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Synthesis, Luminescence Mechanism and
Applications of Carbon Dots with Afterglow
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Abstract: In recent years, the afterglow phenomenon of carbon dots( CDs) has aroused broad re-
search interest. Compared with the traditional organic compounds or inorganic coordination com-
pounds with afterglow, the CDs not only retain the classical characteristics of carbon materials such
as good biocompatibility and low toxicity, but also own the advantages such as adjustable, luminous
color, easy preparation, photostable properties and containing no heavy metals. Therefore, the CDs
with afterglow have important application prospects in the areas of information encryption, biological
imaging and ion detection, etc. This paper summarizes the synthesis methods of afterglow CDs in re-
cent years from two aspects of restricted system and intrinsic emission system, and then briefly intro-
duces the mechanism of afterglow emission of CDs, after that addresses the application of afterglow
CDs in the fields of anti-counterfeiting, information encryption, sensing and biological imaging in
detail. Finally, some ideas on how to optimize the synthetic strategy of CDs and further develop more

practical usages of afterglow CDs are proposed.
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Bk 5. ( Carbon dots, CDs ) F2& i 44 K #4 Bl K ik
(TR 5L, N 2004 4E1 BRI 2 R, AT
CDs F4 B SRR I TT TR s A5, 30
TIREZEAFY CDs M8, CDs 7E4A bk
L Z A1 b BAT R RO, — Bk,
CDs 1Y % ¢ 44 45 9t 2t & 5% ( Photoluminescence,,
PL) "**) H15& % ( Electroluminescence , EL) 212
F4k 2% % S ( Chemiluminescence, CL) ' H:
H GEUR GV T i R W 3, XOA] LU 43 R ok
(Fluorescence ) '™ 43 #E ( Afterglow ) | | 55 #/7*
( Up-conversion ) Hl £ ¢ T i & o¢ g3
( Multi-photon excitation, MPE) %, CDs & 1 5t
(2 B Pk 2 e T L AE A g e R
(CEN 5 AN | K LAl i1 LR
7O S 22 U LR N R

MATTXS CDs (G2 PR it AT T 2 iR A
MBIRSE , & 0T LA 3k A8 I 4 E D) B 4 S
JE R T AR AR 2R FBOW CDs R
JCMEBTHE AT I . 51N H R AR — T
CDs K AMERBFFEAGE . A —Fh 88 LUk
IR IS AT AT RS K T34 K O6AT N, RERE AT 3L
HuTH BRSO DGR 75 SR,
A0 $5 % W % % ( Room temperature phosphores-
cence , RTP) R 4ER & 6 ( Thermal activation
delayed fluorescence , TADF ) I it 85 06 UL I K 4%
MRS, T 3 R AR BLRATE CDs I E Wk B, (2
FERk S IR AR G2 4 R WAGE , B AT C i
AR R AR A St R S ][] 4 3 L i B R 38 ) 4%
AR MR RL A SR I [B) T P2 B N RO FRE %
GER AR L Sl S A R TS
SR G ESE ALY, Hd, — 265 1
FRE U 42 i Ak & W R A% B 5t DL B AN ] 2R
PE, VG 32 3] TAR KA BR &, A AL/ F
F) - A 5 R0 i 555, ME L R A DB
AZ(S) B =FEA (T) B9 R 8] 5 # ( Intersystem
crossing, I1SC) , A it EL A 43 5 14 i A HLAL &
B>, CDs AR —FoB X4 0y oME R L B R
AN BEHEAR ROG TSR A, BRI 32 B AT
Bk, TERFFRPIN , EZ i CDs A — 28R
F18) 35 S5 ok SRR MR S, R 2 R 2 BRAK &R
biE o kR , AT R BLX R & CDs 1932 R

fYJ CDs,

JEURH A 3 8 0B 1 2% 1 1 10 A o 5 Ak
CDs MRHER R . AR SCE e A Z BRAK R FIARE &
SHARZRIX W LSS T R CDs WA BT, i
H XA A5 CDs/ 4y TR &R (CDs/ A AL G
R ZH CDs/ THLEL AR ZR . SRJE X CDs 4%
MR SFHLERIEAT T e, I PR A0 IR T 48 CDs
BIELAR R, FcJa, Xt n e 52 B 75 a4 L o 4% A
B ARG ST BE AR A B — R AR CDs
PR T — SRRk,

