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Abstract: Luminescent composites based on entirely non-toxic, environmentally friendly compounds are
in high demand for a variety of applications in photonics and optoelectronics. Carbon dots are a recently
developed kind of luminescent nanomaterial that is eco-friendly, biocompatible, easy-to-obtain, and
inexpensive, with a stable and widely tunable emission. Herein, we introduce luminescent composites
based on carbon dots of different chemical compositions and with different functional groups at the
surface which were embedded in a nanoporous silicate glass. The structure and optical properties of
these composites were comprehensively examined using electron microscopy, Fourier transform infrared
transmission, UV-Vis absorption, and steady-state and time-resolved photoluminescence. It is shown
that the silicate matrix efficiently preserved, and even enhanced the emission of different kinds of carbon
dots tested. The photoluminescence quantum yield of the fabricated nanocomposite materials reached
35–40%, which is comparable to or even exceeds the values for carbon dots in solution.

Keywords: composite materials; carbon dots; nanoporous silicate glass; photoluminescence

1. Introduction

Luminescent carbon dots (CDs) are being extensively studied due to their attractive optical
properties, simple fabrication methods and perspectives for bio- and photonic applications [1,2]. CDs
can be thought of as colloidal nanoparticles with emissive centers incorporated into the carbon-based
core, typically with sizes below 10 nm, and with different chemical functional groups at the surface.
The nature of emission centers of CDs strongly depends on their chemical composition and, hence,
precursors used during their synthesis [3]; they may originate from polycyclic aromatic hydrocarbon
(PAH) [4,5], organic dyes [6,7], or heteroatom-containing groups [8,9], which are located within the

Nanomaterials 2020, 10, 1063; doi:10.3390/nano10061063 www.mdpi.com/journal/nanomaterials

http://www.mdpi.com/journal/nanomaterials
http://www.mdpi.com
https://orcid.org/0000-0003-0182-2818
https://orcid.org/0000-0002-8615-8268
https://orcid.org/0000-0002-9976-8532
http://www.mdpi.com/2079-4991/10/6/1063?type=check_update&version=1
http://dx.doi.org/10.3390/nano10061063
http://www.mdpi.com/journal/nanomaterials


Nanomaterials 2020, 10, 1063 2 of 12

CD core and/or at their surface [10,11]. By changing the type of precursors employed in the synthesis
of CDs and varying the solvents and pH of the reaction medium, the chemical composition of both
the core and the surface of the CDs can be adjusted [12–15]. Thus, for CDs synthesized from one of
the most common precursors, citric acid, their surface is rich with C=O, –OH, and –COOH groups.
There are several advantages of CDs as compared to organic dyes, namely higher photostability and
resistance to photobleaching [16–18]. Different from widely studied semiconductor quantum dots such
as CdSe and PbSe, which include toxic heavy metals, CDs are non-toxic and thus more suitable for use
in biological systems [2,19–23].

For use in photonics and optoelectronics, the availability of solid-state composites based on luminescent
CDs is in high demand; such luminescent composite materials have already been implemented for data
encryption [24–26], in light-emitting diodes (LEDs) [24,27–30], and in luminescent solar concentrators [31].
However, photoluminescence (PL) properties of CDs may alter significantly on transition from solution to
solid-state: both the PL profile and intensity may experience undesirable changes [32], even up to complete
quenching [30,33]. Similar to other chromophores, the physical origin behind these changes is determined
by self-quenching and/or non-radiative energy transfer within aggregated nanoparticles [34,35]. Therefore,
there is an on-going search for suitable matrices which can be conveniently used for the formation of solid
composite materials with CDs, and at the same time can preserve or even enhance their PL properties.
The host materials include polymers [24,28,36,37], silica [25,30,38–40], zeolites [41], potash alum [42],
starch [43], etc. For use in photonic and light-converting devices, matrices should be transparent in the
visible range, which is achieved for the polymers and glasses. The use of polymer matrices also led to
phosphorescent composites with a long lifetime in their excited state [24,36,37]. Ren et al. [44] fabricated
highly luminescent CD-based glasses with a high PL quantum yield (QY) of ~40%. The use of polyvinyl
butyral as a matrix made it possible to prevent the self-quenching of CDs, which were then used for
white LEDs [45]. Sargent’s group [27] fabricated blue LEDs based on CDs incorporated into poly(N-vinyl
carbazole) matrix, with a high electroluminescence QY of 4%. Other popular host matrices for CDs are
inorganic silicon-based glasses, for which PL QYs as high as 70% were reported [40]. It was shown that
phosphorescent composites can be formed via covalent bonding of CDs with silica matrices [25,38].

Despite the intense research in this field, there is still a lack of knowledge about the interactions
between silica glasses and different kinds of CDs, and there is still plenty of room in the search for
suitable and universal matrices for preserving and even enhancing the optical properties of CDs. In this
work, we developed the fabrication method towards luminescent composites based on CDs embedded
in a nanoporous silicate glass (NSG), by employing the capillary method. To demonstrate that this
matrix is indeed universal and is suitable for infiltration of different types of CDs, we used CDs prepared
from various chemical precursors using the solvothermal method with different molecular groups at
the surface. A thorough comparison of the optical properties of resulting CD@NSG composites with
colloidal dispersions of CDs showed that the use of NSG as a host matrix indeed resulted in the perfect
preservation, or even enhancement of the emission of CDs. These findings are of importance for the
future design of active materials based on CDs for photonic devices.

