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Abstract:White light-emitting diodes (WLEDs) hold great
promise in lighting, display, and visible light communi-
cation devices, and single-component white emission
carbon quantum dots (SCWE-CQDs) as the key component
of WLEDs have many outstanding advantages. However,
rapid and efficient synthesis of SCWE-CQDs with high
photoluminescence quantum yield (PLQY) and stability
remains challenging. Here, we report a novel solvent
engineering strategy to obtain highly photoluminescent
SCWE-CQDs by controlling the dilution ratios between
N,N-dimethylformamide (DMF) and pristine red carbon
quantum dots (RCQDs) solution. By optimizing synthesis
conditions, the relative PLQY of the SCWE-CQDs solution
reached 53%. Morphological, structural, and optical prop-
erty characterizations indicate that the combined action of
the hydrogen bond (HB) effect and the size effect leads to
the blue shift of RCQDs, but the HB effect is more dominant
than the particle size in causing large spectral shifts. In
addition, the WLEDs with high color rendering index of 89
and remarkable reliability were obtained based on the
highly photoluminescent SCWE-CQDs. This facile solvent
engineering approach for synthesizing tunable emission

CQDs will promote the progress of carbon-based lumines-
cent materials for applications in optoelectronic devices.

Keywords: single-component white emission, carbon
quantum dots, DMF regulation, white light-emitting diodes

1 Introduction

Phosphor-converted white light-emitting diodes (WLEDs)
have emerged as an indispensable light source in the fields
of illumination, display, and visible light communication
because of their competitive advantages, including fast
response speed, high energy efficiency, long lifetime, and
low power consumption [1–3]. Currently, most available
WLEDs are fabricated by combining blue emissive LED
chips with green/yellow phosphors to generate white light
[4–6]. Unfortunately, these WLEDs devices usually suffer
from some unavoidable drawbacks, such as phase separa-
tion, self-absorption, fabrication complexity, and color
fading over time [7]. In addition, due to the lack of red
emission in the visible spectrum, the corresponding
WLEDs devices exhibit a relatively low color rendering
index (CRI), and the excess blue light originating from
LED chips would evoke fatal retinal injury [8].

Recently, a promising strategy, adopted for over-
coming the above issues and further achieving high color
quality, is to develop ultraviolet (UV) pumped WLEDs
with single-component white light emitters. Moreover,
this strategy can not only reduce the blue light hazards
of blue-chip WLEDs, but also filter out excess UV light
without affecting the quality of the output white light.
As a key component of WLEDs, single-component white
materials mainly include rare-earth-based materials,
organometallic complexes, and organic nonmetallic com-
pounds [9–11]. However, these materials have usually
encountered a series of issues, such as toxicity, low
thermal/optical stability, high cost, environmental sensi-
tivity, and complex fabrication procedures, which seriously
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block their practical applications in high-quality lighting
and displays [12,13]. Therefore, it is of great significance to
develop novel single-component white light emitters that
overcome the above-mentioned shortcomings.

