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N-doped carbon dots for the
fluorescence detection of Cr2O7

2− and luteolin and
their application in anti-counterfeiting†

Yang Geng, *ab Ze-Yue Zhao,a Wei Zhang,a Bai-Qiang Zhai,a Ye Tian*a

and Wen-Zhu Bi *c

In this work, Mo, N-doped carbon dots (Mo, N-CDs) were synthesized via a one-step hydrothermal method

using L-arginine, ammonium molybdate and 1-pyrenecarboxaldehyde as precursors. The synthetic

conditions, morphological structure, elemental composition and optical properties of Mo, N-CDs were

carefully optimized and characterized. The as-synthesized Mo, N-CDs displayed cyan fluorescence

emission at 494 nm with a high quantum yield (41.5%) and demonstrated superior pH stability, salt

tolerance, thermostability and photobleaching resistance. In addition, Mo, N-CDs were employed as

“on–off” sensors for the detection of Cr2O7
2− and luteolin with excellent linear correlation over a wide

linear range (0–50 mM and 0–45 mM, respectively), low detection limits (0.96 mM and 0.64 mM,

respectively) and short response time (<10 s). In addition, the practical detection of Cr2O7
2− and luteolin

in actual samples demonstrated good recoveries (93–110%) with relative standard deviations less than

5%. Furthermore, the Mo, N-CD aqueous solution was directly used as a fluorescent ink and exhibited

excellent anti-counterfeiting effects.
Introduction

Dichromate ion (Cr2O7
2−) is a dangerous oxygen-containing

anion and is hazardous to the environment and organisms.1

With its wide use in chemical industries (electroplating,
metallurgy, paint and leather tanning), Cr2O7

2− has become the
most common heavy metal pollutant in water.2 Therefore,
accurate detection of Cr2O7

2− in water is essential for environ-
mental water monitoring and safeguarding biological health.
Traditional methods for the detection of Cr2O7

2−, such as
atomic absorption spectrometry,3 inductively coupled plasma
mass spectrometry (ICP-MS),4 and colorimetric and electro-
chemical analyses,5 usually require expensive instruments and
tedious operation procedures, which limit their application in
the fast detection of Cr2O7

2−. Luteolin (3,4,5,7-tetrahydroxy-
avone) is a natural avonoid compound with various phar-
macological effects, such as antimicrobial, anti-inammatory
and antioxidant effects.6 Therefore, the detection of luteolin is
of great practical importance in pharmaceutical analyses.
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tion (ESI) available. See DOI:

703
Common methods for the detection of luteolin, including
electrochemical methods,7 capillary zone electrophoresis
(CZE),8 high-performance liquid chromatography (HPLC)9 and
spectrophotometry (SP),10 have the drawbacks of high cost, low
sensitivity and being time-consuming. Therefore, there is an
urgent need for the development of new methods for fast and
real-time detection of Cr2O7

2− and luteolin.
In order to address this issue, uorescent detection strate-

gies, especially carbon dot (CD)-based uorescence strategies,
stand out owing to their low-cost fabrication, low cytotoxicity,
simple operation procedure, high sensitivity and selectivity and
rapid response time.11,12 In the past years, numerous CD-based
uorescence sensors have been reported for the detection of
Cr2O7

2− (for more details see Table S1†)13 and luteolin.14

However, these sensors oen have the defects of low uores-
cence quantum yield (FLQY), long response time and insuffi-
cient stability, which greatly limit their uorescence detection
applications. To solve these problems, researchers have found
that doping CDs with heteroatoms can signicantly improve
their FLQY.15 Among them, non-metallic atom (N, B, P and
S)16–19-doped CDs are frequently reported, while metal atom-
doped CDs are relatively less reported and mainly focus on
limited metal ions (Co, Cu, Fe and Zn).20,21 As an important
transition metal element with high biocompatibility and good
stability, molybdenum (Mo) has been reported for the synthesis
of numerous functionalized molybdenum disulde (MoS2)
nanomaterials with different sulfur sources.22,23 However, Mo-
doped CDs are rarely reported in literature.24
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra01824b&domain=pdf&date_stamp=2025-06-10
http://orcid.org/0009-0009-7817-2295
http://orcid.org/0000-0002-6441-5964
https://doi.org/10.1039/d5ra01824b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01824b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015025


Scheme 1 Synthesis of Mo, N-CDs for Cr2O7
2− and luteolin detection.

