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Abstract In this study, water-soluble red carbon dots (R-CDs) were successfully synthesized via a microwave-
assisted method using spinach powder as the carbon precursor. The optical properties, structural characteristics, and
fluorescence regulation mechanisms of R-CDs were investigated. The results demonstrated that R-CDs exhibit
uniform particle size distribution (3.62 nm) , long-wavelength red light emission (648 nm) , and a narrow full width
at half maxima (FWHM) (30 nm). The observed fluorescence redshift is attributed to the synergistic interaction
between hydroxyl groups and graphitic-nitrogen. A fluorescent probe based on R-CDs was developed for highly
selective detection of Pb** ions, with a linear response range of 0—40 nmol/L and a detection limit of 4.2 nmol/L

(R*=0.990). Further studies revealed that the interaction between Ph** and R-CDs is primarily governed by a dynamic
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quenching mechanism. This work provides a novel and environmentally friendly approach for the synthesis of red

carbon dots and their application in heavy metal ion sensing.

Keywords Carbon dot; Red fluorescence; Lead ion; Fluorescent probe

Wi TV A PR K i, B s 1 is Qe E O BBk IR B . o, B e 1 (Ph?) I G
TEIE L AN AT RN AR ) BB s e . AR AR A U RO K P 5 4 BB 10 pg/L, Tif%
GRS J7 1 CH st T WSO V5 | R 3 25 2 A B VR ) B EAT R REBUE™ Y, (HAATER R B Bt 4
VRS 2% Je Tk BREEHSE SR BRE . TR A bRl | 22357 ELIE T B A ) Ph? A% Jh R BLAT B A4 I
#r{E.

i AT DB R AR B A K AR (<10 nm) , HEEARFKIEIE | SCRs et | AUtk & o e feds
PESL FEZGYB R L AR RO TR (LED)™ | S a8 Al 4 alAy 2 T AE 1
B . BB O R S JOEReil ™ | B K BIETRE RIR AE L BRI, R
TR T AR AR T A Al A 23] | R B PR DL KA B A ALV R, I ANDUE I TS USA i
HATRE s man e . ARk, IR AYIBUSORIR s i i Nk (0 | 204 et AT AR 2 4l . AR
KA AW R 1 B POL K S Z2 A T B — BRI BRSO B B, T PR 20t i PRH: B i g 241
BUFEVERGTI ST INRE ST, ML AR | A MR U B

TEFSRAH, B e B MRS R G W a2k IR B A TNRES ), A 3K B A I 4L
SNSRI S RE ST, ORI A TGRSR BT 1E . A0 Yang 551 LT GAZ S b v A 4 T i e 2
20 nm FIRLLERRALR GV A, TR T AR NS AR . Xiong S5 A SEIM il 66 1 IRZL (0 K 54
B, R HIREL SO N T O5 AR A 2 . FRAF AT A LA SR L , 368 aek 8047 75 75 SRk il
T2 ORI, RIS LR YK 5 (CNC) B i 20 2R i) 25 R A8 ORI A5 44 (5 Y R
SR, T2 MO R AEYE B RATSE P A 2k e a5 A 216 6 SR A LT A BV 7 A S oz
FIEII AR Z , T RRRE 2 - D 2 K P LR i AT 40

ASSCLAHE N TR IR, 8 1 e — 2B i 2 1 Wt s (B-CDs ), -3 i ] B A0 Bl B 45 81 47
T KIEYEL e (R-CDs ), XIAPRHZSMITEAIEA T T RAL, HFFE T RIS | 55O rERE
[ CZR , I MBS AL s ), B R-CDs AE W2 e, Sl T8 7 bR, JiFS
T HAALEIT RIS

1 SEIGEH

1.1 RXFIE5EE

AL (NaOH) . S AL (AlCL) . S AL (BaCl,) . &AL 45 (CaCly) . G Ak 4l (CoCly) | S Ak 4
(CuCly) . & ALEk (FeCl,y) . FALEN (KCD) | AL (AgCl) . FALEE (MeCL,) . E AL AN (NaCl) | S AL 4F
(ZnCl,) | EALET(PhCL) FIZ P 6G, 43trali, b iz se MA AL BRHE B A7 RN 7 5 Bl iR 46 2% v W
(Na,HPO,-NaH,PO,, pH=7, 0.2 mol/L), Z3#r4li, Ligplhr T A b BH B A FRA A 338k, 28Nk
oA B AR KB T KCEBH%18. 25 MQ - cm).

