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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 (AA =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. 2-300 pwmol/L, the detection limit is as low as 35. 7 nmol/L. In addition, by integrating
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 de-
tect CTC within the range of 0. 1-200 wmol/L, with a detection limit of 10. 4 nmol/L. The method has been applied
to the detection of Cr( VI ) in electroplating wastewater, CTC in milk and chlortetracycline hydrochloride ointment.
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
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medicine, and also provides a new idea for portable and visual detection of Cr( V).
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Fig.1 TEM image(a) (Inset: HRTEM image) , particle size distribution(b), XRD pattern(c), FTIR spectrum(d) of N-CDs
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(a) UV-Vis absorption, fluorescence excitation and emission spectra of N-CDs (Inset: photographs of N-CDs under sun-

light and UV irradiation). (b)Fluorescence emission spectra of N-CDs at various excitation wavelengths
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Influences of various concentrations of NaCl, H,0,, NaBH,(a) , irradiation time under UV and Xe lamp(b), pH values

(¢), storage duration(d) on the fluorescence intensity of N-CDs
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Tab. 1 Performance comparison between the proposed method and reported CDs-based approaches for Cr( VI ) detection

Fluorescence probe Linear range/(umol-1™") LOD/(nmol-L™") Reference
N-CQDs 5~100 704 [1]
CODs 1.5~78 1370 (2]
N,S-CQDs 7.5~33 110 (4]
CDs 1~125 600 [15]
CQDs 0.2~19 164 [27]
N-CQDs 10~100 2100 [14]
CQDs 20~90 3860 [28]
N-CDs 0.2~300 35.7 This work
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Fig.6 (a)UV-Vis absorption spectrum of Cr( VI) and fluorescence spectrum of N-CDs. (b) UV-Vis absorption spectra of N-CDs
at different concentrations of Cr( VI ). (¢) FTIR of N-CDs before and after addition of Cr( VI ). (d) Stern-Volmer fitting

curves of the N-CDs-Cr( VI ) system at different temperatures. (e) Fluorescence lifetime curves of N-CDs with and without

Cr( V). (f)Schematic diagram of electron transfer mechanism
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N-CDs 0. 1~200 10. 4 This work
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(a) UV-Vis absorption spectrum of CTC and fluorescence spectrum of N-CDs. (b) UV-Vis absorption spectra of N-CDs

with various concentrations of CTC. (¢) Fluorescence lifetime curves of N-CDs in the absence and presence of CTC. (d)

Stern-Volmer fitting plots of N-CDs-CTC system at different temperatures



%7

VPSEAE, &5 BT RUBZi Ay Cr( VD) FNER IR 42 55 B UEOLE 143 B B8 R T 9L AT 1Ak 1% BT 5% 1311

POLILRBE R AR AT REVE . Wi — IS
KA ER SRR AR A (DL T AR E
(293,303,313 K) '~ Fo/F Fll CTC ¥ B (4 81 A il £k .
B O(d) 25 5 3R W, Bl A5 B 1 T, Ky DA 6. 12X
10* L/mol J& /N & 3. 59x10° L/mol, £ & # 25 1% K
HLH )RR IES . CTC o0 F & A LB K 38 3t
ik e 6 A SRR AR B BB AT, AT o S 5 N-CDs
T H REH S5 G R E M E G W, A CTC R
J5 N-CDs 19 FTIR DG (B 10(a) ) 2 58 2 A
e L S RRAE WA B R A IR T X — . A
BT T & A CTC (1) XPS fig ik | (& 10(b) ) , C
1s N 1s F1 0 1s B £ L A5 533 4 65. 10% .6. 46%

il 28.43%, 5 4l N-CDs A Lt , N JC Z J& F b 6
AHXT FEAR, O TE R 1S K. 4o e il & 45 1 ([
10(c)~(e)) B~ O 1s AN 1s (304 04 1 A2 & A=
A4k, X R W] CTC Al i 5 N-CDs & 1f 19 F5 E JC R
e T 2 AW, #F— B UE 390 T # A M K J& N-CDs
PN R A A 38 2o 1 P AR 22 il Ze il ik
5T CTC B LUMO fig 2 it HOMO fig % 53 5 4
-3.61 eV fil-6.59 eV, N-CDs ) LUMO BE % % T
CTC, 7ok N N-CDs ¥ % 2 CTC, i e HERR T
MR RerE . B, N-CDs £l CTC %%
TR I 32 B T DR 2 0 A R K 55 P D8 AN 1) 5 [
YEH o

(a) (b)

—— N-CDs+CTC

—— N-CDS

Transmittance/a. u.
Intensity/a. u.

1 5‘};0

—~
o
S

0 1s

— Raw

Intensity/a. u.

(d)

Intensity/a. u.

396 398 400 402 404
Binding energy/eV

4000 3500 3000 2500 2000 1500 1000 500 200 400

Wavenumber/cm™ Binding energy/eV

600 800 280 285 290 295
Binding energy/eV

(e)

Intensity/a. u.

