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Abstract: In the context of addressing the energy crisis and realizing environmental sustainability, energy storage systems have
received much attention. With the challenges posed by the rapid depletion of lithium resources and its uneven distribution, sodium-
ion batteries (SIBs) with similar electrochemical properties have gradually become a research hotspot. Hard carbon (HC) materials
have become one of the highly promising anode materials for SIBs due to their abundance of resources, cost-effectiveness and high
carbon conversion. Coal-based hard carbon (CHC) has become one of the competitive materials in HC precursors due to its low
cost and high carbon conversion. This article reviews recent research on the preparation strategies, optimization modifications, and
electrochemical properties of coal-based hard carbon materials. Furthermore, we discuss the development prospects and research
directions for coal-based hard carbon materials.
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Fig.1 Organic polymer structure model of lignite, bituminous coal, bituminous coal and anthracite
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Fig.2 Ash mass fraction and electrochemical properties curves of CHC after strong acid and alkali treatment
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Fig.3 Schematic diagram of the mechanism of CHC prepare and sodium storage under surface chemical activation
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Fig.4 Schematic diagram of CHC preparation in pre-oxidation treatment

14 ZEFHBHE

Na PR E K, B LA CHC B2 T i P JoZ
— Mg B 2k #E . B CHC 5 NS B P&
JiF 52 A8 AU LIHE K HC MR JZ EFE, A
M RAEAR Na® 14 A 3 &, (i H 0125 5 76 b RL ik A
S R T LLG TR RS P A R 4 R
Sy N RN

502 i F B4 & CHC /R B K. W.J.
SONG Z¢ 95 32— Ff /] 21 YR A% T4k 3 05 925, # #%
T 5 TR A RN Bl R L 3 Ak i 7 AR B P 4B 2 HC,
[F S8 7 CHC M PIC R 5 24 (WE 5(a)) .
15k STB Ay 7B, I T Ak BELARE Fh 3R 45 49 P #8 4% CHC
A 5 030 e 28 A 284.4 mA<h/g(7E 0.03 A/g i HL
T R )RR AT A A AR E M . E SRR R AL
SR I A 8 2 18] R A0 48 O A Na ' (194 2 A0 s 55
I 4 % &8 0. H.LIANG f1 H.H. ZENG
SRR T E S A SR R B A
F JELF RN 25 B R T 36 % JE TR R CHC B A 45 44
SR (LN 5(b) ) o 122 5 W LA JIC 0 0y Btk T SR 44

FH R FE A0 A W0k FL £ WAL PR A5 30 5 e A R
e 5 Xt 7 B A HE AT R B Ak, A R 2 501 B
L CHC . S55%M, @i T HAR &kt
A 7= A B H,  NH F2 3 28 36 P 4 L B N-5 (it
M N) (N-6 (I BE N) AT N-Q (A 85 N) 5| A 4544
s 2T DA A 0 ) R Bl A A AR v Y A B
fbad A2 5 N JE T 19 51 A 0] LUK Bk 2 ) BE ok #)
0.380~0.385 nm, A | T #& & Na " 19 £¢fiti i 71 ; & 4b
IS R SR AE LR R 0.10 A/g IS DL R, 52
BT 220 mA«h/g i AT b 2R
1.5 HREHRES

L TE I 0 % T Rk R 2 B R B &N o
A, o 42 8 CHC §9 ICE, XF #4 81 R F #ik (SC)/
HC & &, fF HC £ LA SC &I iifh A S48 .
SC 38 1 22 1 0 % U RE A 5 HC S5k I8 715 3 i 45
F A O T Na  fE i Oh A S84 . TR R, = A )
4 Bl A BB AR 2 A RO > T R B L R T
THH , IR = 7 CHC B ICE . &1 6 & - fik 2
Al CHC R .