Nowadays, low-dimensional carbon nanomaterials
mainly include zero-dimensional carbon quantum dots
(CQDs), one-dimensional carbon nanotubes, and two-
dimensional carbon nanoribbons, which have the char-
acteristics of small size, large specific scale, and good
mechanical performance [14–17]. Among these materials,
luminescent CQDs have been taken delight in the photo-
electric devices due to their unique and fascinating proper-
ties, including excellent stability, good biocompatibility,
low production cost, and environmental friendliness
[18–20]. In addition, compared with other single-compo-
nent light emitters, single-component white emission
CQDs (SCWE-CQDs) exhibit innate advantages in no phase
separation, no color fading over time, and simple device
fabrication process, which make them promising candi-
dates for single-component WLEDs [21–23]. To date, het-
eroatom doping and surface modification have been the
most commonly used methods to obtain SCWE-CQDs.
Heteroatom doping (for example, S, N, or S, N-codoped)
is an effective approach to modulate the surface states in
CQDs to achieve single-component white emission, which
is due to its special electronic structures and electronega-
tivity [21]. However, the photoluminescence mechanism of
CQDs is still unclear, whichmakes it difficult to regulate the
properties of CQDs in control. Surface modification, mainly
including chemical oxidation, amine group surface func-
tionalization, surface treatment, and surface passivation of
organic molecules, has attracted intensive attention for
preparing SCWE-CQDs. For instance, Yuan et al. demon-
strated the single-component white emission CQDs derived
from blue-yellow fluorescence-phosphorescence dual emis-
sion with a photoluminescence quantum yield (PLQY) of
25% [22]. Dang et al. reported the fluorescent SCWE-CQDs
that showed bright white fluorescence with a PLQY of 28.3%
after ultrasonic treatment [24]. Moreover, Zhu et al. pro-
posed an effective strategy for synthesizing SCWE-CQDs
with a PLQY of 38.7% by modulating the emitting states
of CQDs [25]. It is worth noting that the fluorescence
quenching caused by CQDs aggregation in the solid state
would still be considered a great breakthrough. Recent stu-
dies suggest that physical attachment, long-chain ligands
grafting, and polymer coating can reduce the aggregation
and improve the PLQY of CQDs. For example, Zhang et al.
usedN-(b-aminoethyl)-g-aminopropylmethldimethoxy silane
(AEAPMS) as a passivator to avoid the SCWE-CQDs fluo-
rescence quenching [26]. Despite many efforts to explore
SCWE-CQDs, SCWE-CQDs still encounter many challenges,

namely (i) quickly and easily synthesize SCWE-CQDs with
high PLQY, and (ii) achieve high CRI (CRI >80) in WLEDs,
especially for warmWLEDs, and (iii) avoid solid-state fluor-
escence quenching. Thus, a study for such material is
highly desirable.

Motivated by the above-mentioned issues, in this work,
we demonstrate a novel solvent engineering strategy to
obtain highly photoluminescent and stable SCWE-CQDs
via tuning red CQDs (RCQDs) properties with N,N-dimethyl-
formamide (DMF). The characterization results prove that
by controlling the dilution ratios between DMF and the
original RCQDs solution, SCWE-CQDs can be obtained,
with a PLQY as high as 53%. In order to understand the
mechanism of DMF induction, we studied the relationship
between spectrum shift and electron transmissions and
found that the combined effect of the hydrogen bond (HB)
effect and the size effect led to the blue shift of RCQDs,
but the HB effect is dominant over particle size in causing
the large spectral shift. Additionally, N-(b-aminoethyl)-g-
aminopropyl methldimethoxy silane was chosen as the
dispersing medium and protective material to avoid aggre-
gation-induced fluorescence self-quenching of the SCWE-
CQDs. Benefiting from these high-performance SCWE-CQDs,
the WLEDs devices with a high CRI of 89 and remarkable
reliability were obtained, demonstrating that the SCWE-
CQDs are promising for applications in WLEDs of the ideal
low-cost displays, illumination, and visible light commu-
nication devices.

2 Materials and methods

2.1 Chemicals and materials

Ammonium citrate (AC, A.R.), N,N-dimethylformamide
(DMF, 99.8%), N-(b-aminoethyl)-g-aminopropyl methldi-
methoxy silane (AEAPMS, 96%), petroleum ether (PE,
A.R.), and cellulose acetate (CA) were purchased from
Aladdin Biochemical Technology Co., Ltd (Shanghai,
China). All chemical reagents were used as received
without further purification. Deionized water (18.2 MΩ)
was used for all experiments.

2.2 Synthesis of RCQDs and SCWE-CQDs

In a typical process for the synthesis of RCQDs, 5.2 g AC
was dissolved in 50mL of DMF with vigorous stirring to
achieve a homogeneous solution. After that, the solution
was transferred to a 100mL Teflon-lined stainless steel
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autoclave and heated at 200°C for 6 h, resulting in a dark-
red solution. Subsequently, the products were purified
with PE three times to remove impurities and were dia-
lyzed (1,000 Da of cut-off molecular weight) for 24 h to
eliminate the unreacted precursor. Finally, a red small
molecular sol was obtained. To prepare SCWE-CQDs,
1.0 mL RCQDs were added into 10mL AEAPMS, followed
by slight stirring at room temperature. Afterward, the
mixture was diluted by DMF to produce the SCWE-
CQDs. Before testing, the products were also purified
with PE three times to remove impurities. The graphical
abstract is shown in Figure 1.

