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fuels has caused a series of energy crises and

environmental problems, such as energy

exhaustion, annual temperature rise, climate 5?335}321
deterioration, and ocean acidification, which mctaliions
have already threatened the sustainable
development of all living organisms. Therefore,
finding renewable and reliable energy sources
as well as reducing carbon dioxide (COz) emissions have become the key focus in recent years. During the electrocatalytic
COz2 reduction reaction (CO2RR) under relatively mild conditions, CO: is converted into valuable products, such as C1, C2,
and C2+ hydrocarbons, which is an effective strategy towards realizing "carbon neutrality". Electrocatalytic CO2RR is
complex as it involves multiple electron/proton transfer processes. The reaction mechanism is also complex and involves
many intermediates, which ultimately affects product selectivity. The large-scale application of the CO2RR requires the
development of cheap and efficient electrocatalysts. Atomically dispersed metal and nitrogen co-doped carbon (M-N-C)
materials, with large surface areas, 100% atomic availability, unsaturated coordination, and relatively uniform active sites,
are promising catalysts for the CO2RR. M-N-C materials also have adjustable properties. For example, tuning the
coordination environment of the central metal ions changes the electronic properties and atomic structures of the metal
ions, which provides a new way for designing catalysts with high CO2RR performances. Therefore, it is of great significance
to investigate the effect of regulating the electronic structure of M-N-C materials at the atomic level on catalytic activity and
selectivity during the CO2RR. Additionally, the reduction potentials of the half reactions of most CO2RR products are within
+0.2 V of the hydrogen evolution reaction (HER), and most catalysts that bind CO: are rich in electrons and active for the
HER. Therefore, it is also necessary to design catalysts that can kinetically inhibit the competitive HER during the CO2RR.
In this review, we discuss the synthesis methods of M-N-C materials, the reaction pathways of CO2 reduction to C1, C2,
and C2+ hydrocarbons, and the main factors affecting the CO2RR. Specifically, three strategies for regulating the electronic
structures and geometric configurations of M-N-C materials are systematically reviewed, namely, the modification of the
carbon base surface of M-N-C materials, selection of appropriate central metal ions, and regulation of the coordination
environment of the central metal ions. The effects of different active sites on the selectivity towards various products during
the catalytic CO2RR are also discussed in detail. Finally, we highlight the current challenges and future development
directions of M-N-C materials for the electrocatalytic CO2RR.
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Fig.1 (a) Schematic of the synthesis process of the Fe/NG catalyst, (b) Schematic illustration of synthesis of
C-AFC@ZIF-8, (c) Schematic of the synthesis process of ZnO@ZIF-NiZn core-shell nanorods.
(a) Reproduced with permission 37. Copyright 2018, Wiley-VCH. (b) Reproduced with permission 3®. Copyright 2017, Elsevier Ltd.

(c) Reproduced with permission °. Copyright 2020, Elsevier B.V.
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Fig.2 (a, b) Magnified HAADF-STEM images of Co—N3, (¢) Low temperature STM image of FeN4+/GN-2.7,
(d) Simulated STM image for (c), (¢) FE of CO for electrochemical CO2RR, (f) Fourier transform magnitudes of the
experimental Fe K-edge EXAFS spectra, (g) The normalized Fe K-edge XANES spectra of Fe/NG control samples,
(h) Normalized Fe K-edge XANES spectra, (i) Fe K-edge XANES and (j) Fourier transformed EXAFS spectra of FeSAs/CNF-
900, The S’Fe Mossbauer transmission spectra measured for (k) FeSAs/CNF-900 and (1) Zn2oFe1 — C-1000.
(a—d) Reproduced with permission 2. Copyright 2018, Wiley-VCHVerlagGmbH&Co. KGaA,Weinheim. (e-h) Reproduced with permission 7.

