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Abstract: Semiconductor photocatalytic materials have become a key factor of photocatalytic technologies to solve
environmental pollution and energy crisis. Among them, graphitic phase carbon nitride (g-C3N,) has shown great
potential for application as an emerging highly efficient catalytic material. However, the unmodified g-C3N, has
disadvantages such as limited visible light response range, less reactive sites and high photogenerated carrier com-
plexation rate, which severely limit its practical applications. Thus, researchers have adopted various strategies,
such as designing and developing heterogeneous structures, defect engineering and morphological modulation to
solve the problems mentioned above. Among them, defect modulation has attracted much attention because it
can effectively modulate the electronic band structure of photocatalytic materials, delay carrier recombination and
increase the surface reactive sites. This paper describes the types of defect modulations, defect modulation
strategies, and finally summarizes the development and application of g-C;N, based photocatalytic materials and

gives an outlook.
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Fig.2 Structural schematic diagram of vacancy defects in g-C3;N,
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VB—Valence band; CB—Conduction band; CNQ500, CNQ600, CNQ650, CNQ680, CNQ700, CNQ720—Modified graphite carbon nitride obtained at
5007, 600°C, 650°C, 680°C, 700°C, 720°C calcination temperatures; «—Light absorption coefficient; hv—Photon energy
I3 (a) A1 S A ALK (CN) F1 680°C MhthA7 s ALk (CNQ68O) HYHPIRAS TR EIAT; (b) Fedftf Y Kubelka-Munk S5)GRER ;
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Fig.3 (a) Schematic band structure of primary graphite carbon nitride (CN) and modified graphite carbon nitride obtained at 680°C (CNQ680);
(b) Converted Kubelka-Munk vs. light energy maps; ((c), (d)) Typical TEM images of CNQ680 and CN™
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Fig.4 (a) Possible doping site for K ions in K(x)-CN; (b) Band gap structures of as-prepared g-C3N, and K(x)-CN; (c) SEM image of g-C3N,;
(d) SEM image of K(0.05)-CN""!
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Top views of the doped layers in Fig. 5(b) and Fig. 5(c), respectively
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6 (a) ik g-CoN, KA 4l g-CoN, K F il Fe #824% g-CoN, K R 7EFDGIRGT T XK 2 F1W] B (RhB) Fff A C AT XS LE 5
(b) FEFHYEHRG T Fe 8% g-CoN, 44K A 7E/K VR Wi RhB A s e AL s MR R 1 B

Fig.6 (a) Comparison of the photocatalytic activities of bulk g-C;N,, pure and Fe-doped g-C;N, nanosheets for the degradation of Rhodamine B (RhB) in

aqueous solution under sunlight irradiation; (b) Schematic diagram of the high photocatalytic activity of Fe-doped g-C3sN, nanosheets for the degradation

of RhB in aqueous solution under sunlight irradiation’
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CoN AL, 38 5 i H,S A4 B8 IR AL B, A%
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5

(b) g-CN (©
4t
ot
~ e .
2z G 3 o K
§ < [ ™
K| £ 2k /
W ¢ 4t
[ X aa A3 .
[ of A-Ay \ \
1+® A A ¥ |
&‘ ‘ﬁ 4 .g-CN
'L' PSN.40  #SN-650
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Wavelength/nm Zno/(10° Q)

Zpo—Real part of impedance; Z;,, —Imaginary part of impedance

87 (a) /R ZH (DBD) ¥ 40 min Hil 4 G B2 B ALY (PSN-40) i SEM [E1%; BEH4 0I5 LA g-C3N, (g-CN), 650°C Hl& ki Ak & 1k
¥ (SN-650) Fil PSN-40 [ 5K G 1 (PL) (b) FHLIk2#BHHLHE (EIS) (c)

Fig. 7 (a) SEM image of sulfur doped carbon nitride (PSN-40) prepared by dielectric isolation layer discharge (DBD) method for 40 min;

Photoluminescence spectroscopy (PL) (b) and electrochemical impedance spectroscopy (EIS) (c) of

as-prepared original g-C;N, (g-CN), sulfur doped carbon nitride prepared at 650°C (SN-650) and PSN-40"¢!
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Table1 Various parameters and applications of carbon nitride modification
Control strategy Type of defect Add E,/eV BET/(m*g") Application Ref.
substances  ® ]
Carbon vacancy (C,) Ar 2.79 160 HER [62]
C, CO, 2.84 147 No oxidization [63]
Nitrogen vacancy (Ny) HNO; 2.78 421.59 HER, pollutant removal  [64]
Pre-pol s . .
re-polymerization adjustment Ny, r1.1trogen anfi NaBH, 271 53.7 HER (65]
cyanide vacancies (—C=N)
Ny NaBH, 2.66 56.05 No removal [66]
Ny H, 2.0 - HER [67]
Ny N, 2.78 67.5 No removal [68]
N N 2.07 65.6 11 wat: litti 69
Polymerization time adjustment v > Overall water splitting (69)
C, Acetone 2.33 153.78 HER [70]
C, - 2.92 75.24 Nitrogen fixation [71]

Notes: BET—Specific surface area; HER—Hydrogen evolution reaction.
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ACN-450, ACN-500, ACN-550—Nitrogen-deficient carbon nitride calcined in NH; at 450°C, 500°C, 550°C for 2 h; CN550—Polymer carbon nitride
obtained at 550°C; SCN500, SCN550, SCN600—N-defective nitride carbons obtained by heating at 500°C, 550°C, and 600°C, respectively

8 (a) ANIFITREE & B BE AL (ACN) KHUIREILR (BCN) RILLAMEITE™,; (b) RAHELHK (CN) Al N B (SCN)
TEREHBREIRIE T (14 B F IR SE AR (EPR) P35

Fig.8 (a) FTIR spectra of nitrogen-deficient carbon nitride (ACN) and bulk carbon nitride (BCN) synthesized at different temperatures'™;

(b) Electron paramagnetic resonance (EPR) spectra for polymer carbon nitride (CN) and N-deficient carbon nitride (SCN)

at different calcination temperatures!

