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Abstract: 1-(3-dimethylaminopropyl)-3-ethyl carbodiimide hydrochloride (EDC) as a water-soluble carbodiimide
crosslinking agent, it is widely used in nanomaterial research. The utilization of EDC is as a key component in the de-
sign and functionalization of nanomaterials for diverse applications. This study focused on carboxyl-functionalized
graphene quantum dots (C-GQDs) and investigated the impact of EDC on its optical properties which has received
limited attention previously. This method can effectively enhance the fluorescence intensity of C-GQDs. In experi-
ments, C-GQDs and EDC were reacted to form C-GQDs/EDC complexes via a one-step aqueous method. Experimen-
tal results demonstrate that after reaction with EDC, the fluorescence of C-GQDs/EDC is significant enhanced by ap-
proximately 23 times. Additionally, the impact of factors such as solution concentration, light irradiation, and reac-
tion time on fluorescence were also validated. Fluorescence spectroscopy analysis indicates that the luminescence of
C-GQDs is the result of a multi-process interplay involving intrinsic, surface, and defect-state energy level transi-
tions. Abundance of defect energy levels in original C-GQDs contributed to the weakened luminescent performance.
The mechanistic analysis suggests that the activation reaction occurring between EDC and carboxyl groups plays a

role in surface defect passivation, thereby improving the surface-state exciton recombination efficiency of C-GQDs.
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This effectively addresses the low luminescence issue of C-GQDs. This work extends the potential applications of

GQDs and provides a reference for the modulation of the optical properties of GQDs.

Key words: graphene quantum dots; fluorescence; crosslinking agent; surface states

17l

8BTS (GQDs) VRN 1 S 2K Mk 2
— LA R A 2 0 2 D RO 1] RSF <10 nm
) A1 55 07 o A 5 A il JFL BB Y 25 4 R 0 AN
] T 0 KA 7 BB | oo 5 LA B 40 K 1 L
[ B, GQDs 1 32 3 11 28 4% 45 1t 1 A (9 4 B Ak
Sf Pk S, 490 G 5L A R R Y 2 A RN 8 B ek
N o T GQDs HAT HAIL Y A= 4 85 1 K ¥ v
ARG A G, HRTE o —Fhg) 1z 6
FR B B 40 K R S B, GQDs 6 3R 6 (PL)
I e T 45 v I T DA ok 4 A R RS 5T A
5 4= 500 (LB I 55 ) DL B 2% 1 D) Rk 1k A& o ok E 47
P . HAT, GQDs i PLPE BT & Bl Jy % 8 4 1
Z— BT T O A B A R kOt
TUBCARE™ R BH AE R ' e A S 1Y
FEH . BRI, 78 GQDs il £ i B2 b, 45 BR Y S0 56 4%
P A b e IR TR B 4 B L 345 5 #E GQDs TN
H1 2 5] A SRR B B 25 48 B B, DATIT 52 I GQDs
A PLMERR . UL, #2985 GQDs 26 6 it 73R ffa
EMER T —EH R AT BT, 2 i
i I AL S 5L B T AR B4 R
LA B — 1 GQDs, LASE BLRORE G 2 1 fiE 1 32
T B AN, T GQDs M4 B9 45 1 & O
BN 32 ROE e 1o 36 0 45 4 B g i), 38 5 AR
PR BE 2% TR RE PRI 590 o 4 T R M K
I, HATHF ISt % B, 4 GQDs BEAT 48 2 K1
B A B A i B A Ty kAT S R T AR PL
PERE o B 4, Shen %5 238 , I R & ZFEAE N B
ik 5 Ak BE ) GQDs & T 57 & M 13% i & F
28%"""; Sun 45 1 A T B B 4 A R R
P 2 74%"

v B X e T 3 A 6 9 F 9T R B, GQDs
A1 SR A% 5 00 Gk B PR AR i 174 2% A 3% T 25 245 g ot
PLEA B E WA TTREE . 140, Zhe SFEHF5EE W,
28320 VR PRE AL R GQDs 2R TH B 73 R AL e A O
L, BBl GQDs 3 M 4 & Ot 1 i LA K38 5t ik 2
Jo B E A1 GQDs [ & Ok Hon K AR B
Feng %5 i 13 fb 2430 J5 7 0028 T GQDs F 1 N i

nu\«

T R 2 Y B O A B B SR IR 1Y A L
B V2 RGE B ENE T S X GQDs iy
PEIR A s e A . 5 U R, 94K b kLR 2
A S0 00 e e B R B, R L & A E
1| g A= i N RS AR T e e VAN i =
Mo, 2B 2 5 0 5 A 2 5 30 GQDs 2 1 3 ]
() 2 A, DT A fig S BOH G 25 M o R AR 0As o SR
M, BAR BRI g TR 2 90k MR B & S0
o HER X 2B 5 GQDs & M 2 i 9 15 41
5% H A il . 7Bk £ 07 1E , TS
IFi) 22 B 751 5 AS ] 35 A i) o) B i LA 4 1l 1, Hovp
W EDC B A R HE O G P L BB % 5 C-GQDs
) 2 T FR L R AR TR AL R R o TR EDC SRk i
HJCHA BB, Barel) iz T a8k o kR
VFZ AW TS . AEAR TAET 3],
ITHE C-GQDs K B W 51 A EDC, 38 &8 7K #H J2 )i
53] C-GQDs/EDC. S5 45 JF iz I £ g 3%
$ETF C-GQDs 965 i, IF B0 UF 1 4% KL 4% 14 1Y
SR 38 S R A A B SRS e L i — b
R T C-GQDs A E 2 | 2 18 245 M Bk b3 745 & 6
PRI 53T T 261G 98 % Al e ML

