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Research progress on preparation and physicochemical properties of coal-based

graphene quantum dots

MU Ruifeng, WANG Shaoqing, ZHAO Yungang, WANG Xiaoling, SHA Jidun, LI Kang
(School of Geosciences and Surveying Engineering, China University of Mining and Technology-Beijing, Beijing 100083, China)

Abstract: Graphene quantum dots (GQDs) have attracted great research interest due to their remarkable quantum confinement and edge
effects. In addition to exhibiting stable photoluminescence, it also has many advantages such as low cytotoxicity, good solubility and
chemical inertness, making it widely used in bioimaging, photocatalysts and sensors. The industrial development of GQDs has been seri-
ously hampered by the expensive raw materials and tedious operation of traditional preparation methods. Coal and its derivatives not only
possess the characteristics of low price and abundant reserves, but also show greater advantages than graphite, graphene, graphite oxide
and other carbon materials in the preparation of GQDs due to its inherent internal disorder structure and small crystal domain. GQDs can
be prepared by simply stripping the aromatic ring clusters inside the coal and its derivatives through physical, chemical or electrochemical
methods. This review first summarizes the “top-down” synthesis method of coal-based graphene quantum dots (C-GQDs) and its pros and

cons. Then the structural morphology, chemical composition, fluorescence properties of C-GQDs and their influencing factors are ana-
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lyzed. Further, we describe the progress in applications of C-GQDs in fields such as sensors, bioimaging and energy Finally, the future de-

velopment of C-GQDs is discussed from the perspectives of preparation methods, carbon source selection and research directions, and the

following experimental schemes are proposed: (1) Experiment with H,O, as oxidizer and thermally altered coals as carbon sources; (2) Ex-

periments other than oxidation with sulfuric acid and nitric acid using superhigh organic sulfur coals as carbon sources; (3) Experiment on

coal macerals as a carbon sources. In addition, the combination of experimentally derived basic data and computer simulation technology

can solve the problems of current research such as single fluorescence color and low quantum yield. The goals of clean utilization of coal

resources and green development of GQDs have been achieved.

Key words: coal; coal-based graphene quantum dots; photoluminescence; carbon nanotechnology

0 3

e & —FP =5 BRI F AR BRI, SR AR
Pl AL 2 A 2 I AR A A R B A T
M PE BT ARE, T R AT 3 AR AR TC A =
K, Bt AR BT RE FE (R BG , JE  BEAR 25 4 AT A% (1)
JF B BN WS K, S 8E AR g4l (—OCH,. —OH
FI—COOH %5 ) AW /b, i [] £1 s 2i ke As .
FBEAL R S RS B O, JU LR A IR AE A
SO B R R A — IR B A 4 BT T i
TR A B0 R R R T B A R L
A 22 (45 AR R R AR M P A e
J O N R T €4 R MO 7B :EK o 1 = <95, o N [ A
i BT DT B | BEAS S AL BT i i PR ORI
G R R & T A, ELE B b g 17 2k A 2 A0
FIFERZ 0], Wi A P I 3 1 22007 T35 B eE
SR B A SR AT T R BFY C UG T A/
ke AT B Ay, ST, S Btk Ak
FUVHISEO0 AL, I RE S S LR K A A= ) S ik
Rl AN S NP ST: -7 SN
Pea S PO2N|Rl P2 2 Figy B s P
AR, LA Sy i 5 o] 28 Bl A kA 2 ST 30 6 ] e . e
B bR EAR, SCEURER 0 A s e 2 —

f1 28 M1 F 45, (Graphene Quantum Dots, GQDs)
SERA TR RN AM B Z —, FLEH—ZSJLZE
R RSH/NT 10 nm Bl £ 880 L 1%
G A1 S M MRS R, GQDs HLA 15 Wi 071y Bit, 8
SR ZU 0 BRASOR, | I P, fif GQDs B4
N5/ % et AR A0 B 7 B A Rk
(R ALV E IeND S L 2 AN (2 F el
RS BN N E . HETE244! GQDs
MBI PGS, WA BN, S 1 P 1B, (£
GiF AR LIFF IR, BREF 410w T e et
T 2B 45 S B VR i 46 GQDs, 52 IR T JFUR}AS 5,
ACPREIIAE R, i HANERTS B 78431 Tl & e, BR
il TR, ghE BRI AT B R0 R L

280

i

B R IR, USSR IR 5 GQDs MY AR S i
TR GQDs [k 5 7] 251, 348 REAR G- (o A5 e J HoAvs A
PiAs 20 A, S2E GQDs AR AL . GQDs
() /N AR S B B 05 B R — B, T AT BR A 55
(R I AN e A 518K, £ T K75 43U C-GQDsPY,
B AAT S8 A B R, DU 5 B sy 221 ) ik e 2 1E ).
TINEAR B B VR 225 5 BITE B sp” BRI AN 4
BREF, BT L LUEA HTIR AT 5 GQDs HA7 [k

B, PR, AT EE LA TR R AL BRI T B A
KA B R F L.

C-GQDs il & LA JRBERTTCIRIE R 3, 45
AT A AN 75 | AR S I il 45 11 GQDs. C-
GQDs Wil EER A “A L N7 ik, Hh b 4A e
PR 285550 A R e AT LARE I ALl
HOGIEPY | I D s e k) SRk R
(R 7 320 T HE 3, L [ T3k R 7 VR I A, il
SN AT 2], ] B AR, BT LARH G SCHikE b
C-GQDs AH A S T SE R AEHT, Fr R ol h iy 2¢
MR ) 2 2 —, {0 C-GQDs HZHEHL
HHATRA R RIS — R Z5E, FEINNAE LTI
M2 GQDs MRS R/IN BE I T 31 Gk o7 ' R B 1) 5%
o B 2 = E AR A Kk S R
VIR LA 5 1% A ad A - B st o 4y 5 g 14
&, REETHEYUIE AR Z R, GQDs BRI,
NGBS | R F 15 2% R E 25 X6 2 e M o i) 52 i
B2l I HE Y2 pR B T T RS

C-GQDs FBIF5Y B 28 & 30 a0 X 5 45 Bk s . &)
BRI A 3 | BB — ™ SR I 55 )
H Al & B I B AT A2 A Ry ok T8 1 45 GQDs
IRE Ay IR R L T ARGE B 1A, A F AR B A
()48 = A HILB i 45 19 S 824 C-GQDs, fkR Hi
T B T e R0 e I AR B AT A W S ik Y )
#% C-GQDs A R UF M T4 . 78 SCH 768 13 X Rf A
5% AR 0 .25 4017, 38— Se W) S AT A5 (193050
e, DATTT K B8 7 38 1 A1 R C-GQDs ¢ £ i) 48 45
HA.



PRI . MR AT SRR BT A 4 S B P SR S

2023 455 8 A

1 RERBHETRHERZE

C-GQDs 1yl & J5 i s HoAt g K ARH—4E, m] LA
2 I = I T N7 | Il = B O T 2 T <SS = I SR ]
B RO Y e 2 W I SN W 7 =5 N )]
Pk oY g TR R SRR LN
LI N RTIRIAA B GQDs, H WA B BT
AHMER I, C-GQDs HYRF RN, o BE R HEO 532
PRIk | AR B AR B E] A (5 . 4 1
T 10 4 DL Ny ik I8 ) 45 C-GQDs 1Y 75 ¥ #il C-
GQDs JESIMERI S
1.1 ESLE

