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Abstract: Highly fluorescent carbon nanodots (CNDs) have broad application prospects in optoelec-
tronics, energy, biological imaging, and other fields because of their good solubility in water, ad-
justable photoluminescence (PL), low toxicity, good biocompatibility, and stable chemical properties.
In this paper, polyethyleneimine@CNDs (PEI@CNDs) with unique excitation- and concentration-
dependent PL properties were synthesized by a one-pot hydrothermal approach. The morphology,
structure, surface chemistry, photophysical properties, and stability of the PEI@CNDs were well
probed. The PEI@CNDs solution at low concentration displayed blue PL with a quantum yield of
50.6%. As the concentrations of the PEI@CNDs increase, the PL colors changed from blue, cyan,
and green, to greenish-yellow. At low concentration, the excitation-independent and excitation-
dependent PL property is mainly caused by carbon core and surface state emission. However, at
higher concentration, the quenched blue emission and enhanced green emission were found. This
is mainly attributed to the aggregate-related inner filter effect, electron transfer, and surface states.
Mixing 10.0 mg/mL of PEI@CNDs with polyvinyl alcohol can be used to construct composite films,
which were combined with the blue light-emitting diode to construct white light-emitting diodes
with white and warm white emissions.

Keywords: polyethyleneimine@carbon nanodots; excitation- and concentration-dependent photolu-
minescence; surface state; inner filter effect; electron transfer; white light-emitting diode

1. Introduction

Carbon dots (CDs), as a new branch of carbon-based nanomaterials, were first dis-
covered in 2004 [1]. So far, various kinds of CDs have been synthesized, including carbon
nanodots (CNDs) [2–5], polymer dots (PDs) [6,7], graphene quantum dots (GQDs) [8,9], and
so on [10–12]. Because of their excellent luminescent performance, low cost, low toxicity,
good biocompatibility, and chemical stability, CNDs have attracted widespread attention
in the fields of sensors [13,14], optoelectronics [15], energy [16], photocatalysis [17], and
biological imaging [18]. Generally, the unmodified CNDs process single physics-chemical
property for lack of specific groups, which undoubtedly limits its wider applications, such
as bioimaging, full-color displays, and light-emitting diodes (LEDs) [19–23]. Therefore, it
is highly desirable to develop CNDs with multicolor emissions. By introducing special
elements, such as nitrogen [24,25], boron [26,27], sulfur [28], and phosphorus [29,30], the
PL intensities or spectra ranges of CNDs could be changed. Among the doped heteroatoms,
nitrogen doping is the most common one and has proved to be a powerful strategy to mod-
ify carbon materials for various applications [31]. Qi et al. [32] prepared nitrogen-doped
carbon quantum dots (N-CQDs) with an average size of 2.8 nm by a one-pot hydrother-
mal method using citric acid as raw material; the surfaces of N-CQDs were covered with
various O/N-containing hydrophilic functional groups, rendering N-CQDs possessing
great water solubility and strong fluorescence emission at 440 nm with a quantum yield
(QY) of 44%. By linking specific functional groups to the surfaces of CNDs, new surface
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states may be induced; thus, the electronic structures, optical properties, and chemical
reactivities of CNDs could be altered [33]. Surface passivation by small molecules has
also been applied for adjusting the optical properties of CNDs. Gao et al. [18] synthesized
PL-tunable graphene quantum dots (GQDs) with a two-step method. Yellow luminescent
GQDs were firstly synthesized by pyrolysis carbon black in nitric acid at low temperature,
then blue-emitting GQDs and red-emitting GQDs were obtained by wrapped the GQDs
with PEI1800 and PEI600, respectively. The amidation reaction between the carboxyl groups
on the surface of GQDs and the amine groups in PEI plays an important role in the coat-
ing process. The as-prepared PL-tunable GQDs showed excellent chemical stability and
extremely low cytotoxicity. However, the two-step approach is somewhat time-consuming.

In the field of white light-emitting diodes (WLEDs), a new light source in the 21st
century [34,35], the multi-color photoluminescent CNDs, have also aroused great research
interests [36,37] in CNDs as promising phosphors. Although rare earth phosphors and
semiconductor quantum dots (QDs) used as phosphors for LEDs have many merits, such as
high brightness, spectral tunability, and controllable sizes [38], they are generally expensive
and harmful to the environment because of containing some heavy-metal elements (Cd,
Pb or Hg) [39,40]. CNDs as phosphors in WLEDs are candidates on account of their low
cost and non-toxicity [41,42]. Wang et al. [41] fabricated red luminescent CNDs with a QY
of 53%; by combining them with the blue and green luminescent CNDs, a warm WLED
was constructed. Qu et al. [42] established a warm WLED using CNDs as a phosphor
with a fluorescent QY of 23%. A few reports about WLED based on carbon nanomaterials
have highlighted the potential application of CNDs in this field [43–46]. Wang et al. [44]
reported a new one-step acid-reagent engineering strategy to obtain highly luminescent
CNDs with a remarkably tunable and stable fluorescence emission from blue to red and
even white light by using o-phenylenediamine as a precursor. The full-color light-emitting
polymer films and various high-color rendering index WLEDs were fabricated by mixing
various CNDs in appropriate proportions. Zhang et al. [45] developed a facile method to
prepare CDs with few defects, high carbonization, excitation wavelength-independent PL
emission, compatibility with the solution process, and which can be used as emitters to
configurate LEDs. Li et al. [46] combined CDs and ZnO QDs to form a composite with
white fluorescence by electrostatic interaction. On this basis, WLED with fluorescence
emission spectrum ranging from 425 nm to 750 nm and color coordinates of (0.30, 0.34) was
successfully prepared. The above research results show that CNDs can participate in the
construction of WLED alone or with other materials.

