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1 Introduction

Quantum dots (QDs) show great potential for imaging appli-
cations and are mostly made of semiconductor materials.*
However, the production process for QDs is lengthy, and in
particular, the toxicity of QDs remains to be addressed.**
Carbon materials including graphite, carbon fibres, carbon
nanotubes, graphene, carbon black, activated carbon, and
fullerenes are sp>bonded structures and are now widely
used.*** There has been great interest in carbon quantum dots
(CQDs) because they represent a new class of fluorescent
nanomaterials mainly due to their water solubility, eco-
friendliness, ability to be processed with ease, and low
synthetic cost.*** Reports indicate that CQDs can be used in
bio-imaging,'*"”  anti-counterfeiting,”  photocatalysis,****
chemical sensing,** drug delivery,* light-emitting diodes,"”**
and energy technology.>® For example, perovskite solar cells can
be inexpensively produced and show high power conversion
efficiency.>**° However, devices suffer greatly from dangling
edge-induced carrier recombination, which thus lowers
performance. Uncoordinated ions may be passivated by
oxygenated groups of CQDs, which in turn reduce non-radiative
processes. CQD production currently relies on top-down and
bottom-up techniques. The former is achieved through break-
down of large carbon masses into nano-sized clusters, using
techniques such as arc discharge,* laser ablation,*” and high
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applications of N-CQDs were demonstrated, including excellent Fe3* sensing in aqueous solution,
fluorescent polymer fibres, and stealth quick response coding at visible wavelengths.

energy ball milling.*® The top-down method is also time-
consuming, with a quantum yield (QY) lower than 10%. The
bottom-up approach uses organic molecules as precursors and
produces CQDs through different routes, including sol-
vothermal reactions (ST),**® microwave-assisted pyrolysis,*”
heterogeneous reactions (HR),*® and combustion (Table 1).*

Chemical doping is a technique capable of modifying the
band diagram of solids and has been applied to carbon mate-
rials.*®*' Studies have revealed that nitrogen-doping increases
the photoluminescence (PL) of CQDs, and the underlying
mechanism involves the creation of optical states around the
band edges.*>** Attributed to lone-pair electrons, nitrogen-
doped CQDs (N-CQDs) behave as conjugated bases and are
highly sensitive to cations in aqueous solution.****” N-CQDs can
be made by ST using organic precursors, such as citric acid (CA),
ammonium citrate, L-cysteine, urea (UA), ethylenediamine, and
hexamethylenetetramine.**** Reports indicate that CQDs
produced in organic solvents emit mostly green-red light, while
the emission wavelength (E,) of CQDs produced in water is
essentially limited to blue.”*"*

In this work, blue-green emission (420-500 nm) from CQDs
is achieved through adjustment of the N-doping content as
follows. First, N-CQDs are produced using mixed precursors (CA
+ UA); the former provides the carbon source, and the latter
provides N-doping. Note that because UA is inexpensive, we
therefore selected it as a precursor. Second, the doping content
is controlled by tuning of the UA/CA ratio. We found that E,
varied with UA/CA, and the QY reached a value as high as 36% in
395 nm excitation energy (Ee). Incorporation of N-CQDs into
polyvinyl alcohol (PVA) and polystyrene (PS) produces lumi-
nescent polymer films and fibres; the latter is made by an
electrospinning technique that does not involve high
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Table 1 Synthetic methods and related parameters for CQDs
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Top-down routes

Bottom-up routes

Precursors

Methods eArc discharge
eLaser ablation
eElectrochemical synthesis
eHigh-energy ball milling

Characteristics eLow quantum yields

Table 2 Synthetic parameters for ST (top) and HR (lower)

eLarge carbon masses (such as CNT-s, activated carbon, graphite, and carbon fiber)

eSmall organic molecules
eSolvothermal/hydrothermal
eMicrowave

eChemical vapor deposition
eHeterogeneous reaction
eHeteroatom doping
eTuneable emission wavelength

