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Figure 1 (Color online) Schematic illustration of representative C,N, structures with different nitrogen types and their application fields. Light blue
represents graphitic nitrogen, dark blue represents pyridinic nitrogen, and green represents other types of nitrogen
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Figure 2 (Color online) Electronic band properties of C,N, materials. (a) Accurate band structure diagrams of typical two-dimensional CN, materials
(CoN, CN, C3N,, and C3N monolayers) calculated using the HSE06 hybrid functional with the Fermi level set as the zero reference point™’.
(b) Schematic illustration of band structure alignment between pristine g-CsN, and various heteroatom-doped g-C;N, modifications with titanium
dioxide (TiO,)P”, including pristine g-CsNs sulfur-doped g-C3Nj (S-g-C3N,)P?, boron-doped g-CsN, (B-g-C3N)P*, oxygen-doped g-CsN,
(0-g-C3N,)P*, carbon self-doped g-C3N, (C-g-C5N,)*, barbituric acid-functionalized g-C5N, (BA-g-C5N4)P®, and other modified systems showing
their energy level matching relationships. Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

4733



M4 Z b B 2025598 FI0% L27H

TSR TERERE, —4ERAM R
T b B N FH AT P2 CNIE A 500,
A AR B BN R G 2 BT L I L (3K 5.5 %101 )7L TifCON
SEEREAEA R 2048 (Rl W7 L 20 4.6 10707 B liAe
FERGSAET,  CoONARIARAE 1 F- 238 /& 7 FLIE LU AT i 3k
2.1x10°, FWX PR M RHE S0 SRS S B
3 R AU,

2.3 AR

231 BFFHEHF

HL AR AR B T i 22 BB T LR R Y
FERTHL R EE. ZhangZE A\ O i BRISHH R SE T
Li FAIMg” B T —4EC N MR B3R RS AL 7ECON
AR LI X, Lit Mg i T 4 B2 43
“H0.070F10.034 eV, FIHBALAY HRE2. AW, X
BT ARV BRI A ol )2 /U, Lith
Pl 2T R 27,80 eV(IH ) FI15.48 eV(IHIAL),
CoN (18 B ~F A% i v B AR T AL S5 R T 1l 1 — 4
PEGmiE. XA AP, g-CNGHLiTMg R E T
B Al A SR A O, H B il ik
1.86F12.25 eV, W& TCNERIS Xt F Rk A L
CoN 5, H5Li/Na/K#E 15w 45 & 1E H (W M g ik
—3.5~—4.2 eV)FEY W 2T, BAH THLE T
L, (ERTA RN E 4R B PR RS, LT as
Fase pEles,

232 BTEBRERE

THEC N AR B 7R 5 Ak 2 A RN 2 R 2
PIAIE. Xufs AUl S2863E52, 2 ARCN-450F1C;N
7E0.1 CAER TR ] 0 25 573 31135933 2140.1 mAh g7,
{HTE10 Cryfir i 2 SR FEk £2383.31179.5 mAh
g~". Zhang NCELETT R : CON-LifBIg 75 i
(671.7 mAh g Y2 N A SR FHPL(372 mAh g HAYH
¥, ARG T A BI(492000 mAh g7, (HEEET
MoS,(335 mAh g ")®! VS,(466 mAh g "%k
W45(504 mAh g~ ")OI45 — HikA e}

PERUE ST REVEREA BB . Panl VR BE, o-
CsN ARSI T 90,578 7] 3551250 mAh g~ ')
A, WO T2 g-CaNGAYEE SRS SR C/N ] 2322
FTAS ) a-CaNL BAZ AR, 380 A 05 AL BR SRR AL T
HZMNERN S, ST L2791 mAh g ' AYFIE A
. BN, CoN,HLZZ08 4 JE (Li/Na/K) B 5 v] S2 3
11.9Wt%AIAEERE 1Y, CNXFNa/K B F 1A% 4 b

4734

1366 mAh g~', XJCa® B FIIFEAE A B Hik2730
mAh g™,
233 BiHEMmEE

T i o FRAE N F A A BHE RE AU AZ O R b, HEE
BEHESZ IR R B RS S TAESCE. TR,
THEC N MR CoNRY I L LT O AR
MoS, 255 — ikt k), RIR T %0 R AE H R 45
T Ak AR AL 0L,

RR T Fr 5 A TR (25 M A 14 H e R
ZhangZ5 N ChEd FETH A B, CONTEIRE T E &
R (Li/M g i <0.5 mmol g~ )X Li™ 19 IF % i 7]
iK2.8 V, Hig-CsN,-Lifk (2.3 V)IETF21.7%; (H4E T
W TR %22.0 mmol g~ 'R _ERT, g-CsN,-Lif I &
(1.2 V)M T CoN-Li(0.9 V), XA EUE 75 = FE T
B AR A A B AE AN [R] i HOIRZS T A9 1y FH 4t T
PSR