2. Materials and Methods

2.1. Experimental Setup

Absorption and photoluminescence (PL) spectra were collected on a spectrophotometer UV-3600
(Shimadzu, Kyoto, Japan) and on spectrofluorometers FP-8200 (Jasco, Tokyo, Japan) and FLS920P
(Edinburgh Instruments, Livingston, UK), respectively. PL QY was measured with an integrating
sphere (Labsphere, North Sutton, NH, US), using a 405 nm diode laser as an excitation source. Fourier
transform infrared (FTIR) spectra were collected on an infrared spectrophotometer Tenzor II (Bruker,
Billerica, MA, US). Scanning electron microscopy (SEM) images were collected on a Merlin instrument
(Zeiss, Oberkochen, Germany). Optical imaging has been performed on a confocal microscope
LSM-710 (Zeiss, Oberkochen, Germany) equipped with 20× objective (NA = 0.4) and a 405 nm
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diode laser as an excitation source. Time-resolved PL measurements were performed on a confocal
microscope MicroTime 100 (PicoQuant, Berlin, Germany) equipped with 100× objective (NA = 0.95)
or 3× objective (NA = 0.1), and a 405 nm pulsed diode laser. PL decay curves were fitted by a
biexponential function: I(t) = I0 + A1e−t/τ1 + A2e−t/τ2 . The average PL lifetime has been calculated
as 〈τ〉 =

∑
Aiτi

2/
∑

Aiτi.

2.2. CDs Synthesis

Two kinds of CDs with emission in blue and green spectral region, subsequently denoted as CD-1
and CD-2, were chosen for the formation of composite materials. CD-1 and CD-2 were synthesized by
the solvothermal method described elsewhere [4,10]. Briefly, for CD-1, 1.05 g of citric acid and 335
µL of ethylenediamine were dissolved in 10 mL of water to form a transparent solution. For CD-2,
1.0 g of citric acid and 2.0 g of urea were dissolved in 10 mL of dimethylformamide (DMF). Each
solution was heated up in a Teflon-lined autoclave at 160 ◦C for 6 h. After cooling down to room
temperature, the solutions were transferred into a dialysis bag (molecular weight cut-off: 14000) and
dialyzed against deionized water for 1 day. After dialysis, the CD solutions were concentrated to
~25 mg mL−1 and stored at ambient conditions. According to literature reports, the size of CD-1 is in
the range of 2–5 nm [4,46], and that of CD-2 is in the range of 4–10 nm [47].

Alongside CD-1 and CD-2, another two types of CD samples were synthesized, denoted as CD-3
and CD-4. To produce CD-3, 1 g of phloroglucinol has been used as a carbon source, which was
dissolved in a 10 mL mixture of DMF and N-methylformamide (1/1 by volume), followed by heating
for 6 h at 160 ◦C in an autoclave. CD-4 were obtained by dissolving 1 g of phloroglucinol and 2 g of
thiourea in a 10 mL mixture of DMF and N-methylformamide (1/1 by volume), followed by heating for
6 h at 190 ◦C in an autoclave. After cooling down to room temperature, the solutions were purified
from unreacted precursors and molecular fluorophores by the same dialysis procedure as for CD-1
and CD-2.

2.3. Fabrication of CD@NSG Composites

Porous NSG matrices were fabricated by leaching of sodium-borosilicate glasses as reported in
Ref. [48], followed by their annealing at 550 ◦C in the ambient atmosphere. According to the results
of nitrogen porosimetry, the specific surface area and the pore volume of the NSG were 62 m2 g−1

and 0.15 cm3 g−1, respectively. An adsorption-structural analysis was made with an ASAP 2020
analyzer (Micromeritics, Communications Drive Norcross, GA, US) at a temperature of 77 K, in which
the specific surface area was calculated by the Brunauer–Emmett–Teller method and the pore size
distribution was found by the Barrett–Joyner–Halenda method. Average pore size was estimated
as 9.3 ± 2.2 nm with the total pore volume of ~15%. The procedure of the impregnation of the NSG
matrix with CDs is shown in Scheme S1 (Supplementary Materials). Immediately before impregnation,
NSG was annealed in a vacuum oven at 200 ◦C for 1.5 h, and cooled down to room temperature
under ambient conditions. A piece of NSG was completely covered by a droplet of CD solution,
which was infiltrated into NSG’s pores by capillary force. Then, the solvent was gently removed by
evaporation in an electric stove at 50 ◦C, and the composites designated hereafter as CD@NSG were
obtained. Similarly, NSG samples impregnated with organic molecules instead of CDs were fabricated
for reference, and were designated as AA@NSG and C@NSG, where AA stands for 2-aminoacridone
and C stands for coronene molecules, respectively.