Sample CA () UA (g2) Molar ratio (UA/CA) Solvent Conditions Product mass (g)
ST1 0.4 0.125 1 H,O 150 °C,2 h 0.094
ST3 0.375 3 0.270
ST7 0.875 7 0.314
ST15 1.875 15 0.339
ST30 3.75 30 0.303
ST60 7.5 60 0.228
ST15et 1.875 15 Ethanol 0.212
Sample CA () UA (g) Molar ratio (UA/CA) Temperature (°C) Time (h) Product mass (g)
HR2 0.4 0.25 2 160 4 0.138
HR5 0.625 5 0.204
HR10 1.25 10 0.281
HR15 1.875 15 0.266
HR15, 1.875 15 150 4 0.245
HR15; 2 0.232
HR15yy 0.5 0.073
HR15y 135 4 0.187

temperature or coagulation processes. Applications of N-CQDs
are also demonstrated, including sensing of Fe’" in aqueous
solution and stealth QR coding and labelling in the visible
regime.

2 Experimental section
2.1 Materials

Anhydrous CA, UA, and metal salts NaCl, KCl, MgCl,, CaCl,,
FeCl,, FeCls, CuSO,, Zn(NOj3),, Pb(NOj3),, CrCls, Co(NOs),, and
Ni(NO;), were purchased from Showa Chemical Industry Co.,
Ltd. PVA (M,, = 121 000) and PS (M,, = 192 000) were purchased
from the First Chemical Works (Taiwan) and Sigma-Aldrich. E-
132 epoxy resin and H-TK curing agent were obtained from
Fong Yong Chemical Co., Ltd. Light fabric transfer papers were
purchased from Upsilon Enterprise Co., Ltd.

2.2 Synthetic procedures for ST

CA and UA, mixed respectively in a molar ratio of 1, 3, 7, 15, 30,
and 60 (hereafter defined as ST1, ST3, ST7, ST15, ST30, and
ST60), were dissolved in deionized water (10 ml) (top, Table 2).
The solution was loaded into a Teflon-lined stainless steel
autoclave and heated at 150 °C for 2 h. After cooling to room
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temperature, the treated solution was mixed with ethanol (200
ml), followed by sonication for 5 min, and centrifugation at
6000 rpm for 15 min. The precipitates were dried at 70 °C, and
were then re-dispersed in water (Fig. 1a). Removal of the
aqueous solution resulted in a production yield of 4-6 wt%.

2.3 Synthetic procedures for HR

CA and UA, mixed in molar ratios of 2, 5, 10, and 15 (hereafter
defined as HR2, HR5, HR10, and HR15, lower, Table 2), were
ground in an agate mortar. The mixture was transferred to
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Fig. 1 Synthetic procedures for (a) ST and (b) HR
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a glass bottle and was aerially heated at 160 °C for 4 h. After
cooling to room temperature, the resultant dark powder was
dispersed in deionized water and acetone (50 ml), followed by
sonication for 10 min and centrifugation at 6000 rpm for
15 min. The upper-layer suspension was dried at 70 °C and was
then re-dispersed in acetone and/or water (Fig. 1b). Removal of
solution resulted in a production yield of 4-6 wt%, with the
product resembling ST-made CQDs.

2.4 Fabrication of HR15/PVA composite films

HR15 (12.5 mg) and PVA (2.5 g) were mixed in deionized water
(12.5 ml), followed by magnetic stirring at 90 °C for 3 h to attain
a homogeneous solution. The solution was transferred onto
a glass slide and was dried under a fume hood for a day to
obtain a HR15/PVA composite film.

2.5 Fabrication of HR15/PVA and HR15/PS composite fibres

HR15/PVA composite fibres are prepared as follows. HR15
(4 wt%), PVA (5 wt%), and dimethyl sulfoxide (DMSO, 15 wt%)
were dissolved in water and were magnetically stirred at 90 °C
for 3 h to attain a homogeneous solution. The solution was
subjected to electrospinning at 24 kV with a working distance of
10 cm and feeding rate of 1 ml h™" (top, Table 3). HR15/PS
composite fibres were also fabricated by an electrospinning
technique. PS was first melted in mixed solvents (toluene/
acetone, 8:2), followed by HR15 addition. Due to viscosity
arising from PS, the electrospinning was carried out at 20 kv
with working distance and feeding rate of 10 cm and 3.5 ml h™",
respectively (lower, Table 3).

