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ABSTRACT: Multicolor fluorescent carbon dots (CDs) have
received widespread attention due to their excellent fluorescence
performance and promising prospects in anti-counterfeiting and
sensing detection. To date, most of the multicolor CDs synthesized
are derived from chemical reagents; however, the overuse of
chemical reagents during the synthesis process will pollute the
environment and limit their application. Herein, multicolor
fluorescent biomass CDs (BCDs) were prepared by a one-pot
ecofriendly solvothermal method, with spinach as the raw material
based on solvent control. The as-obtained BCDs can emit blue,
crimson, grayish white, and red luminescence, and their quantum
yields (QYs) are 8.9, 12.3, 10.8, and 14.4%, respectively. The results of the characterization of BCDs reveal that the regulating
mechanism for multicolor luminescence is mainly ascribed to the change of the boiling point and polarity of solvents, which changes
the carbonization process of polysaccharides and chlorophyll in spinach, resulting in the altered particle size, surface functional
groups, and porphyrin luminescence properties. Further research reveals that blue BCDs (BCD1) show an excellent sensitive and
selective response to Cr(VI) in a concentration scale of 0−220 μM with a detection limit (LOD) of 0.242 μM. More importantly,
the intraday and interday relative standard deviation (RSD) values were less than 2.99%. The recovery rate of the Cr(VI) sensor for
tap water and river water is 101.52−107.51%, which indicates that the sensor has the advantages of high sensitivity, selectivity,
rapidity, and reproducibility. Consequently, different multicolor patterns are obtained by using the obtained four BCDs as
fluorescent inks, which exhibit beautiful landscape and advanced anti-counterfeiting effects. This study provides a low-cost and facile
green synthesis strategy for multicolor luminescent BCDs and proves that BCDs have broad application prospects in ion detection
and advanced anti-counterfeiting.

1. INTRODUCTION
CDs, as a new type of photoluminescent nanomaterials, have
received widespread attention due to their excellent
luminescence performance, low toxicity, high biocompatibil-
ity,1,2 and potential application prospects in sensing,3 biological
imaging,4 drug delivery,5 photocatalysis,6 and anti-counter-
feiting.7 Compared with the CDs from chemical reagents,
BCDs have progressive advantages because of the simple
synthesis method, ecofriendliness, and readily available raw
materials, consistent with the idea of environmental protection
and sustainable development. However, so far, the as-gained
CDs from biomass materials mainly emit blue or green
fluorescence,8,9 which seriously hinders their development and
application in bioimaging and anti-counterfeiting. Therefore, it
is urgent to figure out a new strategy to prepare long-
wavelength-emitting or multicolor luminous BCDs.

In nature, chlorophyll is rich in porphyrins and exhibits
strong near-infrared absorption and emission. Unfortunately,
chlorophyll cannot be directly used as a fluorescent material

due to its hydrophobic and unstable nature. It has been
documented that the degradation of chlorophyll occurs under
light, acid, alkali, oxidant, and other conditions.10,11 Interest-
ingly, the fluorescence characteristics of porphyrins provide a
new idea for the preparation of long-wavelength carbon dots.
For example, Wang et al.12 prepared single-excitation dual-
emission red CDs with emission wavelengths of 487 and 676
nm by the solvothermal method, using holly leaf as the carbon
source, and achieved the accurate detection of Hg2+ in living
cells. In addition, Chinese cabbage13 and Mulberry leaf14

derived red-emissive carbon dots were studied and expected to
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be used for fabric and fluorescent probes. The above research
reveals that the preparation process of red CDs from leaves
uses organic solvents such as ethanol, but the mechanism of
red fluorescence has not been systematically investigated.
Simultaneously, multicolor biomass CDs are rarely studied.

