SCIENCE CHINA Materials

ARTICLES

mater.scichina.com link.springer.com

Published online 16 January 2017 | doi: 10.1007/540843-016-5160-9
Sci China Mater 2017, 60(2): 141-150

CrossMark

& click for updates

Production of yellow-emitting carbon quantum dots

from fullerene carbon soot

Qinghong Zhang"?, Xiaofeng Sun'?, Hong Ruan', Keyang Yin' and Hongguang Li"

ABSTRACT Carbon quantum dots (CQDs) have emerged as
a new generation of photoluminescent nanomaterials with
wide applications. Among the various synthetic routes for
CQDs, the acid-refluxing method, which belongs to the group
of “top-down” methods, offers the advantage of large-scale
production of CQDs and uses cheap and abundantly available
starting materials. In this study, we evaluated the potential
of fullerene carbon soot (FCS), a by-product obtained during
the synthesis of fullerene, as the starting material for CQD
production. It was found that FCS can be successfully con-
verted to CQDs in high production yield in mixed acids, i.e.,
concentrated HNO; and H,SO,, under mild conditions. The
fluorescence quantum yield (®) of the as-produced CQDs is
in the range of 3%-5%, which is the highest value for CQDs
obtained from “top-down” methods. Importantly, the CQDs
prepared by this method show emission in the yellow range
of the visible light, which is advantageous for their various
potential applications. Further investigations reveal that the
CQDs are highly photostable over a wide pH range and show
good resistance against ionic strength and long-term UV irra-
diation. This further expands their potential use under harsh
conditions.

Keywords: carbon quantum dots, fullerene, carbon soot, photo-
luminescent, top-down

INTRODUCTION

Fluorescence imaging is indispensable in optical and bi-
ological studies. Quantum dots (QDs) are considered
as great substitutes of conventional organic dyes and
genetically engineered fluorescent proteins used in fluo-
rescence imaging of biological samples because of their
excellent photostability, sharpe emission bands, and tun-
able emission wavelengths [1-3]. However, conventional
semiconducting QDs contain heavy metal elements, which
are harmful to humans when used in biological imaging

because of their potential toxicity [4-6]. In 2004, carbon
quantum dots (CQDs) were accidentally discovered by
Xu et al. [7] during the purification of single-walled car-
bon nanotubes (SWNTs), which quickly gained immense
attention during the following years owing to their good
biocompatibility, high photostability, and tunable photolu-
minescent properties [8-11].

To fully realize the promising applications of CQDs,
their large-scale and low-cost production is necessary.
Thus far, various methodologies have been reported for the
synthesis of CQDs. These methodologies can be mainly
classified into two categories, namely, the “top-down” and
“bottom-up” methods. The former includes laser ablation
[12-14], plasma treatment [15], electrochemical oxidation
[16-19], and acid-refluxing [20-31], while the latter is
mainly focused on pyrolysis using simple heating and hy-
drothermal or microwave treatment [32-35]. Among these
methods, the acid-refluxing of raw carbon materials offers
a large-scale production of CQDs as it only needs simple
instruments and can be easily scaled-up using standard
industrial equipment. Theoretically, nearly all carbon-rich
resources such as carbon nanotubes (CNTs) [20], carbon
fibers [21], activated carbon [22], coals [23-25], petroleum
coke [26-28], and carbon soot [29-31] can be used as the
starting materials. For the large-scale production of CQDs,
CNTs and carbon fibers can be ideal candidates if their
prices can be further lowered in the future. Coal is abun-
dant and cheap, and is thus a promising raw material for
the synthesis of CQDs by acid reflux. However, the CQDs
obtained by using coal as the raw material suffer from
both low production yield (Y) and fluorescence quantum
yield (@) because of the complicated composition of coal.
Carbon soot is regarded as a promising starting material
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to obtain high-quality CQDs as it is normally obtained
by burning and the composition as well as the size dis-
tribution of the carbon granules present in it is relatively
uniform and the carbon content is usually very high. A
limitation is that currently the carbon soot used for CQD
synthesis is mainly obtained by burning candles [29], nat-
ural gas [30], or tires [31]. Thus, the soot produced is quite
limited in quantity and is difficult to be gathered. Hence,
finding an alternative source of carbon soot is imperative
for large-scale and low-cost production of CQDs.