2.3 Fabrication of SCWE-CQDs WLEDs
devices

To evaluate the performance of SCWE-CQDs application in
WLEDs, the CA with different contents was added into as-
prepared SCWE-CQDs solution and then intensely stirred in
a vacuummixer for 6minutes to degas bubbles. Afterward,
the mixture was added dropwise to a 395 nm ultraviolet
LED (UV-LED) chip and solidified at 130°C for 2 h under
ambient conditions. The CCT, CRI, CIE color coordinates,
and emission spectra of the WLEDs devices were character-
ized by using a high-accuracy integrating sphere system
(Multi Spectrums T-950/930).

2.4 Characterization

TEM observation was performed on a transmission electron
microscope (TEM, JEM-2100F, JEOL, Japan) with a 200 kV

accelerating voltage. XRD patterns were recognized with an
X-ray diffractometer (XRD, D8-Advance, Bruker, Germany)
using a Cu-Kα radiation source. Absorption and fluorescence
spectra were collected using an UV-visible spectrometer (Tu-
1901, Purkinje, China) and a fluorescence spectrophotometer
(RF-6000, Shimadzu, Japan) at room temperature, respec-
tively. FTIR spectra were recorded from 4,000 to 400 cm−1

on a Fourier Transform Infrared Spectrometer (Vertex 33,
Bruker, Germany). XPS data were obtained with an X-ray
photoelectron spectrometer (XPS, Kratos Axis Ultra DLD,
Kratos, UK) under a mono Al-Kα excitation source. The
PLQY of CQDs solutions were determined by utilizing the
following equation [19].

= ⋅ ⋅ ⋅Q Q I
I

A
A

n
nst

st st

2

st
2 (1)

where the Q is the PLQY, the subscript “st” denotes the
reference quinine sulfate, “I” is the integrated fluorescence
intensity, “A” is the UV-Vis absorbance at 365 nm, “n” is the
different refractive index of the solvent, and the superscript
“2” means the square of “n”. Quinine sulfate dissolved in
0.1M H2SO4 (PLQY: 55%) was used as the standard.

3 Results and discussion

3.1 Morphological and structural
characterizations of RCQDs and
SCWE-CQDs

The morphological and structural characterizations of as-
prepared RCQDs and SCWE-CQDs were measured by

Figure 1: Schematic illustration of the preparation of RCQDs and SCWE-CQDs using a facile hydrothermal method with ammonium citrate
(AC), N,N-dimethylformamide (DMF), and their application in WLEDs.
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using TEM and XRD to confirm the chemical structure of
CQDs. Figure 2a and c demonstrate the TEM images of
RCQDs and SCWE-CQDs, indicating that they are well-
dispersive. Additionally, the high-resolution TEM (HR-
TEM) image in Figure 2a inset reveals that RCQDs have
a conspicuous crystalline characteristic with 0.21 nm lattice
distance, corresponding to the (100) lattice planes of gra-
phitic carbon, suggesting the successful synthesis of well-
crystallized CQDs. Interestingly, a similar crystal structure
was observed in SCWE-CQDs (Figure 2c). Beyond that, the
size distribution histograms of RCQDs (Figure 2b) and
SCWE-CQDs (Figure 2d) show relatively narrow size distri-
bution, with average diameter of 3.47 and 2.65 nm, respec-
tively. Compared with the SCWE-CQDs, the obtained RCQDs
are easy to form “clusters” because of aggregation.

Furthermore, the crystal structures of RCQD and
SCWE-CQD were measured by XRD, indicating the typical
graphite structure feature of CQDs, with significant dif-
fraction peaks, as shown in Figure 3. The XRD diffraction
patterns of RCQDs and SCWE-CQDs show broad diffraction
peaks at 21.3° and 21.1°, respectively, indexing as (100)
crystal face, which indicated these CQDs are arranged in
a disordered order [12]. Additionally, SCWE-CQDs have
another sharp diffraction peak at 27.7° due to the stacking
of the conjugated aromatic system, corresponding to the
(002) crystal face. Based on the above results, it is revealed
that the XRD diffraction pattern of SCWE-CQDs is consistent

with good crystallization characteristics and the amorphous
nature of graphitic carbon [27]. Therefore, these SCWE-
CQDs both have crystalline cores and amorphous surfaces
simultaneously.

