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Abstract
A simple dual-colour fluorescent nanoprobe has been designed composed of blue and yellow emission carbon quantum dots
(CQDs). This system is inexpensive and easy to operate and was successfully employed for on-site measurements based on a
smartphone app. The designed nanoprobe exhibited increased selectivity for Cr(VI), leading to a double stable response of the
two CQDs. The dual-emission nanoprobe showed blue-violet fluorescence upon UV irradiation, and the fluorescent emission
peaks were located at 418 nm and 552 nm. The blue light emission of CQDs was quenched with increasing Cr(VI) concentration
due to the inner filter effect, whereas the yellow light emission was enhanced due to the aggregation-induced emission effect. The
different responses of the dual emissions to Cr(VI) resulted in a fluorescent colour variation, thus enabling facile macroscopic
visualization. With a smartphone, the change in the fluorescence colour could be observed more apparently than that of a single
fluorescence nanoprobe, and the response increased linearly so that the nanoprobe could be applied to instantaneous measure-
ments. Furthermore, the dual-emission nanoprobe was successfully employed for analysing food and water samples. Accurate
concentrations were obtained by constructing a calibration plot using a fluorescence spectrometer and a smartphone app; the
recoveries were 81.6% to 107.7%, and the relative standard deviation was below 3.6%. Therefore, this smartphone-integrated
dual-emission detection system is promising as a new portable method for the on-site measurement of Cr(VI) ions.
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Introduction

Ratiometric fluorescent measurements are primarily performed
by measuring the ratios of emission intensity changes at two
different fluorescence emission peaks, and this detection method
is increasingly used in the food, environmental protection and
health care industries [1–3]. Due to the presence of internal stan-
dards, ratiometric methods have a built-in correction for environ-
mental disturbance effects while avoiding excitation light

intensity fluctuations [4–6] so that the fluorescence intensities
of ratiometric nanoprobes are not affected by uncontrollable ex-
perimental conditions such as the matrix background and instru-
ment efficiency. Ratiometric fluorescence detection of heavy
metal ions has attracted much attention [7, 8]. The frequently
used sensing strategies of ratiometric detection are generally
based on fluorescence quenching or enhancement, such as inner
filter effect (IFE), fluorescence resonance energy transfer (FRET)
and aggregation-induced emission effect (AIEE).

Hexavalent chromium, Cr(VI), is one of the main naturally
occurring states of chromium [9]. Cr(VI) commonly exists in a
variety of modern industries. Cr(VI) is a deleterious environ-
mental contaminant as a result of its allergenicity and carcino-
genicity [10]. Thus, it is significant to design a sensor for the
rapid, simple and selective determination of Cr(VI). Carbon
quantum dots (CQDs) have gained attention as a new type of
fluorescent probe due to their distinctive properties. They have
the advantages of inexpensive raw material sources, simple
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synthesis, good water solubility and biocompatibility, and ul-
trasmall size [11, 12]. Some ratiometric fluorescence probes
using CQDs have been reported in recent years. However, most
of them depend on the use of heterologous luminescent mate-
rials, so they deserve to be further explored [13–15]. The prep-
aration of these ratiometric fluorescence nanoprobes is an intri-
cate procedure, and the testing process is time-consuming.
Therefore, the design of a simple ratiometric nanoprobe
equipped with favourable optical characteristics is urgently
needed for actual field tests.

In the present research, we prepared two kinds of CQDs:
blue emission CQDs (B-CQDs) and yellow emission CQDs
(Y-CQDs) to construct a self-assembling fluorescent
nanoprobe (named B/Y-CQDs) with different emission peaks,
and the obvious change in fluorescence colour could be cap-
tured by the naked eye. The nanoscale detection process is
controllable and reversible and can be used to determine the
fluorescent characteristics of IFE and AIEE processes. In par-
ticular, this ratiometric nanoprobe can be successfully applied
to detect Cr(VI) using smartphones for instant detection. The
RGB colour mode is a colour standard in modern industry.
Various colours can be obtained by changing the red (R),
green (G) and blue (B) channels and by the superimposition
of these channels. This range includes nearly all the colours
that the human eye can perceive, making RGB one of the most
widely used colour systems. Smartphone-assisted visual re-
sults more easily capture small changes in RGB values and
are more accurate than the naked eye, and the results show
high selectivity, sensitivity and anti-jamming properties.