fe2E Ak BRIl % C-GQDs el Y7 %,
il % 1Y) C-GQDs i £ R — | Rl 4846
s, {2 H,S0, F1 HNO, 55 & AL I 7E i g0 rh 2577 A=
AR, RIS AT e . BT
M HRARE . TOHRARE . £ e FURE D 1 S 3 R A2 4
Tk L Eh i 4 i C-GQDs, H. & BBEAL 5 BE I, C-
GQDs Ut/ N, #%5 5 il 4512 C-GQDs., YE 45
T LR L TG R AR R R R VR, DL HLSO, Al
HNO; 4R, SR W F A5 F2 3k 45 C-GQDs ¥
W), I LA S8 R IR AR AR [F] B S AL PR BT T s,
BRI LT8R AR, R R A S T B Y
2l sp” ik 4% R LT L i A S AR R A B i,
KMnO,, H,PO, il H,SO,, 15 75 T8 PN 6 B A G
7 25 R RN G A LA LA A5 45 GQDs B K1Y
Pe#. FIF XPS. FT-IR F1 XRD X 3 PR RT3
fiE, &I TC AR £ e S A — 2 AR HE AR
W, TR AR g s e 1) LU A9 38 s, O e R/, X OE
SR BT 4% ) GQDs RS AT AR 2 — i BRI
KMnO,/H,PO,/H,SO, Pk J % i H,SO, Fll % fH HNO,
W HEHE IR TP RAS GQDs, (HATH 15 TBk 45 58 1
AN S A A R B AR, B LAR Tz A
SINGAMANENT %55 IR | 0K B £5 5% Jg Bk I
I YE 2000 DTG R R e P TR Oy ke ol 5 11
GQDs, 1 # & Bl 45 ) C-GQDs 1EARAE 1 a Z 51}
PR3 EAA L, KB C-GQDs LM Fa e Itk 5 %
DU ) B8 SRR 8 T 12 AN 8 3 6 e R v A S vy 3R
FESEIH C-GQDs 19 RF Al 45, LA 8 0 0 > 1R 3
M50 °C #EHNZE 150 °C B, C-GQDs R M\ 54 nm 9
/N 7.6 nm, SEBL T T C-GQDs BRI AT RE, F3 5,
33 ) H FT-IR, Raman Al XRD X JCHHIE AL 5279
FAE L B, To R EAT 1) W Sl SR 57 0 — 2 o s R
BUNEPL R, T2 5 S C-GQDs 1947 Bt
IS, B2 GQDs -t ] 52 B4 Bt A4 A7 3%

Pl XU S50 ) B A . MR . AR AR R
SBRR, LA H,S0, Fll HNO, k&AL Dy il % NPS-
C-GQDs, 5 k#B2% C-GQDs H It % & 1 s W i g
R EILLE T K X8R, A, A f R 2 R 1 e B
15 (DFT) 115 T 1% NPS-C-GQDs Y H1 11 i, 45
T BRI (E A DFT (HIE# 85, TANG 210
DRI AR b A e o A LR ARE ki 8 B 2 i
#% 1 S-C-GQDs, Hir S LML R AEAE, fig
BT C-GQDs My B, 3 o8 etk R . 1E# W
& R A TR AR SRR BE R AIK, C-GQDs filcPh i 2 5 1]
PR, sp” A1 B AL B & Tk /N I BB b, HL™
RPEAK o IZIRIE A AK fh JTOE A 785 T R R AL T
J51 . NILEWSKI 2527 DTG K R e U5, 45
R P &0 H,SO, A& A HNO; 48 A0 R i 5 K11 )
B R TR PR A A B B KNS —, BT LA
2 9 SN S T 118 7 35 ] DA R AN I AR ARE v 3
I GQDs, JoHRMEREAL AR B 55 3, N0 A A8 2L e
A2, Bt LSO B ) 2 AR Y 4485 . UM # B
FIH PEG X} C-GQDs #171&40, % Bl PEG-C-GQDs
RE A AR Gy 1 12 g s it P R0 A e e, (HL s i ) S
%07 51 C-GQDs AN EA 5
AAF F HNO; 1 Sy %0k 700 ] DR o 4 2%
GQDs, HEMH4F M7 6B 4 . DONG %5 Fil
W& N 66.36% ~ 90.2% (1) 6 ANMEREVEFT HNO, &
TR Ab 3, & BT A B X 1T 3R AT 7 R H)Z C-
GQDs, il AFM FAE R I C-GQDs “EX & 4 0.5
nm. BEAN, %7 vk RIS 2 SRR | kT AR
AT BRI S IR AR A L . BE R Bk B B N 90.2% T B
£ 66.36%, GQDs 177 % )\ 14.66% 3 il & 56.3%,
FEIAMRIE B 55 35 A i % GQDs. X — 55 TANG
ZEE1O0) TR 2 WY 4 7 SR L o R T 484 i SR R e A
2, ST R IR, TANG 256060 iy PR RERR & —2f
TE 90% LA I, T DONG 2P B v {UA 1 AN JHEAE
R & HAE 90% VA Lo AR, M & it ik 2] 90%
LB, SR 55 A TR 2 2RI BN, 3 I hT R TE
(RIRE T, T LAA" 23 ) B0 7™ S5 Bt E 185 0 i 3 00 1) 1
#, DONG %55 3R 56 R 25 B S 1A%, BN
sp” A1 AR AL BR /0N, 5 T R U A5 O A AR AR O
T AN T A R T R R], BT DA EL R AL AR
HPER KR, T8GR — L oRUE . fRiE,
GHORAI 25280 [E]RE L) HNO, S AL, JEIE A e U5
#il% T GQDs([ 2) . % J7#:5 DONG 25 J5 3k
AR, AT S R FE ik HCL T Ab R, 1y H 7
HNO; b Z )5, ¥ E LSk . KHSO, #1 DMF 7
281



514

5

M5 A F KA

2023 4F5 8 11

TR KA @ AR, IS LR, RN O TR

— — 12€°0  ¥0¥/98€/¥0€/19T ot 0TE/TLT/LTT SHS 8T ki TOFF 0 ¥ 0F9CT ¥ae
?ﬁMNwVﬁ\m @__nm%m
— €0FrT0 — — — — €9 — - > 9~ I
— €0 — 6TH/69 00€ 80€/02C — 86'S oW - 01FCe e (oor PR ATE e R
— vTo — 08t ore 70LT/0TT 81 ,60~80 ¥ 91~1'0 §TOIF0T H (s AR
€€°0/€€°0 8L°0/€8°0 0¥1/00S 07€/08¢€ 0S€ ~ 00€ LET'TE/, 98T g o
vE0 o o - GBWEAGS vT~<1  (880F19%) ~ (9v'0F6'7) e R B
FE0/SE0  /L80/160 /0€5/09S /0SY/0LY /0€T ~ 00T v/ 88°L1/ ¥O'El
— 170 — SEV/SY 8TE/STE  00€/81T/00€/€TT 08 LET R -1 LoFeD) ~oFL D) Higgy (6o O'H
— — Lo — — — — Sl — — SEOFSET Hry
— — 0L'0 0 W70LE 0LE/0ST — 91 B — 87'0F€8'T Kl (cgHOEN
— — 99°0 — — — — € — — 0°TF6'Y Hrre
P70 6£€0 LSO SLY 08¢ 0¥€/SST e 9 H §r~¢l Y90FISY ¥y (e FOO%N
vE0 — €8°0/0L°0 ovS ~ 0T 0TS ~ 00€ 00+/08¢ 9941 ~ €95 81 W $0 01 FA b BN o] ONH
YLEO €0 160 SLy 08¢ 0S€/SLT 94 44y Rl — §~6T iy s AINA+OSHY+ ONH+TOH
— — — — - — — - - r~T 0z~ 01 Hrae v
.21 ONHIf Z,+ OS HI %,
— — — — - — — — - §~¢ S~¢ ot
— €L1°0 Syl 0Ty 0Tl 81¥/0LT — — — 91 L~1 Fr 1o ONH+OS'H
— — — 0zs 9743 — — - - €~¢'1 96'0796'C = 1g9) ONH+OSH
A E
— 00Z°0/10T°0 — 0LS/0SS — — LITUEVEL  T1~60 — — 6~9 Fac
— 602°0/90T°0 — 06%/0€S L6T 517082/00C LEOVTL  TI'6~L€ B A — 9~ b (! 199 ONH+'OS'H
— TET0/TETO — S9Y/SSY — — Sy'e/TLe 89~t'S — — > Hoflily I 7y
— — — 0TH ~ 08S 00£/02€ — — — bR AT - (TLF8) ~ (8'1F9°L) i
Har 19 ONH+OS'H
| - - - - 37001/0S€ 0T 8E0~T11 TZE - (S1F0L) ~ (T1FS'P)
— — 11°0F0S'1 0€S — — — — w5y — 1176 P
- — 81°0F8C'L 08t Sve H70$€/09¢C 0¢ 1~€0 ¥ — L'TF8'S Bi7a= 1 tez ONH+OS°H
— — TI0F90°'1 09% — — - - il €~¢'1 96'T~0€'C by
wu/p - W NELIH A WU/t Td WA T WROCMAN %/skEEE b/l A B g e wy gy R R EQ 5 AL

SAOO-D Jo sarsojoydiow pue spoypowr uoperedard Jo MIIAIAO UY [ J[qeL

TG AH W H L BIHI SA0DD T2

282



PRI . MR AT SRR BT A 4 S B P SR S

2023 455 8 A

i R A AR B A AR R T ] 5 9 C-GQDs
AMLRA G 1A LS | 78 19 R 7304 (2.5 ~ 5 nm)
FIARE 1Y W (5O, T LR B AR 20 M EE M A R 4
A AR, UM RS H] TS AETR YT

JRHE S TEAH A o |PRER S ER (AT LL) B
=R (0.3 g) 3:1 P e
AHEER, -
NaOH A || ) [ 108 10C)
. BeAfeh (100 mL) ”
PTFE i€ #EHT 5D . 4
045um) |7 (1000Da) |7 GQDs

B 1 HH & GQDs #y ¥ 4 2
Fig.1 Detailed synthetic procedure of the GQDs from coal

AAAEH
S IN L
- " -
- -
= oot
u ® o @
BFIHRGE GQD

M2 W &7 24%ETA(GQDs)ty 7 &
Fig.2 Schematic representation of the synthesis of graphene
quantum dots (GQDs) from coal*!

