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Abstract: CuO, as a typical CO: electroreduction catalyst, suffers from insufficient selectivity toward multicarbon

products, which greatly limits its industrial application. Herein, a Yb/CuO, catalyst was constructed via Yb doping,

and its performance for CO electroreduction to C» products as well as the structure - activity relationship were

systematically investigated. It was found that the catalyst achieves a Faradaic efficiency for multicarbon products of

73.8% at a current density of 200 mA/cm?, increased from 55.8% before modification. X-ray photoelectron

spectroscopy and density functional theory calculations demonstrate that the introduction of Yb** ions induces local
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charge redistribution, leading to increased electron density on some Cu sites, enhanced low—valence character of

Cu, and the formation of unsaturated Cu sites near oxygen vacancies. The electron-rich Cu sites favor the adsorption

and activation of CO, thereby increasing the surface coverage of carbon-containing intermediates. Meanwhile, the

oxophilic nature of Yb** and the electronic modulation near oxygen vacancies further stabilize the OCCHO

intermediate, thus lowering the free energy of the C - C coupling steps and promoting the generation of multicarbon

products. This study provides an important theoretical basis for the design of rare-earth-modified copper-based

catalysts and for the efficient electroreduction of CO2 to multicarbon products
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Fumasep FAB-PK-130 % %[5 1 [ &R} b4 AL i 3k 5
Nafion™ 73 HOB W F LR ZR B RO AU REATRHI 0 A7
B 23 A 5 2l = 5 AR B (99.999%) | 4l R R
(99.999%) th &3 B BHE A IR A RS2 At s L5
TR N FLE A

1.2 fELFIE &
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AL, 2.5 mmol Cu(CH,CO0),-H,0 43 %1 5 0.3
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CuO B £ J7 15 R A [R] B 0] Rk il o ) aod
FEHRORE AN YB(NO,),-5SH,0.,
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X B R AT 5F (X-ray diffraction, XRD) (45 i X’
Pert PRO MPD 15 , i fi] Cu Ko %8 (X = 1.5406
R) BN 15° min™' s X PG H 7 BB (X-
ray photoelectron spectroscopy, XPS) %t &
Escalab250Xi 7%, { ] Al Ko 45 51 #1500 pum X-ray
o6 BE . = H 7 W il B (scanning electron
microscopy , SEM) K148 i Hitachi S-4800 “R4E . &
B F I8 3 B (transmission electron microscopy ,
TEM) . {5 4 #F i 5 H F & 53 8% (high-resolution
transmission electron microscopy , HRTEM) il fig & {4
AL X 8 2k Ot i oo & Mt 4 (energy—dispersive X—ray
spectroscopy , EDS mapping) K14 i 15 JEM2100UHR
14 BEXZSUBRERR M
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AP R A BT A AT 4 10.5 mg fiEAL
FRY AR FI30 L Nafion™ #7543 H0T 9 mL ST EEH,
T AL TR S K 5 BE S SR HTRE A e J7 =X, o
5.4 mLARAL R B87K T IR 7E YLS-30T(3x3 em®) |-, it
LA 01 2 Img - em ™ 9 SRY HCHL K

B HT B RS OB ARG 1X3 em’,
H T 3 2l &5 4 R ], S PR 280 i AR O 0.5%2
em’o BRI % 30 o 055 20 22 A1 0 B AR, U H TmL-
min" 5 BB 2 3 OHR TR 5 2 HE I BH B, O 1
30 mLemin™. CO, il SR 5 i H 4l b 35
mL-min"',