In recent years, a new property called aggregation-induced emission (AIE) [47] was
found in CNDs. The AIE has attracted extensive attention due to strong emissions in
the aggregated state. Mu et al. [36] prepared CNDs showing concentration-dependent
PL properties, indicating full-color emissions under excitation at the white light. Ku-
mari et al. [48] reported that F-intercalated CDs exhibited the phenomenon of polymer
aggregation-induced emission (P-AIE). Mixing polyvinyl alcohol (PVA) with the CDs,
highly conjugated polymer system around the CDs resists the coupling of surface states in
aggregated forms; that is to say that PVA formed a self-quenching-resistant, resulting in a
red-shift for both absorption and emission spectra [48]. The P-AIE of CDs has been used in
red LED and WLED fabrication [48]. These red-shifted CDs of the aggregated state induced
by the polymer matrix would endow the CDs more applicability in WLEDs. Therefore,
the low-cost raw materials, facile fabrication method, and decreasing aggregation-caused
quenching (ACQ) are important for the CNDs applied in WLEDs.

Inspired by these studies, non-toxic, pollution-free, readily available, and low-cost
materials of citric acid (CA), L-glutamic acid (L-Glu), and polyethyleneimine (PEI) were
used as precursors to fabricate PEI@CNDs by the one-pot ultrasound-assisted hydrothermal
method. Compared to the two-step method, our approach is simple and time-saving.
The bright fluorescent PEI@CNDs exhibited interesting excitation- and concentration-
dependent PL properties. The morphology, structure, and photophysical properties of
the PEI@CNDs were characterized in detail by different microscopy and spectroscopy
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techniques. The AIE property of the PEI@CNDs was probed, and the corresponding
mechanism was explained. The PEI@CNDs-based films were fabricated using PVA as a
matrix. By putting the blue LED and the yellow fluorescence film together, simple WLED
with CIE color coordinates (0.30, 0.31) were constructed.

2. Experimental Section
2.1. Materials and Characterization

CA, L-Glu, and PEI (MW1800) were purchased from Aladdin Reagent Co., Ltd. (Shang-
hai, China). PVA and Rhodamine B were obtained from Macklin (Shanghai, China). Ultra-
pure water (18.2 MΩ·cm) was used as a solvent. CA and L-Glu are all an analytic grade
material, and Rhodamine B is a spectrum-grade reagent.

A type of YZUR-100 (Shanghai Yan Zheng, Shanghai, China) ultrasonic hydrothermal
reactor (220 V, 250 W) was employed to fabricate the PEI@CNDs. An UH5300 spectropho-
tometer (Hitachi, Japan) was used to record the ultraviolet–visible (UV–Vis) absorption
spectra. The PL spectra were carried out using a FluoraMAX-4 fluorescent spectrometer
(Horiba JY, Edison, NJ, USA). An X-ray diffractometer (XRD, Smartlab 9 kw, Japan) was
applied to analyze the crystalline structure of solid PEI@CNDs powder. Fourier transform
infrared (FTIR) spectra was completed using a Nicolet iN10 FTIR spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) with a resolution of 4 cm−1 from 4000 cm−1 to
500 cm−1. An X-ray photoelectron spectrometer (Thermo ESCALAB 250XI, MA, USA,
with a radiation source Al Kα-1486.6 eV) with a multifunctional imaging function was
employed to measure the X-ray photoelectron spectra (XPS) of PEI@CNDs. An Edinburgh
F900 time-resolved fluorescence spectrometer (FLS-980, Edinburgh, UK) was applied to
record the fluorescence lifetimes of the PEI@CNDs.

2.2. Preparation of PEI@CNDs

CA provided the carbon source, L-Glu and PEI supplied part of the carbon source and
nitrogen source. The reaction temperature was controlled at 180 ◦C during the fabrication
process, CA was decomposed, dehydrated, and concentrated to configure CNDs. L-Glu and
PEI were not thermalized for the higher boiling points of 225 ◦C and 530 ◦C, respectively.
Because CNDs possess –COOH and –OH at the surfaces, through the dehydration reaction,
L-Glu was linked to CNDs. The CNDs were further passivated by PEI via amidation
reaction between –NH2 in PEI and –COOH in CNDs; thus, PEI@CNDs could be obtained
in a one-pot process. Figure 1 shows the schematic diagram for PEI@CNDs preparation.
Compared with the previously reported two-step preparation of PEI-coated GQDs [18],
our preparation process is simple and time-saving.

Photonics 2023, 10, x FOR PEER REVIEW 3 of 18 
 

 

The bright fluorescent PEI@CNDs exhibited interesting excitation- and concentration-de-
pendent PL properties. The morphology, structure, and photophysical properties of the 
PEI@CNDs were characterized in detail by different microscopy and spectroscopy tech-
niques. The AIE property of the PEI@CNDs was probed, and the corresponding mecha-
nism was explained. The PEI@CNDs-based films were fabricated using PVA as a matrix. 
By putting the blue LED and the yellow fluorescence film together, simple WLED with 
CIE color coordinates (0.30, 0.31) were constructed. 

2. Experimental Section 
2.1. Materials and Characterization 

CA, L-Glu, and PEI (MW1800) were purchased from Aladdin Reagent Co., Ltd. 
(Shanghai, China). PVA and Rhodamine B were obtained from Macklin (Shanghai, 
China). Ultrapure water (18.2 MΩ·cm) was used as a solvent. CA and L-Glu are all an 
analytic grade material, and Rhodamine B is a spectrum-grade reagent. 

