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Abstract: Nitrogen-doped carbon dots (N-CDs) were prepared by the hydrothermal method using glucose as the
carbon source and m-phenylenediamine as the nitrogen source. The N-CDs have a large Stokes shift (AN=100 nm)
and can be used for highly sensitive detection of Cr( VI ) and chlortetracycline hydrochloride (CTC). The functional
groups on the surface of N-CDs interact with Cr( VI) to form a ground-state complex, causing static quenching. At
the same time, the photoinduced electron transfer and internal filtering effects intensify the fluorescence quenching.
Within the linear range of 0. 2 to 300 wmol/L, the detection limit is as low as 35. 7 nmol/L. In addition, by integrat-
ing the intelligent imaging technology of mobile phones, the visual quantitative analysis of Cr( VI) can be achieved,
with a detection limit of 0. 38 wmol/L. Based on static quenching and the inner filter effect, N-CDs can also be used
to detect CTC within the range of 0. 1 to 200 wmol/L, with a detection limit of 10. 4 nmol/L. The method has been ap-
plied to the detection of Cr( VL) in electroplating wastewater, CTC in milk and chlortetracycline hydrochloride oint-
ment. The spiked recovery rates ranged from 94. 0% to 104. 0%, and the relative standard deviations were all less
than 3. 3%. The method offers a practical and feasible solution for rapid detection in the fields of environment, food,

and medicine, and also provides a new idea for portable and visual detection of Cr( VI ).
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Fig. 1
CDs.

TEM image (A) (Inset: HRTEM image) , particle size distribution (B), XRD pattern (C), FTIR spectrum (D) of N-
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Fig. 3 UV-Vis absorption, fluorescence excitation and emission spectra of N-CDs (A) (Inset: photographs of N-CDs under sun-

light and UV irradiation) , fluorescence emission spectra of N-CDs at various excitation wavelengths (B).
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Influences of various concentrations of NaCl, H,0,, NaBH, (A), irradiation time under UV and Xe lamp (B), pH val-

ues (C), storage duration (D) on the fluorescence intensity of N-CDs.
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Fig. 6 UV-vis absorption spectrum of Cr( VI) and fluorescence spectrum of N-CDs (A ), UV-vis absorption spectra of N-CDs at

different concentrations of Cr( VI) (B), FTIR of N-CDs before and after addition of Cr( VI) (C), Stern-Volmer fitting
curves of the N-CDs-Cr( VI ) system at different temperatures (D), Fluorescence lifetime curves of N-CDs with and with-

out Cr( VI) (E), Schematic diagram of electron transfer mechanism (F).
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Fig. 8 Selectivity of N-CDs toward amino acids and drug molecules (50 wmol/L.) (A), anti-interference performance of N-CDs

(CTC: 50 pmol/L, other amino acids and drugs: 50 wmol/L) (B), fluorescence titration spectra of N-CDs for CTC de-

tection (C), curve of Fy/F varying with CTC concentration (D).
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Tab. 2 Performance comparison between the proposed method and reported CDs-based methods for CTC detection

Fluorescence probe Linear range/( wmol/L) LOD/(nmol/L) Reference
B-CDs 6~13 210 [5]
ROR-CDs 5~50 12.7 [6]
N-CDs 50~350 170 [7]
N-CDs 0. 04~0. 25 18.3 [18]
Mn-ZnSQDs 0.3~50 90 [32]
N/P-CQDs 10~100 30 [33]
CDs 0.8~10 169 [34]

N-CDs 0. 1~200 10. 4 This work
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Fig. 9 UV-vis absorption spectrum of CTC and fluorescence spectrum of N-CDs (A), UV-vis absorption spectra of N-CDs with

various concentrations of CTC (B) , fluorescence lifetime curves of N-CDs in the absence and presence of CTC (C) ,

Stern-Volmer fitting plots of N-CDs-CTC system at different temperatures (D).
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Fig. 10 FTIR comparison diagram of N-CDs before and after adding CTC (A), XPS spectra of N-CDs containing CTC (B) ,

C1s peak-fitting diagram (C), Nls peak-fitting diagram (D), Ols peak-fitting diagram (E).
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Tab. 3 Maximum tolerance multiples of other interfering ions during Cr( VI ) detection by N-CDs

Coexisting ions Tolerance fold Coexisting ions

Na* 110 Cu™

K 110 Mn**
NH," 100 Zn®
Mg™ 70 cd*

Ca™* 50 Fe'

Ba™ 40 Ph**

AP 40 Ag'

cr” 20 Co™

Ni** 20 Cl

Tolerance fold Coexisting ions Tolerance fold
15 NO, 110
20 ClO~ 100
20 HCO, 10
20 CH,CO0" 110
10 s0,” 60
10 co” 50
20 F 20
10 PO,*” 40
110 Br 25

&4 N-COsINCTCHEMESEREHN THHEAWZEL

Tab. 4 Maximum tolerance multiples of other amino acids and drug interference during CTC detection by N-CDs