R A R L e A 2 2 55 A A A
(reversible hydrogen electrode , RHE) FELAV

E(vs RHE) = E(vs HelHgO) + 0.098 + 0.0591 X pH (1)
1.5 Yo

ATy i A 2T 3 (X (GC2060) #E 47
S8 VRN E 73 BT, T2 AXE I A8 A B A A T %
(flame ionization detector, FID) il # § K Il ¥
(thermal conductivity detector, TCD) , Jf- DA = 4 Ar F
N AR R S RE IR 3% ("H NMR,
Bruker 600M NEO Liquid NMR Spectrometer) #£ 17 &
PEST BT, I R AT 8,35 { (SHIMADZU LC-2030
Plus) JE47 7 f Ml 5 U0 Ak 22 s s , I
500 wL 520 HLf# L, 55 200 L D,0 110 mmol - L™ —
FH L F A (dimethyl sulfoxide , DMSO) IR &, b5
it H NMR TR

SR RE R R AT AR

FEA,”\ _ % X;iXXTPX?::MX F

b xR ST 1 i AR DB, 20 HE ™ )
DITHRS I R TR, PO R 0 o Y AU, P
DRVERLER R, RO FAE SR H R, TR L, h
AL

W= BNERL SRR LT AR

¥y Xz, X F
F E]u,un/ = 0

FEy SO i W B R E 2 h HE R )
TR TR, Q B i
1.6 BULFNE

A B AL A fE 2R R T CHI 760E L4k
S T ARl b AT, SR T ML f) = A Bl A &R el
A RE AR R TAE R, P 1 X AR, A ifE He/
HgO R AR A2 LR

Bl X CORR Y i AL 75 1 72 CO, 1 AR 1.0
mol - L™ KOH 2§ ALl i b #4703 9 3145 Co,
b R YR, A U 5353 1) RS R E A €O, 30
min. £k P 1 15 {R % 7% (linear sweep voltammetry,
LSV)MPR A R IREF R S mV /s,

HL Ak 2% 1% M 3% T 2 (electrochemically active

%X 100% (2)

X 100% 3)
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surface area, ECSA) A il & 1 3 fR % ¥ (cyelic
voltammetry, CV )& , JHAAE 1.0 mol - L' KOH Hrit
7, BTSN -0.13 V 2 -0.03 V vs. Hg/HgO Y
T 5 AL DX [R] 9 PR, 4 A 3 45 51 R 80,100,
120.140.160.180 mV/s. ECSARHELLF AR .

SxC,
— @

o, Al 270U 2 L 2 (CdD) H A ] 9 4
T EH AR S R AL X R N B CV TR
33, S R SEPRI AR, HEUE N 1 em®. ©
AT, AR R, 22 Bl JE R R e e
75 LRSS RIS Cs = 0.022 - 0.130 mF-cm”, 42 4%
NaOH il KOH ¥ o A SCAEA R AN, T3¢
IR HH AR Y SR EE L SR 1.0 mol - L KOH. Hvid
I HEHL 2R Cs = 0.040 mF-em™,

ML b 2% B $T 3% (electrochemical impedance
spectroscopy , EIS) M TE 1 mol0183 KOH 7K % i H
HEAT RIS 0.01 Hz £ 100 kHz
1.7 FRABEFERES RS REEEI IR

i (attenuated total

ECSA =

reflection surface—
enhanced infrared absorption spectroscopy,

ATR-SEIRAS )&

JEAL ATR-SEIRAS Dt 3% I 1075 = rit Al L 1t v
HEAT , K% 4% S B & MCT K 2% 19 Thermo
Scientific Nicolet iS50, 1 2k A7) 1 RERR BEAE R T
VEHLI , Ag/AgCl 1 Ry 2 LU B AR, 1 R0 1 Sy Xof B A
L CO, I ANHY 0.5 mol- L KHCOs 1E N HLfR I . M
B PRAE S FE , 2RIl AR A & T A A 2 b
30 2. MR AIE A AT A T, 7E SN 3
L4 em™ BYOGIE Sr PR32 AT R HOL1E
(ERe
1.8 % & iz i ¥ i£ (density functional theory,

