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Fluorescence color tuning of dual-emission carbon quantum dots pro-
duced from biomass and their use in Fe*" and Cu®" detection

XUE Jia-jia, GAN Mei-heng, WU Qi-lin*
( State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, College of Materials

LU Yong-gen,

Science and Engineering, Donghua University, Shanghai 201620, China )

Abstract:  Using simple and eco-friendly ethanol solvothermal treatment, dual-emission biomass carbon quantum dots (D-
BCQDs) were synthesized from biomass viburnum awabuki leaves. Under excitation with 413 nm wavelength light two emission
peaks appeared at 490 and 675 nm and the dots could be tuned to emit crimson, red, purplish red, purple and blue-gray fluorescence
by changing the solvothermal temperature from 140 °C to 160, 180, 200 and 240 °C, respectively. XPS and FTIR characterization in-
dicated that the fluorescence color was mainly determined by surface oxidation defects, elemental nitrogen and sp>-C/sp’-C hybrid-
ized structural domains. The D-BCQDs could not only detect Fe*" or Cu®", but also quantify the concentration ratio of Fe’* to Cu®" in

a solution containing both, demonstrating their potential applications in the simultaneous detection of Fe** and Cu®* ions.
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1 Introduction

CQDs (carbon quantum dots) are emerging as an
alternative to conventional semiconductor quantum
dots and organic fluorescent dyes due to their excep-
tional photostability, low toxicity, biocompatibility
and small size!"?. These characteristics make CQDs
highly promising for a wide range of applications, in-
cluding metal ion sensing™, bioimaging'”, drug de-
livery' and photocatalysis'”. BCQDs prepared from
natural biomass have excellent biocompatibility and
fluorescence properties’™. However, most BCQDs
emit blue-green fluorescence, which limits their ap-
plications in fluorescence sensing”'". Consequently,
there is an urgent need to synthesize long-wavelength
emission or multicolor BCQDs.

In nature, plant leaves naturally contain chloro-
phyll with a porphyrin structure, which exhibits strong
near-infrared absorption and emission properties. This
intrinsic characteristic renders them highly suitable for
synthesizing long-wavelength BCQDs. For instance,
Qu et al.'" synthesized near-infrared light BCQDs
from magnolia leaves and applied them to the detec-
tion of Pd*". In addition, researchers have synthesized

[13]

long-wavelength red BCQDs using taxus' ™ and mul-
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4] as carbon sources.

berry leaves
Currently, three luminescence mechanisms have
been identified and accepted: the quantum confine-

ment effect!"™

, surface state luminescence (involving
surface chemical groups, surface oxidation degree and
surface defects!"”) and molecular state lumine-

SCGHCC[”].

Consequently, researchers modify the
particle size and surface state of BCQDs by precisely
controlling reaction conditions, including reaction
temperature, time, solvent and precursors''”. Addi-
tionally, heteroatom doping is implemented further to
enhance the tunability and multicolor luminescence of
BCQDs. However, the tunable fluorescence color
mechanism of multicolor dual-emission BCQDs (D-
BCQDs) has rarely been studied.

Excessive intake of Fe’" and Cu®" is known to
cause severe harm to humans!*?”. Therefore, detect-
ing heavy metal ions including Fe’" and Cu’" is essen-
tial for protecting human health and ecological envir-
onment. Currently, most fluorescent probes used for
detecting metal ions rely on single-emission fluores-
cence analysis, and are susceptible to interference
from factors like probe concentration and environ-
mental conditions, which may hamper the accurate

[21]

analysis of the target analytes”'. In contrast, dual-
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emission CQDs can establish a relationship to the con-
tent of the target based on the change in the ratio of
the two emission peaks, which is conducive to elimin-
ating some of the disadvantages mentioned above and
improves the accuracy and sensitivity of detection*”.
Moreover, fluorescence color changes of D-BCQDs
are easy to be recognized by naked eyes. Therefore, it
is of interest to develop a simple method for prepar-
ing D-BCQDs to detect Fe*" and Cu*".

