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Kilogram-scale preparation of near infrared (NIR) carbon dots (C-dots) from o-phenylenediamine (o-
PDA) with over 96% yield was reported in this study, and the estimated cost for each gram of C-dots was
only $ 0.1. The formation process of the C-dots was elucidated and the structural model was also pro-
posed in which the key intermediates were revealed. Excitingly, the optical properties of the C-dots could
be reversibly tuned via a facile protonation-deprotonation process. Upon protonation, fluorescence

emission wavelength of the C-dots could be red shifted for 47 nm, and deprotonation could enhance the
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photoluminescence quantum yield by three times. These optical alterations were attributed to stabili-
zation of the excited electrons by the surface protons, and diagrams showing the electronic transition
states of the C-dots were proposed according to the calculated band gaps. The as prepared C-dots

2 demonstrated themselves as cheap and readily available phosphors for the assembling of red LEDs.
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1. Introduction

As a new type of zero-dimensional carbon-based nanomaterials,
carbon dots (C-dots) were serendipitously discovered back in 2004
and attracted continuous attention since 2006 [1,2]. Thanks to their
superior properties, C-dots have been widely applied in bioimaging,
drug delivery, sensing, catalysis, anti-counterfeiting, photovoltaic
devices and other fields [3—8]. With the continuous efforts from
scientists all over the world in the past 15 years, numerous obsta-
cles have been conquered during the development of C-dots, which
significantly promoted the advancements and expanded applica-
tions of C-dots. For instance, the synthesis of C-dots was quite
difficult in the early days, which mainly included laser burning
[9,10], oxidative acid treatment [11,12], electrochemical peeling
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[13], etc. These methods were not only complicated to carry out but
also require tedious post-processing. With the prevailing of
bottom-up synthesis methods (i.e., hydrothermal, solvothermal,
microwave treatment and direct heating, etc.) later on, the prepa-
ration of C-dots has become much facile and versatile [14]. Simi-
larly, most of C-dots were blue, green emissive in the early days, red
or near-infrared (NIR) emissive C-dots that are essential for
biomedical applications and optoelectronic devices fabrication
were rare. Excitingly, researchers have constructed series of NIR C-
dots from cheap carbon precursors (i.e., citric acid [15—18], aniline
[19—21], phenol [22—24], polythiophene [25—27], and biomass
[28,29]) in recent years, which greatly promoted the further
development of C-dots. Furthermore, the understanding towards
the intrinsic nature, structure and photoluminescence (PL) mech-
anism of C-dots in the early days was rather limited. Luckily, our
understandings towards these issues have been much advanced
[30—34], which significantly accelerated the rational design and
application of C-dots.

Despite the above-mentioned advancements, there are still
some key issues waiting to be addressed. Firstly, the lack of reliable,
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reproducible and economic large-scale synthesis of C-dots signifi-
cantly lagged behind their superior properties, limiting their
practical applications and commercialization. Up till now, only a
few groups reported large-scale synthesis of C-dots [29,35,36]
(Table S1), and these studies were generally suffered from low
yields and lacking of proper purification methods. Furthermore,
most large-scale synthesized C-dots emit only blue, green light,
red-emitting C-dots in gram-scale was rather rare [37]. Secondly, C-
dots currently are either used without purification or treated with
dialysis, column chromatography, etc., which hardly meet the re-
quirements for C-dots isolation and purification once the produc-
tion of C-dots are scaled up for commercialization purpose. Lastly,
common practices for tuning C-dots emission wavelength and
enhancing their quantum yields (QYs) include carbon precursor
selection [19], heteroatom doping [38], surface modification [39] as
well as C-dots size regulation [40]. However, these approaches
generally require complicated operations and sometimes have very
limited tuning capabilities. As such, the ability to synthesize NIR C-
dots in large scale (i.e., kilogram-scale) with facile purification
process and easy PL tuning is still hard to achieve and highly
desired.