As one of the earliest discovered carbon nanomaterials,
fullerenes have received considerable attention since their
discovery owing to their unique structural, optical, and
electrical properties. With the smooth progress in the fun-
damental research on fullerenes their commercialization
has also increased. Nowadays, tons of fullerenes are pro-
duced every year, thus producing a large amount of carbon
soot (>85 wt.%) as the by-product. It would be of great sig-
nificance if this soot can be converted into more valuable
products. The use of fullerene carbon soot (FCS) in capac-
itor electrodes or as catalyst supports for the reduction of
NO have been reported [36,37]. In a recent work, Hu et
al. [38] reported that FCS can be used for producing sin-
gle-walled CNTs in high Y. Herein, we presented a detailed
evaluation of the potential of FCS to be used as the start-
ing material for the production of CQDs. It was found that
the CQDs obtained from FCS exhibited a high Yand @ and
had yellow-emitting characteristics. Moreover, they could
endure long-term UV irradiation and were stable in solu-
tions with a wide pH range and high salinity. All of these
merits open up a variety of potential applications for CQDs.

EXPERIMENTAL SECTION

Materials

The FCS used for the preparation of CQDs was purchased
from Suzhou Dade Carbon Nanotechnology Co., Ltd. and
Jiangsu XFNANO Materials Tech Co., Ltd. It was obtained
as aby-product during the manufacture of fullerenes. Con-
centrated HNO; (65%-68%) and H,SO. (95%-98%) were
obtained from Laiyang Kangde Chemicals Co., Ltd. and
were used as received. Dialysis bags with varying molecu-
lar weight cut-offs were provided by Membrane Filtration
Products, Inc. Beijing Thai technology Co., Ltd.

Synthesis of CQDs

For optimizing the synthetic conditions, concentrated
HNO; and H,SO, were pre-mixed by cup sonication
(model number: 230T) for 40 min. 50-250 mg FCS was
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added to this mixture. The resulting mixture was then cup
sonicated for 1 h, heated to 80-120°C under stirring and
allowed to react for 12-36 h. After the reaction mixture
was cooled down to room temperature, it was subjected to
an ice-water bath and a large amount of water (> 6 times)
was added slowly followed by the addition of K,CO; to
neutralize the excess acids (until pH = 7). The mixture
was then centrifuged (Anke TGL-16G) for 30 min at a
rate of 10,000 r/min to remove large particles followed by
dialysis for 5-7 days with frequent changing of water using
a dialysis bag of 500 Da to give the final product.

In a typical experiment for stepwise dialysis, the mixing
volume ratio of HNOs; and H,SO, was fixed at 1:1 and the
total volume was 4 mL. 50 mg of FCS was added. Refluxing
was performed at 100°C for 36 h. After centrifugation, the
sample was first dialyzed with a dialysis bag with a molecu-
lar weight cut-off of 100 Da to remove the inorganic salts
and tiny fragments present in it. The sample within the
bag was then successively subjected to dialysis using the
bags with molecular weight cut-offs of 500, 1000, and 2000
Da. During each step in the dialysis process, the dialysate
was concentrated to ~5 mL and the final sample within the
dialysis bag had a volume of ~15 mL. The solutions of the
as-produced CQDs were concentrated using rotary evapo-
ration or lyophilized wherever necessary.

