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Abstract: With the excessive exploitation and utilization of conventional fossil fuels

such as coal, petroleum, and natural gas, the concentration of carbon dioxide (COz2) in

the atmosphere has increased significantly, leading to serious greenhouse effect. The

electrocatalytic conversion of COz to liquid fuels and value-added chemicals is one of

ideal strategies, considering the atomic economy and artificial carbon circle. Moreover,

this process can be driven by renewable energy (solar, wind, tidal power, efc.), thus

achieving efficient clean-energy utilization. Electrocatalytic CO2 reduction (ECR) can be

carried out under ambient conditions, yielding diverse products such as C+ (carbon

monoxide, methane, methanol, formic acid/formate), C2 (ethane, ethanol, ethylene,

acetic acid), and Caz+ (propyl alcohol, acetone, efc.). However, it faces some

challenging problems such as high overpotential on electrodes, the poor selectivity of

C2 and Ca2-+ products, the severely competitive hydrogen evolution reaction and the stability in the practice. The rational
design and construction of highly active electrocatalysts with low cost, high selectivity, and robust stability are key to these
issues. Recently, graphene-based materials have attracted significant attention owing to the following attributes: (1) robust
stability in electrochemical environments; (2) tailorable atomic and electronic structures, leading to tuned catalytic activity;
(3) adjustable dimensions and hierarchical porous structure, large surface area, and number of active sites; and (4) an
excellent conductivity coupled with active, well-defined materials, synergistically enhancing the electrocatalytic activity in
the ECR. In this review, recent progress in graphene-based electrocatalysts for ECR is summarized. First, ECR
fundamentals, such as reaction routes, products, electrolyzers (e.g., H-cell electrolyzers, flow-cell electrolyzers, and
membrane electrode assembly cells), electrolytes (e.g., inorganic electrolytes, organic electrolytes, and solid-state
electrolytes), and evaluation parameters of ECR performance (e.g., faradaic efficiency, onset potential, overpotential,
current density, Tafel slope, and stability) are briefly introduced. The methods for making graphene-based catalysts for
ECR are outlined and discussed in detail, including in situ or post-treatment doping, surface functionalization, microwave-
assisted synthesis, chemical vapor deposition, and static self-assembly. The relationships between the graphene structures,
including the point/line defects, the surface functional groups (e.g., —COOH, —OH, C—0—C, C=0, C=0), heteroatom-
doping configurations (e.g., pyridinic N, graphitic N, and pyrrolic N, and oxidized pyridinic N), metal single-atom species
(e.g., Fe, Zn, Ni, Cu, Co, Sn, Mo, In, Bi), surface/interface properties, and catalytic performance are highlighted, shedding
light on the design principles for efficient yet stable carbon-based catalysts for ECR. Finally, the opportunities and
perspectives of graphene-based catalysts for ECR are outlined.
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Table 1 Standard redox potentials for ECR products.

Reaction E%V (vs. SHE)
1 CO, +2H" +2¢- — HCOOH -0.610
2 CO2+2H* +2e¢” — CO + H,0 —0.520
3 CO; +4H'+4e” — CH20 + H20 -0.510
4 CO, + 6H" + 6e- — CH;0H + H,O —0.380
5 CO, +8H" + 8¢~ — CH4 + 2H20 —0.240
6 2COz + 12H* + 12¢” — CyHs + 4H20 —0.349
7 2CO2 + 12H" + 12¢” — C,HsOH + 3H,0 -0.329
8 2COz+ 14H* + 14~ — CoHg + 4H20 —0.270
9 CO;+e — CO37 -1.900
10 2H*+2¢ — Hz —0.420
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Fig. 1 Reaction mechanism of partial C: and C: products from CO: electroreduction.



Y FRAL 22224 Acta Phys. -Chim. Sin. 2021, 37 (X), 2101009 (4 of 17)

B2 AR N R AT 228
Fig. 2 The reaction cell and the classification of graphene-based catalysts for ECR.
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Fig. 3 Building blocks of graphitized materials with

different dimensionalities.

#2 HT ECR WA RHEAENLT
Table 2 Summary of graphene-based catalysts for ECR.

