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Coke is a by-product of coal. This paper reports a simple and green chemical oxidation method for carbon

quantum dots (CQDs) from coke for use in novel applications. The CQDs emit blue fluorescence and have
a fluorescence quantum yield of 9.2% and blue-green-red spectral composition of 48%. A light-emitting
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diode (LED) was fabricated by combining the CQDs as a white-light converter with an ultraviolet chip.
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1. Introduction

Luminescent carbon quantum dots (CQDs), a new kind of
quantum dots (QDs), have received broad attention owing to
their superior properties such as variable photoluminescence
(PL) behaviour, low toxicity and excellent biocompatibility.">
They hold great promise in many application fields such as
fluorescent probes,** fluorescent ink,®> bioimaging,® solar cells,”
photocatalytic behaviour,® and light-emitting devices.”™*

Light-emitting devices (LEDs) are considered a promising
substitute for conventional illumination systems owing to their
small volume, high energy efficiency, low power consumption
and long lifetime.”” In general, the most prevalent route for
obtaining white LEDs is to combine a blue chip with a yellow-
emitting phosphor.”*'* However, rare-earth phosphors have
obvious drawbacks including high cost and limited resources
which restrict further development.”® Semiconductor quantum
dot phosphors often exhibit aggregation and environmentally
unfriendly issues such as containing cadmium or other heavy
metals, which largely limits their practical application.'*"
Thus, CQDs with low cost, low toxicity and broad visible light
emission tend to become desirable phosphors. Recently, several
white LED devices with ultraviolet (UV) chips as excitation light
have also been researched. Compared with blue chips, the
ultraviolet chip has higher energy to radiate phosphor, which
leads to an increased emission intensity of the phosphor.

CQDs have been synthesized from various carbon-
containing precursors including small organic carbon sources
(e.g- phenylenediamine,'® citric acid,"** glucose,** r-ascorbic
acid,” and thiosalicylic acid.”®). However, the relatively high
cost of mentioned carbon precursors above limits the practical
applications of CQDs.
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temperature (5125 K) of the LED are located in a cool white light zone, suggesting that they have
superior potential application in lighting devices.

Coke is a cheap and abundant by-product obtained from coal
products, which has high content of carbon and low content of ash.
Coke is mainly used as a combustible energy resource. In recent
years, the environmental pollution issues in the coal chemical
industry have become very serious. Therefore, it is essential that
clean utilization technologies for coal chemical products are
developed. There are some works about coal-based CQDs. For
example, Wu et al. prepared photoluminescent CQDs from petro-
leum coke by ultrasonic-assisted chemical oxidation method.*
Petroleum coke was oxidized first in concentrated H,SO, and
HNO;, and then functionalized by hydrothermal ammonia treat-
ment. The resulting CQDs have excellent water solubility. Hu et al.
reported a new strategy to synthesize size-controlled fluorescent
CQDs from coal by a combination of carbonization and acidic
oxidation etching.” The as-prepared CQDs were used as fluores-
cence turn-off probe for fast detection of Cu®" in aqueous solutions.
Geng et al. developed a strategy for producing orange fluorescent
CQDs from coal tar by a combination of acidic oxidation etching
and solvothermal method.”® And as-fabricated CQDs exhibit low
cytotoxicity and good biocompatibility with cells, making them
highly potential for the in vitro and in vivo imaging applications.
Although some amazing advances have been made in the appli-
cations of the CQDs from coal products, these reported preparation
methods of CQDs are multi-step and involve complicated post-
processing processes of removing the excess oxidizing agents. A
simple and green synthetic approach and widening the application
of coal-based CQDs are still in great demand.