2.6 Thermal stability

The thermal stability of the HR15/PVA composite films, HR15,
and ST3 was tested as follows. First, samples were heated at 75,
100, 125, 150, 175, 200, 225, and 250 °C for 1 h. Second, PL
emission intensity (E;), and E, were compared before and after
heat treatments. Note that comparisons were made on the basis
of similar concentrations and conditions, i.e., ST3/water (0.5 mg
ml '), HR15/acetone (0.1 mg ml '), and HR15/water (0.5 mg
ml ™). Third, the solution was illuminated by 365 nm UV lamp
at the distance of 5 cm, and PL spectra were recorded for 2, 4, 6,
8, 10, 12, and 24 h.
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2.7 Sensing of Fe*" in aqueous solution

Different concentrations of Fe** (0-500 uM) were added to 0.4
pg ml~ " HR15 aqueous solution, followed by PL recording at Ee,
=395 nm (=3.138 eV). The selectivity of Fe** was investigated by
adding 12 types of metal ions with concentrations of 1 mM (Na*,
K', Mg?*, Ca®", Fe**, Fe**, Co®", Ni**, Cu**, Zzn>", Cr**, and Pb*")
to 4 pg ml~" HR15 aqueous solution.

2.8 Instrumental analyses

The ultraviolet-visible (UV-Vis) absorption spectra and PL
spectra were recorded by a Hitachi U-2010 spectrophotometer
and PerkinElmer LS-55 luminescence spectrometer. Trans-
mission electron microscopy (TEM, JEOL, JEM-ARM200FTH)
and electron diffraction (Gatan Microscopy Suite software)
were employed to analyse structures of ST- and HR-produced
CQDs, in conjunction with X-ray diffraction (XRD, Bruker D2
Phaser under Cu-Ka radiation, A = 1.5406 A, 26 mode), Fourier
transform infrared spectroscopy (FTIR, Horiba FT-730 spec-
trometer), Raman spectroscopy (Horiba LabRAM HR800 spec-
trometer with He-Ne laser at 632.8 nm wavelength), optical
microscopy (Microtech MX53 microscope), and scanning elec-
tron microscopy (SEM). Energy-dispersive X-ray spectroscopy
(EDX, Hitachi SU-8010 electron microscope) and X-ray photo-
electron emission spectroscopy (XPS, ULVAC-PHI PHI 5000
Versaprobe II) were used for elemental analyses.

2.9 QY measurements

QY was calculated according to the equation QY = QY’ x (m/m’)
x (n2/n'2), where m denotes the profile slope of E; against
absorbance and is determined using quinine sulfate as a refer-
ence.’® The n denotes the refraction index, and is 1.33 for water
and 1.36 for acetone.

3 Results and discussion
3.1 Characterization of CQD structures

TEM images indicate that samples produced by HR or ST
consist of spherical nanoparticles embedded in an amorphous
carbon matrix (Fig. 2a). Particles consist of layered structures,
where the (002) and (110) diffraction vectors originate from
inter-layer spacing (3.4 A) and zigzag lines of graphite sheets

Table 3 Electrospinning parameters for HR15/PVA (top) and HR15/PS fibres (lower)

Cyr15/PVA Solvent ratio (DMSO/water) Csolution Work distance Voltage Flow rate
4 wt% 0:10 5 wt% 10 cm 24 kv 1mlh™
0:10 8 wt%
1.5:10 8 wt%
Cyr15/PS Solvent ratio (toluene/acetone) Csolution Work distance Voltage Flow rate
2 wt% 2:8 5 Wt% 10 cm 20 kv 3.5mlh™?
4 wt%
8 wt%

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) HRTEM image of HR-CQDs. (b) Magnified image of
a selected HR-CQD and electron diffraction pattern (top right inset).
Diameter distribution of (c) ST3 and (d) HR15.

(2.1 A) (Fig. 2b).” TEM further reveals that the average diameter
is 8.6 £ 3.5 nm for ST3-and 11.4 £ 3.2 nm for HR15-made CQDs
(Fig. 2c and d). TEM images of ST-made CQDs are shown in
Fig. S1 (ESIY).