Herein, four BCDs with single excitation and double
emission characteristics were synthesized by a one-pot
solvothermal method using spinach as the carbon source
based on the solvent control strategy. The maximum emission
peak of the obtained multicolor BCDs changed from blue light
to yellow-red light under 365 nm excitation, which almost
covered the whole range of the visible spectrum. Moreover,
according to the boiling point and polarity of the reaction
solvents, the regulating mechanism for tunable luminescence
was investigated. Consequently, the selectivity and sensitivity
of BCD1 for metal ion detection were analyzed. In addition,
four multicolor BCDs as fluorescent inks for anti-counter-
feiting application were explored. This study proposed a facile
and ecofriendly synthesis strategy for multicolor luminescent
BCDs and proved that they have potential applications in
sensing and anti-counterfeiting.

2. MATERIALS AND METHODS
2.1. Materials. Spinach was obtained from a local

supermarket (Harbin, China) and served as the raw material.
Ethanol, acetone, CoCl2, MgCl2, MnCl2, CuCl2, FeCl3, FeCl2,
CaCl2, AgNO3, K2Cr2O7, Zn(NO3)2·6H2O, Cd(NO3)2·4H2O,
Ni(NO3)2·6H2O, Ba(NO3), Pb(NO3)2, Al(NO3)3·9H2O, Cr-
(NO3)3·9H2O, NaCl, NaBr, KCl, NaClO2, Na2SiO3·9H2O,
Na2SO3, and Na2CO3 were purchased from XinTian Chemical
Reagents Ltd. (Harbin, China). Deionized water used here was
self-made in our lab through a Kertone-mini water purification
system (Clever-Q30 UT, Zhiang instrument (Shanghai) Co.,
Ltd) throughout the experiments. All reagents were of
analytical grade and used directly without any further
purification.
2.2. Preparation of Multicolor Fluorescent BCDs.

Multicolor fluorescent BCDs were synthesized by a one-step
solvothermal method using fresh spinach leaves as the carbon
source based on reaction solvent control, and the preparation
process is shown in Scheme 1. In detail, first, the fresh spinach
leaves were cut into small pieces and dried at 70 °C. The dried

pieces were ground into powders. Second, 0.2 g spinach leaf
powders was dissolved in 50 mL of deionized water and
ultrasonicated for 30 min. Subsequently, the mixture was
transferred to a 100 mL Teflon-lined autoclave and heated at
180 °C for 8 h. After the reaction solution was naturally cooled
to room temperature, the mixture was centrifuged at 8000 rpm
for 10 min. Then, the supernatant was filtered by a sterile
needle filter (aperture, 0.22 μm) to obtain a rough BCD1 (blue
biomass carbon dots) solution. Third, the prepared rough
BCD1 solution was then treated with a dialysis bag for 6 days
to remove impurities. Finally, BCD1 powder was obtained by
freeze-drying. BCD2 (crimson), BCD3 (grayish white), and
BCD4 (red) were prepared by a synthesis process similar to
that of BCD1, except that deionized water was changed into
anhydrous ethanol, acetone, and the mixture of anhydrous
ethanol and acetone (vol 1:1), respectively.
2.3. Characterization. TEM images were acquired using a

Tecnai G2 F20 electron microscope (FEI, Holland) with an
accelerating voltage of 200 kV. The XRD patterns of CDs were
determined using a DMax/-RB2500V X-ray diffractometer
(Rigaku Co., Japan) with Cu−Kα radiation (λ = 1.54056 Å).
FT-IR spectra were obtained using a Perkin Elmer TV1900
instrument (Waltham, MA, USA). The fluorescence spectra
were measured by an LS55 fluorescence spectrometer.
Ultaviolet−visible (UV−vis) absorption spectroscopy was
performed using a TU-1901 spectrophotometer (Beijing
Purkinje General Instrument Co., Ltd., China). XPS of CDs
was performed using K-Alpha with Al X-rays at 140 W
(THERMO, USA).
2.4. Fluorescence Assays of Cr(VI). The sensitivity of