Fig. 1 (a) TEM image; (b) particle size distribution histogram and curve;
(c) HRTEM image; and (d) XRD pattern of Mo, N-CDs.
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To enrich the scope of heteroatom-doped CDs and construct
a fast detection platform for Cr2O7

2− and luteolin, we report
a facile synthesis of Mo, N-doped CDs (Mo, N-CDs) using
L-arginine,25 ammonium molybdate and 1-pyrenecarbox-
aldehyde as precursors via a simple one-step hydrothermal
route (Scheme 1). The as-prepared Mo, N-CDs exhibited cyan
uorescence under a 365 nm UV light with a high FLQY of
41.5%. The morphology, structure and elemental composition
of Mo, N-CDs were carefully characterized, indicating that
molybdenum and nitrogen atoms were successfully doped.
Further investigations showed that Mo, N-CDs exhibit good pH
stability, salt tolerance, thermostability and photobleaching
resistance. Moreover, Mo, N-CDs could be employed as “on–off”
sensors for the sensitive detection of Cr2O7

2− and luteolin with
low detection limits (0.96 and 0.64 mM) and wide linear range
(0–50 mM, R2 = 0.9956 and 0–45 mM, R2 = 0.9992). Furthermore,
the detection of Cr2O7

2− and luteolin in actual water samples
and drugs was also investigated and showed acceptable recov-
eries (93–110%) with relative standard deviations of less than
5%. In addition, the application of Mo, N-CDs as uorescent ink
was explored and demonstrated excellent anti-counterfeiting
effects.
Fig. 2 (a) FTIR spectrum of Mo, N-CDs and (b–f) XPS spectra of Mo,
N-CDs: (b) full scan; (c–f) high-resolution spectrum of C 1s, O 1s, N 1s
and Mo 3d.
Results and discussion
Synthesis and characterization

Initially, the hydrothermal reaction conditions and the molyb-
denum source for the preparation of Mo, N-CDs were opti-
mized. As shown in Table S2,† 1-pyrenecarboxaldehyde and
ammoniummolybdate were indispensable (entries 1–4) and the
highest uorescence intensity of Mo, N-CDs was obtained with
L-arginine (0.3 g), ammonium molybdate (0.3 g) and 1-pyr-
enecarboxaldehyde (0.02 g) under the optimal hydrothermal
conditions (190 °C, 4 h as shown in entry 2 in Table S2†).

Then, the morphology structure of Mo, N-CDs was charac-
terized by transmission electron microscopy (TEM), X-ray
diffraction (XRD) and Raman spectroscopy (Fig. 1 and S2†).
The TEM image showed that Mo, N-CDs were nearly spherical
with a particle diameter of 1.7 ± 0.04 nm (Fig. 1a and b). High-
resolution TEM (HRTEM) images showed Mo, N-CDs with
a carbon core structure and lattice fringes of approximately
0.15 nm (Fig. 1c). Typical XRD pattern of Mo, N-CDs showed
a broad peak at about 24.2°, corresponding to the peak of
graphite (002) (Fig. 1d).26 Raman spectrum of Mo, N-CDs
showed the main peak at around 1400 cm−1 (D band) and the
shoulder peak at around 1600 cm−1 (G band), respectively,
which should be assigned to disordered structures of the sp2

domains and in-plane vibrations of crystalline graphite
© 2025 The Author(s). Published by the Royal Society of Chemistry
(Fig. S2†).25d These results were compatible with the features of
carbon dots.27