Catalysts Electrolyte Products & FE Stability E Ref.
DG 0.1 mol-'L™' KHCO; CO (84%) 10 h (> 70%) —0.60 V vs. RHE 50
DPC-NH3-950 0.5 mol'L™! NaHCO3 CO (81%) 27 h (75%) —0.90 V vs. RHE 62
GNDs-160 0.5 mol-'L™' KHCO; HCOO" (86%) —0.68 V vs. RHE 51
NG-800 0.1 mol'L™! KHCO:; CO (85%) 5 h (80%) —0.58 V vs. RHE 52
NGQDs 1 mol'L™' KOH C2Ha (31%) —0.75 V vs. RHE 53
NGQDs 1 mol'L"! KOH C,H5OH (16%) ~0.78 V vs. RHE 53
N-graphene 0.5 mol-L™! KHCO3 HCOO" (73%) 12 h (63%-70%) —0.84 V vs. RHE 63
Ni-N-Gr 0.1 mol-L"! KHCO; CO (>90%) 5h(>70%) -0.70—-090Vvs.RHE 64
Ni-NG 0.5 mol-L™! KHCO3 CO (95%) 20 h (90%) —0.72 V vs. RHE 65
NiZ*@NG 0.5 mol-L"! KHCO; CO (92%) ~0.68 V vs. RHE 66
Ni-N-MEGO 0.5 mol-'L™' KHCO; CO (92.1%) 21 h (~89%) —0.70 V vs. RHE 67
Fe/NG-750 0.1 mol-L"! KHCO; CO (80%) 10 h (~70%) ~0.60 V vs. RHE 68
FeNs 0.1 mol-L™! KHCO3 CO (97%) 24 h (~97%) —0.46 V vs. RHE 69
Fe-N-G-p 0.1 mol-L"! KHCO; CO (94%) 9h (>90%) ~0.58 V vs. RHE 70
Single-atom Sn®" on N-doped graphene  0.25 mol'L™' KHCO; HCOO™ (74.3%) 200 h (> 70%) —1.60 V vs SCE 71
Zn-N-G-800 0.5 mol'L™! KHCO; CO (90.8%) 15h (> 80%) —0.50 V vs. RHE 72
Bi-MOF 0.1 mol-'L™' NaHCOs3 CO (97%) 4h (>80%) —0.50 V vs. RHE 17
CuosNC 0.1 mol-L™! CsHCO3 CO (74%) —0.60 V vs. RHE 73
(C1, N)-Mn/G 0.5 mol-L™! KHCO3 CO (97%) —0.60 V vs. RHE 74
In-SAs/NC 0.5 mol'L™! KHCO; HCOO™ (96%) —0.65 V vs. RHE 75
Au-OLA 0.1 mol-L™! KHCO3 CO (75%) 10 h (64%—68%) —0.70 V vs. RHE 76
AuNP 0.5 mol-L™! KHCO; CO (92%) 24 h (67%) ~0.66 V vs. RHE 77
NGQDs-SCAu NPs 0.5 mol-L™! KHCO3 CO (93%) 24 h (~90%) —0.25 Vvs. RHE 78
R-ZnO/rGO 0.5 mol'L™! KHCO; CO (94.3%) 21 h (~80%) —1.00 V vs. RHE 33
Bi/rGO 0.1 mol-'L™' KHCO; HCOO™ (98%) 15 h (> 90%) —0.80 V vs. RHE 79
p-NG-Cu-7 0.5 mol-L™! KHCO; C>Ha (19%) 12 h (~60%) ~0.90 V vs. RHE 80
NGQ/Cu-nr 1 mol-L™' KOH Ca+ alcohols (52.4%) 100 h (~52.4%) —0.90 V vs. RHE 81

to be continued
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continued Table 2

Catalysts Electrolyte Products & FE Stability E Ref.
PO-5 nm Co/SL-NG 0.1 mol-L™! NaHCO3 CH;OH (71.4%) 10h —0.90 V vs. SCE 82
G-Cu,0-2h 0.5 mol-L™! KHCO; HCOO™ (81%) 9h (87.2%) —0.80 V vs. RHE 83
Cu/VG-Ar 0.1 mol'L"' KHCO3  Total gas and liquid products (60.6%) —1.20V vs. RHE 84
In203-rGO 0.1 mol'L™! KHCO; HCOO™ (84.6%) 10 h (> 80%) —1.20 V vs. RHE 85
Bi,03-NGQDs 0.5 mol-L™! KHCO3 HCOO™ (~100%) 15 h (> 90%) —0.90 V vs. RHE 86
NapCo@SNG 0.1 mol'L™! KHCO; CO (97%) 8000 s (> 95%) —0.80 V vs. RHE 87
phen-Cu/G 0.1 mol-L! KHCO3 CO +HCOO™ (~90%) —0.60 V vs. RHE 88
CCG/CoPc-A 0.1 mol'L™! KHCO; CO (77%) 30 h (75%) —0.59 V vs. RHE 89
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Fig. 4 Schematic illustration of the synthesis of DG 3°,