Characterizations

Transmission electron microscopy (TEM) images were
taken on a JEM-1011 system. High-resolution TEM
(HRTEM) images were recorded on a HRTEM JEOL 2100
system operating at 200 kV. The specimens were prepared
by drop-casting the sample solution onto a carbon-coated
copper grid followed by drying at room temperature.
X-ray diffraction (XRD) pattern was obtained using a
D8 Advance X-ray diffractometer with a wavelength
(A) of 0.15418 nm. Raman spectra were recorded on a
Renishaw Raman microscope using a 514-nm laser exci-
tation at room temperature. Fourier transform infrared
(FTIR) spectra were obtained using an FTIR spectropho-
tometer (VERTEX-70). UV-vis spectra were obtained
by a UV-vis spectrophotometer (U-4100). X-ray pho-
toelectron spectroscopy (XPS) was carried out using an
X-ray photoelectron spectrometer (ESCALAB 250) with
a monochromatized Al Ka X-ray source (1486.71 eV).
Thermogravimetric analysis (TGA) was carried out using a
DSC 822e (Piscataway, NJ) under nitrogen with a scanning
speed of 5°C min™'. Fluorescence spectra were obtained
using a spectrofluorometer (LS-55). Elemental analysis
was carried out using an organic elemental analyzer (Vario
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EI III). The fluorescence lifetimes and time resolved emis-
sion fluorescence spectra of the CQDs were measured on
an Edinburgh Instruments FLS920 with a time correlated
single photon containing (TCSPC) method. The data
were deconvoluted with the instrument response function,
recorded using dispersed light, and fitted to a multi-expo-
nential function. The fluorescence quantum yields were
measured with a spectrofluorometer (FLSP920, Edinburgh
Instruments Ltd.) equipped with an integrating sphere,
which had a spherical cavity with an inner diameter of 120
mm. 3 mL of the sample solution was sealed in a quartz
cell (1 cm x 1 cm) with a plug. The same volume of solvent
was used as the blank sample.

RESULTS AND DISCUSSION

Preparation of CQDs

To synthesize CQDs, a traditional “top-down” method was
adopted. The schematic of the synthetic procedure used in
this study is shown in Fig. la. In brief, a desired amount
of FCS was added to a mixture of concentrated HNO; and
H,SO.. After the homogenization by sonication, the mix-
ture was subjected to refluxing. It is known that sonica-
tion itself can be an effective method to produce nanome-
ter-sized carbon materials such as graphene sheets [39].
Here, however, the purpose of sonication was mainly the
homogenization of FCS in the mixed acids, since the par-
ticles could be clearly seen as visible black particles prior
to the acid refluxing. First, the acid treatment tempera-
ture and time were fixed at 100°C and 24 h, respectively,
and the influence of the HNO;:H,SO4 volume ratio (p =
Vinos/ Visos) and total volume of the mixed acids (Vigw =
Vinos + Viasos) was investigated. It was found that treat-
ment of FCS (50 mg) only in HNO; or H,SO, led to poor
results with a large amount of remaining solid (Supplemen-
tary information, Table S1, entry 1 and 2), indicating a poor
Y. At p = 1:3, all the FCS dissolved in the mixed acids re-
gardless of Vi after the same treatment and no large par-
ticles could be distinguished by the naked eye (entries 3-5).
The same trend was observed for the samples with p = 1:2
(entries 6, 7). When p decreased to 1:1, high-quality dis-
persion could still be obtained at Vigus = 12 mL (entry 8),
while a small amount of solid was noticed at Viqa = 4 mL
(entry 9). The effect of the refluxing temperature on the
quality of FCS dispersions was also examined. Specifically
for the sample with p = 1:1 and Vi = 4 mL, an increase in
the refluxing temperature to 120°C led to the formation of
a good dispersion (entry 10), while a decrease in the reflux-
ing temperature to 80°C resulted in the appearance of a
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Figure 1 (a) Illustration of the synthesis of CQDs by acid-refluxing of
FCS. (b) Photographs of CQDs in water obtained after successive dialysis
of the sample obtained by refluxing 50 mg FCS in mixed acids with p = 1:1
and View = 4 mL. A. Concentrated dialysate between 500-1000 Da (sam-
ple II). B. Concentrated dialysate for the molecular cut-offs of 1000-2000
Da (sample IIT). C. The final product obtained after dialysis using a 2000
Da dialysis bag (sample IV). A’-C’. Photographs of samples II-IV when
exposed to UV irradiation (365 nm).