2 AH4E CDs #5455,

LA R KT A A HE CDs SE £ CDs 3%
AN AR SCHRHRTE , KB LA S I AT
FRISHY . Z BRAKR R FARAE & SR R, A& 28
CDs [EEAEWIPEIL T -3 CDs AN 2Z A1 B3R5
B, I L i BRI 7 R s T JE SR 4
BRIT  JE# B ESRAE CDs KM AR AWk &
KIREWEER AR T 2 R AR ST
2.1 ZREZR

HRYEE CDs A T ARIFIZORTR, ST LIKG-Z
FRARZR 40574 CDs/ R 43 F . CDs/ F ALAL & 9 L S
CDs/ AR IR R o AT TR PR B sk = F 4
R RIS CDs FEAHEM B HI 2 ik
2.1.1 mE/ anTFihE

H CDs A 5 43 Hh e 58 BH A i) — A
WHFBL 2013 4F Deng 551144 CDs 51 A F|
RO (PVA) H EE IR TSR] T 2% ik
J6,1% RTP F i il i% 380 ms, 8 HJR, 382
KI2h CDs 18 3 & 1) & AL AT AR A% 5 PVA JE L
Sk, E— R T B o, i T AR R SRR
i, X—EMGE T AT, 2 E A%
CDs 1y RTP BLE I T K f5E ., 2016 4F, Tan
AT CDs/ R AR (PU) &AM KL, PU
AL T = ST A Z AKX,
WA ST SRR AT LA > R AR A R E . R AR b
i1 06 CDs AR E] PVA FET | i h 345 1 4
R K FF ik F] 230 ms G K ik 450 ms
HIAHERTRE, 2017 4| Jiang &2 6l TR AW
S(m-PD) 1 PVA E G MR, LB T =T 28
St B R ERBEER SRR E LS (K 1(a)),
2019 4F, Gou %1 435I F IR PR (PAA) (B
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Fig.1 (a) Preparation of CDs and CDs/PVA composite films and the three-mode emission mechanism are proposed®!. (b)

Schematic illustration of the interaction between CDs, cyanuric acid particles and water molecules

PRSI (PAM) I PVA 25885 Wy i i | [a] I 4
CDs [YZRIAE REH], SEEl 1 V3475 arn] 6 (184 ~ 652
ms) 2% €8 RTP K47,
2.1.2 #mE/APALHIK Z

Y = e T % 1 | I e
WA 5 055 A LN Gy T 45 A 2 7 R R
G190 2016 4F, Li %7 X} CDs MR R IR A
WIHAT T« —5 " b B, RAS T MK B 77 i
(1.06 s) Fl =BG+ 77 % (7% ) IR HE CDs,
PIEJT A1 8 CDs SRR SS &, B R
B AR o3 F Z (BB iR &5 (8 1 (b)) , AMUA
AL T CDs (19 C=0 %, 1M ELA K3 1 4%
AR Z AW DT A A5 B8 56 & I Ko 35, Ik
A Lin S5 P KT — Bl b 2% 35 - T 445 b 5 ik
CDs LB OhIm A8 1 ik, SC B T 5 4 40 — a4
WA o ABAS TR B2, 2R FHA [] A 38 e
PR BT, AT DL 1 MBS TADF Al RTP #25,
MK 12 A & ST IE T CDs e 1i =F & 19 B fiE
Al (C=NAF1 C=0) .CDs 5 XUk 2 817 A A9 S
DL R R LS LR E R 455
2.1.3 BRE/AILEAMIKR R

M AP AR B & a7 & 3] [ JiE
B AR LE S | NS il | o N W Y eI NE 3
e, A ALK MM R RS . AL Z T, G
Bl RTP 4 RHY F A AR T A VLA K
REATR KGR F TR BT AR 0 2 10 14 R
B o A A -0 B AL ) e A AT AT LA e L
MR B SR RE — AT IR m A/ AR
EAPRHY AR T, 2017 4F, Lin 2550 308 7 —

[48]