The (002) reflection was also observed in XRD, along with
profiles arising from sp®-sp> hybrids (4.9 A) and graphite oxide
(6.4 A) (Fig. 3a).**° Note that the (002) bandwidth of ST-made
CQDs is broad, indicative of an amorphous governed struc-
ture (Fig. 3a). HR-created N-doping is evident by (i) Raman, (ii)
FTIR, and (iii) EDX as follows. First, doping produces lattice
defects, thus giving In/Ig « UA/CA, where I, and I; represent
the intensity of Raman D (1340 cm ™ ') and G (1570 cm ™ ') bands;
the former is due to phonon scattering by defects/zone
boundaries, and the latter is due to the vibration of sp’-
bonded carbons (Fig. 3b).** Second, the stretching mode of N-H
(3348 cm ') and O-H (3200 cm ') was observed via FTIR
spectroscopy, along with stretching (2800 cm™') and bending
(760 cm™") of C-H and vibrations of C=0 (1713 cm™ "), C=C
(1600 em™), C-N (1368 cm™'), and C-O (1060 cm™?)
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Fig. 3 (a) XRD, (b) Raman,
and HR.

and (c) FTIR spectra of CQDs made by ST
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Table 4 Elemental analyses of ST- and HR-made CQDs
Samples C (at%) O (at%) N (at%) C/O
ST3 70.9 29.1 0 2.44
HR2 59.2 31.3 9.5 1.89
HR5 56.0 32.6 11.4 1.72
HR10 46.7 37.6 15.7 1.24
HR15 50.4 29.4 20.2 1.71

(Fig. 3c).*>** Third, EDX confirmed the presence of C, O, and N
signals with a C/O ratio greater than UA (1.00) and CA (0.86),
which is indicative of dehydration during N-CQD formation
(Table 4). Four, the doping content « UA/CA again verifies the
presence of UA-created N-doping (Table 4). However, doping is
absent in ST3, accounting for lower Iy/Ig and greater C/O ratios
(Fig. 3c and Table 4). Fig. S2t shows the XPS results for ST3 and
HR15; the latter displays a greater content of N-dopants
according to peak area integration (ESIt).

3.2 PL of CQDs

Fig. 4a and b displays the PL spectra and optical images of ST-
CQDs-dispersed water (right inset). Clearly, all samples emit
blue-green light with a similar full width at half maximum
(FWHM = 65 nm) and peak centre (E;c = 440 nm), indicating
that E., and the UA/CA ratio have no effect on E, tuning. Ej,
however, varies with UA/CA and follows the sequence ST3 > ST7-
ST15 > ST30 > ST1. Because emission involves radiative
processes around band edges, it is important to understand
how optical transitions proceed in CQDs. Fig. 4c displays the
UV-Vis spectra of ST-made CQDs, where the absorption at 200-
211 nm is attributed to the 7w—mt* transition of C=C/C-C bonds
in the sp>-hybridized domains and barely contributes to PL."
The peak at 335 nm originates from the no-7* transition of C=
O/C-OH bonds in amorphous regions, where no denotes the
radiative relaxation of excited lone pairs in oxygen and signifi-
cantly contributes to blue emission.** By using quinine sulfate/
0.1 M H,SO, solution as a reference, the QY of ST3 was deter-
mined to be 37.5% and 23.3% for E., = 365 and 395 nm,
respectively (Fig. S3, ESIt).

440
o~ e i (a) Ea=3950m  (b)
Fox =365 nm — i
— sT1 — ST3
Er — sT3 Ejf ST7
S17 — STI15
— ST15 ST30
\ ST30
400 450 S00 S50 600 650 700 400 450 S00 S50 600 650 700 200 300 400 500 600
EA (nm) Ex (nm) Wavelength (nm)
Y Ea=365am _ (d) Ee=395am (@ 05| (U]
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Er Ei ——HRS | 303 ny-* — HRS
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Fig. 4 (a—c) 365 and 395 nm excited E,—E, and UV-Vis spectra of ST-
made CQDs. (d—f) 365 and 395 nm excited E,—E, and UV-Vis spectra of
HR-made CQDs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 E3c, FWHM and QY of HR15/acetone and HR15/water
measured at E¢, = 395 nm

E.x = 365 nm
Sample Esc FWHM QY
HR15/acetone 441 92 10.2%
HR15/water 459 105 23.8%