DFT)it®

55— M T BOR FH DS-PAW 4 1T o
K H B3 2% % (projector augmented—wave , PAW)
R F 5 M FZ R EAER . BT
e SCIRAE PR )™ SO B2 32 B (generalized gradient
approximation, GGA) H' ) Perdew—Burke—Ernzerhof
(PBE) iZ ek ZEAT AL 38 - T i3 8 7 BE 1 & 500
eV, K H LA Gamma /5 03 x 3 x 1 K 5 RIS
SER AW SEObR O BN LT B4 37N T 0.03
eV/A, FEIEH TREMF A 16 A E2 2, L
B S SR 2 ) 2 ] AR B

Ak R0 2 T 0 W B BB (Eads) 38 33 LA T 28 28
A
E,=E.,uw-E.-E, (5)
BN I ORI O OB 8 B N 7 o A e O
YIRS AR R B B A RE R DL S
e B
FAHT A m e LR AR
AG =AE + E,,, + TS(T) (6)
Hodr, AE N3 F DFT 3B AR 2 4 SV BE , B,
HTS(T)53 510 % A BE RS IE AR R AT

2 LR ETE

2.1 EALFIRRLE

i it SEM 1 TEM %} Yb2/CuOx #4751 57 40
WK 1(a) . (e) (DI , Ybo/CuO,H1 i 422 100-200 nm
{14 20 DR AR [T 3R T G, G 3R T KRS | S5 R B A , A3 )
TR TR S WG P A TR 2 2 1 40 v e o 5
PHL. Yb2/CuOx 03 TEM [ 1(b~d)] AT 35 i WL
ZE B AN [R) B[] (1) b A% 2% 80, b T R) B 4300 Oy
0.231 nm 5 0.243 nm, X} )i CuO(111) 5 Cu20(111)
fm T, RS2 AR A 2 it . itk — 2L B
JUER S AR ERAE , FF R EDS Jo 2% M g KA 1(g~j)],
ZER R Cu .0 Yb = Flon E7EM R 3501
W Yb WA 48 2200151 53 BT CuOx SR 1,

R BT Y b 48 20 4 B A0 500 2548 5 H M T
(I8 248 1, X5 Yb,/CuO, | Yb,/CuO, . Yb,/CuO, % 4ii
CuO fEALFIITJE XRD 5 XPS FAE 07 . Wi [&l 2(a) T
7R, Yb/CuOx B ) £ ZATETIE 5 CuO | Cu,0 brifi
R W6, 2 Yb B 245 AL R4 Re i A ik £ 14k
FEAARZE R s Q] 2(b)FT 7R, Cu 2p i AT LER 3] Cu™ A H:
TR USRS R Co R B YD BT,
Cu 2p WEIE 5 0 T FH e & A4 B 35 A8 1k, Cu 2p 15
933.1 F1 952.9 eV &b 11 I 43 5l XF Jif Cu 2p,, Al Cu
2p,,, ATVAJE T Cu/Ca’ W Fh, W] Yb 18 44 R 1%
T Cufi SRR F 2549, IR SRR Cu WP A A .
Sy ik — 2D B RN 5 B BAR AT 2, XA A T
T Cu LMM #5317, 4 &l 2(c) 7, Yb/CuO, £
ATEZ) 916.7 eV FET H B B 1 Cu LMM kB
TRV iz B & T Cu P, ULEH Yb 1B 2 S0 %
T Cu A5, ML R 18 Y B T 3 £ Cu'/
Cu LA A5

e LR R Yb 2 4% T AL R R 1 Cu th
BHA YA R AL 5 Cu 25 K O 1s 43I [ 8] 2(d)]
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El 1 Yb,/CuO WIS S TEH 53 A FAE - (a)TEM [, LR 100 nm 3 (b)HRTEM 8], LR 10 nm, 47 B LEAR R 2 nmis (c) (d)
HRTEM [&], L R34 10 nm , 4 & HEBIRES N 2 nm; (e) (DSEM P, FEBIRSE514 1 wm F1100 nm; ()f] T EDS JCR i 14 1
SEM &L, L1124 200 nm; ()~(j)73511 4 O . Cu Al Yb IR S Aii 4]

Figure.l Morphological characterization and elemental distribution of Yb2/CuO.: (a) TEM image with a scale bar of 100 nm; (b)

HRTEM image with a scale bar of 10 nm and an inset scale bar of 2 nm; (c, d) HRTEM images with scale bars of 10 nm and inset scale

bars of 2 nm; (e, f) SEM images with scale bars of 1 wm and 100 nm, respectively; (g) SEM image used for EDS elemental mapping with

a scale bar of 200 nm; and (h - j) the corresponding elemental mappings of O, Cu, and Yb, respectively.