A type of YZUR-100 (Shanghai Yan Zheng, Shanghai, China) ultrasonic hydrother-
mal reactor (220 V, 250 W) was employed to fabricate the PEI@CNDs. An UH5300 spec-
trophotometer (Hitachi, Japan) was used to record the ultraviolet–visible (UV–Vis) ab-
sorption spectra. The PL spectra were carried out using a FluoraMAX-4 fluorescent spec-
trometer (Horiba JY, Edison, NJ, USA). An X-ray diffractometer (XRD, Smartlab 9 kw, 
Japan) was applied to analyze the crystalline structure of solid PEI@CNDs powder. Fou-
rier transform infrared (FTIR) spectra was completed using a Nicolet iN10 FTIR spectrom-
eter (Thermo Fisher Scientific, Waltham, MA, USA) with a resolution of 4 cm−1 from 4000 
cm−1 to 500 cm−1. An X-ray photoelectron spectrometer (Thermo ESCALAB 250XI, USA, 
Massachusetts, with a radiation source Al Kα-1486.6 eV) with a multifunctional imaging 
function was employed to measure X-ray photoelectron spectra (XPS) of PEI@CNDs. An 
Edinburgh F900 time-resolved fluorescence spectrometer (FLS-980, Edinburgh, UK) was 
applied to record the fluorescence lifetimes of the PEI@CNDs. 

2.2. Preparation of PEI@CNDs 
CA provided the carbon source; L-Glu and PEI supplied part of the carbon source 

and nitrogen source. The reaction temperature was controlled at 180 °C during the fabri-
cation process, CA was decomposed, dehydrated, and concentrated to configure CNDs. 
L-Glu and PEI were not thermalized for the higher boiling points of 225 °C and 530 °C, 
respectively. Because CNDs possess –COOH and –OH at the surfaces, through the dehy-
dration reaction, L-Glu was linked to CNDs. The CNDs were further passivated by PEI 
via amidation reaction between –NH2 in PEI and –COOH in CNDs; thus, PEI@CNDs 
could be obtained in a one-pot process. Figure 1 shows the schematic diagram for 
PEI@CNDs preparation. Compared with the previously reported two-step preparation of 
PEI-coated GQDs [18], our preparation process is simple and time saving. 

 
Figure 1. Schematic diagram of the fabrication of PEI@CNDs. 
Figure 1. Schematic diagram of the fabrication of PEI@CNDs.



Photonics 2023, 10, 262 4 of 19

Typically, a 30 mL aqueous solution containing CA and L-Glu (w/w = 2:1) was mixed
with the same volume of PEI solution. After fully stirring, the mixture was transferred to a
100 mL hydrothermal reactor. The solution was heated up to 180 ◦C in the ultrasonic reactor
for 3 h, and the reactant indicated red-brown color; after cooling down to room temperature,
the reactant was filtrated three times and dialyzed for 72 h, a pure PEI@CNDs solution
was obtained and displayed a yellow color. Furthermore, the solid-state of PEI@CNDs was
obtained via freeze drying.

2.3. Preparation of Composite Films

We mixed 3.0 g PVA with 20 mL 10.0 mg/mL PEI@CNDs solution. After heating in
a water bath at 80 ◦C and stirring for 2 h, a homogeneous PVA containing PEI@CNDs
was prepared. The glue was evenly coated on the quartz glass (20 mm × 20 mm) at room
temperature. A PEI@CNDs/PVA composite film was obtained via overnight drying in
the air.

2.4. Preparation of WLEDs

The PVA glue containing PEI@CNDs was carefully dripped onto a blue LED lamp and
cured at room temperature for 24 h.

3. Results and Discussion
3.1. Morphology and Structure of the PEI@CNDs

The morphology and structure of PEI@CNDs were characterized in detail by TEM,
AFM, and XRD. Figure 2 shows the experimental results. TEM (Figure 2A) indicates that the
size of the PEI@CNDs is about 3 nm. The lattice structure could not be clearly distinguished
through HRTEM, so the PEI@CNDs as prepared are amorphous structures. AFM images
(Figure 2B–D) show that the thickness of most PEI@CNDs is less than 2.5 nm.
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Figure 2. (A) TEM, (B–D) AFM, and (E) XRD pattern of the PEI@CNDs.

The XRD pattern displays a wide diffraction peak at 2θ = 21.1◦, corresponding to the
(002) crystal plane of the carbon-based material [49,50], indicating that the crystallinity of
the sample is low, confirming again the amorphous nano-cluster structures.
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3.2. Surface Chemistry Property of the PEI@CNDs

In the hydrothermal process, nitrogen- and oxygen-containing functional groups
were easily introduced. To analyze the surface chemical structure of the PEI@CNDs, FTIR
and XPS spectra were carried out. For comparison, the FTIR spectra of CA, L-Glu, and
PEI were also measured as references. The FTIR spectrum of CA (Figure 3a) displays
the presence of O–H (3290–3495 cm–1), C=O (1752 cm–1 and 1707 cm–1), –CH2– (scissor
vibration at 1430 cm–1, oscillation out of the plane at 1387 cm–1, and twisting vibration
at 1220–1240 cm–1), C–OH (1180–1290 cm–1 and 1310–1360 cm–1), C–O (1080–1140 cm–1),
and C–C (1050 cm–1) [51]. The FTIR of L-Glu (Figure 3b) shows the existence of O–H and
N–H (2780–3600 cm–1), –C–H (2650–2740 cm–1), carboxylic acid of C=O (1740 cm–1 and
1640 cm–1), N–H (1516 cm–1), C–N (1420 cm–1), –CH2– (1360 cm–1 and 1250–1310 cm–1),
C–OH (1130 cm–1 and 1230 cm–1), C–O (1080–1130 cm–1), and C–C (1050 cm–1) [52]. The
FTIR of PEI (Figure 3c) indicates the appearance of –NH2 (3284 cm–1) [18], –CH (2822 cm–1