Cr(VI) was explored in a phosphate buffer solution (0.1 M, pH
= 8) at room temperature. In a typical process, 2 mL of BCD1
solution (10 μg/mL) was added to 1 mL of phosphate buffer
solution, followed by various concentrations of Cr(VI) ions to
obtain a dilute solution. The resultant homogeneous solution
was incubated at room temperature for 15 min; the
fluorescence intensity of the blank sample and different
concentrations of Cr(VI) additive samples was measured
under a UV lamp (400 nm), respectively. All the experiments
were conducted at room temperature and repeated three times.
The intraday and interday accuracy and repeatability of the
sensor based on BCD1 for Cr(VI) were explored using three

Scheme 1. Illustration of the Preparation Process of Multicolor Fluorescent BCDs

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06942
ACS Omega 2023, 8, 6550−6558

6551

https://pubs.acs.org/doi/10.1021/acsomega.2c06942?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06942?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06942?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


quality control samples, with the Cr(VI) concentration of low
(20 μM), medium (40 μM), and high (60 μM), under optimal
conditions, which were assessed within 1 day and on five
consecutive days.
2.5. Environmental Water Samples with Quantitative

Cr(VI) Detection. To evaluate the sensing capability of BCD1
in environmental water samples, river water and tap water were
collected from the Majiagou River (Harbin, China) and our
laboratory, respectively. Further, the luminescence intensities
were measured at 400 nm excitation wavelength. The tap water
samples were boiled for 5 min to remove the residual chlorine.
Then, all the water samples were centrifuged at 10,000 rpm for
10 min and passed through a 0.22 μm membrane filter to
eliminate the insoluble components. After that, different
concentrations of Cr(VI) standard solutions were added into

the above water samples to calculate the recovery rate of
Cr(VI) in the real water samples. The relative standard
deviation (RSD) was determined after five acquisition of data
under similar experimental conditions.

3. RESULTS AND DISCUSSION
3.1. Fluorescence Properties of the BCDs. Four tunable

luminescent BCDs were obtained using spinach as the carbon
source based on reaction solvent control; the UV absorption
spectra show that all the four samples have strong absorption
peaks in the UV region of 240−280 nm, corresponding to the
π−π* electronic transition of the C�C bond (shown in
Figure.1). In addition, BCD1 has a weak absorption peak at
320 nm, corresponding to the n−π* electron transition of the
C�O bond, which proves that carbon nuclei with a certain

Figure 1. UV−visible absorption, fluorescence excitation, and emission spectra at different excitation wavelengths of BCDs. (a) BCD1, (b) BCD2,
(c) BCD3, and (d) BCD4.

Figure 2. TEM images of BCDs. (a) BCD1, (b) BCD2, (c) BCD3, and (d) BCD4; the insets are the corresponding particle size distribution.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06942
ACS Omega 2023, 8, 6550−6558

6552

https://pubs.acs.org/doi/10.1021/acsomega.2c06942?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06942?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06942?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06942?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06942?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06942?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06942?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06942?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06942?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


conjugated structure are formed in the dehydration con-
densation reaction.15,16 Both BCD2 and BCD4 present weak
absorption peaks at 411 nm, which were attributed to the n →
π* electronic transition of the C�O bond in the chlorophyll-
derived porphyrin structure.17

Four BCDs with different luminescence properties are found
in the fluorescence emission spectra (shown in Figure 1).
BCD1 shows a blue-to-yellow emission region (400−600 nm)
with an excitation wavelength dependence and QY of 8.9%
(Figure 1a); the maximum fluorescence peak is located at 493

Figure 3. Spectra of BCDs: (a) XRD, (b) Raman, and (c) FTIR.

