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Understanding the luminescence mechanisms and regulating the emission centers of carbon dots (CDs)
are important for advancing their related applications. In this work, we systematically investigate the
formation processes of multi-emission centers in CDs synthesized through a bottom-up approach by con-
trolling the solvothermal reaction temperature. CDs synthesized at a lower temperature (140 °C, 140-CDs)
exhibit smaller particle sizes (3-4nm) with dominant green-yellow emission, while CDs synthesized at
a higher temperature (180 °C, 180-CDs) exhibit larger particle sizes (8-9nm) with enhanced red emis-
sion and emerging near-infrared (NIR) emission. The green-yellow emission and red emission originate
from the core state and the surface-related state, respectively, and the emissions could be regulated by
temperature-controlled dehydration and carbonization processes. The clear NIR emission center in 180-
CDs is attributable to the increased content of radical defects in the cores during the increased dehydra-
tion and carbonization processes during higher-temperature solvothermal treatment.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Carbon dots (CDs), characterized by low toxicity, excellent bio-
compatibility, high photostability, and affordability, have garnered
increasing attention. To date, numerous techniques have been de-
veloped for the synthesis of CDs with various optical properties for
applications in bioimaging, lighting, biomedicine, and photocataly-
sis [1-9]. Depending on the types of precursor materials, the syn-
thesis processes can be categorized into top-down and bottom-up
approaches. In the top-down approach, carbon materials such as
graphite, graphene, and nanotubes are primarily used as starting
materials. They are broken down into nanosized species—through
physical or chemical methods such as laser ablation, electrochem-
ical shearing, chemical oxidation shearing, and physical shearing—
to yield CDs [10-12]. CDs fabricated through top-down methods
often suffer from relatively low photoluminescence quantum yields
(PLQYs) and a limited spectral regulation range. In the bottom-up
approach, CDs are prepared through dehydration and carbonization
processes of organic molecules via methods such as microwave-
assisted heating and hydrothermal and solvothermal techniques.
The abundance of raw materials and straightforward synthesis con-
ditions make these bottom-up methods more popular for CDs
preparation. Additionally, CDs synthesized via bottom-up methods
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have achieved high PLQYs and a wide range of spectral regulation
[13-18]. For example, Zhang et al. reported the synthesis of blue-
emitting CDs with a PLQY of ~100% using citric acid and ethylene-
diamine as precursors under a solvothermal method [19]. Yuan et
al. utilized perylene as raw material and prepared green-emissive
CDs with a PLQY of 96% through a solvothermal method [20].
Xiong et al. synthesized red-emitting CDs with a PLQY of 73% us-
ing mulberry and ethanol as precursors via a solvothermal method
[21].

Excitation-dependent emissions are commonly observed in CDs,
indicating the existence of multiple emission centers. The lumines-
cence centers of CDs are believed to originate from sp? domains in
carbon cores, surface groups, organic fluorophores, or crosslinked
polymer chains [22-25]. However, for the bottom-up synthesized
CDs, the origins and related mechanisms are still unclear owing to
the various precursors and different synthesis conditions. Thus, the
assignment and regulation of these luminescent centers are signif-
icant for the rational design of bandgap emissions from CDs.

In our previous work, we demonstrated the assignment of core
and surface-related states in multicolor-emissive CDs via a bottom-
up approach using citric acid in formamide and a solvothermal
method [26]. In this study, we systematically investigated the for-
mation processes of the multi-emission centers in CDs synthesized
via this bottom-up approach by controlling the solvothermal re-
action temperature. At a lower reaction temperature (140 °C), the
prepared CDs (140-CDs) with a low carbonization degree exhibited
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Fig. 1. TEM and high-resolution TEM (insets) images of (a) 140-CDs, (b) 160-CDs, (c) 180-CDs. AFM images of (d) 140-CDs, (e) 160-CDs, (f) 180-CDs. The inset shows the

height profile along the line.