Adapted from Elsevier publisher.
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RHE1) B f# AL, COMITETLER R IA £185% (K
6a). MLAL, MLATIEH] & H NS I A £ )FE T A
(NGQDs)HHEMCOIE S5 R Z =% BAR SR ws
e LLSEAL A 82075 (GO) A T BRAAR . — F JE I I fri g
WA, R A N & NGQDs . AN A T EAL
PP COM— NS Z: At KL, NGQDsH] #4CO
B JE N Co W LA1 mol-L ™! KOH N HLfE I, CO,
R LR 5 R M 18% (—0.26 V vs. RHE)HE jin
#190% (-0.75 V vs. RHE), 2 J5 FF4%64% (—1.03
Vvs. RHE). 7£-0.26 V vs. RHEFHLAL R, HAEA I
F|ICOMHCOO W= 4=, BEIL R AL AW R, k&
K (CHs ~ CoHa) BL K 2 Bk fb & ¥ (C.H5O0H
CH3COO™\ n-CsH,OH) E i AHEE T o35 28 A 55
I BT 55, NGQDsik Ji AL ek /N 1 R B, % FCax
FE IR B 1 B HE = (Bl6b) . 4B/ L Ajayan®E
R B ASH H IR T NGQDs AL CO A e M &
FA GV E R UNJE T3 S G 81 AL
G Ar B AT LU O 5 T [ R *COOH I 45 &
&, MG HRCO M CORLALINRE 11 . IR, TR
*CHy 5 COM A T Co" M) (CoHay C2H5OH) 77

T R R 4500 1 PR GO = R UK 1R & W il
% N5 4 f1 52 % (N-graphenes) . N-graphenesXf T
R 6 (1) 8 #1475 73% (—0.84 V vs. RHE), BRI
FHIR £hik Bt 5 — e & 8 M 16 71 (40nano-SnOs+ In
SEOBINKA L M AR ZE BE, (BT A KR BRI, B%
IR T REFE. ZMEALAIMEREN S R85, HAHAT B
JiF BARZ Ema, PRI R s
P£. Phani%F W 7t 7 B 42 A1 52 (BG)fEECRH1 [
A0, H R AT GO S BRI &9, 4% H
B4« & 41°44.1% (atomic fraction)fJBG. AHLLT
REB IR A &I, BGIE e 1 1%L £ DFT
THER BB IIG N 7 o7 FEX AR B e % B,
H5R T XFCOMIMR B RE 1, (2t T COMIE I o
2.3 AFEBFE TR

H 5K 75 Bt 1 S5 75201 14 1 W) 4% o i1
e 7——Pti/FeO,, HHHH T COREMH LK, H
JEF AR DU J5 R 2 s s A s fe e
PRSI SRR A A AT (1 BF 78 A 101102 e R
JiR A A 77 A2 AN [R] 5 )8 76 3= (M) BLE R 7 1) T2 X
AR, —BOE SNIE A EAER, 7
MR TE BIM-N-CZ5 44, [RGBk 3 B Jo -4 7
W] AR &R B b L. GO BAFIE K& H YY)
S1 A A AUE BEFI(— COOH. —OH%E), X s
AEReH T Fr A BAE R N & R E T A A
BRI RE J7, WIS & B B B T3 S A T
GOZRH, [FIhGO R — i b 4 3 AR 1) B 7 7 i 1k
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(b)

Bl 6 (a)f MUK SEM B K N SR BIFMIR ECR 1AL 2; (b)ARFETRM N BRARIFET K ECR S
Fig. 6 (a) An SEM image of graphene foam and Electrocatalytic activity of NGs towards CO2 reduction %2,
(b) Electrocatalytic activity of NGQDs and GQDs towards CO: reduction 33,

(a) Adapted with permission from Ref. 52, Copyright 2016 American Chemical Society. (b) Adapted with permission from Ref. 53,

Copyright 2016 Nature Publishing group.

FSEARF L BhAh, MR T 4R RR, &ERE T
HE AT AT DL f KB B 0 4 v LR 7R A 265 TR E
LB SR AR EER, KW
UbHLA R ) e p 102103,

WL L 4 R Ak (Co) s BE(ND) S 4 8 1 1L 77)
EHERH R H B s s s (H S H DU R
TEAERS, COLFLIE JF TG M 3 — 2D 4 7, Hof i =
Y)— M NCO. 20164F, Kamiyas A Ab# 4 856 5
Nift &2 Ak, 15 3] LA NI-N-CZ5 1k, fig
B ALCOUE R NCO, Vs 28 R AR B 1 90% 4.
IR A5 LA = S I 2 RGO K A ik
SR RN T, I A A B3 BN R i 1k
79, EIRGOGK v RIA F & My, Al
T IE B AT HONGFE R J AR 3 50 o0 A, R B I o
2DEEFIEAF I M O B A B, AR
B IR IS M, 6T T ORI 38 1k d5t i 4 3195%
S AR S5 FH 17 5 10 8 7 W B S, o) %t A N
N 254 1) e v PENGE AL I (N2 @NG), T8 = /1 B
TS 37 165 3% I /7 B B (HAADF-STEM) 7y
Hr i3 BINi DL T 1 R A1 BTN 44 4 B
J& L, W 7a. XF T ENIJE F AR AR B A S8 4m AL
7, NiZ*@NGHEALF I ECRIE M KR E#2 5, CO