In this context, to the best of our knowledge, we report for the
first time the kilogram-scale synthesis of NIR C-dots with facile
purification and convenient but effective PL tuning. Specifically,
kilogram-scale NIR C-dots were prepared from o-phenylenedi-
amine (0-PDA) via a combinative of microwave-hydrothermal
treatment, and the resulted C-dots could be facilely purified by
simple filtering after pH adjustment. The overall yield of C-dots is
96% and the estimated cost to produce each gram of C-dots is only
about $ 0.1. Excitingly, the PL of the obtained C-dots could be
conveniently tuned via a straightforward protonation and depro-
tonation process: protonation could result a significant red shift
(47 nm) of the emission wavelength of the samples while depro-
tonation could greatly enhance the fluorescence QYs (3 times). Last,
the kilogram-scale NIR C-dots demonstrated high potential as red
LED phosphors.

2. Materials and methods
2.1. Reagents and materials

Sodium hydroxide (NaOH 96%), hydrochloric acid (HCl 36%—
38%) and sulfuric acid (H,SO4 95%—98%) were purchased from
Chengdu chron chemicais company. O-phenylenediamine (0-PDA)
(98%), tert-butyl hydroperoxide (TBHP) (70%), 3-chloroperbenzoic
acid (85%), N, N-Diisopropylethylamine (98%) and 8-Diazabicyclo
[5.4.0] undec-7-ene (99%) were purchased from Energy Chemical
Company. All the reagents were used as received without further
purification, unless otherwise noted. The deionized water used in
all experiments was made from a Master Touch-S laboratory ul-
trapure water machine (Master Touch, Shanghai, People's Republic
of China).

2.2. Synthesis of C-dots

C-dotssgg: a mixture of o-PDA (0.25 g) and deionized water
(20 mL) was heated in a microwave synthesizer set at 150 °C for
20 min. After the reactor was cooled to room temperature, the
resulted solution was freezing dried to obtain a yellow solid
powder.

C-dotsgoe: @ mixture of 0-PDA (0.25 g), HCI (2 mL), TBHP (0.2 mL)
and deionized water (20 mL) was heated in a microwave synthe-
sizer set at 150 °C for 20 min. After the reactor was cooled to room
temperature, the resulted solution was freezing dried to obtain a
brownish solid powder that was not stable in their solid state.
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C-dotsgs3 synthesized with microwave synthesizer: a mixture of
0-PDA (0.25 g), HCl (2 mL), TBHP (0.2 mL) and deionized water
(20 mL) was heated in a microwave synthesizer set at 150 °C for
20 min. After the reactor was cooled to room temperature, the
mixed solution was transferred to an autoclave and heated at
200 °C for 12 h. Then the autoclave was cooled down to room
temperature, the reaction mixture was filtered, and the residues
were washed with water. Finally, they were collected and vacuum
dried to result the product as black powders.

C-dotsgs3 synthesized with domestic microwave: a mixture of o-
PDA (0.25 g), HCl (2 mL), TBHP (0.2 mL) and deionized water
(20 mL) was heated in a domestic microwave set at 200 W for
20 min. After the reactor was cooled to room temperature, the
mixed solution was transferred to an autoclave and heated at
200 °C for 12 h. Then the autoclave was cooled down to room
temperature, the reaction mixture was filtered, and the residues
were washed with water. Finally, they were collected and vacuum
dried to result the product as black powders.

C-dotsgpg synthesized with domestic microwave: a mixture of o-
PDA (0.25 g), H2SO4 (2 mL), 3-chloroperbenzoic acid (0.2 g) and
deionized water (20 mL) was heated in a domestic microwave set at
200 W for 20 min. After the reactor was cooled to room tempera-
ture, the mixed solution was transferred to an autoclave and heated
at 200 °C for 12 h. After the reactor was cooled to room tempera-
ture, the mixed solution was transferred to an autoclave and heated
at 200 °C for 12 h. Then the autoclave was cooled down to room
temperature, and the resulted solution was adjusted to be neutral
with diluted NaOH solution before they were filtered. The residues
were washed with water, collected and vacuum dried to result the
desired product as black powders.

C-dotsgps synthesized with domestic microwave in kilogram-
scale: a mixture of o-PDA (1.15 kg), 3-Chloroperbenzoic acid
(57.5 g), HySO4 (575 mL), and deionized water (2500 mL) was
heated in a household microwave at 200 W for 20 min. After the
reactor was cooled to room temperature, the mixed solution was
transferred to an autoclave and heated at 200 °C for 12 h. Then the
autoclave was cooled down to room temperature, and the resulted
solution was adjusted to be neutral with diluted NaOH solution
before they were filtered. The residues were washed with water,
collected and vacuum dried to result the desired product as black
powders.