3. Results and Discussion

As already mentioned above, by varying the type of precursors used in the synthesis, different
kinds of CDs with variable optical properties and surface chemical composition can be obtained.
In Figure 1, Fourier transform infrared (FTIR) spectra of CD-1 and CD-2 are shown. The most intense
bands observed in FTIR spectra at 1660–1500 cm−1 for both CDs samples are attributed to carboxylic
acid derivatives, namely amide bands of R–N/C=O groups, shown by the green area in Figure 1.
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The higher frequency absorption band (amide I) is attributed to the C=O stretching mode, while the
band with lower frequency (amide II) is due to N-H bending. The positions of these two bands suggest
that the CD-1 surface contains mostly secondary amides, while the CD-2 surface contains mostly
primary amides. This is also supported by comparing the intensity of N-H stretching bands in the
3100–3300 cm−1 region, which are more pronounced for the CD-2 sample. The FTIR spectrum of
CD-1 has a set of peaks corresponding to C–O stretching: 1700 and 1240 cm−1 can be attributed to the
carboxyl group, 1290 and 1180 cm−1—to C(=O)–O, and 1050 cm−1—bending vibration of C–O–C [49].
The band at 1180 cm−1 can also belong to the aliphatic C-N stretching. The peak at 1100 cm−1 can be
associated with C-N-H stretching in the ring. A broad band at 3300 cm−1 is typical for H-bonding
(polymeric hydrogen-bonded envelope). Similar set of peaks in FTIR spectra was observed for CDs
synthesized from citric acid and ethylenediamine [4,6,50], where those bands were attributed to both
C–O groups and aromatic structures of molecular fluorophores. X-ray photoelectron spectroscopy
(XPS) study revealed the abundance of carboxylic and hydroxyl groups together with nitrogen doping
of the CD’s core [4,6,50]. The FTIR spectrum of CD-2 has peaks at 1450, 1405, and 1090 cm−1 which can
be attributed to the C-N stretching mode. The peaks at 1260 and 1060 cm−1 can be associated with
C–O bonds [49] in phenol compounds, or =C–O–C groups and bending vibration of C–O–C groups
indicating the presence of carbohydrates, respectively. According to XPS measurements reported in
Refs. [51,52], which were performed on CDs produced from citric acid and urea, they contain C–C,
C=C, C–N, and less C–O groups, with a significant amount of pyrrolic and graphitic nitrogen atoms.
Thus, it can be inferred that the surface of CD-1 is rich in C–O and –OH groups, whereas the surface of
CD-2 mostly has N-H and C–H groups, as exemplified in Figure 1c,d, respectively.
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Figure 1. FTIR spectra with respective chemical bond assignments for (a) CD-1 and (b) CD-2. Schematic
presentations of the surface functional groups for CD-1 and CD-2 are provided in (c,d), respectively.
The color used for the CD cores represent their emission; graphitic and pyrrolic nitrogen atoms in the
carbon network (shown in black) are given as red and blue circles, respectively.

In Figure 2a,b, absorption, PL and PL excitation (PLE) spectra of CD-1 and CD-2 are shown,
respectively. PLE spectra were monitored at CD’ PL maxima, namely at 450 nm for CD-1 and at
500 nm for CD-2. CD-1 has one major absorption band at 350 nm, which is perfectly coinciding with
the PLE peak and can be attributed to the n-π* optical transition. PL spectrum of CD-1 is centered
at 450 nm when excited at 350 nm, with a full width at half maximum (FWHM) of 80 nm and PL
QY of 34%. The emission of these CDs is excitation dependent, with PL peak shifting from 440 to
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460 and 500 nm when the excitation changes from 350 to 405, and 450 nm, respectively, along with a
decrease of PL intensity. In contrast to CD-1, the absorption spectrum of CD-2 contains three peaks at
340, 420, and 570 nm, which can be attributed to the more complex CD structure, including different
types of nitrogen doping of CD core [53,54], amino functionalized surface [55], and presence of organic
moieties, such as 4-hydroxy-1H-pyrrolo [3,4-c]pyridine-1,3,6(2H,5H)-trione, as claimed in Ref. [7].
The PL band excited at 350 nm is centered at 470 nm, with a FWHM of 154 nm and PL QY of 17%.
PLE peak position monitored at 500 nm is located at 420 nm and corresponds to the n-π* optical
transition as well. The excitation-emission dependence for CD-2 is even more pronounced than for
CD-1: the PL peak shifts from 470 to 530 nm when excitation is changed in the range from 350 to
450 nm, and FWHM decreases from 155 to 85 nm with the excitation wavelength. For excitation above
500 nm, the PL intensity of CD-2 drops significantly. Thus, the difference in optical transitions of these
two CD samples can be ascribed to the different degree of nitrogen doping of the core and presence of
molecular groups at CD’s surface, which according to literature reports results in a redshift of both
absorptions and emission transitions [53–55].
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Figure 2. Optical characteristics of (a) CD-1 in water, (b) CD-2 in methanol, (c) coronene (C) in toluene,
and (d) 2-aminoacridone (AA) in DMF. Absorption spectra are presented in red; PLE spectra (monitored
at 450 nm in (a), and at 500 nm in (b)) are presented in orange; PL spectra excited at 350 nm are provided
in blue. Chemical structures of C and AA molecules are provided on the respective frames.

To understand how interactions between the CD’s and matrix’s surface groups affect the optical
properties of composites, organic molecules with different molecular structures and emission were
chosen as reference samples. Coronene (abbreviated as C) is an example of a polycyclic aromatic
hydrocarbon (PAH), which is a nonpolar, lipophilic molecule emitting in the blue region. According to
the literature [4,5,10,46], PAH have been identified as light-emitting units of CDs. In Ref. [4], it was
shown that the emission of CDs can be presented as a sum of PL spectra from the PAH molecules of
different size. In Ref. [10], it was shown that those PAH molecules and their derivatives are located
in the amorphous carbon network forming CD. The second organic molecule (2-aminoacridone,
abbreviated as AA) is a green-emitting organic dye containing both primary and secondary amines as
well as ketone groups, which can interact with each other and with the matrix. The chemical structures
of coronene and AA molecules, and their absorption and PL spectra measured in good solvents toluene
and DMF, respectively are provided in Figure 2c,d. The absorption and PL spectra of coronene contain
a set of multiple peaks typical for aromatic molecules [56], with the main PL maximum centered at
450 nm, and an envelope FWHM of 65 nm. The absorption spectrum of 2-aminoacridone contains
peaks at 350 and 435 nm; its PL spectrum is centered 515 nm with FWHM of 70 nm.