R PEVEIR 3092% %6, ¥ = FERRMOE R E Tk, 15
B EAA KA EE SFEGO, LA g B 44
BESCEL T 5 R N e A3 (08 31 6.9% (mass
fraction)). [Fl i, 14 70 b 28 T B 2162380 m2-g '
K bl 2R TH AR % 5 Ni i - £ 31 B COLIt Ji 2 it
TEE WG S, CORJIEEEMIEF]92.1% ¢,
[ X HERAS %3¢ 4 {0 58 1) 8k (Fe) LA H. Ji
T A e AR AR R, R I AR AT COn
WIRMERE . AjayanZ2 s GOZ B S Fe B IR
BIRERT RS IR, A O 2 BRI 1 Fe
R F AR (Fe/NG), i 7b 8, i bkl
HFIFeJi ¥ 5 VU ANNEFTE R T A F T CO M Bt 5
TEL I Fe-NyAL £, SEIL T COLMCORI ¥tk ferm
AL BORIEFI80% (—0.6 V vs. RHE). [FK, &
BAEAL TR R B Fe 0 i 467 5 BAAN, IEF B BTN
FREENIAFAE . DFTIHFE R I, Fe-NaZh i i i A
PN SNSRI, O REH5 220 5 K B2 1R B
UL AN S 28 B F T 32 S AL R AL It e - £AR
FR A I 6 S I 2D R A = SR R A TR A SR
R H AR AL, RGNS J A S8 I
LR FFefdb 7, Ffig it 72 A % B ) 4 e T Ak
Fe AR T I FeNy A 5 2 5N 2% 47 804 b [ I g N
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(a)

(b)

(€)

B 7 ()fSMEMRE % Ni BE TR o (O)RBHA BRHE Fe BE TN
() BHEHE N BAL Fe B ETHLF) 70

Fig. 7 (a) Surface immobilization of Ni lons on N-doped graphene ¢, (b) Anchored Fe single atoms on

N-doped graphene 8, (c) Hosting atomically dispersed N-coordinated Fe sites on graphene 7°.

(a) Adapted with permission from Ref. 66, Copyright 2018 John Wiley a nd Sons. (b) Adapted with permission from Ref. 68,

Copyright 2020 American Chemical Society. (c) Adapted with permission from Ref. 70, Copyright 2021 John Wiley and Sons.

AEAER, TR T MR I FeNsi4 B . A 88445 1 51N
AN T A SR, R R T AR A
—B IR, RIS I COEFEME(TE-0.46 V vs.
RHEHAL T, COVER S MR B FN97%) SR AR K i
HLA7(350 mV) ©. DFT 53 B N AL 1] 2L
HEH Fe 3d#LIE ¥ M 1% 15 K P& Ik Fe-CO I o ) 15t
BNL, A F) T COR PRI i I A v PRI 6 4 o
5% A&GM K 22 Li%% I H,0, %11 GO, GO =4
TR FS TR E E 9K L B A FSTH)
GOSRRIRE, LmiEE, 55| Fes T 118
I R AR FLAL B I R AR, i 7e 7. 5
KA H,0.%ih GOl 4 [ Fe B 7 T {b I Eb i, &
H,0,% 1 GO J& #l % I Fe B JR 1 554k T X F e
W R *COMI IR B, A R T COMmr=4, FHLik#
YE = ] IA $94% .

BENi, Feff )51 {b 7% ECRE B H AR 57 1)
AL B 4h, Sn. Zn. Bi. Cu. Mo. Mn. InZ
B - A R A 4R T R I B R AT
PEITTITS004 S S5 e L AEFR Y T — Pl SL B Snti R T

AT T i) 2% () SREmE 7Y ABATT R R 24 1
Ji, MSnE T ETGORIN, &Rk T 15
R EAM L, 5SS R AR A P
Aib BEAZ A L) 75 Sn B I A A o [F)2D AR S SR AR
R, A0 5807 2 TH R - 2 B Sy 1E LA, A R T
COMNEWE BT T4 . HNiv Fef Ji T HEL A
(2, SnffLJiE (AL TR R 36 e e 6 1k, v
Fr SRR T 1574.3% (—1.6 V vs. Saturated Calomel
Electrode (SCE)). [RIH, 4K AHXT 5 5 Y Sn— N
1A AR B 8 AR S AL 2= A2 e 1, 7E200 h
(2 R LA T, BORIESE 55 AR e ML i 2% 5 R
WA T B 20194, WA ) 45 H — PP 8 (Mo) 5. J5
FAHEAGT, DLES TR F AR, [RIRE mT DA S IR
BCONE A H IR, HikFMA L T EMoJi 1
FAERINS I A ST s T — 1'%,