Copyright 2018, Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim. (i-1) Reproduced with permission 3. Copyright 2020, Elsevier B.V.
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Fig.4 (a) Top (upper) and side (lower) views of atomistic structures of NiN2, NiN2-S, and NiN2-Vs catalysts,

(b) The calculated free energy diagrams for ECO2RR to CO on different catalysts, (c) The projected density of
states (PDOS) of d orbitals of Ni atoms on NiN2-S and NiN: catalysts, (d) The calculated free energy diagrams for HER on
different catalysts, (e) Difference in limiting potentials for CO2 reduction and H: evolution on different catalysts,

(f) Different model structures of the catalysts, (g) Calculated Gibbs free energy diagrams for CO2-to-CO conversion on
different catalysts, (h) The difference between the calculated limiting potentials for CO: reduction and H: evolution,
(i) The proposed reaction pathways of CO2RR over Ni-SAs@FNC.

(a—¢) Reproduced with permission #2. Copyright 2021, Wiley-VCH. (f-i) Reproduced with permission 7. Copyright 2020, Elsevier B.V.
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Fig.5 (a) Schematic of the synthesis process, (b) TEM images, (¢c) Low-resolution HAADF-STEM elemental mappings,
(d) High-resolution HAADF-STEM images, (e) Fourier transformation of EXAFS spectra for the Ni K-edge,
(f) FT-IR spectrum, (g) Free-energy diagram of CO: electroreduction to CO, (h) Differential charge diagrams,
(i) Adsorption energies of reaction intermediates, (j) Projected DOS of Ni 3d.

Reproduced with permission %. Copyright 2021, The Royal Society of Chemistry.

PR, B KFEcom 1586.9% . 45 I & B
Fe— N2 CORR 1A RE PEAL 5550, Lide Al 4% 1
H A NMFets 42 7 i B 49 K & /85 99 2K A (CNS) &5
K AL 75 (NFe-CNT/CNS) . iZ L7 BH + 5
[F1Fe— Na& K FINGRIE, T COZR I AN 1) 1% 3%
PE(FE = 69%), BLANCNTHRICNS 1) 38 Bk 45 F 3h i T
B SR IR T CORRAAL i i %5,

Zhang & NTERR 9K E L HE TM-Ny M =

Fe. CofINi)ACHL&5 4, DFTHH 3R B F= Wil
HHCO5 A7 B AH BAF 2 . 7ENI-No/CNT#
135 b, COS Rz 181 FIAE F J1%885 , 7’28 CO.
MFe-NJ/CNTHEAL T L, AR Ccodt— B a4
FCH;OHAM CHy, {HAE B & B R i AL AH [F] - 7E
Co-N4/CNT I, 4 BCO. CH;OHAI CH4 I #% R HL A7
28043V, 0.56 VAI0.87V, ML R, #ECo-
N7 55 B 5y ik JFE N CO %, StrasserZs A F) F &A1



Y FRAL 22224 Acta Phys. -Chim. Sin. 2023, 39 (4), 2208033 (10 of 25)

&R B TR R B Ref, BFRLE R EOR
A B b 79 72 H i 1k COoRR H 26 B1L HE 5 1 CO
ERENE, AN AT TS R A M COS & R A7 1R iR
AHEAE F B AT 5] 'R COR T AT e« CHA 2R Bk
NE R BRTE S AL, RICOM R Tt #2575
B R G B B T INAEAE . AEMn-N-CHE1L 7 . CO;,
B JFERLCOJE, 1RE 5 (ER M, 1M 7EMn-N-C/H#
R L, AR R COZ 5 BB R S s i3k — 2 08 i
A CH,