FEI Talos F2008 % % 5t i, 1 & f30 5% (TEM) F1l Thermo Scientific K-Alpha % X 5 £& Y Hi 7 BE 1% 1%
(XPS), 2 EFEER KA F] 5 Shimadzu UVmini-1280 958 4h- 1] UL 2p Y6 A B 31 (UV-Vis) , H AR B HA A
Nicolet 1S10 1 {8 L mf AR 321 AMETEAY (FTIR ), 32 [ Nicolet 22 ] 5 H 37 F7000 B3 6L (PL) , HAS
Hiachi 23 7] ; Edinburgh Instruments FLS 1000 #5856 6354 (PL) , [ & T £ {48 A A ; TG209F1Li-
braTM BIEE MM (TG ) , 78 [ i Gt AL 25 28 ]

1.2 B-CDsHI& R

1 g WS 5 3R] 50 mL K H, IR AGLE Y, SRS LA 700 W B EE A 10 min. FEKHA
WAL HG L A 50 mL 25 85 F7K 75 10 min, 280. 22 pum G0AL RS 1F V8 5 IR B2 B , 3BT 24 h
(500 DaiFi4e) , ¥R UR TS BR84S B-CDs #yoK .
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1.3 R-CDsHI&HL

W1 g PSRN 0. 5 ¢ NaOH 5] 7013 50 mL 28 1K, FAE FRSLsG B BR LUK R-CDs B oK .
14 M

H 300 pL 0. 5 mg/mL R-CDs %I F1300 L AR EE (5, 10, 50, 100 nmol/L) ) Ph* ¥ 5 1. 4 mL
Na,HPO,-NaH,PO, Z& M (pH=7, 0. 2 mol/L) {4 il £ Ph* AR HEVA TR . T8 RS0 VB, 7€ 400 nm 3
KPR IR IIEIETE . Ag', Ba® il Ca® %5428 5T (100 nmol/L) AU Ph™, JLsRAEMINL . Sy 1 i
— 5T PO R SR SOV, 7E & 150 wL Ph* ¥ (5, 10, 50, 100 nmol/L) | 300 wL R-CDs % ¥l
1. 4 mL Na,HPO,-NaH,PO, 2% i (pH=7. 0, 0. 2 mol/L) BTR& ¥ i A5 R4 & 55 7% (150 L),
LN SN DD ot 1

SRAE A SRR A B PR S KRR R B SRR . AR R L 8000 r/min 250 10 min A BRUTIESR T,
SRIG AT 0. 22 pom SALUE R L BR/NGR T . ERE S PO [RIHR BE (5, 10, 50, 100 nmol/L) Ph* ¥ i1 7
2 R

2 FHR5E

2.1 EREBRANXFEERE

El1(A) %5 H T B-CDs Ml R-CDs B UV-Vis Y6k, AT UL, — 35 7E 270 nm ALA7AEAH [R] AW ficis , 30
T sp? 22 5 0 -7 BRIE. R-CDs 7E 410 nm A A7 FE A WS 04, 33X 7] I J& 2 C=0 Fl C=N )
n-m BRI & 1(B) F(C) 433 7R T B-CDs 1 R-CDs A 2¢ 618 R 6 (PLE) 2 AEA [l & K R 1)
PLYGIE . 78340 nm K T, B-CDs 7F 445 nm A HA fie i I 9EGIRE , FF HEAA SRR, 725500
ST F RIS R 6O, X RN A Y CDs WUk, HAG — & MRS 204 . 2430k K R 400 nm B,
R-CDs 7E 648 nm Ab H BE& S, ELAR R A9 206 58 (FWHM) A A 36 nm. LA, 14056 % 5106 5308 TG
X, BT REE 1 TSI RAR R AT R AL 22 o . X — Rt T DUk e AR B k05, I

(A) — B-CDs B) Jeext

;330 nm
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. . = i
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Fig.1 UV-Vis absorption spectra of B-CDs and R-CDs(A), PLE and PL spectra under different excitation of
B-CDs(B) and R-CDs(C), PL decay curves of B-CDs and R-CDs(D)
Insets: photographs of B-CDs(B) and R-CDs(C) under daylight and 365 nm UV lamp irradiation, respectively.
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WG TG N . LS PH 6G 275, 115515 2] B-CDs 1 R-CDs 1 £ 30553 511 0 5. 7% F
21.5%. Bl 1(D) /R T B-CDs Fl R-CDs 192G 2k ih 4 X ILAE A 455 . B-CDs 5 R-CDs 56 7
Ao nh 7. 81 F16. 62 ns. Hirp, B-CDs 2 HUARECRE DN, 1M R-CDs 2 XFEHOE, X KW R-CDs Al fEf7
FEZA RIS, WA S5 Ha RN 2 T S FE RS A S i i S BRAE S L R 52 T R-CDs 19 PLT RS 24,
22 EFREMSHRIE

