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Carbon quantum dots (C-dots) have developed into potential nanomaterials for lighting, catalysis and
bioimaging because of their excellent optical properties and good biocompatibility. However, it is still
a challenge to produce efficient red emitting carbon quantum dots (R-C-dots) due to their obscure
formation mechanism. This work offered a method to reveal the formation process from the precursor
o-phenylenediamine (o-PDA) to R-C-dots. Different from traditional hydrothermal reactions, R-C-dots
were synthesized at relatively low temperature and ambient pressure. The pre-oxidation intermediate
aminophenol played an important role in the synthesis of R-C-dots, which further cross-linked and
polymerized with o-PDA in an acid environment to form R-C-dots. The obtained R-C-dots had
a photoluminescence quantum yield of up to 33.26% and excellent two-photon fluorescence properties.
A white light-emitting diode (WLED) based on R-C-dots as the red phosphor exhibited standard white
light CIE color coordinates of (0.33, 0.33) with a correlated color temperature of 5342 K and a high color
rendering index (CRI) of 94.5. The obtained rendering index is the highest value among WLEDs with
color coordinates of (0.33, 0.33) based on C-dots. This work provides a new perspective for the
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Introduction

As a new type of fluorescent carbon nanomaterial composed
of C, H, O, and N, carbon quantum dots (C-dots) are
considered to be the most promising materials compared to
traditional semiconductor quantum dots (e.g. CdS and CdSe),
due to their wide range of precursor sources, adjustable
fluorescence emission, facile synthesis, low toxicity and good
biocompatibility.**°

Compared to blue and green-emitting C-dots with high
quality, currently the synthesis of red emitting carbon dots (R-C-
dots) with high-performance is still a challenge. For example, in
the bottom-up synthesis of C-dots, polymerization and
carbonization are the two basic processes, which happen in
a sealed auto-clave at high temperature.'**®* However, because
these two processes usually occur simultaneously at high reac-
tion temperature, it is still a challenge to explore the formation
mechanism from precursors to C-dots. In-depth understanding
of the reaction mechanism could reveal the structure-
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controllable large-scale synthesis of red C-dots.

dependent photoluminescence mechanism, helping in the
controllable production of red C-dots. Consequently, the
synthesis of C-dots in an open system at ambient pressure has
attracted extensive attention, and can be monitored easily. For
example, R-C-dots were synthesized at room temperature using
o-phenylenediamine (0-PDA) as the precursor.'*>* However, the
strong oxidizing agents (KClO, or H,0,) used in these reactions
prohibited the deep understanding of the growth mechanism of
C-dots from o0-PDA.

In this work, we demonstrated that the intermediate
aminophenol oxidized from o0-PDA played an important role
in the synthesis of R-C-dots with 0-PDA as the precursor in an
open system. The obtained R-C-dots have a photo-
luminescence quantum yield (PLQY) of 33.26%, which is the
highest value for R-C-dots derived from o-PDA in an open
system as far as we know. It is worth mentioning that a white
light-emitting diode (WLED) based on R-C-dots has standard
CIE color coordinates (0.33, 0.33) with a high color rendering
index (CRI) of 94.5, which is the highest value among WLEDs
with identical color coordinates based on C-dots to the best of
our knowledge. In addition, benefiting from the mild reac-
tion conditions and deep understanding of the reaction
mechanism, the reaction could be scaled up to the hectogram
scale, which paves the way for the transformation of C-dots
from laboratory to industry.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Synthesis and formation mechanism of R-C-dots

