ao FRAE N 43 B B i i R
WERTHTEH, ARFT Cu, O HEREAME AL 05 /Y S5 A, JF
it Cu, O AT B 80RS S FA PR SR

1 SEEMRATTE

1.1 ##

LK & B R B ( CuSO, - 5H,0) | % BR & A7
(KHCO,) , [ Ze BB B0 A BR 2N 7 A2 7 ; LR
(DL) EAALS (NaOH ) |, b8 B2 T A AL B A7
RS W) A2 77 44k (CO,) VR(N,) Sl EE R
99.99% , i RIbRESMAA BRA Rl A=,

1.2 HBEHROHE

FELUTAR I 5 Cu, O 8RR FH B — F I H fif il
BEE AN 2%x2 em® YA R B 5 AY HL AR 38 7R T
PERL , 1x1 em® R/NEI R SR BLA , 2 L LR Oy
Ag/AgCl HLHR (M0 KCl %) , Cu,O HL TR 2%
AR 72 DA I ] R 7L R R 5 Y R R P AR TR, SR AN
) OB AL HEAT A 220 BRI  E BRI E
@¥ 0. 4 mol/L BREAHTFI 3 mol/L FLIERIE & 3F h i

F445FE2H

£ 60°C ; QMR AW T A S S AL I A Wi i
PHATRRIRE 2 pH = 9; Q¥ Bk 4Ry TAE AR A
HLIATR T, LA 50 mV/s BOBRIEF TR PR B R 403,
LRI 0 =2-2.0 V vs. Ag/AgCl, HRIEH Ak i £ 5
E 3T EAL 3 -0.6,-0.92,-1.42 V vs.
Ag/AgClL; @43 A LA ik 3 A A7 4H T 30 min;
G A ( Cu-plate ) FIHE KA ( Cu—foam ) iy TAEH
WK EE L TR@, @ i TOR R I 2% Cu,0
T TS B A e AR R PG ) R G A B I VA B R i A
AEAL I LA, 53 3124 Carbon @ Cu, O —film | Cu -
plate@ Cu,O—film DA} Cu—foam@ Cu,O0—film,
1.3 HHRIRIE

FIFHAH o 7 2 048 (SEM, JEOL—JSM —7800F )
XoF JT i) 2 0 A F AT B0 R A 7 2R AIE 5 1 B3 23 A
X (EDS, JEOL-JSM-7800F ) %t # i Cu,0 #iEITE
HATRAE ; M X 24T (XRD, D8 ADVANCE
Da Vinei ) X6 HL R 22 1 70 3 4L LA T R AE 4387,
FrLEA X PG FRERE (XPS, AXIS UltraDLD) A
AL F A T R M A DL I T Z 48
AN
1.4 Bzl

K 2 = HE A HL i3 ( H - Cell) 1 R LAk 2
D Jz o7 2 e, 3 2 L Ak 2% T4 336 ( CHI-760F)
XoPAE Ak 3R H 3 i A Ak e R BB R AT I K, Tk
Cu, O R AN ] AR A8 TAEJEIR R A Ag/
AgCl HUB (1 KCLIE IR ) h 2 il , #1 R U AR
FIXTHL o SR B 28 4 5 ( Nafion—N117 ) 4B | BH
Wit = BEIF, 3B 30 mL 9 0. 5 mol/L KHCO,
W
1.4.1 MEFRKZH(CV) MK

SR AL A T CO, ML TERE , 1 e 45
AR AERI RN N, 2R CO, 4R 43 ik
TR, BARERAEL TR A . LA 30 mL/min Y
B ] AR 3 s A SR AR DL 30 mV/s (3R
ARG, A TSR 0~ -1.8 V vs.
Ag/AgCl,
1.4.2 &g dfix(i-t) Mk

R ARAG A Cu, O WX CO, ML IL S5y ik
FEME XTI A i A AR 43 S A T S D LA
VEAIE 7. (DLA 30 ml/min 53 3% 6] B 2= Hil A
CO, ZHM M (pH =7.6); @ Frgti@ A CO,, LI
100 mV/s HIEZF M 0~ 0.8 V vs. Ag/AgCl HE171/E
PR 50 IRA B BR R4 0, A LI-0.9 V vs.Ag/
AgCl FyEE HL I 3L 15 min, B F AW E 5 HK