Br_E RS 5 H,S0, Al HNO, & k5141, Na-
OH F1 H,O, 853 7 [ 1T LAAE Ay Ak 700 DARE B oA
AR HEE GQDs. BRI B IAB A L KR TG AR
SRt IR, R AR [R] 4R B2 1) HCL, CH,COOH i
W NaClLIZ AR, BRI A GQDs =4, 4 ik
B 1 75 W (NaOH il Na,CO, %5 ) it 38 GQDs, H.
RIREE R, DO CERRSR . TR )R],
3 Pl PR AR AR B A RO B AREA R BRG4GB
L) JC MK BT £ B9 GQDs BLAR f% K, 1F R Ak, st
GQDs 7= HE, H 4 > I > T AR, X 5 DONG
50OV (g 2t SR R, I U BT A B RS A
GQDs HYWL &, 1H %07 46l £ 1) C-GQDs 7 % K11,
ARRERBAE Tl A 7= BEAMt R4t — Fh i 2, 2R
1 i — 2 K B vk &l C-GQDs, BIV JC HH B A

4

Na,CO, 7K IE BN K 28, SR J5 75 S 3h b v fin 4
12 h B 72, il 4 0 G4 GQDs JE 7R H S Y
PG A RE ST, % BAUSEAE T B AR # S R
o 07k R Sk A A R e R R AR R, fix
UF AR B 2 H,0, S8 Ak, I 75 AR 355,
AL SR AR, T HLRE 62 A DR 10 75 X P45 1 75 e
A, LIU 2 USRI H MB IR, H,0, R4 45
B £ i GQDs, %7 AT 2 h ERERLT), AT
BURS AN & S A E B R Al At 7 o %05 A A%
Dy BB 25 TS A 25 2R —A 5
T AL S B A 25 A B A% L, 5 GQDs 1Y
o2z g A H AL . 1% & 1 GQDs R 2R
1.7 nm 2245, PR A 80%, i 20 S R % T 4y
JENE ARSI C-GQDs S (0 £ B e S AT A= v
WA @Az — . 1 QET TR R 0 32 e AR
P B AR, FE R B R A T, B ok
S FERE NG AL S mAk, I dyg, Wi,
Raman WLELFI (1) (1) I/ I, tBREATG, & W5 1 i iy 1 |
g AT B A 1) JE % N5 B AL B A Ty R
O Ml H e R T - 2R T, S EAARW G &, 4514
FEIT R R A B, i sp” A0 R AR AN sp® ToiETE
B S AT R , T RS 0 T AR LAY T2 254 )
T A ARAE N BRUR, EAT HLO, AR Sk ok
PRERE T ), ARME R FZ T, FEE A T 254
T, —E REHUS AR FE AR
1.2 ¥tk

WOE: Sk AR L, TN % 4 IR
FEIT S, I H 4 1 C-GQDs JB i Bl it ek s
P BRI ARFETE A AR, O H AR
25 LIARE R B U5 R T kil % HR 5 s RN AR OK 4 NI A S A
FHOT, KANG %558 (8 F1] FH B 5 B ik 90% 9
SRIBBRUR, ST R A 2B, 7R = A s S
A Q-FF & ND:YAG WOt FR Ge w2 i W v Ji 2 M5
4 10 Hz B7KF Bk PO R et (PLAL) o iZEAR
ALAE S min N {5 AR JREAE S0 R S8 2Lk C-
GQDs, HICTH 4k L BR, & —Fh i o AR AR R 5T
IR EA (B 3) . FIFH HRTEM nl & #3062

PR O BT e

L TN o ¥
il 4 R

= g &
alls *

s .

3 PLAL 4 # fl i C-GQDs #yif 720
Fig.3 Representative illustration for the possible mechanism of the transform coal to C-GQDs by PLALP®

283



2023 4F5 8 11

# £ M FH K 551 %

il % C-GQDs Byt 2, TEWOLHM T H Bk 2 ~
3 um, & 1 pm W9 3504 R, BEEBOGEE— Db
BIR R, L /NG GQDs. BEAMIFFE & BH Y
BOCIHRBERE/NT 10° Wem® B, {02377 1 B RE 2N
6 nm FRBRR AT BRI F, [R) s ] W8 2% 381 45 B AP
HOR R YR AD R AT el C-GQDs 1Y RST 72K
2T R 45 1 C-GQDs Bk IS ek (58, B
LI T A S . 03053 H En S Rede e &
1R 90% RIEHOLREMUE GQDs, 1 [ 48 F-Hh A 7E
PR KT &5 F 8 IR AN E 90%, AR JCHRIE AT fE L F)
TZARE, BT LAz s X i U A9 e A — 2 1 SR B
1.3 BFEKE

7 R S — PP SE AL  A5 T BRI AR
P ZS AV E 2 S BURTF IR A 5000 °C, FF 1R S
JEFN = ¥ ZN 2, T 5| K — ZR 5 A oo fiff T ik 25
AL N, T TR MR 3 . ZHANG %5100 fi Lk
VUG IR BE A i, ) 75 32 i 2 il #6 C-GQDs,
FARBAR AL BN & 4 s, Hodr i ) DMF %
FIN R 5 By T 2 0 5 SR R B 45 B8 AU, BH
BB F WA R PRI o b, % il £ 11 C-
GQDs | NaBH, #1714 i 4b 34, 38 i2F XPS Fl FT-
IR FAE B A F, iR AT C-GQDs WA & L I 4A
FEMTE, SRR IR Z 5, KR53 4% 48 5 —OH, Jf A
FE PL G5 oIS 2134 I 5 U5 PR 30 Gk e g 5 1 11
B S A e e R RS, X & C-GQDs H & 4
HREMI BRI T8 1 I AR AR i R A
TR NaBH, 7] DLFFIE b i) 31 S B A B Ry
HLF 25 UK —OH, SR FR 5 i B 4 v o AAfA
RN SERAEST T %0 ELA A AR L s UK
PRI T 1 e e ) 1 S5 P A, H R 2 g T A
MK rf Cu BAFTE, S R A RE TR AL BRS ) 1H 15 5]

¢C @O0 N ¢ —HE@S YDV

n ® - . p
.\}\.:\* ‘}"}L(\\"\:; B DMF &N

~ M o2 ba

ol .,\’*\ b \\’
‘\H}*\‘ “m}’\\‘b’k P

2h R g i %

H 4 AR %A R GQDs 7 &
Fig.4 Schematic illustration of C-GQDs synthesis'®”

