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Table 1 Structural characteristics and applicability of coal raw materials
Coal raw i . . . . Lo
materials Structural characteristics ~ Suitable processing methods Typical products Advantages Suitable applications
Anthracite  High fixed carbon content, Liquid-phase method, Rich microporous High stability, large specific ~ Fuel cells, electrocatalytic
low volatile matter, dense solid-phase method porous carbon surface area, microporous CO; reduction
structure confinement
Direct-carbonization method High graphitized High conductivity, large Lithium/sodium ion
carbon interlayer spacing, stable batteries
properties
Direct-carbonization method Graphene Large specific surface area, Supercapacitors
coupled with liquid—phase high conductivity, rich
method defects
Bituminous Moderate fixed carbon Liquid-phase method, Porous carbon Large number of pore Supercapacitors
coal content and volatile matter, solid-phase method structures, high specific
relatively loose structure surface area
Direct-carbonization method Rich graphite High conductivity, Lithium/sodium ion
microcrystals/defective  numerous defects, closed batteries
carbon materials pore structure
Lignite Low fixed carbon content, Liquid-phase method Porous carbon High doping content of Supercapacitors
high volatile matter, heteroatoms, large specific
abundant oxygen-containing surface area, hierarchical
functional groups, loose and pore structure
disordered structure
Coal  tar High fixed carbon content, Liquid-phase method Carbon fiber Good conductivity, large Supercapacitors,
pitch low ash content, high specific surface area lithium/sodium ion batteries
aromaticity, soluble in Carbon nanotubes Active sites with high Fuel cells
organic solvents electronic activity
Porous carbon Highly adjustable porous Supercapacitors,

structure lithium/sodium ion batteries
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Fig.1 Preparation of functional coal-based carbon materials by liquid—phase methods (a) Preparation of nitrogen-doped coal-based

carbon materials by one-step liquid-phase method!"™; (b) Preparation of nickel/nitrogen co-doped coal-based carbon

materials by two-step liquid-phase method™”
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Fig. 3 Preparation of functional coal-based carbon materials by gas-phase methods (a) CO, and H,O co-activation of Zhundong
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Fig. 5 Coupling methods for preparing functional coal-based carbon materials
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Table 2 Comprehensive comparison of preparation methods for functional coal-based carbon materials
. Suitable
X Specific surface area . . .
Preparation method Advantages Crystal structure ~ Surface properties  electrochemical Deficiency
and pore structure .
applications
Liquid-phase Solvent assisted High specific surface Low graphitization, Controllable Supercapacitors, Dependent on solvents,
method flexible pore control area high defect density doping of electrocatalytic CO, complex processes, and
and metal/non-metal ~ (500-1700 m*g™"), heteroatoms reduction difficult post—processing
doping micropores (metal/non-metal)

Solid-phase method  Efficient activation ~ Ultra-high specific
and doping assisted surface area
by (1600-2000 m*g™"),
mechanochemistry micropores/mesopores
Gas-phase method In situ etching and Medium specific
surface area
(500-1000 m**g ™),

hierarchical

doping of gaseous
activators, precise
control of pore
structure micropore and
mesopore

Direct-carbonization No need for

Amorphous carbon

Controllable
construction of
ordered-defect

High content of ~ Supercapacitors, fuel  Difficulty in precisely
heteroatoms cells controlling pore structure
and surface properties

Surface enriched

Supercapacitors, Difficulty in regulating

heteroatom doping electrocatalytic CO, gas partial pressure

reduction

structures

Small specific surface Short range ordered Numerous defects Lithium/sodium ion  Restricted performance

method activators or dopants  area (<100 m*g™"), graphite batteries optimization
closed pores and microcrystals, large
nanopores interlayer spacing
Coupling method Collaboration of ~ Wide range of specific Graphite-like Highly active Batteries, High process complexity
multiple methods surface area structure, rich in heteroatoms and supercapacitors, and difficulty in
(30-900 m*g™"), defects defects electrocatalysis parameter optimization

multi-level pore
structure
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Table 3 Research on functional coal-based carbon materials in field of fuel cells