BeAh, R AR B 51 B EE J7 %, a5l
[ (A B A, A R e vk R AR AR T
Z ALY AR o a A R I R SN R A kR
AE A T SR T b4 ) Sk e 1 Ak, A SR ) TR EE
{5 40 Duan 55 " 8F 58 % BLBE % 2 2 B JH 589
HOLR 17 OB W AR, 2 W1 S e ok 32 18
SRINT, AR — kR, B O i (A R Jon 550 78 7
TR 140 20 T 42 T e B e E 5 ) S e

4 g-CyN, TS AL B SEBR AL A
4.1 RELHE
S CN Al LU a] UL SRR A AR K i ids 5

73]

PR, H P AR TR R Tl Y
BOR . XJEH T CN AR WOEWIRRE T AR, i
AT P A7 A L R T AR BN, I B AR AR Y 43
BRI BRI BAR  BFFE R MY, 51 A BB AT L)
AR E CN Gl S R

Zhang 557 3 32 fA] B — 25 SR s T A R T
— R B Y 22 fL B A 1B 1 1Y g-CsN, #4 KL (P-DCN),
X OB RL R o R G VR TR OB (DCDA) Al
NH,CLIR & ¥ 45 2] (0, Ho b 22 L 45 44 A Bk I [9]
51 A F g-CaNy FHEZE o 3X fi P-DCN 7£ 7] AL
o B E W os WY W 9RO A 1k H, M fiE
(20.9 pmol-h™), i & H %I E A DCDA il £ 1Y



- 5748 -

EEMRER

ali g-CoN, A H, & L P-DCN #1 ok £ 88 5
26 15 1Y Hy WAL S BE TG M . eAh, SZ2fABR
LA (P-CN) Flik B & i 11 g-C3N, (DCN) FH H, P-
DCN 73 5l 7R T 2.0 ff% A1 1.8 fi5 B9 HER I& # . X
ot S8 3 1 o G A Ak M RE 2 h T P-DCN HAF R
BRI, SN T Ak R 5 B W = ) ) 4
fb T AR, PRI TR 2 RN TS M . Hk, P-
DCN # A G Ot s fe )y, L Ree A
RO R] DL RE R . e, P-DCN 3R o3
[ L Aar 43 B B4R, A B T B - O 2 A
FRE, WA 3G 5 e A AL 6 P . X I T AR 51 A
L fL G5 A0 R A B A, Bl eIk MR A PERE
Shy T 5 S A 5 R R 85 9 T 25 450 4 11E TT AT A At ke
VES

T34, Guo 45U i i u R B A R O 2L,
T AT 8 T Al B K R B = R U - — R
- HIT R A A A RS 15 3 B A ok S5 4 A S il
J& g-CsN, (P-TCN)., Bf J5 i 3 8% i 51 A 5 20 B
A, AR, IR A f s O Y
2, DTSRGS S H AT 2R 1Y 43 B T RS, 4R
w7 AR . MRS R LB, P-TCN Y
S Y B A A 67 pmol-h™, 2 g Btk A 1k
GCN (9 umol-h )iy 7 £% .
4.2 BRBEISED

UTAESK, % FHEH B(RhB) 1 A ER 4L 5 /K v (i it
RV BTG e £ 2 T, il A H g-CaNy 1B
TR E=AHE G MR, CEBUS T B3N LR
R, i SR CN MR, SR, RAEEL
197 — WY BB, (AT A AE — S8 Bk SRR R i
B, B RIS 5 1) A6 T S 4R 2 R i 8
oM R S G B AR PERE, DAt — iR R
FHE B ) L BRACE, JF BB FREAILIE R
PERECE M . Bt 5L S BRE  ik Z R D A
fbad B b s SR s Y ) R Be o @i g
ARG, CN BG4 B 42 T, (i H AR g
A A0 A A T G o K R R B 3 5 1Y CN A
REAS A AR T 2 1 A 20 T TR i FL A B R A
T T3 775 G ) 1) % e o A

Di &7 oy Hb il £ T A R C BLE A B
Z L CN MR, 3k Bl 2 FL O 45 4 T ok
CN B R b R m AL, DI 46 48 17 200 7 IS &
FIRW LR, A, SIANE CHHERE
BE A PO A L, PR T R S XY A B R R

ROR ., H5EIG CN M, Zad BepaektEr N B
HOE B e KA, SR TG AR A R Ak RE
71, X RhB WJREMRIEE T 25.7 £,

Fang % ™ 3 12 7K #VB b i o il ¢ 7 HA
AL R 2 Y S 45 IR g-CoNy (TCN). 7 R A
5 R v 2SR 5 R A I RV R R T R AR R
PRE, MHA% I HER 10K ik %] 235.68 pmol-g -h™',
P F IR 4 CN A TCN. [RIB, 48 H T G4 b % i
PR (CTC) Iy Rl RE S M ML, - J@ 7 T XF CTC
HIE S CILREfRE ST, XTI E HA EEE L,
4.3 FENARAHE

FHXF T % G0 1 4 s B AL W AR R, B B M R
(CN) & — Bk 4 J@ v] W' ma i 1) B % NO, i
AR Z 8 Tz, /W, T CNXYTH
i ) (O, F1 NO) 14 0 B A% Ak e 1 A R, 7]
WOERI A AL, mFaNEaEER S, KW
TG ¥ A 5% 25 bR NOLS 5] A Bl g 45 48 ] DLAR
U b g e 1 3R [l B, fiff NO BB 48 8% 58 4 S Ak ol
HNO;, MM SEHA 807 NO, £B% -

Wang % SR H AL 24 5 i R A R T — &R
HI N Z3 7 o B ] i) BT ZALREZS F9 1Y g-CaN,, T
B, BRI g-CoN, 2% I N-25 (LA hy )2 0 ) 1 T
B IS A6 FOE S 5l A 2R 0 R e A A, TR IR 3 5
g-C3N, MG BE 71 . sl R A MBI A T
O, F1 NO 43 FF b1 A6k 2 17 1) W B £, 1 L 34 S 30
T X R T AR B IE AR VE T, BE fb T Al 5
&9 (—NO,), TECHAERTT, MR A ) ™
Yy 4k O FITHY & AL NOS o 5 50 3 25 5 5 R 4y
CN AL, Bk fY CN GRS 2 B B 9 NO 25
AW B H R, liem T 1.8 f5H1 2.6 5.