2 % B

2.1 KFIF0{LER

1-(3- R 3 ) -3- 2 3 i — W e 3 iR 46
(EDC) FIl N-¥2 5 3% 3195 0 e (NHS) (40 & : 98% )
KW T Sigma-Aldrich fb 2250 4 /. R IEAL A 55
¥ it T 4 COOH-GQD (4 %5 : XF090) 3k 1y F V1. 95
TGO BB A R A A o BT e il ¥R &
E— 2L Al AL B o

Tecnai G2 20S-Twin i §f H F W f% B8 (FEIL,
USA) Hl T C-GQDs 1 C-GQDs/EDC B JE $1 & 1iE
Nicolet iS50 % {8 B M- 2T 41 5 4% 4% (Thermo Fisher
Scientific, USA) F T k£ 5 19 32 1 L A1 R AF . Cary-
5000 % 43 5t ot B it (Agilent Eclipse, USA) Fl
G9800A B2 5 i A (Agilent Eclipse, USA ) 43 5l
FH TR 0 58 0 - 0] LR e R SR S g I
FLS980 A1 £ 25 Bk 245 %¢ )t ' 1% {X (Edinburgh Instru-
ments, UK) Bt #& 375 nm KOG H T o G oh A5 =



282 K )t 2% Eivd %45 %
VR I i 3 4R B3t
2.2 HRAR

TR C-GQDs(1 mg/mL) 4 BH A HL/N >
FLORHTB T EEA . i C-GQDs fff Ji 255§
T KRR BEZ W E M 0. 125 mg/mL, 3 1 T J5 26
MK . ARF EDC & & A C-GQDs/EDC B A W1k
K ARG BUE 1 e 26 45 R 4 5 A 0. 25
mL(1 mg/mL) ) C-GQDs ¥ ¥ , FHHUhn A [A] 44
FR(0~80 L) J& N 60 mg/mL B EDC /K ¥ W , I
A1 min, WG, HSHEMALEFRKERR?2
mL, 76 % i T FFLL 0P SV 20 min, AT )5 26 52
5t

3.1 C-GQDsEI1E

E 1(a) % TEM E .78 C-GQDs B 51 & 21 4)
& KA S A HE 3~6 nm Z A, 35% W FIURL ELAR 4 A 7F
~4.3 nm, R RAR A B 1 — o K 1(e) 2 C-
GQDs 5 EDC M i, C-GQDs/ED C 4 M AE b 1y
TEM E& LRI A S RAELTES. B 1(b) .
() 43514 C-GQDs F1 C-GQDs/EDC 1Y & 4 BEFIZ
ARSI AT 1) A A 8, DN A5 1) A% ] HE 35
0. 21 nm, XF L A1 24 (110) fh AT o 3% 3 W15 385k
EDC K AXF C-GQDs [ i AR 256 3 15 i)

: P ‘ {0:21 hm)

1 50 nm bR RUF C-GQDs £ TEM {5 (a) (I [ A K042 70 A3 GETHAER ), 22 IS nm AR RUT 89 5 20 BE B2 (b) 5 C-GQDs/

EDC 5 TEM (e ) K H: Jai 38 55 43 3 EZ (d)

Fig.1 (a)TEM image of C-GQDs in 50 nm scale. The inset bar graph shows the size distribution of C-GQDs. (b)The magnified
in 5 nm scale. TEM image of C-GQDs/EDC(c), and the magnified view(d) of the C-GQDs/EDC
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Fig. 2

(a)FTIR spectra of C-GQDs(blue) and C-GQDs/EDC(red), the inset is schematic diagram of carboxylated C-GQDs and

its reaction with EDC to form N-acylurea on the surface. (b) Absorption spectra of C-GQDs(black) and C-GQDs/EDC so-
lution(red line). (c¢)Fluorescence spectra of the C-GQDs(black) and C-GQDs/EDC(red) upon 380 nm excitation
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Fig.3 (a) The PL emission spectra of C-GQDs, C-GQDs/EDC, C-GQDs/NHS, C-GQDs/EDC/HNS, EDC and NHS upon 380
nm excitation. (b) PL emission spectra of C-GQDs reaction with different content of EDC from 0 to 80 wL (60 mg/mL).

(¢)PL emission spectra of C-GQDs/EDC with various reaction time(0-25 min) , inset is the trend of spectra integrated in-

tensities value with reaction time. (d) Integrated PL intensities percent of C-GQDs/EDC and C-GQDs under different irra-

diation time under 365 nm UV lamp, respectively. (e)—(f)The comparison of PL spectra of GQDs and OH-GQDs in pres-

ence and absence reaction with EDC, respectively
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