We used Viburnum awabuki leaves as raw mater-
ials to prepare D-BCQDs by a one-step solvothermal
method. The resulting D-BCQDs exhibited a blue
fluorescence peak at 490 nm and a red fluorescence
peak at 675 nm under the excitation wavelength of
413 nm. Multicolor D-BCQDs from blue to red were
synthesized by adjusting reaction temperatures,
achieving controllable regulation of D-BCQDs fluor-
escence color. Notably, we used ethanol as the only
solvent, which minimized environmental pollution
and realized green and sustainable development. Ad-
ditionally, the mechanism of the tunable fluorescence
color of D-BCQDs was investigated and its selectiv-
ity and sensitivity for detecting metal ions were ana-

lyzed.

2 Experimental

2.1 Materials and reagents

Viburnum awabuki leaves were harvested from

the campus of Donghua University (Shanghai, China).
Ethanol was supplied by Shanghai Titan Technology

Co. Deionized water was produced in-house by the

laboratory. Iron (Il)  chloride  hexahydrate
(FeCl,-6H,0), copper (II) chloride dihydrate
(CuCl,-2H,0), chromium chloride hexahydrate
(CrCl,-6H,0), cobalt chloride hexahydrate

(CoCl,-6H,0), calcium chloride (CaCl,), zinc chlor-
ide (ZnCl,), magnesium chloride hexahydrate
(MgCl,-6H,0), aluminum chloride hexahydrate (Al-
Cl;-6H,0), manganese (II) chloride (MnCl,) and
nickel (II') chloride hexahydrate (NiCl,-6H,0) were
sourced from Sinopharm Chemical Reagent Co. Ltd.
All the aforementioned reagents are of analytical
grade and were used directly without further purifica-
tion.
2.2 Synthesis of multicolor D-BCQDs

Multicolor D-BCQDs were synthesized using Vi-
burnum awabuki leaves as the carbon source and eth-
anol solution as solvent by a one-step solvothermal
process (Fig. 1). Initially, fresh leaves were meticu-
lously cleaned with deionized water, dried at 75 °C for
4 h, and subsequently ground into fine powder. After
0.2 g of the powder was mixed with 30 mL of ethanol
solution for 5 min at room temperature, the mixture
was put into a 100 mL Teflon-lined stainless steel
autoclave. The autoclave was then sealed and heated
for 6 h at different temperatures (140, 160, 180, 200
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Solvothermal
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Temperature control
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Schematic illustration of the synthesis of multicolor D-BCQDs (insets: the photographs of D-BCQD

solutions under daylight (left) and 365 nm UV light (right))
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and 240 °C). After cooling down to room temperature,
the crude product solution was filtered using a
0.22 pm filter membrane and subsequently purified
via a dialysis bag with 1 000 molecular weight cut-off
(MW:1000D) for 48 h. The resulting solution was
stored in centrifuge tubes, pre-treated by freezing with
liquid nitrogen and subsequently subjected to vacuum
drying in a freeze dryer for 3 days. The powder of the
D-BCQDs was obtained and stored in a refrigerator at
4 °C for further characterization and application. The
five D-BCQDs obtained at 140, 160, 180, 200 and
240 °C were named D-BCQDsl (crimson), D-
BCQDs2 (red), D-BCQDs3 (purplish red), D-
BCQDs4 (purple) and D-BCQDs5 (blue-gray), re-
spectively.
2.3 Characterization

Transmission electron microscopy (TEM, JEM-
2100, Japan) was used to analyze the morphology,
particle size and crystal spacing of D-BCQDs. Fouri-
er transform infrared spectroscopy (FTIR, Nicolet
1850, USA) was used to characterize the composition
and structure of D-BCQDs. X-ray photoelectron spec-
troscopy (XPS, Escalab250Xi, China) was used to
analyze the elemental composition and content of D-
BCQDs. Fluorescence spectra of D-BCQDs were re-
corded by a steady-state/transient fluorescence emis-
sion spectrometer (FLS920 Edinburgh, Scotland). The
UV-Vis absorption spectra of D-BCQDs were recor-
ded by a UV-Vis spectrophotometer (LanbdaA35,
USA). The XRD patterns of D-BCQDs were determ-
ined using a Powder X-ray diffractometer (XRD;
Bruker D8 Advance, Germany).
2.4 Detection of Fe'" and Cu**
2.4.1 Selectivity of D-BCQDs

Ten ethanol solutions of metal ions (Fe’", Cu®,
Cr’, Co™, Ca*, Zn*", Mg*", AI’", Mn*™", Ni*") were
prepared at room temperature with a concentration of
2 mmol L. Subsequently, 2 mL of each metal ion
solution was added to 2 mL of D-BCQDs3 solution
(1.11 mg/mL) to evaluate the selectivity for Fe’* and
Cu”". The fluorescence emission spectra of the mixed
solutions at 360 nm excitation wavelength were recor-
ded.