284

Jz R o SRS BT FH A R PR LA K
Al A2 1 M SO0 5, T AT 0 B AG I 323 6 2 15
T AR, 2 A S
14 Bi=E

HL Ak 2 I E AT AT 5, B ik, IR A
IR 2 A K2Rk, HLRENS S Bl 2 i,
Jril &1 C-GQDs Byt & H AT r A ik rh
eE (B PSS D) . HE %07 L5k o e
W, 4 R BAMZ, (NH,),S,05. MeOH F1 H,O IR & ik
e A R, HEL R 5 BE 12 I E 80 ~ 400 mA/em?, JR Xl
IR BRSO C-GQDs(JF 5) ., %7 130 B fE %
() S X L T H Ak 2 ) 484k . T4 R 2, A B P i
JoT A H i 4% B LRI, SR AT DL 4o 2 420 R
AUR 1 “UIE” BB, FERAE R, H,0 SR
OH F1+0, EN & R F B 2 2 A 506 F, IFH=
Al e ) 3 2%, IS O; I 32 D) 21 4 J2 1 1V
HOAAT S e 2 ok S B AN oK 2 GQDs .,
B 2 & (NH,),S,0, LR T & ¥ R 2AE L, SO;
B 1 3 ATAE s A 70 0 s Ak 2% B 0, FTRE T e I g
Wi C—C i, A1 B0 ik — 220 GQDs',
IEAh, L B R AN ] 2B R R 2 —, B
L% AT LU S £ e ) 9 LA /N RSTH Y GQDss
Y-8 1 NaBH, X C-GQDs #1738 JFL b3, I H.
KSR 696 C-GQDs i J5 5 A8 R 5 (98, X
5 ZHANG 251 fifi | NaBH, £ Jii C-GQDs 45 %4
], BEIE A 5 C-GQDs 1958 Y6 i Bk 25 &
AR KA o A2 )RR A e B Tk
Z BRI OL, H AT F AR e A A i S B 45 C-
GQDs. X 5HA G M ITARACER, HTHE 4
R3PS AR R AR S, T LA S e 27,

0-GQDs

Y-GQDs

G-GQDs

|5 EREKEE GQDs THFEY
Fig.5 Schematic illustration of the synthetic process of multi-
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Fig.8 High-resolution XPS Cls spectra of coal and the XPS C1s spectra of C-GQDs"®
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Fig.9 Defect state and intrinsic state of coal-based carbon dots and electron transition process corresponding to the two structures'®”
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Fig.10 PL emission spectrum of b-GQDs excited at 345 nm
from pH 3 to 101
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Fig.11 PL intensity of b-GQDs at different concentrations
(pH=6)"""

24 EFFEER

C-GQDs Y T 7= RIEPEMN HA G BELF IR Y
SR, W ARIRE TP FHAE A S B
Sl . B AR AR 2 T 80 BT I )
RILETE 0.3% ~ 28%, & FH I {2 BRI il 1) = 1
FERJLETE 14.42% ~ 42.86%. W& PRI £ 5 12:%F
TP RA R KA, LUK 0], BRR 2 T N
S, K H,S0, Fl HNO, AR s k™
NaCO; Fl NaOH 48 1£.3%: ) il £ 1) C-GQDs Y it 1
FERAGN A 1.2%. 5.98%. 6% i 3.3%, TRl F K
P H45 19 C-GQDs BT re R HIERA 28%, I,
P T R EARA B kT R ik A 1R

C-GQDs il # 7 A —COOH I3 4 3L B fE A,
I —COOH FI I 4 1 Al A 38 # 4 AF 4 5 i -5
S A, BT LA IE 2 i Bl 3 2 T B A 5 BR C-
GQDs H1iX 6 F RE A e i A 30+ C-GQDs (1 & ¥
PSR EED LU A T e R A S
i, W YE % POV i £ (9 JC M1 GQDs A Na-
OH JKIEWH, 43 e 28 MG AU hm s, &7
FEEEN 1.1% 4 B HNZE 8.1% F1 10%, AT HH
HE GQDs JHLA Na,S /KW H, 7E 100 C Fhn#A 1 d,

KIET RN 2 R 2 f% . NaBH, )2 C-
GQDs # FBIEJFF 2 —, & ] KR i IR S
R FE A H T2 AR B — O, 2 17 4000 1) A 48 S 5 7
IR E o PR R A5 ER HAT C-GQDs 7£
NaBH, i J5 & 0 77 R AR A 50, 5 L 207
b R SR B0 R R SR A 1 45 19 GQDs & P28 i)
NaBH, IS0 JFANEE 2 h 5, B 77735l 11.7% #78
%, 22.9%, IE B NaBH, A DAE Ry ok & 7 r= R4
SRR Z —

3 BREREHRETAHNA

3.1 fRREEES
300 BT R ARA

C-GQDs o 1 2 G REAF A L Bl Ay v 8 (1 40 K
PECHRER, AT AR S Wi A A= 4 oM T 1
o, X535 T C-GQDs £ F & . mA A%
SHRE S &8 B T8 A, U C-GQDs 1 HL T-4514
FNETF40 A5, AL C-GQDs i Ty AEFR S 4
TEBAETSERE A4 . ZHANG 250 fi fiff FH I KR AL
# 19 GQDs K il 7K th Cu® By A AE, % )T R C-
GQDs ZE o FE 1 P IE(E (429 nm 1 469 nm &
T H PL #RJE F1 A F2) 4T %E, Cu™ 74 i o
Xof 4 Ik W AR R BN, B P2 BU(E ARG, S 3K
PL 58 fE FI/F2 (I BUEAS K. [A i i — 25 0F 58 C-
GQDs 7/ [R) W BE R i Cu® 96 G5 B, 45 5 e W Bt
F Cu™ e RN, [RIRE B kA 96 e rE KSR,
XD AN B R . BeAh, 381 ) 2O K
() Cu™ W i A EDTA, i Al i Hi 5 57 314596
P, 38 3 AR AR 4 1) C-GQDs X T Cu 46
B 0.29 um. XU 2B i 3iF B il 4 B9 JC AR NPS-
C-GQDs fEME R A TR B Po™ . AR ik 5
RGN cu MR, I HE— 0o AT RERY TG
JB B TAFAER T AL, KRB Fe' th & PO
KL . Fe XK Po™ B 52 Wi 1 hin A B 36 1L 2
W AR SOl Fe® At 2314034 Bt PO K
TBRA 0.75 um, [FIRE, SRAEIESEDY & A M S-
C-GQDs /R HHIMA Ag' G IDENEHE R BRG:, S8l
X Ag R RE AR o FIT, LA R G R
J5 A £ (1) C-CQDs L 52 BT M By A6 0, 462 0 BR
N 27 pm™, X BEZE R 5 C-CQDs FEKIN 4
J& B T ELA AR R RS, RS AR 4 s 15 %
FRATTAS 2 T AT A 1
312 AYERE

PN BB B B A% IR 1 40 M M BB v B A S

289



2023 4F5 8 11

# £ M FH K 551 %

PN SZ AT (35 8, Ry v AR aX — B, 9 okoh 72
A IAE—A RS BB IR K B g D, Ly
— AMREF R, YEW 2500 (5 1] Ak 2 SR AL v
7 1 £5 ik GQDs BF 5% HAE hy 9 6 90 oK 5 K 5 7
DNA M g H . gl 12 Brs al 20k 2 A BB
Bt A ' FAM-Lprobe i i g K A/E FH Al m-ne i B4
H L FE C-GQDs I+, F 3 C-GQDs & A7
PEKIMG . BrB B W ek FAM-Lprobe F1 cDNA R
A, P EREE DNA 22588 AU DNA 20514 (ds-
cDNA-FAM-Lprobe), Bl f5 14 XU5E DNA 51K 5 C-
GQDs B IR & . W T C-GQDs Xf X% DNA ) 3
R, BT LLAUE DNA AL HE C-GQDs # 1,
PNAF SR o i — 2 & BUH ST DNA A&
WYL IR 0.004 ~ 4 nm. %I I bR E C-
GQDs HEME A —Fh = R AR £ 1 Aok A W f%
TR, A LN FH T 28 7 S5 08 TR R G I 25 A ) A I
TRATIE

OVV\

.\N\ WEE A
FAM-Lprobe

TOHEK

TAVAY)
cDNA

.MVA

GQD

@ B
ds-cDNA-
FAM-Lprobe

S
12 3T GQD fk o 41Kk 5 KAl 49 DNA th & 5 ng 7 &
Fig.12 Schematic representation of the proposed DNA sensing

strategy based on GQD as a nanoquencher”®

32 BEREAE

Bifi 2 5545 LT R I HE IO ] B AN v 52, AR
EF S s RE N Ly N A ) MR AW /S PR S D
R U AR | G A5 A K R RE 2 v S R N A
AEATRHE B A5 T N F B . ZHANG 207 fa 1
GQDs i FH T2 LA 25 10 53 12 2 AL 40 oK (HP-
CNs) HLA, £ 5 7 H /R0 L H 28 s i A 1 SR A
1 100 A/g T LR N 74%, I HAE 10 A/lg T
FEFR 10 000 V-t A7 WA 21 B I g i 3R, A C-
GQDs 7 il # fit BEAk 44 K 4 Ak 7 T HA AR K 1) & Jé
Hist. ZHANG %% U LU 4 19 C-GQDs Ay HL AR,
BRAHL Fe,O, FEMH A TAEHAR, R AL2ELT & C-
GQDs/a-Fe,05 44K 52 G MR, - D0 46 FLAE Ry 1 25+
Ha, Yl B8 ) B AR PR RE o 45 R K W] C-GQDs/a-Fe,0,
YR A MR EA RIAFIIE I E R AE ), 72
MR N 1 Alg iF, C-GQDs/a-Fe,0, & & 4 FH L
HL 21T 3k 1582.5 mAh/g, FE3F 110 K5, FoiCH Lt
HL 235 1320 mAh/g. EAh, C-GQDs/a-Fe,0; &
AAEHERHIRERE (5 Alg) T IOt LAZRATIA 1091
mAh/g. C-GQDs/a-Fe,0, & -&F1ELRE .7 1 WAt
FEIPERE, 76T o-Fe,Oy JMVRE Y RE A IR 45 44 1R A R
B A H E B C-GQDs B M Ao
([ 13), $m TR R SR MERE . JF H C-GQDs 1Y
TRIPIZFARZ 1) AL R T R Y S s PR F 22
X IR T K
33 Hftm®E