large amount of solids (entry 11). The quality of disper-
sions was also affected by the refluxing time. When the re-
fluxing time was decreased to 12 h, some solid could still
be observed at the bottom (entry 12). This could be totally
eliminated by increasing the refluxing time to 36 h (entry
13).

The mixture obtained from acid refluxing was first di-
luted by deionized water and neutralized with K,COs. Af-
ter the removal of insoluble substances and large particles
by centrifugation, the sample was subjected to dialysis to
obtain CQD dispersions. This treatment results in a mean
Y of 40 + 5%, which is much higher than that obtained from
acid refluxing of CNTs (2%) [20], coal (10-20%) [23], can-
dle soot (5-10%) [29], and some biomasses such as bagasse
(3%) [40]. The as-prepared CQD dispersion contained par-
ticles with different sizes. In order to analyze the size distri-
bution of CQD particles and to investigate its effect on the
properties of the CQDs, a stepwise dialysis methodology
was developed. For this purpose, the sample from entry 13
was used. Briefly, the filtrate was first dialyzed with a dial-
ysis bag with a molecular cut-off of 100 Da. The dialysate
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which contained inorganic salts and tiny fragments was dis-
carded, while the sample within the dialysis bag was trans-
ferred to another dialysis bag with a molecular cut-off of
500 Da. In this case, the dialysate was collected and con-
centrated to ~5 mL for further characterizations and the
sample within the dialysis bag was again transferred to an-
other dialysis bag with a molecular cut-off of 1000 Da. The
same procedure was repeated and a final dialysis was car-
ried out using a dialysis bag of 2000 Da and the final prod-
uct (~15 mL) was obtained. After this successive dialysis,
totally four fragments were obtained including the sam-
ples with the sizes of 100-500 Da (I), 500-1000 Da (II),
1000-2000 Da (III), and >2000 Da (IV). Sample I did not
exhibit photoluminescence (PL) under UV irradiation (365
nm), samples II-IV were photoluminescent, with sample
IV being the major product, as seen from its much heavier
color compared to the other two samples (Fig. 1b).

Structural characterizations

The structural features of the CQDs obtained from FCS
were investigated in detail by a variety of techniques. Em-
phasis was mainly put on the major product, i.e., sample
IV. Fig. 2 shows the typical TEM images of FCS (dispersed
in ethanol) and the CQDs prepared in this study. It can be
seen that FCS contained spherical particles with a diameter
of 40-50 nm (Fig. 2a). This size distribution is much nar-
rower compared to that of candle soot (20-800 nm) [29]
and is also quite different from that of coal. Anthracite con-
tains particles with irregular size and shape, while coke par-
ticles are spherical in shape and have a diameter of ~110
pum [23]. The small size and regular shape of FCS parti-
cles make it an ideal candidate for the production of CQDs
without ball-milling and account for the much higher Y
compared to other carbon materials. After refluxing in the

mixed acids, the CQDs with a spherical shape and a diam-
eter of 2-3 nm were obtained, as can be seen from Fig. 2b.