MEYEUL, ET A NSRRI A, i
PEIY g-CaNy MR LA AL TE M R B T B 2
R SRR, L HIE X F NO, 1Y R fff ) Ry o 3X 30
2 A e G A R BT H B AL T R AT A SR
N 5 5 0 EC Al 5 4 19 B R) A FH t — A TT DL AR
CN OGHEE X NO Ay BR, Cao %5 a2y iy 78 ik A
OB (CN) gl AT AU BE B R AR BRI, FE 4R
15 CN A Ak v G SEAE A, Y NaBH, %
i J) ¥ Ji 3% %) 1.32 mol/L i 35 30 % 5 19 NO £
PR, K5 44.1%, X FE R A UE T CN
ghk, WO K R A, RS AU
9 T2 6 2 A 1 i ARC IR B, st A PR R AR . 3
TR E A R, ZERE B PR ELE R Gk



FE T A A0 AR AR A RRIE AL A e 9845 SR R O AL M BEAE 5 R - 5749 -

4 B0 1% 6 16 1 R AL Bk (PCN) A5 25 <75 Y 14 37 T
SRS NI Ip=
4.4 REHNAEES

KPFAEZ ORI A Y, e . 4 .
ol . ARSI A ERE P RE S| K™ K AL R
W, ANEENL . IR . NZIRTE M L G B
i A SR A MBUR R =, . RIR .
RS, WHFELHEER L, EX M,
eAEAL A R B AL B (2-CoN,) 3T 4F 3K B UE WA 76 7Kk
HRXT A 0 A0 TR AT TR R A AR o

SR, PR T A RS T CN Ok
WAL A st . AP R B, R A LA FE
M CN S IE HL fap, DT AT ) 4 4K Y £ Fi A
KA IR . IAh, A% AL A7 AE AT LARE R CN
A A7 B, 390 CN AY AT D ' W i 9 R I ik 2D
HLF RS SO & A o Lin 45 gl oy il 46 17 /B G
ZfL CN B9k -, ZHLRZ MBI CN 94k
Fr B SO IR WCRE ) R R 2, S SO T AR
B ;. T UG, MR TR
A, A HA R AR ) IS TR B
XL U IR AN, SRR A AL T
TERT UG R AR B R k4l CN Y 4.4 £% . A FE Xu
ST B T BT A3 S R R LB 1 T A
K £ £l g-C3N, (TPCN), TPCN H A5 — 4 1 23 5 1
MR A& R 200, BT b2 1w BRI 2 88 1%
PEOL S, PR T ZEOG RGBS E A, IR
T M A R B L AR RS . U B 1 5] A S
TOEM ORI F 254, {2 T TPCN [ H i #% 7%
M B 22 134 B2 13 ) Bt (40 bl @03 ) 7E K & i P
B, HASKM AR, WA RO KA
g, Rk, TPCN B H = R A mT W e i ik
THEEREME o SRR 2 A5 A BT H A A7 Bk B TR AH
SEL T R 4% LT g-CaNy 1978 RO 4 Ak 77 42
BT B L

5 ZitERE

A1 BB AR (g8-C3N,) & — Bl B AT Rk 45 44
R ARG AL R, SEAESRAR R T Tz N,
W NO, KBk . CO, M5 . N, Sl a2 . A LI A1
H, Hil 455 77 . R0, JRIR Y g-CaN, fE7E L it F
S SRR I R i PR A G ) A, S BB R TS
PERFRAE . BRRE TR — MR R SN, a] DLl
TV g-CaN, 0 FL 1 45 ) Jo ke 2 o8 O i i
FE DRI 3 B AR, R AR e OIS

AL T BB g-CaNy 78 A 1k U ) foe B
Wb, MNZA7 . Caf LIt R B ARH
R P 2R RIS IR, A28 T g-CoNy BRFA 51 A
FEWE , BLHETE A I 2 1R R ARG B 4
N AR R A B MR SN AR, BRI
Jof B[] 0 B2 0 0 L 461 S 454, 2SRk B 5 I CN
o, AN EEEIAAL B K AR P R A A B R AR
W JE AT, [ AT ke s R R B I AT S A
IX S Gl B T B SEOC IO | R LA R RS L B K
o 1A am LA A AR SR RE T . A5 Al H AT AR
ROCHEFHR AR, RFBRATE, JFAIER
TR SRR AR OGO B PR B S Y O, I,
AR SR, SRS RBCRME G,
WA FIFefife . Bk, g-CoN, iy B fg T 72
HT 0z 0 0 TS A 52 R, SR TMTTE g-CaN, ik
B 4 1) R R AR v, T s LR JLAS O I
HIAFF 5T

(1) B B pR S RS, FERDR SIS T, W
A AR G B LRIV B, R R AR S R TR S
e, Ptk T REAT AR . BN, BIAES B EG
SRECRBRAERE, XEWE T (CB) TR, #iral
(VB) bF-, Miisiss 7 pkk e Skl Jife 77 .
W, A A TR 5 TR S ' R LRI K Y 4 Ak
SZYVR i N el 1211 3 N T S s A 0 o7 1 DS
P BT bt Ho 25 o7 B B 1T RE A R Bk i, T B HEAT
HHR T