Here we report fluorescent CQDs as a white-light converter
for white LED, being prepared by a one-step and green chemical
oxidation using low-cost coke as starting materials and
hydrogen peroxide as oxidizing agent (Fig. 1). The excess
oxidizing agent (H,0,) was removed through solution boiling
without addition of bases to neutralize. The obtained CQDs are
nano-sized and emit blue fluorescence. The emission spectrum
of the CQDs exhibits a broad emission covering entire visible
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Fig. 1 Synthesis scheme of CQDs from coke and their applications in
white LED.

region with high blue-green-red spectral composition, which
contributes to single phosphors to form white light. Ultimately,
a cool white LED was constructed by combining the coke-based
CQDs and UV-LED chip. The optoelectronic device application
of the coke-based CQDs is demonstrated.

2. Experimental
2.1 Materials

Coke powders were obtained from Shanxi Datuhe Coking Co.,
Ltd (Shanxi, China). Hydrogen peroxide (30% wt%) was
purchased from Kaitong Chemical Reagent Factory (Tianjin,
China). Acetic acid (36% wt%) was acquired from Guangfu
Technology Development (Tianjin, China). Dialysis bag
(molecular weight cut-off 1000) was supplied by Union Carbide
Corporation (USA). UV-LED chip (365 nm, 1.0 W) was provided
from Guanghuashi Technology Co., Ltd (Shenzhen, China).

2.2 Synthesis of CQDs

Coke powders (300 mg) were put into a mixture of H,0, (20 mL)
and H,O (30 mL) in a beaker under ultrasonic conditions for
0.5 h. The obtained mixture was heated at 40 °C under vigorous
stirring conditions for 3 h. After the reaction, the solution was
heated to the boiling point to remove the excess H,0,. The
resulting solution was filtered using 0.22 um polyether sulfone
membranes and then purified for 12 h in a dialysis bag (Da
1000) to remove some the larger nanoparticles or impurities.
The purified solution was kept for characterization such as UV
absorption, photoluminescence behavior, and quantum yield
measurements. Then, the purified CQDs solution was freeze-
dried in a vacuum freeze dryer. The powdered CQDs were ob-
tained and collected for characterization such as morphology,
surface structure, and device performance.

2.3 Device fabrication

The CQDs as a white light converter were applied to fabricate
white LED devices. A few drops of CQDs/epoxy resin aquogel
were dispensed into an optical lens, followed by leaving the
optical lens in a vacuum chamber at 80 °C for 6 h to remove
bubbles. Finally, the optical lens was solidly placed on the
bottom of the UV chip with the emission wavelength centered at
365 nm.

2.4 Characterization

The morphology of the CQDs was examined by transmission
electron microscopy (TEM) on a JEOL JEM-2010 at an
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accelerating voltage of 200 kV. The surface structure of the
CQDs was characterized by Fourier transform infrared (FT-IR)
spectroscopy. FT-IR spectrum were recorded on a BRUKER
TENSOR 27 spectrometer in the form of KBr pellets. The optical
properties of the CQDs were measured on an Ultraviolet-visible
(UV-vis) spectrophotometer and a luminescence spectrometer.
UV-vis absorption spectrum of CQDs was obtained by a Hitachi
U3900 UV-vis spectrophotometer. The PL spectra were recorded
on a Horiba Fluoromax-4 luminescence spectrometer with a Xe
lamp as the excitation source. The Spectra Scan PR655 was
applied to analyze the correlated color temperature (CCT),
emission spectra and Commission Internationale de L'Eclair-
age (CIE) chromaticity coordinate of the LED.

2.5 Quantum yield (QY) measurements

The fluorescence QY of CQDs was determined according to an
established procedure using a comparative method.”” Quinine
sulfate (literature QY = 0.54) in 0.10 M H,SO, was selected as
the reference sample to determine the QY of CQDs solutions at
different concentrations. All the optical absorbance values of
the solutions were recorded at 360 nm excitation, which should
not exceed 0.1 in order to minimize internal filter effects. The
integrated fluorescence intensity is calculated according to the
area under the photoluminescence curve from 380 to 700 nm.
The graphs were plotted using integrated fluorescence intensity
versus the absorbance. The QY of CQDs was calculated by the
following equation:

Ox = Ou(kylks) (ns/ms)?

where Q is quantum yield, k is the slope of fitted line, and 7 is
refractive index of the solvent. The subscripts “s” and “x” refer
to the quinine sulfate and CQDs, respectively. For the solutions
in the present study, n/ns = 1.