Functional coal-based carbon material Electrolyte Onset potential/V  Half-wave potential/V  Limiting current density/(mA-cm™)  Reference
NS@C-900-10 0.1mol/L KOH 0.97 0.82 59 [13]
0.1 mol/L KOH 0.97 0.84 49
CPNC-5-850 0.5 mol/L H,SO4 0.80 0.64 4.6 [21]
0.1 mol/L PBS 0.87 0.65 49
ACTP5@Co,N-800 0.1 mol/L KOH 1.00 0.98 5.1 [58]
NCOHS5-900 0.1 mol/L KOH 0.94 0.84 5.4 [87]
ANPC-2-900-6 0.1 mol/L KOH 0.96 0.85 4.8 [88]
Co/NSC 0.1 mol/L KOH 0.95 0.71 2.6 [89]
C-PT-C 0.1 mol/L KOH 0.81 0.6 2.5 [90]
ACH4 0.1 mol/L KOH 0.82 0.76 3.7 [91]
N,S-AC 0.1 mol/L KOH 1.00 0.79 6.3 [92]
0.1 mol/L KOH 0.97 0.85 6.3
N4P4,C-900 0.5 mol/L H,SO4 0.82 0.65 6.4 [93]
0.1 mol/L PBS 0.87 0.67 7.1
0.1 mol/L KOH 1.00 0.84 5.7
NCM-900 0.5 mol/L H,SO4 0.81 0.69 5.5 [94]
0.1 mol/L PBS 0.90 0.74 5.9
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Fig. 6 Excellent ORR performance of functional coal-based carbon materials across the entire pH range!®*!
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Table 4 Research on functional coal-based carbon materials in the field of electrocatalytic CO, reduction

Functional coal-based carbon material Electrolyte Product type Current density/(mA-cm ?) Faradaic efficiency/% Reference
CNPC-1100 0.1 mol/L KHCO; CcO 0.3 92 [14]
NPC-900 0.5 mol/L KHCO; CcO 2.3 95 [18]
CNNi-700 1 mol/L KOH (€[¢] 223.0 97 [50]
NH;-NINCF 0.1 mol/L KHCO; (€¢] 71.6 90 [79]
WNCNs-1000 0.1 mol/L KHCO3 CO 1.1 84 [100]
CF-120 0.1 mol/L KHCO; CO 18.0 65 [101]
V¢—SnO,/CF—40 0.1 mol/LKHCO;  HCOOH 30.0 86 [102]

C/Cu/PTFE-0.05-R 1 mol/L KOH C,Hy 142.4 62 [103]
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Fig. 7 Efficient electrocatalytic reduction of CO, to CO using nickel/nitrogen co-doped coal-based carbon materials
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Table 5 Research on functional coal-based carbon materials in the field of supercapacitors
Functional coal-based carbon material Electrolyte*  Specific capacitance/(F+g ™) Power density/(W+kg™)  Energy density/(W-h'kg™")  Reference
SHC; 6M KOH 324 - 11 [15]
ANPC-1-800-0.25 6M KOH 346 - 20 [88]
NDHPC_700 6M KOH 336 250 7 [111]
NHPC-60 6M KOH 219 510 28 [112]
CAC-3 6M KOH 219 501 11 [113]
HS-Et-PC 6M KOH 195 442 11 [114]
PC 6M KOH 317 296 23 [115]
NPC-1.5 6M KOH 371 625 40 [116]
AE 6M KOH 276 / / [117]
POCAS800 6M KOH 174 125 8 [118]
*Note: All data in the table were obtained from tests conducted in 6 mol/L KOH electrolyte.
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Fig. 8 Specific capacitance, energy density, power density, and stability of functional coal-based carbon materials in supercapacitors

2R BPTR, DiReREEERA RHE B R A A TR
LR S B E A SR e, IR AR 28 TR £ AT
R S R R . EIAIF R, @i
AEVE 28 T 2] e R0 AR BB B B} S B S A 2
B, PRI HARIES T YO AR PR, S
FEOHLZE A SIANRER. AR AL RE
MR E SR T =B, B R DA i A Ak
St A& T VX AR g A R ZH R B IR TR 45 B
FEARF TR AL P ERE . SCEL T A, TR
WEABE R B, & 7 ER A RS 4 1
A2 20 R i RIS SRS HE %, A SE At
RHERE G 2 2% PR I L 7 1 F Ak P Re
34 EEFHM

HETHMEARESE S, RBCET R
IR A A KA, EBARAE & h R 5 2 = Bk
FUO i HAR L T G B BoR, A T it
AN RES B, XNHETIER. FNEE
TR B iz —, SRR 1 HEt Y
Bk R A e B U212 e LR AR B

Power density/(W-kg™)

Cycle number

T 5 R ) .
e B B 28R R AT 1) S, BB RS A SR NI
HELE 7, BT 5 m B v P 1B PR A st A3 R
Ao BRI, DRI ELRM R VR B B - F it ) 7
RRAA KL, AR 5~ P 1) o A 348 2050 4 £ 1 e 12 1
THMITRE. R 6 M4 T IR R BRI IR RHE
5 R AT I A A