3.2 DMF dilution regulating the optical
properties of CQDs

The SCWE-CQDs were prepared by adding a certain amount
of DMF into the RCQDs solution, so it is necessary to opti-
mize DMF dilution ratios to obtain SCWE-CQDs with desired

Figure 2: TEM images of (a) RCQDs and (c) SCWE-CQDs, insets are HRTEM images demonstrating the well-dispersive CQDs. The size
distribution histograms of (b) RCQDs and (d) SCWE-CQDs show an average diameter of 3.47 and 2.65 nm, respectively.

Figure 3: XRD diffraction patterns of RCQDs and SCWE-CQDs.

468  Longshi Rao et al.



optical properties. We studied five typical CQDs, whichwere
synthesized by adding different DMF dilution ratios (0, 5,
50, 100, 500 times) to the RCQDs original solution. The
optical properties of these products are characterized by
UV-visible spectroscopy and photoluminescence spectro-
scopy. From the result of Figure 4a, these CQDs have differ-
ent absorption characteristics from UV to visible regions.
Without adding DMF, the RCQDs (0 times) have a distinct
absorption band at 621 nm. When the dilution ratios are five
times, the spectra have two intense absorption bands cen-
tered at 536 and 593 nm, respectively. As the dilution ratios
increased to 50 and 100 times, the number of absorption
peaks changed from two to three, and the first characteristic
absorption peak gradually blues shifted. Continuing to
increase dilution ratios, four characteristic absorption peaks
were observed and the first characteristic absorption peak
blue-shifted to the UV region (318 nm). The absorption band
less than 350 nm can be attributed to the π–π* interlayer
transition of oxygen-functionalized graphitic core or n–π*
transitions caused by the CQD “edge band” transition [28].
In addition, the absorption band at 350–800 nm of these
products can be assigned to the π–π* aromatic fluorophore
structure and the n–π* transitions of the C]O bond [29].
The “edge band” transition refers to a transition between

the nonbonding orbital of edge groups to π* orbital of the
core in CQDs at the boundary of the sp2 and sp3 hybridized
carbon, especially in some blue-emitting CQDs, which
is similar to many previously reported cases [28,30,31].
The broad absorption band at 486 nm (100 times diluted
sample) or longer wavelength can be considered as the
“surface band” of CQDs, which probably occur because
of the low energy transitions of functional groups attached
to the edge of the carbon core [32].

Figure 4b–f show the PL emission spectra of the sam-
ples changed under different excitation wavelengths
(360–500 nm) excited when the original solution of RCQDs
was diluted with DMF by 0, 5, 50, 100, and 500 times,
respectively. Figure 4b shows the PL emission spectrum
of RCQDs centered at about 675 nm without adding DMF,
which appears to be excitation-independent, and the
intensity increases with the excitation wavelength range
from 360 to 500 nm. When the dilution ratios are five
times, the PL emission spectra have two sharp peaks at
about 540 and 655 nm, and the peak intensity at 655 nm is
significantly higher than that at 540 nm (Figure 4c). Gen-
erally, the multi-emissions of CQDs are related to the
quantum size effect, surface defect states, and molecular
states. In addition, the samples also exhibit excitation-