TECORR N FH A, %o A 25 44 A4 751 O F 7 32
PP RIAECAR I, 5] 404 BE# &5 (CoPe)
AP 2K JE 0 IR (CoTPP) 4l 72 76 5 FL I A R 136
Co-N-CH R} R J& i R 47 (1) 5 F PR R R IR BE A 11 5
NN FEL - 5 6 R YT 2038 T AR L CO B VE L5 2K
9%, Cheng® NG T —F B A LM A HLHESE
(COF) 4k nh IR LL 7F), FEcoik ]90% . ShuiZ%
NG TN R BRRIRE: 2 fLB 9K e, COdH
KA 180 mV, FEcolA#185.3% ', Zhu%s N ¥ EK
L B e ThREAL AR 99K L, FEcomi T
98%, TOF{EiA34.5s 17, hF{i L7 7E AL o
AL LB COLIE JF N CO, B 7] LA N T .
Roy%5 Nl & T &5 (I = KRB A L AW, 1
Bl (D)3 Ji2 9 8l (1) 19 Rk F2 H s i ) T A 0 ok
7, BRI O% G . HArE E L As-
corroleflE L FITEpH = 6.0, I8 J5 A L W24 56 3L
HNARY o (DAt B & Jd oy, HA A
T E T AP, EIRPUE X SRR
IRRILH m R A 77, R R T4 (1) 5 CO e M0,
Jiao%5 N FI F AE LA m—m Al ELAE FIE B G0OK A 1 4l
SE B AEAL 7 Co(qpy) (Co(qpy)/CNTs), iZE &+
BHEMEALCORRH R I A EE 76 1, COTEHLEE
SRR AT 5 HA Y TR P 3 98% . COF FRLIA 25 FE 7E
—0.9 V' ik #25 mA-cm 2, &2 & T qpy/CNTsfi
th55) . 7ECORRH A I CO TOF 5 Co i 3 A
K, M Co(qpy)/CNTs i 14 77l H Co 1 f1 e &= N
0.37%, AL 1 B 1 (P 6a—d) » XPSHIXASHE 143
T 2% B Co(qpy)/CNTs 8 4k 751 1) 8 14 437 55 2 DU AN ke
WEN5 CoiE B2 Co— Nu &5 ¥4 o A FH B8 11 5w
R T —&HIM(qpy) (M = Fe. Co. NiflCu)fffb
FI I CORRIF I, COLRRZ: [ VAN 3% 45 iy 45 1%,
BICO, — *CO; — *COOH — *CO — CO, Hrh
*COy — *COOHZ M), I BEA I M. ) o Za 45
Hil5. HE LR ERTECo(qpy) (0.394 eV) il s
0 B B AK T Fe(qpy) (0.592 V). Ni(qpy) (1.668 eV)
FICu(gpy) (1.985 eV). JEidXf M 3dHLIERIC 2p
)53 9 45 % FE(PDOS), 13 7ECo(qpy) L F,

[E]4&*COOHE CoE B2 K, MEIEH 1, X
AIRE T BENR Y T Co 3dUE I F 404, A
F T4 & 3 1 e 5 s I R TR AR 1) 45 B (Bl 6e—g) o
R g B AR R A A M AT A S s B AR AR L R
KB -FES, ANl 7 & E & *COOHE
B BE, A FF CORRMIIEAT o 3 Ik 5256 FF IR UESE T
VU FhAS 6] 42 J@ A AL 77, Co(qpy)/CNTs L A7 i 4
[FJCORRIGME, COMN 43 HL it 25 i 3zt K F Hodth =
HEALF, IR B /N Tafel R 5 R A 4 7% HLRH
Pem R N3l T4 (E 6h) 102,