The surface functional groups of Mo, N-CDs were analyzed
by Fourier transform infrared spectroscopy (FTIR). As shown in
Fig. 2a, the broad absorption peaks at 3130 and 3010 cm−1

indicating the existence of N–H/O–H bonds.28 The peaks at
2916, 2848 and 1490 cm−1 indicated the C–H bonds.29 The two
peaks at 1584 and 1400 cm−1 showed conjugated C]N, C]O
and C]C bonds.30 The two peaks at 1435 and 1166 cm−1 indi-
cated the existence of C–N and C–O bonds.31 The peak at
893 cm−1 should be the evidence of the existence of Mo–O
bond.32 The elemental compositions of Mo, N-CDs were char-
acterized by X-ray photoelectron spectroscopy (XPS). The full-
scan XPS spectrum (Fig. 2b) shows distinct peaks at 232.23,
284.91, 399.55 and 530.56 eV, representing the presence of
Mo3d (4.94%), C 1s (41.08%), N 1s (29.18%) and O 1s (24.79%),
RSC Adv., 2025, 15, 19696–19703 | 19697
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respectively. The high-resolution C 1s spectrum (Fig. 2c) showed
three tted peaks at 284.80, 286.05 and 288.37 eV, corre-
sponding to C–C/C]C, C–N/C–O and C]O/C]N bonds.31,33

The high-resolution O 1s spectrum (Fig. 2d) showed two tted
peaks at 533.69 and 534.85 eV, corresponding to the C–O and
C]O bonds.34 Three tted peaks at 398.34, 399.93 and
401.37 eV in the high-resolution N 1 s spectrum (Fig. 2e)
inferred the C]N, C–N and N–H bonds.35 Four tted peaks at
231.16, 232.25, 234.26 and 235.38 eV in the high-resolution Mo
3d spectrum (Fig. 2f) corresponded to Mo2+, Mo3+, Mo4+ and
Mo6+.36 Furthermore, the presence of C, O, N and Mo in Mo,N-
CDs was explored using the EDX spectrum (Fig. S3†).25d These
results indicated that molybdenum and nitrogen were
successfully doped in the as-synthesized carbon dots in this
work.
Optical properties

The optical properties of Mo, N-CDs were investigated by UV-vis
absorption and uorescence spectroscopy. Mo, N-CDs showed
strong absorption at 274 nm and weak absorption at 326 and
342 nm, which corresponded to the p–p* transition of C]C
bonds and n–p* transition of C]N/C]O bonds.37,38 Fluores-
cence spectra showed that the maximum excitation/emission
wavelengths of Mo, N-CDs were 365/494 nm (Fig. 3a). There-
fore, the Mo, N-CD aqueous solution appeared colourless under
sunlight and cyan under UV irradiation (365 nm, insets of
Fig. 3a). When the excitation wavelength was varied from 355 to
435 nm, the emission peaks of Mo, N-CDs remained almost
unchanged, showing an excitation-wavelength-independent
emission property (Fig. 3b). The uorescence quantum yield
(FLQY) of Mo, N-CDs was calculated to be 41.5% using quinine
sulphate as a reference (Fig. S4†).
Fig. 3 (a) UV-vis absorption and fluorescence spectra of Mo, N-CDs
(insets: images of Mo, N-CDs under sunlight (left) and under a 365 nm
UV light (right)); (b) fluorescence emission spectra of Mo, N-CDs under
different excitation conditions; (c) fluorescence intensities of Mo, N-
CDs at 494 nm at a continuous excitation of 365 nm; and (d–f) fluo-
rescence intensity of Mo, N-CDs at different pH, NaCl concentration
and incubation temperatures, respectively.

19698 | RSC Adv., 2025, 15, 19696–19703
The stability of Mo, N-CDs was also investigated to evaluate
their feasibility in natural environments (Fig. 3c–f). The uo-
rescence intensities of Mo, N-CDs did not show signicant
changes under continuous excitation irradiation at 365 nm for
90 min, different pH (3–12), NaCl concentrations (0–100 mM)
and incubation temperatures (5–85 °C), demonstrating the
excellent photobleaching resistance, pH stability, salt tolerance
and thermostability of Mo, N-CDs.