Figure 4: (a) UV-Vis absorption spectra of CQDs synthesized by adding 5 times (red solid line, 5×), 50 time (blue solid line, 50×), 100 times
(green solid line, 100×), and 500 times (purple solid line, 500×) DMF dilution ratios into RCQDs solution, and the original RCQDs was
denoted as “0” (black solid line), respectively. The PL emission spectra of RCQDs diluted by DMF in (b) 0 times, (c) 5 times, (d) 50 times,
(e) 100 times, and (f) 500 times at different excitation wavelengths (360–500 nm), respectively. Insets are photographs of the solutions
under 395 nm UV light.
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independent behavior. This excitation-independent beha-
vior possibly arises from the different particle sizes and the
distribution of molecular states [33,34]. Besides, the TEM
images demonstrate that the size distribution of the CQDs
ranges from 1.0 to 5.0 nm, which is not very uniform.
Therefore, all TEM and FL spectral characteristics indicate
that the luminescence of CQDs is related to the particle
size, suggesting that there are some particles with different
sizes in the solution. As the dilution ratios increase, the PL
emission peak position and peak intensity of the sample
change obviously. When the dilution ratios are 50 times,
the PL emission spectra show three characteristic peaks at
539, 580, and 667 nm, respectively. In addition, the peak
intensity of the green region is different from that of the
red area, so the color of the solution shows a composite
color. When the dilution ratios increase to 100 times, the
position of the peaks shifted to 437, 536, and 660 nm,
respectively, and the corresponding peak intensities have
significant differences. Accordingly, the color of the solu-
tion turns to pure white, namely SCWE-CQDs. However,
when the dilution ratios further increase, the color of the
solution gradually changes to blue, and the PL emission
spectrum of CQD shows a double peak and then becomes a
single peak as the excitation wavelength is in the range of
360 to 500 nm. These results indicate that the white light of
SCWE-CQDs is composed of a mixture of colors. The rela-
tive PLQY of the SCWE-CQDs is 53% under 365 nm excita-
tion, demonstrating a higher than most previous reported,
as presented in Table 1.

3.3 Determining the relationship between
DMF and CQDs

To study the blue shift characteristics caused by DMF
induced, FTIR and XPS characterizations were further

performed to distinguish the chemical bonding and che-
mical composition of RCQDs and SCWE-CQDs. As shown
in Figure 5a and b, both RCQDs and SCWE-CQDs have a lot
of hydrophilic groups such as O–H/N–H (3,450–3,150 cm−1)
and C–O (1,260 cm−1) on their surfaces, which make them
possess good solubility in water [38]. Furthermore, the
stretching vibration band of the C–H (2,935 cm−1), C]N
(1,660 cm−1), and C–N (1,398 and 1,460 cm−1)was observed,
revealing the formation of polyaromatic structures, which is
consistent with absorption and PL emission results [39].
Comparing the FTIR spectra of these samples, we found
the enhancement of the typical stretching vibration inten-
sity of O–H/N–H (3,450–3,150 cm−1) and C–H (2,935 cm−1)
bonds from the RCQDs to SCWE-CQDs, indicating the
SCWE-CQDs with higher hydrophilicity and polarity than
RCQDs. Similar characteristics are found in carbon nano-
tubes [40]. In addition, strong peaks at approximately
1,020–1,085 cm−1 and 796 cm−1 were observed in SCWE-
CQDs, which can be ascribed to Si–CH2 and Si–O–Si bonds
stretching vibrations, respectively [26]. The Si–O–Si bonds
can avoid the fluorescence quenching of the CQDs due to
their chain network structure, thereby improving the sta-
bility of the SCWE-CQDs.

Furthermore, the XPS characterizations were carried
out to investigate the chemical composition of CQDs,
as demonstrated in Figures 6 and 7. Analogously, five
peaks at 100.1, 150.5, 284.8, 399.8, and 531.9 eV in the
full spectra of XPS are observed in Figure 6a, corre-
sponding to Si2p, Si2s, C1s, N1s, and O1s of RCQDs and
SCWE-CQDs, respectively, which indicate the compo-
nents of CQDs remain unchanged under DMF diluted.
Apart from that, the relative contents of the atoms for
these samples were compared as shown in Figure 6b.
The XPS intensity at 399.8 eV gradually increases from
the RCQDs to SCWE-CQDs, implying a corresponding
increase in the number of amide groups in the CQDs,
which reconfirms the FTIR analysis results. In addition,

Table 1: Comparison of different methods for synthesizing SCWE-CQDs

Methods Precursors Synthesis conditions PLQY (%) References

Microwave l-Aspartic acid, ammonia solution, NaOH 750W microwave irradiation 6.7 [35]
Solvothermal method Guanidine carbonate, monopotassium

phosphate
170°C for 8 h 10 [36]