P10 457 ( Dots-in-zeolites ) 7€ i, B3 1o 7K
VRN HE 50 3 5 P JEAY B B CDs, 10K
W& REIS A AR — FIOR A IR IR WA AR
T 75 KA 350 ms, HAE 577 R (QY) ¥ ik
52. 14% 7540 TADF-CDs & & 81K, [RI4E | Jiang
SV ] 2 — e A LAY CDs [ 5 2140 K ek Jie A
o AR B T AEK I B BAT TADF PR CDs &2
A M B ( m-CDs@nSi0, ) , — % J&, Diaz-Torres
SR BB AE ZnALO, EARLT CDs, i
FEA RN B T 3R kK B R G e I Bk 5 (517
nm) W B LI (650 nm) |, G {4,/ 80 RS @/ 21
B ERFLERT ] 5350 8 5 min #1115 min, & H
ARE (4 5 K B ] B B CDs, R4, Shi 45>
KK ¥ 47 (LDHs) .CDs il Zn?* | @ 148 2 1
BAERUK PRI T Zn-CDs-LDH BRI & |
ZIRFREA Y800 ms (M RTP FH 1y f19. 44%
BTG PR (B 2(a)) . LA, B Ti%
TR RAEAER A I ERPE , AR B R ZE i B A
Bl F 77 H B AR RTP,

W T M BR ST A 2240, BLAT R 5| o 2R
T2 p B TR p-m SEHEIR 2 M T A A R
AR R M AR S BB fESL (LUMO) , 2019 4R, Li
SFUY BT T — R BIAR (BA) < 5 SAL B Ty
PRI CDs B9 RTP, WK 2(b) FizR, CDs #% ik
AZ| BA BB, IFAE CDs Ml BA Lk 2 ]
TE BT 8 ) B - B At TN Ay sk 2 S o i T
AR E CDs W=EA (WA c=0 M
O3 RO 1) = ST SRR, AT A
# RTP K5,
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KFHIARCT-BE, Wang %l i CDs #x A F
TR AR HE SR AL S b SEB T ALt
RTP &M, Ho R B ROR &8 9. 6% , I 78 38 A Ak
F A WL R RN 580 5 IR RS 22 A MR
A MmO RR e . MTIA S SRR 1Y

JEUBE FE T PSR (1) BRI (2T CDs 1Y
—HESREADEEESREI) ; (2) f I T1EIT K
AR ARESAE & ) P A BC LS50, IR E T ik
IFRBER/ MR SHETESR

AR, K CDs 480 A B fl ERSC L R
RETT KORG8 AR T LA R e 0 4
SCBL CDs M HIA R T-BL

B2 (a)Zn-CDs-LDH A& Z (25 Hy SILARHEHLIL 5 (b) CDs/BA MYIE R BASTR] CDs/BA 1A X6 Rz HE -4

Fig.2 (a)Structure of Zn-CDS-LDH system and its afterglow mechanism™!. (b) Formation strategy of CDs/BA and corre-

[54]

sponding photographs of different CDs/BA systems

2.2 FERBELGHER

REEA KEIET CDs B A #BHR A
JERYHGE | HIX 2652 5 B4R R 210 E TEA I
W, 5 2B W5 TT & B AR M & 5 DI RE
) CDs, WFFERBI, N P IR B 44 F] T 1SC
AR KA TR SO I 78 = AW, 2018
A%, Jiang %51 SR F 0 3% 5 0 A 2 e i g R
IR, BT RTP-CDs 11 5 2 RILAS il 4%, JiT il
#5117 CDs B A 1.46 s BB WG F7m (R IR UL
THE 10 ), B, AT 1 2 e F g it
FriRT S IARAL R T 2k — il , dil 4 1
BEOCRREEm 252 10 s A A7 1.39 s /Y
RTP-CDs, HABSLEBIEL N P TR AYB IR L K
SHOR SR A [ E & SE I RTP K 5 1Y KB
Su A5 LL = ZWER BRI, B RR 4B 2%, R H
7158 A BB 125 B 1 HAT 52 i (B O R A sk £
WEER AT N P HHB2% CDs,

b, —2 CDs R & A F 5 RS W EE,
REAEAT RUCHE B 1E S SRR o X = F A 1
KAER, i1 HHAZ B4 55 & 41 ( Crosslink-enhanced
emission, CEE ) %W 1] AR #F CDs A3 W 1) 7= 4=