Coexisting Coexisting
Coexisting substances Tolerance fold Tolerance fold Tolerance fold
substances substances
Tetracycline Hydrochloride 30 Amoxicillin 20 Arg 25
Doxycycline 20 Rifampicin 10 Val 30
Chloramphenicol 10 Curcumin 15 Leu 20
Morin 5 Epicatechin 20 Trp 40
Ibuprofen 25 Glu 30 Thr 35
Naringin 30 Asp 20 Met 30
Levofloxacin 40 Gly 25 Ser 50
Oxytetracycline 5 His 30 Lys 20
Roxithromycin 20 Cys 15 Tyr 30
3.7 BEmah I 7 AL B IR K R Ce( VDY 45 2R 5 TCP-AES 4l 75

I B N-CDs 52 A6 BR7 15 76 52 Bkl o
A | A IR K R 4 T
Uy SR RE L 42 51T T Cr(VI)5 CTC R Rl
ISR AR I7 v HEAT AT L 2R 5 % L Bk

B — 80, AR M3 97, 0%~104. 0% , iE W] T 3%
D7 W5 AE SE PR K RE v Co VARG I 74 v B 1 o 9 g

BLAZR 2 (3% 6) Kl Cr( VD) Y 181 WL 38 2 93. 0%~
96. 0% , HIXT A5 Qi 22 (RSD) /NT 3. 3%, ] it 2 R

®5 ETN-CDsHIRHiES ICP-AES &M KH R Cr(V1)(n=3)
Tab. 5 Fluorescence method based on N-CDs and ICP-AES for the determination of Cr( VI) in water samples (n=3)

Fluorescence detection ICP-AES
Sample Added/ Found/ Added/ Found/
RSD/% Recovery/% RSD/% Recovery/%
(pmol/L)  (pmol/L) (pmol/L)  (wmol/L)
. 0 2.32+0. 09 1.52 - 0 2.39+0. 10 1.33 -
Electroplating wastewater sample 1
2.0 4. 40+0. 23 2.11 104.0 2.0 4.37+0. 12 2.75 99.0
. 2.54+0. 19 3.02 - 0 2.58+0.05 2.24 -
Electroplating wastewater sample 2
2.0 4.48+0. 28 2.56 97.0 2.0 4.61x0. 08 1.74 101. 5
. 0 3.04+0. 15 1.97 - 0 3.31+0. 19 2.42 -
Electroplating wastewater sample 3
4.0 7.14+0. 43 2.42 102. 5 4.0 7.22+0. 11 1.75 97.6
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F6 ETFIERMGERNMAKERCr(V)(n=3)

Tab. 6 Detection of Cr( VI) in water samples based on mobile phone intelligent imaging method (n=3)

Mobile smartphone imaging detection

Sample
P Added/(umol/LL)  Found/( pmol/L) RSD/% Recovery/%
. 0 2.7+0. 21 3.15 -
Electroplating wastewater sample 1
10 12. 1+1. 34 2.40 94.0
. 0 3.5+0.13 1.52 -
Electroplating wastewater sample 2
10 13.1+1.38 2.40 96. 0
. 0 4.1+0.32 3.10 -
Electroplating wastewater sample 3
10 13.4+1.92 3.30 93.0

®7 N-CDs#HPLC# UK FR# & 5 CTC K 547 (n=3)
Tab. 7 Analysis of CTC in actual samples by N-CDs and HPLC (n=3)

N-CDs HPLC
Sample Added/ Found/ Added/
RSD/% Recovery/% Found/(pumol/LL)  RSD/%  Recovery/%
(pmol/L)  (wmol/L) (wmol/L)

Chlortetracycline 0 1.06+0.06  2.08 - 0 1.33+0. 35 3.05 -
hydrochloride ointment 1.0 2.10+0. 13 2.52 104.0 1.0 2.25+0. 16 2.71 91.3

0 Not found - - 0 Not found - -
milk 1.0 0.99+0. 08 3.11 99.0 1.0 0.95+0. 07 2.12 95.0
2.0 2.08+0. 11 1.52 104.0 2.0 2.10+0. 10 1. 85 105.2

0.38 wmol/L. F& T PN UE 280 i A i 28 7 K AL
N-CDs A] & 8k 1 CTC,LOD H 10. 4 nmol/L. ¥

AR SC LA JR] 2R e AR A OB O A IR A Sl i N-CDs 43 1 I FH F B 88 22 7K Hh Co( VI L 4 05 Je &
K B B D) ) £ T N-CDs. 3% N-CDs DA % ifi 75 R 4 B 2 FE &L T CTC 19 43 #7 , 55 ICP-AES I
SR B KOG R R HLE, H A R HPLC & 25 5 — 20, 3% 80 3F 7 N-CDs K ] 5 b
G PEE 5 R EE L R Cr(VI)FT CTC BA B I N 0 T SR M L AR SO Y Co(VTD S CTC 560k
PEFEME . LT N-CDs I RE FALBURHE AR  ADE R0 Jr vk, B w2 8 485 B B0 45 05, o 38
AR T PO A A F e THLBUR ORI 7 BE £ A 24 4R A DR R O A 4R IR T B ST
T C(VD) K, LOD 43 51 & 35. 7 nmol/L £l 1T i ey % .
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