2.3. Characterizations of C-dots

The absorption spectrum of the methanol solution of C-dots (1
ug/mL) was detected by an ultraviolet—visible spectrophotometer
(UV—vis, UV-2600, Shimadzu, Japan). Put 3 mL of methanol in two
1 x 1 x 3 cm cuvettes, and then put the cuvettes in the UV—vis base
to test the solvent baseline. The wavelength range is 195—700 nm,
the scanning speed is medium speed, the sampling interval is 1 nm,
and the sampling times are repeated twice. Add 3 mL of C-dots
solutiontoa 1 x 1 x 3 cm cuvette, and then place it in the UV—vis
base to test the absorption spectrum.

The fluorescence spectrum of C-dots (10 ug/mL) was tested by a
fluorescence spectrometer (FL, F97 Pro, Shanghai Prism Technology
Co., Ltd.). Add 3 mL of C-dots solutiontoa 1 x 1 x 3 cm cuvette to
test the fluorescence spectrum. The scanning method is three-
dimensional wavelength scanning. The excitation wavelength is
260—-580 nm, and the excitation width is 10 nm. The emission
wavelength is 500—850 nm, and the emission width is 10 nm. The
scanning speed is 3000 nm/min, and the scanning interval is 1 nm.
The gain is 650 V.

The infrared absorption spectrum of the C-dots was measured
by a Fourier Infrared Spectrometer (FTIR, Middle Age Walker,
Thermo, USA) with a resolution of 4 cm. Put 300 mg of potassium
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bromide in an agate mortar, fully dry it at 80 °C (6 h), add 2 mg of C-
dots and grind thoroughly. Then dry at 80 °C for 5 min, and then
continue to grind for 30 s. Put the ground powder into a mold and
press a 10 t press. Put the pressed sample into FTIR to test the
infrared absorption spectrum.

The surface charge at C-dots was tested by a Zeta potential
analyzer (Zeta potential, sample cell DTS1060, Malvern, UK). The
particle size of C-dots was measured by transmission electron mi-
croscope (TEM, JEM-2100, US FEI). The acceleration voltage is
200 kV, and the magnification is 300,000 times. The elemental
composition of C-dots was tested by multifunctional X-ray photo-
electron spectroscopy (XPS, K-Alpha, Thermo, USA). The Raman
spectra of the C-dots were tested by a micro confocal Raman
spectrometer (Raman, inVia, Renishawin, UK).

Dissolve the C-dots solid powder in methanol solution to pre-
pare a 10 ug/mL C-dots solution. Filter the prepared C-dots solution
with a 0.22 pm organic filter membrane. The filtered solution was
put into a 1.5 mL glass bottle dedicated to the mass spectrometer
and the relative molecular mass of the C-dots was measured by the
mass spectrometer.

2.4. Preparation of red phosphors and construction of LED devices

First, the C-dots (10 mg) and polyvinylpyrrolidone (K10—K14,
500 mg) were dissolved in ethanol (40 mL) to form a mixed solu-
tion. Then, the mixed solution was dried on a constant temperature
drying table (50 °C). The resulted material was ground in an agate
mortar and sieved through a mesh sieve to obtain fine C-dots
phosphors. UV-LED chips (LUMEX-SSL-LXTO46UV1C) with the
peak emission wavelength centered at 382 nm were used for red
LED fabrication. A certain amount of red phosphor was coated on
the surface of the LED chip to construct a red LED device.

