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Progress of biomass/coal-based carbon materials as

electrocatalysts for oxygen reduction reaction
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Abstract: The oxygen reduction reaction (ORR) is essential for fuel cells and metal-air batteries, but its slow kinetics and high overpotential
restrict battery performance. Traditional platinum-based catalysts are expensive, have limited reserves and exhibit poor stability, hindering
large-scale commercialization. This paper reviews recent advances in the research of biomass/coal/-based electrocatalysts for ORR. Covering
key aspects such as raw material properties, preparation methods, structural regulation, and practical application cases, this work aims to
provide theoretical guidance for developing high-performance, low-cost non-precious metal ORR carbon electrocatalysts. In order to
improve the performance of carbon-based ORR electrocatalysts and promote their industrialization, future investigations into guaranteeing
raw material homogeneity, precisely regulating of active sites, optimizing structural design, and developing large-scale preparation
procedures will serve as the key directions for its further breakthrough in performance and industrialization.
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Table 1  Activation reaction principles of different physical activators

[28]

Activator Reaction equation Reaction type
Steam/H,0 C+H,0 - CO+H, Endothermic reaction
2C+H, — 2C(H)
CO, C+ CO, — C(0) +(CO) Endothermic reaction
C(0)—CO
C+C0O,—2CO
Air/O, C+0,— CO, Exothermic reaction
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Table 2 Comparison of different types of chemical activators

Chemical Activation

. . Function
activator mechanizm

Advantages

Disadvantages

KOH  Oxidising  High-temperature
expansion, hole
formation

ZnCl, Desiccant Dehydration,
templating, hole-

making

H;PO, Desiccant  Cross-linking and
condensation, catalytic
aromatisation,

perforation

Highly porous with a large specific
agent  etching, intercalation surface area, enabling the preparation of
materials with high ORR activity

Low-temperature activation with low
energy consumption,
suitable for preparing macroporous
materials

Highly corrosive, requiring strict temperature
control
Subsequent acid pickling is required to remove
residual potassium salts

Reaction conditions are mild, suitable for The specific surface area is typically lower
precursors with poor thermal stability.
High proportion of mesopores facilitates
mass transfer

than that obtained through KOH activation.
Residual zinc may adversely affect
electrocatalytic performance

Fewer micropores result in a lower density of
ORR active sites
Phosphorus residues may introduce heteroatom
doping
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Table 3 Performance of biomass-based ORR catalysts prepared with different activators

Biomass source Activator SBET/(m2 . gfl) E/V E,/'V Electron transfer number Ref.
Pomelo peel KOH 982.66 0.98 0.87 3.95 [30]
Rattlesnake fruit Zn(NOy), 599.6 0.95 0.86 4 [31]
Soybean protein peptone ZnCl, 1000 1.02 0.924 34 [32]
Wheat stalk KOH/K,CO; 876.2 0.92 0.79 3.81 [33]
Cotton cellulose KOH 1921.33 0.91 0.82 3.8 [34]
Peanut shell CO, 671.4 0.91 0.81 4 [35]
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Fig. 5 The chemical forms of different nitrogen atoms in

nitrogen-doped carbon Wiser model for coal™®!
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Table 4 Preparation of biomass-based ORR catalysts with different doping sources

Biomass sources Doping source Synthesis method EyV E\,/V Electrolyte Ref.
Ginkgo husk N Grinding, pyrolysis 1.02 0.86 0.1 mol/L KOH [36]
Pine mushroom N Ball milling, pyrolysis 0.94 0.79 0.1 mol/L KOH [54]
Egg yolk N.P Grinding, pyrolysis 0.93 0.89 0.1 mol/L KOH [55]
Seaweed Fe.N. S Grinding, pyrolysis 0.96 0.84 0.1 mol/L KOH [56]
Cornflour N Pyrolysis 0.99 0.82 0.1 mol/L KOH [57]
Loofah sponge Fe. Co Pyrolysis - 0.81 0.1 mol/L KOH [58]
Peanut shell Fe. Ni Impregnation, pyrolysis 1.05 0.85 0.1 mol/L KOH [59]
Rapeseed expeller Fe. Co Grinding, pyrolysis 0.95 0.81 0.1 mol/L KOH [60]
Corn stalk Fe.Co.N. B Ball milling, pyrolysis - 0.86 0.1 mol/L KOH [61]

E\: Onset potential; E,,: Half-wave potential.