HR-made N-CQDs show E; o« UA/CA, indicative of additional
emission from N-doped structures (Fig. 4d and e).** The E,¢ also
varies with UA/CA and E.,, i.e., Eyc = 441 (HR2), 459 (HR5), 479
(HR10), and 489 nm (HR15) for E., = 365 nm (right insets,
Fig. 4d). At Ex = 395 nm, the E;¢ redshifts to 470 (HR2), 481
(HR5), 487 (HR10), and 490 nm (HR15), verifying the movement
of absorption edges to long wavelengths (Fig. 4d and e). The UV-
Vis spectra confirmed that doping induced an ny-m* transition
of C-N bonds in amorphous regions (408 nm), where ny
denotes radiative relaxation of excited lone pairs in nitrogen,
accounting for the emission of greenish light and red-shifted
Ey¢ (Fig. 4f).** The QY of HR-acetone exceeds that of HR-
water, and the UA/CA « QY relation again supports improved
PL (Tables 5 and 6, and Fig. S3, ESIT).

Due to radiolysis and oxidation, conventional QDs barely
survive under prolonged UV irradiation and heat treatments.>
Here, ST3 and HR15 were selected for 365 nm irradiation and
thermal stability tests because both show the highest QY in
their own groups. Fig. 5a plots E/Ej, against irradiation time,
and measurements were performed with 5 W of lighting power
at a distance of 10 cm from the samples. Clearly, ST3 rapidly
degrades, and E/E}, decreases to 40% in 4 h, 12% in 8 h, 8% in
12 h, and 3% in 24 h. In contrast, HR15-H,O and HR15-PVA
display a high Ey/E, after 24 h, with measurements indicating
82.4% and 97% (Fig. S4, ESIT). In the thermal stability tests, the Ey/
Ei, of ST3 begins to decrease at approximately 100 °C and
decreases to 21.3% at 225 °C (Fig. 5b). HR15, in contrast, is ther-
mally stable prior to 150 °C, where Ey/E;, is decreased by less than
2%. The Ej/E;, then decreases to 44.6% and 2% at 225 °C for HR15
and HR15-PVA, respectively; the latter is attributed to the thermal
decomposition of polymer that induces optical shielding, thus
compromising E; (left insets, Fig. 5b and S5, ESIY).

3.3 Applications of CQDs

PL pigments are now widely used and are mostly made from
organic compounds such as stilbene-, benzimidazole-,

Table 6 E,c, FWHM, and QY of HR2, HR5, HR10, and HR15 measured
at Eex = 365 and 395 nm

Eex = 365 nm Eex = 395 nm
Sample Eyc FWHM QY Eyc FWHM QY
HR2 441 92 10.2% 470 85 10.3%
HR5 459 105 23.8% 481 83 25.3%
HR10 479 96 34.2% 487 74 33.0%
HR15 489 71 30.5% 490 71 36.0%

© 2021 The Author(s). Published by the Royal Society of Chemistry
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coumarin-, and II-VI, III-V, and IV-VI group-based. However,
the cited compounds lack thermal stability, and in particular,
the issue concerning carcinogenicity remains to be
addressed.®®”” The data above clearly show that HR-CQDs
exhibit superior thermal and optical properties and were
therefore selected to demonstrate their potential applications,
including PL polymer fibres, sensing of Fe*" in aqueous solu-
tion, and stealth QR coding and labelling in the visible regime.

3.3.1 CQDs-polymer fibres and films. Fig. 6 displays optical
images of 395 nm-excited (a) HR15/PVA and (b) CQDs/PS fibres,
along with SEM images taken at 500x magnification (Fig. 6¢
and d). There is a similar aspect ratio for both types of fibres,
which is attributed to their hydrophilic nature and satisfactory
wetting, and the CQDs were well dispersed in PVA.*** First, the
PL was uniform relative to HR15/PS. Second, uniform PL was
also present in the HR15/PVA films (inset, Fig. 6a). Third,
magnified images confirm that PL was emitted from regions
contiguous to surfaces. Fourth, HR15/PVA exhibits a greater
fibre density compared with HR15/PS (Fig. 6e and f). Fifth, the
E-E, plot supports the descriptions above, which indicates that
CQDs are well dispersed in PVA, and thus provide a greater Ey;
the measured E;c was 498 nm for HR15/PVA and 512 nm for
HR15/PS (Fig. 6g).