o SR S AN—CHM R E BE B 3 &
CORRIIMEALBE /7. BB TR, HE-FNig| A
Al FERCORR A 1) R M AE22 10 . Jif 7 43 B N
SE RN EE, BE TN I K JE R
R, I T IS TR A B, 3 — 2P T CORR
ML BE 7104106, QiuZk Nl 4% T — R I BB A
5] FE A N — N T, e A e B A9 A2 C O
YRR R R A 15 5)94.8% 17, WangZE A& T B
A Ni— N4 L AL S5 1 55 FNi-N-CH B, FEcolk
F198% 198, Wuss A\ F 40 A4 22 5 40 SR i A Th
H T B E N — Nz A A0, 12 SR £
BT Ni—Na&5 1, A 808D NE 5, A
AL s B HE A 3 5 TG AL AT . Ni— Na &S5 i 78 24
T PR AV A5 R 75 2R B AR R B COLRRG%E #5614 &
f£-0.5—-—0.9 VYL EI N , FEco n #i190%. il i DFT
THA R BN — N &5 14 7] LRE AR COL i i 1 COOH*
WA CRE, I AT RS, INPRCORIAE /L, MM
FECOHANCORIEHEREFEME . XuZs Nk it
T e E S E IS SR IKARAT AR A LB
ZRHM B (Ni—N—C). Ni—N—CHE 7 £ I 1
91.2% 1) 5 COVE L S A (0.9 V). HibTHHEK
B, Ni— N3 A7 o5 AT DA =95 78 48 0 770 2 T e S
]S FRTIRCB, $ 7 COLRRAE AL vifi 14 1 [ Bk 410 1)
HERMZEAT Y, Daic% N & i1 T —Fh ol KM AR AR
7= B R B NS R R A K 1 2 0K v B R
% (M-SA/NC), ¥ 5 K [l (PANT) A £ Sl BR B J5 44 fi#t
ROFR, 7E A R R TR NaCURTPANTEURL 1E Ay 6 4 A
R AC/NJE . HRTEMATHAADF-STEM &4 S 31 K
BMALHEZ, e BR800 8, B8 9K
R 5 . X AT REAE BT 4B SR P NI I e 3
PANIE Zeh, I 5NJE TR Az (Bl 7a—c). & IINI-
SA/NC f# 1k 7] 7€ # 1L CO.RR ', H 5 213.2
mA-cm 2 E IR T, A RCOMTERL S RN
96.9%. DFTiH 7 HLAENINGA7 5 FCORRFICO
AL N COOH* R [ AR NIAL A5 FINAL A I E g
AL, HANIALAE AR E HEE(AG) (2.10 eV)K



VI FRAL 2222 4R Acta Phys. -Chim. Sin. 2023, 39 (4), 2208033 (11 of 25)

a, : bmo_ I Co(apy)/CNTs [l apy/ONTs I CNTs c-25- 2 Colapy)/CNTs
R - —_— qpy/?NTs
i “ ~ 20 —a—CNTs
~-10] 3 5
5 15/ =] i
< 1/ e CNTs-Ar 8 £
5 -20- ——CNTs-CO, LL?. 40 \6_10
g 5] s qpy/CNTs-Ar 8
——qpy/CNTs-CO, 20- =31
VoY I Co(qpy)/CNTs-Ar P’/V’A
s —— Co(qpy)/CNTs-CO, 0 01
-1.0 -0.8 -0.6 -04 -02 0.0 -05 -06 -07 -08 -09 -05 -06 -07 -08 -09
E (V vs. RHE) E (V'vs. RHE) P D

(o)

> C%;
=
: }
= B i~ v
*CO, *COOH *CO CO Co, CO,* COOH*  CO*
Co Fe Ni Cu 1001
9‘6' 80
<
) X
2 —4 4 \-6 60
ED ? — = | u_]o
g 2 — & 401
—~]
m
. oL [l fl L
1 Y j—25-—°—C0(qpy)/C:\'Ts . °
-5 —o—Fe(qpy)/CNTs 20+
_20J]—°—Ni(qpy)/CNTs
4‘"0 & 20 —o— Cu(qpy)/CNTs ? 3 401
§-15 515 ) / <
< < T J
£-20 E-10- / o 90
™5 Cu(qpy)/CNTs| .8 o - 80-
——Ni(qpy)/CNTs [ =51 /
-30 Fe(qpy)/CNTs N s 3 100+
35 Co(qpy)/CNTs 04 o o [ 1Ccof JAFel ANi[l JcCu
-1.0 -08 -0.6 04 -02 Ol 0.5 -06 -07 -08 -09 0.5 -06 -07 -08 -09
E (V vs. RHE) E (V vs. RHE) E (V vs. RHE)

B 6 (a)RFAFEMTE Ar-F1 CO-HFI) 0.1 mol-L~' KHCO: H1H] LSV Bi%%, (b)IEHrERZFER(c) CO 7 R B,

()AF Co HiFER Co(qpy)/CNTs ] TOFco &, (e)NRELTIL CO %4k CO FBE HELHE,
(f) Co(qpy) P IEMEHIRALEEH, (g) M 3d BUER C 2p 13K PDOS, (h) LSV B1£%, (i) FEco M (j) jco
Fig. 6 (a) LSV curves for different samples in Ar- and CO:z-saturated 0.1 mol'L.~! KHCO3, (b) Faradaic efficiencies and