2017 4, Chen 257 L) PVA F1Z Wik 50k £
TREVES RTP-CDs, HRTHF 5 R E Wi be
% A7 50 LB SR 2K 43, 5 HL AT AR 1R AR R -
m S FE R OEEK, WE 3 (a) iR, Tao
ATV T Bk Ak B A W) 15 ( Carbonized polymer
dots, CPDs) " £ & B REL &5 A9 38 N T 1SC 114 HE
R HAN ACHRAE JR 25 b b AR B 3 T AR
BHRIE, Gao S5 B IFA L T —Fh RTP iy
K3k 1.51 s B9 CDs, HRMAAAE K EE RS M
AT RTP B 7~ A e 45 28 0 5 2 AR H .
BT, Xia 559 R B — 25 K 380 Bl R A T Ak o
W, AT BB K RTP 75 10 125 7 38 D9 M Tk P
JE N $B84% CPDs, 3 & o 28 fie £k 72 5w LA IR 5
CPDs 1Y RTP %4 (61.4 ~466.5 ms) F &G K
(485 ~558 nm) ., HSIHHE RN, RTP 7] LLIH K
TAHVERE Y, T4 1 L K 5 W H g
FAH G & ey . A A /3 2 B =
AT A AR 58 5 ERAE , X5 CPDs 1Y RTP & §f&
FSCHEIEIE
F#,C=0 Ml C=N X} RTP f{ ;=4 th % 4%
THEEMEM, 2015 48, Hou 25044+ )\ iz m A
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/3
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OH
Hydrothermal
(Succinic acid) |
H 270 C, 15 h
HN SN \g,

(Diethylenetriamine )

Light On Light Off
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365 nm

390 nm

420 nm

(a) CPDs HYZCHR A 45 ML K R 2 87 (b) TA-CDs B & iR LU K B AT e R 2 8 ( Z2) , TA-CDs
TR BT B BB EIE A (45) )5 (¢) MP-CDs B 4 3 F 7 2 & B MP-CDs

F AR TE RN NI DG BT 55 AS [ 38  ( BI 254,305,365 ,390,420 nim ) FIAS [R] ZE s [a] i 1 5074

Fig. 3

process of TA-CDs and their phosphorescence diagrams(left) ,

TA-CDs in mixed solution of water and tetrahydrofuran in different proportions ( right)

(a) Structure mechanism of crosslinking polymerization of CPDs and its phosphorescence diagram'’

. (b) Preparation
bright field, fluorescence and phosphorescence photos of

31 (¢) Schematic diagram of the

preparation process of MP-CDs and the photos of MP-CDs powder at different wavelengths (i. e. 254, 305, 365, 390,

420 nm) and different delay time after the irradiation was just turned off’™’.

LRFUK AR T, R Z ARG 7
1677 K AR N B AT TADF 514 CDs, CDs f
) C=0 BEUZ A R H 1 5 [ HE-P3E 4 A RN
( Spin-orbit coupling,SOC) , M I kL ¥ 35 W it % 184
T Re) g WP 1 — 25 B R O = F AR,
A, Hu S5l F BRI R & 2R, i AR 8 T
HLA B G & S 09 R UL & R 9 6 3 L RTP-
CDs, JF441% RTP & HHHH T CDs R i) C=0
M C=N, iEH,Zhao %™ L PVA FI 5-% H-1,
10-FEZ w ok J5R} &l T HAT 1812 P 08 e F i
Z%5 RTP 1Y CDs, flufi1IA A% RTP 2k A T 5-%
H-1,10-FEX e iy C—N/C=N u&@%ﬂcﬁ%ﬁ
HPEA ) C=C #, X Ff RTP-CDs BI85 fi
58] 103 ms,

1 FNE T AR SCHR A (W AAE A0 & G
CDs A4 BT %, Fo A DU BE 7 200 °C DL Ak
WA MEZ, FIn,2020 4F | Jiang 2517 LU 2K =
FH R A DRk 3 3 7K R TE 260 °C R Al T —FPrE
LHMT (365 nm) PR T & HERE A58 i ¢
KT 5 2% B0 8 K ) 8] B B I R M CDs (B
3(b))., H— W5 £, Z OBk IE T
CDs R M) — N HABMBERY —E kA
A, FAE AT B IREE T — Rl 2 0 %k RTP-
CDs( 444 MP-CDs) , 4n&l 3 (¢) iR, Mk
PR 254 nm BEHNF] 420 nm B, MP-CDs [ 2545
K2 HE BT A2 hy s ta RTP 59 5 (0 i
AR Ry B A AT X & T MP-CDs /7 7E 24>
RS T S 2
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Tab.1 Synthesis and properties of CDs with intrinsic afterglow emission