3.4 EYR/EE ORR B AL 75 [

BEXS B3R AR, ARk BB SE R LA T T
Frofeast

JEORE R 2 — 2 ] 5 = PR E ORR HLEALTH 1Y
Ll o SR ) JEURE O G 0 FAL BE AR ME, XA
7 A AL A% R 2 0 S5 0 A 26 Ak RT3 S5 A 2k
Yo AN, SR A B CAB A% | 96 23 ) B Ak 2 (iR
Y BRTE ) J5 ik % JRURLE AT TAL PR, 25 BR 2% AN
e AL o3, 4w R Al B2 RS — Mo BT XA TR D
FHRAE, BETT A R4 45 4 DI A0 SR, g i K o3
Foft HEAT B I Ak B, Xk A 9y 5 SR i R A K B
Ak B L 235 R R 3 i A A M B, DA AR Tk A
A 7R DO T AR PR A EOR

R SL AR TE TR 2 LR 72 ORR SN it
PR INE . B30, 51 AR H e
A A N Sl AN 7 SRR S EIs e v R
Jik, s AR F 2 DURU(ALD) | Ak =4 AR DU
(CVD) A Se it H AR, 52 B P 4 73 (4 J5U 1 GO i
. 45 A0 5 O BOR (XAFS) R JiE 12 o B

& (DFT) 5, 18 5 16 PR AL sl A B Ak, AT
S B 9 67 A PR I SR A AT A S 4R T
TEERE .

PRALEEF B T2 HE T+ ORR H A Ak 77 76 iR 14 31
BRE M s . LSBT, 9l AT AR E 1Y
ZR I T B A (ANFAB 2% ) Bk A A 47 )2 (AN Btk 40 oK
ERE), WY BN R B S R HEEM, [F
i, LA ALEEH, B AR R AL EE 1, 0ok 22 1R 1k ) Jot 2
B R WAL, RRAERE 0 T RE 1 & R 17
R, AN P PR P 4 e el <, 4R v i AL R A
R 1R B 35 Hh A A R TR A

S A W) B/ ORR H AR R RLASE | ARG
A | TR A ) A R R AR N B S B o R
Rl 3 T ZM 55 LA, IWRZE G T
A A= 77 8 B A RN A S 8 B, I R %
Sl SO, S BRI A4 3% 25 R S Ak B,
B L ROCR AN M SOR, AR A 7= AR, HfE Sl A
Wy 5 /453 ORR AL AL 7 s Lk A B2

5 2 B Rl A 5 BB 2 HE 3l AR W) B S ORR



XI55 ) S/ AR B g S0 S o7 HE AL I DTS JRE / SR 4R (HH5E3L), 2026, 54(8), 20250347 (9 of 11)

FEL A A 511 B BIF 5 A R A% Bl T . B RITSE
W R Z A AR, s A [ 22 BE (BB | s
TR mAesE PSR ) Z R E AR, B S
F5 T e BT, 3 () i 5 5C H BORMERT, O ORR
G Y R | D

4 RghhRs

FEF ORR HE 4 £ 551 X s A ) F0UR 465 #4) 1) L
K, ARt 504k, A B/ ORR H
AL e B B R L PYC O KT, A A
BRREEEL L | 4 I -2 A H b A I A B0 T e TR
AR PERE . kA Wy It /5 HE ORR HE 4 b 57 8 fF
¥ N [ 58 JEORE 38— P DR B 3 PR 6 R R
g M AR AR T . KB & T2 DL &
5= RG5O S 1 JR I . Bl A OCEE R 1Y
AT I 5T 2, A W) B/ ORR HE AL 75 22
TE I 1 R UR 7 A 4 ek S I AR AL B, O 4 BK RE
U5 5 IR fE ML SR f 4 1 T S8 .

35 e ]
{4 75 AT .
&30

[1] ESCUDERO-ESCRIBANO M, MALACRIDA P, VEJ-
HANSEN U, et al. Engineering the activity and stability of Pt-
alloy cathode fuel-cell electro-catalysts by tuning the Pt-Pt
distance[J]. ECS Meet Abstr, 2014, (21): 1038.