The R-C-dots were produced using o-PDA as the precursor. The
synthesis of R-C-dots involved a pre-oxidation process for 2 h
and further acid-catalysis process for 10 h (Fig. S1f). Specifi-
cally, in the pre-oxidation process, after heating the reaction
mixture (o-PDA dissolved in deionized water) at 60 °C under
ambient conditions, 0-PDA was partially oxidized into amino-
phenol with a mass-to-charge ratio (m/z) of 110 (Fig. 1a).
Subsequently, aminophenol reacted with o-PDA to form the
intermediate 2-amino-3-hydroxy-phenolzine [named (I)] with an
m/z of 212 (Fig. 1b). Due to the presence of a functional group (-
OH) in the ortho position, the -NH, group of (I) was further
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oxidized into the intermediate 2,3-dihydroxyphenolzine [named
(I1)] with an m/z of 213. After pre-oxidation for 2 h, acid (sulfuric
acid, hydrochloric acid or citric acid, with a pH of 5-6) was
added into the reaction system to protonate the intermediates
and activate the reaction. The R-C-dots began to form through
cross-linking and polymerization of the intermediates and o-
PDA within 30 minutes. The fluorescence behavior of the R-C-
dots was dominated by the molecular fluorophore 5,14-dihy-
droquinoxalino[2,3-b] phenazine (DHQP) [Fig. S1, (3)1], which
has been reported previously for explaining the red color in C-
dots synthesized via o-PDA.** The possible ways in which
DHQP was formed are shown in Fig. 1c. The solid R-C-dot
powder was obtained by simple filtration [Fig. S1, (4)1],
benefiting from the self-precipitation of R-C-dots as they mostly
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Fig.1 Formation mechanism and molecular reaction kinetics simulation of intermediates and DHQP. (a and b) The formation of intermediates by
pre-oxidation. (c) The formation of DHQP-like fragments. (d and e) The AG of the reaction of molecule (I) before and after protonation calculated
from DFT simulations. (f and g) The AG of the reaction of molecule (ll) before and after protonation calculated from DFT simulations.
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adhered to the beaker wall because of their hydrophobicity
(Fig. S27). The powder dissolved in ethanol emitted very bright
red light upon irradiation with a 395 nm ultraviolet lamp
[Fig. s1, (5)T]

As shown in Fig. S3,T two groups of experiments using 0-PDA
as the precursor were conducted. Specifically, in the absence of
a pre-oxidation process and only acid-catalysis, a solid powder
with no fluorescence was obtained (Fig. S3a and bf). Similarly,
R-C-dots cannot be obtained when only pre-oxidation was
carried out without acid catalysis (Fig. S3c and dt). These
experiments confirmed that R-C-dots can only be obtained by
acid catalysis of the pre-oxidation products.

To verify the important role of the intermediate amino-
phenol, we purchased commercial aminophenol and used it to
synthesize R-C-dots. By optimizing the molar ratio of amino-
phenol and 0-PDA, the bright R-C-dots were directly obtained in
the presence of acid at 60 °C without peroxidation (Table S1, 1-
31), demonstrating the key role of intermediate aminophenol.

The process of acid-catalysis

In our previous report,> R-C-dots with similar fluorescence
properties to those in this work (named H-R-C-dots) were
synthesized by the hydrothermal method, without using acid-
catalysis. As shown in Fig. S4,t the similar structural charac-
teristics between H-R-C-dots and R-C-dots were further
demonstrated by NMR analysis. Among them, the peak inten-
sity of C=0 in the R-C-dots was weaker compared to that of the
H-R-C-dots (Fig. S4at), which may be due to the low degree of
oxidation under the low temperature synthetic condition. High
temperature and pressure provide sufficient energy for the
formation of H-R-C-dots. Instead, in this work, the formation of
R-C-dots can only be realized through acid-catalysis. To explain
the molecular reaction kinetics of the formation of R-C-dots
through acid-catalysis, density functional theory (DFT) calcula-
tions were carried out to calculate the Gibbs free energy (AG) of
the reactions with a reaction temperature of 60 °C and the
product DHQP. As shown in Fig. 1d, DHQP could be synthesized
by the reaction of molecule (I) with aminophenol, a process
involving a dehydration reaction between -NH, and —-OH. The
AG of the reaction without acid-catalysis was 210.840 kcal
mol™!, which indicated that the reaction could not occur
without additional energy. However, after -NH, and -OH were
protonated, the calculated AG decreased to —444.280 kcal
mol ', which indicated that the reaction could occur (Fig. 1e).
Fig. 1f and g show the DFT calculations of AG for the reaction of
molecule (IT) with o-PDA to form DHQP. Similarly, the AG before
and after acid-catalysis was 18.830 and —97.264 kcal mol *,
respectively, which indicated that acid-catalysis could promote
the formation of R-C-dots. Besides, the effect of pH on the
reaction yield was also investigated. As shown in Table S2,f R-C-
dots could not be synthesized at low pH (group 1). When the pH
increased to 3-4, R-C-dots could be obtained with a low yield of
5%, while a high yield of 77% could be obtained when the pH
was 5-6. We inferred that, at low pH, multiple sites of the
aromatic ring of the intermediates were activated (Fig. S5af),
which inhibited the formation of DHQP fragments, while chain
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polymerization and network polymerization became the domi-
nant reaction (Fig. S5b and ct).