30 AHUIEEERFER E37%E

) Carbonization

Na? Ne7

(a) PR -F5 2

’;""H\:’,\\ ,‘ ’/ '\
\ » / P g & . - X
; Xy Mild pretreatment y @ - ’

X Direct carbonization

NH, treatment

Secondary carbonization

(b) N R F# 44

5 REFBEH&ECHCTEE
Fig.5 Schematic diagram of heteroatom-doped CHC preparation

Pomelo peel +Bitumen+THF
(a) LA Ao & 2 4 A1

(b) & Ao bk 4 & (o) Ao 3 48 L 41

6 HEHRESHECHCTER
Fig.6 Schematic diagram of the preparation of soft-hard carbon composite CHC



% 6 H9

EHFE PWEFRBEEER AR EE S & 5 5 BBk 31

C.H.WET %58 1o #4 ff I8 57 A W T FLEE 79 TR
G T — MR- 2 5 CHC(UWLE 6(a)) .
SRR LS R 2L I SRR EY
R A, d s R m LR s g e, IR T 24
MR H 2 TR, A5 A /N T SET YT B AR
fli 52 AW Y ICE 42 55 5 92.7 % 5 100 YR A& 3 )5 45
TR R 92.3%, HEAA T WA R ERE. H
CHEN %558 5 I 5 28 1R 0T B B s o il 45 7 i
B CHC (WL 6(b)) o 255K, W 1 2 3k vf
55 ¥ 50 AR R L iE AT w4 sS Bk B 1k CHC 7
T b 3k 2 5 8 ok 22 O A 3 4 A7 i 0 05 il 0 G M R
FE 0.3 A/g HL % E T MY AT AN AF i A B R R
312.2 mA-h/g, I 5 XA E N F I E A 4 EHE
ICE 42 %5 3 85.3% . Z.R.ZHOU 55152 Fi] — Fh 22 Bk
WS S I NG TR R e R 2P < ST Pu ]
g — Pt B S T CHC(WLE 6(c) ). 4558
P TE A IR B T AR b, S A 2 R B Y A
AT LA F2 A 1) 40 I 3 1 A R R A L A R > R
A B 3 R0 43 M8 TR 8 R L R A T 26 20 B st o
I bl 2 T AR AT S S5 R 4 AT 2B 1 HC 1Y ICE A%
RPERE, ¥R HC JZ M B Na ™ 8 % P 7% 4%, D
Ak Na* (0 f£ 4 1 i i CHC 7E 0.3 A/ g 14 HL U %5
JEF EA 293 mA+h/g it 25 B fT 250 mA<h/g i 7]
LIRS

2 i ERZE

e VR B A R B A K e B Ak R A CHC 78
4 JE B R AR B T T BT T
fil I ) I A R FH A (B B )T Y2 I A T
I 5 S B Bk R . L T CHC AH 56 i 3k % Fn ) B, &
PE R CHC i 19 ¥ 78 & J' 5 [l R ek M 5 I 2 45
mF.

D4R P20k . it 8 2% 5 5 )2
B B 0] LLERE & CHC B9 L 25 5 O 20 % e M fn A %R
PERE. £ CHC 824 NP .S Fnl KLy~ K )2 ]
BE L, DAKEGR Na i ABCRIF R A . Bk ik,

EIWNZE SOOI E? TS o s e e R R U
K ANF R ZBRICRERE—LHEE., R, E
H Ak 27 2o B rpon) 2% T 48 22 AR AL 09 T R R R
i 7543, 38 3ok — 2 JF AT FAF AT DA £ B e Aoy i A7
1o A B A% ik 11 2 THT R B 45 4 1 AR A (R AR M AE
A T B R R AR B A DL R s e . R,
L] A A 1 TE A% SR 948 A 0 U R R4 2 B
R

2) W BG4k . CHC B B FE 78 SIBs i
EXWHEANEH . — 51, BFE AT LUE #F B 2 () Na' 7F
CHC & T W BFF A1 46 A, DA T 344 568 B 3t 1) #0168 4L
I — 7, BE S R ENa BEHTLEHE CHC R
E LB, DT B ) Fb b ) 49 PRV R o o IO
b T4 AL GER B 5R AT LRy CHC A i 3R 1
B BE 3G CHC B A 2540 #8 5, DU B 1K Lk &
TR . DR, U Y A B A 4 a2 T s B FL
KN/ L AR ROSE B 35 T 6k fa £L B T/ 09 B 5
G