Detection of Cr2O7
2-

The recognition ability of Mo, N-CDs was studied by adding 25
common ions to the Mo, N-CD aqueous solution (Ag+, Al3+, Ba2+,
Ca2+, Cd2+, Cr3+, Cu2+, Hg2+, K+, Mg2+, Na+, NH4

+, Ni2+, Sn2+,
Zn2+, Br−, Cl−, ClO4

−, CO3
2−, Cr2O7

2−, F−, I−, NO3
−, PO4

3− and
SO4

2−). As shown in Fig. 4a, Cr2O7
2− quenched the uorescence

of Mo, N-CDs, whereas the other ions can hardly change the
uorescence of Mo, N-CDs. The anti-interference ability of Mo,
N-CDs was studied through the addition of Cr2O7

2− to Mo, N-CD
solutions containing other ions (Fig. 4b). The results showed
that the selectivity of Mo, N-CDs for Cr2O7

2− was not affected.
Response time studies showed that Cr2O7

2− could instantly (<10
s) quench the uorescence of Mo, N-CDs (Fig. S5†). The sensi-
tivity was explored by the measurements of uorescence
intensities of Mo, N-CDs with different amounts of Cr2O7

2−. As
shown in Fig. 4c, the uorescence intensity decreased with the
gradual increase of Cr2O7

2−. The quenching efficiency was
determined by F/F0, where F0 is the intensity of the blank Mo, N-
CD solution and F is the intensity of the Mo,N-CDs with
Cr2O7

2−. A linear curve was obtained by plotting the quenching
efficiency vs. Cr2O7

2− (0–50 mM). As shown in Fig. 4d, the linear
equation was calculated to be F/F0 = −0.0086 C(Cr2O7

2−) +
0.9904 with a correlation coefficient (R2) of 0.9956. The detec-
tion limit (LoD) was 0.96 mM (calculated using the (3s/k)
Fig. 4 (a) Fluorescence spectra of Mo, N-CDs with different ions (100
mM); (b) fluorescence intensities of Mo, N-CDs with different ions (1–
25: blank, Ag+, Al3+, Ba2+, Ca2+, Cd2+, Cr3+, Cu2+, Hg2+, K+, Mg2+, Na+,
NH4

+, Ni2+, Sn2+, Zn2+, Br−, Cl−, ClO4
−, CO3

2−, F−, I−, NO3
−, PO4

3−

and SO4
2−) in the absence (red)/presence (black) of Cr2O7

2− (100 mM);
(c) fluorescence emission spectra of Mo, N-CDs with different
concentrations of Cr2O7

2− (inset: photograph of the Mo, N-CD solu-
tion without (left)/with (right) Cr2O7

2− (100 mM) under a 365 nm UV
light); and (d) relationship between F/F0 and the concentration of
Cr2O7

2−.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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method, where s is the standard deviation of the blank sample
(n = 10) (Table S3†) and k is the slope of the linear calibration
curve). Compared to previously published works for the detec-
tion of Cr2O7

2− (as listed in Table S1†), Mo, N-CDs in this work
showed a fast response to Cr2O7

2− with a wide linear range and
acceptable detection limit (<50 mg L−1 by WHO).37,39 In
summary, Mo, N-CDs are promising for the rapid quantitative
analysis of Cr2O7

2− in aqueous solution.
Fig. 6 (a) UV-vis spectra of Mo, N-CDs, Cr2O7
2−, theoretical and

experimental spectra of Mo, N-CDs/Cr2O7
2−; (b) UV-vis spectrum of

Cr2O7
2− and fluorescence spectra of Mo, N-CDs; (c) zeta potentials of

Mo, N-CDs, Cr2O7
2− and Mo, N-CDs/Cr2O7

2−; and (d) fluorescence
lifetime of Mo, N-CDs (without/with Cr2O7

2−).
Detection of luteolin

In this experiment, 10 compounds (glutathione (GSH), glucose,
L-arginine (L-Arg), L-cysteine (L-Cys), L-glutamic acid (L-Glu),
luteolin, nicotinamide, ascorbic acid (AA), citric acid (CA) and
urea) were selected to explore the selectivity and anti-
interference capability of Mo, N-CDs. As shown in Fig. 5a–b,
the uorescence of Mo, N-CDs was signicantly quenched by
luteolin, whereas the other compounds did not inuence the
detection of luteolin. The exploration of response time showed
that the uorescence intensity of Mo, N-CDs was also instantly
(<10 s) quenched by luteolin (Fig. S6†). The sensitivity of Mo,N-
CDs to luteolin was explored using the same method for
Cr2O7

