$36% 111 T WL MR 2 AR Vol. 36 No. 11
2021 4E 11 H Journal of Inorganic Materials Nov., 2021

XEHS: 1000-324X(2021)11-1145-09 DOI: 10.15541/jim20210092

CuO/ZnO EEBELFINTHERELRE COFEMS

. 1,2 1 = 2
KIEH S, & g, BARE

(I. BEm TR HAA3E TR%R, L 200093; 2. ¢ EASE b Ea A, Lk 200050)

OB HEULER(CO)IE R % A B (CO F Hy VRA), AT LAS BURRAG PR B AR IR = 208, 17 B A 22 A e R &
ML, TISEHL CO, BEVFALFIF I REEAE THEALTRIBETE o A 7R FH 438 25 1 LTI i) 46 1 CuO J CuO/ZnO B &4 ML
AR R, R RIS, PRICIAEAIF B3 T B COL b SR 4 A U MR . 45 K B 5 NEE(Zn)
Pyl e] AR S H R CO, R AL 1 IR PR B3, 53K CO VA 85 AR (FE)MAR, &S FE 4, MM 23 A A
3T & R COMHL 7E 1/1~1/4 SE I N AT #3757 . SR, Rt A AR EE Dy 12 2 i, #E-0.9 V (vs. RHE)
L3R, CO Ml H, & FE #i5 84%.

X 8 W CO LM, HHUR; Cu0/ZnO; HEY) CO,™

hESHES: 0611 LHERERD: A

Cu0O/ZnO Composite Electrocatalyst:
Preparation and Reduction of CO, to Syngas
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Abstract: The reduction of carbon dioxide (CO,) to syngas (a mixture of CO and H,) can not only realize the carbon
cycle and decrease the greenhouse effect but also alleviate the energy crisis. Design of catalyst is the key to realize
CO, resource utilization. Herein, CuO and CuO/ZnO composite were prepared by metal ion co-precipitation method,
and their performance of electrochemical CO, reduction to syngas under different potentials was investigated by
adjusting the catalyst components. The results show that the introduction of zinc (Zn) species can decrease the
adsorption intensity of intermediate CO,™ on the catalyst, which leads to the decrease of Faraday efficiency (FE) of
CO and the increase of FE of H,, thus achieving controllable regulation of CO/H, in the range of 1/1-1/4 under
different applied electrochemical potential. In particular, the total FE of syngas CO/H, is up to 84% when the ratio

of Cu to Zn in the precursor solution is 1 : 2.
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Fig. 1 Schematic representation of the fabrication of CuO and CuO/ZnO catalyst and CO, reduction process
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Fig. 2 (a) Physical picture and (b) simplified model diagram
for electrolytic cell of electrochemical CO, reduction
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Fig. 3 TEM images of catalysts (a, €) CuO, (b, f) CuO/ZnO-1, (c, g) CuO/Zn0O-2 and (d, h) CuO/ZnO-3 (a-d) before and
(e-h) after pyrolysis with elemental mapping images of CuO/ZnO-2 ((i) TEM, (j) Cu, (k) O and (1) Zn)
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Fig. 4 (a) XRD patterns of CuO, CuO/ZnO-1, CuO/Zn0O-2 and CuO/ZnO-3 electrocatalysts, (b) HRTEM image
of CuO/Zn0-2, (¢) total XPS survey of CuO/Zn0-2, (d) XPS Cu2p spectra of CuO/ZnO-2 and CuO,
(e) XPS Zn2ps,; spectrum of CuO/Zn0O-2, and (f) XPS high resolution Ols spectra of CuO/Zn0O-2 and CuO

Colorful figures are available on website
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Tablel Analysisof the surface elemental content

Atomic percent/%

Sample
Cu Zn (0] C
CuO 30.77 0 43.90 25.33
Cu0O/Zn0O-1 30.91 6.73 46.34 16.02
CuO/Zn0O-2 26.78 10.39 4598 16.85
Cu0O/Zn0O-3 19.95 12.95 42.22 25.44
300
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—> — >
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120
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60 - —— Cu0/Zn0O-1
—— Cu0/Zn0-2
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Fig. 5 (a) Linear sweep voltammetry (LSV) curves in N,/CO,-saturated KHCOs;,
(b) electrochemical impedance spectra (EIS) of CuO and CuO/ZnO catalyst