2024 2 B

38 I T AR T, R RO R L fevE R
T, BN A 3B B RO, PR, X B R
SRR P AT IR
1.5 =¥5ath

FIHSARERE{L (GC, Shimadzu GC-2030) &
BTSRRI ), R R 2l N, AR 30, 33 1
Fi2 30 mx0. 25 mmx0. 25 pwm %54 SH-Stabilwax -
DA B ETEAE , T KRB A0 4% (FID ) X J AR
Py v i) FP SR 2B AT A AR BT A ) 7 A
JE TR E 7 W R LA R

FE = [(mxnXxF)/(Ixt)] x 100% (1)

o om RS PR IR B n R R v T2 (I
N6 HT, LN 12 T s F IR WA 1 o
st RFE] T H-Cell WA S A=W M ERAE &
TR ZE , HA B 2 Ja e BRSO ) o
B A, P, EES O ) T A L R v
PR,

2 ZXBHERSITIE

2.1 AEBERERK Cu,0 EENFHISE5RIT
B T UUR B AL X Cu, O R A9 &2, 43
TTERRARHLIE FLA-0.6.-0.92 V }z—1.42 V 3 Fif
AN [) v A7 AT F DD AR A%, i FL R XRD &
Carbon@ Cu,O—film R [A] SEM-EDS FAEZ R WA 1
Fim e W 1(a) il LB H L fE-0.6 V INHLAL T,
20 49 29.55 .36.42 .42. 30 ,61. 34° L) Kz 73. 53° (I fi
SpUge 43 5 % T Cu,0 (110) | Cu,O (111) | Cu,O
(200) .Cu,0(220) & Cu,0(311)5 i, BEE DT
FREL A K ZE-0.92 V, Cu,0( 110) fif s 2k | If:
HPE 260 SN 43,30 ,50. 43° L) K 74. 13°10) 3 MTETIE
AFRIXTRETF Cu(111) (Cu(200) PA K Cu(220) &b,
VEIIRACR A Cu,O HREAR LA Cu,0 Fl Cu /w 8
Yo YUUBHAIA T -1, 42 V B, XRD #4145
IR Cu 193 NATETIE ., [RIA SE SR & AN H%
A7 HAR 2 T (o th & A AR A, 3% B P AR 3% T 3
WA BIERAS . AE-0. 6 VL i S BLIR 4R 0, B
Pl %&Eﬁigbn,%%ﬁﬂﬁtﬁﬂéﬁ@% AE-1.42V
HLE T, LA 8 T 58 4 B RELRE (1) ¥ Co ) o 7 o, X
H T AL IS [ 2 AR R T Cu, O i — A5 HL
THGAJE R Cu, MEEGR Cu, O ERRAE AL 775 BE A Ji
Xt EL AR AR R | 5 2204 -0. 6 V AR M TR HL 7
DIl AR . AL 1(b) ~E 1 (e) thAT LIE Y, -
0.6 V HLAL FERACIEIE [ Cu,0 WEE T Cu,0
o Cu JTCE M O TR M LLFIHET 211, AR b TR

BETHF  BRREGIS Cu,0 L CO, HlIEZS

7y SR - 193 -

MR MIESIII 341 O JLE, Cu JTCER W70 AN
R, HTRATIREME , AR B & C L&
ST AR LT O JCER N4, SEM-EDS R Ak 45
FEWHL T AR Bl 40 3R T PN F 48 T — )2 Cu,0 ¥
JBE, Cu, O AL LI TE 2N 36 T 0 403 T (1) 41 4
e TR i SR A AR Al AR T ) S AL T DABROIR AT 7
SIS

ain =Cu,0
“Cu
(110) (200) @ e
a1

(200)
H 9 (220)

| P

30 40 50 60 70 80
20/(°)

AR R B

1—=0.6 V;2—=0.92 V;3—-1.42 V
(a) XRD FAE

(b) Carbon@ Cu, O—film () BRICE N

(d) EICESH
B 1 fE s XRD & AE & Carbon@ Cu,O—film
% W SEM-EDS % 1

(e) LRI A1

BT LR UURR A R LU 7 F e R4 A i
RN, il B A5 380 2 1T 30 2 b 2 21 LA AN AH R 1
Cu, O A5 11 AL LA, 3 b i b ol A2 43 ) 75 5 %
(x10 000) FMIEAE (x1 000) F %) SEM El& 40 2 fr
o M 2 Hal DUE S SEM EHR R i 40
HTRE LR R 1 /Y Cu, 0 B LA IR S5 Y Cu,0
(100) & 11 R 3, b e 4% 38 i 2% 1f R D
Cu,O(111) fb T, i Fr BE )5 0 DL\ AR 2545 1) Cu, O
(111) FhTE R 3, HF & A 5 Cu,0(100) & i,
AR FE A AL T B AN )2 T B A R TR AR
WL EARIESR 22 R0 A, A, s LR A