2−. As shown in Fig. 5c and d, the quenching efficiency F/
F0 vs. luteolin (0–45 mM) was plotted, and the linear equation
was F/F0 = −0.0129 C (luteolin) + 0.9920 with a correlation
coefficient (R2) of 0.9992. The detection limit is 0.64 mM,
calculated using the (3s/k) method. Compared with previous
works,14 Mo, N-CDs in this work showed a fast response to
luteolin with a low detection limit. These results show that Mo,
N-CDs can be used for quantitative detection of luteolin in vitro.
Quenching mechanism for Cr2O7
2−

The mechanism of uorescence quenching was explored
through UV-vis and uorescence spectroscopy, zeta potential
and uorescence lifetime measurements. As shown in Fig. 6,
Fig. 5 (a) Fluorescence spectra of Mo, N-CDs with different
compounds (luteolin (50 mM), other compounds (100 mM)); (b) fluo-
rescence intensities of Mo, N-CDs with different compounds in the
absence (red)/presence (black) of luteolin (50 mM); (c) fluorescence
spectra of Mo, N-CDs with different concentrations of luteolin (inset:
photographs of the Mo, N-CD solution without (left)/with (right)
luteolin (50 mM) under a 365 nmUV light); and (d) relationship between
F/F0 and the concentration of luteolin.

© 2025 The Author(s). Published by the Royal Society of Chemistry
compared to the theoretical UV-vis absorption spectra, the Mo,
N-CDs/Cr2O7

2− mixtures did not give new absorption peaks,
which ruled out the formation of non-uorescent ground state
complexes (Fig. 6a).40 Additionally, as illustrated in Fig. 6b, the
UV-vis spectrum of Cr2O7

2− overlapped with the uorescence
spectra of Mo, N-CDs, indicating that the quenching mecha-
nism might be inner-lter effect (IFE) and uorescence reso-
nance energy transfer (FRET).41 The negative zeta potential
(−6.34 and −9.90 mV) indicated no electrostatic attraction
between Mo, N-CDs and Cr2O7

2− (Fig. 6c), and unchanged
uorescence lifetime (6.24, 6.26, 6.31 and 6.31 ns) ruled out the
FRET quenching mechanism (Fig. 6d).42 Therefore, an IFE
mechanism was proposed for sensing Cr2O7

2−.
To calculate the IFE ratio, a series of Mo, N-CD solutions with

different amounts of Cr2O7
2− were prepared, and their absor-

bance values (Aex and Aem) and uorescence intensities (Fobsd)
were measured. Then, the corrected uorescence emission
intensities (Fcor) were calculated according to Parker's equation
(eqn (1).43 Thereaer, the correction factor (CF), observed uo-
rescence suppression efficiency (Eobsd) and corrected uores-
cence suppression efficiency (Ecor) were calculated, as shown in
Table 1 (CF < 3 to ensure the accuracy of the results). The IFE
ratio was calculated as (Eobsd – Ecor)/Eobsd to be 95.34%.44 The
ratio of the corrected uorescence emission intensities without/
with Cr2O7

2− (Fcor.o/Fcor) versus the concentration of Cr2O7
2−

were plotted as shown in Fig. S8.† Fcor,0/Fcor was not linearly
related with Cr2O7

2−, which further ruled out the static and
dynamic quenching effects in this system according to the
Stern–Volmer equation eqn (2).44

Fcor

Fobsd

¼ 2:3dAex

1� 10�dAex
10gAem

2:3sAem

1� 10�sAem
(1)

Fcor and Fobsd are the corrected and measured uorescence
intensities at 494 nm; d, g and s are the geometric parameters of
the quartz cuvette (shown in Fig. S7,† 1.00, 0.25 and 0.50 cm,
respectively); and Aex and Aem are the absorbance at the
RSC Adv., 2025, 15, 19696–19703 | 19699
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Table 1 Calculation of the IFE ratio for Cr2O7
2−a

Cr2O7
2− (mM) Aex Aem Fobsd Fcor CF Eobsd Ecor

0 0.52 0.025 5212 9198 1.76 0.00 0.000
5 0.56 0.020 5050 9158 1.82 0.03 0.001
10 0.62 0.024 4658 8991 1.93 0.11 0.022
15 0.66 0.019 4432 8804 1.99 0.15 0.043
20 0.72 0.016 4161 8651 2.08 0.20 0.059
25 0.80 0.042 3950 9075 2.30 0.24 0.013

a CF= Fcor/Fobsd; Eobsd= 1 – Fobsd/Fobsd.0; Ecor= 1 – Fcor/Fcor.0 (Fobsd.0 and
Fcor.0 are the measured and corrected uorescence intensities,
respectively, without Cr2O7

2−).