Materials and methods

Materials and chemicals

All materials and chemicals could be used without purifica-
tion. O-phenylenediamine, citric acid monohydrate and L-
reduced glutathione were obtained from Shanghai Aladdin
Bio-Chem Technology Co., Ltd. (https://www.aladdin-e.
com/). The interferent metal ions were obtained from Beijing
Putiantongchuang Biotechnology Co., Ltd. (http://www.pttc-
gbw.com/). Other interferent analytes were obtained from
Shanghai Aladdin Bio-Chem Technology Co., Ltd. (https://
www.aladdin-e.com/). DI water was used for all solution
preparations in this work. In the analysis of possible
interferents, all the reagents used were of analytical grade
purity.

The synthesis process of CQDs

CQDs were synthesized according to previous works [16, 17].
The described syntheses procedures (in adequate detail) are in
the Electronic Supporting Material (ESM).

Characterization

The sizes and morphologies of the B-CQDs, Y-CQDs and B/
Y-CQDs were obtained by transmission electron microscopy
(TEM) using a FETEM-2100 transmission electron micro-
scope (Japan Electronics Co., Ltd). The fluorescence spectra
and the RGB values of B-CQDs, Y-CQDs and B/Y-CQDs
were obtained using a fluorescence spectrophotometer F-
7100 (Hitachi, Ltd., Japan HQ) and a smartphone app with
colour recognition capability. An ultraviolet lamp (Shanghai
Precision and Scientific Instrument Corporation, WFH-204b)
was applied to obtain fluorescent images of B-CQDs, Y-
CQDs and B/Y-CQDs. The particle size was measured by a
Mastersizer 3000 (Malvern Panalytical Ltd.). The
photoluminescence quantum yield (Φf) and the decay curves
of the lifetime of CQDs were measured according to previous
reports [18, 19].

Construction and characterization of dual-colour
fluorescent nanoprobes

The prepared B-CQDs and Y-CQDs were diluted to create
solution concentrations of 22.6 μg L−1 and 43.2 μg L−1, re-
spectively. Then, Y-CQDs and B-CQDs were mixed at differ-
ent volume ratios (B-CQDs:Y-CQDs = 2:1, 1:2, 1:4, 1:6, 1:8,
1:10) to optimize the detection conditions. According to the
fluorescence colour and fluorescence spectra, the optimal
mixing ratio was selected, and then the ratiometric fluores-
cence probe was constructed using this ratio. According to
the sample preparation instructions for different instruments,
Y-CQDs, B-CQDs and the ratiometric fluorescence
nanoprobe B/Y-CQDs were pretreated to display the structure
and optical properties of the material.

Detection of Cr(VI) using the dual-colour fluorescent
nanoprobe B/Y-CQDs

B/Y-CQDs exhibited two emission peaks at 418 nm and
552 nm under a single excitation (excitation wavelength
(λex) was 375 nm), in which the peak at 418 nm represented
the emission of B-CQDs and the emission peak at 552 nm
represented the emission of Y-CQDs. The optimal mixing
ratio for B- and Y-CQDs was 1:6. For Cr(VI) measurement,
different levels of Cr(VI) (0–1667 μM) were added to poly-
chromatic fluorescent nanoprobes (B/Y-CQDs) and mixed
thoroughly. After 10 min of incubation, the emission fluores-
cence spectra were recorded at 375 nm for the qualitative and
quantitative analyses of Cr(VI). For visual inspection, the
sample images and their RGB values were collected by a
smartphone under irradiation by a handheld ultraviolet lamp
(λex = 365 nm, which is common for commercially available
UV lamps). For the specific detection method, analogous
analytes were mixed with the B/Y-CQDs under the same
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detection conditions. Each detection process was repeated
three times and performed at room temperature to guarantee
the reliability and stability of the empirical data.