In order to further understand the formation process of R-C-
dots, the pre-oxidation products (o-PDA was oxidized for 2 h,
and named Sample-2h) were characterized. In the HR-MS
spectra of Sample-2h (Fig. 2a), a strong peak at 109 in the
retention time range of 4.867-4.900 min was attributed to o-
PDA. A new peak at 110 assigned to aminophenol appeared,
which might be caused by the oxidation of -NH, to -OH of o-
PDA (Fig. 1a). To verify this speculation, a series of character-
ization studies was conducted. The full-scan XPS spectrum
(Fig. S67) revealed that Sample-2h was composed of C, N and O
elements with an atomic fraction of 76.26%, 19.65% and 4.09%,
respectively. Obviously, the C/N atomic ratio (3.9 : 1) was greater
than that of 0-PDA (3: 1), which demonstrated that -NH, was
consumed during the peroxidation process. In the 'H NMR
spectrum of Sample-2h (Fig. 2b), a new chemical shift at
8.82 ppm was similar to that of phenolic hydroxyl as reported in
the literature,*® which proved the presence of ~-OH. Mean-
while, the peaks centered at 4.39, 6.41 and 6.51 ppm could be
assigned to the unreacted 0-PDA according to the "H NMR of o-
PDA (Fig. S7at). Among them, the peak at 4.39 ppm was caused
by the vibration of hydrogen in -NH,. and those at 6.41 ppm
and 6.51 ppm were attributed to the vibration of hydrogen in
the benzene ring.”” However, compared to 0-PDA, the vibration
intensity of -NH, was significantly reduced, indicating that -
NH, was consumed, which was consistent with the XPS results.
In addition, there were two new chemical shifts at 6.63 and
6.74 ppm with sixfold peaks (Fig. S8%), which were similar to
that due to the vibration of the benzene ring of o-PDA. However,
compared to the vibration of the benzene ring of 0-PDA, the two
new chemical shifts shifted to the low field by about 0.2 ppm,
which was probably caused by the substitution of -NH, by -OH
as the electronegativity of O was slightly greater than thatof N.
Furthermore, the integration peak area ratio of the six peaks at
4.39, 6.41, 6.51, 6.63, 6.74, and 8.82 ppm in the '"H NMR was 2 :
1:1:1:1:1 (Fig. S91), which matched well with the structure of
aminophenol. As a result, the molecular structure with an m/z of
109 was confirmed as aminophenol.

Besides an m/z of 109 in the HR-MS spectrum of Sample-2h,
there were signals with an m/z of 211, 212, 213, 214, and 319
(Fig. S2a and ct). According to previous literature,?”>° the peak
with an m/z of 211 was attributed to 2,3-diaminophenazine
(DAP). However, R-C-dots could not be obtained when using
commercial DAP reacted with 0-PDA or aminophenol under
acidic conditions. In addition, the AG of the DAP reaction with
0-PDA to form DHQP was also calculated, and the AG before and
after protonation was 115.460 kcal mol " and 64.00 kcal mol %,
respectively, indicating that DAP cannot participate in the
formation of R-C-dots.