[2] ZHAO X T, MAIMAITIYIMING X, TURSUN M, et al.
Preparation of Fe single-atom carbon materials for DMFC and
ZAB cathodic ORR catalysts based on the natural corn stalk
binder/corn stalk biomass composite[J]. Fuel, 2024, (364):
131089.

[3] HEINZEL A, BARRAGAN V. M. A review of the state-of-
the-art of the methanol crossover in direct methanol fuel
cells[J]. J Power Sources, 1999, 84(1): 70-74.

[4] SEH Z W, KIBSGAARD J, DICKENS C F, et al. Combining
theory and experiment in electrocatalysis: Insights into
materials design[J]. Science, 2017, 355(6321): eaad4998.

[S] VINCENT D. Materials for Sustainable Energy: A Collection
of Peer reviewed Research and Review Articles from Nature
Publishing Group[M]. London: Naure Publishing Group,
2011.

[6] RAHMAN M A, WANG X J, WEN C E. A review of high
energy density lithium-air battery technology[J]. J Appl
Electrochem, 2014, 44(1): 5-22.

[71 MA X G, FENG S Z, JI S. Nitrogen-doped carbon with
hierarchical porous structure for electrocatalysis of oxygen
reduction reaction[J]. Int J Electrochem Sci, 2017, 12(8):
7869-7876.

[8] ZINOLA C F, ARVIA A J, ESTIU G L, et al. A quantum
chemical approach to the influence of platinum surface
structure on the oxygen electro-reduction reaction[J]. J Phys
Chem, 1994, 98(31): 7566-7576.

[9] FBa. Bl M. FH v B ATk R 24 A, 2015:
216-217.
(ZHANG Shuangquan. Coal Chemistry[M]. Xuzhou: China
University of Mining and Technology Press, 2015: 216-217.)

[10] BORGHEI M, LEHTONEN J, LIU L, et al. Advanced
biomass-derived electrocatalysts for the oxygen reduction
reaction[J]. Adv Mater, 2018, 30(24): 1870171.

[11] XU D, TONG Y, YAN T, et al. N, P co-doped
meso/microporous carbon derived from biomass materials
via a dual-activation strategy as high-performance electrodes
for deionization capacitors[J]. ACS Sustainable Chem Eng,
2017, 5(7): 5810-5819.

[12] ZHAO Y Y, ZHANG Y L, WANG Y, et al. Versatile Zero-
to three-dimensional carbon for electrochemical energy
storage[J]. Carbon Energy, 2021, 3(6): 895-915.

[13] ZHU J W, MU S C. Defect engineering in carbon-based
electrocatalysts: Insight into intrinsic carbon defects[J]. Adv
Funct Mater, 2020, 30(25): 2001097.

[14] FEfHh. A b/ S g F IR EE A AME L K 56 Rk
REBFSE[D]. KHE: KA TR, 2020.

(WANG Jingjing. Epitaxial growth and photoelectric
properties of  graphdiyne/graphene  two-dimensional
heterostructure[D].
Technology, 2020.)

[15] . [ 40 50 U B A I T 5% (0], SR = R,
2004, 32(8): 12-15.

(YIN Liqun. Lignite resources and utilization outlook in
China[J]. Coal Sci Technol, 2004, 32(8): 12—15.)

[16] VFxk, Wear B T PR . W H R A8 (0], e E B
2003, 13(2): 30-41.

(XU Bin, PAN Lihui. Coal pitch resources, applications and
preparation[J]. Carbon Technol, 2003, 13(2): 30—41.)

(17] BT, ARTTHA. SR A A 500 B il 2 B HCAE v A~ RE TR
AT R HT[T]. AR BRER TR A2, 2025: 1-12.

(ZHAO Jinbo, LIN Naiming. Synthesis strategy and
application in electrochemical energy conversion of coal-
based catalysts[J]. J Taiyuan Univ Technol, 2025: 1-12)

[18] ZAGO S, SCARPETTA-PIZO L C, ZAGAL J H, et al.