Practical applications of B/Y-CQDs

To verify the applicability of the B/Y-CQDs in sample mea-
surement, the fluorescence intensities of the actual samples
were recorded at dual-emission peaks of 418 nm and
552 nm, where the excitation wavelength was 375 nm. We
chose tap water as the water sample and milk and commer-
cially available green tea as the food samples to illustrate the
applicability of the B/Y-CQDs. Before starting the determina-
tion, all the determinands needed centrifugation, and then they
were passed through a filter membrane (0.45 μm) to remove
interfering impurities. Owing to the lack of Cr(VI) in tap wa-
ter, green tea and in milk, the 250 μL B/Y-CQDs was fortified
with 250 μL of various concentrations of Cr(VI) solutions by
using the standard addition method. For the food samples,
1 mL of milk sample was added to trichloroacetic acid
(9 mL, 9% (w/v)) under stirring and ultrasound. Then, the
mixture was centrifuged to separate proteins, and the pH
was adjusted to 7. The relative standard deviation (RSD)
was obtained by repeating the process three times under the
same experimental conditions.

Results and discussion

Principle of the method

The dual-emission fluorescent B/Y-CQDs composed of B-
CQDs and Y-CQDs can be used as an identifying element in
heavy metal ion monitoring with dual-colour fluorescence.
The construction of dual-emission fluorescent B/Y-CQDs
and the operating principle for visual sensing of Cr(VI) are
shown in Scheme 1. The B-CQDs and Y-CQDs were pre-
pared based on previous reports [16, 17]. Then, two types of
CQDs were mixed in a certain proportion to fabricate the
assembled B/Y-CQDs. The fluorescence spectrum of the B/
Y-CQDs exhibited dual emission, which was a blend of the
original emission of the two CQDs. The mixing of B- and Y-
CQDs at a volume ratio of 1:6 resulted in blue-mauve fluores-
cence. For this reason, the extent of the colour change was
described as “violet - yellow”, as shown in Scheme 1, and the
obtained B/Y-CQDs can be used for the assessment of Cr(VI).
The yellow fluorescence of Y-CQDs was enhanced, and the
blue fluorescence of B-CQDswas quenched in the presence of
Cr(VI). Additionally, the colorimetric fluorescent signals can
be conveniently observed by the naked eye. The smartphone
app could help to distinguish the intricate changes in fluores-
cent colours. Most notably, qualitative analysis of Cr(VI) can
be achieved via the fluorescent colour variation in the B/Y-

CQDs when Cr(VI) is present in actual samples. This colori-
metric fluorescent sensing method has the favourable proper-
ties of easy operation and low cost, and the smartphone app
can take a picture of the samples under UV light (λex =
365 nm) to directly monitor its visual signals, making it more
sensitive than the naked eye. Therefore, the proposed dual-
colour fluorescent B/Y-CQDs could be a rapid and convenient
sensor for detecting the heavy metal ion Cr(VI).

Characterizations of B-CQDs, Y-CQDs
and the dual-colour fluorescent B/Y-CQDs

Transmission electron microscopy (TEM) was used to deter-
mine the morphologies of Y-CQDs and B-CQDs. As
Fig. 1a, c shows, it is possible to observe that the two kinds
of CQDs have aspherical particles, as reported in other studies.
In addition, the histograms of the particle size scattering for
CQDs are displayed in Fig. 1b, d, in which it can be verified
that the mean sizes of Y-CQDs and B-CQDs are 2.19 and
3.05 nm (the numbers of particles are 100), with particle sizes
ranging from 0.88 to 4.25 nm and from 0.72 to 4.82 nm,
respectively. The high-resolution TEM images in the illustra-
tion reveal that both CQDs have crystalline lattices.