and 2939 cm–1) [53], amine end groups (υ(N–H) at 1460 cm–1 and υ(C–N) at 1590 cm–1) [54],
N–H bending vibration (1301 cm–1), C–N (1119 cm–1) [55], and C–C (1050 cm–1) [56–58].
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Comparing the FTIR of PEI@CNDs with that of CA, L-Glu, and PEI, the three peaks
of PEI@CNDs at 2848, 2920, and 3272 cm–1 are similar to the PEI, implying that PEI
was successfully linked to the CNDs. The C=O at 1694 cm–1 is attributed to the L-Glu
undergoing decarboxylation or dehydration as it links to the CNDs. The C=C stretching at
1654 cm–1 [59,60] in CNDs indicates the pyrolysis and condensation of CA formation of sp2

or sp3 carbon structures. The peak at 1556 cm−1 is associated with –CONH– [18], indicating
that the –NH2 groups in PEI or –OH in L-Glu combined with the carboxyl groups in CNDs.
The peak localized at 1356 cm−1 corresponds to the out-of-plane oscillations of –CH2– [61]
from PEI or L-Glu. The peak at 1438 cm−1 belongs to the in-plane bending vibration of
C–N [18]. The peak at 1155 cm−1 is attributed to C–O [62]. The above analysis shows that
L-Glu and PEI could be linked to the CNDs in one step.

XPS was used to investigate the surface functional groups and contents of doped
elements in the PEI@CNDs. The selected data were calibrated using the standard peak of
C1s. The XPS full scan (Figure 4A) proves the presence of C1s (284.8 eV), N1s (399.6 eV),
and O1s (531.2 eV), with percentages of 67.12%, 17.74%, and 15.14%, respectively. The
content of N in PEI@CNDs is higher than the N-CQDs (12.1%) prepared from citric acid
(CA) and ethylenediamine (EDA) [32]. The main reason is that both of PEI and L-Glu were



Photonics 2023, 10, 262 6 of 19

grafted onto the CNDs, and PEI has higher N content. The above results indicate that PEI
was successfully linked to the CNDs. The four components of C1s high-resolution XPS
(Figure 4B) at 284.5, 285.2, 287.3, and 288.0 eV denote the presence of C=C/C–C (284.5 eV),
C–N (285.2 eV), C=O (287.3 eV), and C–OH (288.0 eV) bands [63], which is consistent with
the results of FTIR (Figure 3d). The deconvolution of N1s high-resolution XPS (Figure 4C)
reveals the presence of pyridinic N (398.5 eV), amino N (399.6 eV), and pyrrolic N (400.9 eV),
respectively [64], where the percentage of amino N is 46.3%, confirming again that PEI
containing higher amino group was linked to the CNDs. The two decompositions of O1s
(Figure 4D) at 530.4 eV and 531.8 eV are assigned to the C=O and the C–OH/C–O–C
groups [65,66]; the higher content of C=O is caused by amidation reaction for the amino
groups in L-Glu and PEI combined with the carboxyl groups in CA to form amide group
(–CONH–), which agrees with the XPS spectrum of C1s.
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3.3. Photophysical Properties of PEI@CNDs at Low Concentration
3.3.1. UV–Vis Absorption and Photoluminescence

The photophysical properties are important for the practical application of CNDs.
At a low concentration of 0.1 mg/mL, the photophysical properties of the PEI@CNDs
were investigated using UV–Vis absorption and PL spectroscopy. The UV–Vis absorption
spectrum (Figure 5A, Abs) indicates three peaks at 196, 240, and 356 nm; the peaks at
196 nm and 240 nm correspond to the π→π* electron transition due to the delocalization
of π electrons of the aromatic ring [67]; because of the oxygen- or nitrogen-containing
functional groups positioned at the surfaces of the PEI@CNDs, the absorption peak at
356 nm is ascribed to the n→π* of the C=O/C–N/C–H/C–O bond, respectively [68]. The
peak position of the PL excitation spectrum (Figure 5A, PLE) is at 360 nm, and the strongest
PL spectrum (Figure 5A, PL) was observed under the same wavelength excitation. The PLE
and PL spectra exhibit a good mirror symmetry (Figure 5A), indicating that the PL of the
PEI@CNDs is closely related to the n→π* transition.
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concentration of the PEI@CNDs is 0.1 mg/mL.

When the excitation wavelengths changing from 300 nm to 520 nm, the PL spectra
of the PEI@CNDs were measured and shown in Figure 5B. Within 300–380 nm excitation
(Figure 5C, band I), the emission peaks are all at ~447 nm with the maximum intensity at
360 nm excitation, indicating excitation-independent behavior, which is mainly produced by
the carbon core (sp2 domain) of the PEI@CNDs (Figure 5C, band I). The QY of PEI@CNDs
was measured as 50.6% by using Rhodamine B as the reference standard (all the calculation
data was presented in Figure S1 and Table S1), significantly higher than the N-CQDs
prepared by Qi et al. [32]. However, when the excitation wavelength is in the range of
400–520 nm, the PL intensities decrease quickly and the emission peaks shifts from 447
nm to 541 nm (Figure 5C, band II), implying that the emission is derived from the surface
states mainly caused by the hybridization of the carbon backbone and connected chemical
groups [69]. Various functional groups on the surface of PEI@CNDs induce the generation
of a series of energy levels between HOMO and LUMO, which results in many different
emission sites [69]. At low concentrations, the uneven size distribution of the PEI@CNDs
can result in the PL peak redshift, but the shift is very small (~10 nm) [70]. The excitation-
dependent PL property at low concentrations reflects that the PEI@CNDs have a set of
surface states, each of them corresponding to a band gap. As the exciting wavelength
matches well with that band gap, the PEI@CNDs emit corresponding color fluorescence.
Therefore, by adjusting the surface groups or changing the populated environment of
the CNDs, the PL properties of the CNDs may be tuned. At 0.1 mg/mL, the excitation-
independent PL behavior is mainly caused by the carbon core of the PEI@CNDs, and the
excitation-dependent PL of the PEI@CNDs originates from the surface states caused by the
hybridization of the carbon core and connected chemical groups.