(c) partial current densities of CO, (d) TOFco values for Co(qpy)/CNTs with different Co loadings,

(e) The free energy diagrams for the CO2-to-CO conversion over different catalysts, (f) Optimized structures for the

intermediates on Co(qpy), (g) PDOS of M 3d orbitals and C 2p orbitals, (h) LSV curves, (i) FEco and (j) jco.
Reproduced with permission '%2. Copyright 2020, Elsevier Ltd.
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Fig.7 (a) Schematic illustration of the synthesis of Ni-SA/NC, (b) HRTEM images, (c¢) HAADF-STEM image, (d) The free
energy diagrams, (e) The partial density of states, (f) Contour maps of the electronic densities, (g) Charge density difference
configurations, (h,i) Crystal orbital Hamilton population (COHP) between C coming from COOH?* species and sites.

Reproduced with permission ''°. Copyright 2021, Elsevier B.V.
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& 8 (a) CuSAs/THCF & BEFE, (b)H/k CuSAs/TCNFs [ H FEHA CO: iR K M &1,
(¢, d) CO2 FEMERE N Ni-Na Ml Cu-Na 5544 EAE R CO HIE HHARE, (e) CO TERAME M ERIT BB E
Fig. 8 (a) Synthesis procedure of CuSAs/THCEF, (b) Optimized atomic structures of CuSAs/TCNFs and proposed
reaction paths for CO: electroreduction, (c, d) Free energy diagram of CO: to CO on pyridine N, Ni-N4, and
Cu-Ns structure, (e) Illustration of CO: diffusion on two samples.

Reproduced with permission ''*. Copyright 2019, American Chemical Society.
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JRCOB F R . SunZs N& % T SbJR F47 A(Sb-NC) 4 T Sbl#E & N 228 49K A (Sb SA/NC), H
TR AL R 7E A 46 CORR H 22 B H AN 5 10 4 A0 9 Sb-Nu/E iE TR B, #E-0.8 VI A= i FF IR ) v
A R COMITE L 5 3% 7 1-82.0% 121, ZhangZs A il ERRIERN94.0% 22, FEFK 1 K45 T Fe. Con Nis