Figure 4. XPS analysis of BCD1, BCD2, BCD3, and BCD4. (a) Survey scan, (b) C 1s, (c) O 1s, and (d) N 1s.
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nm; and the solution of BCD1 can emit bright blue light under
365 nm UV light. BCD2, BCD3, and BCD4 present two
independent fluorescence emission bands at the blue-to-yellow
emission region (400∼600 nm) and red emission region
(600∼750 nm), showing bimodal emission characteristics,
with strong emission peaks at 681, 671, and 680 nm,
respectively. The solutions of the three samples exhibit
different visual colors, which are mainly due to the different
intensity ratios of the two bands; BCD2 and BCD4 exhibit
crimson and red luminescence under UV light irradiation at
365 nm due to the low-intensity luminescence of the band at
the blue-to-yellow emission region. BCD3 shows grayish white
fluorescence under UV light irradiation at 365 nm, attributed
to an intensity ratio of approximately 1 between the two bands
(as shown in Figure S1). In addition, the QYs of BCD2,
BCD3, and BCD4 are 12.3, 14.4, and 10.8%, respectively,
which indicate relatively high QYs. The photobleaching
experiments for all the four types of carbon dots were explored
under irradiation with 20 W incandescent lamp for 9 h and 150
W xenon lamp for 60 min, respectively. The experimental
results show that the BCDs have good fluorescence stability
even if irradiated with 20 W incandescent lamp for 9 h (shown
in Figure S2).
3.2. Morphology and Structure of BCDs. The TEM

image shows that the four BCDs with quasi-spherical shape
exhibit excellent dispersion, and the average particle size is
3.76, 3.84, 3.95, and 3.92 nm, respectively (shown in Figure 2).
It can be seen that the luminescence intensity ratio of the two
bands is related to the particle size, indicating a size-dependent
effect. The high-resolution TEM images of the four BCDs
indicate that the as-prepared samples exhibit good lattice
fringes with spacings of 0.24, 0.22, 0.23, and 0.24 nm,
respectively, which are consistent with the (100) facet of
graphitic carbon (shown in the inset of Figure 2). We speculate
that the different sizes of the four BCDs are mainly attributed
to the different boiling points and polarities of the reaction

solvent. As is well known, among the three types of solvents
(water, ethanol, and acetone), water has the highest boiling
point, while acetone has the lowest boiling point. Under the
same preparation conditions, the lower the boiling point, the
longer is the carbonization time, which results in the larger
particle size of BCDs,18 being consistent with the results of
TEM.

The crystallinity of the four as-obtained BCDs is analyzed by
XRD. As shown in Figure 3a, it is found that there are obvious
broad diffraction peaks between 19° and 23°, which
correspond to the (002) graphite lattice stripes, indicating
they are all graphite-like structures.19 Further, the half-peak
width decreases with the decrease of the boiling point of the
solvent used for the preparation of BCD1, BCD2, BCD3, and
BCD4, which indicates that the degree of graphitization
increases accordingly (Table S1). In addition, the Raman
spectra of BCD1, BCD2, BCD3, and BCD4 all present two
characteristic D (disordered C, sp3) and G peaks (ordered
graphite C, sp2), which are located at 1330 and 1600 cm−1,
respectively.18 The IG/ID values of the four BCDs are 0.63,
0.76, 1.89, and 0.81, respectively (shown in Table S2),
indicating that BCD3 contains the largest size of the sp2-
conjugated domain (the degree of graphitization), which is
consistent with the results of TEM and XRD. The IR spectra in
Figure 3c indicate that the vibration peaks at 3283, 1543, and
1450 cm−1 are assigned to the O−H/−NH stretching
vibrations of the porphyrin ring, aromatic C�C vibration,
and C−N shearing vibration of pyrrole, respectively.20 The
results show that BCD1, BCD2, BCD3, and BCD4 contain the
porphyrin structure in chlorophyll.21 In addition, the bands at
2923, 1659, and 1659 cm−1 were attributed to the stretching
vibrations of C−H, C�O, and C−O.21,22

The elemental composition and surface state of the BCDs
were analyzed by XPS (XPS data of spinach powder are shown
in Figure S3). As shown in Figure 4a, the full spectra of the
four BCDs show that they are mainly composed of C, O, and