SEM image of the CD-1@NSG composite taken from the edge view demonstrates porous structure
of NSG (Figure 3a). An overlay of microscopic images of this composite collected in transmission and
luminescent channels (Figure 3b) confirms that the CDs are distributed evenly within the NSG volume.
Figure 3c shows that composites have different transparency, with an optical density decreasing in the
series of the samples AA@NSG, CD-1@NSG, CD-2@NSG, and C@NSG. This observation suggests the
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difference of the penetration rate and the resulting concentration of luminophores (CDs and dyes),
inside the NSG volume. This can be related to the overall surface charge of the NSG pore surface and
different types of surface molecular groups on the CDs or dyes employed. CD@NSGs composites were
rather transparent over the visible spectral range from 450 to 800 nm, with an optical density less than
0.1 at the absorption peak for the NSG matrix as thick as 1–1.5 mm.
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Figure 3d demonstrates that all four CD@NSG and dye@NSG composites possess bright emission,
which is strikingly different from the weakly luminescent film samples obtained by a drop-casting
of CD-1 solutions onto the glass slides, as shown in Figure S1 in Supplementary Materials. In the
latter case, CDs were assembled in dense-packed ensembles during the solvent evaporation, with a
formation of characteristic “coffee rings” and strong accompanying PL quenching [57–59]. The optical
parameters of CD@NSG composites, compared with those of CDs solutions, are summarized in Table 1,
which also provides calculated average PL lifetimes. For the CD-1@NSG, the absorption spectrum was
very much similar to the one of CD-1 in solution (Figure 4a), with some relative increase of optical
density in the 400–550 nm region. At the same time, the radiative transitions underwent noticeable
changes: from the PLE-PL maps shown in Figure 4b,c, it can be seen that the contribution of surface
states in the 400–500 nm spectral region to the emission increased, which well coincided with the
change of the absorption spectra. The PL band of CD-1@NSG shifted from 450 to 510 nm and became
broader, showing a stronger excitation dependence compared to the CD-1 solution. This shift of
emission from blue to the green spectral region is similar to CDs synthesized from polyacrylic acid
and ethylenediamine with –COOH groups on the CD’s surface and then covered by the silica [38].
In the case of CD-2@NSG, the absorption spectrum had two shoulders at 340 and 430 nm, which
are related to absorption peaks of the CD-2 solution, and an additional peak at 480 nm (Figure 4d).
Comparison of the PLE-PL maps (Figure 4e,f) of the CD-2 solution and CD-2@NSG shows that the PL
intensity of composite material increased in the 420–460 nm spectral region, with a more pronounced
excitation-dependence of the PL spectrum as was observed for CD-1@NSG. The PLE spectrum of
CD-2@NSG showed gradual decrease of the intensity upon increasing wavelength (Figure 4d,f).
A subtle shift of 10 nm of the PL peak position with increased FWHM from 90 to 115 nm of CD-2@NSG
compared to the CD-2 solution agreed well with the reported composite material based on CDs with
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amine-rich surface [25], where it was shown that the PL spectrum of composite material in the green
spectral region almost coincided with the pristine CDs.
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We then analyzed optical spectra of composite samples based on the two dye molecules, AA
and C. The optical parameters of AA@NSG drastically changed as compared with solution sample:
both absorption and PL bands blue-shifted by 30–40 nm together with a significant decrease in PL
intensity (Figure S2, Supplementary Materials). As for the C@NSG composite, the absorption and PL
band positions remained the same, but with a decreased PL intensity, suggesting that the coronene
molecules did not interact with the charged surface of NSG. The PL QYs decreased to 2% for both
AA and C molecules embedded in NSG, which may be due to aggregation of those smaller molecules
inside the NSG pores, which is expected would lead to the emission quenching [35,60,61]. This effect
was even more pronounced for the AA@NSG composite, where it may additionally be caused by
formation of H-aggregates, resulting in the observed blueshift of the emission band (Figure S2c).

Table 1. Optical parameters of CD-1 and CD-2 samples in solution and in NSG.