PGM-Free biomass-derived electrocatalysts for oxygen

Tianjin:  Tianjin  University  of

reduction in energy conversion devices: Promising
materials[J]. Electrochem Energy Rev, 2024, 7(1): 1.

[19] COLLAR F-X, BLIN J. A review on pyrolysis of biomass
constituents: mechanisms and composition of the products
obtained from the conversion of cellulose, hemicelluloses
and lignin[J]. Renewable Sustainable Energy Rev, 2014, 38:

594-608.
[20] GAOSY,LIX,LILY, etal. A versatile biomass-derived
carbon material for oxygen reduction reaction,

supercapacitors and oil/water separation[J]. Nano energy,
2017, 33: 334-342.

[21] LIU S L, WANG A, LIU Y Y, et al. Catalytically active
carbon for oxygen reduction reaction in energy conversion:
recent advances and future perspectives[J]. Adv Sci, 2024,
11(22): 2308040.

[22] BAW, A7 2, RIS, A5 ST R b 2 IROF IR AR A
SHEBCRFED. B9, 2025, 50(9): 4540-4552.
(ZHAO Xu, YANG Fuxin, LI Zhenghong, et al. Formation
and emission characteristics of polycyclic aromatic


https://doi.org/10.1149/ma2014-02/21/1038
https://doi.org/10.1016/j.fuel.2024.131089
https://doi.org/10.1016/S0378-7753(99)00302-X
https://doi.org/10.1126/science.aad4998
https://doi.org/10.1007/s10800-013-0620-8
https://doi.org/10.1007/s10800-013-0620-8
https://doi.org/10.20964/2017.08.70
https://doi.org/10.1002/adma.201870171
https://doi.org/10.1021/acssuschemeng.7b00551
https://doi.org/10.1002/cey2.137
https://doi.org/10.1002/adfm.202001097
https://doi.org/10.1002/adfm.202001097
https://doi.org/10.1007/s41918-023-00197-3
https://doi.org/10.1016/j.rser.2014.06.013
https://doi.org/10.1016/j.nanoen.2017.01.045
https://doi.org/10.1002/advs.202308040
https://doi.org/10.13225/j.cnki.jccs.2024.0820

XI55 2 I AR By S SRS o7 v AL TG BT SRE 1 IR 4R (P 3E30), 2026, 54(8), 20250347 (10 of 11)

(23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

(31]

(32]

[33]

[34]

[35]

(36]

hydrocarbons during coal pyrolysis[J]. J China Coal Soc,
2025, 50(9): 4540-4552.)

NIE Z C, LIU Y J, YANG L Q, et al. Engineering biomass
into advanced carbon-based materials for Zn-air batteries[J].
Sci China Mater, 2025, 68(5): 1-21.

LIU X J, ZHOU Y C, ZHOU W J, et al. Biomass-derived
nitrogen self-doped porous carbon as effective metal-free
catalysts for oxygen reduction reaction[J]. Nanoscale, 2015,
7(14): 6136-6142.

SRR, BK, VRO, 45 BT PR el A B LA Ak
AR ] A a4 MRS TR, 2020, 41(3): 48-54.
(CAI Chunlei, GENG Jing, XU Xinyu, et al. Research
progress in preparations and electrocatalytic applications of
coal-based activated carbon[J]. Nonferr Met Mater Eng,
2020, 41(3): 48-54.)

ZOU Y L, WANG H F, XU L F, et al. Synergistic effect of
CO, and H,O co-activation of Zhundong coal at a low burn-
off rate on high performance supercapacitor[J]. J Power
Sources, 2023, 556: 232509.

FAAESE, WA, 3K ST TY, S AW B RS AL T I
PLER SR, AL TR, 2020, 48(10): 20-24.
(HU Yanwen, DONG Yucan, LUO Fenfang, et al. Research
progress on mechanism of activation method for biomass-
based carbon material[J]. New Chem Mater, 2020, 48(10):
20-24.)

SAKHIYA A K, ANAND A, KAUSHAL P. Production,
activation, and applications of biochar in recent times[J].
Biochar, 2020, 2: 253-285.

S, okoT b, 2R, 4. KOH & Th i il £ Mk vd M
[0]. B3, 2015, (21): 93-94.