3. Results and discussion

The morphology of CQDs was investigated using TEM
measurements. As shown in Fig. 2(a), the CQDs are spherical
and well dispersed without apparent aggregation. The average
particle size of CQDs was calculated to be 6.5 nm. To further
investigate the chemical structure of CQDs, an FT-IR spectrum
was obtained, as shown in Fig. 2(b). The broad characteristic
band at 3415 cm ™' is related to the stretching vibration of O-H.
The band at 1564 cm™ ' originates from the stretching vibration
of C=O0 in the carboxylic groups. The band at 1681 cm™"
corresponds to the stretching vibration of C=C. The CQDs
exhibited several characteristic absorption bands of C-H
(2960 cm ') and C-O-C (1267 cm ™ %). It can be speculated that
massive hydroxyl groups are situated on the surface of the
CQDs.

UV-vis absorption and PL spectra were investigated to
explore the optical properties of the CQDs. From the UV-vis
absorption spectrum (Fig. 3(a)), the peak at 289 nm is
ascribed to the n — 7w* transition of C=O0O, which is corre-
sponding to the previously reported absorption peak at 279-
355 nm ascribed ton — w* of C=0.?**° In Fig. 3(b), fluorescent
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Fig. 2 (a) TEM image of CQDs. (b) FT-IR spectrum of CQDs.

measurements were carried out with different excitation wave-
lengths. As the excitation wavelength changes from 310 to
420 nm, PL emission intensity of CQDs aqueous solutions first
increases in the 310-330 nm range and then gradually decreases
in 330-420 nm range. When excited at 330 nm, the CQDs exhibit
maximum PL emission. The maximum emission wavelength is
located at 410 nm. When excited at 310 nm, the fluorescence
intensity of CQDs reaches its minimum at 403 nm. The emis-
sion peak of CQDs shows red-shift with the increase in excita-
tion wavelength. According to above-mentioned situation, the
CQDs exhibit excitation-wavelength-dependent PL emission,
which is contributed to different energy level structures of the
CQDs.**** Surface states are known to induce energy level
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Fig. 3 (a) UV-vis absorption spectrum of CQDs. (b) PL spectra of
CQDs at different excitation wavelengths.
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structures. The multiple energy levels in the different surface
states of CQDs result in excitation-wavelength-PL property.*>

In Fig. 4(a), the CQDs aqueous solutions show a strong peak
at 422 nm and broad visible light emission when excited at
365 nm. Deionized water showed no fluorescence a 365 nm UV
lamp (inset, left, in Fig. 4(a)), while the CQDs aqueous solution
emitted bright blue luminescence under UV light (inset, right,
in Fig. 4(a)). In Fig. 4(b), then the PL spectrum under excitation
of 365 nm is divided into six colors (violet for 380-450 nm, blue
for 450-495 nm, green for 495-570 nm, yellow for 570-590 nm,
orange for 590-650 nm, red for 650-700 nm) to measure the
spectral composition of the CQDs. The spectral composition of
CQDs indicates the proportion of blue-green-red spectrum can
reach a rather high index of 48%, which is higher than the blue-
green-red proportion value of 44% previously researched.** A
high blue-green-red spectral composition is conducive to
a promotion in the efficiency of CQDs as a single white-light
converter for white LED with low CCT. This phenomenon may
be related to the -electron density on the surface of CQDs. The
energy gaps of the CQDs might decrease due to the existence of
high m-electron density, consequently resulting in a redshift
emission. As a result of this, the blue-green-red spectral
composition of CQDs may increase.*>*

The QY of the CQDs is measured with quinine sulfate as
a standard (QY = 54%).”” The relative QY of the coke-based
CQDs is calculated to be 9.2% (Fig. 5), comparable to QY
values of other coal-based CQDs (QY, usually less than 15%)>*>°.
Some researchers consider QY are dependent on the probability
of electron-hole radiative recombination from the excited state
to ground state.*® There remains broad research space for QY of
coke-based CQDs.