FEBT T F b AR RAGEE T D, FE T C N R A
JB- 70 LA 2SS LI (VLS-RZAB) R I Ak S vk fig: =%
HHEMCE .35V, LS5 AS ritb IS B R (1.65 V)
AR 18.2%, AERRCKETIADT.78%, X FE & TC,N
B CBHLA 25 T Zn/Zn(OH),>~ A B B HL A7 (K13 (a)), CBAE
I GHL FARME B AR Zn(OH)>, &R A S,
CNHLFEYE I & T = A 6 A BB AMEVLS-
RZABAY LT HLAE, MM S8 i RE AR O(&13 (b)),

HA R IFORRFOER M RE M g-C3N, ] LI T
HBILi-O, B ™, &3 (c) /3 B /R T Ah B AL
g-C3N I FHF A B Li-O, H b 19 5 UL 25 44 B FEAR AL
MG R A e R o, SRR R AR AR
(e M IR Li O T BRI A3 (8 FH g-CaNGfE Akl
BILi-OoFE bR, B T HAG3.38 VAT Y KA o B LA
Gh, TECIRAMET, A EiR3.22 v, #id T Li,0,
HIFR )2 R 2.96 V.

BT X C N T B H AR, AS RIS A ARG BT
LGSR 525 5. Zhang® N CHRGHE O CN-
LiJF R R 2.8 V, i Wus A b i AR fRlH5 sk gk
REEEACN 1.5V, R 2= 5 0] GRIE T FFE A (an
GGA 5HSEZ bR 5 R TR I B 1 25 5

KT a-C3N, 52 MR B R S AL AL I F 5% R,
TERE PR B BE(CNL L) B R4 1.8V, 5
Li W B BB 1) 240 X = BE W) B, S VRT3 1T PN R B A7 a5
YL R ZE Ve, BEE L TR, TR R
R R, MRN8 VIR 20.1~0.8 V



(Q) v
D | |
e
: iL OH-
o

_ =
CP L2 \,‘1; h A~
P 3

r/v A - |

o LA e

CN %

BY e

° f\ °

¢ &

‘g”\:
Redox-CMP (:j:’

° /\)

v ( \r} NN
cerpese s

N4

(c)

Separator

Electrolyte

Charge

A

PI isted cl 4‘ (>
hoto-assisted charge
-1.25 ] Zn/Zn(OH)> [ | AV
0.73 —= |
CB e
& =
it E O. =~ 5 ; -~ OH
0.40 : - O,/OH" H OH Z O N o
=
N -
_|w Ol - |
1.26 ¢
VB 0,
: Discharge
N VA
F hul()-.h.\.l:lul charge = ) -
! » v 4
0.54 Redox-CMPRed
: Redox-CMPOx =
5 0 ~ 5 s OH
L e 0,/OH" = o I\ o
I~
. OH
N o,
vs. NHE (V) Discharge
e- 1+ 1 P —_— +
__nt g% Li*/Li CB\ e Llf/Ll
g E i f 5.6.6 W :
- ' Litt i | L !
¢ i . e g 1 \ |
J ey v 1 | i
. 1 .
_':'E 206 L ! 0,/Li,0, \ k. h|+ H /,‘ 0,/Li,0,
1 3 \ y -~
2 vB ¢ I . S ,L.\_7'A
£ /
By
Discharge Charge

Bl 3 (M4 0)C N, Ze i ith R R A2k 5 RN HLEE. (a) CoN/CP(AR)E A ELARAA R T 0 AT 480 o AL B HLAE mT D ek
TITT FE LA AR LI (VLS-RZAB) RIS, BEANE/R T = AR VLS-RZABI S F 56 B Ak 22 TAEDLHI™S. Copyright © 2021, Wiley-
VCH GmbH. (b) FA AL B IEPE AL R B PI(Redox-CMPYZEHHEAE, LUK AT WOGHURALR & )2 < R B (VLS-RPAB) L Bl e L i
FEHLH, 404G = H L VLS-RPAB RZE M 2F (M 1 5587 7R HIN. (c) g-CaNFE A BB 4 Hh il 1) 2R G0 R Bl 258 PR RN g 1451 L A A 2 1y A L)