In order to obtain enough intermediates for characteriza-
tion, the pre-oxidation time of 0-PDA was increased to 24 h and
named Sample-24h. As shown in Fig. S10,1 compared with the
FTIR spectra of DAP and o0-PDA, the functional group vibration
of Sample-24h was consistent with that of DAP except for the
vibration at 3433 cm™ ", which was attributed to the stretching
vibration of -OH. Due to the presence of -OH, combined with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structure of intermediates. (a and c) HR-MS spectra (retention time range of 4.867-4.900 min and 5.467-5.500 min, respectively) of
Sample-2h. (b) *H NMR spectra of Sample 2h and Sample-24h. (d) *H NMR spectrum of R-C-dots.

the HR-MS spectrum, we deduced that the possible structures of
the intermediates were predominantly (I), and (II) (Fig. 1b).

To confirm this deduction, NMR was applied to analyze the
molecular structure of Sample-24h. To facilitate understanding,
the chemical shift changes of -NH, between 0-PDA and DAP
were first investigated (Fig. S7). Obviously, the chemical shift
of -NH, shifted from 4.42 ppm to 6.25 ppm due to the increase
in the conjugate domain. Similarly, in the 'H NMR spectra of
Sample-24h (Fig. 2b), the chemical shift of -NH, at 6.33 ppm
shifted by 2.06 ppm compared to that of Sample-2h, which
means that there may be a DAP-like conjugated structure in
Sample-24h. In addition, the chemical shift of -OH at
11.43 ppm shifted by 2.61 ppm compared to that of Sample-2h,
which was also caused by the increase in the conjugate domain.
The other three peaks (6.93, 7.56, and 7.91 ppm) in 'H NMR
were consistent with the vibration of hydrogen in the benzene
ring of DAP (Fig. S7bt). In summary, the "H NMR analysis
proved the presence of a DAP-like conjugated structure in
Sample-24h. Combined with HR-MS analysis, intermediates
had a biphenyl ring structure similar to that of DAP, except for
the different functional groups ~OH, and the possible structure
of these intermediates were (I), and (II), respectively, which was
consistent with the FTIR analysis.

In addition to the main reactions described above, inter-
mediate (III) with an m/z of 214 may also be formed (Fig. S11at),

© 2024 The Author(s). Published by the Royal Society of Chemistry

which could further react with aminophenol to form interme-
diate (IV) with an m/z of 319 (Fig. S11bt). However, the trace
amounts of (III) and (IV) made it impossible to definite their
molecular structure. Therefore, only the main intermediates (I)
and (II) were discussed in this work.

Morphology, structure and optical properties of R-C-dots

Benefiting from the clear understanding of the reaction mech-
anism and facile synthesis method of the R-C-dots, 100 g of R-C-
dots were produced by using 150 g of 0-PDA as the precursor at
a pH of 5-6. Fig. 3a and S121 show that R-C-dots had a uniform
dispersion and an average diameter of 2.7 nm. As shown in
Fig. 3b and c, high resolution transmission electron microscopy
(HR-TEM) images revealed that the interlayer spacing of R-C-
dots was 0.21 nm, corresponding to the (100) plane of
graphene.®**> A broad diffraction peak centered at 24.6°
(Fig. S137) in the X-ray diffraction (XRD) pattern was attributed
to the (002) crystal plane of graphite.**** Both HR-TEM and XRD
confirmed the formation of a crystalline structure of the C-dots.
The XPS spectrum confirmed that the R-C-dots consist of C, N,
and O with an atomic fraction of 85.61%, 4.07% and 10.32%,
respectively (Fig. S14at). Correspondingly, the high-resolution
C 1s XPS spectrum (Fig. S14bf) of R-C-dots can be decon-
volved into C-C/C=C (284.8 eV), C-N/C-O (285.6 eV), and C=N/
C=0 (288.1 eV).* In the high-resolution N 1s XPS spectrum