3.3.2 Sensing of Fe** in aqueous solution by CQDs. Sensing
and detection limits of Fe** were determined by the 3¢ method
in 0.4 mg ml~" HR15 aqueous solution.” First, a quenching

HRI15/PVA
498 HR15/PS

(®
| O

S12

5 pm
==

400 450 500 550 600 650
Ex (am)

Fig. 6 Optical images of 395 nm-excited electrospinning-made (a)
HR15/PVA and (b) HR15/PS fibre mats. SEM images of (c) HR15/PVA
and (d) HR15/PS fibres. Enlarged optical images of 395 nm-excited (e)

HR15/PVA and (f) HR15/PS fibres. (g) E,—E, plot of HR15/PVA and HR15/
PS fibres.
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Fig. 7 (a) E—FE, plot against Fe** concentration, (b) E/Eis vs. Fe3*
concentration and highlighted profile at 0-170 uM (inset), and (c)
comparison of Fe>*-induced E//E,, reduction with others.

effect appeared, which was evident by the E; decrease with
increasing Fe®" concentration from 0 to 500 mM (Fig. 7a and
b).”* Second, profile fitting revealed the R* coefficient = 0.996
and detection limit = 9.27 pM at 0-170 uM (inset, Fig. 7b),
a value which is as accurate as that in reported data.””® PL
quenching is due to the interaction of Fe*" with oxygenated and
amino groups of CQDs (Fig. S2, ESIT), and therefore, instead of
returning to ground states, excited photoelectrons are trans-
ferred to half-filled 3d® orbitals of cations.” The Fe*" selectivity
was further verified by treating HR15 with Fe**, Fe®*, Na*, K*,
Mg>*, Ca®>*, Co™, Ni**, Cu®*, zn*>*, Cr’", and Pb*" using the same
concentrations and conditions (Fig. 7c). Clearly, a significant E;
decrease occurred only in Fe*" aqueous solution, while others
displayed a limited quenching effect. The small E; decrease in
Co*", Ni**, Cu®’, and Cr** may originate from the binding
between carboxylic groups and cations.”

3.4 CQD-made QR codes and trademarks

Quick response (QR) codes are optical labels widely used in
admission control, process management, labelling, and pack-
aging of merchandise. However, they can be copied and coun-
terfeited without distortion through screenshots. Here, we
demonstrate for the first time CQD-made QR codes, which are
only recognized by UV irradiation. Fig. 8a and b demonstrates
a low distortion transfer of CQD (HR15) ink from a QR-coded
stamp to an ordinary piece of paper (http://
www.lib.nthu.edu.tw/) (Fig. 8c). Because CQDs are hydrophilic

Fig.8 (a) QR-coded stamp and HR15-QR-coded paper under (b) dark
and (c) bright conditions.
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Fig. 9 A washed cotton fabric with an epoxy-HR15 coating under (a)
dark and (b) bright conditions. Comparison of £,—E; plots of CQDs (c)
with and (d) without epoxy coating before (dark) and after repeated
washes (red).

and fade away with repeated washings (i.e., fastness to washing
(FTW)), experiments were then carried out to promote FTW as
follows. First, CQDs were dispersed in epoxy—ethanol solution
with a ratio of epoxy/curing agent/ethanol = 3:1.5:100. It is
worth mentioning that epoxy is a thermoset polymer with wear
durability and is therefore used as a protective coating. Second,
CQDs/epoxy ethanol ink was thermally coated onto synthetic
fabrics. Fig. 9a displays a repeatedly washed cotton fabric with
an epoxy ink coating in the dark. Upon 395 nm illumination, the
PL trademark appears, which is indicative of improved FTW
(Fig. 9b). Comparison was also made for CQDs with and without
epoxy coatings. Clearly, epoxy-coated CQDs display a similar E;
at E,c = 500 nm before and after repeated washings (Fig. 9c).
CQDs without epoxy protection, in contrast, completely disap-
pear after washings and do not emit any PL (Fig. 9d).

4 Conclusions

HR-made CQDs emit green-blue light with high QY, thermal
stability at =150 °C, and controllable Ey and E; through UA/CA
adjustment. UA serves as a nitrogen source, and the N-doping
content « UA/CA was verified. Applications of CQDs were
demonstrated, including PL polymer/fibres, stealth QR coding,
and labelling at the visible regime, as well as excellent sensing
of Fe** in aqueous solution.
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