2.4.2 Detection of Fe’ and Cu®'at different concen-
trations

D-BCQDs3 solution (1.11 mg/mL) was mixed
with different volumes of Fe'" solution to get final
Fe'" concentrations ranging from 0 to 0.2 mmol L.
Then, the fluorescence emission spectra of the mixed
solutions at 360 nm excitation wavelength were col-
lected to assess the sensitivity towards Fe’". The same
experimental procedure was applied to detect Cu®’,
with final Cu** concentrations ranging from 0 to
0.22 mmol L™,

To verify the anti-interference ability of D-
BCQDs3, the D-BCQDs3 solution was mixed with
Fe' or Cu* at a concentration ratio of 1 : 1. The
fluorescence emission intensity at 490 and 675 nm
wavelengths with and without other interfering metal

ions were measured and analyzed.

3 Results and discussion

3.1 Optical properties of D-BCQDs

According to the UV-vis absorption, excitation,
and emission spectra as shown in Fig. 2, D-BCQDs
exhibited 4 distinct absorption bands. The absorption
peaks observed at around 210 and 270 nm were
caused by the m-m* transition of C=C""!, while the
absorption peaks at 410 and 665 nm could be attrib-
uted to the n-n* transition of C=0 in the chlorophyll-
derived porphyrin structure™”. Moreover, as shown in
Fig. 2f, the absorption peaks at 410 and 665 nm
gradually diminished when the reaction temperature
increased, and the absorption peak at 665 nm van-
ished at 240 °C, indicating that the porphyrin struc-
ture may have been completely carbonized™.

The optimal excitation wavelength for D-BCQDs
was determined to be 413 nm (Fig. 2). Under this ex-
citation wavelength, five D-BCQDs had 2 distinct
fluorescence emission peaks. The first emission peak
was observed at 490 nm, corresponding to the blue-
green emission band, while the second emission peak
was observed at 675 nm, corresponding to the red
emission band. Thus, the synthesized D-BCQDs dis-
played a unique fluorescence emission behavior char-

acterized by a single excitation wavelength and dual
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Fig.2 UV-Vis absorption, excitation and emission spectra of (a) D-BCQDs]1, (b) D-BCQDs2, (c) D-BCQDs3, (d) D-BCQDs4 and (¢) D-BCQDsS.
(f) Comparison of UV-Vis absorption spectra of D-BCQDs

emission peaks. As reported in the literatures, the two
peaks of dual-emission CQDs can be in the blue and
[26,27]

red emission bands , which were typically found
in most plant leaves™, like D-BCQDs prepared in
this work. Alternatively, the peaks can be in the blue

(2930 or the blue and green emission

and yellow
bands®'**). However, it was discovered that the vari-
ation in the distance between the 2 emission peaks
could be mainly related to carbon source precursors
and reaction conditions.

When illuminated with UV light at 365 nm, the
D-BCQDsl, 2, 3, 4 and 5 emitted diverse fluorescent

colors including crimson, red, purplish red, purple,

and blue-gray, respectively (Fig. 2). The correspond-
ing quantum yields of D-BCQDs were measured to be
12.49%, 10.72%, 16.68%, 9.57% and 7.02%, respect-
ively. As a result, the synthesis of multicolor D-
BCQDs was achieved by only manipulating the reac-
tion temperature.