Liang " ILITE AR N JFoRE, 388 48 &1 4%
T — PRV =05 A I 2 FUBRAM B A RHE
B L SR R AT IR R[] 079 (mA-h)/g]
KAGIAFF a5 (100 RAEH 5 L AR FE R 100%) M2 R
T[R4 R ERE[1 000.0 mA/g I 336 (mA-h)/gl. %
PEREEA 0 A P BB 1 SR DR R A R A 15 iz R
I AT BERRANK A T = 4E 2 AL, X ARUE
T TR B RN/ 2 SR A, IR A
TIAE A B A AL TR EE; Aak, it
AN W I e s AR PO R I SRR (TIPS
M7y, XA TIRESMEE S TR B
PERE(ILIE 9) o DRITH, M S A s R T L 5 4 (1)
HLPERE



B S3EE 12

IR 5. THRERETERRAA L 1 2 S B A= B F 7 ik it 3665 -

® 6 IDNRIREMARIEIE S TR USRI TE

Table 6 Research on functional coal-based carbon materials in the field of lithium-ion batteries

. . Specific capacity/
Functional coal-based carbon material ~ Electrolyte

Capacity retention Rate performance Reference

((mA-h)-g")
DCG-6B 1.0 mol/L LiPF, 323 100% (500 cycles, 500.0mA-g™")  112(mA-h)-g” (1000.0mA-g")  [125]
CGNs-50 1.0 mol/L LiPF, 726 88.1% (200 cycles, 100.0mA-g™") 255 (mA-h)-g™ (1 000.0mA-g™")  [126]
A900 1.0 mol/L LiPF, 331 94.8% (1 000 cycles, 1 000.0mA-g") 153 (mA-h)-g” (5000.0mA-g") [127]
CBC-700 1.0 mol/L LiPF, 844 100% (500 cycles, 1 000.0mA-g™") 517 (mA-h)-g”' (1000.0mA-g")  [128]
N/O/P-CCNs 1.0 mol/L LiPF, 1079 100% (100 cycles, 1 000.0mA-g™")  336(mA-h)-g” (1000.0mA-g") [129]
NPC-2 1.0 mol/L LiPF, 734 100% (500 cycles, 1 000.0mA-g™") 397 (mA-h)-g" (1000.0mA-g")  [130]
C-LIG - 330 99% (80 cycles, 100.0mA-g™") 149 (mA-h)-g™' (2000.0mA-g")  [131]
A-CSG-800 - 366 100% (15 000 cycles, 1 000.0mA-g™") 36.6(mA-h)-g" (5000.0mA-g") [132]
N-PCNS - 727 100% (1 000 cycles, 5 000.0mA-g™") 344.6 (mA-h)-g™ (5000.0mA-g") [133]
PGC-900-10 1.0 mol/L LiPF, 386 90.7% (400 cycles, 100.0mA-g™") 325 (mA-h)-g™ (1 600.0mA-g™") [134]

Nitrogen-containing functional groups

Phosphorus/Oxygen-containing functional groups
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Fig. 9 Lithium storage mechanism of nitrogen/oxygen/phosphorus ternary doped coal-based porous carbon materials
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Table 7 Research on functional coal-based carbon materials in the field of sodium-ion batteries

Functional coal-based carbon Specific capacity/

Electrolyte

Capacity retention Rate performance Reference

material ((mA-h)yg")
NLC-260 1mol/L NaPFq 294 80% (1 000 cycles, 500.0mA-g)  30(mA-h)g (1000.0mA-g")  [140]
BCPC-10 1 mol/L NaClO; 326 87% (100 cycles, 50.0mA-g ™) 90 (mA-h)'g" (300.0mA-g ™) [141]
SOAS 1 mol/L NaPFq 260 9% (500 cycles, 1 000.0mA-g™") 240 (mA-h)-g" (100.0mA-g")  [142]
CABC-P-2.5 / 290 90% (100 cycles, 0.2 C) 136 (mA-h)-g™ (1C) [143]
P-HC 1 mol/L NaClO, 284 54% (500 cycles, 100.0mA-g™) 61 (mA-h)g" (1000.0mA-g")  [144]
BCoal-SM-700 1 mol/L NaClO, 286 74% (1 000 cycles, 1 C) 97 (mA-h)-g” (5C) [145]
BPHC 1 mol/L NaClO, 200 100% (150 cycles, 100.0mA-g™")  58(mA-h)g” (1000.0mA-g")  [146]
ZT3WYM7 1 mol/L NaPF, 272 80% (1 300 cycles, 10C) 229 (mA-h)-g" (10C) [147]
N-AC-1200 1 mol/L NaClO, 220 83% (500 cycles, 100.0mA-g™) 182 (mA-h)-g™ (500.0mA-g™")  [148]
1-KMO 0.8 mol/L NaClO, 175 92% (1 000 cycles, 500.0mA*g™") 156 (mA-h)-g™ (1000.0mA-g™")  [149]
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Fig. 10 Sodium ion storage mechanism and specific capacitance
of coal-based carbon materials!'*"
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Extended Abstract