The functional groups in Y-CQDs and B-CQDs were de-
termined by Fourier transform infrared (FTIR) spectroscopy
(Fig. 2a). The FTIR spectrum of Y-CQDs shows the
stretching vibrations of O-H and N-H (3435 cm−1,
3307 cm−1, 3270 cm−1), C=N or C=O, C=C, and C-O-C
(1641 cm−1, 1493.5 cm−1, 1129 cm−1) groups [20, 21]. The
FTIR spectrum of B-CQDs showed a wide band in the range
of 2200–3700 cm−1, demonstrating the stretching of the N-H
of amino groups and the O-H of carboxyl groups in B-CQDs
[22]. Three bands (1719, 1403.5 and 1224 cm−1) were attrib-
uted to C=O, C-O and O-H in the abundant carboxyl groups of
B-CQDs. The peaks at 1129 and 619 cm−1 were attributed to
the C-N and -NH2 (which are in aminocarbonyl moieties)
group stretching frequencies. The presence of polar functional
groups in CQDs allows them to be well dispersed in aqueous
solution and facilitates their coordination with Cr(VI) [23]. X-
ray photoelectron spectroscopy (XPS) was used to further
confirm the constituent elements of the CQDs and is discussed
in the ESM. The ultraviolet absorption spectrum shows the
optical properties of the nanoprobe. Figure 2b shows the ul-
traviolet absorption spectra of B-CQDs, Y-CQDs and B/Y-
CQDs. The B-CQDs and Y-CQDs both exhibited intense ab-
sorbance in the ultraviolet region to the visible light region.
The positions of the UV absorption peaks for B-CQDs and Y-
CQDs were homologous with the absorption spectra of the
CQDs reported previously [16, 17]. The UV-vis spectra of
Y-CQDs and B-CQDs have a knee located at 285 nm, and
Y-CQDs have an apparent adsorption band centred at 418 nm
that was attributed to the π-π* transition of the carbon-carbon
double bond [24, 25]. The absorption band at 349 nm was
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attributed to the n-π* transition of C-O and C=O belonging to
the carboxylic groups in B-CQDs. The spectrum of B/Y-
CQDs exhibited clear visible absorption bands at 349 nm
and 418 nm corresponding to B-CQDs and Y-CQDs.

The fluorescence of the B/Y-CQDs

In this paper, the fluorescent properties of the B/Y-CQDs for
the determination of Cr(VI), as well as those of the single B-
CQDs and single Y-CQDs are exhibited in Fig. 3a. The
ratiometric nanoprobe has two emission peaks compared to
single CQDs. Y-CQDs emitted yellow fluorescence with a
maximum emission peak of 552 nm under a 430 nm excita-
tion, and the maximum emission wavelength of B-CQDs was
418 nmwith high blue fluorescence under a 350 nm excitation
(Fig. S2). The two CQDs both possess independent emission
peaks accompanied by changing excitation wavelengths,
which are attributed to the raw materials used for the synthesis
and the temperature [16, 26]. Notably, the characteristic fluo-
rescent peaks of B-CQDs and Y-CQDs can be triggered under
375 nm excitation (Fig. S2). The fluorescence emission peaks
of B/Y-CQDs under different excitation wavelengths are ex-
hibited in Fig. S3. The spectra of Y-CQDs and B-CQDs both
have clearly integrated peaks under the given excitation wave-
lengths, while B/Y-CQDs exhibit two integral emission peaks

until the excitation wavelength reaches 375 nm. We chose
375 nm as the excitation wavelength for fluorescence spectro-
photometer analysis. Moreover, the quantum yields of the as-
prepared B-CQDs and Y-CQDs in aqueous solution were
2.58% and 0.61%, respectively, using quinine sulfate as a
reference.

Optimization of the experimental conditions

To exclude some possible interferences in real sample analysis
and to improve the performance of the B/Y-CQD Cr(VI) de-
tection method, factors including the storage time, light radi-
ation, ionic strength, batches and concentrations of B/Y-
CQDs, pH, and incubation time were investigated and opti-
mized. The corresponding results are given in the ESM (Fig.
S7–8). The fluorescence response intensity (I552/I418) was
used to determine the detection ability of B/Y-CQDs, where
I552 and I418 are the fluorescence intensities of B/Y-CQDs at
418 nm and 552 nm, respectively. The best fluorescence sta-
bility conditions and the optimized conditions of B/Y-CQDs
in response to Cr(VI) were as follows: (a) for stability of B/Y-
CQDs: the best storage time was within 12 h, wherein the B/
Y-CQDs could remain constant for 60 min under ultraviolet
irradiation (λex = 365 nm); (b) optimal ionic strength: 0 M of
NaCl was the optimal ionic strength due to its slight impact on

Scheme 1 The principle of exploring the B/Y-CQD fluorescence nanoprobe for Cr(VI) determination and the colour blocks of Y-CQDs, B-CQDs, and
B/Y-CQDs (the ratio of B/Y-CQDs was 1:6).
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B/Y-CQDs; the construction of B/Y-CQDs was repeatable
when comparing various batches of B/Y-CQDs; (c) the opti-
mal concentration of B/Y-CQDs: the concentrations of B-
CQDs and Y-CQDs were 22.6 and 43.2 μg L−1, respectively;
and (d) the best pH value: pH = 7 was selected as the optimal
pH. A 15-min incubation time of B/Y-CQDs with Cr(VI) was

also evaluated. As shown in Fig. S8b, a stable fluorescence
response intensity was obtained within a reaction time of no
more than 10 min, indicating that the response time was rapid.