two main emission centers. The first was a yellow-green emis-
sion center for the core state; this center originated from the sp2-
conjugated domains in the carbon core. The second was a red
emission center for the surface-related state; this center originated
from the electron-withdrawing groups. At a high reaction tem-
perature (180 °C), the resulting CDs (180-CDs) showed increased
particle sizes and more complicated emission centers owing to
increased dehydration and carbonization contents between citric
acid in formamide. 180-CDs exhibited a redshifted core-state emis-
sion owing to extended sp%-conjugated domains in the cores and
enhanced red surface-related state emission from increased sur-
face electron-withdrawing groups. Furthermore, an enhanced near-
infrared emission occurred in 180-CDs, which was attributable to
the increased content of radical defects in the cores caused by the
elevated carbonization during high-temperature treatment. This
was demonstrated by the more pronounced electron paramagnetic
resonance (EPR) signals exhibited by 180-CDs compared with those
exhibited by the CDs synthesized at lower temperatures.

The 140-CDs, 160-CDs, and 180-CDs were produced from 1g
of citric acid dissolved in 10 mL of formamide under solvothermal
heating at 140, 160, and 180 °C for 6 h, respectively. The resulting
dark brown solutions were mixed with 30 mL of ethanol and cen-
trifuged at 8000rpm for 10 min. The precipitates were dissolved
in water and centrifuged at 10,000 rpm for 10 min to remove large
or agglomerated particles. The supernatant was purified via dial-
ysis for 36 h using a dialysis bag with a molecular weight cut-off
of 1000 Da. The aqueous solutions inside the dialysis bag were col-
lected and freeze-dried to obtain the CD samples.

The morphologies of the CDs were characterized via trans-
mission electron microscopy (TEM) and atomic force microscopy
(AFM). TEM images revealed spherical nanoparticles uniformly dis-
persed. The diameter distribution of 140-CDs was 3.2 + 0.5 nm. For
160-CDs and 180-CDs, the particle sizes increased to 7.1+ 1.3 nm
and 8.3 & 1.2 nm, respectively, indicating increased dehydration and
carbonization contents among precursor molecules (Figs. 1a-c).
The high-resolution TEM images of these CDs all provided well-
resolved lattice fringes with a spacing of 0.21nm, attributed to
the (100) crystal plane of graphitic carbon. The AFM images re-

vealed that the morphologic heights of 140-CDs, 160-CDs, and 180-
CDs were 2.4+0.5nm, 7.1+0.6nm, and 8.8+ 1.2 nm, respectively
(Figs. 1d-f), confirming that these CDs had a quasi-spherical struc-
ture [27]. According to the results, a higher solvothermal reaction
temperature was beneficial for the formation of larger carbonized
cores.

The chemical structures of these CDs were analyzed via X-ray
photoelectron spectroscopy (XPS), Fourier-transform infrared (FTIR)
spectroscopy, and nuclear magnetic resonance (NMR) spectrome-
try. The full survey XPS spectra (Fig. 2a) revealed the presence of
the elements C, N, and O in the three samples. Their atomic con-
tents were summarized in Table 1 and Table S1 (Supporting infor-
mation). The N content of these CDs gradually increased with in-
creasing solvothermal treatment temperature. Compared with 140-
CDs, the N content of 180-CDs significantly increased from 16% to
22%. The high-resolution C 1s XPS spectra exhibited three peaks
at 284.8, 286.7, and 288.3 eV, corresponding to C-C/C=C, C-O/C-N,
and C=0 bonds, respectively (Fig. 2b). The high-resolution N 1s
XPS spectra showed two peaks attributed to pyridinic N (400.2 eV)
and pyrrolic N (399.4eV) (Fig. 2d). The contents of C(C-O/C-N) in-
creased from 7% in 140-CDs to 10% in 180-CDs, along with a notice-
able increase in the content of pyridinic N from 11% in 140-CDs to
18% in 180-CDs, indicating the formation of more heterocycles with
pyridinic N at higher reaction temperatures (Figs. 2b and d). The O
content decreased from 40% in 140-CDs to 35% in 180-CDs, possibly
owing to the increased degree of dehydration and carbonization
among precursors during higher-temperature solvothermal treat-
ment. High-resolution O 1s XPS spectra confirmed the presence
of C=0 (531eV) and C-0/O-H (532.2eV) in the CDs (Fig. 2c) [28].
Analysis of Fig. 2¢ revealed that the content of C=0-related peaks
increased from 26% in 140-CDs to 31% in 160-CDs, indicating the
formation of a greater proportion of electron-withdrawing func-
tional groups. The content of C-OH/O-C-0 exhibited a gradual de-
crease from 14% in 140-CDs to 7% in 180-CDs, providing further ev-
idence of increased dehydration and carbonization during higher-
temperature solvothermal treatment.