(2) BARB AR MG AT LL4 /N g-CoN, (25
WL, TGOS R DA TRl B B UK,
SO WO DI T R AR . R, R LA
T K B B A 18 4 00 2 R824 07 1K fif e ax
A ]

(3) g-CN, 4ok r B R LRI . Hiok
FA) FEL - 25 O B A% B ) R B s B I 0 B AR
Wik, effaE Zn s, TRAAHITER
BARE ARG LA, YK A R
iR UK L UK MUK B F R EIEA
XA R MR BT ARG AR RE

5% 3k

[1] ONGWJ, TANLL, NG Y H, et al. Graphitic carbon nitride
(g-C3N,)-based photocatalysts for artificial photosynthesis
and environmental remediation: Are we a step closer to
achieving sustainability?[J]. Chemical Reviews, 2016,

116(12): 7159-7329


https://doi.org/10.1021/acs.chemrev.6b00075

- 5750 -

EEMRER

[10]

[11]

[12]

[13]

[14]

MAY, WANG X, JIA Y, et al. Titanium dioxide-based nano-
materials for photocatalytic fuel generations[J]. Chemical
Reviews, 2014, 114(19): 9987-10043.

CHEN X, SHEN S, GUO L, et al. Semiconductor-based
photocatalytic hydrogen generation[J]. Chemical Reviews,
2010, 110(11): 6503-6570.

YAN S C,LIZ S, ZOU Z G. Photodegradation performance
of g-C3N, fabricated by directly heating melamine[J].
Langmuir: The ACS Journal of Surfaces and Colloids, 2009,
25(17): 10397-10401.

ZHANG X, XIE X, WANG H, et al. Enhanced photo-
responsive ultrathin graphitic-phase C3;N, nanosheets for
bioimaging[J]. Journal of the American Chemical Society,
2013, 135(1): 18-21.

DONG F, ZHAO Z, XIONG T, et al. In situ construction of
g-C3N,/g-C3N, metal-free heterojunction for enhanced
visible-light photocatalysis[J]. ACS Applied Materials &
Interfaces, 2013, 5(21): 11392-11401.

Wk, XUE, FBEEZ, 55, M2 T g-CaN, fEOGAEAL Sy
ot 7], #EHT4R, 2024, 3(1): 1-20.

XU Yang, LIU Chengbao, ZHENG Leizhi, et al. Research
progress of high crystallinity g-C3N, in photocatalysis[J].
Materials Reports, 2024, 3(1): 1-20(in Chinese).

WANG Y, CHEN J, LIU L, et al. Novel metal doped carbon
quantum dots/CdS composites for efficient photocatalytic
hydrogen evolution[J]. Nanoscale, 2019, 11(4): 1618-1625.
TAY Q, WANG X, ZHAO X, et al. Enhanced visible light
hydrogen production via a multiple heterojunction struc-
ture with defect-engineered g-C3N, and two-phase
anatase/brookite TiO,[J]. Journal of Catalysis, 2016, 342:
55-62.

FU J, MO Z, CHEN H, et al. Three coordinate nitrogen (Nj,.)
vacancies from in-situ hydrogen bond breaking over
polymeric carbon nitride for efficient photocatalysis[J].
Journal of Environmental Chemical Engineering, 2023,
11(2): 109495.

YE X, CHEN Y, YANG N, et al . WC,_,-coupled 3D porous
defective g-C;N, for efficient photocatalytic overall water
splitting [J]. Solar RRL, 2019, 3 (5): 1800341.

WANG K, FU J, ZHENG Y. Insights into photocatalytic
CO, reduction on C3N,: Strategy of simultaneous B, K
co-doping and enhancement by N vacancies[J]. Applied
Catalysis B: Environmental, 2019, 254: 270-282.

WANG X, MAEDA K, THOMAS A, et al. A metal-free poly-
meric photocatalyst for hydrogen production from water
under visible light[J]. Nature Materials, 2009, 8(1): 76-80.
YU H, SHI R, ZHAO Y, et al. Alkali-assisted synthesis of
nitrogen deficient graphitic carbon nitride with tunable

band structures for efficient visible-light-driven hydrogen

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

evolution[J]. Advanced Materials, 2017, 29(16): 1605148.
YANG P, ZHU Z H, WANG R, et al. Carbon vacancies in a
melon polymeric matrix

promote photocatalytic

carbon dioxide conversion[J]. Angewandte Chemie
(International Edition in English), 2019, 58(4): 1134-1137.
LI F, YUE X, ZHANG D, et al. Targeted regulation of ex-
citon dissociation in graphitic carbon nitride by vacancy
modification for efficient photocatalytic CO, reduction[]J].
Applied Catalysis B: Environmental, 2021, 292: 120179.
SHAO W, WANG L, WANG H, et al. Efficient exciton dissoci-
ation in heterojunction interfaces realizing enhanced
photoresponsive performance[J]. The Journal of Physical
Chemistry Letters, 2019, 10(11): 2904-2910.

LIU Y, XIAO C, LI Z, et al. Vacancy engineering for tuning
electron and phonon structures of two-dimensional mater-
ials[J]. Advanced Energy Materials, 2016, 6(23): 1600436.
NIU P, QIAO M, LI1Y, et al. Distinctive defects engineering
in graphitic carbon nitride for greatly extended visible light
photocatalytic hydrogen evolution[J]. Nano Energy, 2018,
44:73-81.

IGLESIAS D, GIULIANI A, MELCHIONNA M, et al. N-
doped graphitized carbon nanohorns as a forefront elec-
trocatalyst in highly selective O, reduction to H,0,[J].
Chem, 2018, 4(1): 106-123.

LIN F, WANG T, REN Z, et al. Central nitrogen vacancies in
polymeric carbon nitride for boosted photocatalytic H,0,
production[J]. Journal of Colloid and Interface Science,
2023, 636: 223-229.