Additionally, the ratio of B-CQDs to Y-CQDs were opti-
mized. B-CQDs and Y-CQDs were mixed in proportions of
2:1, 1:2, 1:4, 1:6, 1:8 and 1:10 to investigate the optimum

Fig. 1 a and c TEM images of Y-CQDs and B-CQDs, where the insets in the TEM images show the crystallinity of Y-CQDs and B-CQDs. b and d Size
distributions of the as-synthesized Y-CQDs and B-CQDs. (The concentrations of B-CQDs and Y-CQDs were 22.6 μg/L and 43.2 μg/L, respectively)

Fig. 2 a The FTIR spectrum of Y-CQDs and B-CQDs. b UV-Vis absorption spectra of B-CQDs, Y-CQDs and B/Y-CQDs. The concentrations of B-
CQDs and Y-CQDs were 22.6 μg/L and 43.2 μg/L, respectively. The ratio of B/Y-CQDs was 1:6
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fluorescence response for Cr(VI) determination (Fig. 3). The
proportion of the B/Y-CQDs for the best fluorescent colour

was optimized, and the processes displayed apparent colour
changes under UV light excitation (365 nm). As displayed in
Fig. 3d, the blue emission belonging to B/Y-CQDs was
changed to violet upon the addition of Y-CQDs at different
proportions. When the ratio of B/Y-CQDs was 1:6, the B/Y-
CQDs exhibited two emission peaks at 418 nm and 552 nm
under a single wavelength excitation (λex = 375 nm) and
showed apparent violet fluorescent light under 365 nm UV
light. The changes in emission intensities and fluorescence
colours were recorded as the B/Y-CQD nanoprobe was added
to the target solution. The change in fluorescence intensity
(I555/I418) was represented by the results of this intensity ratio
before and after adding Cr(VI). The change in fluorescence
intensity was the most notable when B-CQDs were mixed
with Y-CQDs at a proportion of 1:6 (Fig. 3b). Moreover, the
colour of the nanoprobe at different ratios is shown in Fig. 3c,
and the colour changed to bright yellow when the ratio was
1:6. In summary, we chose a ratio of 1:6 to prepare the B/Y-
CQDs.

The detection principle of B/Y-CQDs

The fluorescence interaction of the raw fluorescent materials
is discussed to explore the detection principle of the dual-
emission B/Y-CQDs. When B-CQDs were mixed with Y-
CQDs at a proportion of 1:6, B/Y-CQDs showed a decreased
fluorescence peak at 418 nm and an increased fluorescence
peak at 552 nm in the presence of Cr(VI). Finally, the peak at
418 nm disappeared, but a strong emission peakwas formed at
552 nm because enough Y-CQDs were involved in the en-
hanced reaction. The B/Y-CQD nanoprobe could quickly and
accurately identify Cr(VI) at this ratio. To discuss the phe-
nomenon that occurs when applying the B/Y-CQD nanoprobe
for Cr(VI) detection, the fluorescent interaction of each raw
fluorescent material of the B/Y-CQD nanoprobe with Cr(VI)
should be studied. The result revealed that the fluorescence
intensity of single B-CQDs and B-CQDs in B/Y-CQDs gently
decreased with an increasing Cr(VI) concentration (Fig. 5a,
S5b, S5d). According to previous reports, the fluorescence
extinction of fluorescent nanomaterials was caused by
Cr(VI) through the IFE [16, 27, 28]. As indicated in Fig. 4a,
the ultraviolet absorbance of Cr(VI) could overlap with the
fluorescence emission peak of B-CQDs in B/Y-CQDs within
the range of 400–500 nm; thus, there is a possible IFE among
B-CQDs and Cr(VI). Further, the fluorescence lifetime was
used to explore the fluorescence quenching mechanism con-
sidering the above phenomenon. The IFE is part of the static
quenching mechanism with insignificant variations in the
fluorescence lifetime [29, 30]. Fig. S4 shows that the fluores-
cence decay curve of B/Y-CQDs remained unchanged when
Cr(VI) was added, which indicates that a statistical quenching
process occurred between B/Y-CQDs and Cr(VI) with the
formation of a nonfluorescent complex or compound.