& 2(A) F1(B) 73 51124 B-CDs Fl R-CDs %) TEM A /55 53 3% 5 Ho 2 i85 (HRTEM) B8 - (4 [&1). AT
UL, I S TE R R348 0. 21 nm, 23X H P4 B84 14 (100) &b >, P Rl CDs JLF-#5 2 SLERE JE
5, AR s), B RO, T R . &5, Wik CDs B9SF 3 R4k 3. 25 F
3.62 nm, ROP A 2. 2~4. 6 nm [ K 2(C)FN(D) |, X R RAF ROV A = FH T E R F
BRI

4 ().2! nm

10 nm

35 D)
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Fig.2 TEM and HRTEM (inset) images(A, B) and size distributions(C, D) of B-CDs(A, C) and R-CDs(B, D)

 3(A) A B-CDs fl R-CDs #9 XRD 3% &, AT WL, 724 20=21°4b HLA7 ¢ 56 O A7 5 04, 2B B-CDs A0l
R-CDs BAT B A0 45 8. X T BB T CDs B E RERTA M 07 5 DR M T TR 454, ml - R F % 5%
A3 A E S B[R] N i I #Rasd #2 R fb AN 524 Fr ek, 18 3(B) 4 B-CDs Fl1 R-CDs f) Raman Y3, HH,
B-CDs Fl R-CDs 9 1,/1,53 5127 0. 94 F10. 91. X Ui A7 S5 Ak A P2 B AN & R-CDs S LIRS I R R 2K
454 FTIR GG AT, WARS T 0 R B RERI 4L . W 3(C) Ff/R, CDs B AHLAY I Iy . 78

(A) (B) ©) = %
s Lz
2 & od i
ID/IG=0A94 @]
B-CDs B-CDs \/N\/’\/;C\D;
m
R-CDs In/I;=0.91 R-CDs
R-CDs
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Fig.3 XRD patterns(A), Raman(B) and FTIR(C) spectra of B-CDs and R-CDs
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3430 em ™ 4b H BRI GE VR F O—H M N—H JEF P 4 PR 8y, X 3R CDs R MIAFAE KB FR L™ 7
2960 cm™ 2L HIIE I JE T C—H ZEF BITFIR S . 1690 em™ &b AW IS AT T C=0 B R hifhaRsn>". 18
1580 1 1410 em " 40 AW e 08 4331 19 J& T N—H Al C—N SR PR 2l . IEAh, 78 1030 em™ &b H B )i
FJEF C—O fhZaksh™. (HAEZMZE, R-CDs 1Y C—N Fl C=N [ hi 4z sl5s 52 4%+ B-CDs 35,
XK R-CDs HAHZ M A 5% .

K 4(A) %5 T B-CDs #1 R-CDs (%) XPS 24945615 , AT UL, B-CDs IR 4L : C(64.72%) , N
(4.78%), 0(32.50%) ; 1M R-CDs F LR R A : C(65.90%), N(6.24%), 0(28.04%). R-CDs BYA &
SRS, A ARG . X UERIZEM RIS, Bk AR — 20 ] CDs & il 72 i i ik
i SR RIIRAL AL AR, [FIE (R 20 H B4/ E R CDs. Bl 4(B) N C, 1 XPS ik, 4557 284. 8,
286. 5 F1288. 1 eV AL I3 B & T C—C/C=C, C—N/C—O0 Fl C=0 %>, £ CDs B A 171 B4k 1)
Wots, Hie o0 A 6 KB R IR M e L A1 . N, B89 XPS YGit SoRs 3 06, 0 3 0H J8 by itk e 20 . nE g
RMAER[E4(C)]. 5B-CDs L, R-CDs T YA 2N 5 FHAL . O, 19 XPSIEE AT 43 A A
U (531.7 Fl1532.6 eV) , 4% A% F C=0 Fl C—0 M fE7ER"Y, R-CDs [ C—O 8 % & & T B-CDs
[E4(D)]. 455K, M R-CDs KGLIRE I £ 2L 2 T RE R 1 & AU E REHT, RI—OH, A&
T A AL R B2 (R TR SR N R T3S UE—OH MR, X CDs #4717 #4347 . B T—OH £ 100~300 “C
BN DK EIEB 2, BRI, CDs R ifi—OH 1) 5 A8 {0 AT LAR] 238 2 AR CDs 1125 2 HL Ak iE
W1, W& 4(E) 7R, R-CDs 7E 100~300 “Cyu [l A 1 2% 8 L4 B-CDs ¥ T 14% , 3K UESE | 3% 1A 2
EAEXTYOCLIR R TTR . FRST T AP CDs 7EANIR] pH 28 A g9 6 B [ 18 4(F) 1. B-CDs S 30 H 4%
U1 pHERE P, T R-CDs 7EAK pH (B i BT F-¥ BE ) T 2GR i 25 AL, X Ui DR B s 1b IS5 1
HALHFRE S, 2L I00F TR A AR .