3. Results and discussion
3.1. Synthesis optimization of C-dots

3.1.1. Synthesis method

The desired C-dots in this study were synthesized from o-PDA in
an acidic (HCl) and oxidative (TBHP) environment, which was first
treated by microwave synthesizer at 150 °C for 20 min, followed
immediately by hydrothermal treatment at 200 °C for 12 h. It is
worth noting that treatment of o-PDA with only microwave irra-
diation resulted in yellow C-dots that emitted at 568 nm (noted as
C-dotssgg, Fig. 1a). Since C-dotssgg did not achieve red or NIR
luminescence, which we attributed to that the degree of polymer-
ization of the carbon source (0-PDA) was too low, thus we added
HCl and TBHP to our reaction in the hope to activate the amino
groups of 0-PDA and increase the degree of polymerization. To our
delight, with the inclusion of the two reagents, NIR C-dots that emit
at 626 nm was successfully obtained (noted as C-dotsgyg, Fig. 1b).
However, the sample was unstable and subject to quick deteriora-
tion, which we attributed to the insufficient carbonization with
only microwave irradiation. As such, the sample after microwave
irradiation was further processed by hydrothermal treatment
(200 °C, 12 h) in the hope to increase the degree of carbonization,
which successfully resulted in stable NIR C-dots that emitted at
653 nm (noted as C-dotsgss3, Fig. 1¢) with 86% yield (Table 1, row 3).

3.1.2. Synthesis reagent

It's worth noting, it's important to keep an acidic and oxidative
reaction environment to obtain the targeted C-dots: our control
experiment showed that if the reaction was run without HCl, C-
dotsgs3 could not be produced (Fig. 1d); Similarly, when the reac-
tion proceeded without TBHP, C-dotsgs3 could still be generated
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(Fig. 1e), however, with a significantly decreased yield (23%, Table 1,
row 5). In addition to the reagents, our control experiments also
showed that pre-treatment by microwave irradiation before hy-
drothermal reaction is essential for the successful production of the
NIR C-dots: C-dotsgs3 could still be generated subjected to a direct
hydrothermal reaction without the microwave treatment. Howev-
er, the yield was greatly reduced (46%, Table 1, row 6), and a large
amount of impurities were inevitably produced (Fig. 1f).

3.1.3. Large-scale preparation

The microwave synthesizer can only process 0.25 g of 0-PDA at a
time, which is far insufficient for large-scale synthesis of C-dots.
Therefore, the microwave synthesizer was replaced by a domestic
microwave oven for the pretreatment to test the possibility of scaling
up the reaction. Unfortunately, under identical reaction conditions
with the domestic microwave oven, the yield of C-dotsgsz were
greatly reduced (34%, Table 1, row 7), which might be attributed to
the reason that significant amount of HCl and TBHP was lost because
of their high volatility in an open-air reaction. As such, the two
chemicals HCl and TBHP were replaced with their less volatile
counterparts H,SO4 and 3-chloroperbenzoic acid (m-CPBA), respec-
tively. Our experiments showed that substitutions of HCl with HySO4
and TBHP with m-CPBA had no obvious effect on the optical prop-
erties of C-dotsgs3 (Figs. S1 and S2), while increased their yields
greatly (Table 1, row 8). To our delight, the yield of the C-dots was
significantly enhanced by adjusting the pH of the reaction mixtures
to neutral before post-processing (94%, Table 1, row 9); it's worth to
mention, the best emission of the C-dots obtained also shifted to
606 nm (noted as C-dotsggg, Fig. 2¢), which we will discuss carefully
later on. With these optimizations, the reaction was successfully
carried out on a kilogram-scale that could produce C-dotsggs with
almost quantitative yield (96%, Table 1, row 10) at an extremely low
cost (about $ 0.1 for each gram of C-dots, see Table S2).

Based on the above discussions, the formation of C-dots could be
reasonably summarized as: under acidic environment, microwave
irradiations provide sufficient energy to initiate the orderly poly-
merization of 0-PDA; following that, the hydrothermal treatment
could further prompt the polymerization process and complete the
carbonization step to generate C-dots with the help of oxidative
reagent. In the reaction, the amino groups were multi functional.
Firstly, they provided active sites for the polymerization process to
occur and expand; secondly, they become part of the surface
functionalities of the finalized C-dots; lastly, the amino groups also
provided sufficient amount of nitrogen doping for the finalized C-
dots and became part of the skeleton of the carbonized core.
Various studies have shown that doping with nitrogen atoms could
greatly enhance the fluorescence QYs of C-dots [38].