Colorful figures are available on website
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Fig. 6 (a) Reduction activity of CO, in CO,-saturated KOH solution (CO,-KOH) and N,-saturated KHCO; solution (N,-KHCO3);
Histograms for FE of the CO, reduction products and the ratios of CO/H, for (b) CuO, (c¢) CuO/ZnO-1, (d) CuO/ZnO-2 and (e) CuO/

Zn0-3; (f) Cyclic stability of CuO/ZnO-2 (black square and red dot indicate Faraday efficiencies of H, and CO, respectively)
Colorful figures are available on website



11 W

HKIGE W, % CuO/ZnO E & HAEAL IR 25 S HIE T CO, il & S

1151

S, A FDBUZ B 2R EEA S CuO & CuO/ZnO fiEfL
TR H A 23 T L R TH AR AR AE 5] CuO M2 CuO/ZnO
F£ 10, 30, 50, 70. 90 F1 110 mV/s FAHH R T
CV & S4(a~d)FrR, AR FEET 1
T8 IR 22 i S A5 1 A TRl A0 300 1 BUZ FL 2, an &l
7(a~d) iR o W5 & BR: CuO, CuO/ZnO-1, CuO/ZnO-2
Fl CuO/ZnO-3 HEALT A L A2 3 M LU 2R TR 43 5]
g 8.61. 8.69. 8.76 Fl 8.75 mF/ecm?®, FHITI A Zn
YRR LT AN 25 f A2 06 M e R mi AR

HE— L AR R Bl Zn PR H Ak
COL IR JF [ B FRIY M . & 5%, IS 7E 0.1 mol/L

1.0F@® 8.61 mF-cm? 4
' 0.8}
o
E 0.6
S04t
3

0.2}

| CuO
00 20 40 60 80 100 120

Scan rate / (mV-s™)

(AJ/2)/ (mA-cm™)

B CuO/Zn0O-2
100

0 20 40 60 80
Scan rate / (mV-s™)

120

KOH %Ak LSV i Zeim & M fhad 7 v £k 57
Xt CO, Mgt P, R 8(a)fiR .
AL Cu0/ZnO-1 ., CuO/ZnO-2 Fil CuO/Zn0O-3 HI%A
fR W L 3AFH T, BEEH CuO/ZnO XF OH A AHBL Y W fhf
REJy, MEEREAXT CO, L EAT MW R RE ) . 5
CuO/ZnO L, CuO HEfLIEHLFHE T, B CuO
HEALFIXT CO, TEILT=H CO,™ B WL BFHAE 7145058
Ik, CuO HAF|T CO WL, 1Al CuO fEfH,
CuO/ZnO H i [6] T H,, 1 CuO 5| A Zn Pyfh
RIS T RIE COM, Hefil & AR BT . AR,
TR 59 52 R T LT 763, it — 2 A

Lof ®

I
oo
T

o
[=)}
T

[=d
N
T

(AJ/2)/ (mA-cm™?)

S
N
T

B CuO/ZnO-1
100 120

=

0 20 40 60 80
Scan rate / (mV-s™)

(AJ/2)/ (mA-cm™?)

" ® Cu0/ZnO-3
n n 1 n 1 n 1 n 1 n

0 20 40 60 80 100
Scan rate / (mV's™")

120

Bl 7 (a) CuO. (b) CuO/ZnO-1. (c) CuO/ZnO-2 Fi(d) CuO/ZnO-3 HLZ AJ2 SHFER LMD & K
Fig. 7 Capacitive AJ/2 versus scan rate for (a) CuO, (b) CuO/ZnO-1, (¢c) CuO/Zn0-2, and (d) CuO/Zn0O-3

Colorful figures are available on website

~25

b —CuO a — Cu0/Zn0-2 before reaction Cco 0 o (¢
S — Cu0O/ZnO-1 ® = CuO/ZnO-2 after reaction .. C _O(b) . 2 o N Vs ©
E 2.0+ — Cu0O/Zn0O-2 3 O-H COz;in air H DesportlonTlAdsorptlon € C (COZ._)
E — CuO/Zn0-3 S k 1; 6 A 15 ;k —_— RDS

215 g 3435 2351 19,5 s

2 £ T (e, 1

] Lo g o '9)

e 1 =1 (6) (0]

E - o) { 7

O i (e+H") |

1 1 1 1 1 1 1
0.6 -05 -04 -03 —02 —0.1 3600

E/V (vs. RHE)

1 i "
2700
Wavelength / cm™!