SERIRA [ 23 B Cu, O IR 50 B 25 S



. 194 - PR AL T

F445FE2H

fiKfis SEM E{& 87w, # b T Cu-plate@ Cu,O—film
Fl Cu—foam@ Cu,0—film, Carbon@ Cu,O—film 77 7E 5
ZHARBIE R Cu,O & Bl AT R 4L BRI T, 31X
48 Cu, O P BEA 7 E 1Y T 3R P T e H
DUBUS AR, B ARSR T 1Y) Bk 2T 4 25 8] 45 1 5 20 A
TBUE) R A AN 8 5] R85 T 2 ) 45 ) 3 A1 14 20 Y
A R R RIS, B A B IS 2 7 AR B & Y o R
ZiE 8

(a) Carbon@ Cu, O—film
(%10 000)

(b) Cu—plate@ Cu, O—film
(%10 000)

(¢) Cu-foam@ Cu, O—film (d) Carbon@ Cu, O~film
(x10 000) (x1000)

10 um

(e)Cu-plate@ Cu, O-film (f) Cu—foam@ Cu, O—film
(x1000) (x1000)

K2 FE#EKZKE Cu,0 HfEt SEM H

ANFEEERT Cu,O AR XRD RAELE R an& 3
fizs . A 3 il LI Y, Carbon@ Cu,O~film 2K

ain = Cu,0

*Cu

(110) (200) @0 1 e
=

.IE' (1.11) (200) 2 (220)
z

J A 3
30 40 50 60 70 80
20/(°)

1—Carbon@ Cu, O—film;2—Cu-plate@ Cu, O—film;
3—Cu—foam@ Cu, O—film

W3 FEEREMLEHRKE XRD £

HEH Cu,0 ARG, FHorf Cu,0(111) YU
{Ef =, f£ Cu-plate @ Cu,0—film fl Cu-foam @
Cu, O—film FRIAEE T MELH] Cu,0 FMEH Cu HIATHT
W P T R T Y Cu,O R S 4T TS i
FHED , R85 51 T R Z5F 19 Cu, 0 (100) & I 5 )8
AR fA, S 2 XRD /R YA 56 M i 1 45 1 5
SEM Frg8 8| 45 A BT AL

i X Carbon @ Cu, 0 —film LI A Cu —foam @
Cu,O0—film 2 FpEAL AT XPS T LIRS TR
bR AL 25 SR UNE 4 FER . MIE 4 (a) ]
DI X 2 FOAS [ BE IS 7 2007 Cu, 0 —film {4k
I IELEABE N 932.6 eV 1 952. 4 eV AbHY 2 4
HEWE SR BRI T Cu* 2p,, Fl Cu® 2p,, , TELE S FEN
945.8 eV F1943. 1 eV fA7ERY D ARIERY] Cu( 1 )2
FEME ., AN FELBHEN 934. 8 eV F1954. 8 eV
PIAh % BRACSER B O RRIE DG | 20 516 B Cu™ 2p,,, M1
Cu™ 2p,,, HTHIRH T Cu,0 ISR RE
PE,Cu( 1) SEAIE R Cu( 1), I Cu,0 HRE T
FEAE /DR E AT (Cu0) . NIE 4(b) FRATLIE
2 FEAL A AEZE B RE N 570. 0 eV AL 1 ANFE
I FESE Cu( 1) 4 Cu,O ¥R A EEALEG M, Cu-
foam@ Cu, O—film fEALHLIRTE 568. 0 eV AL AT LAIWLEE
FNELE A BFFEH Cu(0) XA JE W, MIE 4(c)
] DA 7RSS A RE R 530.2 eV F1 531.6 eV [ 2
AP AE W 43 51 X B T A A R (0, ) TR A
(0OVs) ' AT Carbon@ Cu,0~film, Cu—foam@

Cu*2j
S Crop Cot
u P{n: satellite peak )
| ] !