NWE EAM . S ARk T
A2 A M CHC A DL & 46 6 Na i ¥ @i 12, 2
A7 1 2 AT LA /D H B 5 R A T 2 TRD A T
ik, 37 1k FEL R - e A SO AL T 2 T I B2, DT S )
SET B 1, 48 85 i A VB g e 3 ko (H
J& L HC L A kR 22 18] 5 B R FE ML AT AN 68 1
FE L P2 A REE HC PRy R R4 B, T R
AR Na® B9 17 6k vk B, 4 )R B I A5 BF 5T
J5 Tl o

H Hr, CHC A Bk T 38 3 B #2 & ik A k2% 06
fb T35 R A S TR A R
T T S5 R B AR . H 2, X T AR AR
IR T A M T VR CHC 43 F A8 1, T b b
AR 2 19 CHC k5 L Na™ P BE /9 P 76 Bk
F R RFAE PR H R . X R 4T
4 8 T JEL I R 43 S22 T 1 485 R DA TR R s T B LR
23 Aok CHC 67 i) 35 i Ak i 4 e s A ) iy 3
W Bl R H R S #E L R4 B CHC MRS Tl Ak

PR

5 % x
[1] SHENH T, ZHAO H Q, KANG M M, et al. Sodium storage in coal/biomass-derived carbon/carbon 3D networks[J].

ChemElectroChem, 2019, 6(17): 4541-4544.

[2] XUEHT, SUNQ, LURF, et al. Pyrolysis of coal pitch-infused melamine foam to construct N-doped carbon anodes for

high-performance sodium-ion battery[ J]. Journal of Electroanalytical Chemistry, 2021, 902: 115809.

[3] ZHANGMH, L1Y, WU F, et al. Boosting the ultrahigh initial coulombic efficiency of porous carbon anodes for sodium-

ion batteries fabrication of a passivation interface[ J]. Journal of Materials Chemistry A, 2021, 9(17): 10780-10788.



32 AHUISEERER $£37%

[4] LIHQ, HE X J, WU T T, et al. Synthesis, modification strategies and applications of coal-based carbon materials[J].
Fuel Processing Technology, 2022, 230: 107203.

[5] LIQ, LIUXS, TAOY, etal. Sieving carbons promise practical anodes with extensible low-potential plateaus for sodium
batteries[ J|. National Science Review, 2022, 9(8): nwac084.

[6] SONG M X, YIZ L, XU R, et al. Towards enhanced sodium storage of hard carbon anodes: Regulating the oxygen
content in precursor by low-temperature hydrogen reduction[J]. Energy Storage Materials, 2022, 51: 620-629.

[7] ZHAO H Q, ZHAO D, YE J Q, et al. Directional oxygen functionalization by defect in different metamorphic-grade coal-
derived carbon materials for sodium storage[ J]. Energy &. Environmental Materials, 2022, 5(1): 313-320.

[8] CHU Y, ZHANG J, ZHANG Y B, et al. Reconfiguring hard carbons with emerging sodium-ion batteries: A perspective
[T]. Advanced Materials, 2023, 35(31): 2212186.

[9] MERCER M P, NAGARATHINAM M, GAVILAN-ARRIAZU E M, et al. Sodiation energetics in pore size controlled
hard carbons determined via entropy profiling[ J]. Journal of Materials Chemistry A, 2023, 11(12) : 6543-6555.

[10] SONG M H, SONG Q, ZHANG T, et al. Growing curly graphene layer boosts hard carbon with superior sodium -ion
storage[ J]. Nano Research, 2023, 16(7): 9299-9309.

[11] 245, oF &5 . M B T R R A AR R[T] L AT, 2023, 52(20): 120-122.

CHENG T, SHI Z Q. Research progress of hard carbon anode for sodium-ion batteries[J]. Shandong Chemical Industry,
2023, 52(20): 120-122.