3.3.2. Optical Stability

The photostability of the PEI@CNDs, including the influences from photobleaching,
temperature, pH, and storage time, is very important for its applications. We explored this
issue in detail. Figure 6A shows that after continuous excitation with UV light (360 nm) for
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30 min, the PL intensity decreased by 3.27%, and after 60 min continuous excitation, the PL
intensity decreased by 6.6%, which is slightly inferior to that the N-CDs prepared by CA
and EDA (after continuous excitation with UV light for 30 min, the PL intensity decreased
by 2.19%) [71], implying the PEI@CNDs of 0.1 mg/mL were not easily aggregated into
dimers or photodecomposed into small particles; thus, the PEI@CNDs have excellent
photobleaching resistance to UV light, which provides great opportunity for its application
in the fields of bioimaging and optoelectronics.

Photonics 2023, 10, x FOR PEER REVIEW 8 of 18 
 

 

3.3.2. Optical Stability 
The photostability of the PEI@CNDs, including the influences from photobleaching, 

temperature, pH, and storage time, is very important for its applications. We explored this 
issue in detail. Figure 6A shows that after continuous excitation with UV light (360 nm) 
for 30 min, the PL intensity decreased by 3.27%, and after 60 min continuous excitation, 
the PL intensity decreased by 6.6%, which is slightly inferior to that the N-CDs prepared 
by CA and EDA (after continuous excitation with UV light for 30 min, the PL intensity 
decreased by 2.19%) [71], implying the PEI@CNDs of 0.1 mg/mL were not easily aggre-
gated into dimers or photodecomposed into small particles; thus, the PEI@CNDs have 
excellent photobleaching resistance to UV light, which provides great opportunity for its 
application in the fields of bioimaging and optoelectronics. 

When the temperature was changed in the range of 0–100 °C, the PL spectra of the 
PEI@CNDs were measured as shown in Figure 6B. As the temperature rises, the PL peak 
positions have no change, and the PL intensities decreased with temperature in the range 
of 10‒100 °C, indicating that the thermal stability of the PEI@CNDs is not so good, which 
is similar to the results of Ref. [72]; however, at 20 °C and 30 °C, the PL intensities are up 
to the 86.5–91.8% of the maximum PL intensity, indicating the PEI@CNDs has good photo-
stability at room temperature. 

 
Figure 6. The photo-stability of the PEI@CNDs. (A) The photo-bleaching resistance; (B) the PL peak 
intensities change with temperature; (C) the PL spectra varying with pH, the inset shows the corre-
sponding bar chart; and (D) the PL peak intensity changes within 60 days. 

By varying the pH values in the range of 2−10, the PL spectra of the PEI@CNDs were 
recorded (Figure 6C). The inset shows the PL peak intensities varying with the pH. In the 
strong acid environment (pH = 2 and 3), the PL intensities are slightly larger than others, 
and the peak positions redshift at about 20 nm, probably related to the protonation pro-
cess in strong acid environment; within the pH value of 4–10, the PL intensities exhibit a 
slight change, showing that the as-prepared PEI@CNDs have good photostability in both 
neutral and alkaline environments. 

During 60-day storage at 4 °C, the PL spectra of the PEI@CNDs were measured under 
excitation at 360 nm. Figure 6D shows after 5, 10, 15, 30, and 60-day storage, the peak 
intensities are 99.97%, 97.92%, 97.01%, 95.91%, and 95.63% of the as-prepared PEI@CNDs, 

Figure 6. The photo-stability of the PEI@CNDs. (A) The photo-bleaching resistance; (B) the PL
peak intensities change with temperature; (C) the PL spectra varying with pH, the inset shows the
corresponding bar chart; and (D) the PL peak intensity changes within 60 days.

When the temperature was changed in the range of 0–100 ◦C, the PL spectra of the
PEI@CNDs were measured as shown in Figure 6B. As the temperature rises, the PL peak
positions have no change, and the PL intensities decreased with temperature in the range
of 10–100 ◦C, indicating that the thermal stability of the PEI@CNDs is not so good, which
is similar to the results of Ref. [72]; however, at 20 ◦C and 30 ◦C, the PL intensities are
up to the 86.5–91.8% of the maximum PL intensity, indicating the PEI@CNDs has good
photo-stability at room temperature.

By varying the pH values in the range of 2–10, the PL spectra of the PEI@CNDs were
recorded (Figure 6C). The inset shows the PL peak intensities varying with the pH. In the
strong acid environment (pH = 2 and 3), the PL intensities are slightly larger than others,
and the peak positions redshift at about 20 nm, probably related to the protonation process
in strong acid environment; within the pH value of 4–10, the PL intensities exhibit a slight
change, showing that the as-prepared PEI@CNDs have good photostability in both neutral
and alkaline environments.