Figure 5. Three-dimensional fluorescence spectra for (a) BCD1, (b) BCD2, (c) BCD3, and (d) BCD4. (e) Influence of boiling point on particle
size and optical properties. (f) Band gap transition diagram of blue and red light.
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N elements with different contents, corresponding to C 1s, O
1s, and N 1s, respectively. The highest content of carbon and
the lowest content of oxygen and nitrogen are observed in
BCD3, indicating larger conjugated domains and exhibiting a
larger particle size,18 which are mainly ascribed to the lowest
boiling point of acetone, being beneficial to the dehydration
and carbonization processes of the reaction. The above analysis
is consistent with the results of TEM for BCD3 with the largest
particle size. The high-resolution XPS spectra of C 1s, O 1s,
and N 1s are shown in Figure 4b−d. It is found that there are
three peaks at ∼284 eV, corresponding to C−C/C�C, C−O,
and C�O, respectively.23 Interestingly, the intensity of C−C/
C�C peaks increases with the decrease of the boiling point,
and the C−C/C�C peaks of BCD3 show the highest
intensity according to the largest particle size, which further
proves the largest size of sp2 conjugation. Similarly, the boiling
point of the reaction solvent also has effects on the O and N
contents. The high-resolution XPS spectrum of O 1s has three
peaks at ∼530 eV, corresponding to C�O, C−O, and C−OH,
respectively.24 The high-resolution XPS spectrum of N 1s
shows three peaks at ∼398 eV, corresponding to C−N−C, N−
(C)3, and N−H, consistent with the N element in porphyrin,
proving the existence of the porphyrin structure in BCDs.25

Based on the above analysis results, we can conclude that the
different boiling points of the solvent not only affect the size of
the synthesized BCDs but also affect their surface states and
then their fluorescence properties. In addition, the porphyrin
structures on the surface of BCDs play a decisive role in the
single excitation and double emission characteristics of BCDs.
3.3. Mechanism of Tunable Fluorescence. In order to

elucidate the fluorescence regulation mechanism based on
solvent control, the three-dimensional (3D) fluorescence
spectra of the four BCDs combined with the influence of
boiling point on the particle size and surface state were further
explored. Figure 5a presents that BCD1 has a single-emission

center corresponding to the blue light wavelength regions,
while BCD2, BCD3, and BCD4 have dual-emission centers
being associated with the blue-green and red light wavelength
regions (Figure 5b−d). Interestingly, different fluorescence
intensity ratios of the blue-green and red light wavelength
regions (BCD2:3.145, BCD3:0.6, and BCD4:2.812) are found
(Figure S1), which realize the tunable luminescence color for
BCDs. As is well known, spinach leaves contain polysacchar-
ides and chlorophyll components with a porphyrin structure;
we speculate that the blue-green light and red light are ascribed
to the carbon core-formed carbonization of the polysaccharide
and porphyrin structures on the surface of the carbon core,
respectively. The BCD1 aqueous solution presents only blue
fluorescence, which is mainly due to the red luminescence
quenched in aqueous solution because of the hydrophobic
porphyrins. Moreover, the different fluorescence intensity
ratios of the blue-green and red light wavelength regions are
attributed to the carbonization degree of polysaccharides and
chlorophyll. Polysaccharides with the lower boiling point of
acetone will undergo a longer carbonization, which results in
larger particle size and higher carbon content, indicating the
larger conjugation degree and higher luminescence intensity of
blue-green light. It is then combined with the red fluorescence
emitted by chlorophyll-derived BCDs to emit grayish white
fluorescence (Figure 5e). Furthermore, ethanol has a higher
boiling point, which results in BCD2 and BCD4 with a lower
conjugation degree and low fluorescence intensity, presenting
red fluorescence. In addition, the energy-transition mechanism
of blue and red light in BCDs is shown in Figure 5f. Under UV
excitation, blue light mainly comes from the π−π* electron
transition of the C�C bond in the carbon nucleus, while red
light mainly comes from the n−π* electron transition of the
C�O bond in porphyrin derivatives.