C-GQDs [ T B3R D6 AL AL R PE
JEAN, AT DIAE a5 b bR G, 2 1 s
A YRR . ZHU %P6 4 B9 C-GQDs 5
L 97 B 48 oK 21 4k (ECNFs) IR &, & B i C-
GQDs J&i, ECNFs i 5 | 7 A i FZE 31 35
B . XA T C-GQDs F&E & A HAE

(a) FIHI BB

0 1 2 3 4 5 6 7 8
X Bk RE R /keV
(b) REIL A

E 13 C-GQDs/a-Fe,0, 434 45 B i i it /1)
Fig.13 SEM and EDS images of C-GQDs/a-Fe,0,*")

290



PRI . MR AT SRR BT A 4 S B P SR S

2023 455 8 A

VI R A () A O 1, A R 28 659 fiff ECNFs HoA
HE . FEBMAE AR, FFHRRE C-
GQDs ¥ FE A K4 i, ECNFs BB K ML B Wi & .
AR 1 ) WiR % C-GQDs RENSHE 13 18 75 A [ e
JEE 05 At A R 9 B A8 R B0 T A A R M T, AN
i/ C-GQDs 5 Tk A# % 43k 2 il 55 RS
R He T o BE 45 R 8, — R C-
GQDs g, IIiSEH C-GQDs IR ALK .

4 FREAREE

A C-GQDs il 8 7 v . Bk 5 AN H
3 Jr T HE AT R A AT, A5 H T 2 AR A
JRIEE TOMR AR 2 e | 0 25 R D il & GQDs,
FCORME A B, S R —J7 ¥ B il 4 19 C-GQDs, H:
JHAL AR BE BRI, C-GQDs YT/, C-GQDs 7€
JeE LA | SRR (6, X BRSSO 2
5, V0 L I A 2% 7 R R P 28 AT I
[ C-GQDs & 8B i FH 1% It Fl A W LA 55
I, HETH# 4 H C-GQDs B 44 1] ] <F /NTF 10 nm
FRRE PP SRR 0, (PRIRAEAE TS YL AT | AR
B — Rl ORI AE A, BT LA LR 4 ROy
2, A BT C-GQDs JIT Ifi I f1% [ 151 i 3t — s 4] 512 ]
TR T %

1) F B3 88, 1,0, B4k 2 % C-
GQDs Y, 2y C-GQDs il #7514 By Sk (PR AN
BRI 1A AR AL T ARG 0 S o TR R
FBAG 25 TR 1 A2 25 H F1 GQDs 3E 5 #H 81,
IR PR 5 SR T B0 5805 75 20 1m0 B 4 A A
SR 500 T AL AL g 4, ik 8 B BT
S5k 0 R DI E R BE R R il 4 C-GQDs Y HAR Bk
U, JIT A LA A BIR 2, B AH I 1) T 2045l 2% C-
GQDs ;& MERE IR, YISE AT R0 )7 % .

2) H,S0, Fl HNO, %1k B il % i C-GQDs K
B REME BT 1%, (B R R A DL ERT
#1451 S-C-GQDs HY 7= R E N ik 9.129%%, F
i e A LB A ] £ GQDs 5 T A H R i A 3,
HLEXT TR H,S0, Al HNO, S ik ks HiAth
R, I AR T S-C-GQDs 1Y T 7= R [ 48
k. M2 AL RERS B C-GQDs A& 777 &, i H.
S IR A T A R AR A TR R

3) LAKRE AR 53 R R I ) 5 B s C A5 L SICEE,
I B % BUBE ARG R4 = i i O3, T A
AT 7 A e AR T R I AR ]
53l GQD HARIEATAHICHISY, Bt LA LA & S 2 o

FRIEIEST GQD il £, Hgh R A S 4 = R Al
R EAR R R I

4) HETCA BRI % Bz sk P i 5T 45 24
I C-GQDs L T-HEBERY, I H GQDs HY T K/,
LA | 3T 18 4 55 TR 26 2 S B 14 52 M) 41,
B2 A AU AT T AR5, BB T R
MR o T LA SR B 5 s A LR R AR 45
BT RN C-GQD B FF & F| FH R 45 2 Stk RE 45
J7 T HA TR 48 FEH .

5% ik (References):

[1] CHEN H, WANG S, ZHANG X, et al. A study of chemical struc-
tural evolution of thermally altered coal and its effect on graphitiz-
ation[J]. Fuel, 2021, 283(1): 119295.

[2] CHEN S, WU D, LIU G, et al. Raman spectral characteristics of
magmatic-contact metamorphic coals from Huainan Coalfield,
Chinal[J]. Spectrochimica Acta Part A:Molecular and Biomolecu-
lar Spectroscopy, 2017, 171: 31-39.

[3] CHENH,WANG S, TANG Y, et al. Aromatic cluster and graphite-
like structure distinguished by HRTEM in thermally altered coal
and their genesis [J]. Fuel, 2021, 292(8): 120373.

[4] SHIQ, QIN B, BI Q, ef al. An experimental study on the effect of
igneous intrusions on chemical structure and combustion character-
istics of coal in Daxing Mine, China[J]. Fuel, 2018, 226: 307-315.

[5] ZHAOY, WANG S, LIU Y, et al. Molecular modeling and react-
ivity of thermally altered coals by molecular simulation tech-
niques[J]. Energy & Fuels, 2021, 35(19): 15663—15674.

(6] WRRF, skFIR, &40, M BMPOUH B 204G
TR S PR (1], TURR2A3R, 1996, 14(3): 3-12.
YAO Suping, ZHANG Jingrong, JIN Kuili. Studying individual
macerals using ftir microspectroscopy and fluorescence spectro-
scopy on the thermal evolution[J]. Acta Sedimentologica Sinica,
1996, 14(3): 3—12.

(7] VESE, BT MG o XA B A VR T2 (7], kAt
SFHERE, 2022, 37(6):600—611.

WANG Yuhui, YAO Suping. Influence of coal macerals on graph-
itization[J]. Advances in Earth Science, 2022, 37(6):600—611.

[8] DIESSEL C F K, BROTHERS R N, BLACK P M. Coalification
and graphitization in high-pressure schists in New Caledonial[J].
Contributions to Mineralogy & Petrology, 1978, 68(1): 63—78.

(9] Z . WIBH AR OB WA FAGEBRITD]. JLat: hiE

Wlkkes, 2019.
LI Kuo. Investigation on the structural ordering of natural coaly
graphite from Xinhua, Hunan Province, China[D]. Beijing: China
university of mining and technology-beijing, 2019.

[10] ZEAPK. KE IR R 7 B HOG I AL[D]. 50 rh

Blkkes, 2019.

LI Jiuging. Composition and optical property evolution of macer-
als in meta-anthracite from Yongan, Fujian, China[D]. Xuzhou:
China university of mining and technology, 2019.

[11] WANGL, CAO D, PENG Y, et al. Strain-induced graphitization
291


https://doi.org/10.1016/j.saa.2016.07.032
https://doi.org/10.1016/j.saa.2016.07.032
https://doi.org/10.1016/j.saa.2016.07.032
https://doi.org/10.1016/j.fuel.2018.04.027
https://doi.org/10.14027/j.cnki.cjxb.1996.03.001
https://doi.org/10.14027/j.cnki.cjxb.1996.03.001

2023 4F5 8 11

#HEHMFHAK

%51 %

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

292

mechanism of coal-based graphite from Lutang, Hunan Province,
Chinal[J]. Minerals, 2019, 9(10): 617.