Figure 3 shows the Raman spectroscopy, XRD, TGA,
FTIR spectroscopy, and XPS results of the CQDs (sample
IV) and FCS. The two peaks at 1320-1340 (D band) and
1560-1590 cm™ (G band) observed in the Raman spectra
(Fig. 3a) correspond to the vibrations of carbon atoms
with disordered carbon structure (sp’) and sp*-bonded
carbon atoms with a crystal lattice, respectively [41,42].
The intensity ratio of D and G bands (Ip/Ic), is normally
used as a measure of the defect-density in carbon-rich
materials. For both FCS and the CQDs, the D band is
more pronounced than the G band, indicating that both of
them contain a large number of defect sites. The Ip/I; for
FCS is calculated to be 1.317, which is higher than that of
the CQDs (1.064), indicating a higher sp? content in the
CQDs compared to that in FCS. The XRD patterns of both
FCS and the CQDs (Fig. 3b) show a broad peak at 20=24°,
which corresponds to a lattice distance of 3.4 A. The pres-
ence of broad diffraction peaks shows that both FCS and
the CQDs are amorphous. FTIR spectrum (Fig. 3c) of the
CQDs shows a range of absorption bands at 3410, 2948,
1725, 1600, and 1420 cm ™! corresponding to ~OH stretch-
ing, C-H stretching, C=0 stretching, C=C stretching, and
O-H bending vibrations, respectively. Compared to FCS,
the CQDs show higher intensity peaks for -OH and C=0
stretching vibrations, which is indicative of the successful
introduction of hydroxyl and carboxy groups to the CQDs
during acid-refluxing.

The change in the compositions of FCS before and after
acid-refluxing is also evident from the TGA, XPS, and el-
emental analysis. The TGA results reveal that the weight
loss in the CQDs is much more pronounced than that in
FCS (Fig. 3d), indicating a much higher content of organic

Figure 2 Typical TEM images of (a) FCS and (b) CQDs (sample IV).
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Figure 3 Characterization of CQDs (sample IV) and FCS. (a) Raman spectra, (b) XRD diffraction, (c) FTIR spectra, (d) TGA, (e) XPS survey and (f)

magnification of the C 1s peak.

Table 1 Elemental analysis results for FCS and CQDs

C H N oY
FCS 93.50% 1.01% 0.08% 5.38%
CQDs 36.74% 2.37% 0.73% 59.67%

a) Calculated values.

functional groups. The XPS spectrum of FCS (Fig. 3e) re-
veals that it is mainly composed of carbon and oxygen. Af-
ter the conversion to the CQDs, the carbon content of FCS
decreases, while the oxygen content increases significantly.
In addition, an N Is signal also appears. The C 1s spectra
reveal that along with the C-C (284.5 eV) peak, the CQDs
also show the C-OH/C=N (285.9 eV) and C=0 (287.8 eV)
peaks, which are absent in the case of FCS. From the ele-
mental analysis (Table 1) results, it can be seen clearly that
the carbon content decreases greatly after acid refluxing,
and a slight increase in the nitrogen content is also noticed.
The calculated oxygen content of the CQDs produced in
this study is 59.67%, which is slightly higher than that of
CQDs synthesized from CNTs (55%) [20].

Spectroscopic properties
Most of the previous studies on CQDs have reported that

February 2017 | Vol.60 No.2

CQDs emit blue light, with an exception of a few studies re-
porting longer wavelength emissions (such as the emission
of red light) [31,43-45]. Interestingly, the main product of
the CQDs (sample IV) could emit yellow light, as evidenced
from Fig. 1b. To fully reveal the spectroscopic proper-
ties of the CQDs, UV-vis, steady-state, and time-resolved
fluorescence measurements were carried out. The results
for sample IV are shown in Fig. 4. The UV-vis spectrum
of the CQDs shows a broad absorption, which decreases
continuously with an increase in the wavelength (Fig. 4a).
The absorption obeys the Lambert-Beer rule within the in-
vestigated concentration range (inset of Fig. 4a), indicat-
ing that no self-assembly occurrs because of the high wa-
ter solubility of the CQDs. Fig. 4b shows the emission of
the CQDs under a 470-nm excitation at various concentra-
tions. It is found that the PL intensity first increases and
then decreases with a maximum at 0.5 mg mL™. Mean-
while, a slight shift in the emission towards longer wave-
lengths is noticed. The effect of the excitation wavelength
on the PL properties of the CQDs was also examined (Fig.
4c, d). With anincrease in the excitation wavelength, the PL
intensity first increases to reach a maximum at Aex = 470 nm
and then decreases. At470 nm < A< 540 nm, the emission
peak continuously shifts from 527 to 571 nm. This excita-
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Figure 4 (a) UV-vis absorption of the CQD aqueous solutions (sample IV) with varying concentrations. Inset shows the absorbance at 300 nm as a
function of the CQD concentration. (b) Concentration-dependent emission of the CQDs at an excitation wavelength (A.,) of 470 nm. The dotted line is
a guide for the eyes. (c) Emission at varying A« of the CQDs in water (0.667 mg mL™). (d) Variations of the emission wavelength (1em) and PL intensity