The fluorescence emission spectra of D-BCQDs
at various excitation wavelengths were shown in
Fig. 3a-e. As the excitation wavelength increased
from 340 to 540 nm, it was noticed that the emission
of the blue fluorescence band (Peak 1) experienced a
red shift and displayed excitation-dependent proper-
ties (Fig. 3f). Previous studies suggested that this phe-
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Fig. 3 Fluorescence emission spectra at different excitation wavelengths: (a) D-BCQDsl, (b) D-BCQDs2, (c) D-BCQDs3, (d) D-BCQDs4 and
(e) D-BCQDs5. (f) The influence of excitation wavelength on emission wavelength (D-BCQDs3 as an example)
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nomenon can be attributed to intrinsic and defect
emissions, which were associated with oxygen-re-
lated defect states. In contrast, the emission of the red
fluorescence band (Peak 2) displayed excitation-inde-
pendent behavior, where the fluorescence emission
wavelength remained constant and only the fluores-
cence emission intensity varied. Porphyrin molecules
and other nitrogen-containing organic fluorophores
can be responsible for this behavior™*>.
3.2 Morphology and microstructure of D-BCQDs
TEM images of D-BCQDs1, D-BCQDs3 and D-
BCQDs5 were shown in Fig. 4a, b and c, respectively.
All the particles of D-BCQDs1, D-BCQDs3 and D-
BCQDs5 were quasi-spherical and well-dispersed
with a uniform size distribution of average sizes of
3.57 £0.57, 3.97 £ 0.97 and 3.66 £ 0.48 nm, respect-
ively (the inset of Fig. 4a-c). The HR-TEM images of
the D-BCQDs1, D-BCQDs3 and D-BCQDs5 showed

Percentage/%

0
2.02530354.0455.0
Diameter/nm

0.214 nm

2
2.nm . \

D=3.66+0.48 nm

Percentage/%

25 30 35 40 45
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well-resolved lattice stripes with lattice spacings of
0.208, 0.212 and 0.214 nm, respectively, correspond-
ing to the (100) plane of graphite™. The differences
in particle sizes among the D-BCQDs were not signi-
ficant, indicating that the quantum size effect was not
the main reason affecting the fluorescence color of D-
BCQDs""!. As shown in Fig. 4d, there was an obvi-
ous broad diffraction peak at 26=~20° corresponding to
the (002) crystal planes of graphite, indicating the
amorphous nature of D-BCQDs".

The structure and elemental composition of the
D-BCQDs were analyzed by FT-IR and XPS. The de-
tailed results were displayed in Fig. 5. Five D-BCQDs
demonstrated similar absorption peaks (Fig. 5a). The
broad absorption peak around 3380 cm™' was attrib-
uted to the stretching vibrations of O—H and N—H,
while the absorption peak near 2 920 cm ™' correspon-
ded to the stretching vibration of C—HP. It was

0.212 nm®

D=3.97+0.87 nm

Percentage/%

35 45 55
Diameter/nm

—— D-BCQDs3

Intensity/(a.u.)

26/(°)

Fig. 4 TEM images of (a) D-BCQDsl, (b) D-BCQDs3 and (c) D-BCQDsS5 (insets: the corresponding particle size distributions).
(d) XRD pattern of D-BCQDs3
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proved that D-BCQDs contained abundant functional
groups such as —OH, —COOH, —NH, suggesting
the existence of porphyrin structures®*. The charac-
teristic absorption peaks near 1720, 1590 and 1080
cm' can be assigned to C=0, C=C and C—O
stretching vibrations'*”), suggesting that the D-BCQDs
contained sp>-C/sp’-C hybridized structures*). It was
noteworthy that the intensity of C—O stretching vi-
brationat 1 080 cm ' gradually increased and the C=Cat
1590 cm ™' gradually weakened with increasing the re-
action temperature in preparation of D-BCQDs.

The XPS spectra in Fig. 5b revealed all spectra
had peaks at 285, 400 and 532 eV, indicating these D-
BCQDs mainly consisted of C, N and O. The high-
resolution XPS spectra of Cls, N1s and Ols were
presented in Fig. 6, revealing that 5 D-BCQDs pos-
sessed similar chemical bonding species. The Cls
spectra can be divided into 4 peaks at 284, 285.1,
286.5 and 288.3 eV, corresponding to C=C (sp’-C),
C—C (sp’-C), C—0 and C=0, respectively. Simil-
arly, the N1s spectra can be resolved into 2 peaks at
399.7 and 400.6 eV, related to pyridinic N and pyrrol-
ic N, respectively'™. The Ols spectra had two peaks
at 532.1 and 533 eV, attributed to C=0 and C—O,
respectively'™. It was observed that the relative con-
tent of pyridinic nitrogen displayed a decreasing trend,
which affected the N content in D-BCQDs™**. The
contents of sp’-C and sp’-C hybridization domains
were obtained by calculating the area of the fitted
curves (Table 1).
3.3 Fluorescence tunable mechanism