QB
1800 900

8 (a) 7E 0.1 mol/L KOH &+, CuO. CuO/ZnO-1. CuO/ZnO-2 F1 CuO/ZnO-3 HIE AL LSV HiZk;
(b) CuO/Zn0-2 AT SRR G LA RE B (c) CO FIE &
Fig. 8 (a) Oxidation LSVs curves of CuO, CuO/ZnO-1, CuO/Zn0O-2 and CuO/Zn0-3 in 0.1 mol/L KOH;

(b) Infrared spectra of the CuO/ZnO-2 catalyst before and after reaction; (c) Schematic formation process of CO
Colorful figures are available on website



1152

I e

536 %

JEHLER A4S, AE 8(b)FR . G 2351 cm ™' 1Y)
WA S AR5, VR CO, 43 AT LA FFFE A A58 CuO/
ZnO-2 WK, XIEHT CO BRI EE T, It
Ah, BN R AR CuO/Zn0O-2 7 1050~1350 cm !
Z 8] BB i sh g, X I TRR C-O0
RSP0, DL S SRR AL 7  ad AR
JEBL T *COOH e =4, 454 ¢ Ml H T B 2K
IR BGER R ) CO. @RI Ak LSV i
I A A VA TN R CEAR S A N A 4 [ A
SN A AT REAEAE ) SOWAILEE, il 8(e) R .
o, MR Cuo Gl A Zn R 2 )5, ML i
W BRHA TR Y COL 0, BB T SR e, 48
GRS, AR CO, 7 P58 T8 B
RUERE HiTAEL CO, 73 1(COL o ThALJF Y COL 2T
454 H JRTIEM*COOH i), fe e THg
THIMEF T BiKIE AL O =it fEi%K &, CuO
XHEAL =) CO, HA Bk WL RE J1, BEAENE T
LG I CO, o3 F IR AL CO 77, /& COp ik i
B FEE AL S . T Zn PRSI AR, CuO X CO,™
(YW B RE 70055 o ZnO 1A HoO 3R J Y FE BEE PE AL
R OH HO N Hyo BHIL, sl AT 845 CuO H Zn
() E i, v DA As AN E B COMHL A

3 it

AW ET Cu SRR S EA R, RS RS T
HFFEER % T CuO Fl CuO/ZnO fEALF, I
TFHLAL2E CO, I Ji 52N il £ AN 7] CO/H, A9 ) A 1
o WA IN, CuO HEILFITE-0.9 F1-1.3 V(vs. RHE)
A HLFAT AT LSl CO/Hy 2 1/1 F 172 & o
LA Zn YIRS RIHY CuO/ZnO AL AT LA Co/
H, o 1/3 F 1/4 & AR, X2 CuO/ZnO ik
FXFH E 4 COL MR B 5 Bk 55, S 30T Ha MYk
BEERG N, XhE o 4 B T AL DIEL A 1Y Cu
FAREF RIS T AN COM, ImT ¥4 1, Kb
Je S5 BRI ST B SR

gt

A SCHH G %b 78 44 B AT R fili https:/doi.org/10.
15541/jim20210092 # &

(1]

(2]

B3]

(4]

[3]

(e

(7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

S 3 k:

CHANG X X, WANG T, YANG P P, ef al. The development of co-
catalysts for photoelectrochemical CO, reduction. Adv. Mater:, 2019,
31(31): 1804710.

WU J H, HUANG Y, YE W, et al. CO, reduction: from the electro-
chemical to photochemical approach. Adv. Sci., 2017, 4(11): 1700194.
LIX, YU J G JARONIEC K, ef al. Cocatalysts for selective photo-
reduction of CO, into solar fuels. Chem. Rev., 2019, 119(6):
3962-4179.

REN Y J, ZENG D Q, ONG W. Interfacial engineering of graphitic
carbon nitride (g-C;N4)-based metal sulfide heterojunction photoc-
atalysts for energy conversion: a review. Chinese Journal of Catal-
ysis, 2019, 40(3): 289-319.

MA S C, LIU J F, SASAKI K, et al. Carbon foam decorated with
silver nanoparticles for electrochemical CO, conversion. Energy
Technology, 2017, 5(6): 861-863.