XIE Y, LI Y, HUANG Z, et al. Two types of cooperative
nitrogen vacancies in polymeric carbon nitride for
efficient solar-driven H,0, evolution[J]. Applied Catalysis
B: Environmental, 2020, 265: 118581.

DONG G, JACOBSD L, ZANG L, et al. Carbon vacancy regu-
lated photoreduction of NO to N, over ultrathin g-C3N,
nanosheets[J]. Applied Catalysis B: Environmental, 2017,
218:515-524.

LIU M, ZHANG D, HAN ]J, et al. Adsorption enhanced
photocatalytic degradation sulfadiazine antibiotic using
porous carbon nitride nanosheets with carbon
vacancies[J]. Chemical Engineering Journal, 2020, 382:
123017.

LIANG Q, LI Z, HUANG Z H, et al. Hydrogen evolution:
Holey graphitic carbon nitride nanosheets with carbon
vacancies for highly improved photocatalytic hydrogen
production[J]. Advanced Functional Materials, 2015,
25(44): 6952.

WANG J, HUANG J, XIE H, et al. Synthesis of g-C3N,/TiO,

with enhanced photocatalytic activity for H, evolution by

a simple method[J]. International Journal of Hydrogen


https://doi.org/10.1021/cr500008u
https://doi.org/10.1021/cr500008u
https://doi.org/10.1021/cr1001645
https://doi.org/10.1021/ja308249k
https://doi.org/10.1039/C8NR05807E
https://doi.org/10.1016/j.jcat.2016.07.007
https://doi.org/10.1016/j.jece.2023.109495
https://doi.org/10.1016/j.apcatb.2019.05.002
https://doi.org/10.1016/j.apcatb.2019.05.002
https://doi.org/10.1038/nmat2317
https://doi.org/10.1002/adma.201605148
https://doi.org/10.1002/anie.201810648
https://doi.org/10.1002/anie.201810648
https://doi.org/10.1002/anie.201810648
https://doi.org/10.1002/anie.201810648
https://doi.org/10.1016/j.apcatb.2021.120179
https://doi.org/10.1021/acs.jpclett.9b01020
https://doi.org/10.1021/acs.jpclett.9b01020
https://doi.org/10.1002/aenm.201600436
https://doi.org/10.1016/j.nanoen.2017.11.059
https://doi.org/10.1016/j.chempr.2017.10.013
https://doi.org/10.1016/j.jcis.2023.01.036
https://doi.org/10.1016/j.apcatb.2019.118581
https://doi.org/10.1016/j.apcatb.2019.118581
https://doi.org/10.1016/j.apcatb.2017.07.010
https://doi.org/10.1016/j.cej.2019.123017
https://doi.org/10.1002/adfm.201570285
https://doi.org/10.1016/j.ijhydene.2014.02.020

BT,

.

A7 2R A A RR TR B R R 5 381 7 SR i K Ol A A BEAVE 5 e

- 5751 -

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Energy, 2014, 39(12): 6354-6363.

ZHENG Y, LIN L, WANG B, et al. Graphitic carbon nitride
polymers toward sustainable photoredox catalysis[J].
Angewandte Chemie International Edition, 2015, 54(44):
12868-12884.

XU J, BRENNER T, CHEN Z, et al. Upconversion-agent in-
duced improvement of g-C3N, photocatalyst under visible
light[J]. ACS Applied Materials & Interfaces, 2014, 6(19):
16481-16486.

ZHANG M, BAI X, LIU D, et al. Enhanced catalytic activity
of potassium-doped graphitic carbon nitride induced by
lower valence position[J]. Applied Catalysis B: Environ-
mental, 2015, 164: 77-81.

HU S, LI F, FAN Z, et al. Band gap-tunable potassium
doped graphitic carbon nitride with enhanced mineraliza-
tion ability[J]. Dalton Transactions, 2015, 44(3): 1084-
1092.

XIONG T, CEN W, ZHANG Y, et al. Bridging the g-C3N,
interlayers for enhanced photocatalysis[J]. ACS Catalysis,
2016, 6(4): 2462-2472.

WANG N, WANG J, HU J, et al. Design of palladium-doped
g-C3N, for enhanced photocatalytic activity toward hydro-
gen evolution reaction[J]. ACS Applied Energy Materials,
2018, 1(6): 2866-2873.

TONDA S, KUMAR S, KANDULA S, et al. Fe-doped
and -mediated graphitic carbon nitride nanosheets for
enhanced photocatalytic performance under natural sun-
light[J]. Journal of Materials Chemistry A, 2014, 2(19):
6772-6780.

ZHANG Y, MORI T, YE J, et al. Phosphorus-doped carbon
nitride solid: Enhanced electrical conductivity and photo-
current generation[J]. Journal of the American Chemical
Society, 2010, 132(18): 6294-6295.

ZHANG L, CHEN X, GUAN ]J, et al. Facile synthesis of
phosphorus doped graphitic carbon nitride polymers with
enhanced visible-light photocatalytic activity[J]. Materi-
als Research Bulletin, 2013, 48(9): 3485-3491.

HU S, MA L, YOU J, et al. A simple and efficient method to
prepare a phosphorus modified g-C3;N, visible light
photocatalyst[J]. RSC Advances, 2014, 4(41): 21657-21663.
LIU G, NIU P, SUN C, et al. Unique electronic structure
induced high photoreactivity of sulfur-doped graphitic
C3N,[J]. Journal of the American Chemical Society, 2010,
132(33): 11642-11648.

MA L, HU S, LI P, et al. In situ synthesis of sulfur doped
carbon nitride with enhanced photocatalytic performance
using DBD plasma treatment under H,S atmosphere[J].
Journal of Physics and Chemistry of Solids, 2018, 118: 166-
171.