Fig. 3 a Fluorescence emission plots of Y-CQDs, B-CQDs, B/Y-CQDs
and B/Y-CQDs with Cr(VI). b The change in fluorescence intensity of B/
Y-CQDs at 418.2 nm and 552.0 nm with and without the addition of
Cr(VI) and the ratio values of adding Cr(VI) (ICr) to no Cr(VI) (I0) at
different compositional proportions (λex = 375 nm). c Digital photograph
of the B/Y-CQDs at different ratios of B-CQDs and Y-CQDs under
365 nm excitation in the absence (a) or presence of C(VI) (c), and (b)
their colour blocks. The concentration of Cr(VI) was 167 μM
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Therefore, there is evidence that the IFE is the mechanism of
fluorescence quenching between the nanoprobe and analyte.

Next, the phenomenon of Y-CQD in B/Y-CQD fluores-
cence enhancement is worth further discussion. The fluores-
cence of single Y-CQDs and Y-CQDs in B/Y-CQDs gradu-
ally increased with increasing Cr(VI) concentration (Fig. 5a,
S5a, S5c). The TEM images of the Y-CQDs, B-CQDs and B/
Y-CQDs confirmed the shortened distance between Y-CQD
particles after adding Cr(VI), as they combined and aggregat-
ed into larger particles, while Cr(VI) had barely effect on B-
CQDs (Fig. 4c, d and S6). It can be expected that Cr(VI) can
induce aggregation between Y-CQD particles via interactions
with the pyrrolic N on the surface of Y-CQDs. In aggregates,
intramolecular motions are restricted, and the fluorescence
intensity is significantly enhanced [31, 32]. The interaction
between Cr(VI) and B/Y-CQDs was explored by determining
the absorbance of the B/Y-CQDs. The absorbance peaks of B/
Y-CQDs in response to the presence of Cr(VI) are shown in
Fig. 4b. The results revealed that an increase in the absorption
peak of B/Y-CQDs over the longer wavelength range (350–
550 nm) can be observed upon the addition of Cr(VI). The
increasing absorbance is likely caused by the aggregation of
particles that can both absorb and scatter the incidence light
source. These results support the aggregation of B/Y-CQDs in

the presence of Cr(VI). With the occurrence of aggregation in
a 167 μM Cr(VI) solution, the lifetime of B/Y-CQDs in-
creased from 2.04 ns to 2.51 ns (Table 1), which means that
the nonradiative transition was suppressed with the increased
radiative transition. The quantum yield of B/Y-CQDs in-
creased from 2.38% to 3.28%, which represented
photoluminescence enhancement (Table 1).

Cr(VI) could cause separate fluorescence changes in single
B-CQDs and single Y-CQDs because of the independent re-
sponse to Cr(VI), and this fluorescence variation was sought
after in the mixed B/Y-CQDs. Thus, B-CQDs and Y-CQDs
could simply be mixed together to form a fluorescence
nanoprobe with multiple ratios based on the synchronized
responses of both CQDs to Cr(VI). The nanoprobe achieved
enhanced selectivity due to the ratiometric fluorescence and
colour change with B/Y-CQDs; thus, we chose B/Y-CQDs for
further detection studies.

The sensitivity of the B/Y-CQDs to Cr(VI)

To determine the sensing performance of the B/Y-CQD
nanoprobe for Cr(VI), different concentrations of Cr(VI) sam-
ples (0–1667 μM) were exposed to the B/Y-CQDs separately,
and all fluorescence spectra were obtained. As displayed in

Fig. 4 a (1) Absorbance of Cr(VI) and (2) fluorescence emission of B/Y-
CQDs under 360 nm excitation. b Absorption spectra of B/Y-CQDs in
the absence or presence of Cr(VI). c Low-resolution TEM image of the