Sample Abs Peak Position, nm PL Peak Position, nm PL Lifetime, ns PL QY, %

solution @NSG solution @NSG solution @NSG Solution ex.
at 350 nm

@NSG ex.
at 405 nm

CD-1 350 ± 2 360 ± 5 450 ± 2 510 ± 5 12.3 ± 0.5 7.5 ± 0.5 34 ± 1 35 ± 5

CD-2 430 ± 2 430 ± 5 500 ± 2 510 ± 5 8.4 ± 0.5 8.7 ± 0.5 17 ± 1 40 ± 5

We then analyzed and compared PL QYs and the average PL lifetimes of the two CD-based
composites and their respective CDs in solutions. The PL lifetime of the CD-1 decreased from 12.3 ns
in aqueous solution to 7.5 ns in NSG, while their PL QYs were almost the same, 34–35% (Table 1).
PL lifetimes of CD-1 in solution and in NSG had their maximal value observed at positions of the
respective PL peaks (Figure S3, Supplementary Materials), which means that the spectral dependence
of PL lifetimes almost coincided with their PL spectral profile. For CD-2@NSG, no significant changes
in optical parameters were observed (Table 1), while PL QYs of CD-2 has increased almost 2-fold—from
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17% in solution to 40% in the NSG. This could be due to interactions of positively charged groups on the
CD-2 surface, –NH2 (Figure 1d), with the negatively charged pore’s surface of NSG, as was reported in
Ref. [62] for a similar NSG, resulting in an increased PL QY. This is also in good agreement with the
reported observations from Ref. [36] for the same type of CDs embedded in PVA films: the PL QY
increased almost 3 times with respect to the CD aqueous solution, which was explained by the successful
passivation of the nonradiative defect states and CDs surface. Since CDs are complicated objects, no
obvious relation between their PL lifetime and PLQY was observed. This fact can be explained by
taking into account a possible energy transfer both between luminescent centers within one CD and
between CDs in the glass pores, and interaction of CD surface groups with the matrix. It has previously
been shown that silica matrix can protect CDs from self-quenching and external quenching [34,63].
At the same time, in Ref. [38] it was shown that the increase of PLQY was accompanied with a slight
decrease of PL lifetime, which was ascribed to the formation of C–O–Si bonds in a silica matrix, which
passivated the CD surface. This possible scenario is in agreement with the findings of our FTIR analysis
(Figure 1), which shows that CD with different surface groups, namely carboxyl and amino groups,
interact with silica matrix differently, which affects the optical properties of their composites.

To further demonstrate that the fabrication procedure of luminescent composite materials is indeed
universal for different types of CDs and can be conducted from different solvents, we synthesized two
other kinds of CD samples. CD-3 was synthesized from phloroglucinol in a solvent mixture of DMF
and methylformamide, while CD-4 was produced from a mixture of phloroglucinol and thiourea in the
same solvent mixture. The optical spectra of these CDs in their respective solutions are given in Figure
S4 in the Supplementary Materials. From the analysis of their FTIR spectra (Figure S5, Supplementary
Materials), the synthesized CDs possessed different molecular groups on their surface: the CD-3
surface was rich with –CH3, –OH, and amide groups, while the CD-4 surface also contained –NH,
C=O, and C=S groups. Both samples also showed a broad band at 3100 cm−1, which is attributed to
H-bonding. Optical properties of CD embedded into the NSG, such as the absorption and PL peak
positions, were well preserved (Figure S6, Supplementary Materials). Importantly, PL signal of all
the 4 studied CD@NSG composites remained stable for several months, with only a slight decrease in
PL intensity.

4. Conclusions

In conclusion, we have developed a fabrication procedure for luminescent composites based on
different types of CDs embedded into nanoporous silicate glass. In a stark contrast to the quenched
emission of CD films drop-casted directly onto glass slides, the photoluminescence properties of
CDs were preserved while embedding them into the glass matrix. The PL QY of the fabricated
nanocomposite materials reached 35–40%, which is comparable to or even exceeds the PL QY of CDs
in solution. We showed that the developed protocol is suitable for the CDs synthesized from different
precursors and, hence, having different functional groups at the surface. We also revealed that the
incorporation of organic dyes into the matrix, in contrast to CDs, led to significant quenching of PL,
presumably due to the aggregation of smaller dye molecules inside NSG pores. It is worth noting that
CD-based composite samples possessed a broad emission spectrum with FWHM of up to 150 nm,
which can be advantageous for their implementation as an active medium in white LEDs. These
findings are of great importance for the further development of photonic and optoelectronic devices
based on CDs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/6/1063/s1.
Materials; Scheme S1: Fabrication of composites based on CDs infiltrated into the NSG matrices; Figure S1:
Photographs of CD-1 drop-casted on a glass slide; Figure S2: Absorption and PL spectra of 2-aminoacridone and
coronene measured in solution and in NSG; Figure S3: PL spectra and average PL lifetimes of CD-1 in solution
and embedded into NSG; Figure S4: Optical characteristics of CD-3 and CD-4 in methanol; Figure S5: FTIR spectra
of CD-3 and CD-4; Figure S6: Absorption and PL spectra of CD-3 and CD-4 in solution and embedded into NSG.
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7. Kasprzyk, W.; Świergosz, T.; Bednarz, S.; Walas, K.; Bashmakova, N.V.; Bogdał, D. Luminescence phenomena
of carbon dots derived from citric acid and urea—A molecular insight. Nanoscale 2018, 10, 13889–13894.
[CrossRef]

8. Vallan, L.; Urriolabeitia, E.P.; Ruipérez, F.; Matxain, J.M.; Canton-Vitoria, R.; Tagmatarchis, N.; Benito, A.M.;
Maser, W.K. Supramolecular-Enhanced Charge Transfer within Entangled Polyamide Chains as the Origin
of the Universal Blue Fluorescence of Polymer Carbon Dots. J. Am. Chem. Soc. 2018, 140, 12862–12869.
[CrossRef]

9. Zhu, S.; Song, Y.; Shao, J.; Zhao, X.; Yang, B. Non-Conjugated Polymer Dots with Crosslink-Enhanced
Emission in the Absence of Fluorophore Units. Angew. Chemie Int. Ed. 2015, 54, 14626–14637. [CrossRef]

10. Stepanidenko, E.A.; Arefina, I.A.; Khavlyuk, P.D.; Dubavik, A.; Bogdanov, K.V.; Bondarenko, D.P.;
Cherevkov, S.A.; Kundelev, E.V.; Fedorov, A.V.; Baranov, A.V.; et al. Influence of the solvent environment on
luminescent centers within carbon dots. Nanoscale 2020, 12, 602–609. [CrossRef]

11. Reckmeier, C.J.; Wang, Y.; Zboril, R.; Rogach, A.L. Influence of Doping and Temperature on Solvatochromic
Shifts in Optical Spectra of Carbon Dots. J. Phys. Chem. C 2016, 120, 10591–10604. [CrossRef]