ZERYAT T 4811 Yhi/CuO, . Yha/CuO. 1 Yhs/CuO,
Cu & 539 h 65.6% .70.2% F172.5%( %] 3(a)], 7 W]
Yh B 2% REMS AL #E CuP i) Cu 4k . HH N Hb , BRBE AR
KR RN 51% . 66% F 64% , A% A &
40% % 25 27% F1 26%[ [ 3(b)], 16 W& & Yb 4824 Al
L3 Cu—0 Jay LA 25 44 , £ ik ik o AH 5 S8 ) Tl
o (EATE R AR 2 Yh & Yboitt— A 88 i =

Y], Cut & S ARSE T , 1 BB AR DG R i Ak
ULIHFERS T Y & 5, Yb W FE D e 42 2 Bk B OF
5 W 7 Sy o SRy el A7 AN B T R AR AR
Cu*,
2.2 BFEMEEENK

T PR Yb JU R 4B A 0 i A AR 2 15 AT LA
PR HE CO, LI 5L C,. 7™ W) A2 1L, s e il 2% 19 CuO I
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-— il Yb,/CuO, .t' — Eivda
® "l' 111) (200 0 '_———i'“—"-—-——‘_. :
% i ["‘*i.,.,mw mfl ¥b,/Cu0 § e @——
[ Jcuo,
c <
‘ r | : PL‘.F—.‘-‘?H-E.’}H&rCu?D Cu0
30 40 50 60 70 960 950 940 930
2 Theta(degree) Binding Energy (eV)
a b
A 0,
—_ ~~ | Ybjjcuo, S \ &
= B =] —
() PRI oo, R Y? y/CuOy ©
\ S / "
."? o o \\ Yb ,ICuO, & |7 y/ S
m ANt 'a — = e ——
5 e -
(4]
E Yb,/CuOy ,E Yh /w0,
900 905 910 915 920 925 536 534 532 530 528 526
Kinetic Energy (eV) Binding Energy (eV)

c d
K2 (a)Yb,/CuO,.Yb,/CuO, . Yb/CuO fiEALH 4 XRD 813 ;(b) Yb,/CuO, . Yb,/CuO, . Yb/CuO,CuO ffJ Cu 2p XPS;(c) Yb,/CuO,
Yb,/CuO, . Yh,/CuO [ Cu LMM ji& ;(d) Yb,/CuO_.Yb,/CuO,.Yh,/CuO [ O1s XPS
Figure.2 (a) XRD patterns of Yb,/CuO,, Yb,/CuO,, and Yb,/CuO, catalysts; (b) Cu 2p XPS spectra of Yb,/CuO,, Yb,/CuO_, and Yb,/
CuO,, and CuO; (¢) Cu LMM Auger spectra of Yb /CuO_, Yb,/CuO_, and Yb,/CuO_; (d) O1s XPS spectra of Yb,/CuO,, Yb,/CuO_, and Yb,/

CuO..
gim 33|m
2 g™
§ 1 72.5% 3"
70.2% -5/ a
» 65.6% ’ L 66% 64%
=3
O s O 80
— - 51%
=] o 50
b -—
= c 40%
B s 34.4% Cu* Cu’ qqé A O
5 cu’ — 27.5% g 27% Ot rene
o : : o Oer % : :
2 | e g ¥ o, ' '
t