3 ARER S
FEA S804 1 22 T B Vs PR 0 (i < R A
G WET R, AT SRR B
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PER) 53— Bk B 50 BIEE A, A EE
A (e e R ZE . T K MAREIR 47
AR FF &8 R A SR A, S
Rk S5 R S Jm M Rk AT BLAE — e 2 B b 5 il
IXELEEG, ARG S E M, BrRiE AL FR,
T HE AR AL M e e Ra e M. AECRIM & &
EAFICuLONE, BRAR & OmERME, B
e MAEARZE, 5T BRI R, X5 S —
SEFERE K BHAS ECR I MRS AL N A 105 (R e Al &
Aaiimm a5 &EMELTINEEE, KA
2 UG B SR W (CEL G B 0 78 1) 5 AR 45 0 . SR 0
FTH A 2 S A SR -E B E A Mk R FETt
ECRYERE .

3.1 ARFB-EBERESHEMLF]

A Audh K R (£02.4 nm) R4 L R EOE
PETEECRAEILH 7 M J, (HIHL 35 MARAL
KL AL 55 F T HER AT B A X ECR I 77 ) 1k #%
P 76:106.107 9 ) AR A BT K 2 Wang 25 DLIE [ 45
A 5075 (rGO) i AR, FH &A% Augh oK ks
R BATAS M, B P 7E 3 = X CO W Bt e F 1)
6] I5F A BLA RO HER, 1B B 1 g e 7 AufiE 1k
ECRIME =ik B 1L 10 8, 53 AME 4y FAZ 1 I Au
YRR R RE TR R ETEPE 100 Ag ) 76,
IR A ARG T8 A O L RRE, JF
P & i Ja B A AL Rtk 2= e fE, RILER
PERZ BB A R T CO R ACO, HiTEES
AL 2 (8] RS AR EAE FH R G oy TR B 52, 38

(a)

(b)

Kbt Fi % B B Aufor A b A& 678 75 R T 5
AR FECRIAT; 1M T B A & ma s
R % EAF| T COMF=4 . Fischer¥ 3t T H R
LIRS & T — RN = 4 SRS AN K A ) 4%
(GNRs), FH25RI R /Ny T RTARAS [E) 10 A B 22 5 (F
8a, b) 7. GNRsHJK 54 & 2 7 5 AH BAE FH g
517 1 Audl K Bk (Au NPs)I R4, 7 T A
W 2% H ) Au NPsHI 2 B, AT A 20 s AL 57
(1)K RS e T IR B8 v FL A AL s B VE M . ARATT I AL
T GNRsX} Au NPsfi 4k M g 52, & I0E A 8K
I R 8 1 cove-type GNRsHE 542 3F 7 p 8 4 7
T ] Au NPs [ 56 8% , 386 0 4 8 2 T 1) ey % 1, 3k
1M P ARECRAZ UG AL . RARAE LTIkt = H
TR (CTAB) N R S VR, F S A K32, il
2% R SF2360 nmf) #L 5 Au K BURL(SCA), FF4
KB AuRTH I CTABE AL ANSB A B G2 T
A(NGQDs), #ifEHHEZ AR, 7L
TR AR 78 . Bader L fa7 43 M1 45 R F B SCAu Y
NGQD X [A] 47 1F 1 SCAulINS 24 41 58 4 ) HL T 4%
¥, FEHBE NS A S LEE, WA 8%
R BENAL A CO B R A COR I 1% 25 3R (1%
*COOHH [ #4) 1 BE 22, #2155 1 NGQDs-SCAu NPs
B AT BAE M, EEARMEBEAL N COLRL
RFIL93%

HARAu. Ag. Pd. Ga% & BXTECRA IEH &
(PIARAE 351, H A BLAE H SR T b i S A D o ik
AT MEEZnfg BN FE, HiEw. &4

B 8 (a)/NrFHlME4 R chevron type GNRs; (b)/MN3TFRi4ES B cove type GNRs 77
Fig. 8 (a) Synthesis of chevron GNRs from molecular precursors, (b) Synthesis of cove GNRs from molecular precursors 77.