To clarify the mechanism of the reaction temper-

-H/N-H C-H =0C=C C-
D-BCQDs1 /\
X m /\w\/
@
o
c
@©
_:E D-BCQDs3
£
2
@ |D-BCQDs4
D-BCQDs5:
13380 2920 ,1720 1590, 1080
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™'

ature-based tuning of fluorescence colors, we com-
pared the fluorescence emission intensities of the syn-
thesized D-BCQDs. It was found that the blue fluores-
cence peak at 490 nm gradually strengthened, while
the red fluorescence peak at 675 nm steadily
weakened with the increase of reaction temperature
(Fig. 7a). Interestingly, the fluorescence intensity ra-
tios of the 2 peaks were different (Fig. 7b). Further-
more, the oxygen elemental content steadily in-
de-

clined based on XPS elemental content analysis

creased, while the nitrogen elemental content

(Fig. 7c, d). As mentioned above, the source at
490 nm might be related to the oxygen-related defect-
ive states, while the emission at 675 nm originated
from the nitrogen-containing fluorophores. Therefore,
we speculated that the increase in blue fluorescence
peaks at 490 nm from D-BCQDsl1 to D-BCQDs5 was
closely related to oxygen-related surface defect
sites™”!. In contrast, the decline in the red fluores-
cence peak at 675 nm was mainly attributed to the re-
duction in the nitrogen elemental content.

It was reported that yellow and red emissions
were associated with sp’-C hybridization domains,
while blue and green emissions were linked to sp>-C
hybridization domains. Multicolor CQDs might be
synthesized by adjusting the ratio of hybridized do-
mains by adjusting the reaction conditions'*". Table 1
showed that the content of sp’-C hybridized domains
gradually reduced, while the sp’-C steadily increased
from D-BCQDsl1 to D-BCQDs5. Furthermore, there
was a decline in the ratio of sp>-C to sp’-C hybrid-
ized domains, which corresponded to the earlier ob-

served changes in blue and red fluorescence intensity.
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Fig.5 (a) FT-IR and (b) XPS spectra of D-BCQDs
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Fig. 6 High-resolution XPS spectra of (a) D-BCQDsl1, (b) D-BCQDs2, (c) D-BCQDs3, (d) D-BCQDs4 and (e) D-BCQDs5

Table 1 Atomic percentages of sp>-C and sp’-C hybridization domains of multicolor D-BCQDs

Samples sp*-C/% sp*-C/% sp>-C/sp>-C
D-BCQDsl1 76.13 13.32 5.72
D-BCQDs2 69.81 19.65 3.55
D-BCQDs3 54.39 20.93 2.60
D-BCQDs4 53.70 20.73 2.59
D-BCQDs5 48.68 40.01 1.22
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Fig. 7 (a) Fluorescence spectra of D-BCQDs at 413 nm excitation wavelength (inset: scatter plot of fluorescence intensities at 490 nm and 675 nm with the
change of temperature). (b) The F,/F intensity ratios of D-BCQDs at 413 nm excitation wavelength.
(c) Oxygen contents of D-BCQDs. (d) Nitrogen contents of D-BCQDs

4 Application of D-BCQDs

4.1 Fe’ and Cu’™ detection

D-BCQDs3 was selected as a fluorescent nano-
probe for detecting various metal ions. As shown in
Fig. 8a, when Fe’* was added to the D-BCQDs3 solu-
tion, it can be observed that purplish red fluorescence
was almost completely quenched. In addition, the
purplish red fluorescence turned into blue upon
adding Cu®". However, other metal ions do not greatly
affect the fluorescence color of D-BCQDs3 solutions.
The changes in fluorescence intensity and fluores-
cence color were basically the same, which indicated
that D-BCQDs3 had excellent selectivity for Fe’* and
Cu”" detection.