Chem. Sci., 2024, 15, 9806-9813 | 9809
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Fig. 3 Characterization of R-C-dots. (a and b) Low magnification (a) and high magnification (b) TEM images of the R-C-dots. (c) HR-TEM image
of one R-C-dot. (d) PL (red line) and UV-vis absorption (black) spectra of the R-C-dots. (e) PLQY of the R-C-dots dispersed in ethanol solution. (f)
The stability of the R-C-dots dispersed in ethanol solution excited by using a 395 nm ultraviolet lamp (100 mW cm™2). (g) Femtosecond transient
absorption spectra of the R-C-dots. (h) Two-photon spectra at different laser powers of a 800 nm femtosecond pulse laser. (i) Proposed energy

diagram of R-C-dots.

(Fig. S14ct), peaks at 399.5 and 397.7 eV were attributed to
pyrrolic N and pyridinic N, respectively.***” There was only one
peak in high-resolution O 1s spectra (Fig. S14d+t), corresponding
to C-0 (531.9 eV).*® Combined with the FTIR spectrum of 0-PDA
(Fig. S15%), the strong stretching vibration bands of -NH,
(3385-3191 cm ™) in 0-PDA obviously disappeared in the FTIR
spectrum of R-C-dots. In contrast, R-C-dots had a very strong
infrared band at 2920-2851 cm ', representing the hydro-
phobic long alkyl chains and aromatic rings,” which endowed R-
C-dots with hydrophobicity.

The photoluminescence (PL) spectrum of R-C-dots dissolved
in ethanol displayed three PL peaks centered at 603, 649, and
708 nm (Fig. 3d, red line), with corresponding lifetimes of 2.3,
2.4 and 2.3 ns (Fig. S16t), respectively. As shown in Fig. S17,+
the R-C-dots showed an excitation-independent PL spectrum,
indicating the stable energy band. The absolute photo-
luminescence quantum yield (PLQY) of R-C-dots was 33.26%
(Fig. 3e), which was the highest value for R-C-dots synthesized
using o0-PDA as the precursor in an open system as far as we
know."?*> The UV-vis absorption spectra of R-C-dots displayed
four absorption regions (Fig. 3d, black line). The peak at 290 nm

9810 | Chem. Sci., 2024, 15, 9806-9813

was attributed to the w—* transition of the C=C/C=N bond.””
In the low-energy area, R-C-dots exhibited strong excitation
absorption bands at 500, 535, and 569 nm, which could be
assigned to the n—m* transition of the DHQP structure.” NMR
analysis of R-C-dots demonstrated the presence of a DHQP
structure. In the "H NMR spectra of R-C-dots (Fig. 2d), a small
amount of a DHQP-like signal could be observed by magnifying
the 5-10 ppm region (inset of Fig. 2d). Among them, the peaks
at 7.43, 7.66, 6.33, 6.60, and 6.19 ppm matched with those due
to the vibration of hydrogen in the benzene ring, and the peak at
9.72 ppm was attributed to the vibration of -NH-.>*** However,
in our "H NMR analysis, the H of the benzene ring at the edge of
the DHQP molecule was significantly weaker, and the H of the -
NH- structure was significantly stronger. This indicated that the
benzene ring at the edge of the DHQP molecule was embedded
in the structure of the conjugated C-dot core. The way in which
the DHQP structure was embedded in C-dots is shown in
Fig. S18.1 To further explore photostability of the R-C-dots, they
were exposed to a 395 nm UV lamp for testing. As shown in
Fig. 3f, the original fluorescence intensity of the R-C-dots
remained more than 50% after 81 h irradiation with a UV

© 2024 The Author(s). Published by the Royal Society of Chemistry
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lamp (100 mW cm ™ ?), which is better than that of 0-PDA based
R-C-dots synthesized in an open synthetic system.'>** The
excellent photostability is beneficial for their potential practical
applications.

