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Abstract:  Carbon-based non-precious metal catalysts, represented by A JE
pyrolyzed Fe/N/C, are the most promising catalysts to replace platinum for
the oxygen reduction reaction (ORR). Therefore, further improvement of theit
performance will be significant for commercialization of proton exchange
membrane fuel cells. Unveiling the nature of active sites at the atomic scale
paves the way for rational designs of Fe/N/C catalysts with high activity and
durability. Herein, we review the advances in the active site structure ol
carbon-based non-precious metal catalysts. Three types of active sites are
discussed in the order of their ORR activity, namely, iron/nitrogen-containing >
sites,  nitrogen-containing  sites, and carbon defects. In the C N-C Fe/N/C
iron/nitrogen-containing sites, some of iron atoms are amorphous and

positioned in a porphyrin-like plane structure with single-iron-atom coordinated to nitrogen. Iron in porphyrin-like sites is
believed to directly bind to dioxygen with electron transfer from eg-orbitals (dz2) of iron to antibonding orbitals of dioxygen.
Factors governing the energy level of eg-orbitals (d»2) are certainly effected the ORR activity, including coordination
number, atom type, axial ligand effect and electron-donating/withdrawing capability of the carbon matrix. The structures of
porphyrin-like iron centers are described as four-coordinate FeNs, five-coordinate N-FeNz:2, O2-FeNsCi2 and Fe-Na:2
bridging two graphene edges. Moreover, some highly active sites are proposed with basic N-group or defective carbon
neighboring the Fe-N center. It is worth noting that surface probing is a powerful tool to identify porphyrin-like iron sites, as
well as to estimate its density and turnover frequency. The prospect of surface probe is combined with spectroscopy
techniques that will be tremendously helpful in providing further insights of pyrolyzed Fe/N/C. Besides the iron in
porphyrin-like sites, other iron atoms are incorporated into crystalline iron nanoparticles and clusters, which are
speculated to facilitate electron transfer from nitrogen-doped carbon to dioxygen. However, the role of crystalline iron
remains uncertain, because conflicting experimental results are often observed when crystalline iron is removed.
Nonetheless, it is undoubted that the iron doping highly boosts the ORR activity of carbon-based catalysts. The next
category consists of the nitrogen-containing sites. Various models have been developed to describe the nitrogen-doping
carbon catalysts. These include synthesis of planar nitrogen by the layer-by-layer space-confined method,
controlled-synthesis of nitrogen on highly-oriented pyrolytic graphite, and selective graft of acetyl group on
pyridinic-nitrogen. Strong evidences from models of nitrogen-doping carbon catalysts identify the ortho-carbon atom of the
pyridinic ring is the reactive site. The last sites, dopant-free defective carbon, are also found to contribute to ORR.
Exploring and summarizing the active sites of pyrolyzed Fe/N/C deepen our understanding of the structure-performance
relationship and paves the way for new synthetic strategies. It is expected that the activity as well as stability of pyrolyzed
Fe/N/C can be further improved, by exploring the active sites and the ORR mechanism.
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Fig. 1 Proposed structures and Fe!" molecular orbitals of (a) FeN4/C, (b) FeN2:2/C Fl(c) N-FeN.2/C.
(d) Schematizes the changing ORR-activity of the composite N-FeN2+2:+-Nprot/C site, where N-FeN2+2/C has the D3
signature. The activity of the composite site is low when the basic N-group neighbouring the N-FeN.,/C moiety is
unprotonated (left) or protonated and anion-neutralized (right). The activity is high when this N-functionality is

protonated but not neutralized (center) 24
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Fig. 2 (a) Optimized structure of O; adsorbed on
FePc-CNT structure. (b) Optimized structure of OOH
molecule adsorbed on FePc-CNT structure. (¢) Optimized
structure of O; adsorbed on FePc-Py-CNT structure.
(d) Optimized structure of OOH molecule adsorbed on
FePc-Py-CNT structure 26,

The grey, blue, white, red and violet balls represent the carbon, nitrogen,

hydrogen, oxygen and iron ion, respectively.
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Fig. 3 Fe K-edge XANES of Fe/N/C catalyst and structure fitting. (a) FeN4Ci2 moiety with two O2 molecules adsorbed in

end-on mode. (b) FeNsCi, moiety with one Oz molecule adsorbed in side-on mode 2.

The brown sphere represents an iron atom, whereas blue, grey and red spheres identify nitrogen, carbon and oxygen atoms, respectively.
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Fig. 4 Structural analysis of FeN4C,.