The sensitivity of D-BCQDs3 for detecting Fe**
and Cu*" was further investigated. With the addition
of Fe’, the fluorescence intensity of D-BCQDs3 at
490 and 675 nm gradually reduced (Fig. 9a). Mean-

while, the inset of Fig. 9a visually illustrated the
purplish red fluorescence gradually quenched in a
clockwise direction as the Fe'" concentration in-
creased. There was a good linear relationship between
F,s/F, and Fe’* concentration (R’ = 0.996) in concen-
trations ranging from 0.02 to 0.2 mmol L™ (Fig. 9b).
The associated linear equation was F,/F|
—4.83084C (mmol L") + 0.97532, where F, repres-
ents the fluorescence intensity at 675 nm of D-
BCQDs3 without Fe*', F, indicates the fluorescence
intensity at 675 nm after adding Fe™".

The limit of detection (LOD) for Fe’* was calcu-
lated to be 0.592 pmol L™ using the following equa-
tion:

LOD = 34/S @)
where 0 denotes the standard deviation of the fluores-
cence intensity of D-BCQDs3 without Fe** (n=11, 11
measurements), and S is the slope of the linear equa-

tion curve™’).
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Fig. 8 (a) Fluorescence photographs of D-BCQDs3 after adding different metal ions under 365 nm UV light. (b) The changes of fluorescence

intensity of D-BCQDs3 after adding different metal ions

As can be seen in Fig. 9c, the fluorescence in-
tensity at 675 nm declined with increasing Cu”" con-
centration, and there was a slight blueshift and de-
crease in fluorescence intensity at 490 nm. Con-

sequently, the final color was blue under 365 nm UV
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light (the inset of Fig. 9c). Fig. 9d showed the rela-

tionship between F,,/F,s and Cu’* concentration, and

the linear equation in the range of 0.1-0.22 mmol L™
was Fy/Fgs = 7.07094C (mmol L") — 0.04962, R’ =
0.997. The LOD was 0.405 umol L™". It was worth
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Fig. 9 (a) The influence of Fe*" concentration on the fluorescence intensity of D-BCQDs3 (inset: fluorescence photographs of D-BCQDs3 after adding differ-

ent Fe*" concentrations under 365 nm UV light). (b) The linear relationship between F,,/F, and Fe*" concentration. (c) The influence of Cu®* concentration on

the fluorescence intensity of D-BCQDs3 (inset: fluorescence photographs of D-BCQDs3 after adding different Cu*" concentrations under 365 nm UV light). (d)

The relationship between F,/Fy,s and Cu®* concentration (inset: the linear relationship between F,y,/F;s and Cu*" concentrations from 0.1 to 0.22 mmol L")
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noting that the D-BCQDs synthesized in this work ex-
hibited superior sensitivity for detecting Fe’" and Cu*"
compared to previous studies (Table 2 and 3).

According to the results of the interference ex-
periments illustrated in Fig. 10, the interference of
other metal ions had a negligible effect on the fluores-
cence quenching, which indicated that D-BCQDs3
possessed excellent anti-interference properties.

It can be observed from Fig. 10 that the fluores-
cence of both 490 and 675 nm was completely
quenched when Fe’* and Cu®" coexisted, making it im-
possible to distinguish them. However, when Fe'" and
Cu®" were added to the D-BCQDs3 solution separ-
ately, Fig. 9a, ¢ demonstrated that the decreases in
fluorescence intensity at 490 nm were different. This
indicated that the two quenching phenomena were not

entirely identical. Taking advantage of this difference,

different volume ratios of Fe’* and Cu”" were added to
the D-BCQDs3 solution (the total concentration of
Fe’ and Cu* was 0. mmol L"). As shown in
Fig. 11, there was a certain linear relationship between
Fo/Fss and V,./V. ", and we can effectively distin-
guish the ratio of Fe’* to Cu”" in a certain mixed solu-
tion using this linear relationship.

4.2 Possible detection mechanism of D-BCQDs

To obtain the possible mechanism of Fe’" and
Cu’" detection, the UV-Vis absorption spectroscopy,
fluorescence spectroscopy and fluorescence decay of
D-BCQDs3 were performed.

As shown in Fig. 12a, the UV-vis absorption
spectra of D-BCQDs3 did not change significantly
after adding Fe’, and no new absorption peaks were
produced, which indicated that there was no non-

fluorescent ground state complex between them.