WU M F, ZHU C, WANG K, et al. Promotion of CO, electroche-
mical reduction via Cu nanodendrites. ACS Appl. Mater. Interfaces,
2020, 12(10): 11562-11569.

CHU S, FAN S Z, WANG Y J, et al. Tunable syngas production from
CO; and H,O in an aqueous photoelectrochemical cell. Angew.
Chem. Int. Ed., 2016, 55(46): 14262-14266.

CHU S, OU P F, RASHID R T, et al. Decoupling strategy for enh-
anced syngas generation from photoelectrochemical CO, reduction.
iScience, 2020, 23(8): 101390.

CHU S, OU P F, GHAMARI P, et al. Photoelectrochemical CO,
reduction into syngas with the metal/oxide interface. J. Am. Chem.
Soc., 2018, 140(25): 7869-7877.

WOLDU A R. From low to high-index facets of noble metal nano-
crystals: a way forward to enhance the performance of electroche-
mical CO, reduction. Nanoscale, 2020, 12(16): 8626-8635.

TANG J, CHEN D, YAO QF, et al. Recent advances in noble metal-
based nanocomposites for electrochemical reactions. Materials
Today Energy, 2017, 6: 115-127.

LI C Q, BAEK J B. Recent advances in noble metal (Pt, Ru, and
Ir)-based electrocatalysts for efficient hydrogen evolution reaction.
ACS Omega, 2020, 5(1): 31-40.

YANG Z N, OROPEZA F E, ZHANG K H L. P-block metal-based
(Sn, In, Bi, Pb) electrocatalysts for selective reduction of CO, to
formate. APL Materials, 2020, 8(6): 060901.
PEREZ-RODRIGUEZ S, PASTOR E, LAZARO M J. Noble metal-
free catalysts supported on carbon for CO, electrochemical reduc-
tion. Journal of CO, Utilization, 2017, 18: 41-52.

BELL T E, TORRENTE-MURCIANO L. H; production via amm-
onia decomposition using non-noble metal catalysts: a review. Top-
ics in Catalysis, 2016, 59(15): 1438-1457.

WHITE L J, BARUCH M, PANDER J, et al. Light-driven hetero-
geneous reduction of carbon dioxide: photocatalysts and photoele-
ctrodes. Chem. Rev., 2015, 115(23): 12888-12935.

REN D, FONG J H, YEO B S. The effects of currents and poten-
tials on the selectivities of copper toward carbon dioxide electrore-
duction. Nat. Commun., 2018, 9(1): 925.

DAIYAN R, CHEN R, KUMAR P, et al. Tunable syngas produc-
tion through CO; electroreduction on cobalt-carbon composite ele-
ctrocatalyst. ACS Appl. Mater. Interfaces, 2020, 12(8): 9307-9315.
SASTRE F, MUNOZ-BATISTA M J, KUBACKA A, et al. Effici-
ent electrochemical production of syngas from CO, and H,O by
using a nanostructured Ag/g-C;N, catalyst. ChemElectroChem, 2016,
3(9): 1497-1502.

MA W C, XIE M C, XIE S J, et al. Nickel and indium core-shell



11 W

HKIGE W, % CuO/ZnO E & HAEAL IR 25 S HIE T CO, il & S

1153

[21]

[22]

(23]

[24]

[25]

co-catalysts loaded silicon nanowire arrays for efficient photoele-
ctrocatalytic reduction of CO, to formate. Journal of Energy Che-
mistry, 2021, 54: 422-428.

WANG Y H, LIU J L, WANG Y F, et al. Efficient solar-driven ele-
ctrocatalytic CO, reduction in a redox-medium-assisted system. Nat.
Commun., 2018, 9(1): 5003.

ZHAO S K, SHEN Y B, HAO F L, et al. p-n junctions based on
CuO-decorated ZnO nanowires for ethanol sensing application.
Applied Surface Science, 2021, 538: 148140.

XIEY, XING R Q, LI Q Q, et al. Three-dimensional ordered ZnO—
CuO inverse opals toward low concentration acetone detection for
exhaled breath sensing. Sensors and Actuators B: Chemical, 2015,
211: 255-262.

YE HC, NAW, GAO W G, et al. Carbon-modified CuO/ZnO cata-
lyst with high oxygen vacancy for CO, hydrogenation to methanol.
Energy Technology, 2020, 8(6): 2000194.