JEU LIRS AAG/mm RO r/ms SEBLARME RS EEE R Sk

LTENE R s 340/535 1 460 N.P LR HH: [63]
= LN R Tl 12 356/518 — N.PILE B [65]
Z % PVA TR (220 °C) 345/564 13.4 RMRAWEE R [66]
Lk RNMRTR KL (200 C) 365/494 658. 11 ST IR K SR [67]
P Ik KL (200 C) 320/485 ~558  61.4 ~466.5 R e 25 44 [69]
KEHIR Tl 12 420/585 240.8 KFEFHC=0RMC=N [71]
PVA 5-%3-1,10-FE 2wk | K (200 C) 280/518 103 C=N LI} C=C [72]
BEIR A — H IR 7K (260 °C) 400/560 183.6 RIEIH T RTP (73]
S — 2= Karroc) P 500880 B 4 [74]

500 ~575
RAGR % hE AT (150 °C) 320/515 747 N#B& KEMEZFMWC=0 [75]

3 CDs & HE & 5o e

AMERPRIP RO T (FWR s 5 R
Ma NSO, TR D AR SR P R A ) AR 55 4
A ERIBHE T AT HBEEAIER k&
MRS A LB HEAT T R sE, 45
W (B 4) 4P B R &, i 7 A S,
BERIER] S, WOk, IR 5 I3 B BE S g fE
FREGT YOG, BN S, WU 1SC
B3k T, WOR SR EH I B X — o B AR
AR SR RO WG . T AER 20 S G Y X )
T4 T, MRS S, kA Z R BB
(AEg) /N, PN T, BAEB LB RS B
W12 S, WO, KA B 1) 2 ) 6 i 2 ( Reverse
intersystem crossing, RISC) , WP THZ& M S, &k
ASHR SR M ) B2 XA R A IR RO

CDs ZLSIMBOC AR A R R . (1) 2

S,

-
Hel
e )
S, - (4
: . —
v
KE _T1
4 RE} 4
Ko ] B
= Sl ¥
)
&
. v
So

Kl4  CDs RMERIHLI R R

Schematic diagram of mechanism of CDs afterglow

Fig. 4

00 7 = AT S A R R A
ISC, CDs W25 HA7 W /2 HL 1 BRAE i B G 2544, OF
HS 5T ZHEKGEH (AL, ) Z 2%/ (T
CDs #ER K, —ERK AE, <0.3 eV) , 1M & [H]
R ) (kg ) AR T2 G RE R I B (k)
FNER F% # (Internal conversion, IC) 3 K (k) ;
(2) LAY = A BT AS 32 A 8 5 BR AT 0 T
Yo, Hodp 1SC i RS0 E T, BRI S, e
FE T ARMERCRR LR, T SOC WU 1SC & i
FHEIKEN S7, K4 EI-Sayed LI 2R 8] 45 A7
LT A BEBIEG K A, Sl M HL - 1 5 B P 5 30
() Bl AR, AT AT — AN HL 7R A B R B
BRI BN R ) AR
Wk, HERLEYR SOC B5, (m,mt ) M
Pw,w” ) ZIA R A E R AEBE DR, W EE
A VAR T K ) B SR = FR A R R SRR
SOC, T AR RIE T HEFF R s
25 FEBREAS AT O B LA AL, 2 1F 1SC ad 7R,
MR LSS — AN A5, Tk CDs i A BISERR T 4
SRR R U FHAC IR o 2 S0y 25 BEAD
REME A RS 25 A R, O B = AT
REZERKAF PRI SR MTSEERER S

4 H5HE CDs 89 22 JF

ST, FJE TOLECROE A
TRl {50 s, 76 B O £ B PR 37 M A= )
GG E B RRINHE T . AR S A5 AR



$12 4

TRAERE, 55 . AOHERR UMM A B A CHLER A S H]

1573

KeARME CDs FEA 4 A I
4.1 FthEsR

TEME A E AR S 2 — Az M p e, —
WHEE AT, AR A U R A B i, B
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) —FP R RS

WE 5 (a) Fiw, —F =8 KR CDs 3
S RERE i 1 7 O BB K e A BE I B 1Y
s, R B SR s
BT ET RS AT Rt e TR XA
FAEH T ILFBE AW, {HLE 365 nm LHMT I
800 nm REMWOLAF MG T A" F1eA”
FAFIG AT UL, RO AE AT J5, A5 4R AT DL A IR
WL BN WELR AR AT, % TPl e iy =R
RATREE 1% CDs 552 A M OBHE & 4 S 2 A
T A R T IR R R AR T L 2RO
TAEATE

BEAN , AHE CDs 38 7] DL HoAth 7 FH 26 e et
TRAKHIER S, Tao %7 R P A A A RTP

ta

lacccsasane

I ON
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> ] \ 4
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