MOOTHI K, IYUKE S E, MEYYAPPAN M, et al. Coal as a car-
bon source for carbon nanotube synthesis[J]. Carbon, 2012,
50(8): 2679-2690.

AWASTHI S, AWASTHI K, GHOSH A K, et al. Formation of
single and multi-walled carbon nanotubes and graphene from In-
dian bituminous coal [J]. Fuel, 2015, 147(1): 35-42.

QIU J, LI Q, WANG Z, et al. CVD synthesis of coal-gas-derived
carbon nanotubes and nanocapsules containing magnetic iron
carbide and oxide[J]. Carbon, 2006, 44(12): 2565-2568.
CAMEAN I, LAVELA P, TIRADO J L, et al. On the electro-
chemical performance of anthracite-based graphite materials as
anodes in lithium-ion batteries [J]. Fuel, 2010, 89(5): 986-991.
RODRIGUES S, RUIZ I, MARQUES M, et al. Development of
graphite-like particles from the high temperature treatment of car-
bonized anthracites[J]. International Journal of Coal Geology,
2011, 85(2): 219-226.

XING B, ZHANG C, CAO Y, et al. Preparation of synthetic
graphite from bituminous coal as anode materials for high per-
formance lithium-ion batteries[J]. Fuel Processing Technology,
2018, 172: 162—171.

GAO F, QU J, ZHAO Z, et al. A green strategy for the synthesis
of graphene supported Mn;O, nanocomposites from graphitized
coal and their supercapacitor application[J]. Carbon, 2014, 80(1):
640—650.

ZHOU Q, ZHAO Z, ZHANG Y, et al. Graphene sheets from
graphitized anthracite coal: preparation, decoration, and applica-
tion[J]. Energy & Fuels, 2012, 26(8): 5186—-5192.

GARCIA L F, AIVAREZ P, MAS A P, et al. Peculiarities of the
production of graphene oxides with controlled properties from in-
dustrial coal liquids[J]. Fuel, 2017, 203(1): 253-260.

SIERRA U, AIVAREZ P, BLANCO C, et al. Cokes of different
origin as precursors of graphene oxide[J]. Fuel, 2016, 166( 15):
400-403.

HU S, WEI Z, CHANG Q. A facile and green method towards
coal-based fluorescent carbon dots
activity [J]. Applied Surface Science, 2016, 378(15): 402—407.
HU C, YU C, LI M, et al. Chemically tailoring coal to fluores-

with  photocatalytic

cent carbon dots with tuned size and their capacity for Cu(II) de-
tection[J]. Small, 2015, 10(23): 4926-4933.

THIYAGARAJAN S K, RAGHHUPATHY S, PALANIVEL D,
et al. Fluorescent carbon nano dots from lignite: unveiling the im-
peccable evidence for quantum confinement[J]. Physical Chem-
istry Chemical Physics, 2016, 18(17): 12065-12073.

YE R, XIANG C, LIN J, ef al. Coal as an abundant source of
graphene quantum dots[J]. Nature Communications, 2013, 4:
2943.

YE R, PENG Z, METZGER A, et al. Bandgap engineering of
coal-derived graphene quantum dots[J]. ACS Appl Mater Inter-
faces, 2015, 7(12): 7041-7048.

NILEWSKI L, MENDOZA K, JALILOV A S, et al. Highly oxid-
from coal as efficient

ized graphene quantum dots

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[37]

[38]

[39]

[40]

[41]

antioxidants[J]. ACS Applied Materials & Interfaces, 2019,
11(18): 16815-16821.

GHORALI S, ROY I, DE S, et al. Exploration of the potential ef-
ficacy of natural resource-derived blue-emitting graphene
quantum dots in cancer therapeutic applications[J]. New Journal
of Chemistry, 2020, 44(14): 5366—5376.

O, RS, AR AU PY R L R P B2 Rk Al
SRR BT BRER[J/OL]. B 5 R, 2022: 1-12 [2023-07-
26]. DOI: 10.13199/j.cnki.cst.2021-1395.

GAO Di, GUO Huiling, WANG Jiahui. Geochemical characterist-
ics and sedimentary enviroment of coal during Middle Jurassic in
the Southwest margin of the North China paleoplate[J/OL]. Coal
Science and Technology, 2022: 1-12 [2023-07-26]. DOI:
10.13199/j.cnki.cst.2021-1395.

XU Y, WANG S, HOU X, et al. Coal-derived nitrogen, phosphor-
us and sulfur co-doped graphene quantum dots: A promising ion
fluorescent probe[J]. Applied Surface Science, 2018, 445( 1) :
519-526.

ZHU J, ZHANG S, WANG L, ef al. Engineering cross-linking by
coal-based graphene quantum dots toward tough, flexible, and hy-
drophobic electrospun carbon nanofiber fabrics[J]. Carbon, 2018,
129: 54-62.

ZHAO X, GAO J, HE X, et al. DNA-modified graphene quantum
dots as a sensing platform for detection of Hg®" in living cells[J].
RSC Advances, 2015, 5(49): 39587-39591.

LIM C S, HOLA K, AMBROSI A, et al. Graphene and carbon
quantum dots electrochemistry [J]. Electrochemistry Communica-
tions, 2015, 52: 75-79.

BACON M, BRADLEY S J, NANN T. Graphene quantum
dots[J]. Particle & Particle Systems Characterization, 2014,
31(4): 415-428.

YAN X, CUI X, LI B, et al. Large, solution-processable graphene
quantum dots as light absorbers for photovoltaics[J]. Nano Let-
ters, 2010, 10(5): 1869-1873.

ZHU S, ZHANG J, QIAO C, et al. Strongly green-photolumines-
cent graphene quantum dots for bioimaging applications[J].
Chemical Communications, 2011, 47(24): 6858—6860.

LI L, JI J, FEI R, et al. A facile microwave avenue to electro-
chemiluminescent two-color graphene quantum dots[J]. Ad-
vanced Functional Materials, 2012, 22(14): 2971-2979.

CHONG Y, MA Y, SHEN H, et al. The in vitro and in vivo tox-
icity of graphene quantum dots[J]. Biomaterials, 2014, 35(19):
5041-5048.

YUAN X, WEN B, MA X, et al. Enhancing the anaerobic diges-
tion of lignocellulose of municipal solid waste using a microbial
pretreatment method[J]. Bioresource Technology, 2014, 154:
1-9.

PENG J, GAO W, GUPTA B K, et al. Graphene quantum dots
derived from carbon fibers[J]. Nano Letters, 2012, 12( 2) :
844-849.

PRASAD K S, PALLELA R, KIM D M, et al. Microwave-as-
sisted one-pot synthesis of metal-free nitrogen and phosphorus

dual-doped nanocarbon for electrocatalysis and cell imaging[J].


https://doi.org/10.3390/min9100617
https://doi.org/10.1016/j.carbon.2012.02.048
https://doi.org/10.1016/j.carbon.2006.05.030
https://doi.org/10.1016/j.fuel.2009.06.034
https://doi.org/10.1016/j.coal.2010.11.007
https://doi.org/10.1016/j.fuproc.2017.12.018
https://doi.org/10.1039/C6CP00867D
https://doi.org/10.1039/C6CP00867D
https://doi.org/10.1039/C6CP00867D
https://doi.org/10.1038/ncomms3943
https://doi.org/10.1021/acsami.5b01419
https://doi.org/10.1021/acsami.5b01419
https://doi.org/10.1021/acsami.5b01419
https://doi.org/10.1039/C9NJ06239D
https://doi.org/10.1039/C9NJ06239D
http://dx.doi.org/10.13199/j.cnki.cst.2021-1395
http://dx.doi.org/10.13199/j.cnki.cst.2021-1395
https://doi.org/10.1016/j.carbon.2017.11.071
https://doi.org/10.1039/C5RA06984J
https://doi.org/10.1016/j.elecom.2015.01.023
https://doi.org/10.1016/j.elecom.2015.01.023
https://doi.org/10.1016/j.elecom.2015.01.023
https://doi.org/10.1021/nl101060h
https://doi.org/10.1021/nl101060h
https://doi.org/10.1021/nl101060h
https://doi.org/10.1039/c1cc11122a
https://doi.org/10.1002/adfm.201200166
https://doi.org/10.1002/adfm.201200166
https://doi.org/10.1016/j.biomaterials.2014.03.021
https://doi.org/10.1016/j.biortech.2013.11.090
https://doi.org/10.1021/nl2038979

PRFRIEST «

MR AT S BT R 25 B R TR ST o

2023 455 8 A

[42]

[43]

[44]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Particle & Particle Systems Characterization, 2013, 30(6): 557—
564.