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

(50]

FAN Q, LIU J, YU Y, et al. A simple fabrication for sulfur
doped graphitic carbon nitride porous rods with excellent
photocatalytic activity degrading RhB dye[J]. Applied
Surface Science, 2017, 391: 360-368.

ROOSE B, PATHAK S, STEINER U. Doping of TiO, for
sensitized solar cells[J]. Chemical Society Reviews, 2015,
44(22): 8326-8349.

NASIR M, BAGWASI S, JIAO Y, et al. Characterization and
activity of the Ce and N co-doped TiO, prepared through
hydrothermal method[J]. Chemical Engineering Journal,
2014, 236: 388-397.

SHEN X Z, LIU Z C, XIE S M, et al. Degradation of nitroben-
zene using titania photocatalyst co-doped with nitrogen
and cerium under visible light illumination[J]. Journal of
Hazardous Materials, 2009, 162(2): 1193-1198.

HU S, MA L, YOU J, et al. Enhanced visible light photo-
catalytic performance of g-C;N, photocatalysts co-doped
with iron and phosphorus[J]. Applied Surface Science,
2014, 311:164-171.

ZHANG S, L1 J, ZENG M, et al. Bandgap engineering and
mechanism study of nonmetal and metal ion codoped
carbon nitride: C+Fe as an example[J]. Chemistry-A
European Journal, 2014, 20(31): 9805-9812.

HU S, MA L, XIEY, et al. Hydrothermal synthesis of oxygen
functionalized S-P codoped g-C3;N, nanorods with out-
standing visible light activity under anoxic conditions[J].
Dalton Transactions, 2015, 44(48): 20889-20897.

MA H, ZHAO S, LI S, et al. A facile approach to synthesiz-
ing S-Co-0O tridoped g-C3;N, with enhanced oxygen-free
photocatalytic performance via a hydrothermal post-treat-
ment[J]. RSC Advances, 2015, 5(97): 79585-79592.

DI J, JIE X X, LI X, et al. Constructing confined surface
carbon defects in ultrathin graphitic carbon nitride for
photocatalytic free radical manipulation[J]. Carbon, 2016,
107: 1-10.

YANG X, YANG H, HO W, et al. Promoting the photo-
catalytic NO oxidation activity of hierarchical porous
g-C3N, by introduction of nitrogen vacancies and charge
channels [J]. Applied Catalysis B: Environmental, 2024,
344:123604.

LIAOJ, CUIW, LIJ, et al. Nitrogen defect structure and NO*
intermediate promoted photocatalytic NO removal on H,
treated g-C3N,4[J]. Chemical Engineering Journal, 2020,
379:122282.

ZHAO D, DONG C L, WANG B, et al. Synergy of dopants
and defects in graphitic carbon nitride with exceptionally
modulated band structures for efficient photocatalytic
oxygen evolution[J]. Advanced Materials, 2019, 31(43):
1903545.


https://doi.org/10.1016/j.ijhydene.2014.02.020
https://doi.org/10.1002/anie.201501788
https://doi.org/10.1016/j.apcatb.2014.09.020
https://doi.org/10.1016/j.apcatb.2014.09.020
https://doi.org/10.1016/j.apcatb.2014.09.020
https://doi.org/10.1039/C4DT02658F
https://doi.org/10.1021/acscatal.5b02922
https://doi.org/10.1021/acsaem.8b00526
https://doi.org/10.1039/c3ta15358d
https://doi.org/10.1021/ja101749y
https://doi.org/10.1021/ja101749y
https://doi.org/10.1016/j.materresbull.2013.05.040
https://doi.org/10.1016/j.materresbull.2013.05.040
https://doi.org/10.1039/C4RA02284J
https://doi.org/10.1021/ja103798k
https://doi.org/10.1016/j.jpcs.2018.03.017
https://doi.org/10.1016/j.apsusc.2016.04.055
https://doi.org/10.1016/j.apsusc.2016.04.055
https://doi.org/10.1039/C5CS00352K
https://doi.org/10.1016/j.cej.2013.09.095
https://doi.org/10.1016/j.apsusc.2014.05.036
https://doi.org/10.1002/chem.201400060
https://doi.org/10.1002/chem.201400060
https://doi.org/10.1002/chem.201400060
https://doi.org/10.1002/chem.201400060
https://doi.org/10.1039/C5DT04035C
https://doi.org/10.1039/C5RA14081A
https://doi.org/10.1016/j.cej.2019.122282
https://doi.org/10.1002/adma.201903545

EEMRER

- 5752 -

[51] GU Z, CUI Z, WANG Z, et al. Carbon vacancies and [62] GHOLIPOUR M R, BELAND F, DOTOJAS C, et al. Post-
hydroxyls in graphitic carbon nitride: Promoted photo- calcined carbon nitride nanosheets as an efficient
catalytic NO removal activity and mechanism[]J]. Applied photocatalyst for hydrogen production under visible light
Catalysis B: Environmental, 2020, 279: 119376. irradiation[J]. ACS Sustainable Chemistry & Engineering,

[52] LIUG, ZHAO G, ZHOU W, et al. In situ bond modulation of 2017, 5: 213-220.
graphitic carbon nitride to construct p-n homojunctions [63] LI Y, HO W, LYU K, et al. Carbon vacancy-induced
for enhanced photocatalytic hydrogen production[]]. enhancement of the visible light-driven photocatalytic
Advanced Functional Materials, 2016, 26(37): 6822-6829. oxidation of NO over g-C3N, nanosheets[J]. Applied Sur-

[53] TIANJ, WANG D, LI S, et al. KOH-assisted band engineer- face Science, 2018, 430: 380-389.
ing of polymeric carbon nitride for visible light photo- [64] CHEH, LIU L, CHE G, et al. Control of energy band, layer
catalytic oxygen reduction to hydrogen peroxide[J]. ACS structure and vacancy defect of graphitic carbon nitride by
Sustainable Chemistry & Engineering, 2020, 8(1): 594-603. intercalated hydrogen bond effect of NO3;™ toward improv-

[54] LINW, LUK, ZHOU S, et al. Defects remodeling of g-C3N, ing photocatalytic performance[J]. Chemical Engineering
nanosheets by fluorine-containing solvothermal treat- Journal, 2019, 357: 209-219.
ment to enhance their photocatalytic activities[]]. [65] WENY, QUD, AN L, et al. Defective g-C;N, prepared by the
Applied Surface Science, 2019, 474: 194-202. NaBH, reduction for high-performance H, production[]J].