AR EE
AR

965960955 950945940 935930925 585 580 575 570 565 560

ZiifbleV LibrfkleV
(a)Cu 2p (b)Cu LMM
0OVs )

M O,

= ] 1

= v

z oo

——A‘z
538 536 534 532 530 528 526

A RleV
(e¢)O 1s
1—Carbon@ Cu, O—film ; 2—Cu—foam@ Cu, O—film

W4 FEZEREMNERXPS TTE S



2024 2 B

Cu,O—film @A A 1Y & I 2 W25 SRR A4 T
A%, UL AR LR K Cu 5 Cu,0 KL E N
HWERAE T Cu( 1) B9k 3REs
2.2 Cu,O HEBEMNIER CO, KA IEREM T
A3 R EAL R AR AR S TAR AR AE H-Cell H3E
A, & 5o B ZE LA N, F CO, 1Y FL A
W R AT G PR AR 22 3K H T A R T A AE 1Y
Cu,0 1[5 €O, KAJN,3 FEALHEARTE CO, H A
ST B LI 2 BE 34 T AE N, M AT Y HL i
W, AN ELIE LIRS 113 Cu,0 MR HEfL
HLRAEMI T CO, S FI T AR M &L py Xy b an &l 5
Ro MELS Hal DL M R S 28l fE A 590 ) r A Pl O
WAL AR AR T A R T
0, TERRHLA T i T AT & (HER) B & 4=, H
A T 1) P, U 8 B T AR 4 O, el oR AR R B 2
LA, B BRI LR S A, AT 3 B BLIR
HLBR , 12K Cu, O WA AL LN -0. 7 V HL (37 TF
U6 7S R B v 0 L B2, o Cu—foam @ Cu, 0~
film B9 HL % % L Cu—plate@ Cu,O—film B &, X 15
T T VR 1 22 L 45 R TR K Y Ll 3R T AR, {4
Cu, O R EE 2 1 TE AR, i TAER TR
T 52 P e Jo Jeg 7 T BE 1 5 ) ik 4R R T Y Cu, O
W AT 5 AETER B Cu, O #hFhAY TS LA
KR Cu,O B A X B, 76 & WAL S5 10 T
Carbon@ Cu,O—film Hi T HER A9 & 410 W~ H i s

2 B2
ML
10
5_
8 o 1 —
I 4
M_15-
¥ -
£ -20F 4
w/ _o5) 6
_30— |5 1 1 1
-1.8 -1.2 -0.6 0.0

HLZ/(V vs. Ag/AgCl)
1—Carbon paper;2—Cu—plate ; 3—Cu—foam;
4—Cu-plate@ Cu, O—film ; 5—Cu—foam@ Cu, O—film;
6—Carbon@ Cu, O—film
K5 fgfe CO, 4B T A B B AR MR % dh &

X EREAL R AE-0.9 V B AL T SE AT L A7
MK 15 min J& , SR IFE B BT =) . A
CTEMERLE R IR 1 fim, WNE 1 LG
H L ZEAR RN 254 F , Carbon@ Cu, O —film 75 3] fiz
W) BRSO AR, P N 7. 9%, &
FE{Y 4. 0% , ML Z T, Cu—plate@ Cu,O—film .75 H
R B S SR L S AR R Y A 1 L S AR R T

ESHTE . BRNIVEFIE Cu,0 L CO, HIEEZRMBEIHAR - 195 -

£ 11. 6% ,[A L FER)EPLE ROR AR B 2T, U0
3.9%, FJH Cu—foam@ Cu,O—film fi#fk B % 7] $:15
e (R BE2E SR RLEE R,y 33.2%, 42 Carbon @
Cu, O—film HEALHLAR Y 3 7%, oo F R A VAR A 803
PEE16.8%, LEEENESCRBTIE £ 14.4%,
X EEIHE T Cu—Cu,0 PpIRIFEH AT 42 & 7 5 7
PR [ B 96 VR A 119 22 FL 25 4 B ey L 3 1 AR A5
Cu,0 B H LA, AR Cu-0 MffE &l
JEA P AR SRS B AR A T, BELAS A 388 Jn T A A
AT 18 HRL T2 A% R TR 2 L3 3o %k B YA
FEMIRRT SRR XPS AYFRAELE SR L B, s A
T L Cu—foam@ Cu, O —film i1k Hg H % I B2 )
PEFENE IR T4 25 7 &% i & Y Carbon @ Cu, O -
film A AL FE B, U0 B S A% A AR ZE T LA B T

FBE = A
x1 ARAERENERBESDERFENE
AL LR LR R/ % LIPS/ %
Carbon@ Cu, O—film 7.9 4.0
Cu—plate@ Cu,Ofilm 11.6 3.9
Cu—foam@ Cu, O—film 16.8 14.4