LIY,HU Y, ZHAOYY, et al. An electrochemical avenue to green-
luminescent graphene quantum dots as potential electron-accept-
ors for photovoltaics[J]. Advanced Materials, 2011, 23(6): 776—
780.

® IR X I, GF. A SR R ERERE SR P I
JHII]. AL2F3E R, 2019, 31(7): 1020-1030.

GONG Le, YANG Rong, LIU Rui, et al. Application of graphene
quantum dots in energy storage devices[J]. Progress in Chemistry.
2019, 31(7): 1020-1030.

LIN L, SONG X, CHEN Y, et al. Intrinsic peroxidase-like cata-
lytic activity of nitrogen-doped graphene quantum dots and their
application in the colorimetric detection of H,0, and glucose [J].
Analytica Chimica Acta, 2015, 869(15): 89-95.

ZHU C, ZHAIA J, DONG S. Bifunctional fluorescent carbon nan-
odots: green synthesis via soy milk and application as metal-free
electrocatalysts for oxygen reduction[J]. Chemical Communica-
tions, 2012, 48(75): 9367-9369.

ZHANG C, MAHMOOD N, YIN H, ef al. Synthesis of phosphor-
us-doped graphene and its multifunctional applications for oxy-
gen reduction reaction and lithium ion batteries[J]. Advanced
Materials, 2013, 25(35): 4932-4937.

ITO Y, CONG W, FUJITA T, et al. High catalytic activity of ni-
trogen and sulfur co-doped nanoporous graphene in the hydrogen
evolution reaction[J]. Angewandte Chemie International Edition,
2015, 54(126): 2131-2136.

XU C, HAN Q, ZHAO'Y, et al. Sulfur-doped graphitic carbon ni-
tride decorated with graphene quantum dots for an efficient metal-
free electrocatalyst[J]. Journal of Materials Chemistry A, 2015,
3(5): 1841-1846.
ZHANG W, GAN J. Synthesis of blue-photoluminescent
graphene quantum dots/polystyrenic anion-exchange resin for
Fe(Ill) detection[J]. Applied Surface Science, 2016, 372( 30) :
145-151.

DONG Y, SHAO J, CHEN C, et al. Blue luminescent graphene
quantum dots and graphene oxide prepared by tuning the carbon-
ization degree of citric acid[J]. Carbon, 2012, 50( 12) : 4738~
4743.

LU J, YEO P S E, GAN C K, et al. Transforming C,, molecules
into graphene quantum dots[J]. Nature Nanotechnology, 2011,
6(4):247-252.

LIU H, YE T, MAO C. Fluorescent carbon nanoparticles derived
from candle soot[J]. Angewandte Chemie-International Edition,
2007, 46(34): 6473—6475.

DONG Y, ZHOU N, LIN X, et al. Extraction of Electrochemilu-
minescent Oxidized Carbon Quantum Dots from Activated Car-
bon[J]. Chemistry of Materials, 2010, 22(21): 5895-5899.
HUAN X, TANG Y, XU J, et al. Nano-level resolution determin-
ation of aromatic nucleus in coal[J]. Fuel, 2020, 262(6): 116532.
BRSE . B TRER 00 A1 SR MR T U A BOPERERIFSE[D]. )TN
ML R, 2019.

HE Meiqin. Preparation and properties study of Graphene

[56]

[57]

[58]

[59]

[60]

[61]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Quantum Dots based on Coal[D]. Guangzhou: South China Uni-
versity of technology, 2019.

DONG Y, LIN J, CHEN Y, et al. Graphene quantum dots,
graphene oxide, carbon quantum dots and graphite nanocrystals in
coals[J]. Nanoscale, 2014, 6(13): 7410-7415.

HE M, GUO X, HUANG J, et al. Mass production of tunable
multicolor graphene quantum dots from an energy resource of
coke by a one-step electrochemical exfoliation[J]. Carbon, 2018,
140: 508-520.

KANG S, KIM K M, JUNG K, et al. Graphene oxide quantum
dots derived from coal for bioimaging: facile and green
approach[J]. Scientific Reports, 2019, 9(1): 4101.

SASIKALA S P, HENRY L, TONGA G Y, et al. High yield syn-
thesis of aspect ratio controlled graphenic materials from anthra-
cite coal in supercritical fluids[J]. ACS Nano, 2016, 10( 5) :
5293-5303.

ZHANG Y, LI K, REN S, et al. Coal-derived graphene quantum
dots produced by ultrasonic physical tailoring and their capacity
for Cu(Il) detection[J]. ACS Sustainable Chemistry & Engineer-
ing, 2019, 7(11): 9793-9799.

LIL, WU G, YANG G, et al. Focusing on luminescent graphene
quantum dots: current status and future perspectives[J]. Nano-
scale, 2013, 5(10): 4015-4039.

PAN D, ZHANG J, LI Z, et al. Hydrothermal route for cutting
graphene sheets into blue-luminescent graphene quantum dots [J].
Advanced Materials, 2010, 22(6): 734-738.

SHINDE D B, PILLAI V K. Electrochemical preparation of lu-
minescent graphene quantum dots from multiwalled carbon nan-
otubes[J]. A Eupopean Journal, 2012, 18(39): 12522—12528.
PARK N, CHOI C, SEONG T, et al. Quantum confinement in
amorphous silicon quantum dots embedded in silicon nitride[J].
Physical Review Letters, 2001, 86(7): 1355-1357.

SK M A, ANANTHANARAYANAN A, HUANG L, et al. Re-
vealing the tunable photoluminescence properties of graphene
quantum dots[J]. Journal of Materials Chemistry C, 2014, 2(34):
6954-6960.

TANG Y, HUAN X, LAN C, et al. Effects of coal rankand high
organic sulfur on the structure and optical properties of coal-based
graphene quantum dots[J]. Acta Geologica Sinica (English Edi-
tion), 2018, 92(3): 1218-1230.

B TS R AT T ) I PO S £ S RIS
[D]. K JEH T K2, 2015.

HU Chao. Synthesis and applications of fluorescent carbon dots
from coal and its derivatives[D]. Dalian: Dalian University of
Technology, 2015.

SINGAMANENI S R, VAN T J, YE R, et al. Intrinsic and ex-
trinsic defects in a family of coal-derived graphene quantum
dots[J]. Applied Physics Letters, 2015, 107(21): 212402.

LIU Q, ZHANG J, HE H, ef al. Green preparation of high yield
fluorescent graphene quantum dots from coal-tar-pitch by mild
oxidation[J]. Nanomaterials (Basel), 2018, 8(10): 844.

SUN Y, Zhou B, LIN Y, ef al. Quantum-sized carbon dots for

bright and colorful photoluminescence[J]. Journal of The Amer-

293


https://doi.org/10.1002/adma.201003819
https://doi.org/10.1039/c2cc33844k
https://doi.org/10.1039/c2cc33844k
https://doi.org/10.1039/c2cc33844k
https://doi.org/10.1002/adma.201301870
https://doi.org/10.1002/adma.201301870
https://doi.org/10.1039/C4TA06149G
https://doi.org/10.1016/j.carbon.2012.06.002
https://doi.org/10.1038/nnano.2011.30
https://doi.org/10.1002/anie.200701271
https://doi.org/10.1021/cm1018844
https://doi.org/10.1039/C4NR01482K
https://doi.org/10.1016/j.carbon.2018.08.067
https://doi.org/10.1038/s41598-018-37479-6
https://doi.org/10.1021/acsnano.6b01298
https://doi.org/10.1039/c3nr33849e
https://doi.org/10.1039/c3nr33849e
https://doi.org/10.1002/adma.200902825
https://doi.org/10.1103/PhysRevLett.86.1355
https://doi.org/10.1039/C4TC01191K
https://doi.org/10.1111/1755-6724.13600
https://doi.org/10.1111/1755-6724.13600
https://doi.org/10.1111/1755-6724.13600
https://doi.org/10.1063/1.4936204
https://doi.org/10.3390/nano8100844
https://doi.org/10.1021/ja062677d
https://doi.org/10.1021/ja062677d

2023 4F5 8 11

#HEHMFHAK

%51 %

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

294

ican Chemical Society, 2006, 128(24): 7756-7757.