To explore the potential of the coke-based CQDs which have
exhibited excellent optical properties, we have fabricated
a white LED with UV chip as excitation light and the obtained
coke-based CQDs as a white light converter. Fig. 6(a) shows
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Fig. 4 (a) PL spectrum of CQDs under 365 nm, inset: photographs of
deionized water (left) and CQDs in deionized water (right) under
365 nm UV light. (b) Spectral composition of CQDs.
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Fig. 5 QY measurement of CQDs.

a cross-section view of the LED based on coke-based CQDs. It
can be seen that the LED is basically fabricated with gold wires,
electrodes, a lens and UV chip. Coke-based CQDs as a light
converter are coated onto the inner wall of the lens. The ends of
the chip are connected to anode and cathode of the power
supply, respectively. CQDs are excited by the UV chip and then
emit broad visible light, which can convert the ultraviolet light
into white light. In addition, the optical stability of the LED
based on the CQDs was investigated at different time intervals
in Fig. 6(b). The emission peak of the LED exhibits no apparent
shift and the emission intensity decreases slightly after
continuous illumination for 4 h at 3.2 V, which indicate the
excellent stability of the device.

As shown in Fig. 7(a), the emission spectrum of the LED is
broad and is spread over almost the entire visible range (400
720 nm). The as-prepared LED emits bright white light (inset in
Fig. 7(a)). White light is made up of blue-green-red spectrum of
the CQDs. The emission peak before 400 nm originates from the
UV chip and is not involved in the formation of white light,
which has no effect on the CIE coordinates of the device.?” Apart
from the emission at 380 nm directly from the UV chip, the
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Fig. 6 (a) A cross-section view of the LED based on coke-based
CQDs. (b) Emission spectra of the white LED at different working time
intervals operated at 3.2 V. Inset: Emission intensity with different
working time intervals.
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Fig. 7 (a) Emission spectrum of the white LED, inset: the photograph
of the LED operated at 3.2 V. (b) CIE 1931 chromaticity diagram of the
white LED.

emission spectrum centered at 528 nm originates from the
CQDs. The maximum emission wavelength of the LED shifts to
longer wavelength compared with that of the CQDs aqueous
solutions. This observation might be contributed to the energy
transfer caused by light reabsorption of solid state CQDs.'***
Shorter-wavelength light with high-energy emitted from CQDs
might be partly reabsorbed by the surrounding CQDs, from
which longer-wavelength light is emitted. In Fig. 7(b), the CIE
chromaticity coordinate of the device is located at (0.31, 0.35).
The correlated color temperature is 5125 K, corresponding to
a cool white light gamut and being suitable for outdoor lighting.

4. Conclusions

In summary, we have demonstrated a green and simple method
to prepare fluorescent CQDs from coke for white light-emitting
devices. The prepared CQDs, with quantum yield of 9.2% and
blue-green-red spectral composition up to 48%, were synthe-
sized via a one-step chemical oxidation from coke as starting
materials and hydrogen peroxide as oxidizing agent. The
structural characterization of CQDs by FT-IR analysis demon-
strates the CQDs contain carboxyl group and other O-rich
groups. The obtained CQDs emit blue fluorescence under UV
light illumination and exhibit excitation-dependent PL emis-
sion. By taking advantage of these remarkable properties, the
CQDs based white LED exhibits bright cool-white light with
a CIE chromaticity coordinate of (0.31, 0.35) and a CCT of 5125
K. This study demonstrates that the coke-based CQDs as
candidate phosphors have promising potential applications in
light-emitting devices.
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