as a function of Aex.

tion-dependent PL behavior is similar to that observed
for other luminescent carbon nanoparticles [46,47]. At
Aex < 470 nm, the position of the emission peak remains
almost unchanged and an even blue-shift is noticed from
420 to 430 nm. This trend is similar to the PL behavior of
graphene quantum dots (GQDs) [48] and CQDs derived
from CNTs [20]. The value @ at the maximum emission,
i.e.,, at dex = 470 nm, is measured to be 3.13%, which is
either comparable to or higher than the previously re-
ported values under similar treatments [20,22,29,30,49].
The PL properties of sample II and sample III were also
investigated and the results are shown in Figs S1 and S2,
respectively. A similar excitation-dependent PL behavior
was obtained for both samples. However, the emission
wavelengths are slightly lower than those of sample IV,
which is consistent with the literature reports claiming that
larger CQDs exhibit longer wavelength emissions [47,50].
The value of @ for sample II is found to be 5.47%, while
that of sample III is 5.35%. These values are higher than
the value for sample IV. This is also consistent with the pre-
vious reports in which the CQDs with shorter-wavelength
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emissions or smaller sizes show higher @ values [51,52].
To get further information on the PL properties of the
CQDs (sample 1V), their fluorescence decay profile was
measured. As shown in Fig. 5, a biexponential decay is
observed and the values of 7, and 7, are found to be 0.88
(59.43%) and 4.66 ns (40.57%), respectively, which gives
an average value ((1)) of 2.41 ns. This indicates that mul-
tiple radiative and non-radiative energy transfer pathways
are involved in the emission of the CQDs. The biexponen-
tial decay of the CQDs and the excitation-dependent PL
properties revealed by the steady-state fluorescence mea-
surements (Fig. 4c) indicate that the PL properties of the
CQDs are complicated. This is partially caused by the fact
that the CQDs are a complex mixture of particles with dif-
ferent sizes and surface properties irrespective of the nar-
rowing down of their size distributions by stepwise dialysis.
More importantly, although significant progress has been
achieved in the field of CQDs in the past decade, their PL
mechanism remains a mystery and a universal explanation
is still absent. Besides the mechanism based on the emis-
sion of m-conjugated moieties in the cores, it is generally
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Figure 5 Fluorescence decay profile and fitted curve for the CQDs in
water.

accepted that the PL properties of CQDs are governed by
their surface states or defects caused by surface oxidation
[52,53], which serve as centers for capturing excitons
and make CQDs photoluminescent. As our CQDs have
a higher oxygen content compared to their counterparts
prepared by other carbon nanomaterials, the number of
capture centers on their surfaces is also larger, account-
ing for their yellow-emitting characteristics. Indeed,
theories based on the highest occupied molecular orbit
(HOMO)-lowest unoccupied molecular orbit (LUMO)
gaps predict a red-shift of the PL with an increase in the
degree of surface oxidation [44].