(a) HAADF-STEM image of individual Fe atoms (labeled 1 and 2).
(b) Electron Energy Loss Spectra of the N K-edge (Nx) and Fe L-edge
(Fer) acquired from single atoms (1, 2 and 3)*. (c) Low-temperature
scanning tunneling microscopy (LS-STM) image of graphene-embedded

FeNs. (d) Simulated STM image for figure ¢ 3°.
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Fig. 5 (a) The derived Fe-N switching behavior
governed by the Fe?*/3* redox potential is illustrated by
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bound O atom*. (b) Linear relationship between ORR
turnover numbers in 0.1 mol-L™' NaOH electrolyte
versus full-width at half-maximum of C 1s
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The yellow, blue, grey, and red spheres identify iron, nitrogen,

carbon and oxygen atoms, respectively.



478 Acta Physico-Chimica Sinica

Vol. 35

AR 30 22 B R 1 HoOn 38 J5 % 1 o 3 — 2B WF 5T
I PmPDA-FeN,/C f# A7) 2 4% <1 3 25+ (F - CI™
A Br) MR & () S B 4 A (W1 SCN™. SOz HaS
E)EAE 6). WE /BT i & B I AL S
& @ O VR AT AE JR s N R . SR EG: AT B
WS B IR TREN AT S5, 48 O A 7 0 41
T S NG R R .l EAIE B Fe/N/C 1R 5 P
&4 Fe L%,

RTHBRER 731/ 8 1318 0] LU T4 55322 T3
A7 FR) 55 55 RN AL e ¥ 5 %6 (TOF) o Strasser 55 51 &
L Me/N/C fEAL T AT FEARTR ™ 4 22 W Bt — S A ik
PR R A TS M E b, W] 7 . B
B, ARATTER H ) kA 2 0 B 3R 1S CO IR B £
M 72 T Ak 5 Me/N/C AR 7 2 THT )35 P R 2%
FUEAL B B A% (TOF) . 746, — %L (NO)YFI L
il TR FL (N O, ) 7 TR 1 A ot v 260 Jit S Y. L A7 i 1
(0.3-1.0 V vs RHE) N A LLAT FeN.C J& i fc 5E (1 id
P o AE FAR AT I (0.3 — 0.3 V vs RHE) W 47 Fil

—— Blank
—— 5mM NaF

— Blank
——5 mM NaCl

AE=19 mV [+ AE=26 mV

02 04 06 08 10 02 04 06 08 10
E/V (RHE) E !V (RHE)

Blank
——5 mM NaBr

——Blank
o —— 5 mM NaSCN

AE=14 mV - AE =88 mV

02 04 06 08 10 02 04 06 08 10
E/V (RHE) E/V(RHE)
© O 4H" + 4¢)> 2H,0

2+ 4H +4e 9 ZHI

i X, SiiN , SO,, H,S

6 BIETX PmPDA-FeN,/C 7E 0.1 mol-L™! HSO4
S0F 5 R B i 9 B W (a) F-, (b) I, (c) Br#l(d) SCN;
N EE THEMSR ST (N SCN™, SOz, H:S %)
4k FeNo/C BEFIRE B 5
Fig. 6 Effects of (a) F-, (b) CI-, (c) Br, and (d) SCN~
ions on ORR activity of PmPDA-FeN,/C catalyst in 0.1
mol-L™! H2SOu4. () Illustration of halide ions and
S-containing species on the ORR of FeN,/C catalyst .

All above four ion concentrations were 5 mmol-L™";

catalyst loading: 0.6 mg-cm2; rotating speed: 900 r'min .
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Fig. 7 CO uptake (nmol'mg™") versus ORR
catalyst mass activity in 0.1 mol-L™! HCIO, 5.
Conditions: CO adsorption at 193 K,

desorption ramp: 20 K-min™! to 693 K.
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Fig. 8 Schematic of monolayer Fe/N/C model catalysts,
correlation between the ORR current at 0.6 V and
the percentage of N.-Fe moiety species (oxygen
saturated 0.1 mol-L™! H2SO4) 3.

M R AP AR R R G MR B . T i A B AE A
Fe/N/C AL 1 4E AT =Rl £

H—, MY EBAEEEM, A5
ek e, FL A PRGBS PEAL IO RR #E Tl BR 250
B VLR TG TE. #4n, Jaouen 28 1 Kramm 2° 45
WSR2 AR A AE 5 5 AR 52 ORR & 1. b
AT743 590 FH 478 1) NH 3 25050 AL B [a) F1A J < 4 A
B - e 1) 5 35 A ) 45 G o A R A A 1 A
Fe/N/C AL, HRIH AR IF 4008 S % .- Choi
S 54T Ak A TR A B A S TR T
(ICP-MS)Fl % 73 WAk 24 JF i (DEMS) ML 82 8], B
HIAZ(< 0.7 VYIRS Fe R AZHAR,  ARTE L TR 200
FER AL (> 0.9 VI, 35040 B e 2RS4, 35 T Uk o
[N, A Atk B T F Al 4 B 25 AR I vk 10