Table 2 Calculation of the IFE ratio for luteolina

Luteolin (mM) Aex Aem Fobsd Fcor CF Eobsd Ecor

0 0.63 0.039 5786 11475 1.98 0.00 0.000
5 0.68 0.049 5390 11310 2.10 0.07 0.014
10 0.78 0.049 4865 11095 2.28 0.16 0.033
15 0.94 0.067 4119 10831 2.63 0.29 0.056
20 1.02 0.069 3809 10712 2.81 0.34 0.066
25 0.63 0.039 5786 11475 1.98 0.00 0.000

a CF = Fcor/Fobsd; Eobsd = 1 − Fobsd/Fobsd.0; Ecor = 1 – Fcor/Fcor.0 (Fobsd.0
and Fcor.0 are the measured and corrected uorescence intensities,
respectively, without luteolin).
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excitation wavelength (365 nm) and the optimal emission
wavelength (494 nm).

Fcor.0/Fcor = 1 + KSV[Q] (2)

Fcor.0 and Fcor are the corrected uorescence intensities without
and with Cr2O7

2−; Ksv is the Stern–Volmer constant; [Q] is the
concentration of Cr2O7

2−.
Quenching mechanism of luteolin

The possible mechanism of luteolin detection was investigated
using the same method described above. As shown in Fig. 7a,
a new absorption band was formed at 379–390 nm in the
experimental UV-vis absorption spectrum of the Mo, N-CDs/
luteolin mixture, indicating the formation of non-uorescent
ground state complexes and a static quenching mechanism.45

Fig. 7b indicates that the quenching mechanism of Mo, N-CDs
for luteolin might be IFE and FRET.46 Zeta potential measure-
ments showed that no electrostatic interaction existed between
Mo, N-CDs and luteolin (Fig. 7c), and uorescence lifetime
measurements ruled out FRET (Fig. 7d). In addition, the IFE
ratio was calculated to be 80.55% (Table 2)43 and the presence of
a static quenching effect was veried by the Stern–Volmer
Fig. 7 (a) UV-vis spectra of Mo, N-CDs, luteolin, theoretical and
experimental spectra of Mo, N-CDs/luteolin; (b) UV-vis spectrum of
luteolin and fluorescence spectra of Mo, N-CDs; (c) zeta potentials of
Mo, N-CDs, luteolin and Mo, N-CDs/luteolin; and (d) fluorescence
lifetime of Mo, N-CDs (without/with luteolin).

19700 | RSC Adv., 2025, 15, 19696–19703
equation (Fig. S9†).47 In summary, the combination of IFE and
static quenching may be the mechanism by which Mo, N-CDs
detect luteolin.

Testing of actual samples

The detection of Cr2O7
2− and luteolin in actual samples was

further investigated to validate the reliability of the method. As
shown in Tables 3 and 4, the recoveries of Cr2O7

2− in tap water,
lake water and bottled drinking water and luteolin in Du Yi Wei
capsule and Du Yi Wei tablet were 93–110% with relative stan-
dard deviations (RSD) less than 5%. Therefore, Mo, N-CDs can
be used as “on-off” sensors for the detection of Cr2O7

2− and
luteolin in the eld of water quality monitoring and pharma-
ceutical analysis.

Anti-counterfeiting application

Due to their stable optical property and relatively high quantum
yields, Mo, N-CDs have potential application prospects in anti-
counterfeiting. As shown in Fig. 8, two pictures were drawn by
hand on test paper using a Mo, N-CD aqueous solution as
uorescent ink. The two pictures were almost invisible under
sunlight but exhibited obvious cyan uorescence under 365 nm
UV light, showing good uorescence anti-counterfeiting effects.
With the removal of 365 nm UV light, the cyan uorescence
disappeared completely, demonstrating high-quality informa-
tion encryption and decryption effects. The maintenance of
uorescence for several months indicates that the Mo, N-CD-
based uorescent ink exhibits better durability and reliability.
Table 3 Detection of Cr2O7
2− in actual water samples (n = 3)