.ﬁ C . ﬁ 10 9% O 7% Ql_n 10%
° Cu cu?® @ 0 O Qon Oon

- T r m
x Yb,/CuO, Yb,/CuO, Yb,/CuO, Yb,/CuO, Yb,/CuO, Yb,/Cu0,

a b
E3  Ybi/CuO,.Yho/CuOFl Yhs/CuOMEALTI 1Y XPS S0l &5 E T 25 2 < (a) Cu MBI AT 5 5 5 (b) E R AAERS 5 5
Figure.3 Quantitative results derived from XPS peak deconvolution for the Yb/CuOy, Yb,/CuO,, and Ybs/CuO, catalysts: (a) relative

contents of Cu species; (b) relative contents of O species.
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Yb/CuO, ¥ 5 7E I 8l B i st rh R e A PR RE . R
H 1.0 M KOH 1E A B fi# %, I 7F 100-500 mA/em® fY
FE, VA 2 5 S BB PN DUIE E A R AT IR . SR I AE

2SR G X AR My R T RE R A, [ H] T H
R SR X RO 7= Wy R AT 7 IR, I e e AR
M@ TRE T

C,H,OH C,H-OH CH,COOH HCOOH ll C.H, CH, Hllicolll H,
§,ﬂm % i . " gmo . : : : §1M : : = : "
= : > - = = .
C s0 2 & . - S 60 = .
AR i maB LT L
= <1 B g
£ e ®
S 20 o 20 S 20
o 100 200 300 400 500 o 100 200 300 400 500 0 100 200 300 400 500
Current density (mA/cm?) Current density (mA/cm?) Current density (mA/cm?)
d b Cc
100 : : N R L . 5 -
é : E_g'.m —:-w-co a
- - *
S B B B B B g o
@ o A " =
Sol B I : wZ
% Eu 55 *- ol % IS— e w
o 40 Q50 s = g, | ad
g E . y - T A E
e 20
i @ 40 ¢ el -
a8 ’ - o
000 200 300 400 500 100 200 300 400 500 . 2 4 6 8 10 12 14 186
Current density (mA/cm?) Current density (mA/cm?) Time (h)
e f

K14 (a)~(d) Yb,/CuO,.Yb,/CuO, .Yb,/CuO, 15 CuO FEA Rl L JE %5 BE R =M L PSR 5 (e) Yb,/CuO, . Yb,/CuO, . Yb,/CuO, 55
CuO 7EA R B 2 FE R 2857 1) B9 I PLEB RECR XS 1L 5 () Yb,/CuOx FE 200 mA/em® F B P= ks e T

Figure.4

(a) - (d) Faradaic efficiencies of products over Yb,/CuO,, Yb,/CuO_, Yb,/CuO_, and CuO at different current densities; (e)

comparison of Faradaic efficiencies for C," products over Yb /CuO_, Yb,/CuO_, Yb,/CuO_, and CuO at different current densities; (f)
product stability of Yb,/CuO, at 200 mA/cm’.

WK 4(a)~()FF 7, 5 CuO HEALFIAH L, Y B9 5
ARV T AEARIFE CO, HL 3B J5 R H i 7= 9 43
Mo XF Yb/CuO, AL, 8774 H ik R Ak
KR, O0 5 CERERE SR T o 68 Yb4H
G35 | BE A R i 58 e PEAT S0, AR S
R CTR N2 S AL £ T T e o O OF 0 /o=
Z 07 ) A BRROR o AR B L 7E 100 2
500 mA/em® 158 HL I % B L Y, Yb,/CuO, 7E =
Yh/CuO, A7 Hh i 263 B0 H i i 1) 22 7= ) ik
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Figure.5

(a) Average current density deviation (AJ/2) at different scan rates. (b) LSV curves of Yb,/CuO_, Yb,/CuO_, Yb,/CuO_, and

CuO. (c) Tafel slopes of Yb,/CuO,, Yb,/CuO_, Yb,/CuO_, and CuO. (d) Nyquist plots of Yb,/CuO,, Yb,/CuO_, Yb,/CuO_, and CuO.
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