During 60-day storage at 4 ◦C, the PL spectra of the PEI@CNDs were measured under
excitation at 360 nm. Figure 6D shows after 5, 10, 15, 30, and 60-day storage, the peak
intensities are 99.97%, 97.92%, 97.01%, 95.91%, and 95.63% of the as-prepared PEI@CNDs,
respectively, indicating that the PEI@CNDs could be stably stored at least 60 days. Ref. [73]
reported that N-GQDs with CA and L-Glu as raw materials could be stably preserved for
31 days. By contrast, the CND grafted PEI is benefit of its stability, this property would
warrant its applications in many fields [74].
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The above results indicate that the PEI@CNDs prepared by the ultrasonic-assisted
hydrothermal method have superior photophysical properties and stability by using PEI as
a surface passivator.

3.4. Photophysical Properties of the PEI@CNDs at High Concentrations

In the experimental processing, we found that the as-prepared PEI@CNDs indicated
concentration-dependent optical properties. The absorption spectra and the PL spectra
changed with the concentrations of the PEI@CNDs. Figure 7A shows the UV–Vis spectra as
the concentrations of the PEI@CNDs increased to 0.2, 1.0, 2.0, and 10.0 mg/mL, respectively;
the absorption around 230 nm and 350 nm significantly increases with concentration, but
these are not linear increases; the later rising quicker than the former, and there is a
deep valley between the two absorption peaks as the concentrations are 1.0 mg/mL and
2.0 mg/mL; however, as the concentration is 10.0 mg/mL, the valley disappears completely,
showing a wide absorption band from 200 nm to 480 nm. The changes of the absorption
spectra should be caused by the aggregation of the PEI@CNDs with concentration increase,
which would lead to the varying of the surface states of the PEI@CNDs; we suggest that
band gaps of the PEI@CNDs probably change with the concentrations of the PEI@CNDs.
According to the Tauc equation [75], the calculated band gaps with concentrations are
illustrated in Figure 7B. When the concentrations are 0.1, 0.2, 1.0, and 2.0 mg/mL, BG1 and
BG2 are 5.62 eV and 4.75 eV, 5.46 eV and 4.74 eV, 4.67 eV and 3.11 eV and 4.56 eV and 3.05 eV,
respectively; both BG1 and BG2 decrease with increasing concentrations of PEI@CNDs.
The BG2s of the 0.1 mg/mL (4.75 eV) and 0.2 mg/mL (4.74 eV) are almost the same; as the
concentrations of PEI@CNDs is 10.0 mg/mL, only one band gap of 2.84 eV appears.
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The PL spectra of the PEI@CNDs at the concentrations of 0.2, 1.0, 2.0, and 10.0 mg/mL
are illustrated in Figure 7C–F. At 0.2 mg/mL (Figure 7C), the PL properties of the PEI@CNDs
are similar to the 0.1 mg/mL PEI@CNDs (Figure 5B); the strongest PL was also obtained at
360 nm excitation, and the maximum intensity is higher than that of 0.1 mg/mL. As the
concentration increases to 1.0 mg/mL, under excitation at 320, 340, and 360 nm, the PL
peaks are almost unchanged (~450 nm), but the PL intensities decrease with the excitation
wavelengths, which is opposite to the property of the PEI@CNDs with concentrations of
0.1 mg/mL and 0.2 mg/mL. Within 380–520 nm, the PL spectra indicate an excitation-
dependent property; the strongest PL spectrum was obtained under excitation at 400 nm,
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the emission peak is at 460 nm, and the PL displays a bluish-green color. At 2.0 mg/mL,
the PL characteristic is similar to those of 1.0 mg/mL PEI@CNDs; however, the strongest
PL spectrum was obtained under excitation at 420 nm; the peak position redshifts to
486 nm, and the PL indicates cyan. Further increasing the concentration of PEI@CNDs
to 10.0 mg/mL, the PL spectra change greatly compared to the sample at 2.0 mg/mL;
excitations at 320, 340, 360, 380, and 400 nm, the blue emission are very weak; the PL
spectra of the PEI@CNDs display excitation-dependence within 420–520 nm excitation,
and the PL peaks exhibit redshift as excitation wavelengths increase. As the excitation
wavelengths within 460–520 nm, the PL intensities were significantly enhanced compared
with other concentrations; the strongest PL spectrum was acquired at 460 nm excitation,
the emission peak is at 525 nm, and the PL mainly shows greenish yellow fluorescence.