DA 356 H 1) 6 M fe Y Cu—foam @ Cu, O —film
PEA R TR, 43 7E-0.9 - 1. 1 V DA J¢
~1.3 VAL FHEFT 15 min §996 B AL, 45 5 4n
T2PR, N2 PATLIE B T A, B
YRR AR R T R, X F 2l T L Rk
Femmire v it AR b & AR B R AR A R R L T AR
HIL B R T Y Cu, O W A4 3 3 it i 2 26 e Al 1
P, AR B AL R A9 B ] A 15 min 2E K &
60 min, J-AERE 15 min XHEAH= YRR, =47k
PR E 6 Brox, MWE 6 hal LUE 78
-0.9 VH A T, Cu—foam@ Cu,O—film 7EF] 45 min
B = W) R SR AR BN TR, Z Ja R AE T
TR, FWIAE 45 min BT Cu,O HREAL TH 3708 5
PR AR BAT AL TS 1, 2 )5 Cu,O WERSE 1 Tk
SEAIRIE R Cu, T AR 25T A2 R BN 2 B 1 4 AL
W, 7E-1.1 VHI-1.3 VAR, i T Cu,0 W
TERT 15 min PEEEEHGEA JF, 7241 60 min A
1) P BN S BE PSR AR R T 2%,

%2 Cu—foam@ Cu,O-film ZEF E B i TR =4

R ERER
AL/ (V vs.Ag/AgCl) IR FIERCR/ % LBEERI AR %
-0.9 16.8 14.4
-1.1 1.2 1.3
-1.3 1.2 1.2




- 196 - A A T SFE 44 B2 H
20 Hi A S I 1926 T 76 2 0617507, S S A 9 7
fiop Ko W O(a) AT LI HE, 76-0.9 V 2B 15 min
S 13 S AR TR AAAE Cu, O BYATSTIE  BLBH LY Cu, O
3 sl U AR RR AR 25, o BT FF AR 13 Cu
g ;: , JRRL , Cu—foam@ Cu, O—film XJ H BEFI 2 ATy EL A
o o HPEPE, M 45 min TP, Cu,O Wi AR (L A7 15
1]/ min K Cu PRl BB L [ niE 8(b) fFrm ], A
(a) F1B B O(b) AT L W 2 LT A Y
20 e ——
§i§: : Qe
5 14f
§12-
21 \
|
2t _\2g/3 .
0020 30 40 50 60 70 - :
1]/ min (b)=0.9 V JZJ¥ 45 min
(b) Z.BE SR——

1—-0.9 V;2—-1.1V;3—1.3 V
B 6 ok 5 2R A T B AL T R = 4
A 5 R L JR]  R AL
e MR -, X6 AN [R] B A3 T 4 L I8 2 1 i P ]
AR 2 AT X b, A5 2R AT 7 B, AAIEL 7 v
ARIE A 3 Bl AL T HL IR T A AR AL SR A
TR, #B 1 B e R s/ i ) A TP A ) A2 A L
A, B G RS2 A, PR P A2 AR BERF 2 I ]
Ak, 16-0.9 VI AR ALESE 0~45 min X1
Cu, O VAR 3 AL 16 PE R IR BE 7E-1.1 V DL
-1.3 VIR, U A AR A A AERT 15 min
P, RWILERT 15 min N Cu,O #8H 4 J5 T 2k 25K
CO, FeAb M B RO MEALTEE . b i LAY S Y
R B B T U S B R AR E .

M

15 30

| I
=) w

L3 B /(mA - cm™2)
I
)

L
N
o

45 60 75 90
i 8] /min

1—=0.9 V;2—1.1 V;3—1.3 V
K7 Cu—foam@ Cu,O—film 7 [ AL T B
e 8] B R Al dh %
ANFVEA B S W B[] R Cu—foam @ Cu, O —film
RIEA A SEM RIEL R AN 8 Fin, MK 8(a)
AT LAE H 7E-0.9 V -LAL T, B 15 min PHLIRER
T T H A2 KRS I 1 B0/ BORE, @33 XRD XA [A]

500 nm =

(¢)-1.1 V i 15 min (d)=1.3 V JZ ¥ 15 min

M8 FREWATRAE®EMEE SEM RAE

= Cu,0
(“.1)(200)_,(.‘”) (200) @0 'lc“ (220)
i
i
= 2
z
3|
30 40 50 60 70 80
26/(°)