(a—b) Adapted with permission from Ref. 77, Copyright 2017 American Chemical Society.
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WA AR, "TE R _FIA 54 8 M A7) 1 B A M
R0 Hwang 22K 1GO JZ 1E % 7 B B 0 2 7E
Z AL B AN R T COk P . I THER S
ECRZZ A% [ 5200 R AR, Bl 5 rGOTE £ FE AR R THI
(178 a5 2R 4 =, MORE R ST A o 1) PR R A
13 FLRR PO IR AR, S SO R R pHY
INFIFRRE 5 TpCO2,  HUTE £ HL AR R 1H 5] ArGOTE
FHIHER [ [ IR & T CORIEERL 5 3 E (1K9). J&
REX S LR W IS 3 2 B R B rGOJZ R Zn 4k 22 4
B RS, UWHrGOEX &8 & Znf 1
F o AR, 4 COEJE N IR L1 4 JEBi. Sn%%
T B 4R 2 Cd. P2 & 4 & R B AR
B4 s LI A AL B N IR TR TR, 1 R IR R 1)
77 20, K R AU Bigh K Uk £ 52 FrGO _L(Bi/rGO) 7.
BiS5rGOZ [MIAAA/E LT A EAEH . AR T X CO AN
CO; HIWR I A T BEECRIE A2 . AR, 5 &R 2
I W g% o ) A 93 H7R) 1) 46 1) B A AR ALORL AR IR Bidh
KRN EL, BT Bi/rGO AT 43 BRI X6 A7 5
(R T B A SR IR FEAL 2GR R TR, [T
F 2 RIS . X R A YA R
(HCOOH) ¥ th m i 6 1, EBAR M AL T
(=0.8 V vs. RHE)HCOOH: . 55 %5 K fE ik 398%.

Cunl $ COLE J57 R Z B =4, 183+ AN [ T
i ARARSRES &R EEBEAMHC

(a) (c)

(b) (d)

FEAEA T D& LI CO 1 NCOL CHsy CH30H
CoHsOHBA J CoH, S5 14 ph <y E S50 | e N5
HAT A (p-NG) 5 Cud KBk 2 &, T ILIEN 2
% gy B, Bt £ B0k BE B8 A S0 B R AR 2 CO,
43T, AR HE T Cufr A _E I+ COOH A 8] 44 F) it -+
it — B C—CH A, HEmigm 17X 28 =)
i S #E-0.9 V (vs. RHE) AL T, CoHaff33:
PR N19%, R E T YIHI79%. HhiAT DB
TEHEBNB I A£G E T HA(INGQ)E CuOfTA 1Y
Cugf k¥ (Cu-nn)B A, HTNGQEAEEM, F
)T 5ok S8 b [ i * CHLCHO B W B A s, i
i3t 7 *CH,CHO#E — 2 Jii 74k #% 44 3 Co.HsOH ¥,
DFT it 5%t & B NG/Cu(111) % M B & B T
*CH,CHO i + 1k £ B *C,H4O W BE 22, L
*CHCHOR A N 2 I B 2 A R, #4815 L FE A
)T r=mE . P12 e RE b Bon B A AL I A4l Cu-
nrR [ ICu—CO. C=0fF 5 s i, Hpi#E
BIREFE Z R, HONGQ Cu-nrfg 42 it X%
AL ri, P Z 18] B[R4 FH A2 a3k ECRIFY A5 7 B 1
AT . W&, AT T Co M Co I BE SR
EFMEIEF52.4% (-0.9 V vs. RHE), &/ T RE
ANGQICu-nr. HAk, ZHAL I
Fase b, HELEHEMRI00 h, FEPEER SR LW &
A

B9 HEKFRE pH REEENARBRERENN: @HERESIEFENRER; (b) CO, H B EHEE
FRHEBELERR; RERET, ARBEZREDFIN 0. 50%. 97.5%H) pH () pCO: (d)

Fig.9 Computed local pH and reduced GO coverage effects. (a) Schematic of computational fluid dynamics

simulation domain, (b) Plots of CO FE and H2 FE as a function of coverage level, Contour plots of (¢) pH and

(d) pCO2 under a steady state at different coverage levels of 0, 50%, and 97.5%, respectively 3.