Coal is a fossil resource that is abundant and widely distributed, and it plays an extremely important role in the economic
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development and social progress of different countries. However, conventional coal utilization methods (such as direct combustion for
power generation and heating, and metallurgy) produce large amounts of CO,, sulfides, and nitrides, seriously threatening ecology,
environment, and human-being health.It is thus necessary to improve the utilization methods of coal and promote the green and
low-carbon utilization of coal resource. Functional coal-based carbon materials exhibit a superior performance in the field of
electrochemical energy/matter conversion and storage due to their unique physicochemical properties, such as high electrical
conductivity, large specific surface area, controllable pore structure, and rich surface functional groups. This is of great significance
for achieving high value-added utilization of coal and carbon neutrality. In recent years, researchers have made significant progress in
the preparation of functional coal-based carbon materials and their electrochemical applications. However, there are a few systematic
reviews summarizing this rapidly developing field, and the relationship between the structural design and synthesis of functional
coal-based carbon materials and the optimization of their electrochemical properties has not been comprehensively studied yet. This
review deeply analyzes the latest research progress on functional coal-based carbon materials in the field of electrochemistry. Firstly,
the structural features and chemical element composition of the different coal raw materials are summarized, and the applicable
processing methods are described via analyzing the structural characteristics and applicability of representative coal raw materials.
Subsequently, the process flows of commonly used methods for preparing functional coal-based carbon materials (i.e., liquid-phase,
solid-phase, gas-phase, direct-carbonization, and coupling) are analyzed. The effect of preparation method on the macrogeometric
structure, mesoscopic surface physicochemical properties, and microscopic active site electronic structure of coal is discussed, and the
regulatory mechanisms of preparation methods on the structure and composition of functional coal-based carbon materials is revealed.
Afterwards, an in-depth investigation on the applications of functional coal-based carbon materials in mainstream electrochemical
fields such as fuel cells, electrocatalytic CO, reduction, supercapacitors, and lithium/sodium-ion batteries is represented. The intrinsic
correlation among material preparation, structural regulation, and performance optimization is given via studying the impact of the
structure and composition of functional coal-based carbon materials on their electrochemical performance. Finally, this review looks
forward to the future development directions of functional coal-based carbon materials, proposes strategies for optimizing the
preparation methods and for improving material performance, and points out the key challenges for the industrialization of functional
coal-based carbon materials. This review can provide theoretical guidance and technical references for the designs and
electrochemical applications of functional coal-based carbon materials, promoting the clean and efficient utilization of coal resource
and the rapid development of electrochemical technologies.

The main methods for preparing functional coal-based carbon materials include liquid-phase, solid-phase, gas-phase,
direct-carbonization, and coupling methods. The liquid-phase method involves mixing coal raw materials, activators, and dopants
with solvents, followed by heat treatment to prepare porous coal-based carbon materials doped with heteroatoms. The advantage of
this method is its ability to precisely modulate the materials' morphological structure and surface physicochemical properties, as well
as to load highly active metal species onto the coal support. The solid-phase method utilizes mechanochemistry (such as ball mills,
mortars, etc.) to mix coal raw materials, dopants, and activators, which can prepare functional coal-based carbon materials with large
specific surface areas, high doping contents of heteroatoms, and uniform structures. The gas-phase method utilizes gases to
synergistically regulate the morphology of coal and types and contents of doped atoms, enabling atomic-level modification of the coal
surface. The direct-carbonization method converts coal into functional coal-based carbon materials with an large number of defects
and closed pore structures through high-temperature carbonization, which is suitable for anode materials in lithium/sodium ion
batteries. Coupling method integrates the advantages of different methods to achieve multidimensional and precise modulation of the
structure, composition, and performance of the functional coal-based carbon materials.