[12] THAPALIYA BP, LUOHM, LIMY, et al. Molten salt assisted low-temperature electro-catalytic graphitization of coal
chars[J]. Journal of the Electrochemical Society, 2021, 168(4): 046504.

[13] CHEN H, SUNN, ZHU Q Z, et al. Microcrystalline hybridization enhanced coal-based carbon anode for advanced sodium-
ion batteries| J|]. Advanves Science, 2022, 9(20): 2200023.

[14] MOHAMED A M A, DONG S, ELHEFNAWEY M, et al. A comparison of the electrochemical performance of
graphitized coal prepared by high-temperature heating and flash Joule heating as an anode material for lithium and potassium
ion batteries[ J]. Chemical Physics Letters, 2023, 815: 140362.

[15] ZHANG H, ZHANG Y G, LIJ, et al. Advantages of structure and electrochemical properties of graphene prepared from
tectonically deformed coal[ J]. ACS Omega, 2023, 8(28): 25142-25154.

[16] ZHANG W, SUN N, CHEN H, et al. Molten salt assisted fabrication of coal-based carbon anode materials for efficient Na
ion storage[J]. Inorganic Chemistry Frontiers, 2023, 10(17): 5117-5126.

[17] skwedth, BasF+ . ME T 0k sk g mA ARt R[T]. % K46 ZAFR, 2023(21): 7-9.

HUANG X W, WEN Y F. Research progress of hard carbon anode materials for sodium ion batteries[ J]. Modern Chemical
Research, 2023(21): 7-9.

(18] Rk, AZ . #h& T v e MMHAFLRE[T]. wRIE A, 2023, 47(9): 1130-1134.

RONG Q, ZHOU L. Research progress on electrode materials for sodium -ion batteries [J]. Chinese Journal of Power
Sources, 2023, 47(9): 1130-1134.

[19] Ak, 145, FE, F. MEFT L XamHamEstkJ] #iafex, 2023, 54(12): 8-14.

XIE HJ, ZHENG D F, LUO X, et al. Research progress on key materials for sodium-ion batteries[J]. Zhejiang Chemical
Industry, 2023, 54(12): 8-14.

[20] RAawg, £XH, WHW, F . HRARETHE T Ll i ARG Za[]]. ;- Mas, 2023, 48(6): 57-60.
ZHAO X T, GONG W Q, SHEN Q B, et al. Effect of sodiated degree on storage performance of hard carbon anode in
sodium ion batteries[ J]. Guangzhou Chemistry, 2023, 48(6): 57-60.

[21] #pifpok, SEPARE, B, 5 . 40w f AR AR ey AP etk 5 AR WILR [T ], 53, 2023(3): 30-33.

ZHENG H F, GUO M C, MA C, et al. Overview of the development process and types of sodium-electric carbon-based
anode materials[ J]. Carbon, 2023(3): 30-33.

[22] RAZ, Kk, 2R, F HEAKABRMAMERET L P AMLRRET]. Bl THFFRER, 2022, 35(6):
10-18.

ZHANG L X, ZHANG X, LIC, et al. Research progress of application of coal-based carbon anode materials in lithium-ion
batteries| J|. Journal of Petrochemical Universities, 2022, 35(6): 10-18.

[23] YANGJ, MA L L, ZHOU X Y. Purification process of coal-based coke powder as anode for Li-ion batteries[J]. Journal of
Central South University, 2014, 21(3): 857-861.

[24] LIM Y, TSAT W Y, THAPALIYA B P, et al. Modified coal char materials with high rate performance for battery



% 6 H EHFE PWEFRBEEER AR EE S & 5 5 BBk 33

[25]

[26]

[27]

[37]

[38]

[40]

[41]

applications[J]. Carbon, 2021, 172: 414-421.

LEMK, TRANT N, HUYNH T K T, et al. Development of Vang Danh anthracite as a cost-effective anode for sodium-
ion batteries through a heat-treatment process[J]. RSC Advances, 2022, 12(46): 29900-29907.

LUHY, SUNSF, XIAO L F, et al. High-capacity hard carbon pyrolyzed from subbituminous coal as anode for sodium-
ion batteries[ J]. ACS Applied Energy Materials, 2019, 2(1): 729-735.