(a—d) Adapted with permission from Ref. 33, Copyright 2020 American Chemical Society.
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3.2 AEE-ERUEMEEHEMT

H#l, ECRMI&JEZEMAFAULES T H
FaE, ERNEDESEANERIE BT
HEALTE T . ESL M DLIE T oA RIE . 2t 75 R G
N BT IRAR, K I & B EGE o b A A
[ Co g K JURE [ & 57 T 1 N (1) B 2 4 552 0 (PO-5
nm Co/SL-NG) %, i% & & 455118 CO ™ A= F i
I S5 1 BE VR T3 A SR 0 5 48 2 TR B R AR
H, BIPO-5 nm Co LA COLE R A H R £ H
W (P 1, M SL-NGREMEHE 2 i T & il 72,
HHEFWAEKERREYEEN, XART 48N
KPR 515y 8. ZEAWAR T 2R F#e
MR, femHRErERE. £ TGO ki
THEREINMN BT, Eradtfi/EHKEm T
GO ik ff, ™ BRI X —FeME, Ky
1F HLfAf B Cu(ID W B (EGO R TH , 48 #/ AL R ATH,IE
Ji R 42 58 SR N [R]85 T Cu OB i GOR &+
BHG-Cu,O-T) 8; H, Zil2 hib #4531 G-
Cu,0-2hif 5 7= = HCOOH [ 1 At 1, #£—0.8 V
(vs. RHE)HLAL N IEFEMEIA RI81%, 9 hinFs etk
RIF; G-Cu,0-2hXf F=#HCOOH ) 5 3%k 14 1T &
FTHEEBHERSMCuD) SR, Cu(DAFTCO; F
[ F RS . et id s 0 IR ——HCOO fi Wi it F2
MR . G Kl A TAEZ 5 HiE 2 A 218 X
T T A ATE A A P E A . SR AR DA R AL
FIM A« 2H R 5 S5 o 2R i 1 f - G-Cu,O-
2hiE s R G R T I S R R e AR “ 2%
MR HUARCO i FEH, G-Cu, O-2hH {Cu(D)FE
B 123 JiF S Cu(0) (Y [E B, 3R 2 A B Cu (I AT
FRUSCH TR R Cu(l), AT 4ERF T A A7) 2R 1 [
SE B B B Cu(D)IE AL AT, 338 1 1 Ak 750 1) R 4
mHSREE. e EeA R — AN E T
AR EREE A, B H o EIRR SR —
Fh BB AL A R I RGP R RR e . AT
¥ PdJE T TS U RE A SR T, E AR I AR
PR T AR S0 5 H R ) iE SR A,
NI AS W B i A SR T, AR 4RI R IF AR
JE P20, Officer 55 4 B A7 i 4 55 HUAK 19 Co ik 7
(CoPc-A) 5 b2 4 A 520/ (CCG) R A HA NI
38CNE P J 48 35 BUAR 1) Co Tk 75 3 A008E % T Co ik 75
TEA SR RE, 4R T A0 F AT
PE, A A AR S A e PR

Amal %5 DA AT 440 360k, 55 & T 3G 91k
A MU T, H % T 3D IE B G A SR
(VG-Ar), FR B TRR 1) 75 20K Cugh oK kL i 7
FIHEM, HECuWVG-ArE SH RS, XHF 4kt

T RS (XPS) K Cuffl 8 i 73 HTIESE, VG-AraR T 1)
4 Fh LA Cuy CuyOM CuOTE A7 7E H. LA Cu0 K
F, VG-Arkt Cu O A% o B BAE FH s LA [R5k
AT 55 RAE L DFTUHE R B VG-Arh [ sp? A%
RSB B F E Cux Ol o [ A 38 475 (1) — 4
HAMACHE R E T FE Hie s, M
M 3 58 %5 CO2 53 1 S o v (R A (1 W P 5 A e, 7
HEREPE 1 [ N2 5 7 BT~ e £k . A
20 GO 5 In A 44 38 i K HGEE A B, ) 4%
In(OH)3-rGOR R Z5 4, FESRHIBKAEE, 15
Fn,0; 5rGOMI R A M. rGO5 £ FLIn, 0544k
i 2 8] AR 22 A AR 5 350 7 B rGO 1A Tn O3 5
¥, — D7 FEAR T ARG S AT i R BB, 7 —
5 TH B FEAR 1 5% B 8] R *HCOO T % BT 75 1 i
A5 AR, AT DRI 4 i A A C ORI [y
B b e . XISL R ODBNA S IG E T
(NGQDs) 52D% 4L 5k (Bi20s) 4 K v B &, 7£-0.9 -
—1.2 V vs. RHE[) 56 AR 4, S H R Sk (k4
BT HIZ1N95.6% . DFTHHE 5 BF ], XFh
FL 34 9 ] P ) 7 3 2 TR A NG QDs Al K s 348 58 17
KRR CO(ads) FI*OCHOH 7144 F W B BE %
DL &8 2 AN KR I 4y P, 45
2 A B85 WG RS AL s, B
B R o S T AR [ A R
HLJEJIK b, REAE 4 9 3t 34 M 45 & AT R B =
IR SRR RE . E TSP CoR A ¥(Co-2,3-
naphthalocyanine complexes)%H i€ 7£ A [7] G %= 15 44
A SRR B, BRI Z M ColfiEfbFT, Aelit
PR COLIE SR N CO T, it 18 5 Ay IX A4, 1] #%
TN, O SEEAFIL R K H REF5 A itk 1) A 5847
B, KRB BIE W (SO) B 2 FIR (CO0) B
J 45 Ky B 3 3o B 1) O AL 2 Co A, HE A
NCOL FELIE JF (1) B AL IR ME AT 25 . S ERIEMILL,
BRI BERE— 25 (R Cofr 21 5 A SR 55 I 2 TR 1)
IR LR N TV = A A I O
1,10-phenanthroline 5 Cu I A 1] B ¥ Cu K2 A W i
SE BN LA SIS HEE b, AT h 0 = A XU SE
Py ) LA Cu(l) 2 5 B AL S P Fh, 7E
AN LI AE R Cu & W e 5 mT 38 Hb k2R R
A, B0 I oL B R I, T A SR P 1 3 T LR
SRR T ER AR T E R SR T B = A R, A
A St #| 7 HER ®8. Officer4% H AT i S8 FE B
R Colik # (CoPc-A) 5 b 5 7 A A7 582 4% (CCGY B
A (CCG/CoPc-A) LL 52 L COL 7] COfHE L 4630,
CoPc-A%y 183 m—nFH T AE FH 8 8 B4 58 0% L, i
BT R BLCoPc-A 5 CCGITE & LA X
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(b)