Hydrothermal method Urea 195°C for 10 h 25 [22]
Ultrasonic treatment Polyamide resin, KH570 Ultrasound for 3 h 28.3 [24]
Hydrothermal method and
microwave

Citric acid, urea, sodium silicate 160°C for 4 h, 550W microwave
irradiation for 2 min

30 [2]

Solvothermal method Ammonium citrate, EDTA, DMF 160°C for 6 h 35.9 [37]
Solvothermal method Citric acid, urea, CTAB 180℃ for 8 h 38.7 [25]
Solvothermal method O-phenylenediamine, tartaric acid 180°C for 12 h 39 [3]
Solvothermal method Ammonium citrate, DMF 180°C for 3 h 57.1 [26]
Solvent engineering method AEAPMS, DMF Room temperture 53 This work
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the high-resolution narrow scan spectra of atoms were
recorded, as shown in Figure 7. The C1s band of two
typical CQDs can be divided into three peaks, relevant
to C–C/C]C (284.7 eV), C–O/C–N (285.7 eV), and C]O
(288.2 eV), evidencing that there are sp2 and sp3 carbons
in these CQDs [41,42]. Accordingly, the N1s band of CQDs
can be divided into three peaks, corresponding to C]N
(398.9 eV), N–H (399.9 eV), and C–N (401.0 eV). Addi-
tionally, the O1s band of CQDs can be decomposed to
two peaks of C–O (530.7 eV) and C]O (532.1 eV). All the
above results indicate that these CQDs possess abundant
functional groups, allowing them highly dissolvable in
water and organic solvents, which is meaningful for
further applications.

3.4 DMF solvation effect on the fluorescent
mechanism

Until now, the mechanism for the PL emission of CQDs
can be concluded as follows: (i) the quantum confine-
ment effect or the conjugated π-domains of carbon core,
namely intrinsic states; (ii) the surface functional groups

concatenated with the carbon skeleton, known as surface
states; (iii) the fluorescent molecular group connected
on the surface or interior of CQDs, called molecular state
[43–45]. Usually, the PL emission of CQDs deriving from
intrinsic states or surface states is insensitive to most
solvents (e.g., DMF, water). On the contrary, the PL emis-
sion originating from molecular states is very sensitive to
the solvent environment [46]. According to the character-
ization of absorption, PL emission, and PLQY of RCQDs
and SCWE-CQDs (Figure 4), the optical properties of
CQDs depend strongly on the DMF amount, suggesting
that the emission of CQDs possibly originates from the
molecular states. Based on molecule fluorescence princi-
ples, the spectrum shift induced by the solvation effect
can be further divided into two classes: general solvation
effect and specific solvation effect [46]. The general sol-
vation effect is caused by solvent polarity, while the
specific solvation effect is influenced by a combination
of many complicated factors, such as hydrogen bonds
(HBs), internal charge transfer, and conformational changes
[29]. In this article, the spectrum shift is regulated by DMF
dilution ratios, thus the specific solvation effect is respon-
sible for the PL spectrum shift. In addition, both the

Figure 5: FTIR spectra of (a) RCQDs and (b) SCWE-CQDs.

Figure 6: (a) XPS full survey of RCQDs and SCWE-CQDs, (b) XPS elemental analysis results of the RCQDs and SCWE-CQDs.
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adsorption and PL spectra changes demonstrate that the HB
is formed between CQDs and DMF via amino or imino
groups donating or accepting protons [46]. Lin’s group
and Song’s group confirmed that the specific PL properties
of CQDs are caused by the strong HB effect formed in polar
aprotic solvents [28,46]. Moreover, the FTIR and XPS
results (Figures 5–7) confirmed that the nitrogen atoms
were attached to the surface of CQDs in the form of
graphitic nitrogen and pyrrolic nitrogen. Therefore,
with more DMF added, the exposed nitrogen atoms
attached to CQDs surface build a powerful HB with
DMF via nitrogen protonation. Meanwhile, the electron
transmissions can be realized between the hydrogen
atom and nitrogen atom by HB donor-to-acceptor bridges.