3.5. The PL Mechanism of the PEI@CNDs at High Concentrations

The concentration-dependent PL mechanism of PEI@CNDs may be related to the
aggregation of PEI@CNDs at higher concentrations. The confocal fluorescence images of
1.0 mg/mL (Figure 8A) and 10.0 mg/mL (Figure 8B) PEI@CNDs confirmed the presence
of aggregation. The 1.0 mg/mL sample showed a blue and green fluorescence under
405 nm (Figure S2A) and 488 nm excitation (Figure S2B), respectively. For clarity, an image
with 405 nm and 488 nm laser co-excitation is shown in Figure 8A. In this picture, some
bright particles with the size around 1–2 µm are the aggregations of PEI@CNDs, and the
blue background is the emission from the homogeneously distributed small nanoparticles
of PEI@CNDs in solution, coinciding with the PL spectra of 1.0 mg/mL PEI@CNDs in
Figure 7D. The confocal fluorescence image of 10.0 mg/mL PEI@CNDs (Figure 8B) showed
a bright green fluorescence under 488 nm excitation. From Figure 8B, a heavier aggregation
of PEI@CNDs than that of the 1.0 mg/mL sample can be observed. Some big aggregated
particles with the size of 1–4 µm were observed and the particles exhibited bright green
emission. More particles with size less than 1 µm were also observed on the glass slide.
The above results indicated that the higher the concentration, the heavier the aggregation,
leading to the absorption properties in Figure 7A.
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The mechanism by which the blue PL decreases with the concentrations of the
PEI@CNDs and even completely quenches at 10.0 mg/mL needs further probing. Ac-
cording to Figure 8B, the 10.0 mg/mL sample includes various sizes of PEI@CNDs. The PL
spectra of the 10.0 mg/mL sample are formed by the superimposition of the PEI@CNDs
with different sizes, but not a simple superimposition; otherwise, the blue emission would
not be quenched. We found that the absorption spectrum of the PEI@CNDs at 10.0 mg/mL
overlaps with the excitation and emission spectra (at 360 nm excitation) of PEI@CNDs at
0.1, 0.2, 1.0, and 2.0 mg/mL (Figure 9), suggesting that both the fluorescence resonance
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energy transfer (FRET) and/or inner filter effect (IFE) may occur [76,77] and cause the
concentration-dependent PL spectra of the PEI@CNDs at higher concentration. To dis-
tinguish FRET and IFE, we further measured the fluorescence decay time of PEI@CNDs
solutions at 0.1, 1.0, and 10 mg/mL by using the time-correlated single photon counting
(TCSPC) technique.
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Figure 10A,B indicates the results under 375 nm excitation, 450 nm monitoring, and
420 nm excitation, 530 monitoring, respectively. The decay curves could be well super-
imposed as a two-exponential function (Figure S3, Table 1). All the samples contain one
fast decay life τ1 and one slow decay life τ2, and the slow component is dominant (around
75%). The fast decay components (τ1) for the three samples are near to 1.85 ns, with no
obvious difference, and the slow decay components (τ2) are around 8.44 ns, there is a
small difference around 1 ns between 0.1 mg/mL and 10.0 mg/mL PEI@CNDs, but not
a substantial difference. The above results showed that the fluorescence decay times of
the PEI@CNDs did not change significantly with the increase of the concentrations, indi-
cating that the quenching was mainly generated via a static mechanism and ruling out
the possibility of FRET [78]. Hence, IFE should be present in the higher concentrations
PEI@CNDs systems and be related to blue fluorescence decrease or quenching. In particular,
the excitation/emission spectra of the lower concentration PEI@CNDs (0.1, 0.2, 1.0, and
2.0 mg/mL) overlap with the absorption spectrum of the higher concentration solution
(10.0 mg/mL) means that the higher concentration PEI@CNDs could absorb fluorescence
emitted from the lower concentration PEI@CNDs and its corresponding excitation light,
resulting in the decrease/quenching of blue fluorescence at high concentration.

Table 1. Fluorescence lifetimes of PEI@CNDs solutions at different concentrations (0.1, 1.0,
and 10.0 mg/mL) with 375 nm excitation, 450 nm monitoring, and 420 nm excitation,
530 monitoring, respectively.

Ex/Em (nm) Concentration (mg/mL) τ1 (ns) α1 (%) τ2 (ns) α2 (%) τav (ns)

375/450
0.1 1.89 21.66 8.97 78.34 7.44
1.0 2.01 25.09 8.72 74.91 7.03
10.0 1.66 25.26 7.63 74.74 6.13

420/530
0.1 1.89 24.92 8.44 75.08 6.81
1.0 1.59 18.65 7.84 81.35 6.67
10.0 1.92 26.55 7.86 73.45 6.28
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Based on the calculated band gaps of PEI@CNDs with concentration increases (Figure 7B),
and the fact that the slow decay components (τ2) decrease slightly with concentration in-
crease, we speculate that electron transfer (ET) is likely present inside the PEI@CNDs as one
of the quenching mechanisms. Suraj reported the identification method for judging the ex-
istence of ET: (i) fluorophore lifetime shortening; and (ii) the redox potentials of the species
(or HOMO and LUMO energy) changes, revealing the ET quenching mechanism [79]. As
the data of Table 1 shows, the average fluorescence lifetimes (τ2) decrease slightly (1.31 ns
and 0.53 ns) as the concentration of PEI@CNDs increased from 0.1 mg/mL to 10.0 mg/mL
at different excitations and emissions. Combined with the calculated band gaps (Figure 7B),
it is not difficult to find that the energy gaps decrease with increasing concentrations of
PEI@CNDs, which will be more conducive to the transition of electrons from HOMO to
LUMO [80]. Therefore, ET should also be present in the higher concentration PEI@CNDs
systems. The concentration-induced energy gaps change may be caused by the agglom-
eration of small-sized PEI@CNDs. Specifically, as the concentration of the PEI@CNDs
increases, ET is more likely to occur from electron-rich functional groups (mainly amino
groups) to electron-deficient groups of aromatic hydrocarbons [80]. ET leads to a change
in charge distribution, which often causes the creation of new energy levels [81]. At the
same time, the aggregation may result in a variety of surface states, which also influences
energy levels. The above reasons lead to the emergence of various new radiative transition
channels and long-wavelength emission centers [64]; thus, as the concentration increases,
the aggregation becomes heavy, and PL spectra indicate redshift [82]. Based on the above
analysis, the PL mechanism of the PEI@CNDs at high concentrations is mainly attributed
to IFE, ET, and surface states.

3.6. Performance of WLED

The PL spectra of PEI@CNDs exhibit an excitation- and concentration-dependent
characteristic. At 10.0 mg/mL, the strongest emission peak is at 525 nm upon excitation
at 460 nm (Figure 7F), which renders the possibility to use the PEI@CNDs to prepare
composite films and to construct white light-emitting composite devices together with blue
LEDs emitting at 460 nm.

