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Figure 1 [Illustration of the reaction pathways on Co-N-C site for ORR (color online).

B*0. E—MIHOLT, TRHECo-N-C R TG AT 25
O, iR E TR (PCET)ISRE, AR
PRTETEVEAL 21 *OOH HH (B4, *OOH H [E) 44 1) J5
SANER S IV NS

O VUH-FI@AE: 78 DY T A5 A IR B i o ) 4
*OQOH ] DLt i P A& A2 i B 0. 38— s —1f
AR B A O O H HH T A 38 3k O— O 1) W7 2 A 25 i A
AT R B I *OFN*OH, *OTE FE 37/l R 36 4% fi 7 5F
LRI B H 45 & ON*OH I HE— b 45 A
R H,0 7 T-(B6 42 1), R0, *OOHS#E B A*O AN
*OHIE & 5 BRI EE. F5E b, *OOH 2 5 i )
T AR MO R T H 15 B B 7RI H A il 5 A H,0 f
*0, *OfEHIZIE R FA4kELRIH 25 & 42 *OH, I %
A TH0 (#1522). — M h, BEAE210 DY T i%
122 H T PEMFCHIZABs 4 fit & e e 241 1) A B0
ORI A B8 A7

@ H TR *OOH A [l 1 74 eI 7 A5 1)
WIRE R T 5 — AN TR —ANH N G Bk, BiEg
T EYIH,0, (B823). (H2, RMARKH,0,,
AT IS B AN RN 5 3, 32D 8 SR H,0 (H,0,
W R EAR). S — 7 SRR M 7 TS A7 8 1 H,0,,
AR AN M, AR *OHATH,O0, *OH
— B AT A R, BARE R NH,0 %
FHE (8 AR); 28 M7 U H O 7R i& A7 5 F A
BUONWAN*OH, 2 J5 a5 — AN PR —ANH R,

WAE AR A NH,070 F (H5485). HyO010 5 B 45
YENH,0, 8% 26 1) J5 82 IR B, FEAIK T H,O, /10726, 752
T I FE R AR 1) 5 G RS

SARAETE YRR AU AR R AR IR 28 RS L2,
O 1E LA i1 E AR B A B N*0, 2 5 FHad it
JRFHh A T H RS (PCET)II 2L M *OH, & A K
IK(EEAER6). HAESRIAL SRR A7, RES0
SPGB EIG N, AR S W R, SR, X RS
I — M e 4 JB R B A i & 4B, BT Co-N-CHLJ5
T P& SR MEPERL S, RIBO,H0-O0
SN S B O, AN S I A 5 B ) S 8 0 (i

7 LR AL B

28 EFTR, Co-N-C %5 kA k4 2~4 B B4R
W JF B, H AT L Co-N-C - ORR ) [z B2 ML ER AT H fiff
R R OEN, MRS XS AL 7ORR — Hy
TR B e B R T 48 S aim e . ik
PEREAFIN AR EA BEENR L, WEERKKH
mg .

— N, ORRR LI (1) B AE T H (Al 4 +O
(MR B RE. PO F 7 oM AR R, Dy R LR *OOH K
i B R T 15 2R FAE RO, 0; iR A LT N
A RH,0, 1, R T *OOH b 53 P A7 55 52 2 1 4 i
AR T EBER TR0, —HNESRN. 4t
B H, O, 1) J 37 5 A B B R g AR 1) 48 60 {E = T+ O F

399



F A Co-N-CHLJF T A LA A0 SE0E J5U S S R RIT T3 Fee

HOM4E il H B B8 Z FI(AGr0, > AGeg + AGy,o)iT,
SN A ) DU E ) SR N AR, 2 R R
T R R AR * O I 3 A T DY B TR AR,
R E *OOHH AR T 45 7 )R AEO-OfE T L. th4h,
T T ORRKMEL, #7725 50 B FIER 18 52596 3R 1,
AN T B AE T2, Hy0,8E— Bk 5N Y fL 7
FEYIH,0  (BRAR4FNS)ER T 123 BRI AR, 1 HX AR
FH, 0, 15 M A kL — Bt n] DU — 25318 JR H, 0,4
J VY TP IH,0Y, S A A S AN T ) R
WARHT. LR EPTR, AT SRR R AR I kR,
A PO B, [RIR,  n SR e 8 SR ik 2 1y
B AR, T ROZIR D PRI H, O, R B, A
REMS S S, Ol S il — DIk SR A H,0. BRI,
I I A T AT AR B PR R (I UBN . CJRL T
L] SIN A EC A 4 R T BINEE A i 4
Ja )5 77 FXT LA SO RS PR st (R AR K5, 3 T s e
A RN VRN LIS s S G S A Eordl 1 o N = RN
FRERIFLAR . S FPA R 26, Wi g FipH. W
AN BRIIpK, S0 R MR AR R AR 2. &
HUH BRI 450 B A E R N &, B F
T G b ) e B R