B/Y-CQDs. d Low-resolution TEM image of the B/Y-CQDs after adding
Cr(VI). 1 Aggregated Y-CQDs and 2 B-CQDs. The ratio of B/Y-CQDs
was 1:6, and the concentration of Cr(VI) was 167 μM
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Fig. 5a, the obvious decrease in the B/Y-CQDs emission in-
tensity occurred at 418 nm with increased concentrations of
Cr(VI). Moreover, there was an equally radical change at
552 nm as the concentration of Cr(VI) increased from 0 μM
to 1667 μM. The fluorescence intensities of CQDs could be
influenced by Cr(VI), in which the yellow emission was en-
hanced and reinforced the fluorescent colour change for de-
tection. The relative ratio of the fluorescence intensity of the
dual-emission B/Y-CQDs was selected to evaluate the
nanoprobe sensitivity. The fluorescence intensity ratio (I552/
I418) exhibited good linearity with Cr(VI) concentrations from
0.3 to 333.2 μM (Fig. 5b). The regression equation can be
expressed as I552/I418 = 0.1392x + 0.1869, where x is the
Cr(VI) concentration in moles per litre and the correlation
coefficient is 0.997, which shows strong linearity. The limit
of detection (LOD) was estimated to be 0.04 μM (S/N = 3).

Further, an on-site fluorescent measurement was recorded
by the smartphone, and the RGB values were obtained. This
method was used to obtain fluorescence standard images, in-
cluding RGB values, under different Cr(VI) concentrations
(0–1667 μM) (Fig. 5d). The fluorescence colour of B/Y-

CQDs changed regularly with increasing Cr(VI), as distin-
guished by the naked eye. This method could be used for
the visual detection of Cr(VI) based on fluorescence colour
changes. The ratio that takes into account the G values and B
values of the RGB values, which can display the fluorescent
colour change, exhibited linear dependence in the range of
0.8–333.2 μMwith an LOD of 0.55 μM (Fig. 5c). The regres-
sion equation can be expressed as G/B = 0.0031x + 0.4889,
where x is the Cr(VI) concentration in moles per litre and with
a correlation coefficient of 0.9935. The fluorescent measure-
ment expanded the detection range simply and conveniently.
From the results described above, the limits of detection of the
two types of detection modes were both lower than the limi-
tation of 0.05 μg ml−1 (~1 μM) for drinking water, which was
recommended by the World Health Organization [33].

The selectivity of B/Y-CQD nanoprobes

The complexity of real samples presents an enormous chal-
lenge for B/Y-CQDs detection of Cr(VI) not only in terms of
sensitivity but also, more fundamentally, in terms of specificity.

Fig. 5 a Fluorescence spectra of B/Y-CQDs in the presence of increasing
concentrations of Cr(VI) (0–1667 μM). b Plot of the fluorescence inten-
sity ratio (I552/I418) for various concentrations of Cr(VI) (0–1667 μM).
Inset: The linear range of I552/I418 at different concentrations (0.3–
333.2 μM). c Plot of the visualization analysis (G/B) under different

concentrations (0–1667 μM). Inset: The linear range of the visualization
analysis under different concentrations (0.8–333.2 μM). d Fluorescence
images under UV light in the presence of different Cr(VI) samples. The
ratio of B/Y-CQDs was 1:6
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As a result, we discuss the effect of nontarget interferences on
the ratiometric nanoprobe. The interference substances were
Ag(I), Cd(II), K(I), Cr(III), Al(III), Ca(II), Co(III), Na(I),
Zn(II), Hg(II), Fe(III), Mn(II), Fe(II), Pb(II), Mg(II), Cu(II),
tannic acid, β-lactoglobulin, casein and bovine serum albumin
(BSA). As exhibited in Fig. 6a and b, many substances did not
interfere with the ratio of the fluorescence intensity (I552/I418);
only Cr(VI) decreased the emission intensity of B-CQDs and
enhanced the emission intensity of Y-CQDs, achieving the
dual-fluorescence response mode. Some species exhibited in-
terferences probably because of the occurrence of electron
transfer with B-CQDs, and Fe(III) was the main interfering
factor because of its paramagnetic properties [34].
Nevertheless, the fluorescence quenching caused by these

interference substances was very weak compared with
Cr(VI). The as-prepared B/Y-CQDs showed a highly selective
response to Cr(VI) as a ratiometric nanoprobe.