Samples
Spiked
(mM)

Found
(mM)

Recovery
(%)

RSD
(%)

Tap water 15 14.67 97.78 0.46
25 25.17 100.68 0.23
35 34.51 98.61 1.27

Lake water 15 16.44 109.64 0.86
25 24.29 97.15 0.15
35 35.74 102.12 2.05

Bottled drinking water 15 14.51 96.73 0.76
25 25.52 102.10 0.22
35 36.19 103.41 0.28

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Detection of luteolin in actual samples (n = 3)

Samples
Spiked
(mM)

Found
(mM)

Recovery
(%)

RSD
(%)

Du Yi Wei capsule 0 5.26 — 0.83
15 20.91 104.26 1.97
25 29.94 98.71 1.24
35 37.88 93.18 2.23

Du Yi Wei tablet 0 3.10 — 3.39
15 18.53 102.85 0.25
25 28.48 101.50 1.08
35 36.67 95.92 2.71

Fig. 8 Photographs of pictures drawn by hand using Mo, N-CDs as
fluorescent ink on test paper under sunlight (left) and under a 365 nm
UV light (right).
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Conclusions

In conclusion, a rarely reported Mo, N-doped cyan uorescent
carbon dots (Mo, N-CDs) was successfully synthesized by a one-
step hydrothermal method using L-arginine, ammonium
molybdate and indispensable 1-pyrenecarboxaldehyde as
precursors. The results of morphological and compositional
characterization showed that molybdenum and nitrogen atoms
were successfully doped into carbon dots. Due to its high
quantum yield, superior pH stability, salt tolerance and excel-
lent photobleaching resistance, a uorescence platform based
onMo, N-CDs was constructed for “on–off” detection of Cr2O7

2−

and luteolin in aqueous solutions and actual samples. This
method demonstrated high selectivity and sensitivity, a short
response time and satisfactory recoveries. The uorescence
quenching mechanisms of Mo, N-CDs were explored and
putatively identied as IFE (95.34%) for Cr2O7

2− and IFE
(80.55%)/static quenching for luteolin. Furthermore, an
aqueous solution of Mo, N-CDs can be directly used as a uo-
rescent ink and exhibits excellent anti-counterfeiting effects.
The facial synthesis, high quantum yield, stable optical prop-
erties and rapid responsiveness of Mo, N-CDs make them an
excellent alternative in environmental water monitoring and
pharmaceutical analysis as well as anti-counterfeiting.

Data availability

The data supporting this article have been included as part of
the ESI.†

Author contributions

Yang Geng and Ze-Yue Zhao: methodology, formal analysis,
investigation, and writing – review and editing. Wei Zhang and
© 2025 The Author(s). Published by the Royal Society of Chemistry
Bai-Qiang Zhai: conceptualization and analysis. Ye Tian and
Wen-Zhu Bi: validation and supervision.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported by Henan Provincial Science and
Technology International Cooperation Grant (242102521040),
the Science and Technology Development Plan Project Henan
Province (242102311178) and the Key Research Project of
Zhengzhou Railway Vocational and Technical College
(2025KY005).

Notes and references

1 (a) Z. Yu, C. Deng, S. Jiang, Y. Liu, C. Liu, F. Seidi, X. Zhang,
Y. Huang, W. Wu, J. Han, Q. Yong and H. Xiao, J. Colloid
Interface Sci., 2025, 679, 510; (b) T. Zheng, L. Qian, M. Li,
Z. Wang, K. Li, Y. Zhang, B. Li and B. Wu, Dalton Trans.,
2018, 47, 9103; (c) B. Prathima, V. S. Raghvan, S. Soni,
S. S. Gorthi and G. L. Sivakumar Babu, J. Water Process.
Eng., 2024, 66, 105832.

2 D. M. Hausladen, A. A. Ozinskas, C. N. McClain and
S. Fendorf, Environ. Sci. Technol., 2018, 52, 8242.

3 (a) F. A. S. Cunha, J. P. A. Fernandes, W. S. Lyra,
A. G. G. Pessoa, J. C. C. Santos, M. C. U. Araújo and
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