The analysis of the FTIR spectra of these CDs (Fig. 3a) revealed
that the stretching vibration bands at 1360, 1649, 2830, and 3400
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Table 1
Specific C, O and N contents for different chemical bonds in 140-CDs, 160-CDs, and 180-CDs in XPS spectra.
Sample C N 0]
c-c/c=C C-N/C-0 Cc=0 Pyridinic Pyrrolic Cc=0 C-OH/0-C-0
140-CDs 27% 7% 10% 11% 5% 26% 14%
160-CDs 21% 9% 12% 14% 5% 31% 8%
180-CDs 22% 10% 11% 18% 4% 28% 7%
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Fig. 2. (a) Survey XPS spectra and high-resolution (b) C 1s, (c) O 1s, and (d) N 1s
XPS spectra of 140-CDs, 160-CDs, and 180-CDs.
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Fig. 3. (a) FTIR spectra and (b) EPR spectra of 140-CDs, 160-CDs, and 180-CDs. (c)
TH NMR spectra of 140-CDs, 160-CDs, and 180-CDs in DMSO-ds.

cm~! were assigned to the C-N, C=0, 0=C-H, and O-H bonds,
respectively [29,30]. The deformation vibration signal at 760 cm~!
illustrated the existence of Ar-H. When compared to 140-CDs and
160-CDs, 180-CDs exhibited intensified C-N and Ar-H signals and
a weakened O-H signal, further demonstrating a higher degree of
dehydration and carbonization between citric acid and formamide
under higher-temperature solvothermal treatment. This was also
evident in the "TH NMR spectra (Fig. 3¢c), where increased proton
signals from aromatic rings (6.90 ppm to 7.80 ppm) and decreased
proton signals from carboxyl/aldehyde groups (>10ppm) were ob-
served in 180-CDs compared to CDs synthesized at lower temper-
atures [24,31,32]. Additionally, an enhanced ESR signal with a g
value of 1.9964 was detected in 180-CDs, indicating the genera-
tion of more radical defects in the carbon cores during the higher-
temperature solvothermal reaction (Fig. 3b).

The optical properties of these CDs were investigated compara-
tively. Photographs of CDs in DMSO (Fig. S6 in Supporting informa-
tion) exhibited great difference. Absorption spectra of these CDs in
DMSO at 50 ug/mL showed gradually changing absorption intensi-
ties in the visible region (Fig. S1 in Supporting information). Their
absorption spectra were fitted with a series of Gaussian peaks (Fig.
4a). For 140-CDs, intense absorption bands were observed at 500
and 535nm with a shoulder band at 595nm. In the case of 160-
CDs, the broad absorption band at 595 nm became dominant with
an enhanced shoulder band at 660nm. For 180-CDs, the maxi-
mum absorption band occurred at 575 nm, with a redshifted broad
shoulder band at 610 nm. Notably, clear near-infrared (NIR) absorp-
tion bands occurred at 700nm and 730 nm. Fig. 4b showed the
normalized photoluminescence (PL) spectra upon 532 nm excita-
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Fig. 5. Absorption (dashed grey line), PLE (black line), and PL (colored lines) spectra
of (a) 140-CDs, (b) 160-CDs, and (c, d) 180-CDs in DMSO. Excitation wavelengths
for PL spectra and monitored emission wavelengths for PLE spectra are given in the
legends.