Figure 6. Fluorescence intensity of BCD1 aqueous solution (ex: 400 nm). (a) Different pH values. (b, c) Different ions. (d) Luminescence
intensity dependence on the concentration of Cr(VI). (e) Fluorescence intensity ratio (F0−F/F0) of BCD1 with various Cr(VI) concentrations in
the range of 0−220 μM. (f) Linear relationship of (F0−F/F0) with Cr(VI) concentration in the range of 0−80 μM).
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4. APPLICATION OF BCDS
4.1. Fluorescence Detection of Hexavalent Chromi-

um Ion (Cr(VI)). In order to further explore the sensing
application of BCDs, here, BCD1 was selected as a sensor to
detect different ions (Cr6+, Cr3+, Al3+, Zn2+, Ag+, Ni+, Ba2+,
Cd2+, Pb2+, K+, Fe3+, Co2+, Cu2+, Ca2+, Mn2+, Na+, Mg2+, Fe2+,
CO3

2−, Br−, ClO−, SO3
2−, and SiO3

2−) with a concentration of
10 mM, and the excitation wavelength was fixed at 400 nm.
First, the influence of pH value on the fluorescence intensity of
BCD1 was tested. It can be seen from Figure 6a that the
fluorescence intensity has a maximum value when pH = 8, so
the following ion detection experiment was carried out in
buffer solution with pH = 8. Figure 6b,c indicates that Cr(VI)
has a significant fluorescence quenching effect compared with
other metal ions, and about 95% quenching rate is observed in
the Cr(VI) solution, indicating that BCD1 shows a high
sensitive selective detection of Cr(VI) ions.

Consequently, the fluorescence intensity of BCD1 with
different concentrations of Cr(VI) was studied. As shown in
Figure 6d, it is found that the fluorescence intensity of BCD1
decreased gradually with the increase of Cr(VI) concentration
(0∼220 μM) in aqueous solution. Figure 6e presents the
relationship between the F0−F/F0 value and Cr(VI)
concentration, where F0 and F represent the fluorescence
intensities in the absence and presence of Cr(VI). The linear
equation is F0−F/F0 = 0.00671x + 0.99123 in the 0−220 μM
concentration range, where x represents the Cr(VI) concen-
tration, and the correlation coefficient (R2) is 0.99123.
According to the equation LOD = 3σ/S, LOD was 0.242
μM, where σ is the generalized triple standard deviation of
fluorescence intensity of 11 blank samples of the BCD1
solution, and S is the slope of the linear relationship between
F0−F/F0 and Cr(VI) concentration. The results showed that
spinach-based BCD1 was highly sensitive to Cr(VI) with a
LOD of 0.242 μM. The World Health Organization (WHO)
proposed a provisional guideline of total chromium intake of
human body of 0.05 mg/L (0.96 μM), indicating that the
sensitivity of BCD1 to Cr(VI) fully meets the requirements of
WHO for the detection of Cr(VI) in liquid samples.26

Compared with other methods, the sensing detection of
Cr(VI) based on BCD1 fluorescence quenching shows a
higher selective sensitivity and a wider detection range (shown
in Table S3). Furthermore, the intraday and interday
experiments reveal that the fluorescence response of BCD1
to Cr(VI) has excellent stability and reproducibility. Further,
the recovery rate of Cr(VI) spike based on BCD1 was 101.73−
105.22%, and RSD < 2.99% (shown in Table 1).
4.2. Quantitative Detection of Cr(VI) in Environ-

mental Water Samples. Tap water and river water were
selected to unveil the practical application of Cr(VI) detection
in environmental water samples. The above water samples

were spiked with different concentrations of Cr(VI) ions (20,
40, and 60 μM), and an overview of the respective retrievals
could be found in Table 2. The fluorescence responses of