(WU Xia, ZHANG Lizhong, LI Jianhui, et al. Preparation of
coal-based activated carbon by KOH activation method[J].
Sci Tech Forum, 2015, (21): 93-94.)

GAO Q, WANG Y, YANG M, et al. N, S-codoped porous
carbon as metal-free electrocatalyst for oxygen reduction
reaction[J]. J Solid State Electrochem, 2021, 25(6): 1-9.
LI'Y C, HU H C, SONG J, et al. An excellent Fe, N Co-
Doped porous biomass carbon oxygen reduction reaction
electrocatalyst: effect of zinc-based activators on catalytic
activity[J]. Energy Technol, 2020, 8(10): 2000625.

LIANG S, WANG Z D, GUO Z F, et al. N-Doped porous
biocarbon materials derived from soya peptone as efficient
electrocatalysts for the ORR[J]. New J Chem, 2021, 45(8):
3947-3953.

FENG J Z, TANG R X, WANG X Y, et al. Biomass-derived
activated carbon sheets with tunable oxygen functional
groups and pore volume for high-performance oxygen
reduction and Zn-Air batteries[J]. ACS Appl Energy Mater,
2021, 4(5): 5230-5236.

XING X J, BUY Z, MIAO Y L, et al. Synergistical
enhancement of the electrocatalysis of N-doped porous
carbon for fuel cell application[J]. Sustainable Energy
Technol Assess, 2022, 51: 101904.

WU Y L, CHEN Y L, WANG H Q, et al. Efficient ORR
electrocatalytic activity of peanut shell-based graphitic
carbon microstructures[J]. J Mater Chem A, 2018, 6(25):
12018-12028.

SUIB S L. A review of recent developments of mesoporous

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

materials[J]. Chem Rec, 2017, 17(12): 1169-1183.

YU D, ZHOU L H, HU J, et al. Facile synthesis of nitrogen,
sulfur dual-doped porous carbon via carbonization of coal tar
pitch and MgCl, 6H,0O for oxygen reduction reaction[J]. J
Solid State Electrochem, 2019, 23(8): 2455-2464.

LI G L, LIU C D, CHEN S M, et al. Promotion of oxygen
reduction performance by Fe;O, nanoparticles support
nitrogen-doped three dimensional meso/macroporous carbon
based electrocatalyst[J]. Int J Hydrog Energy, 2017, 42(7):
4133-4145.

HONG W, WANG X, ZHENG H Y, et al. Molten-salt-
assisted synthesis of nitrogen-doped carbon nanosheets
derived from biomass waste of gingko shells as efficient
catalyst for oxygen reduction reaction[J]. Processes, 2021,
9(12):2124-2124.

GUAN B Y, ZHANG S L, LOU X W, et al. Realization of
walnut-shaped particles with macro-/mesoporous open
channels through pore architecture manipulation and their
use in electrocatalytic oxygen reduction[J]. Angew Chem Int
Ed, 2018, 57(21): 6176—6180.

FEITHL, YER Q, YE G L, et al. Boron and nitrogen-doped
graphene quantum dots/graphene hybrid nanoplatelets as
efficient electrocatalysts for oxygen reduction[J]. ACS
Nano., 2014, 8(10): 10837-10843.

WANG G H, PENG H L, QIAO X C, et al. Biomass-derived
a high-
performance catalyst for the oxygen reduction reaction[J].
Int J Hydrog Energy, 2016, 41(32): 14101-14110.

GU D G, MA R G, ZHOU Y, et al. Synthesis of nitrogen-
doped porous carbon spheres with improved porosity toward

porous heteroatom-doped carbon spheres as

the electrocatalytic oxygen reduction[J]. ACS Sustainable
Chem Eng, 2017, 5(11): 11105-11116.

WANG H, ZHANG W, BAI P, et al. Ultrasound-assisted
transformation from waste biomass to efficient carbon-based
metal-free pH-universal oxygen reduction reaction
electrocatalysts[J]. Ultrason Sonochem, 2020, 65: 105048.
XA P EE AR R AR ER ] 2 BT s AP I
WHFEID]. Kb HIR K3, 2020.

(LIU Qingdi. Study on the preparation of pitch-based carbon
nanosheets by molten salt method and their storage
characteristics of potassium ions[D]. Changsha: Hunan
University, 2020.)