Functional coal-based carbon materials have attracted widespread attention in electrochemical energy fields such as fuel cells,
electrocatalytic CO, reduction, supercapacitors, and lithium/sodium-ion batteries due to their structural designability and cost
advantages. For fuel cells, the functional coal-based carbon materials can significantly improve the efficiency and stability of fuel
cells due to their better mass/charge transfer efficiency and stronger corrosion resistance, compared to commercial platinum carbon
materials. In the field of electrocatalytic CO, reduction, functional coal-based carbon materials can enhance the local concentration of
COy/intermediates around their active sites via leveraging the size effects of their geometric structures (e.g., spatial confinement
effect). In addition, the functional coal-based carbon materials can also optimize the adsorption strength and thermodynamic
conversion energy barriers of CO,/intermediates via regulating the local electron density of the active sites, thereby achieving a highly
selective conversion of CO, into valuable chemicals such as CO and ethylene. In supercapacitors, the functional coal-based carbon
materials with large specific surface areas, hierarchical porous structures, and rich surface functional groups can improve electrolyte
transfer rates and provide sufficient adsorption sites for ions, thereby achieving high double-layer capacitance and pseudocapacitance.
For lithium/sodium-ion batteries, the large interlayer spacing, rich defects and closed pore structures of functional coal-based carbon
materials enable them to optimize the transfer and adsorption processes of lithium/sodium ions, thereby improving the storage
capacity and rate performance of batteries.

The structural adjustability of functional coal-based carbon materials enables to adopt different preparation methods according to
the actual application scenarios to obtain the suitable functional coal-based carbon materials, greatly promoting the development of
electrochemical energy/matter conversion and storage technologies. Moreover, developing functional coal-based carbon materials can
achieve the non-fuel utilization of coal and reduce environmental pollution generated during coal utilization, which is in line with the
concept of green sustainable development. Also, the combination of functional coal-based carbon materials and electrochemical
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technologies can extend the coal industry chain and enhance the added value of coal, thus promoting the transformation and
upgrading of the coal industry.

Summary and Prospects Functional coal-based carbon materials demonstrate an enormous application potential in the field of
electrochemical energy/matter conversion and storage due to their abundant raw materials, low cost, and adjustable structure. This
review systematically summarizes the research progress on the preparation methods and electrochemical applications of functional
coal-based carbon materials, and explores the intrinsic relationships between material structure and electrochemical performance.
Based on the existing research status of the preparations and electrochemical applications of functional coal-based carbon materials,
we propose some prospects for their future research directions, i.e., 1) Simple and environmental-friendly physical activation methods
need to be developed, such as supercritical CO,-assisted activation and microwave carbonization, which achieve controllable pore
structure construction through radical reactions and interfacial energy regulation. Low-energy technologies such as
photothermal-driven carbonization and plasma pulse activation should be developed to utilize non-equilibrium thermodynamics to
regulate the degree of graphitization and defect quantity of carbon layers, thereby reducing carbon emissions from the preparation
process. In addition, machine learning can be also used to optimize preparation parameters (such as temperature field, pressure field,
atmosphere composition, etc.) to achieve accurate prediction and targeted control of materials’ morphology, structure, and chemical
composition, 2) The structure—property relationship and performance improvement mechanism of materials need to be analyzed.
In-situ characterization techniques (such as electrochemical-synchrotron radiation coupling technology and in-situ
aberration-corrected electron microscopy) can analyze the material structure and composition during electrochemical processes,
clarify the mechanisms of material performance degradation under complex conditions, and develop modification strategies. In
addition, it is also necessary to develop kilowatt-scale industrial electrochemical devices suitable for functional coal-based carbon
materials to promote the practical application of coal-based carbon materials and 3) Some precise coal quality analysis methods and
standardized coal processing methods need to be establised and the continuous, large-scale production equipment needs to be
developed, thereby addressing the impact of coal raw materials on product structure and performance consistency. For instance,
establishing a rapid analysis of coal quality (i.e., combining near-infrared spectroscopy with Raman spectroscopy)-three-dimensional
structural simulation (i.e., Material Studio)-process parameter feedback system ensures that the structural parameters of coal raw
materials from different production areas remain within a certain range. The design of a modular mobile doping-activation-pyrolysis
integrated system is expected to enable the continuous conversion of coal raw materials into functional coal-based carbon materials,
thus addressing the impact of conventional batch preparation process on the product performance. These technologies can contribute
to the large-scale production and application of high-performance functional coal-based carbon materials.

Keywords coal; functional coal-based carbon material; electrochemical energy/matter conversion and storage; structural regulation;
structure-activity relationship; clean and efficient utilization of coal