Table2 Comparison of different BCQDs for detecting Fe**

Precursors Methods Emission peak/nm Fluorescence color LOD/umol L™ Ref.
Phyllanthus acid Hydrothermal 420 Blue 0.90 [48]
Poa pratensis Hydrothermal 420 Blue 1.40 [49]
Sugarcane molasses Hydrothermal 390 Blue 3.30 [50]
Rosehip Hydrothermal 433 Blue 0.53 [51]
Cassava stem Hydrothermal 440 Blue 0.91 [52]
Coffee waste Hydrothermal 450 Blue 431 [53]
Viburnum awabuki leaves Solvothermal 490 and 675 Purplish red 0.59 This work
Table3 Comparison of different BCQDs for detecting Cu’*
Precursors Methods Emission peak/nm Fluorescence color LOD/umol L™ Ref.
Ganoderma lucidum bran Hydrothermal 450 Blue 0.74 [54]
Radish Hydrothermal 450 Blue 6.80 [55]
Acrocomia aculeate Hydrothermal 452 Blue 0.99 [56]
Musa acuminata Hydrothermal 420 Blue 1.65 [57]
Viburnum awabuki leaves Solvothermal 490 and 675 Purplish red 0.41 This work
(a) 4x10° (b) 4x108
1 490 nm = 490 nm
675 nm 675 nm
3x10° 3x10°
3 35
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Fig. 10 Interference of other metal ions in detection of (a) Fe’* and (b) Cu*
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Fig. 12b depicted that there was some overlap fluorescence resonance energy transfer (FRET) or in-
between the UV-Vis absorption spectra of Fe’" and ternal-filter effect (IFE) could be the detection mech-
the excitation spectra of D-BCQDs3, suggesting that anism"*. However, one of the characteristics of the
a)1.0x108 b) 1.2
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Fig. 11 (a) The influence of different volume ratios of Fe’* to Cu>" on the fluorescence intensity of D-BCQDs.
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Fig. 12 (a) The changes of UV-vis absorption spectra of D-BCQDs3 after adding Fe’'. (b) UV-Vis absorption spectra of Fe’’, excitation and emission spectra
of D-BCQDs3. (c) The changes of fluorescence lifetime of D-BCQDs3 after adding Fe*'. (d) The changes of UV-vis absorption spectra of D-BCQDs3 after
adding Cu®". (¢) UV-Vis absorption of Cu*', excitation and emission spectra of D-BCQDs. (f) The changes of fluorescence
lifetime of D-BCQDs3 after adding Cu**
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FRET mechanism was the change in fluorescence life-
time™. There was no obvious variation in the fluores-
cence lifetime curves of D-BCQDs3 before and after
adding Fe’*, and the average fluorescence lifetimes
were 7.063 and 6.723 ns, respectively (Fig. 12c).
Therefore, it can be inferred that the detection mech-
anism of Fe’* was IFE.

According to Fig. 12d, the absorption spectra of
D-BCQDs3 showed no obvious change before and
after Cu”” was added, and there was some overlap
between the excitation spectra of D-BCQDs3 and the
UV-vis absorption spectra of Cu®" (Fig. 12e).
Moreover, it can be clearly seen from Fig. 12f that the
fluorescence lifetime of D-BCQDs3 was shortened
from 7.063 to 4.101 ns after adding Cu*". Therefore,
we can conclude that the dynamic quenching process
occurred between D-BCQDs3 and Cu*® by the
FRET mechanism.

5 Conclusions

The fluorescence color tuning of D-BCQDs was
achieved by a straightforward and eco-friendly solvo-
thermal method based on temperature control. The
fluorescence intensity at 490 nm strengthened primar-
ily due to the increase in surface oxidation, while the
decrease in nitrogen content led to a gradual reduc-
tion of fluorescence intensity at 675 nm. Moreover,
the drop in the sp>-C/sp’-C hybridization domain ratio
further confirmed the fluorescence color tunability of
D-BCQDs. D-BCQDs showed excellent selectivity
and sensitivity towards Fe'" and Cu’’ detection and
were able to quantify the ratio of Fe'" to Cu* in a
mixed solution. This work presented a simple method
for preparing multicolor D-BCQDs and demonstrated
the potential of D-BCQDs in selectively detecting

multiple ions.
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