3.2. Characterization and analysis

To analyze the morphological, optical, chemical and structural
properties of the as prepared C-dots (C-dotsgps), characterizations
by TEM microscopy, UV—vis and fluorescence, FTIR and XPS, XRD
and Raman spectroscopy, as well as zeta potential were performed.
TEM microscopy was first applied to explore the morphologies and
structural characteristics of the sample. As can be seen (Fig. 2a), C-
dotsgps are well dispersed spherical particles with no obvious ag-
glomerates, which might be attributed to their negatively charged
surfaces as indicated by their zeta potential (—12.5 mV). There are
no obvious lattice structures for these particles, indicating that they
probably have amorphous cores. In general, the diameters of these
particles range from 1.8 to 3.7 nm, with an average diameter of
2.8 nm (Fig. 2b).

Next, we studied the spectroscopic behaviors of C-dotsggs. The
ethanol solution of C-dotsggs was pink under ambient light, and
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Fig. 1. a) Fluorescence (FL) emission spectra of C-dotssgs. b) FL spectra of C-dotsee. €) FL spectra of C-dotsgs3 obtained by microwave irradiation followed by hydrothermal
treatment. d) FL spectra of C-dots obtained from o-PDA via microwave irradiation followed by hydrothermal treatment in a non-acidic environment. e) FL spectra of C-dotsgs3
obtained by microwave irradiation followed by hydrothermal treatment in a non-oxidizing environment. f) FL spectra of C-dotsgs3 synthesized without microwave pretreatment g)

schematic illustration showing the synthesis process of C-dotsggs on a kilogram-scale. (A colour version of this figure can be viewed online.)

turned to deep red when excited by a 365 nm handheld UV lamp

demonstrate fluorescence emissions independent of the excitation

(Fig. 2c, insets). The fluorescence spectra show that C-dotsgpg wavelengths. Specifically, no matter how the excitation
Table 1
Table showing the different parameters for C-dots syntheses and the corresponding emission wavelengths and yields of C-dots formed.
C-dots Acid Oxidant®) Microwave irradiation d) Hydrothermal treatment Emission Yield (%)
(nm)

1 C-dotssgs — — MS no 568 —

2 C-dotseas HCl TBHP MS no 626 -

3 C-dotsgs3 HCl TBHP MS yes 653 86

4 C-dotsgs3 — TBHP MS yes — 0

5 C-dotsgss HCl — MS yes 653 23

6 C-dotsgs3 HCl TBHP - yes 653 46

7 C-dotsgs3 HCl TBHP DM yes 653 34

8 C-dotsgs3 H,S04 m-CPBA DM yes 653 65

9% C-dotsgos H,S04 m-CPBA DM yes 606 94

10 C-dotsgos H,S04 m-CPBA DM yes 606 96

3 The two reactions were carried out under identical conditions while their post-processing was slightly different. For reaction in row 8, the resulted reaction mixture was
directly filtered and the residues were washed, collected and vacuum dried to result C-dotsgs3 as black powders in relatively lower yield; while for reaction in row 9, the pH of
the resulted reaction mixture was first adjusted to neutral, then the mixture was filtered and the residues were washed, collected and vacuum dried to result C-dotsggg as black
powders in quantitative yield.

b) Reactions in rows 1-9 were carried out in small scale, which only used 0.25 g of 0-PDA for each reaction; while reaction in row 10 was carried out on a kilogram-scale,
which used 1.15 Kg of 0-PDA and produced 1.1 Kg of C-dotsgog.

© TBHP: tert-butyl hydroperoxide; m-CPBA: 3-chloroperbenzoic acid.

9 MS: microwave synthesizer; DM: domestic microwave.
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Fig. 2. a) TEM image of C-dotsgoe, the inset is an enlarged view of a particle. b) The size distribution histogram of C-dotsggg. €) PL spectra of C-dotsgog excited at various wavelengths,
the insets: photograph of C-dotsgggs under ambient light (left) and 365 nm handheld UV light (right). d) UV—vis spectra of C-dotsggs and 0-PDA. e) The FTIR spectra of C-dotsgoe. f)
XPS survey spectra of C-dotsggg. (A colour version of this figure can be viewed online.)