ZHU LY, LI H, LIU Z R, et al. Synthesis of the 0D/3D CuO/ZnO
heterojunction with enhanced photocatalytic activity. The Journal

[26]

[27]

(28]

[29]

of Physical Chemistry C, 2018, 122(17): 9531-9539.

WANG J J, WANG G J, ZHANG ] F, et al. Inversely tuning the
CO, celectroreduction and hydrogen evolution activity on metal
oxide via heteroatom doping. Angew. Chem. Int. Ed., 2021, 60(14):
7602-7606.

CHEN Z, FAN T T, ZHANG Y Q, ef al. Wavy SnO; catalyzed sim-
ultaneous reinforcement of carbon dioxide adsorption and activa-
tion towards electrochemical conversion of CO, to HCOOH. App-
lied Catalysis B: Environmental, 2020, 261: 118243.
MOHAMMSDI A R, HABIBI Y A, BAYRAMI CHEN Z, et al.
Enhanced anti-bacterial activities of ZnO nanoparticles and ZnO/
CuO nanocomposites synthesized using vaccinium arctostaphylos L.
fruit extract. Artif. Cells Nanomed. Biotechnol., 2018, 46:
1200-1209.

CHEN F, ZHANG P P, XIAO L W, et al. Structure-performance
correlations over Cu/ZnO interface for low-temperature methanol
synthesis from syngas containing CO,. ACS Applied Mater Inter-
faces, 2021, 13(7): 8191-8205.



AL M OB IR

536 %

#h et

CuO/ZnO EEBELFINTHERELR COHIEMS

g,k B, ABRE S

(1. BRI RS MAHE5 145K, LiF 200093;2. P EAFR EAARKREFAA, LiE 200050)

—=— CuO

—e— CuO/ZnO-1
—4— CuO/Zn0-2
—v— CuO/ZnO-3

Fig. S1

0.0015

—_ —=— CuO
oo —e— Cu0/ZnO-1
m'a —a— CuO/Zn0-2 _ 00012
8 11.4 | —— CuO/Zn0O-3 o
3 “E 0.0009
£ <
o —~
% .l 3 0.0006
Q N
g =
3 0.0003
>

0 C L L L L L 0

0 0.2 0.4 0.6 0.8 1.0
Relative pressure, p/p,
Kl S1

4 5 6 7 8 9
Pore diameter / nm

CuO. CuO/ZnO-1. CuO/ZnO-2 Fl CuO/ZnO-3 HLIEALTTIFI(a) Ny W Bt 1 28 A1 (o) FLAZ 43 A7 il 2%

(a) N, adsorption/desorption curves and (b) pore size distributions of

CuO, Cu0O/Zn0O-1, CuO/ZnO-2 and CuO/ZnO-3 electrocatalysts

g £
S S
} R L A TR T N g E\
2 é
3 <
k| =
QE’ 15 — —0.9 V (vs. RHE) ———1.2 V (vs. RHE g — 09V (vs. RHE) —-12V §vs. RHE;
O — —1.0 V (vs. RHE) —-1.3 V (vs. RHE 3 — -1.0 V (vs. RHE) ——1.3 V (vs. RHE
— —1.1 V (vs. RHE) — —1.1 V (vs. RHE)
180 500 1000 1500 2000 2500 3000 3500 _200 500 1000 1500 2000 2500 3000 3500
Time /s Time /s
5 =52 5
) S
g 78 g
B =
2 -104 &
3 <
E -13.0f — -09V (vs. RHE) —-12V Evs. RHE; E-15f — 09V (vs. RHE) ———1.2V (vs. RHE
&) — —1.0 V (vs. RHE) ——-1.3 V (vs. RHE o] — —1.0 V (vs. RHE) —-1.3 V (vs. RHE
15.6 — —1.1 V (vs. RHE) — —1.1 V (vs. RHE)
- B 1 1 1 1 1 1 1 _18 1 1 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
Time /s Time /s

K'S2  (a) CuO. (b) CuO/ZnO-1. (c) CuO/ZnO-2 FI(d) CuO/ZnO-3 [ L7~ 8] fh £&

Fig. S2

i-t curves of (a) CuO, (b) CuO/ZnO-1, (¢) CuO/Zn0O-2 and (d) CuO/Zn0O-3



1M HKIGE W, % CuO/ZnO E & HAEAL IR 25 S HIE T CO, il & S
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Fig. S3 TEM image of catalyst CuO/ZnO-2 after cyclic stability test
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