Figure 3 (Color online) Properties and mechanisms of C,N,-based battery systems. (a) Detailed mechanism of visible-light-driven oxygen evolution
reaction (OER) catalyzed by C,N/CP (carbon paper) composite materials, working principle of visible-light-sensitive rechargeable zinc-air batteries
(VLS-RZAB) under photo-assisted charging mode, and device structure design with electrochemical working mechanism of three-electrode VLS-RZAB
system™®. Copyright © 2021, Wiley-VCH GmbH. (b) Structural schematic of redox-active conjugated microporous polymers (Redox-CMP), working
mechanism of visible-light-sensitive polymer air batteries (VLS-RPAB) during photo-assisted charging process under illumination, and structural
diagram with working principle of three-electrode VLS-RPABM®. (c) Simplified structural schematic and corresponding reaction mechanism of g-

C;Ng-based photo-assisted Li-O, battery[és]
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Two-dimensional carbon nitride (C,N,) materials have emerged as highly promising 2D low-dimensional materials due to
their highly tunable atomic structure and exceptional physicochemical properties. With their diverse structural variants and
rich nitrogen chemical characteristics, these materials offer a unique platform for exploring novel quantum phenomena,
customizing band structures, and achieving multifunctional properties. This review presents an innovative and
comprehensive “structure-performance-application” framework for nitrogen type correlation, systematically revealing
the evolution of C,N, materials from atomic-scale structure to macroscopic properties, and closely linking theoretical and
experimental research. It provides an in-depth discussion of the multifunctional properties of C,N,, materials, including
stability, tunable electronic band structure, electrochemical activity, spectral response, and catalytic performance. Based on
structure-property relationships, the review analyzes their potential applications in energy storage and conversion (e.g.,
lithium-ion batteries, supercapacitors), environmental remediation (e.g., photocatalysis, CO, reduction), electronic
devices, and sensing, while establishing quantitative predictive models for performance and structural parameters. Firstly,
the review introduces the regulation mechanisms of various nitrogen types, such as pyridinic nitrogen, graphitic nitrogen,
and pyrrolic nitrogen, on electronic structure and chemical bonding. Based on the differences in nitrogen atomic
coordination environments, C,N,, materials are briefly classified into four main categories: graphitic nitrogen type,
pyridinic nitrogen type, coexistence of graphitic and pyridinic nitrogen types, and other nitrogen types. The structural
forms composed of different coordination types for each of the four categories of C,N, materials are then discussed in
detail. Next, a systematic summary of the various properties of two-dimensional C,N, materials is provided, along with an
overview of their corresponding applications. In terms of stability, the theoretical foundation of the thermodynamic,
kinetic, chemical, and mechanical stability of C,N, materials is explained through density functional theory calculations
and experimental verification, highlighting the role of nitrogen types in regulating the stability of two-dimensional C,N,
materials. Regarding electronic properties, a comprehensive analysis is presented on the band structure, band gap
characteristics, electrical conductivity, carrier mobility, and charge distribution of two-dimensional C,N, materials. The
structure-property relationships between the C/N ratio and the band gap, as well as between nitrogen types and the band
gap, are summarized. In the domain of electrochemical properties, the review outlines the regulatory mechanisms of
nitrogen type and nitrogen content on the ion diffusion kinetics, theoretical ion capacity, and ion battery voltage of two-
dimensional C,N, materials. For optical properties, the dependence of light absorption and light response in the ultraviolet-
visible-infrared spectral range on composition and structure is systematically discussed. The relationship between optical
properties of two-dimensional C,N,, materials and nitrogen atomic types is also summarized. Specifically, the type and ratio
of nitrogen atoms directly determine the material’s band gap width and optical response range. As nitrogen content and
coordination types vary, the band gap of the material can be adjusted from wide to narrow, and the light absorption range
can extend from the ultraviolet to the visible region. In terms of catalytic properties, the review elaborates on how nitrogen
types, coordination environments, and doping influence the catalytic performance of two-dimensional C,N, materials.
Additionally, other properties and application scenarios of two-dimensional C,N, materials are introduced, including
molecular adsorption and filtration, environmental monitoring and sensing, pollutant degradation, wearable devices, and
biomedical applications. Finally, the challenges and future prospects for the development of two-dimensional C,N,
materials are outlined. Future directions are proposed to address issues such as controllable synthesis, scalable production,
defect regulation mechanisms, theory-experiment synergy, and multi-scale modeling: developing precise synthesis
techniques, constructing multi-scale theoretical models, exploring multi-dimensional optimization strategies, and
advancing engineering applications. Through systematic theoretical analysis and forward-looking perspectives, this
review aims to provide comprehensive scientific guidance for the fundamental research and application development of
C.N, materials, promoting the field’s advancement towards higher performance and industrialization.

two-dimensional carbon nitride, nitrogen doping regulation, structure-activity relationship, energy catalysis,
controlled synthesis
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