wavelengths move, the emissions always present the main peaks at
606 nm and shoulder peaks at 653 nm (Fig. 2¢). The fluorescence
lifetime and QY of the sample were determined to be 1.38 ns, and
25.4%, respectively. The UV—vis absorption spectrum shows that C-
dotsgpg have two absorption peaks at 235 and 280 nm in the UV
region, which could be attributed to the n-7* transition of C—NH;
and the m-7v* transition of C=C/C=N, respectively. The absorption
peaks higher than 400 nm were attributed to the complex surface
states of C-dotsgpg (Fig. 2d) [8,41]. Compared with the precursor o-
PDA, the peak of C-dotsgps at 235 nm decreased significantly while
that at 280 nm increased greatly. This phenomenon could be
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attributed to the consumption of C—NH, (absorption at 235 nm)
and the simultaneous formation of C=C/C=N (absorption at
280 nm) due to the polymerization and carbonization in the pro-
cess of C-dots formation. To our delight, FTIR and XPS spectra also
confirmed the formation of the above-discussed structures.

In the FTIR spectrum (Fig. 2e), the absorption peak at 3440 cm ™!
was assigned to the N—H vibration of the amino functional groups.
The absorption peaks at 1630 and 1477 cm ™~ could be attributed to
the C=C bonds of the conjugated system [20]. There is an obvious
absorption peak at 1394 cm~!, which could be attributed to the
C—N=C that is typical for the phenazine structure. The absorption
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peak at 1074 cm™! could be attributed to the secondary amine
functional group. Based on the FTIR spectra, we could reasonably
conclude that a large number of phenazine structures and some
unreacted amino functional groups are presented on the surface of
the C-dots. XPS spectroscopy further confirms these functionalities.
The full scan XPS spectrum (Fig. 2f) shows that the C-dots are
mainly composed of C (73.65%), N (11.71) and O (11.86%). Further-
more, the high-resolution C1s XPS spectrum (Fig. S3) shows the
presence of four different types of C: C—C/C=C (284.70 eV), C—0/
C—N (285.73 eV), C=N/C=0 (286.86 eV) [21], which also supports
the presence of phenazine and amino moieties on C-dotsggg as FTIR
spectrum indicated. The high-resolution N1s spectrum (Fig. S4)
shows three peaks at 399.29 eV, 400.31 eV and 401.03eV which are
corresponding to pyridine, pyrrole and graphitic nitrogens,
respectively [20]. The high-resolution O1s spectrum (Fig. S5) shows
two different types of O: C—0 (531.92 eV), C=0 (532.75 eV), which
indicates that the surfaces of C-dotsgpg contain some amount of
hydroxyl and carboxyl groups.

3.3. C-dots formation process and structural model

It has been reported in several studies that two molecules of o-
PDA could self condense to form the dimer 2, 3-diaminophenazine
(DAP, substance 2 in Fig. 3) under acidic conditions [42—45]. This
was probably what initially happened in our synthesis during the
stirring of the reaction mixtures before microwave irradiation and
hydrothermal treatment. Indeed, our control experiment in which
0-PDA was stirred in an acidic solution did produce DAP that
emitted at 568 nm (Fig. S6). Under desired conditions, the DAP
could further condense to form even larger molecules (i.e., dimers
of DAP). According to previous study, the horizontal and vertical
polymerization forming C—N bonds are thermodynamically more
favorable than other polymerization types (i.e., forming N—N
bonds) [46]. In our study, the C-dots synthesized after microwave
irradiation (C-dotsgzs) were believed to be such dimers of DAP. C-
dotsgyg were quite unstable and quickly deteriorated, as a result, we
failed to obtain solid samples and carry out full characterizations of
C-dotsgae. Luckily, we successfully obtained single crystals from the
solution of C-dotsgys which was determined to be DAP via single
crystal XRD diffraction (Fig. S7, Table S3). In addition, the solution of
the crystals also demonstrated same fluorescence emission of that
of DAP (Fig. S8). These observations supported our assignment of C-
dotsgys as the dimers of DAP (substance 3 or 4, Fig. 3), which was
not stable and would decompose back to DAP (C-dotsses).
Furthermore, in the matrix-assisted laser desorption ionization
time-of-light mass spectrometry (MALDI-TOFMS) analysis of C-
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dotsgps, We observed major peaks located at m/z = 415.143 and
416.136 (Fig. S9), which could be attributed to the protonated di-
mers of DAP (substance 3 or 4, Fig. 3).