LIYM, HUY S, QI X G, et al. Advanced sodium -ion batteries using superior low cost pyrolyzed anthracite anode:
Towards practical applications[ J]. Energy Storage Materials, 2016, 5: 191-197.

CHEN F, MA L L, REN J G, et al. Surface modification of coal-based coke powder with pitch powder for lithium ion
batteries[ J|. International Journal of Electrochemical Science, 2018, 13(3): 2206-2218.

ZHAO D, ZHAO H Q, YE J Q, et al. Oxygen functionalization boosted sodium adsorption-intercalation in coal based
needle coke[ J]. Electrochimica Acta, 2020, 329: 135127.

HAN L, ZHU X, YANG F, et al. Eco-conversion of coal into a nonporous graphite for high-performance anodes of lithium-
ion batteries[ J]. Powder Technology, 2021, 382: 40-47.

ZHU Z 1., ZUO H B, LIS, etal. A green electrochemical transformation of inferior coals to crystalline graphite for stable
Li-ion storage[ J]. Journal of Materials Chemistry A, 2019, 7(13): 7533-7540.

WANG K F, SUN F, WANG H, et al. Altering thermal transformation pathway to create closed pores in coal-derived
hard carbon and boosting of Na™ plateau storage for high-performance sodium-ion battery and sodium-ion capacitor[J].
Advanced Functional Materials, 2022, 32(34): 2203725.

LOU ZJ, WANG H, WU D Y, et al. Microcrystalline regulation of bituminous coal derived hard carbon by pre-oxidation
strategy for improved sodium-ion storage[ J]. Fuel, 2022, 310(Part B) : 122072.

SUMY, ZHANG K'Y, ANG E H, et al. Structural regulation of coal-derived hard carbon anode for sodium-ion batteries
via pre-oxidation[J]. Rare Metals, 2024, 43(6): 2585-2596.

XIAO N, ZHANG X Y, LIU C, et al. Coal-based carbon anodes for high-performance potassium -ion batteries [ J].
Carbon, 2019, 147. 574-581.

ZHANG Y T, ZHANG K B, REN S Z, et al. 3D nanoflower-like composite anode of a-Fe,0,/coal-based graphene for
lithium-ion batteries[ J]. Journal of Alloys and Compounds, 2019, 792: 828-834.

CHENJF, FENG J M, DONG L, et al. Nanoporous coal via Ni-catalytic graphitization as anode materials for potassium
ion battery[ J]. Journal of Electroanalytical Chemistry, 2020, 862: 113902.

DONG D, ZHANG Y S, XIAO Y, et al. High performance aqueous supercapacitor based on nitrogen-doped coal-based
activated carbon electrode materials| J|. Journal of Colloid and Interface Science, 2020, 580: 77-87.

LIU H M, HUANG X N, LU ZJ, et al. Trace metals dramatically boost oxygen electrocatalysis of N-doped coal-derived
carbon for zinc-air batteries[ J]. Nanoscale, 2020, 12(17): 9628-9639.

ZHOU XY, MALL, YANGJ, etal. Properties of graphitized boron-doped coal-based coke powders as anode for lithium-
ion batteries[ J]. Journal of Electroanalytical Chemistry, 2013, 698: 39-44.

LI X, SUN N, TIAN X D, et al. Electrospun coal liquefaction residues/polyacrylonitrile composite carbon nanofiber non-
woven fabrics as high performance electrodes for lithium/potassium battery [ J]. Energy & Fuels, 2020, 34(2) : 2445-
2451.

YAN S X, WANG Q, LUO S H, et al. Coal -based S hybrid self - doped porous carbon for high - performance
supercapacitors and potassium-ion batteries[ J]. Journal of Power Sources, 2020, 461: 228151.

GAOS S, LIUL, MAOF F, etal. Coal-based ultrathin N-doped carbon nanosheets synthesized by molten-salt method for
high-performance lithium-ion batteries[ J|. Nanotechnology, 2022, 33(42): 425401.