12. Jiang, K.; Sun, S.; Zhang, L.; Lu, Y.; Wu, A.; Cai, C.; Lin, H. Red, Green, and Blue Luminescence by Carbon
Dots Full-Color Emission Tuning and Multicolor Cellular Imaging. Angew. Chem. Int. Ed. 2015, 54, 5360–5363.
[CrossRef] [PubMed]

13. Lu, S.; Cong, R.; Zhu, S.; Zhao, X.; Liu, J.; S.tse, J.; Meng, S.; Yang, B. PH-Dependent Synthesis of Novel
Structure-Controllable Polymer-Carbon NanoDots with High Acidophilic Luminescence and Super Carbon
Dots Assembly for White Light-Emitting Diodes. ACS Appl. Mater. Interfaces 2016, 8, 4062–4068. [CrossRef]
[PubMed]

14. Qu, D.; Miao, X.; Nie, B.; Sun, Z.; Fan, H.; Zhao, Y.; Yang, D. Synthesis of Carbon Dots with Multiple Color
Emission by Controlled Graphitization and Surface Functionalization. Adv. Mater. 2017, 30, 1704740.

15. Bai, J.; Ma, Y.; Yuan, G.; Chen, X.; Mei, J.; Zhang, L.; Ren, L. Solvent-controlled and solvent-dependent
strategies for the synthesis of multicolor carbon dots for pH sensing and cell imaging. J. Mater. Chem. C 2019,
7, 9709–9718. [CrossRef]

http://dx.doi.org/10.3390/c5040071
http://dx.doi.org/10.1016/j.nantod.2014.09.004
http://dx.doi.org/10.1364/OE.24.00A312
http://www.ncbi.nlm.nih.gov/pubmed/26832584
http://dx.doi.org/10.1021/acs.nanolett.5b02215
http://dx.doi.org/10.1039/C7RA04421F
http://dx.doi.org/10.1021/acs.jpcc.6b12519
http://dx.doi.org/10.1039/C8NR03602K
http://dx.doi.org/10.1021/jacs.8b06051
http://dx.doi.org/10.1002/anie.201504951
http://dx.doi.org/10.1039/C9NR08663C
http://dx.doi.org/10.1021/acs.jpcc.5b12294
http://dx.doi.org/10.1002/anie.201501193
http://www.ncbi.nlm.nih.gov/pubmed/25832292
http://dx.doi.org/10.1021/acsami.5b11579
http://www.ncbi.nlm.nih.gov/pubmed/26791442
http://dx.doi.org/10.1039/C9TC02422K


Nanomaterials 2020, 10, 1063 10 of 12

16. Wei, W.; Xu, C.; Wu, L.; Wang, J.; Ren, J.; Qu, X. Non-enzymatic-browning-reaction: A versatile route for
production of nitrogen-doped carbon dots with tunable multicolor luminescent display. Sci. Rep. 2014, 4,
1–7. [CrossRef]

17. Tao, H.; Yang, K.; Ma, Z.; Wan, J.; Zhang, Y.; Kang, Z.; Liu, Z. In vivo NIR fluorescence imaging, biodistribution,
and toxicology of photoluminescent carbon dots produced from carbon nanotubes and graphite. Small 2012,
8, 281–290. [CrossRef]

18. Xiong, Y.; Schneider, J.; Reckmeier, C.J.; Huang, H.; Kasák, P.; Rogach, A.L. Carbonization conditions
influence the emission characteristics and the stability against photobleaching of nitrogen doped carbon
dots. Nanoscale 2017, 9, 11730–11738. [CrossRef]

19. Su, W.; Wu, H.; Xu, H.; Zhang, Y.; Li, Y.; Li, X.; Fan, L. Carbon dots: A booming material for biomedical
applications. Mater. Chem. Front. 2020, 4, 821–836. [CrossRef]

20. Zhu, S.; Meng, Q.; Wang, L.; Zhang, J.; Song, Y.; Jin, H.; Zhang, K.; Sun, H.; Wang, H.; Yang, B. Highly
Photoluminescent Carbon Dots for Multicolor Patterning, Sensors, and Bioimaging. Angew. Chem. Int. Ed.
2013, 52, 3953–3957. [CrossRef]

21. Teradal, N.L.; Jelinek, R. Carbon Nanomaterials in Biological Studies and Biomedicine. Adv. Healthc. Mater.
2017, 6, 1700574. [CrossRef] [PubMed]

22. Ding, H.; Yu, S.-B.; Wei, J.-S.; Xiong, H.-M. Full-Color Light-Emitting Carbon Dots with a Surface-State-
Controlled Luminescence Mechanism. ACS Nano 2016, 10, 484–491. [CrossRef]

23. Bhaisare, M.L.; Talib, A.; Khan, M.S.; Pandey, S.; Wu, H.-F. Synthesis of fluorescent carbon dots via
microwave carbonization of citric acid in presence of tetraoctylammonium ion, and their application to
cellular bioimaging. Microchim. Acta 2015, 182, 2173–2181. [CrossRef]

24. Li, Q.; Zhou, M.; Yang, Q.; Wu, Q.; Shi, J.; Gong, A.; Yang, M. Efficient room-temperature phosphorescence
from nitrogen-doped carbon dots in composite matrices. Chem. Mater. 2016, 28, 8221–8227. [CrossRef]

25. Jiang, K.; Wang, Y.; Cai, C.; Lin, H. Activating Room Temperature Long Afterglow of Carbon Dots via
Covalent Fixation. Chem. Mater. 2017, 29, 4866–4873. [CrossRef]