WU Q M, DENG D K, HE Y L, et al. Fe/N-doped
mesoporous carbons derived from soybeans: A highly
efficient and low-cost non-precious metal catalyst for
ORR([J]. J Cent South Univ, 2020, 27(2): 344-355.

SR, AT AR R Y AT R 9 B A2 R BT
R [D]. #M: W E LR, 2022.

(QI Jiawei. Controllable preparation and electrochemical
performance of coal/biomass-based carbon materials [D]. Xu
Zhou: China University of Mining and Technology, 2022.)
ARG, TR, A SRR B By S SRS AR
BT TEHERE[T]. AL AR, 2015, 78(8): 743.

(GAO Shuyan, SU Jingzhen. Progress in biomass-based
carbon materials as oxygen reduction electrocatalyst[J].
Chemistry, 2015, 78(8): 743.)

WANG S T, LIU Y, LIU X P, et al. Fabricating N, S co-
doped hierarchical macro-meso-micro carbon materials as


https://doi.org/10.13225/j.cnki.jccs.2024.0820
https://doi.org/10.1007/s40843-024-3297-2
https://doi.org/10.1039/C5NR00013K
https://doi.org/10.13258/j.cnki.nmme.2020.03.008
https://doi.org/10.13258/j.cnki.nmme.2020.03.008
https://doi.org/10.1016/j.jpowsour.2022.232509
https://doi.org/10.1016/j.jpowsour.2022.232509
https://doi.org/10.1007/s42773-020-00047-1
https://doi.org/10.1002/ente.202000625
https://doi.org/10.1039/D0NJ06080A
https://doi.org/10.1021/acsaem.1c00755
https://doi.org/10.1016/j.seta.2021.101904
https://doi.org/10.1016/j.seta.2021.101904
https://doi.org/10.1039/C8TA02839G
https://doi.org/10.1002/tcr.201700025
https://doi.org/10.1007/s10008-019-04330-5
https://doi.org/10.1007/s10008-019-04330-5
https://doi.org/10.1016/j.ijhydene.2016.10.081
https://doi.org/10.3390/pr9122124
https://doi.org/10.1002/anie.201801876
https://doi.org/10.1002/anie.201801876
https://doi.org/10.1021/nn504637y
https://doi.org/10.1021/nn504637y
https://doi.org/10.1016/j.ijhydene.2016.06.023
https://doi.org/10.1021/acssuschemeng.7b03046
https://doi.org/10.1021/acssuschemeng.7b03046
https://doi.org/10.1016/j.ultsonch.2020.105048
https://doi.org/10.1007/s11771-020-4300-7

NG A T ARTEIR AL Ky S 00 SR T FE A AL ARG IS IR / AR R (P8 3L), 2026, 54(8), 20250347 (11 of 11)

[50]

[51]

[52]

[53]

[54]

[55]

pH-universal ORR electrocatalysts[J].
2022, 7(8): €202200044.

LI Q, LEI J, ZHAO X Y, et al. Cobalt/nitrogen co-doped
carbon nanosheets from coal-based graphene quantum dots
boosted oxygen reduction[J]. Fuel, 2025, 380: 133153.
DONG D Q, GUO X Y, MA C L, et al. Ni-Fe bimetallic
core-shell structured catalysts supported on biomass longan

ChemistrySelect,

aril derived nitrogen doped carbon for efficient oxygen
reduction and evolution performance[J]. Mater Today
Commun, 2020, 24: 101127.

MIAO W F, LI S P, CAO X R, et al. Wood-derived porous
carbon supported y-Fe,O; nanoparticles as efficient catalyst
for oxygen reduction reaction[J]. Appl Surf Sci, 2022, 604:
154471.

LIU H R, YANG Q Y, WANG C, et al. Single-atom Fe-
decorated N-doped porous carbon from waste biomass as a
high-performance air-cathode for wastewater treatment in
microbial fuel cells[J]. Water Res, 2025, 280: 123518.

GUO C Z, LIAO W L, LI Z B, et al. Easy conversion of
protein-rich enoki mushroom biomass to a nitrogen-doped
carbon nanomaterial as a promising metal-free catalyst for
oxygen reduction reaction[J]. Nanoscale, 2015, 7(38):
15990-8.