By mixing the PEI@CNDs solution with PVA, a glue was formed. Then the glue
was evenly dripped onto quartz glasses. After standing at room temperature for 24 h,
a flexible film could be fabricated. By regulating the volume of the dropped glue, a
set of orange flexible films with thicknesses of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 mm were
obtained. The UV–Vis absorption spectra of these films (Figure S4) show that with the film
thicknesses increase, the absorption bands extend to long wavelengths. The absorption
edges change from 450 nm to 550 nm as the film thicknesses increase from 0.5 mm to
3.0 mm. Under excitation at 460 nm, the PL spectra of these films were measured as shown
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in Figure S4. The maximum emission peaks of PL spectra remain at 510 nm; however, the
fluorescence intensities increase with the film thicknesses. Compare with 10.0 mg/mL
PEI@CNDs solution, the maximum emission peak shows a slight blueshift. This is similar
to the fluorescent self-healing gels constructed by Sagarika, which may be related to the
aggregation-induced fluorescence quenching decrease and the increased rigidity of the
solid-phase film [83]. Meanwhile, the phenomenon that the PL intensity increases with
film thickness can be attributed to the increase in the number of fluorescence emission
centers. The above analysis shows that it is possible to tune the emission spectra of the
light conversion films by adjusting their thicknesses. According to Ref. [84], white light
could be produced by blending two complementary colors of blue light and yellow light; it
is possible to construct a WLED model by combining the light conversion films composed
of PEI@CNDs with a blue LED. The blue LED with an emission center at 460 nm excites
the flexible films contained PEI@CNDs; the yellow fluorescence from the PEI@CNDs film
blends with the left blue light of the LED to become white light.

To obtain excellent performance of WLED, we measured the PL spectra of blue LED
and six WLED models. Figure 11A–G show the PL spectra of these devices and the insets are
their corresponding optical images. By contrast, one can see that with the film thicknesses
increase, the stronger greenish yellow light was emitted from the films. One possible reason
is the enhanced blue light scattering by the fluorescence film [85]. Another is that the IFE
became heavy with the increase of the film thickness. The transmitted or non-absorbed blue
light of the blue LED superimposes with the greenish yellow to achieve spectral tuning.
According to the colorimetry theory [86], the CIE coordinates of the obtained devices are
(0.17, 0.03), (0.18, 0.06), (0.24, 0.18), (0.19, 0.28), (0.30, 0.31), (0.39, 0.40), and (0.51, 0.44),
respectively, indicating pure blue, blue, light blue, bluish-white, white, warm white, and
warm yellow. The white (red dot in Figure 11H) and warm white model WLED correspond
to 2.0 mm and 2.5 mm film thicknesses. The above results show that the WLEDs based on
PEI@CNDs have the potential to be widely used as high-performance light sources [87].
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4. Conclusions

In summary, the PEI@CNDs with unique excitation- and concentration-dependent
PL properties were synthesized by a one-pot hydrothermal approach. The morphology,
structure, surface chemistry, optical properties, and stability of the PEI@CNDs were probed
in detail. The PEI@CNDs contain 67.12% C, 17.74% N, and 15.14% O. The experimental
results proved that L-Glu and PEI could be linked to the CNDs in one step, which makes
the CNDs process rich amnio groups. At low concentrations (0.1 mg/mL and 0.2 mg/mL),
the excitation-independent blue PL behavior is mainly caused by the carbon core of the
PEI@CNDs, and the excitation-dependent PL of the PEI@CNDs originates from the surface
states caused by the hybridization of the carbon core and connected chemical groups. The
as-prepared PEI@CNDs have excellent photophysical stability. At room temperature, the
PL intensities are near to 90% of the maximum PL intensity. The PEI@CNDs have excellent
photobleaching resistance to UV light and its PL spectra show slight changes within a wide
pH range (4–10), showing good pH tolerance in both neutral and alkaline environments.
Furthermore, the as-prepared PEI@CNDs could be stored stably for at least 60 days. As
the concentration of the PEI@CNDs increases from 1 mg/mL to 10.0 mg/mL, the UV–Vis
absorption around 350 nm exhibit a significant increase, and the absorption peaks become
broad for the aggregation of the PEI@CNDs with concentration increase. The PL colors
show blue, cyan, green, and greenish-yellow. The blue emission decreased or quenched;
however, the green emission increased with concentration increase. At 10.0 mg/mL, the
strongest PL spectrum was acquired at 460 nm excitation, and the emission peak is at 525
nm. By confocal fluorescence images, time-resolved spectra, and energy band calculation,
the mechanisms of the quenched blue emission and enhanced green emission are mainly
attributed to the aggregated-related IFE, ET, and surface states.

By mixing 10.0 mg/mL of PEI@CNDs with polymer PVA and using light-conversion
films of PVA containing PEI@CNDs to combine with the blue LEDs to construct WLEDs
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with white and warm white emissions, the color coordinates of (0.30, 0.31) and (0.39, 0.40)
could be obtained.

In summary, this work provides a simple method for the preparation of PEI@CNDs
with aggregated luminescence properties, which can be used to obtain tunable PL spectra.
The excellent optical stability of the PEI@CNDs shows good promise in bioimaging. Our
results proved that the PEI@CNDs can be used in WLED construction, and they show great
potential in the field of optoelectronics.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/photonics10030262/s1, Figure S1: The absorption and
PL spectra of PEI@CNDs and Rhodamine B at 360 nm Excitation; Table S1: The relevant data to
calculate the QY of PEI@CNDs; Figure S2: Confocal fluorescence images of 1.0 mg/mL PEI@CNDs
solutions with single laser excitation; Figure S3: The experimental and fitting time-resolved PL decay
curves of PEI@CNDs solutions at different concentrations; Figure S4. (A) UV-vis absorption spectra
and (B) PL spectra of fluorescent films with thicknesses of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 mm.
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