o, AR SR A B R R A R X
N3G PR RO T R, A AR B AN 2 A S 3
PL, KR SRS N AR A B DTk . SEE B
WAL, B ALEE L R VLS A AR R IR A
1HL I A W 55 21 000 D s W 3% M 5 Bk ) e 2 T A
ERRR, A8 R N S . R IR
G, Pk, Ozkan 45 553432 # N4 Fe R
i AR AL B G I 3 B A S S
B8 TR Y

o=, B2 P 0 A Bk AR08 1 1t Bk
R THO A8 JRUR Y TG T, (HERAR & I R S
SRR RN . 1 A SO kA B L
BIAE RS 350 °C AR, 4 ELISIR R 4K
B RSN E A ML (Pod-Fe), 411 9 TR
W it SRR A 0 58 R T A A e UK TR A TR
Jg i, AT T AR AE TR EE, [N Fe it
REs M A0 E R AR T, EREE A . 1
AN SE AR T M FITE 10 x 1076 (R 53 %0)

1] SO, FAdgdr, A RERS 2 T4F 200 ho DFT &5 3%
AF 2k 20 KR 7 1 L 7 B B T Aol Al 0 KA (1) S 38 1)
BRI BEAG, LA AL SR SR S N IR BE T, B 14
KRB N R Re it — D RRAR R ok, $2 R
R NG . LERE S IS, Zelenay 55 57 7E
A IR A5 49 K A0 ZE R (N-Fe-CNT/CNP) i ¢
B 5 A R SRS T . B 25 58 Ak 1R Bl
', Fe/FesC Fll FeN,C A7 ] DL &y 4800 ot s b7
WitE, Bl Fe/FesC {2t T FeN. 134

L] NS 56 1 IE B A B A 3 AR D v
We 2 L SURT OCBEEAE T HEBR AR W 2 Fe-Ni (1 521,
DU 2 A J5UTG 1o B A SR GK IR . Gewirth
SS9 4y A AE Clo 1 Hy SR A B, B 2:
T Fe/N/C IR FeN Gy, AL T LA AR
25 1R Bk 4 K R o A AT TR 2% BIAE Cl AR R
ERACFE S, A Fe/FesC AR 7% FeNLC, 4%
1l FeCls, MEALFRIE; H 235 i 9 {4k 77 P i
HEAARIE R4S Fe Ja, HAURJRIETE A5 5
WAL o Pk, A ATTIA kB 2R (R R gl Kok 1 L
HEE R EER . fEIEIE TA/EH, Jaouen 45 ©°
TH L6 LEPU AP Fe/N/C AL, &A1 3 HA AR
TR FeNLC, W) FVE 35 % i 0078 112k 4 oK L
(Fe@N-C). A 4710 2 3| FeN.C, ¥ Fl Fl Fe@N-C
¥ HA ORR AL PE, Hrp FeN.C, ¥ Fh K i 4t
KB AT 4 Pl R, N ED 2 iR
B HoO2; Fe@N-C R [H1 48 K 73t AT 4 13
it o B4R G0 K U (R (078 ) B R85 A i A
Fi A AR RS 10).

4N, Mukerjee 55 1 il 1 in situ XAS WK,
VNSITE 2N AL S e R S VAR i s
FERT AE SRR RIS A R AT 1 72 Z /0 TAE
244 AT 52 B FeN.C, A2 7E ORR I f2

B9 (a) TIRBMKE CEKIPRBBLAILT
(Pod-Fe) IR 2 ¥EE 5T R E, B AP F 11015
IR HHE; (b) Pod-Fe BTN EIE R EE %
Fig. 9 (a) HRTEM image of Pod-Fe with the inset
showing the [110] crystal plane of the Fe particle.

(b) A schematic representation of the ORR process at

the surface of Pod-Fe catalyst 5.
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Fig. 11 Schematic representation showing the selectivity inside and outside of montmorillonite during
nitrogen-doped graphene synthesis 5.
Planar N (pyridinic- and pyrrolic- N) formed in small-layer-spacing montmorillonite with high ORR activity;

non-planar N (quaternary N) formed in large-layer-spacing montmorillonite with low ORR activity.
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reduction reaction on nitrogen-doped carbon materials #; (c) Identification of the ortho-carbon atom of the

pyridinic ring as the reactive site for ORR by selective modification of acetyl group on N-doped graphene 1.
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