For practical applications, CQDs should exhibit stable PL
properties. We stored the CQDs in water and noticed that
they were very stable after 4 months and no precipitation or
deterioration in their PL properties occurred. The pH-de-
pendence of the PL properties of the CQDs was checked
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(Fig. 6a and Fig. S3). It was found that the PL intensity was
stable within a pH range of 4-10. In highly acidic (pH =
2) or alkaline (pH = 12) solutions, an obvious decrease of
the PL intensity was noticed. The emission wavelength first
moves to higher values when the pH is increased from 2 to
8, then decreases with a further increase in the pH. Similar
trend has also been reported previously [23,24,45,54-56],
which could be caused by the change of surface charge den-
sity induced by the protonation-deprotonation processes.

Next, the stability of the CQDs in solutions with high
salinity (induced by NaCl) was examined. As seen from Fig.
6b and Fig. S4, at an NaCl concentration (cxci) of 0.2 mol
L', the PL intensity is even higher compared to the orig-
inal solution, after which the PL intensity remains almost
constant up to cxaci = 1.0 mol L. The exact reason for the
initial increase in the PL intensity is not known currently.
It is believed to be caused by the dehydration (induced by
the addition) of the hydrophilic functional groups of the
CQDs. Finally, the effect of UV irradiation at 365 nm (Hg
lamp, 220 V, 18 W) on the PL properties of the CQDs was
examined. The result shows that the PL intensity remains
stable under UV irradiation for up to 12 h (Fig. S5). Hence,
the PL stability of the CQDs is better than that of organic
dyes and even some other CQDs undergoing photobleach-
ing [57].

CONCLUSIONS

In summary, we demonstrated that FCS can be an ideal can-
didate for the production of CQDs. FCS has evenly-dis-
tributed particles with regular and narrow size distribu-
tions, leading to a high Y after acid refluxing. As the source
of FCS is sustainable and cheap, this synthetic route has the
potential to be scaled up to realize industrial applications.
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Figure 6 (a) Variations of Aem and PL intensity of the CQDS as a function of pH and (b) variation of the PL intensity of the CQDs as a function of the

NaCl concentration and UV irradiation time in water (0.5 mg mL™).
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This is important to reduce the cost of CQDs and to ex-
pand their applications in various fields. The relatively high
® and yellow-emitting characteristics of the as-obtained
CQDs make them a promising fluorescent nanomaterial for

a wide range of applications, especially in biology and life
sciences. In addition, the high photostability of the CQDs
in a wide range of pH and in harsh conditions with high
salinity and long-term UV irradiation can further expand
their applications.
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Figure S1. Emission at varying Ae of the CQDs (sample II) in water. The dotted line denotes the UV-vis

absorption.
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Figure S2. Emission at varying Aex of the CQDs (sample III) in water. The dotted line denotes the UV-vis

absorption.
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Figure S3. Emission at varying pH of 0.5mg-mL"' CQDs (sample IV) in water.
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Figure S4. Emission at varying ionic strength created by NaCl of 0.5mg-mL™" CQDs (sample IV) in water.
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Figure S5. Emission at varying UV irradiation time at 365 nm of 0.5mg-mL" CQDs (sample IV) in water.



Table S1 Influences of the composition of acids, temperature and time on the CQDs production. The amount

of FCS is 50 mg.

Vinos/  Visos/  p=Vunos Temperature/ Time/

Entry Physical State of the product
mL mL / Visoa °C h

1 0 12 0 100 24 With large amount of solid
2 12 0 o0 100 24 With large amount of solid
3 3 9 1:3 100 24 Homogenuous dispersion
4 2 6 1:3 100 24 Homogenuous dispersion
5 1 3 1:3 100 24 Homogenuous dispersion
6 4 8 1:2 100 24 Homogenuous dispersion
7 2.67 1.33 1:2 100 24 Homogenuous dispersion
g 6 6 B 100 24 Homogenuous dispersion
9 2 2 1:1 100 24 With a small amount of solid
10 ) ) B 120 24 Homogenuous dispersion
= 2 2 = 80 24 With large amount of solid
12 2 2 1:1 100 12 With a small amount of solid

13 2 2 1:1 100 36 Homogenuous dispersion