tion of these CDs in DMSO. The PL spectra were fitted with four
Gaussian peaks, located at 545, 580, 645, and 700 nm for 140-CDs
and 160-CDs, and 545, 585, 650, and 730nm for 180-CDs (Fig. 4b).
Compared with 140-CDs and 160-CDs, 180-CDs exhibited a signif-
icant increase in the intensity ratios of yellow, red, and NIR emis-
sions to green fluorescence.

The PL excitation-emission maps provided detailed information
on the fluorescence properties of these CDs (Figs. 4c and d, Fig. S2
in Supporting information). 180-CDs exhibited a new NIR emission
center at 730 nm, which was consistent with the 3D mapping im-
ages of the time-resolved PL (Fig. S3 in Supporting information).
For 140-CDs, the average PL lifetime at 730nm was 1.15ns, and
the PLQY of CDs in NIR wavelength region was 0.2%. For 180-CDs,
the PL lifetime of CDs at 730 nm further prolonged to 1.65ns, and
PLQY in NIR wavelength region increased to 1.9% (Fig. S5, Tables
S2 and S3 in Supporting information). In our previous work, we
demonstrated that unpaired radical defects in carbon cores could
result in NIR emission. In this CD system, the enhanced NIR emis-
sion center with a significantly increased EPR signal in 180-CDs
was attributable to the generation of high content of radical de-
fects during the high degree of carbonization process under high-
temperature solvothermal treatment [33].

The absorption, photoluminescence excitation (PLE), and PL
spectra of these CDs were shown in Fig. 5. The PLE spectra moni-
tored at 591 nm for 140-CDs and 160-CDs exhibited multiple peaks
at 466 nm, 496 nm, and 532nm, along with a shoulder band at
555nm. The PL spectra of 140-CDs and 160-CDs, excited at 466,
496, and 532 nm, featured three emission bands peaking at 545,
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580, and 645 nm (Figs. 5a and b). In our previous work, we demon-
strated that the former two emission bands belonged to the core-
state emission, while the broad emission band in the red region
was due to the surface-related state. PLE spectra monitored at
650nm for 140-CDs and 160-CDs were shown in Figs. S4a and
b (Supporting Information). For 140-CDs, the emission band at
650 nm can be efficiently populated upon 532 nm excitation, indi-
cating efficient resonance energy transfer to the longer-wavelength
emission associated with the two optical centers. For 160-CDs,
one peak with strong intensity in the PLE spectrum occurred at
595 nm, coinciding with the intense peak in the absorption spec-
trum.

PLE and PL spectra of 180-CDs were presented in Figs. 5c and d.
The PLE peaks of 180-CDs monitored at 590 nm redshifted to 496,
532, and 575nm, which can be attributed to the increased car-
bonization content resulting from high-temperature solvothermal
treatment. The PL spectra of 180-CDs, excited at 496 nm, exhibited
three emission bands peaking at 545, 591, and 650 nm. The signif-
icantly enhanced red fluorescence from 180-CDs was attributable
to the increased content of electron-withdrawing groups, such as
pyridinic and C=0 groups, after a high degree of dehydration dur-
ing the high-temperature solvothermal treatment. Fig. 5d showed
the PLE spectrum monitored at 650nm and the related PL spec-
trum of 180-CDs. An intense and broad peak in the PLE spectrum
occurred at 575nm, with a shoulder at 610 nm, consistent with
the deconvoluted peak in the absorption spectrum (Fig. 4a). More-
over, the optical transition occurring at 575nm was due to the
optical center within the core. The PLE monitored at the surface
state-related emission showed the strongest signal precisely at this
wavelength, suggesting that effective fluorescence resonance en-
ergy transfer also existed between the two optical centers.