3 Co-N-CHIfIREIX REAL 1t RE 1 5
3.1 Co-N I A R B I It A 5 % BE I S M)
FECO-N-CH, T E 548 H A BERIAHEAEH,
D] St Ay o 38 R A DU AN BT A 58, TR A Co-Nfr
A TangZsU 2 1 Co-N /A7 A 7E4 L T2k LU R 22 06
IR H 5*OOHM RS IEH(AG = 3.9eV), 15
LB T BCHL0,,  [RITT Co-N, A7 i LA & A2 384282 Fir7is (1 DY
L TORRISFE N . Han i 5o /] 4 5 A W 20k
R ISAS/p-CNK R, i1 900°C ¥ 3k 45 1 Gt
7 55 Co-N,-CHCo-ISAS/p-CNiE AL 77, H:ORRIEAL
AV, TEmE 2 T RO RS i FIPYC.
WL E R TR B R R T
VE, ATHE— B B R RS M. Chen e Vi o 421 i 1
iR inE, WA Co ) #k B M Co-Nif PE AL
BB S 2MCo-N, B EEHIK(18.9~30.3 pmolsite g~ I,
FEL b P 0 2R 25 I 4 3 M 6T R T T R e T
24 Co-N i V7 15 % 50 2 (75 1°30.3 pmolsite g~ )i,
P 1) S 2R % R B T e 3. B M AR

400

I R URLINS,  FETB A Th A FEAR AR PR, R E&
JaR UKL (A7 7E 22 S e AL RV S R 28, AR T
RERGHEATEY. A, IS 3R % FLEN K 25 H 2 Jy ST
DASR s (b A 7R B AL 0 P LR TR, A 2808 I 22 5 114
YRR A H, IR AR s, RTH R SIETE. Zhu
SR AL T BT IRARZIF-8Hh Co™ & B, 2ot RS 3
T2 2 LI Co-NB I IR 91 K 4 BH(Co-N/PCNs), HI T
PUrE-F-ORR. & & R BE 1 25 0 25 1) e % 2 55 50 2 11
Co-NE AL 3, [l BA BOR B HE R T AR BL B B R
ML B AR, %2 R B (DFT) T 5% B, XTTORR
B Ao S, BA+ %R K Co-N,
AL R HAECo-N AL R G B T E, 25 7]
PO, B AR SRR iENE,  IFAEAT BRI, Rk
T*0, + H,0 + ¢~ — *OOH + OH i #%, WE KT
SIS B

3.2 Co-NfEALFIFLAE R 0

3 3 AR AL R ST R 4%, R P Az BEL 2% 8 AT Sz
PR SR BRI S, — ek UL, BORIIFLEE M T
SN FEAE IR H, 0, ) 5 Y, A 38 G 4 ik — 25 38 TR K
H,0, M mH,0, I FEtE. Smith5 ) F Y 2k
NI (Co-TPP)YE N J:fith B T 240 2 B 22 L 1 40 198
Co-PB-1(6). HABHKILIZMICo-PB-1(6)TEH HpH
AT LLdE T A ORRIEAL A FiH,0,, EFE I TT1X90%
~100%. #AT Co-TPPH AL FL L5 ORR, F=¥JH,0,
e B R A 50%. Liuss e KA FAE K ZIF, %
15 R AL B J: ColfitR, 152 =4k H LI I Co B Ji 7
R (E2a). BT BHAEKIFRE, R EH,0,68
% S Bof 3, AT IR G g — A R L0, A2
H,O, [ M. W &2b, iR, 7£0.5 mol L™ H,SO,%
W, Co SA/CCERA f i I R MY, 7£0.1~0.7 V (vs.
RHE) HL & i [ P, 4800 J5E 7 A2 HL O, B FE PR 1 80%.
ChenZ5 P fHF 72t 3t W) T R AL T 3 S AL AL
PR, FHIE IR S, A LA LT LAE A 7R
H,0,/= F 5 5.