525 530 535 540
Binding energy/eV

10 (a) @M CTC R JG N-CDs (9 FTIR %F L& 5 (b) & A CTC 1Y N-CDs [ XPS % & 5 (¢)C 1s 430484 8 5 ()N 1s 43 1481

G ()0 1s 4yl 4 A
Fig.10

(a) FTIR comparison diagram of N-CDs before and after adding CTC. (b) XPS spectra of N-CDs containing CTC. (¢) C

Is peak-fitting diagram. (d)N 1s peak-fitting diagram. (e)O 1s peak-fitting diagram

3.6 N-CDs#Ml{ERA I FHMIERES M

M Cr(VI)aE CTC ¥ JE S 10 pmol/L B, N-CDs
o A4 2R FE £5% B M B 15 25 AR VR L, X HAth 3
G VEUEIR B2 TR Y A K 32 A5 A L3R 3
R d, S5 FRW, P ke 1Y N-CDs il i 2 % 5
W8 B 1 VR R S 2 W) AT B R T A2 fE
77, R A A R B SE BRAE i B2 e R B i L
Cr( VD) FI CTC ARG TR I B4 1 A §E S 4%
3.7 HmaW

R 0 E N-CDs %¢ A% 85 vk AE SE PR il o iy
AIEEVE AW 5T 0 B R B R OK R R A B R R

A5 Ry S BREE L 4350 FF S Ce( VD) 5 CTC A AT
IR bR AE L AT IGAE . A0 5 TR , 98 675
FE LB R K Cr( VD) Y 25 5 5 TCP-AES K6 7 32
— 2, AR U ZE K 97, 0%~104. 0% , WEW] 1% )7
TRAE S BR KRR CrC VDRI Y B 14 o 5 BE T L
BAR 2 (2 6) K I Cr ( VD) 9 T2 Y R S 93. 0%~
96. 0% , H X A1 e Qi 22 (RSD) /NT 3. 3%, A i 422 i
Yy b 5 oK o e 7 B R N-CDs K i 458 &
A4 CTC 1945 3 5 HPLC AR 7 1 — 2, RSD 1
INT 3. 11%, FIRGE KRBT N-CDs 75 /K J5z Wa I LA
B i 2 53 B SRR A R I g Y T .



1312 % Jt 2% 74 %475

®3 NCDs#EMCr(VI) HEMBFFRHEXATE F4 N-CDsHEMCTCHEMEEBSHWTIHEX

&8 i} 52 & ¥
Tab.3 Maximum tolerance multiples of other interfering Tab.4 Maximum tolerance multiples of other amino acids
ions during Cr( VI) detection by N-CDs and drug interference during CTC detection by N-CDs
Coexisting ions Tolerance fold Coexisting substances Tolerance fold
Na' 110 Tetracycline hydrochloride 30
K* 110 Doxycycline 20
NH; 100 Chloramphenicol 10
Mg™ 70 Morin 5
Ca™* 50 Ibuprofen 25
Ba™" 40 Naringin 30
AP 40 Levofloxacin 40
cr’* 20 Oxytetracycline 5
Ni** 20 Roxithromycin 20
Cu® 15 Amoxicillin 20
Mn** 20 Rifampicin 10
Zn* 20 Curcumin 15
cd* 20 Epicatechin 20
Fe™ 10 Glu 30
Pb** 10 Asp 20
Ag 20 Gly 25
Co™ 10 His 30
cI 110 Cys 15
NO; 110 Arg 25
Clo~ 100 Val 30
HCO;S 110 Leu 20
CH,CO0~ 110 Trp 40
807" 60 Thr 35
o 50 Met 30
F 20 Ser 50
PO;” 40 Lys 20
Br 25 Tyr 30

%5 ETFN-CDsHRHiES ICP-AES K AKBEFRE 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/ RSD/ Recovery/  Added/ Found/ RSD/  Recovery/
(pmol-L™")  (pwmol-L™) % % (pmol-L™")  (pmol-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 4.61+0. 08 1.74 101.5
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

F6 ETFNERMBGERNMAKERCr(VI)(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
Added/( wmol - 1.™") 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
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Tab.7  Analysis of CTC in actual samples by N-CDs and HPLC (n=3)
N-CDs HPLC
Sample Added/ Found/ RSD/  Recovery/ Added/ Found/ RSD/ Recovery/
(pmol-L™")  (wmol-L") % % (wmol- L") (umol-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
Lo % ¥ N-CDs 3 382 1 F 88 K e (V) L 0

A SC LA TR] 2R i R0 A 2 OB O SR A S8 0
K P T il & T N-CDs. % N-CDs DA % 1 75
TR G RO B R JEHLE, B &S
St e SR E M, X Cr(VI) A CTC B B4
3k 1 . 3T N-CDs F1 % BE F UL H AR, A2
WF 58 M 8 T 2 0k e 245 45 % Ak - HIL AR 1 A DU
D735 T Ce (VD) K9, LOD 43 %1 4 35. 7 nmol/L
F10.38 wmol/L. K& F N % &% N Al #2485 8 K L
il , N-CDs A R & CTC,LOD >4 10. 4 nmol/L.
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