1—Cu—foam@ Cu, O—film ;2—Cu—foam@ Cu, O—film-0.9 V 15 min;
3—Cu-foam@ Cu, 0-film-0.9 V 45 min
(a) Cu—foam@ Cu, O—film ¥£—0. 9 V LA ¥ 5 )i A ] s [R] 1
XRD EAE

(111); =Cu,0
-Cu
(200)
(11_1)(20!3) 20 1 @20

2

|

70 80

X 3R BE

30 40 5'39/(0)6'0
1—Cu—foam@ Cu, O—film-0.9 V 15 min;
2—Cu—foam@ Cu,O—film-1.1 V 15 min;
3—Cu-foam@ Cu,O0-film—1.3 V 45 min

(b) Cu—foam@ Cu, O—film FEARIHLAL T B 15 min Y XRD FRAE

K9 Cu—foam@ Cu,O—film K 5 J& 5& W XRD FKAE



2024 2 B

Cu,O TSR AEAE , U6 B 48 8 43 Cu,0 B4
B JF AL Cu FE 2R 25 T A B H BN 2 BE R AL T
P, FE-1.1V &-1.3 VAL, {15 min BERE
LI T R Ca UK [RIE 1 30 2 2440 [
Kl18(c) B 8(d)Fizs], N 9(b) LI i, Cu-
foam@ Cu,0—film 7E-1.1 V Fl-1.3 V B{7 F &2
15 min By ALK, R C TEHT A Cu,0 A7t
WP AETE , BEBIFERT 15 min N Cu,0 & &8 8A
A Cu 172K AR 1

FIFH XPS XF iR sl it — 25 RAE 25 R 4l 10
R, HE-0.9 VAL T, S 15 min IS 45 min
(1) Cu—foam@ Cu,0—film F A Y Cu’/Cu’ FFAEIE
BUE A TR AR, WEL 10(b) AT LIE Y X FhAs
bR TR R ) Ca(0) Fr a3 in S8y, &
10(c) FWMEEAE-1.1 V HI-1.3 V . F A
[vi] S5 i 5] 8] 5 6 10 Cu'*/ Cu® AR AE W T AR R A W 35
Z5 1 10(d) B Cu(0) MR A Bl A S N B[R]
RGN & A AR A, AR R HLAL T, SV 15 min
JE AR Cu( 1) CIEAYILIE N Cu(0), #
G2 R PR FL F 0 3B UL %% Cu, O 2N 72
PRSI AL R BT A S, 4 Cu,0
SRR AL T & AR R IR B Cu k0
254 Cu,O WSR3 5 BOAH 7 ) i h S A80R 1)
AR EE AT IAR Y, Cu, O VIR Z A Ab TG P 3 2
F Cu,0 B 2R JF K Cu, [RIITBEE 1 Cu BUKLAY

Cu'2p,, Cu2p,,
Cu*2p,,,,

Cu*2p,,
Cu* satellite peak X

AT 3R BE

965 9I60 955 930 9‘I15 9“10 9:;5 9:;0 925
ZifREleV

1—Cu—foam@ Cu, O—film ;2—Cu~foam@ Cu, O—{ilm—0.9 V 15 min;
3—Cu~foam@ Cu, O—film—0.9 V 45 min
(a)Cu 2p

ARX R B

580 575 570 565 560
L4 RBleV

1—Cu—foam@ Cu, O—film;2—Cu—foam@ Cu, O—film—0.9 V 15 min;
3—Cu—foam@ Cu, O—film—0.9 V 45 min
(b)Cu LMM

ESHTE . BRNIVEFIE Cu,0 L CO, HIEEZRMBEIHAR - 197 -

ARR R B

580 578 576 574 572 570 568 566 564 562 560
44 RbleV

1—Cu—foam@ Cu, O—film-1. 1 V 15 min;2—Cu—foam@ Cu,O0-
film=1. 1 V 45 min;3—Cu—foam@ Cu, O—film-1.3 V 15 min;
4—Cu—foam@ Cu, O—film—1.3 V 45 min
(c¢)Cu 2p

Cu*2p,,Cu2p,,
i 4 Cu? satellite peak

Cu2p,, CHTCE2p,.