XIAO J, LIU P, YANG G. Nanodiamonds from coal under ambi-
ent conditions[J]. Nanoscale, 2015, 7(14): 6114—6125.

ZHU S, ZHANG J, TANG S, et al. Surface chemistry routes to
modulate the photoluminescence of graphene quantum dots: from
fluorescence mechanism to up-conversion bioimaging applica-
tions[J]. Advanced Functional Materials, 2012, 22(22) : 4732—
4740.

TAN X, L1'Y, LI X, et al. Electrochemical synthesis of small-
sized red fluorescent graphene quantum dots as a bioimaging plat-
form[J]. Chemical Communications, 2015, 51(13): 2544-2546.
OZAKI J, UOZUMI Y, OYA A, et al. Differences in the coking
and non-coking coals from the standpoint of carbon structure [J].
Tetsu to Hagane, 2006, 92(3): 157-163.

HUANG J, ZENG Q, BAI S, et al. New application of coal in
electrochemical sensing[J]. Analytical Chemistry, 2017, 89(16):
8358-8365.

WU M, WANG Y, WU W, et al. Preparation of functionalized
water-soluble photoluminescent carbon quantum dots from petro-
leum coke[J]. Science Direct, 2014, 78: 480—489.
STANKOVICH S, DIKIN D A, DOMMETT G H B, et al.
Graphene-based materials[J].  Nature, 2006,
442(7100): 282-286.

YASAEI P, KUMAR B, FOROOZAN T, et al. High-quality

composite

black phosphorus atomic layers by liquid-phase exfoliation[J].
Materials Views, 2015,27(11): 1887-1892.

KIM S, HWANG S, KIM M, ef al. Anomalous behaviors of vis-
ible luminescence from graphene quantum dots interplay between
size and shape [J]. American Chemical Society, 2012, 6(9): 8203~
8208.

LIU Y, WU P. Graphene quantum dot hybrids as efficient metal-
free electrocatalyst for the oxygen reduction reaction[J]. ACS
Applied Materials & Interfaces, 2013, 5(8): 3362-3369.

MIAO X, QU D, YANG D, et al. Synthesis of carbon dots with
multiple color emission by controlled graphitization and surface
functionalization[J]. Advanced Materials, 2018, 30(1): 1-8.
CANCADO L G, JORIO A, FERREIRA E H M, et al. Quantify-
ing defects in graphene via raman spectroscopy at different excita-
tion energies[J]. Nano Letters, 2011, 11(8): 3190-3196.

CHIEN C, LI S, LAI W, et al. Tunable photoluminescence from
graphene oxide[J]. Angewandte Chemie International Edition,
2012, 51(27): 6662-6666.

JIANG K, SUN S, ZHANG L, et al. Bright-yellow-emissive n-
doped carbon dots: preparation, cellular imaging, and bifunction-
al sensing[J]. ACS Applied Materials & Interfaces, 2015, 7(41):
23231-23238.

HAN M, ZHU S, LU S, et al. Recent progress on the photocata-
carbon  dots: mechanism  and

lysis  of Classification,

[86]

[87]

[88]

[89]

[90]

[91]

[93]

[94]

[95]

[98]

applications [J]. Nano Today, 2018, 19: 201-218.

ROY P, CHEN P, PERIASAMY A P, et al. Photoluminescent
carbon nanodots: synthesis, physicochemical properties and ana-
lytical applications[J]. Materials Today, 2015, 18(8): 447-458.
LI D, MULLER M B, GILIJE S, et al. Processable aqueous disper-
sions of graphene nanosheets[J]. Nature Nanotechnology, 2008,
3(2):101-105.

BAKER S N, BAKER G A. Luminescent carbon nanodots: emer-
gent nanolights[J]. Angewandte Chemie International Edition,
2010, 49(38): 6726—6744.

WANG L, CHEN X, LU Y, et al. Carbon quantum dots display-
ing dual-wavelength photoluminescence and electrochemilumin-
escence prepared by high-energy ball milling[J]. Carbon, 2015,
94: 472-478.

GAN Z, XIONG S, WU X, et al. Mechanism of photolumines-
cence from chemically derived graphene oxide: role of chemical
reduction[J]. Advanced Optical Materials, 2013, 1( 12) : 926—
932.

DIKIN A D, STANKOVICH S, ZIMNER E J, et al. Preparation
and characterization of graphene oxide paper[J]. Nature, 2007,
448: 457-460.

CUSHING S K, LI M, HUANG F, et al. Origin of strong excita-
tion wavelength dependent fluorescence of graphene oxide[J].
ACS Nano, 2014, 8(1): 1002-1013.

LOH K P, BAO Q, EDA G, et al. Graphene oxide as a chemic-
ally tunable platform for optical applications[J]. Nature Chem-
istry, 2010, 2(12): 1015-1024.

TR, S, KB, 45, BB AR A 0 BT R 4
FOXT A AN [J]. JRFEHA, 2019, 38(5): 39-42.

ZHANG Yating, HAN Jingjing, ZHANG Kaibo, et al. Prepara-
tion of sulfur-doped coal-based graphene quantum dots and de-
termination of Ag' selectivity[J]. Carbon Techniques, 2019,
38(5): 39-42.

KUNDU A, MAITY B, BASU S. Coal-derived graphene quantum
dots with a Mn*"/Mn"* nanosensor for selective detection of gluta-
thione by a fluorescence switch-off-on assay[J]. New Journal of
Chemistry, 2022, 46(16): 7545—7556.

YEW Y T, LOO A H, SOFER Z K, et al. Coke-derived graphene
quantum dots as fluorescence nanoquencher in DNA
detection[J]. Applied Materials Today, 2017, 7: 138—143.
ZHANG S, ZHU J, QING Y, et al. Construction of hierarchical
porous carbon nanosheets from template-assisted assembly of coal-
based graphene quantum dots for high performance supercapacit-
or electrodes [J]. Materials Today Energy, 2017, 6: 36-45.
ZHANG Y, ZHANG K, JIA K, et al. Preparation of coal-based
graphene quantum dots/a-Fe,0; nanocomposites and their lithium-

ion storage properties[J]. Fuel, 2019, 241: 646-652.


https://doi.org/10.1021/ja062677d
https://doi.org/10.1039/C4NR06186A
https://doi.org/10.1002/adfm.201201499
https://doi.org/10.1039/C4CC09332A
https://doi.org/10.2355/tetsutohagane1955.92.3_157
https://doi.org/10.1021/acs.analchem.7b01612
https://doi.org/10.1038/nature04969
https://doi.org/10.1021/nl201432g
https://doi.org/10.1002/anie.201200474
https://doi.org/10.1016/j.nantod.2018.02.008
https://doi.org/10.1016/j.mattod.2015.04.005
https://doi.org/10.1038/nnano.2007.451
https://doi.org/10.1002/anie.200906623
https://doi.org/10.1016/j.carbon.2015.06.084
https://doi.org/10.1002/adom.201300368
https://doi.org/10.1038/nature06016
https://doi.org/10.1021/nn405843d
https://doi.org/10.1038/nchem.907
https://doi.org/10.1038/nchem.907
https://doi.org/10.1038/nchem.907
https://doi.org/10.1039/D2NJ00220E
https://doi.org/10.1039/D2NJ00220E
https://doi.org/10.1016/j.apmt.2017.01.002
https://doi.org/10.1016/j.mtener.2017.08.003
https://doi.org/10.1016/j.fuel.2018.12.030

	0 引　　言
	1 煤基石墨烯量子点制备方法
	1.1 化学氧化法
	1.2 激光法
	1.3 超声波法
	1.4 电化学法
	1.5 超临界水法

	2 煤基石墨烯量子点的理化性质
	2.1 形态、化学成分和结晶性质
	2.1.1 C-GQDs形态
	2.1.2 化学成分
	2.1.3 结晶性质

	2.2 光学性质
	2.3 光致发光影响因素
	2.3.1 尺寸依赖性
	2.3.2 pH依赖性
	2.3.3 激发波长依赖性
	2.3.4 溶液浓度的影响

	2.4 量子产率

	3 煤基石墨烯量子点的应用
	3.1 传感器
	3.1.1 离子荧光探针
	3.1.2 生物传感器

	3.2 能源方面
	3.3 其他方面

	4 结论及研究展望
	参考文献