With the HB effect reinforced, the bandgap between
the lowest excited singlet state and the ground state
increases, resulting in RCQDs blue-shifted and thereby

Figure 7: High-resolution narrow scan spectra of (a) C1s, (b) N1s, and (c) O1s for the RCQDs, and (d) C1s, (e) N1s, and (f) O1s for the
SCWE-CQDs.

Table 2: Performance of WLEDs fabricated with different contents of
cellulose

Contents of
cellulose (g)

CIE coordinates Luminous
efficiency
(lm/W)

CCT (K) CRI

X Y

0.05 0.363 0.369 1.55 4,113 87
0.1 0.357 0.359 1.30 4,271 89
0.2 0.339 0.348 1.22 4,811 87
0.3 0.330 0.326 1.14 5,628 82
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SCWE-CQDs obtained. Additionally, from the results of
Figures 2–4, the excitation-independent behavior and
the multi-peak characteristics of PL emission of CQDs
suggest that the particle sizes affect spectrum shift. How-
ever, unlike traditional semiconductor quantum dots, a
large CQDs spectral shift (>100 nm) cannot be obtained
by simply varying the particle size [47]; in most cases,
the large spectral shift is related to the surface electron
transmissions rather than the size [48]. In general, the
combined action of the HB effect and the size effect leads
to the blue shift of RCQDs, but the HB effect is more
dominant than the particle size in causing large spectral
shifts.

3.5 Performance of WLEDs based on
SCWE-CQDs

Regarding high-quality WLEDs’ application in displays,
optimizing relevant parameters is of great significance
for obtaining high CRI and pure white light. During the
fabrication of WLEDs devices, we found that the contents
of cellulose and SCWE-CQDs have a significant effect on
WLEDs’ performance. Therefore, we then focused on
these two parameters. Initially, the contents of cellulose
ranging from 0.05 to 0.3 g are investigated, keeping the
content of SCWE-CQDs solution (1.0 mL) unchanged.
Table 2 exhibits the performance of the obtained WLEDs,

mainly containing the CIE chromaticity coordinates,
luminous efficiency, CCT, and CRI. As shown in Table 2,
by changing cellulose contents, the CIE color coordinates
(0.330–0.363, 0.326–0.369) and CRI of 82–89 acquired in
the white light region. In addition, with the increase of
cellulose contents, the CIE coordinates are gradually
approached pure white light (0.33, 0.33), and CCT also
gradually changes from warm light color to cold light
color and maintains a high CRI. Furthermore, the rele-
vant electroluminescence (EL) spectra of the as-fabri-
cated WLEDs with different CCTs are demonstrated in
Figure 8a–e. With the increase of cellulose contents,
the CCT of the WLEDs changes from 4,113 to 5,628 K
(Figure 8a). At the same time, the corresponding CRI
value at different CCTs did not drop significantly, and
the maximum value reached 89, which is potential for
micro-display or indicator applications. Besides, it is

Figure 8: (a) The CIE coordinates of WLEDs, whose structure is composed of 0.05, 0.1, 0.2, and 0.3 g cellulose and UV LED (395 nm) chip. The
electroluminescence (EL) patterns of the WLEDs prepared with (b) 0.05 g, (c) 0.1 g, (d) 0.2 g, and (e) 0.3 g of the cellulose, respectively,
insets are the working images of devices.

Table 3: Performance of WLEDs fabricated by adding different
contents of SCWE-CQDs

SCWE-CQDs
contents
(mL)

CIE coordinates Luminous
efficiency
(lm/W)

CCT (K) CRI

X Y

0.2 0.295 0.291 0.85 8,478 81
0.5 0.312 0.319 1.0 6,622 82
0.8 0.328 0.336 1.1 5,710 84
1.1 0.356 0.366 1.3 4,662 85
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Figure 9: (a) The CIE coordinates of WLEDs, whose structure is composed of 0.2, 0.5, 0.8, and 1.1 mL SCWE-CQDs and UV-LED (395 nm) chip.
The electroluminescence (EL) pattern of the WLEDs device prepared by diluting (b) 0.2mL, (c) 0.5 mL, (d) 0.8 mL, and (e) 1.1 mL of the SCWE-
CQDs, insets are the working images of devices.