ARX 3R B

965 960 955 050 045 940 935 930 925
Zitrilev
1—Cu—foam@ Cu, 0—film=1. 1 V 15 min;2—Cu—foam@ Cu,0-
film=1. 1 V 45 min;3—Cu—foam@ Cu,0—film-1.3 V 15 min;
4—Cu—foam@ Cu,O—film—1.3 V 45 min
(d)Cu LMM

K10 Cu—foam@ Cu,0—film X i j& % T XPS % 1E

W% | Cu ORG-S T Cu, O W18 2 1 7 o5 7% ML
S BRARAE B R RN £ B A A AL e B, Qi AR
A B EE (DFT) B4 T Cu,0 1 HL I8 5
CO, MR BIHLER A5 T 2L 2536, RS 44 id
B Cu, O A5 HAT XT H BER e R

3 it

AT L TR T A T — R 51513k Cu, O A
AR A FELANE , 388 3 S [] F A6 X i 45 Cu, O VR4 5%
Wi B o T e DURR LAV i T e 2 A R OIS DA
PN GRS N A & M Al AR =R AR 2
Ji CO, R A5 RFEW], 5 G RAEIRAH L, 17
ZX Cu, O TR P 760 TR ) Pl A TR = 4k 2 FL A5 # L) T
Cu-Cu,O BFEMEH, 7E 0. 5 mol/L KHCO, }2-0.9 V
AL ARME T, H BN B B R PR R IR s T
345 ,BHNT 33.2% ., WA, &5 G AR LA DL R
BT Cu, O MERRTE A B4 ™ Wik P SB ROR 1 48
AEIRIEHEA T 6 15 I P, 25 R 3R B, Cu, O IR 2K 25
AL TEYE FZ R T Cu,0 BESE 405K Cu Pk,
Al Cu UKL & T HARRESZW T CO, SR
EHALEMEE G



- 198 -

(1]

(2]

(3]

[4]

(5]

(6]

[7

[

(8]

(9]

[13]

[17]

[18]

S 3k

Ai L,Ng S IF,Ong W J.Carbon dioxide electroreduction into formic
acid and ethylene; A review[ J |.Environmental Chemistry Letters,
2022,20(6) :3555-3612.

Li L,Li X,Sun Y, et al.Rational design of electrocatalytic carbon
dioxide reduction for a zero-carbon network [ J].Chem Soc Rev,
2022,51(4) :1234-1252.

Ross M B,De Luna P,Li Y,et al.Designing materials for electro-
chemical carbon dioxide recycling [ J ]. Nature Catalysis, 2019, 2
(8) :648-658.

Yao X,Guo Y, Liu B,et al.Syngas production from electrochemical
CO, reduction on copper oxide electrodes in aqueous solution[ J].
ChemElectroChem,2021,8(3) :592-602.

Luo M,Yi Y, Wang S, et al.Review of hydrogen production using
chemical-looping technology[ J | .Renewable and Sustainable Energy
Reviews,2018,81:3186-3214.

Zeng S,Kar P, Thakur U K, et al. A review on photocatalytic CO,
reduction using perovskite oxide nanomaterials[ J ].Nanotechnology ,
2018,29(5) :052001.

Rastogi R P,Pandey A, Larroche C,et al.Algal Green Energy-R&D
and technological perspectives for biodiesel production[ J].Renew-
able and Sustainable Energy Reviews,2018,82:2946-3969.
Snoeckx R, Bogaerts A.Plasma technology—A novel solution for
CO, conversion? [J].Chemical Society Reviews,2017,46(19):
5805-5863.

Handoko A D,Wei F,Yeo B S,et al.Understanding heterogeneous
electrocatalytic  carbon  dioxide reduction
techniques[ J].Nature Catalysis,2018,1(12) :922-934.

Birdja Y Y, Pérez-Gallent E, Figueiredo M C, et al. Advances and

through  operando

challenges in understanding the electrocatalytic conversion of
carbon dioxide to fuels[ J].Nature Energy,2019,4(9) :732-745.
XU/ AR R, S el B, 25 . CO, HIL Ak 27340 JE R R sl 90 ik
(I8 A6 T, 2020,49(9) :2303-2307.

Hori Y, Kikuchi K, Murata A, et al.Production of methane and eth-
ylene in electrochemical reduction of carbon dioxide at copper elec-
trode in aqueous hydrogencarbonate solution|[ J ].Chemistry Letters,
1986,15(6) :897-898.

Liu Y,Li F,Zhang X ,et al.Recent progress on electrochemical re-
duction of CO, to methanol[ J].Current Opinion in Green and Sus-
tainable Chemistry,2020,23.10-17.