10 (a) CCG. CoPc-A. CCG/CoPc-A F CoPc. CCG/CoPc HIHL S %t il ;
(b) CCG/CoPc fl CCG/CoPc-A [f] CO, 4L L3 K] 8
Fig. 10 (a) Raman spectra of CCG, CoPc-A, CCG/CoPc-A hybrid, CCG, CoPc, and the CCG/CoPc hybrid,
(b) Proposed CO: catalysis mechanism on the CCG/CoPc and CCG/CoPc-A hybrids #.
(a—b) Adapted with permission from Ref. 89, Copyright 2020 American Chemical Society.

AFCCGHII/IGTH » TICCG/CoPc i In/IcH &3 K (K
10a), W] A8 A2 AR 2 e S L HUAR (1) Co ik 8 5 A1 58 )
Z IR AEE BRI A AR, MR & T CCG
55 & B, A8 T Holn/lgo B A5 A7 BN F It 4
AR B8 9% 5 AR Colik 75 70 A 52 M b 1) 3
L R ER IR TR ANBRE 0 A (B
10b). 5 CCG/CoPcH k., CCG/CoPc-AK &1 1k
FE480 mV )i FLAL T AT IE 2230 hify FL A I i
I, HL U % B LA CORE i 28 R L B R
B, R R IR e .

4 RE5ERE

FIH AL HOAR, B COLEA A R B
B IEL AP 27 s A R R R T S5t o X AT DASEE
B FHiR = TR COM BRI, Bl 3k N Jeit:
R EWBMNEE, KBNIEBMEI . BRI ML IR
CO 1138 5t b A W AE (1 B ZE N AT, 5 St R i
FIALE, BRAS AN B X € P ) L 6 S
AR E YE T o A S VR 9B i) ZE 4L
P, 3 T ) 38 2 T sk B m R T Sk A5 U 5 R

BB RT JT80, =T EACouE
JiR P o DA S50 N AR A0 SR A4, AN AT DA Jon fi
IR T R, 3B ] LR O B A B AR 34 1Y) (] B
540388 1) 465 B 5 e A 1) A T A v 4 A 70 0
Z5, AR DB BRI R, H
TS AFAE — Se Bl 1 ) B 1) PR B A, LA
B, BB BEECRILFE G IA 21| 1 L I % FE AN ik
100 mA-cm ™2 (fif & G0 FIHZY B Ayt i), B A
HLfR R AR A SRS B AR Bt ) 5
9,4k PLSEZ IR T-500 mA-em 2] Tk 2% HL i 25
H R A A A5 ECRIE FE e B R IR AIK: 2)4E
Aot R, SN — B A T | A5 R
Tl g 58 A A 70 e R TR s 3) T o) % ) A A 751
ZHARBERZ N, FFELIMT I
il % 5 4)Fe 2 PR 2 ECRA SR MR AL B FH 75 2 2% fE
MESKEZ—. Hil, ECRIEMLFIF e ZE
10~30 h, 17 Tk Ak A J ) 75 2 4 A4 77 A2 e 14k 2]
1000 hUA |5 5) [ N HLEE W AN K 28 S A7 72— 2 I
W, FRIA[F — P S Y (i AL ARG AN [R] 1) e 8L
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