@A) O ®) ©
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Fig.4 Survey(A), high-resolution XPS spectra of C, (B), N,,(C), and O, (D) of B-CDs and R-CDs,
TGA curves(E) and effect of pH on PL intensity(F) of B-CDs and R-CDs
2.3 R-CDs B33
CDs Hy & IEHLH 5 ILPE L H . RIERASFIRAR K/ N YIS, TEM, HRTEM, XRD #l Raman
JEIAIESE , MR CDs BAT MBI RIS | RiAR A A1 LT B 51 85 AoKkF- . R, R-CDs B RS20
T RSP RON B sp” JEHUAE I TCOC . FET FTIR A C, F O, 43 B3 XPS O A B, Bk PR EEIR] 1 CDs
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AR KSR A, I HAE R-CDs RIS 7RI . EA— i KA I8 4], —OH FE ]
AT DA R CDs IO HLF 2 35 | 35 HOMO BBZ . /D RERR, FFEDE6L08. SRM, Bl | A XS CDs i
PICLLAE A FR1S2 T AR/ NaOH B (1) N $824% CDs BENSZ1EL 2 650 nm [fH T . X #HH 648 nm
BT B e S UAEAS 0 5 4 FH—OH SRR B 1R . 76 N m 738 B XPS Ot eh, A BUmLig N 7E B-CDs Hf 3
YER, Tify 3 NAER-CDs Plg = AE . X ERE G A R L3I R-CDs N ) B B4 & 1, it
— IS N AL AT B N A 88 NE—Fi AT R, IAEBU R I, B2k o LB R AL
ANEHL T, T 2 AR E ASEEE R G AR A P0E , i AR TR A BT, X REE 4R/ HOMO-
LUMO B, I S8 R ST208 . I, R-CDs 7E 648 nm Ak B9 GL1 R 2 3 LA 77 28 N B [EI4E T
&k
2.4 R-CDsZEHERET Ph* BN

DA R-CDs 7E M9 S84, FHTFAGI Ph>. AN S(A)FT/R, £ 400 nm J K0k T, B Ph™ ¥ & 1)
B0, R-CDs 7E 648 nm &b Y & S50 BEZ iR . & 5(B) 2B T Ph* ¥k JE 5 R-CDs 28 Y638 5 H (F/F,)
Fe R .l RIS T, & PLHAE 0~40 nmol/LYE R NA RAFHILME R K S(B)EE ], MIE A5
R*=0.990. FIHAKLOD=30/k[ HHr, o B2 FAREAR (n=11) FRHEZ , kNARHETZ R &R [R5 5|
T RS FR (LOD )= 4. 2 nmol/L. J T B 1E R-CDs (945 EAE 77, TR T HXF Ag, Ba> fil Ca® 55 1
HZEIEm N . AN 5(C) R, TEKE IR P AATEAS Tl 8 51, HA Ph 5 lE T 80% LA FIH] B2t
PR, e & m s rsgm JLFal LZBSEATT . 258052, R-CDs AIAE R “ G B AR Ik, e tEAa i
Pb2*. R THERITLX Rl PLIE KB BIHLEE , X R-CDs X Ph>* 58 6 R N AT T i — 29 . 98 608K
A BEYE T E IR BE L A2 (FRET) | U AN (IFE) | A8 s # A 8 KALE . WE 5(D) fis,
i F Ph* BT 5 R-CDs 1 & SIS 2 [ LA Ea, ik, T LAHERR FRET 50# IFE (5%,
H Stern-Volmer 75 72 F/F,=1+K_[Pb** |[ HHr | FF1 F, 53 5483 R-CDs 78 Ph* 7 7E 5 75 B (1) ¢ Y B