In order to further clarify the PL mechanism of R-C-dots,
femtosecond transient absorption (TA) measurements were
performed under 500 nm excitation with a resolution of 400 fs.
TA spectra at varied decay times are presented in Fig. 3g. Among
them, the positive peak at 530 nm was caused by excited state
absorption (ESA). The negative peaks at 575, 625, and 705 nm
were ascribed to stimulated emission (SE). Due to the short
lifetime of SE, the negative peaks at 575, 625, and 705 nm have
no obvious attenuation within the initial 10 ps, but the atten-
uation occurred and went faster after 10 ps. The positive tran-
sient absorption signals observed between 720 nm and 800 nm
result from ESA, indicating the presence of energy levels in the
excited states. As shown in Fig. 3h, when excited by an 808 nm
femtosecond (fs) laser, up-conversion PL emissions of R-C-dots
were found with three emission peaks located at 744, 625, and
577 nm. Fig. S191 shows a clear quadratic relationship between
the excitation laser power and the PL intensity, which indicated
that the up-conversion red PL of R-C-dots is due to two-photon
excitation induced PL emission.* The excellent up-conversion
fluorescence properties might provide more opportunities for

© 2024 The Author(s). Published by the Royal Society of Chemistry

R-C-dots in application fields, such as anti-counterfeiting and
bio-imaging.

Based on UV-vis absorption spectrum and TA results, the
energy diagram of the as-prepared R-C-dots is shown in Fig. 3i.
Specifically, the absorption bands at 290, 500, 535, and 569 nm
correspond to absorption transitions of 0-4, 0-3, 0-2, and 0-1,
respectively. Furthermore, the SE at 575, 625 and 705 nm
corresponds to emission transitions of a-0, b-0 and c-0,
respectively. The ESA processes at 530 and 760 nm are shown
in 1-5 and 1-6. Based on the energy diagram, the PL process is
dominated by the trap-states. Meanwhile, after two-photon
absorption, the excited electrons also decay to the trap energy
states and recombine with the holes in the ground state (S).
This explains the three emission peaks after excitation at
808 nm (0-7).

WLEDs based on R-C-dots

Considering their excellent optical properties, we encapsulated
R-C-dots with polyvinylpyrrolidone (PVP) as the matrix to obtain
red phosphor. As shown in Fig. 4a, the PL spectrum of
commercial YAG overlaps significantly with the absorption
spectrum of the R-C-dots; therefore, the red emission was
significantly enhanced in the WLED, leading to a high red ratio
of 34.1% (Fig. S207). As shown in Fig. 4b, adjusting the ratio of
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phosphors (R-C-dots/YAG) to 2:1 and wrapping them on
a 450 nm LED chip, a standard WLED was obtained (excited via
3 mA direct current), with CIE color coordinates of (0.33, 0.33)
(Fig. 4c) and a correlated color temperature (CCT) of 5342 K.
Due to the high-quality of the R-C-dot phosphor, the WLED has
a high CRI of 94.5 (Fig. 4d and S21%). As far as we know, the high
CRI is the best value for a WLED with color coordinates of (0.33,
0.33) derived from C-dots (Table S3t), showing great potential
for application in the field of lighting.

Conclusions

In conclusion, a facile, safe and high-yield R-C-dot synthetic
method was demonstrated. By controlling the pre-oxidation and
acid-catalytic processes, the formation mechanism of R-C-dots
was clearly revealed, as the pre-oxidation intermediate of o-
PDA, aminophenol could further cross-link and polymerize with
0-PDA to form R-C-dots. The R-C-dots had unique down-
conversion and up-conversion luminescence properties and
high PLQY (33.26%). As a proof-of-concept, the obtained R-C-
dots were used as the red component of a WLED, which
exhibited standard CIE color coordinates of (0.33, 0.33) and
a high CRI of 94.5. Our results provide a new perspective for the
controllable large-scale synthesis of red emitting C-dots, which
may accelerate the transition of C-dots from laboratory to
industry.
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