BCD1 to Cr(VI) concentrations were 20.41, 41.58, and 60.91
μM in tap water and 20.96, 41.81, and 64.51 μM in river water,
respectively. Simultaneously, the spiked recoveries of Cr(VI)
based on BCD1 were calculated to be 101.52−107.51%, with
RSD < 1.15%, which indicated that the BCD1-based sensing
platform was highly accurate and practical for the detection of
Cr(VI) ions in environmental water samples.
4.3. Fluorescence Anti-Counterfeiting. Multicolor

BCDs, used as fluorescent inks, have potential application
prospects in anti-counterfeiting due to their adjustable
fluorescence properties, strong stability, low cost, and
ecofriendly synthesis method.27 Figure 7a shows the lotus

anti-counterfeiting pattern drawn on a filter paper using BCDs
as fluorescent inks under sunlight. Incredibly, a vivid picture of
a multicolor lotus emerges under 365 nm excitation, showing
advanced fluorescence anti-counterfeiting effects. Conse-
quently, delicate anti-counterfeiting patterns were obtained
using the as-synthesized multicolor BCDs as fluorescent inks
by inkjet printing technology. As shown in Figure 7b, the
printed patterns of Chinese panda are almost invisible under
sunlight, but the colorful logo with bright blue, white, and red
fluorescence appear under a UV lamp (365 nm). Further, the
colorful patterns disappear completely when the 365 nm UV
lamp is turned off, which can result in achieving high-quality
information encryption and decryption effects. Moreover, the
inkjet-printed colorful patterns can maintain high fluorescence

Table 1. Detection of Cr(VI) in Different Water Samples (n
= 5)

sample spiked (μM) found (μM) recovery (%) RSD (%)

intraday (n = 5) 20 20.35 101.73 0.69
40 41.74 104.35 0.41
60 61.06 101.78 0.17

interday (n = 5) 20 20.56 102.81 1.73
40 41.75 104.38 0.24
60 63.13 105.22 2.99

Table 2. Detection of Cr(VI) in Different Water Samples (n
= 5)

sample spiked (μM) found (μM) recovery (%) RSD (%)

tap water 20 20.41 102.05 0.92
40 41.58 104.63 0.6
60 60.91 101.52 1.15

river water 20 20.96 104.81 0.94
40 41.81 104.53 0.36
60 64.51 107.51 0.12

Figure 7. Anti-counterfeiting patterns of (a) lotus and (b) Chinese
panda obtained using multicolor BCDs as fluorescent inks by hand
drawing and inkjet printing, respectively (left: under sunlight; right:
under UV light).
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stability for several months, indicating that the ecofriendly
fluorescent ink based on the as-gained BCDs has better
durability and reliability.

5. CONCLUSIONS
In summary, multicolor BCDs with single excitation and
multiple emission characteristics were prepared by a facile and
ecofriendly solvothermal method using spinach as the carbon
source based on solvent control. The four as-obtained
adjustable BCDs can emit blue, crimson, grayish white, and
red luminescence, which almost cover the range of the UV−
infrared emission. The QY values of the four BCDs were up to
8.9, 12.3, 14.4, and 10.8%, respectively. Further studies proved
that the conjugation degree of carbon nucleus and the
luminescence characteristics of porphyrin are the main reasons
for the change in the fluorescence properties of BCDs.
Interestingly, BCD1 shows excellent selective and sensitive
detection of Cr(VI), with the detection limit of 0.242 μM, and
the intraday and interday relative standard deviations are less
than 2.99%. More importantly, the recovery of tap water and
river by the investigated Cr(VI) sensor was found to be 101.52
to 107.51%, which indicates that the Cr(VI) sensor based on
BCD1 has superior advantages of sensitivity, selectivity,
rapidity, and reproducibility. Furthermore, the four BCDs
obtained can be used as fluorescent inks to print the patterns of
lotus and Chinese panda, presenting high-precision visual
information encryption. This study presents a novel simple
ecofriendly synthesis method of high-quality multicolor
luminous BCDs from natural resources, which have good
application prospects in ion detection and advanced anti-
counterfeiting.
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