Figure 10: (a) and (c) Variation of color coordinates and EL normalized intensity of WLEDs devices driven by different currents (20–350mA),
(b) and (d) Variation of color coordinates and EL normalized intensity of WLEDs devices under different working times (0–50 h).
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worth noting that during the transition from liquid to the
solid phase, the PLQY of SCWE-CQDs is significantly
reduced due to the aggregation, leading to a decrease
in the luminous efficiency of WLEDs. These push us to
explore new strategies to alleviate the degradation of
fluorescence efficiencies in the liquid-solid phase transition
process, such as finite-difference time-domain method and
molecular dynamics simulation [49].

Moreover, the effect of the SCWE-CQDs contents on
the performance of WLEDs was studied, keeping other
conditions the same, as presented in Table 3 and Figure 9.
With the SCWE-CQDs contents increased, CIE chromati-
city coordinates values, luminous efficiency, and CRI
increased, while the CCT values decreased. Importantly,
we obtained a white light emission with the CIE coordi-
nates of (0.328, 0.336) approaching pure white light
(0.33, 0.33), and corresponding CRI and CCT are 84 and
5,710 K, respectively. Figure 9a shows the CIE coordinates
and CCT of WLEDs devices; the CIE coordinates of all
devices are near the Planck Black Body radiation curve,
which indicates that the WLEDs have a high CRI value,
corresponding to Table 3. In addition, Figure 9b–e demon-
strate the EL diagram of the normalized drive current of
various devices at 20mA, where the insets are the working
images of WELDs devices. Similarly, with the increase of
SCWE-CQDs contents, the ratio of long-wavelength in EL
spectrum increased, and thereby the CRI increased. These
results demonstrate that the SCWE-CQDs are promising to
improve the color design of WLEDs for the green light
source.

Stability is an important index to value the reliability
of WLEDs devices [50]. We use the CIE coordinates pat-
tern and EL spectrum to evaluate the stability of SCWE-
CQDs-based WLEDs devices under different working
current drives and working time intervals. As shown in
Figure 10a and c, although the CIE coordinates of WLEDs
devices change greatly within the working current of
20–350mA, the spectral shape of EL remains unchanged,
indicating that WLEDs have excellent current stability. In
addition, the time stability of the device within 0–50 h
was investigated (Figure 10b and d), and it was found
that the CIE coordinates and EL spectrum of these devices
did not fluctuate much, indicating that the whole WLEDs
device presented good time stability. At the same time,
with the increase of working current or the extension of
working time, the intensity of the two peaks of the EL
spectrum in the green and red regions decreases slightly
as SCWE-CQDs are easily affected by the temperature,
which leads to the decrease of fluorescence efficiency.

4 Conclusion

To sum up, we get rapid and facile synthesis of highly
photoluminescent SCWE-CQDs by controlling the dilu-
tion ratios between DMF and the original RCQDs solution.
The PLQY of as-prepared SCWE-CQDs reached 53%. Detailed
characterization of TEM, XRD, UV-Vis, PL, FTIR, and XPS
confirmed that the combined action of the HB effect and the
size effect leads to the blue shift of RCQDs, but the HB effect
is more dominant than the particle size in causing large
spectral shifts. Meanwhile, the electron transport can be
realized between the hydrogen atoms and nitrogen atoms
by HB donor-to-acceptor bridges. With the enhancement of
the HB effect, the bandgap between the lowest excited
singlet state and the ground state increases, resulting in a
blue shift of the RCQD, thereby obtaining SCWE-CQD. In
addition, AEAPMS was chosen as the dispersing medium
and protective material to avoid fluorescence self-quenching
of the SCWE-CQDs. By optimizing the content of cellulose
and SCWE-CQDs, the WLEDs with high CRI (up to 89) and
reliability were obtained. Our finding establishes a versatile
technique for desirable optical properties of carbon and
related nanomaterials by solvent engineering.
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