Based on the above discussions, the possible formation process
of C-dotsggs was proposed: under acidic conditions, two molecules
of 0-PDA could self condense to form DAP (C-dotssgg, substance 2 in
Fig. 3) under acidic conditions. With the assistance of oxidization
agents (i.e.,, m-CPBA) and microwave irradiation, o-PDA and DAP
were further polymerized to form heavier fragments (C-dotsgyg,
substance 3 or 4, Fig. 3), which were thermodynamically not stable
enough and subjected to easy deterioration. In situ hydrothermal
treatment of these fragments (C-dotsgyg) could provide an envi-
ronment for them to further polymerize and cross link with each
other to form C-dotsgss3, which significantly enhanced their stabil-
ities [47]. During this process, there might be partial carbonization
of the carbon core. Basic work-up of C-dotsgs3 would result the final
products C-dotsggs (Fig. 3). Indeed, in the X-ray diffraction pattern
(XRD), C-dotsgpg not only show a typical broad peak at around 25°,
which is indicative of amorphous carbon; but also present many
sharp narrow peaks, which are more like diffraction patterns of
ordered, polymeric structures (Fig. S10). Thus, XRD shows that C-
dotsgps not only contain a certain degree of carbon core structure
but also have a large number of surface polymeric structures.
Furthermore, both the characteristic D (1355 cm-1) and G (1590
cm-1) bands and other bands representing polymeric materials are
present in the Raman spectrum of C-dotsggg, indicating that they
were not typical graphitic derivatives (Fig. S11). Collectively
speaking, the C-dots could be regarded as the clusters of dimers of
DAP piled up in an orderly manner to form layered graphite-like
structures without excessive carbonization, which still retained
significant amount of the characteristic phenazine structures.

3.4. Facile tuning of optical properties and the mechanism

To our delight, the as-prepared C-dots (C-dotsgps) were very
sensitive to pH and this phenomenon could be exploited to facilely
tune the optical properties of C-dotsgps. As demonstrated (Fig. 4a),
C-dotsgpe solution was pink under a fluorescent lamp, and it turned
to blue once the solution was acidified. Upon acidified, both the
UV—vis absorption and fluorescence emission spectra of C-dotsgpg
were red shifted. Specifically, a strong new absorption peak at
628 nm was observed in the absorption spectrum (Fig. 4b, black
line), and the best fluorescence emission peak was red-shifted from
606 to 653 nm (Fig. 4c). NIR C-dots are highly desired for bio-
imaging and optoelectronic devices fabrication, thus the ability to
red shift the emission of C-dotsgpg by a great extent (47 nm) via

.

Basic work-up
—_——

L
0 H

H*

C-dotsgs;

C'dOtSGOG

Fig. 3. Schematic diagram showing the proposed C-dotsggs formation processes.
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simple acidification is truly exciting. On the other hand, when the
acidified C-dots (C-dotsgs3) were treated with base and de-
acidified, their emission was quickly blue shifted back to 606 nm,
with the fluorescence intensity increased by 11 times (Fig. 4d), and
the QY increased from 8.1 to 25.4%. To our delight, there was almost
no change in their fluorescence intensities after 20 cycles of acid-
ification, de-acidification (Fig. 4e), demonstrating the high revers-
ibility and applicability of this optical tuning approach.

To elucidate the nature of the facile tuning of the optical prop-
erties, FTIR and Zeta potential tests were performed on the acidified
C-dots (C-dotsgs3). In the FTIR spectra, C-dotsgs3 showed two new
absorption peaks at 605 and 745 cm™~ !, which could be assigned to
the N—H stretching vibrations of the phenazine structure (Fig. 5a)
[20]. The Zeta potential of C-dotsgs3 was +30.1 mV while that of C-
dotsgps was —12.5 mV indicating C-dotsgs3 was indeed heavily
protonated. The DLS hydrodynamic diameters of C-dotsggg and C-
dotsgss were determined to be 3.38 and 3.15 nm, respectively
(Figs. S12 and S13), which could rule out the possibility that the
aggregation of C-dotsgps lead to the red shift and lower QY.
Furthermore, our study showed that simple treatment of C-dotsgs3
with non-nucleophilic bases such as N, N-Diisopropylethylamine
(DIPEA) or 1,8-Diazabicyclo [5.4.0] undec-7-ene (DBU) could easily
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restore the optical features of C-dotsggs (Fig. S14). Collectively
consider these characterizations and the fact the tuning of the
optical properties were nondestructive and highly reversible
(Fig. 4e), a reasonable process was proposed for this tuning: there
were large quantities of amino and phenazine moieties on the
surface of C-dotsgps, and the phenazine structures could pick up
protons to form N—H structure, which could alter the surface states
of C-dotsgps. In summary, the optical properties tuning of our C-
dots could be reasonably regarded as a protonation-deprotonation
process.