XN H RS S 2%, A6 r R A J — S Atk ol Y ) 2 36
B[ T]. 8 4L T ,2020,49(8) :1978-1981.

Le M,Ren M, Zhang Z, et al.Electrochemical reduction of CO, to
CH;0H at of The
Electrochemical Society,2011,158(5) :E45-E49.

Hazarika J,Manna M S.Electrochemical reduction of CO, to metha-

copper oxide surfaces [ J ]. Journal

nol with synthesized Cu, O nanocatalyst ; Study of the selectivity[ J].
Electrochimica Acta,2019,328.135053.

Albo J,Sdez A, Solla-Gullén J, et al.Production of methanol from
CO, electroreduction at Cu,O and Cu,0/ZnO-based electrodes in
aqueous solution [ J ]. Applied Catalysis B: Environmental, 2015,
176/177.709-717.

Albo J,Irabien A.Cu,O-loaded gas diffusion electrodes for the con-

LA AL T

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

F445FE2H

tinuous electrochemical reduction of CO, to methanol [ J ] .Journal of
Catalysis, 2016 ,343.232-239.

Cao B,Li F Z,Gu J.Designing Cu-based tandem catalysts for CO,
electroreduction based on mass transport of CO intermediate[ J].
ACS Catalysis,2022,12(15) :9735-9752.

Siegfried M J, Choi K S.Electrochemical crystallization of cuprous
oxide with systematic shape evolution [ J ]. Advanced Materials,
2004,16(19) :1743-1746.

Siegfried M J, Choi K S.Elucidating the effect of additives on the
growth and stability of Cu,O surfaces via shape transformation of
pre-grown crystals[ J].Journal of the American Chemical Society,
2006,128(32) :10356-10357.

Shamsa M, Rahimi V A, Sarp K.Electrocatalytic reduction of CO, to
produce higher alcohols[ J ].Sustainable Energy & Fuels,2018,2:
2532-2541.

Tan W, Cao B,Xiao W, ez al.Electrochemical reduction of CO, on
hollow cubic Cu,0@ Au nanocomposites [ J ]. Nanoscale Research
Letters,2019,14(1) :1-7.

Yang J,Lian L, Ruan H, et al. Nanostructured porous MnO, on Ni
foam substrate with a high mass loading via a CV electrodeposition
route for supercapacitor application[ J].Electrochimica Acta,2014,
136:189-194.

Obodo R M, Shinde N M, Chime U K, et al. Recent advances in
metal oxide/hydroxide on three-dimensional nickel foam substrate
for high performance pseudocapacitive electrodes [ J ]. Current
Opinion in Electrochemistry,2020,21:242-249.

Chen T, Kitada A, Seki Y, et al. Identification of copper ( Il )-
lactate complexes in Cu, O electrodeposition baths ; Deprotonation of
the a-hydroxyl group in highly concentrated alkaline solution[ J].
Journal of The Electrochemical Society, 2018, 165 ( 10) ; D444~
D451.

Yuan J,Wang X, Gu C,et al.Photoelectrocatalytic reduction of car-
bon dioxide to methanol at cuprous oxide foam cathode[ J].RSC
Advances,2017,7(40) :24933-24939.

Liu B, Yao X ,Zhang Z et al.Synthesis of Cu, O nanostructures with
tunable crystal facets for electrochemical CO, reduction to alcohols
[J].ACS Applied Materials & Interfaces,2021,13(33) :39165—
39177.

Huang W.Oxide nanocrystal model catalysts[ J].Accounts of Chem-
ical Research,2016,49(3) :520-527.

Grosse P, Gao D, Scholten F, et al. Dynamic changes in the
structure , chemical state and catalytic selectivity of Cu nanocubes
during CO, electroreduction: Size and support effects [ J ]. Angew
Chem Int Ed Engl,2018,57(21) :6192-6197.

Arén-Ais R M, Rizo R, Grosse P, et al.Imaging electrochemically
synthesized Cu,O cubes and their morphological evolution under
conditions relevant to CO, electroreduction[ J].Nature Communica-
tions, 2020, 11 :3489.

Grosse P, Yoon A, Rettenmaier C,et al.Dynamic transformation of
cubic copper catalysts during CO, electroreduction and its impact
on catalytic selectivity[ J ].Nature Communications,2021,12.6736.
Qi L,Liu S,Gao W, er al.Mechanistic understanding of CO, elec-
troreduction on Cu,O [ J].The Journal of Physical Chemistry C,
2018,122(10) :5472-5480. 1