To gain further insight into the excited-state dynamics of 180-
CDs in DMSO, femtosecond transient absorption (TA) spectroscopy
measurements were performed using 580nm excitation. The 2D
pseudo-color TA spectra and their differential absorption features
at indicated time delays were shown in Figs. 6a and b. Upon pho-
toexcitation, ground-state bleaching (GSB) minima from 550 nm to
650 nm and excited-state absorption (ESA) maxima from 700 nm to
775nm were observed in the visible region. With longer time de-
cay, the GSB minimum shifted to longer wavelengths centered at
660 nm. A closer look at the TA Kkinetic traces at 650 nm (Fig. 6¢)
demonstrated the energy transfer process (kgp=1 x 1010 s—1),

According to the data discussed above, a possible formation
process of the multiple emission centers and their related lumines-
cence mechanism of these CDs was proposed, as shown in Scheme
1. The core and surface-related emission centers in these CDs
were constituted by the inner sp? domains and surface-contained
electron-withdrawing groups, respectively. At a low solvother-
mal temperature treatment, small-sized sp? domains were formed
through a moderated carbonization process. The domains were
linked by non-conjugated molecular chains to form the green-
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Fig. 6. (a) 2D pseudo-color map and (b) differential absorption features at indicated times delays of the TA spectra of 180-CDs in DMSO upon 580 nm excitations. (¢) TA
kinetic traces of 180-CDs in DMSO collected at 560 nm (black), 650 nm (red), and 700 nm (blue). Dots are experimental points, and solid lines are fittings.
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Scheme 1. Schematic diagram of the chemical structures and energy level of CDs.

yellow emissive CDs. The surface of the CDs synthesized at low
temperatures was predominantly populated with weak electron-
withdrawing groups, such as hydroxyl groups, leading to relatively
weak red emission. With higher-temperature solvothermal treat-
ment, the carbonization degree gradually intensified. This was ini-
tially manifested by an increase in the quantity of graphitic con-
jugated fragments in the carbon core, followed by the growth
of aromatic domains, sp?> domains, and pyridine nitrogen doping.
These changes induced a redshift of core-associated absorption and
emission. Simultaneously, a higher degree of dehydration resulted
in a substantial amount of strong electron-withdrawing functional
groups generated on the surface, leading to enhanced optical tran-
sitions from the surface-related emission centers. Furthermore, in-
creased radical defects were generated in the carbon cores dur-
ing the high degree of carbonization and dehydration process un-
der higher-temperature solvothermal reaction conditions. This was
supported by the significantly enhanced ESR signals in 180-CDs.
These high-synthesis-temperature-induced radical defects in the
carbon cores accounted for the emergence of NIR absorption and
emission bands.

We systematically investigated the formation processes of
multi-emission centers in CDs synthesized through a bottom-up
approach by controlling the solvothermal reaction temperature. Ex-
perimental studies revealed that 140-CDs, with a low degree of car-
bonization, exhibited two main emission centers. The first was a
dominant yellow-green emission center (540-580 nm) for the core
state; this center originated from the sp?-conjugated domains in
the carbon core. The second was a weak red emission center for
the surface-related state; this center originated from the electron-
withdrawing groups. 180-CDs, which were synthesized at a higher
temperature, exhibited a redshifted core-state emission owing to
extended sp2-conjugated domains in the cores, and enhanced red
surface-related state emission from increased surface electron-
withdrawing groups. Additionally, more radical defects were gen-
erated in the carbon cores under high-temperature solvothermal

Chinese Chemical Letters 35 (2024) 109358

treatment, leading to enhanced NIR bandgap emission. This study
contributed to a fundamental understanding of the assignment and
regulation of multiple emission centers in CDs, and the findings
can facilitate the rational design of CDs for various luminescence
applications.
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