3.3 N. CJRT il B NFp 2k g 52 m

LA 5 Colit AL N, CHY R EL A3, 7T LAk A%
WAL U LT S B, S s I 7 B [ A PR B e,
BET R FFORRIMEALIE . Co-N-CTE Bl B ke i 7%
th, S5CoJR T RN T2 B Wk, Wb+ H



REFRE: b 20224 Hs52E B3

e 0 v
Co N C

Pyrolysis &
eaching

z};
,?_

0%
B

5 ZIF growth

1

SR
TR 3 )7
2!
L
22
N

A
=
<
K1)

0 S Co SA/CC
o L ",/3';-"'_ 1.04 Co NP/CC
€ i N-C/CC
3 Z=
E -20 // 08
3 F 3 2
2 s % 06
(72}
S 404 / %
o / —cc w24
& / - - -N-CICC
E od ---- Co NP/CC 0.21
[&] —-=—-Co SA/ICC
0.0

071 072 073 074 075 076 0?7
Potential (V vs RHE)

00 02 04 06 08 10
Potential (V vs RHE)

Bl 2 (a) ACHECoH R T il & R = B (b) Co NP/CC.
Co SA/CC. N-C/CCHICCHO,MIANK]0.5 M H,SO,H 3
ZN10 mV/sif FILSVEiZE; (c) Co NP/CC. Co SA/CCHIN-
C/CCHIH 0, B xT EL (0 2% i 7 1)

Figure 2 (a) Schematic illustration showing the preparation of
hierarchical, free-standing single-Co-atom electrode; (b) linear sweep
voltammetry (LSV) curves of Co NP/CC, Co SA/CC, N-C/CC, and CC
in O,-saturated 0.5 M H,SO, recorded at a sweep rate of 10 mV/s; (c)
comparison of H,0, selectivity for Co NP/CC, Co SA/CC, and N-C/CC
[37] (color online).
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Figure 3 (a) Schematic illustration of the formation of Co-N-C sites
with different configurations; (b) LSV curves of Co-N,, Co-N;C;, and
Co-N,C,; (c) calculated charge density distributions and (d) projected
density of states for the Co center, atoms in the first coordinate shell,
and oxygen of Co-N;C, [40]; (e) schematic illustration for synthesis of
CoSA-N-C star-like catalysts. Free energy paths of ORR on Co-N;C,
Co-N, and Co nanoparticles at (f) U =0V and (g) U =123V [42]
(color online).
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Figure 4 (a) Schematic diagram of coordination environment of
SACs; (b) the selectivity of the reaction varies with the coordination
environment; (¢) computed activity volcano plots of ORR via the 2¢~
(red color) or 4¢” (black) pathway for SACs with varied configurations;
(d) effect of different catalyst sites on H,O, selectivity [31]; (e)
optimized geometries of the S doped CoN4-G ORR catalysts(including
raised side and dented side) [55] (color online).
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Figure 5 (a) Illustration for the synthesis of FeCoN,/C catalyst with
desirable FeCoNj site; (b) Gibbs free energy diagrams at 1.23 V on
CoN,, FeN,, and FeCoN;-OH sites; (c) ORR polarization curves with a
scanning rate of 5 mV s~ for the synthesized catalysts in 0.1 M HCIO,
solution at 1600 r min™" [57]; (d) schematic illustration for the synthesis
of FeCo-N-C-T; (e) ORR polarization curves for different catalysts on
RDE at 1600 r min; (f) free energy diagram of FeN,, CoN,, and
FeCoNjy with the best catalytic performance at the equilibrium potential
(Uy=0.402 V) for ORR in alkaline medium [59] (color online).
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Figure 6 (a) Activation energies for *~O and O—OH breakings under
different potentials. These kinetics are calculated using CP-HS-DM; (b)
the average length of the hydrogen bond of the former O in *~O-OH at
the initial state is presented by the orange bar with stripes (left-side y
axes), while the vibrational frequencies of *~O and O—OH bonds are
shown as green and blue bars (right-side y axes) [66] (color online).
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Abstract: Cobalt-based single-atom catalyst supported on porous nitrogen-doped carbon (Co-N-C) has received
extensive attention due to the excellent catalytic performance in the electrochemical oxygen reduction reaction (ORR).
Co-N-C can catalyze ORR via different electron transfer pathways to generate water (H,O) or hydrogen peroxide
(H,0,), respectively. Therefore, the rational design of the active sites and the optimization of the catalytic conditions are
the key factors in the development of metal-air batteries, fuel cells and chemical industry. However, the key factors
determining the selectivity of the ORR are still undefined. This review reports the recent progress on Co-N-C single-
atom catalysts for the electrochemical ORR. The microenvironment of the single-atom sites and the test conditions for
oxygen reduction reaction are summarized, with attention on the oxygen adsorption energy and reaction intermediate
binding energy. Last, by highlighting the key factors for the selectivity determination, this work is expected to shed some
light on the further development of Co-N-C for ORR.
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