Determination of Cr(VI) in real samples

Chromium is considered a serious environmental pollutant
due to its wide industrial use. It easily contaminates water, soil
and plants, including herbs and foodstuff, and then accumu-
lates in the food chain, thus posing potential threats due to the
mobile and toxic properties of chromium [35]. Therefore, we
measured Cr(VI) in tap water and two food samples consisting
of milk and green tea to validate the practicability of the B/Y-
CQDs. The real samples were diluted with deionized water for

Fig. 6 a The fluorescence intensity of the B/Y-CQD aqueous solution in
the presence of 330 μMof different metal ion interferents and the target at
167 μM (λex = 375 nm). b The RGB relative ratio values of the

fluorescent images in the presence of different analytes. c
Corresponding photograph under UV light. The ratio of B/Y-CQDs
was 1:6

Table 1 Fluorescence lifetimes
and quantum yields of B-CQDs,
Y-CQDs and B/Y-CQDs. The
ratio of B/Y-CQDs was 1:6, and
the concentration of Cr(VI) was
167 μM.

Nanomaterials B-CQDs Y-CQDs B/Y-CQDs
with no Cr(VI)

B/Y-CQDs
with Cr(VI)

Fluorescence lifetime τ (ns) 1.87 6.64 2.04 2.51

Quantum yield 2.58% 0.61% 2.38% 3.28%
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further detection. In a typical experiment, 250 μL of B/Y-
CQDs was mixed with 250 μL of the diluted real samples
and vortexed for 30 s. The mixture was equilibrated for a
few minutes under ambient conditions and studied with the
prepared ratiometric method. The standard addition method
with Cr(VI) was applied because no Cr(VI) was detected in
the water samples. The maximum allowed concentration in
water is 0.05 mg L−1 (~1 μM), so we chose relatively low
concentrations (2, 6 and 12 μM) for the spiked concentrations
of the analyte [36]. The pretreated samples were mixed with
Cr(VI) at various concentrations. After the samples reached
equilibrium, we recorded the fluorescence intensity ratio (I552/
I418) of the samples and the RGB values of the fluorescence
images. The results in Table S1 imply that these sample re-
coveries ranged from 84.6–103.3% with a relative standard
deviation (RSD) within 4.4%. Moreover, on-site fluorescent
measurements were also performed. The analytical results of
real samples showed that the on-site method had sufficient
precision and recoveries in the range of 81.6–107.7% with
an RSD below 2.3% under a high concentration of Cr(VI)
(Table S2). The test results of real samples verified that the
ratiometric B/Y-CQDs had good practicability for monitoring
Cr(VI) in practical systems. Finally, the green tea samples had
a weaker response to Cr(VI) than the other samples, which
was mainly due to the reductive interferent (ascorbic acid) that
can reduce Cr(VI) to Cr(III), after which the original fluores-
cence signal was recovered [16]. Based on the actual sample
application, the effect of reductive interferent on the revers-
ibility of the B/Y-CQDs for Cr(VI) determination is worth
further explored in the future. Finally, compared with the pre-
vious literature reports listed in Table 2, we find that all these
chemosensors are capable of detecting Cr(VI); however, they
still suffer from a tedious synthesis procedure. The B/Y-CQDs
presented in this work has good performance in terms of the
LOD and detection concentration range without the use of
tedious methods. Equally notable is that the need for UV light
makes the probe prone to interference by biomatter. Marine
water, wastewaters, etc. always display strong background
UV absorption and fluorescence. The UV light used for fluo-
rescence excitation is screened by UV absorbers, which
weakens the signal. This problem, in turn, will be the research
focus for fluorescence visualization applications.

Conclusion

A simple and visualization-enabled ratiometric fluorescent de-
tection system for Cr(VI) was demonstrated based on a dual-
emission fluorescent nanoprobe. The introduction of Cr(VI)
led to the fluorescence quenching of B-CQDs due to the IFE,
while Cr(VI) resulted in the fluorescence enhancement of Y-
CQDs owing to the AIEE. The nanoprobe is worth further
research and development in terms of its stability and practi-
cability for actual sample measurements. As a result, this
method was also applied for the analysis of Cr(VI) in real
samples with satisfactory results.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-021-04747-8.
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