XIAN F, GAO L, ZHANG Z Y, et al. N, P dual-doped
multi-wrinkled nanosheets prepared from the egg crude
lecithin as the efficient metal-free electrocatalyst for oxygen
reduction reaction[J]. Appl Surf Sci, 2019, 476: 76—83.

E=RE I

X 15 (1998), T+ 5 4, WF58 )7 1k
AR FEL b 7] A5 4R I B N e A 1 o
K HAERENIR, zhaoxt]1220@163.com.

[56]

[57]

[58]

[59]

[60]

(e1]

ZHANG J T, ZHANG M, ZENG Y, et al. Single Fe atom on
hierarchically porous S, N-codoped nanocarbon derived
from porphyra enable boosted oxygen catalysis for
rechargeable Zn-air batteries.[J]. Small, 2019, 15(24):
1900307.

ZHAO Q P, MA Q, PAN F P, et al. Facile synthesis of
nitrogen-doped carbon nanosheets as metal-free catalyst with
excellent oxygen reduction performance in alkaline and
acidic media[J]. J Solid State Electrochem, 2016, 20(5):
1469—-1479.

LIN K D, CHEN M J, ZHOU Z H, et al. Biomass-derived
carbon-coated FeCo alloys as highly efficient bifunctional
electrocatalyst for rechargeable Zinc-air batteries[J]. ACS
Appl Energy Mater, 2024, 7(23): 11172-11183.

LIU J J, HE T, WANG Q C, et al. Confining ultrasmall
bimetallic alloys in porous N-carbon for use as scalable and
sustainable electrocatalysts for rechargeable Zn-air
batteries[J]. ] Mater Chem. A, 2019, 7(20): 12451—12456.
JUVANEN S, SARAPUU A, MOOSTE M, et al
Electroreduction of oxygen on iron- and cobalt-containing
nitrogen-doped carbon catalysts prepared from the rapeseed
press cake[J]. J Electroanal Chem, 2022, 920: 116599.

LI'Y H, QU Y J, LIU C C, et al. Processing Agricultural
Cornstalks toward High-Efficient Stable Bifunctional
ORR/OER Electrocatalysts[J]. Adv Sustainable Syst, 2022,
6(1):2100343.

FE&HF(1982), i+, #F5E b, BFoE 7 M)
I 3 [ 13 ¢ TR Ak K T e R 45 T 5T

geumt(@sxicc.ac.cno


https://doi.org/10.1002/slct.202200044
https://doi.org/10.1016/j.fuel.2024.133153
https://doi.org/10.1016/j.mtcomm.2020.101127
https://doi.org/10.1016/j.mtcomm.2020.101127
https://doi.org/10.1016/j.apsusc.2022.154471
https://doi.org/10.1016/j.watres.2025.123518
https://doi.org/10.1039/C5NR03828F
https://doi.org/10.1016/j.apsusc.2018.12.293
https://doi.org/10.1002/smll.201900307
https://doi.org/10.1007/s10008-016-3157-z
https://doi.org/10.1021/acsaem.4c02432
https://doi.org/10.1021/acsaem.4c02432
https://doi.org/10.1039/C9TA02264C
https://doi.org/10.1016/j.jelechem.2022.116599
https://doi.org/10.1002/adsu.202100343
mailto:zhaoxt1220@163.com
mailto:qcumt@sxicc.ac.cn

	1 氧还原反应机理
	2 ORR炭材料的设计策略
	2.1 炭材料的结构特性
	2.1.1 煤基炭材料的结构特性
	2.1.2 生物质基炭材料的结构特性

	2.2 ORR炭材料的制备方法
	2.2.1 热解炭化法
	2.2.2 物理活化法
	2.2.3 化学活化法
	2.2.4 模板法
	2.2.5 水热合成法
	2.2.6 超声辅助法

	2.3 生物质/煤基ORR电催化剂面临的关键挑战

	3 ORR炭材料的性能优化
	3.1 氮原子掺杂
	3.2 多原子掺杂
	3.3 非贵金属掺杂
	3.4 生物质/煤基ORR电催化剂改进方向

	4 总结与展望
	利益冲突声明
	参考文献