TANY C, LIUW W, WANG W Y, et al. Embedment of red phosphorus in anthracite matrix for stable battery anode[J].
Rare Metals, 2022, 41(8): 2819-2825.

SONG W J, TANG Y K, LIU J M, et al. Mild pretreatment synthesis of coal-based phosphorus-doped hard carbon with
extended plateau capacity as anodes for sodium-ion batteries[ J]. Journal of Alloys and Compounds, 2023, 946: 169384.
LIANG H, ZENG H H, XING B L, et al. N/O/P ternary-doped coal-based hierarchical porous carbon networks for high
lithium-ion storage performance[ J]. Journal of Alloys and Compounds, 2023, 968: 172015.

ZENG H H, XING B L, ZHANG C X, et al. Edge-boron-functionalized coal-derived graphite nanoplatelets prepared via
mechanochemical modification for enhanced Li-ion storage at low-voltage plateau[ J]. Applied Surface Science, 2023, 621:
156870.



34 AHAEIEEERFR E37%

[48] LIR, YANG B R, HU A J, et al. Heteroatom screening and microcrystal regulation of coal-derived hard carbon promises
high-performance sodium-ion batteries[ J]. Carbon, 2023, 215: 118489.

[49] WEIC H, DANG W L, LI M J, et al. Hard-soft carbon nanocomposite prepared by pyrolyzing biomass and coal waste as
sodium-ion batteries anode material[ J ]. Materials Letters, 2023, 330: 133368.

[50] CHEN H, SUN N, WANG Y X, et al. One stone two birds: Pitch assisted microcrystalline regulation and defect
engineering in coal-based carbon anodes for sodium-ion batteries[ J]. Energy Storage Materials, 2023, 56: 532-541.

[51] ZHOU Z R, WANG Z J, FAN L S. In-situ capture defects through molecule grafting assisted in coal-based hard carbon
anode for sodium-ion batteries[ J]. Chemical Engineering Journal, 2024, 490: 151428.

[52] ZE R, ks % . — AR TPCAMAX @ TG40 £ X F TN R L[]] LT 60T XFFIHR, 2022, 42
(6): 84-89.

WANG G L, DI X Y. A method for online life prediction of lithium batteries based on PCA and relevance vector machine
[J]. Journal of Liaoning University of Petroleum &. Chemical Technology, 2022, 42(6): 84-89.

(53] M, TAHUH . HIEE LLZnTi,0,@CN f A Ak 42 s AP [T]. B T3 F F A F IR, 2022, 35(3): 1-9.
SHEN Z Y, WANG L J. Li-storage of Li,ZnTi;Os@C -N anode materials with high specific capacities [J]. Journal of
Petrochemical Universities, 2022, 35(3): 1-9.

[64] A4, R4, FLHA, F. RBABLE T EESOAARER[I]. SR, 2023, 52(7): 1721-1728.

YAN D, ZHANG S D, L1Y Y, et al. Research progress of lithium-ion capacitors with double carbon-based electrodes[J].
Contemporary Chemical Industry, 2023, 52(7): 1721-1728.

[655] Z2F, 4. Z M8 MK A 65 &R L MAT A st [J]. s 540 1, 2023, 48(6): 76-82.

WANG Y G, WANG W. Study on preparation of tin diselenide nanosheets and their sodium storage behaviors[J]. Low-
Carbon Chemistry and Chemical Engineering, 2023, 48(6): 76-82.

[56] L& . Fm4e s Fab Xl KA T E[T]. /L TR, 2024, 44(4): 469-478.

LIU W R. Research progress on recycling technology of key components for spent lithium-ion batteries[J]. Environmental
Protection of Chemical Industry, 2024, 44(4): 469-478.
[57] kk &, kWi, 2455%, F KNI aIk 2 o0 FH0ER2T] R Bl KPR, 2020, 44(4): 72-76.

ZHU LY, ZHU L N, JID Q, et al. Electrochemical conversion process of low-rank coal in the molten system[J]. Journal
of Northeast Petroleum University, 2020, 44(4): 72-76.

(%3 WwaALe)