(A) 1.2 -(B) LIF " )=—0.0109x+0.985 1.2 F(O) == R-CDs+Metal ion

0 nmol/L = 09F 0% ™ R-CDs+Metal ion+Pb**
10 Fs £ N 10 F
B osf * 0.8 1 I I I I F

T

0.5
0 1020 30 40 | &

=
L Concentration of = =
0 T Semolry |~ 00

FIFy
™
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04 04 F
I
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02 | = o02fF ﬂ””‘fﬂil“
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(D) — Pb>* Abs, 26 F®) Fol F=1+K,[Pb*] (F) + R-CDs
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Fig. 5 Emission spectra of R-CDs at different Pb** concentrations(A), the relationship between F/F,
and the concentration of Pb**(B), fluorescence response of R-CDs on Pb*" and various metal
ions(100 nmol/L)(C), UV-Vis spectrum of Pb** and emission spectrum of R-CDs(D), the linear
relationship between F/F and the concentrations of Pb*" at 25 and 50 °C(E), fluorescence decay
curves of R-CDs before and after Pb** addition(F)

(B) Inset: the linear fitting curve plot.
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K, (L/mol )& S W FE K HHL; [Ph* [RGB R I | #R 9O KA. W S(E)FiR, Stern-
Volmer E[RIFEFE 0~40 nm 78 ] A R AP AE DG FR . 38 3 W IR 205 1B B AH S oM, o] X438
BHEEFEK . MRGUSEM 25 C ETFE 50 CHE, B PR K88 K, M 18, 37x107 Limol | T} %
36. 72x10° L/mol. AT JEHN, BfE BT, 434 s s B s 20, Ph* 5 R-CDs 76 R 48 i ilf
FEE AT . R, PROCH B TR B OE ARG B G ol LAA R F S A e . 2R Phr RS
(1) R-CDs 47 1 B[R] 53 B il 4. i 5 (F) AT UL, R-CDs A9-F-34 754 A 6. 62 ns T R#3 5. 59 ns,
BOUESE T SRR A VR MR aRgh L, 2 —F] BEAOZRKALE] . 5%, R-CDs R IE B
P 300 o0 L T 5 P> T A3 e . 23, FERIZUN oy TRl R v, JE 4 O3 L 7 ML R-CDs I3 &
BEF 2 PO 28 d I, I FBEOLREK .
2.5 ZBRESH PhHIRTI

M T BAIE R-CDs 1 AR GG I Ph> o3& FEAE FIUERA M , BF R-CDs FH TR 52 Prok B G Ph*>. 43
445, 10 F150 nmol/L (1) Ph2fin A E /KA, HEAT [N FIAR SCFR HENR 22005 (n=5). W& 1 iR, |4l
WA R 2 7E 92. 09%~104. 0% Z (1), AHXSFREM 22 (RSD) /N T 5%, iX B R-CDs A] /E 2 kG B 1
P> Rl A% Jgs .

Table 1 Detection of Pb* in actual samples

Analyte Added/(nmol - L") Measured/(nmol - L") Recovery(%) RSD(%)
Tap water 5 4.80 96.0 1.89
10 10.40 104.0 4.26
50 49.70 99.4 2.10
Lake water 5 4.60 92.0 2.68
10 9.70 97.0 0.85
50 51.60 103.2 4.20
3 & it

T I GO B K B, RS S kL, I A8 T K LR A5 (R-CDs ). R-CDs HLA T
ETCRAZ N - B R T B BRI, LT & 5T (648 nm) FEIH K TR L Ak 3000 5 A AR vy
B B PRI A . A G TG SR W 6% 2 (B-CDs ) , R-CDs Z280 ) 88 p 4 228 B R TR ) . 34
R B EHRE T P> R}, R-CDs L i £ 5 REUE (LOD=4. 2 nmol/L) , F-17E 52 BRAE it i 46
M EUS TS L5 . 254 Stern-Volmer J5 B2 5256 A7t , UEBH Ph2 5| & I K LS A ML N
F . A SCRH A A OB SEEE T 20 6h s ISR B, FRDR T A5 GE A SR 41 i s AR AL
WA R BRI, A TFRARSAS | B AU I 4 R AR AR R T 2%

2 % X W
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