1 M-N-C 4L CO2RR HERERS L
Table1 Comparison of CO:RR performance of M-N-C catalysts.

Catalyst Active site Electrolyte Product FE (%) TOF Ref.
Fe/NG Fe—Nay 0.1 mol'L™' KHCO; (0] 80 - 37
Fe-N-C Fe—Ny 0.1 mol'L™! KHCO; CcO 91 - 55
Fe-N-C Fe—N 0.1 mol'L™' KHCO; (0] 65 - 105
FeSAs/CNF-900 Fe—Ny 0.5 mol'L™! KHCO; Cco 86.9 639 h! 50
Fe*-N-C Fe—N; 0.5 mol'L™' KHCO; (0] 95 - 123
Fe-N-C Fe—Ny 0.5 mol'L™! KHCO; CcO 94 0.13s7! 124
Fe-N4/CF Fe—Ny 0.5 mol'L™' KHCO; (0] 94.9 - 125
Fe-N-C Fe—Nz:»—Cs 0.5 mol'L™! KHCO; CcO 93 - 126
Co1-N4 Co—Ny 0.5 mol'L™! KHCO3 ([¢] 82 1455h7! 127
Co-N; sample Co—N> 0.5 mol-L™! NaOH Cco 94 33000 h! 44
CoPc-1 Co—Ny 0.5 mol'L™' KHCO; CcOo 94 0.29s7! 128
CoCoPCP/CNTs Co—Ny 0.5 mol'L™! KHCO; CcO 94 245! 35
CoTPP-CNT Co—Ny 0.5 mol'L™' KHCO; Cco >90 2.7557! 129
CoPc-CN Co—Ny 0.1 mol'L™! NaHCO3 CcO 96 415" 36
CoFPc Co—Ny 0.5 mol'L™" NaHCO3 Cco 93 2.1s7! 130
CoPPc/CNT Co—Ny 0.5 mol'L™! NaHCO3 CcO 90 4900 h! 131
CoPc-MWCNT Co—Ny 0.5 mol'L™' KHCO; CH;0H 19.5 - 132
CoPc2 Co—Ny 0.5 mol'L™! NaHCO3 CcO 95 2.7s7! 133
Co-Ns/HNPCSs Co—Ns 0.2 mol-L™! NaHCO3 Cco 99 480.2h! 134
CoPc Co—Ny 0.5 mol'L™! KHCO; CcO 99 - 135
Ni-N-C Ni—N 0.1 mol'L™' KHCO; (0] 85 - 105
Ni-NG Ni—N 0.5 mol'L™! KHCO; Cco 95 2.1x10°s7! 136
A-Ni-NG Ni—Ny 0.5 mol'L"! KHCO3 (0] 97 14800 h! 137
NC-CNTs(Ni) Ni—N;3 0.1 mol'L™! KHCO; Cco 90 12000 h! 138
Ni SAs/N-C Ni—N;3 0.5 mol'L"! KHCO3 ([¢] 71.9 5273 h! 139
Cu-N-C-900 Cu—N 0.1 mol'L™! KHCO; CH4 38.6 - 27
Cu-N-C-800 Cu—Ns 0.1 mol'L™! KHCO; CyHs 24.8 - 27
CuPc Cu—Ny 0.5 mol'L™! KHCO; CH,4 66 - 140
CuZnDTA Cu—N» 0.5 mol'L"! KHCO3 CH3;OH 54.8 - 141
CuSAs/TCNFs Cu—Ny 0.1 mol'L™! KHCO; CH3;0H 44 - 114
CuZnDTA Cu—N» 0.2 mol'L"! KHCO3 C,HsOH 314 - 141
Cu-N-C Cu—Ny 0.1 mol'L™! CsHCO3 C,HsOH 55 - 79
ZIF-8 Zn—N 0.25 mol'L ™! K2SO4 (0] 81.0 - 142
SA-Zn/MNC Zn—Ny 1 mol-L™! KHCO;3 CH4 85 - 143
Zn-N-G-800 Zn—Ny 0.5 mol'L"! KHCO3 (0] 91 - 144
ZnN,/C Zn—Ny 0.5 mol'L™! KHCO; Cco 95 9969 h! 145
Sn*/NG Sn—N 0.25 mol'L™! KHCO; HCOOH 74.3 11930 h! 120
Sn-CF Sn—N 0.1 mol'L™! KHCO; CcO 91 - 72

Sb SA/NC Sb—Ny 0.5 mol'L™' KHCO; HCOOM 94 - 122
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B9 (a) Nisa-N2-C ] N 1s ] XPS &3, (b) H—1L Ni K-edge XANES JiM (c) Nisa-N.-C F1 Ni §E
FT-EXAFS i, (d) Nisa-N2-C ] EXAFS & FRALBEL, (e)Lh Nisa-No-C AHAIR H K CORR RV #E,
()TE Nisa-No-C 4L £ CO N CO M B HREE, ()7 CO:ER EEFET Cu—N Ml Cu— N
DFT BHAENA, (WETF Cu—N2 F Cu— N BRI AE R F 85 R 4E B T ) DFT H B
Fig. 9 (a) XPS spectrum of N 1s for Nisa—N:—C, (b) Normalized Ni K-edge XANES spectra and (c) FT-EXAFS spectra of
Nisa-Nx-C and Ni foil, (d) EXAFS fitting and optimized model for Nisa-N2-C, (e) Proposed reaction paths for
CO2RR with Nisa-N2-C as a model, (f) Free-energy diagram of CO2 reduction to CO over Nisa-N.-C catalysts,
(g) DFT-based free energy profile for the optimized Cu—N: and Cu—Na models during the CO:ER, (h) DFT-based free
energy profile for the optimized Cu—N:z and Cu—Ns models during the CO:ER under different applied voltages.

(a—f) Reproduced with permission '8, Copyright 2019, Wiley-VCH. (g, h) Reproduced with permission '*°. Copyright 2019, Wiley-VCH.
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Fig. 10 (a) Illustration of the synthesis process, (b, ¢) TEM image and HRTEM image, (d, e) Atomic-resolution
AC-STEM image and corresponding enlarged AC-STEM image, (f) The comparison of CO FEs of Ni-N4-PRO/C and
Ni-N4-O/C, (g) CO FEs of Ni-N4-O/C with and without 0.1 mol-L™! SCN~ ions.