26. Li, W.; Zhou, W.; Zhou, Z.; Zhang, H.; Zhang, X.; Zhuang, J.; Liu, Y.; Lei, B.; Hu, C. A Universal Strategy for
Activating the Multicolor Room-Temperature Afterglow of Carbon Dots in a Boric Acid Matrix. Angew. Chem.
2019, 131, 7356–7361. [CrossRef]

27. Yuan, F.; Wang, Y.K.; Sharma, G.; Dong, Y.; Zheng, X.; Li, P.; Johnston, A.; Bappi, G.; Fan, J.Z.; Kung, H.; et al. Bright
high-colour-purity deep-blue carbon dot light-emitting diodes via efficient edge amination. Nat. Photonics
2020, 14, 171–176. [CrossRef]

28. Chen, B.; Feng, J. White-light-emitting polymer composite film based on carbon dots and lanthanide
complexes. J. Phys. Chem. C 2015, 119, 7865–7872. [CrossRef]

29. Wang, Z.; Yuan, F.; Li, X.; Li, Y.; Zhong, H.; Fan, L.; Yang, S. 53% Efficient Red Emissive Carbon Quantum
Dots for High Color Rendering and Stable Warm White-Light-Emitting Diodes. Adv. Mater. 2017, 29, 1702910.
[CrossRef]

30. Wang, J.; Zhang, F.; Wang, Y.; Yang, Y.; Liu, X. Efficient resistance against solid-state quenching of carbon
dots towards white light emitting diodes by physical embedding into silica. Carbon N. Y. 2018, 126, 426–436.
[CrossRef]

31. Zdražil, L.; Kalytchuk, S.; Hola, K.; Petr, M.; Zmeškal, O.; Kment, S.; Rogach, A.; Zboril, R. Carbon dot–based
tandem luminescent solar concentrator. Nanoscale 2020, 12, 6664–6672. [CrossRef] [PubMed]

32. Papaioannou, N.; Marinovic, A.; Yoshizawa, N.; Goode, A.E.; Fay, M.; Khlobystov, A.; Titirici, M.-M.;
Sapelkin, A. Structure and solvents effects on the optical properties of sugar-derived carbon nanodots.
Sci. Rep. 2018, 8, 6559. [CrossRef] [PubMed]

33. Chen, Y.; Zheng, M.; Xiao, Y.; Dong, H.; Zhang, H.; Zhuang, J.; Hu, H.; Lei, B.; Liu, Y. A Self-Quenching-
Resistant Carbon-Dot Powder with Tunable Solid-State Fluorescence and Construction of Dual-Fluorescence
Morphologies for White Light-Emission. Adv. Mater. 2016, 28, 312–318. [CrossRef] [PubMed]

34. Liu, C.; Bao, L.; Tang, B.; Zhao, J.Y.; Zhang, Z.L.; Xiong, L.H.; Hu, J.; Wu, L.L.; Pang, D.W.
Fluorescence-Converging Carbon Nanodots-Hybridized Silica Nanosphere. Small 2016, 12, 4702–4706.
[CrossRef]

35. Lakowicz, J.R. Principles of Fluorescence Spectroscopy; Springer Science & Business Media: Baltimore, MD,
USA, 2006; ISBN 0387312781.

http://dx.doi.org/10.1038/srep03564
http://dx.doi.org/10.1002/smll.201101706
http://dx.doi.org/10.1039/C7NR03648E
http://dx.doi.org/10.1039/C9QM00658C
http://dx.doi.org/10.1002/anie.201300519
http://dx.doi.org/10.1002/adhm.201700574
http://www.ncbi.nlm.nih.gov/pubmed/28777502
http://dx.doi.org/10.1021/acsnano.5b05406
http://dx.doi.org/10.1007/s00604-015-1541-5
http://dx.doi.org/10.1021/acs.chemmater.6b03049
http://dx.doi.org/10.1021/acs.chemmater.7b00831
http://dx.doi.org/10.1002/ange.201814629
http://dx.doi.org/10.1038/s41566-019-0557-5
http://dx.doi.org/10.1021/acs.jpcc.5b00208
http://dx.doi.org/10.1002/adma.201702910
http://dx.doi.org/10.1016/j.carbon.2017.10.041
http://dx.doi.org/10.1039/C9NR10029F
http://www.ncbi.nlm.nih.gov/pubmed/32080702
http://dx.doi.org/10.1038/s41598-018-25012-8
http://www.ncbi.nlm.nih.gov/pubmed/29700398
http://dx.doi.org/10.1002/adma.201503380
http://www.ncbi.nlm.nih.gov/pubmed/26568431
http://dx.doi.org/10.1002/smll.201503958


Nanomaterials 2020, 10, 1063 11 of 12

36. Jiang, Z.C.; Lin, T.N.; Lin, H.T.; Talite, M.J.; Tzeng, T.T.; Hsu, C.L.; Chiu, K.P.; Lin, C.A.J.; Shen, J.L.; Yuan, C.T.
A Facile and Low-Cost Method to Enhance the Internal Quantum Yield and External Light-Extraction
Efficiency for Flexible Light-Emitting Carbon-Dot Films. Sci. Rep. 2016, 6, 19991. [CrossRef]

37. Tian, Z.; Li, D.; Ushakova, E.V.; Maslov, V.G.; Zhou, D.; Jing, P.; Shen, D.; Qu, S.; Rogach, A.L. Multilevel
Data Encryption Using Thermal-Treatment Controlled Room Temperature Phosphorescence of Carbon
Dot/Polyvinylalcohol Composites. Adv. Sci. 2018, 5, 1800795. [CrossRef]