[55] NIU P, LIU G, CHENG H M. Nitrogen vacancy-promoted ACS Sustainable Chemistry & Engineering, 2019, 7(2):
photocatalytic activity of graphitic carbon nitride[J]. The 2343-2349.

Journal of Physical Chemistry C, 2012, 116(20): 11013- [66] CAO J, ZHANG J, DONG X A, et al. Defective borate-
11018. decorated polymer carbon nitride: Enhanced photo-

[56] KANG Y, YANG Y, YIN L C, et al. An amorphous carbon catalytic NO removal, synergy effect and reaction path-
nitride photocatalyst with greatly extended visible-light- way[J]. Applied Catalysis B: Environmental, 2019, 249:
responsive  range for  photocatalytic =~ hydrogen 266-274.
generation[J]. Advanced Materials, 2015, 27(31): 4572- [67] TAY Q, KANHERE P, NG C F, et al. Defect engineered
4577. g-C3N, for efficient visible light photocatalytic hydrogen

[57] HAN Q, CHENG Z, WANG B, et al. Significant enhance- production[J]. Chemistry of Materials, 2015, 27(14): 4930-
ment of visible-light-driven hydrogen evolution by struc- 4933.
ture regulation of carbon nitrides[J]. ACS Nano, 2018, [68] WANG Z, HUANG Y, CHEN M, et al. Roles of N-vacancies
12(6): 5221-5227. over porous g-CsN, microtubes during photocatalytic NO,

[58] DENGY, ZHOU Z, ZENG H, et al. Phosphorus and kalium removal[J]. ACS Applied Materials & Interfaces, 2019,
co-doped g-C3;N, with multiple-locus synergies to degrade 11(11): 10651-10662.
atrazine: Insights into the depth analysis of the generation [69] ZENG Y, LI H, LUO J, et al. Sea-urchin-structure g-C3N,
and role of singlet oxygen[J]. Applied Catalysis B: Environ- with narrow bandgap (~2.0 eV) for efficient overall water
mental, 2023, 320: 121942. splitting under visible light irradiation[J]. Applied

[59] CHEN Z, CHEN W, LIAO G, et al. Flexible construct of N Catalysis B: Environmental, 2019, 249: 275-281.
vacancies and hydrophobic sites on g-C;N, by F doping [70] JIANG L, LI J, WANG K, et al. Low boiling point solvent
and their contribution to PFOA degradation in photo- mediated strategy to synthesize functionalized monolayer
catalytic ozonation[J]. Journal of Hazardous Materials, carbon nitride for superior photocatalytic hydrogen evolu-
2022, 428: 128222. tion[J]. Applied Catalysis B: Environmental, 2020, 260:

[60] CUI Y, ZHANG G, LIN Z, et al. Condensed and low- 118181.
defected graphitic carbon nitride with enhanced [71] CAO S, FAN B, FENG Y, et al. Sulfur-doped g-C;N,
photocatalytic hydrogen evolution under visible light nanosheets with carbon vacancies: General synthesis and
irradiation[J]. Applied Catalysis B: Environmental, 2016, improved activity for simulated solar-light photocatalytic
181: 413-419. nitrogen fixation[J]. Chemical Engineering Journal, 2018,

[61] TU W, XU Y, WANG J, et al. Investigating the role of tun- 353: 147-156.
able nitrogen vacancies in graphitic carbon nitride [72] MENG F, TIAN W, TIAN Z, et al. Enhanced photocatalytic

nanosheets for efficient visible-light-driven H, evolution
and CO, reduction[J]. ACS Sustainable Chemistry & Engi-
neering, 2017, 5(8): 7260-7268.

organic pollutant degradation and H, evolution reaction
over carbon nitride nanosheets: N defects abundant

materials[J]. Science of the Total Environment, 2022, 851:


https://doi.org/10.1016/j.apcatb.2020.119376
https://doi.org/10.1016/j.apcatb.2020.119376
https://doi.org/10.1002/adfm.201602779
https://doi.org/10.1016/j.apsusc.2018.03.140
https://doi.org/10.1021/jp301026y
https://doi.org/10.1021/jp301026y
https://doi.org/10.1002/adma.201501939
https://doi.org/10.1021/acsnano.7b08100
https://doi.org/10.1016/j.apcatb.2022.121942
https://doi.org/10.1016/j.apcatb.2022.121942
https://doi.org/10.1016/j.apcatb.2022.121942
https://doi.org/10.1016/j.jhazmat.2022.128222
https://doi.org/10.1016/j.apcatb.2015.08.018
https://doi.org/10.1016/j.apsusc.2017.06.054
https://doi.org/10.1016/j.apsusc.2017.06.054
https://doi.org/10.1016/j.apsusc.2017.06.054
https://doi.org/10.1016/j.cej.2018.09.112
https://doi.org/10.1016/j.cej.2018.09.112
https://doi.org/10.1016/j.apcatb.2019.03.012
https://doi.org/10.1021/acs.chemmater.5b02344
https://doi.org/10.1016/j.apcatb.2019.03.010
https://doi.org/10.1016/j.apcatb.2019.03.010
https://doi.org/10.1016/j.apcatb.2019.118181
https://doi.org/10.1016/j.cej.2018.07.116
https://doi.org/10.1016/j.scitotenv.2022.158360

BT,

.