Reproduced with permission '%°. Copyright 2020, Wiley-VCH GmbH.
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Fig. 11 (a, b) XANES and EXAFS spectra at the Mn K-edge, (¢) EXAFS fitting curves of Mn—NQO/CNs in R-space,
(d) WT-EXAFS plots of Mn-NO/CNs, MnO, and Mn foil, respectively, (¢) Top views of Mn—NQO3. Mn—N:02.
Mn—N30 and N20: configurations, (f) Calculation of the free energy evolution.
Reproduced with permission '¢°. Copyright 2022, Wiley-VCH GmbH.
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(BIMN,)ECORRH AT IKE C—CHl &, AR C28K
C2+774) . HHFe@BCNTEIK N C— CHE A h R B
IR AAE22(0.17 eV), MNi@BCNFECO,RRH
4 COLIE J5L N CH4l fiE 22 55 11(0.42 V). Fe@BCaN
1B A L C2+ 7= 1) 1 i IR A2 BIMIND 25 1) 3 5 1 4
JE BRI FEIRAST,

TECORRIEFEH, 7E =ik S L EERS
(ICOMETLEE 2% . Bt 954 B Fe k5 Mtk s NTEC A7 ] 45
KO A KFS, Hubne NEL AL A i Fe?t 59123, {H
TEA IR, T S A FH b s S04 T 3 4 1)
S A E B, TR IR AL S Fe N 45 . AR
I 2 BT AR I8 45 FL T ST 4E FENI-N-C i 1k 71 H AR A
NI . L AEFe-N-CHE Ak 77 o vl i i 51 AW
Y Ft R EFe . Hus Nikit T 45 24
Fe-N-C ] U i k. 71 (Fe-N-C SSCs), ) FIF W H
TRV R P O o, %R 252 5 T Fe-N-C
SSCsTECO,RRH A= R COM 7% 47 55 3K (88.2%), X

g

VA IR T Fe 07 55 1 e Al 945 44 51 S IR B FE 2
T AL R TR A A R R, RN 5 AFE
(10355 P A7 R o] Sk 2 A ) S A PEHER I HE AT, A 2K
P EELCORRIIHERE! .

TEME AT A 51N =1 25 AT 0] 55 4 2 A1 & B
HIREAT, $EECORRHICOMIMLIE, Fit— ik R
B CH, 75 i 1K =<1 2R 51 N B35 Cu i s [IMOFs 45
Fyrf, RS Culss A TR A R, 12 78 COLIE Ji K,
CHiMER S 2% . Suns A& T — R4 EA
Cu—X (Cl. BrAIDAL & IMOFM KL, HfCu—1&
VP S RUR B (83.2%) , X CHa 19 & £ 1 R
57.2%, 15T Cu—Br (40.2%) M Cu—Cl (32.9%).
Cu-I7E-1.08 VI H 5t 1 73 HEL 3L %5 & ml ik 31 60.7
mA-cm 2 (Bl 12a-d). JE{LHL 2 61 A 984 = 5
2 THI 14 98 21 AN IS 3 (ATR-SEIR AS) J& A7 I £ 7]
FH 80 50 5 2 Te) 44 s 87 4%, O—H C— Ol
*COOH /& CO,i& J5 iy CO FI CHy 11 B L J¢ 3 A []
&, *CH3;O07ECORRA CH, T 5 S BEMEAE -
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Fig. 12 (a) Average FEs of HER, total CO2RR and (b) Average FEs of various reduction products over Cu—I at

different potentials, (c) Average FEs of CH4 at different potentials over Cu—Cl, Cu—Br, and Cu—I catalysts,

(d) The partial current densities of HER, total CO2RR and CH4 for Cu—1, (e) In situ Raman spectra and

(f) in situ ATR-SEIRAS spectra of Cu—I at different applied potentials.
Reproduced with permission '76. Copyright 2022, The Royal Society of Chemistry.
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