38. Li, W.; Wu, S.; Xu, X.; Zhuang, J.; Zhang, H.; Zhang, X.; Hu, C.; Lei, B.; Kaminski, C.F.; Liu, Y. Carbon
Dot-Silica Nanoparticle Composites for Ultralong Lifetime Phosphorescence Imaging in Tissue and Cells at
Room Temperature. Chem. Mater. 2019, 31, 9887–9894. [CrossRef]

39. Joseph, J.; Anappara, A.A. Cool white, persistent room-temperature phosphorescence in carbon dots
embedded in a silica gel matrix. Phys. Chem. Chem. Phys. 2017, 19, 15137–15144. [CrossRef]

40. Kuzema, P.; Bolbukh, Y.; Lipke, A.; Majdan, M.; Tertykh, V. Luminescent Sol-Gel Glasses from Silicate–Citrate–
(Thio)Ureate Precursors. Colloids Interfaces 2019, 3, 11. [CrossRef]

41. Liu, J.; Wang, N.; Yu, Y.; Yan, Y.; Zhang, H.; Li, J.; Yu, J. Carbon dots in zeolites: A new class of thermally
activated delayed fluorescence materials with ultralong lifetimes. Sci. Adv. 2017, 3, e1603171. [CrossRef]

42. Dong, X.; Wei, L.; Su, Y.; Li, Z.; Geng, H.; Yang, C.; Zhang, Y. Efficient long lifetime room temperature
phosphorescence of carbon dots in a potash alum matrix. J. Mater. Chem. C 2015, 3, 2798–2801. [CrossRef]

43. Sun, M.; Qu, S.; Hao, Z.; Ji, W.; Jing, P.; Zhang, H.; Zhang, L.; Zhao, J.; Shen, D. Towards efficient solid-state
photoluminescence based on carbon-nanodots and starch composites. Nanoscale 2014, 6, 13076–13081.
[CrossRef] [PubMed]

44. Ren, J.; Sun, X.; Wang, Y.; Song, R.; Xie, Z.; Zhou, S.; Chen, P. Controllable Photoluminescent and Nonlinear
Optical Properties of Polymerizable Carbon Dots and Their Arbitrary Copolymerized Gel Glasses. Adv. Opt.
Mater. 2018, 6, 1701273. [CrossRef]

45. Lin, S.; Lin, C.; He, M.; Yuan, R.; Zhang, Y.; Zhou, Y.; Xiang, W.; Liang, X. Solvatochromism of bright carbon
dots with tunable long-wavelength emission from green to red and their application as solid-state materials
for warm WLEDs. RSC Adv. 2017, 7, 41552–41560. [CrossRef]

46. Song, Y.; Zhu, S.; Zhang, S.; Fu, Y.; Wang, L.; Zhao, X.; Yang, B. Investigation from chemical structure to
photoluminescent mechanism: A type of carbon dots from the pyrolysis of citric acid and an amine. J. Mater.
Chem. C 2015, 3, 5976–5984. [CrossRef]

47. Qu, S.; Zhou, D.; Li, D.; Ji, W.; Jing, P.; Han, D.; Liu, L.; Zeng, H.; Shen, D. Toward Efficient Orange
Emissive Carbon Nanodots through Conjugated sp2-Domain Controlling and Surface Charges Engineering.
Adv. Mater. 2016, 28, 3516–3521. [CrossRef]

48. Bagnich, S.A.; Bogomolov, V.N.; Kurdyukov, D.A.; Pershukevich, P.P. Phosphorescence of aromatic
compounds in a porous matrix of sodium borosilicate glass and their interaction with the pore walls.
Phys. Solid State 1995, 37, 1642–1645.

49. Vasincu, A.; Paulsen, B.; Diallo, D.; Vasincu, I.; Aprotosoaie, A.; Bild, V.; Charalambous, C.; Constantinou, A.;
Miron, A.; Gavrilescu, C. Vernonia kotschyana Roots: Therapeutic Potential via Antioxidant Activity.
Molecules 2014, 19, 19114–19136. [CrossRef]

50. Ehrat, F.; Bhattacharyya, S.; Schneider, J.; Löf, A.; Wyrwich, R.; Rogach, A.L.; Stolarczyk, J.K.; Urban, A.S.;
Feldmann, J. Tracking the Source of Carbon Dot Photoluminescence: Aromatic Domains versus Molecular
Fluorophores. Nano Lett. 2017, 17, 7710–7716. [CrossRef]

51. Benetti, D.; Jokar, E.; Yu, C.H.; Fathi, A.; Zhao, H.; Vomiero, A.; Wei-Guang Diau, E.; Rosei, F. Hole-extraction
and photostability enhancement in highly efficient inverted perovskite solar cells through carbon dot-based
hybrid material. Nano Energy 2019, 62, 781–790. [CrossRef]

52. Li, D.; Jing, P.; Sun, L.; An, Y.; Shan, X.; Lu, X.; Zhou, D.; Han, D.; Shen, D.; Zhai, Y.; et al. Near-Infrared
Excitation/Emission and Multiphoton-Induced Fluorescence of Carbon Dots. Adv. Mater. 2018, 30, 1705913.
[CrossRef] [PubMed]

53. Sk, M.A.; Ananthanarayanan, A.; Huang, L.; Lim, K.H.; Chen, P. Revealing the tunable photoluminescence
properties of graphene quantum dots. J. Mater. Chem. C 2014, 2, 6954–6960. [CrossRef]

54. Sarkar, S.; Sudolská, M.; Dubecký, M.; Reckmeier, C.J.; Rogach, A.L.; Zbořil, R.; Otyepka, M. Graphitic
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