A7 2R A A RR TR B R R 5 381 7 SR i K Ol A A BEAVE 5 e

- 5753 -

[73]

[74]

[75]

[76]

[77]

(78]

158360.

BAIX, LI M, LI J, et al. Chemical cutting of network nodes
in polymeric carbon nitride for enhanced visible-light
photocatalytic hydrogen generation[J]. ACS Applied Nano
Materials, 2022, 5(1): 691-701.

DUAN Y, WANG Y, GAN L, et al. Amorphous carbon
nitride with three coordinate nitrogen (N3:) vacancies for
exceptional NO, abatement in visible light[J]. Advanced
Energy Materials, 2021, 11(19): 2004001.

ZHANG D, GUO Y, ZHAO Z. Porous defect-modified
graphitic carbon nitride via a facile one-step approach
with significantly enhanced photocatalytic hydrogen
evolution under visible light irradiation[J]. Applied Cata-
lysis B: Environmental, 2018, 226: 1-9.

GUO S, DENG Z, LI M, et al. Phosphorus-doped carbon
nitride tubes with a layered micro-nanostructure for
enhanced visible-light photocatalytic hydrogen
evolution[J]. Angewandte Chemie International Edition,
2016, 55(5): 1830-1834.

W3k, XELE, B, 4. Ce0,/BiOl/g-C3N, =Hi & A kK
F il 4 B2 T WOGAEAL RS A% RhB PERERISY (7], #EFT4R, 2023,
37(3): 136-142.

CAO Yida, LIU Chengbao, CHEN Feng, et al. Preparation of
Ce0,/BiOl/g-C3N, composite and its photocatalytic de-
gradation property for RhB under visible light[J]. Materi-
als Reports, 2023, 37(3): 136-142(in Chinese).

FIo®y, X E, £9%. %. CuS/CQDs/g-C3N, & & #M B
BB FOCRACERERTTE (1], BOEHI, 2024, 3(1): 1-15.

YU Qiaoling, LIU Chengbao, JIN Tao, et al. Synthesis and
photocatalytic properties of CuS/CQDs/g-C3N,[J]. Materi-
als Reports, 2024, 3(1): 1-15(in Chinese).

[79]

[80]

[81]

[82]

(83]

(84]

(85]

FANG H X, GUO H, NIU C G, et al. Hollow tubular graphit-
ic carbon nitride catalyst with adjustable nitrogen vacancy:
Enhanced optical absorption and carrier separation for
improving photocatalytic activity[J]. Chemical Engineer-
ing Journal, 2020, 402: 126185.

ZHU J, CARABINEIRO S A C, SHAN D, et al. Oxygen activa-
tion sites in gold and iron catalysts supported on carbon
nitride and activated carbon[J]. Journal of Catalysis, 2010,
274(2): 207-214.

HONG Z, SHEN B, CHEN Y, et al. Enhancement of pho-
tocatalytic H, evolution over nitrogen-deficient graphitic
carbon nitride [J]. Journal of Materials Chemistry A, 2013,
1(38): 11754-11761.

XU J, WANG Z, ZHU Y. Enhanced visible-light-driven pho-
tocatalytic disinfection performance and organic pollutant
degradation activity of porous g-C;N, nanosheets[J]. ACS
Applied Materials & Interfaces, 2017, 9(33): 27727-27735.
LIU H, MA S, SHAO L, et al. Defective engineering in
graphitic carbon nitride nanosheet for efficient photo-
catalytic pathogenic bacteria disinfection[J]. Applied
Catalysis B: Environmental, 2020, 261: 118201.

ZHAO H, YU H, QUAN X, et al. Fabrication of atomic single
layer graphitic-C3N, and its high performance of photo-
catalytic disinfection under visible light irradiation[J].
Applied Catalysis B: Environmental, 2014, 152-153: 46-50.
XU J, WANG Z, ZHU Y. Highly efficient visible photocatalyt-
ic disinfection and degradation performances of micro-
tubular nanoporous g-C3;N, via hierarchical construction
and defects engineering[J]. Journal of Materials Science &

Technology, 2020, 49: 133-143.


https://doi.org/10.1021/acsanm.1c03419
https://doi.org/10.1021/acsanm.1c03419
https://doi.org/10.1002/aenm.202004001
https://doi.org/10.1002/aenm.202004001
https://doi.org/10.1016/j.apcatb.2017.12.044
https://doi.org/10.1016/j.apcatb.2017.12.044
https://doi.org/10.1016/j.apcatb.2017.12.044
https://doi.org/10.1002/anie.201508505
https://doi.org/10.1016/j.cej.2020.126185
https://doi.org/10.1016/j.cej.2020.126185
https://doi.org/10.1016/j.cej.2020.126185
https://doi.org/10.1016/j.jcat.2010.06.018
https://doi.org/10.1039/c3ta12332d
https://doi.org/10.1016/j.apcatb.2019.118201
https://doi.org/10.1016/j.apcatb.2019.118201
https://doi.org/10.1016/j.apcatb.2014.01.023

	1 g-C3N4的缺陷类型及调控方式
	1.1 空位缺陷
	1.1.1 氮空位缺陷
	1.1.2 碳空位缺陷

	1.2 掺杂缺陷
	1.2.1 金属掺杂
	1.2.2 非金属掺杂
	1.2.3 多元素共掺杂


	2 g-C3N4缺陷调控合成策略
	2.1 聚合前调节
	2.1.1 热处理
	2.1.2 化学还原
	2.1.3 溶剂热法

	2.2 聚合时调节
	2.2.1 热处理
	2.2.2 还原处理法


	3 g-C3N4缺陷浓度的调节
	4 g-C3N4在光催化中的实际应用
	4.1 光催化制氢
	4.2 降解有机污染物
	4.3 光催化脱硝
	4.4 光催化细菌消毒

	5 结论与展望
	参考文献