Indeed, the UV—vis absorption and fluorescence spectra of the
protonated C-dots (C-dotsgs3) in different solvents also supported
the conclusion that the optical tuning was a protonation-
deprotonation process. Specifically, we found that the UV—vis ab-
sorption spectra of C-dotsgs3 in methanol/ethanol had an obvious
red shift compared to the dispersions in DMF and DMSO (Fig. 5b).
This could be well explained in a protonation-deprotonation pro-
cess, since DMF and DMSO are aprotic solvents with good depro-
tonation capabilities, which could cause the deprotonation of C-
dotsgss, thus causing the shift of the UV—vis absorption. As ex-
pected, we observed the fluorescence emissions of C-dotsgss in
protic solvents (methanol and ethanol) were red shifted greatly
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relative to that in aprotic solvents DMF and DMSO (Fig. 5c).

A close look at the UV—vis absorption and fluorescence emission
spectra of the sample during the protonation-deprotonation pro-
cess revealed something very interesting. Specifically, the UV—vis
absorption peak at 578 nm of C-dotsgps did not move at all after
protonation, while the absorption peak at 534 nm was red-shifted
to 628 nm (Fig. 4b). Similarly, the shoulder fluorescence emission
peak at 653 nm of C-dotsgps stayed the same while the main
emission peak at 606 nm was red-shifted to 701 nm after proton-
ation (Fig. 4c). Based on these observations, we speculate that the
C-dots in our study might have two major fluorescent emission
centers: one is the core state, the bandgap of which is hardly
affected by surface protons, and the other is the surface state, which
is easily influenced by surface protonation. As such, the emission at
653 nm was attributed to the core state luminescence, while the
peaks at 606 and 701 nm were attributed to the surface state
emissions of C-dotsgpg (deprotonated state) and C-dotsgsz (pro-
tonated state), respectively.

Next, we calculated the band gaps of these emissions and a di-
agram showing the electronic transition states of the C-dots was
proposed (Fig. 5d). Specifically, the band gaps corresponding to the
emissions of the C-dots were calculated following the formula
EQP' = 1340/ hedge [44]. In the core state emissions (Fig. 5d, transi-
tions in red), electrons in the ground state were promoted to the
excited state after absorbing 2.15 eV of energy, which later on
released 0.25 eV of non-radiative energy and eventually went back
to ground state by losing 1.90 eV of energy in the form of light
emissions. The process is not affected by the surface protonation
and deprotonation, thus behaved quite similarly in both C-dotsggg
and C-dotsgss. On the other hand, the surface state emissions were
heavily influenced by the surface protonation and deprotonation
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(Fig. 5d, transitions in blue and green). Specifically, electrons of C-
dotsgpe in the ground state could be promoted to the excited state
by absorbing 2.32 eV of energy, among which 0.26 eV was lost via
non-radiative decay and 2.06 eV was released as emission lights
when the electrons returned to ground state (Fig. 5d, transitions in
blue). After protonation, the excited state was lowered; as a result,
only 1.98 eV of energy could promote the ground electrons to the
excited state. The excited electrons could lose 0.21 eV during non-
radiative decay and 1.77 eV was released as emission lights (Fig. 5d,
transitions in green). Accordingly to the calculations, there was
0.34 eV of energy difference in the excited states of the C-dotsgpg
and C-dotsgss.

We further measured the fluorescence lifetime of the samples
(Fig. S15), and the result showed that C-dotsggg (at 606 nm) and C-
dotsgss (at 701 nm) had fluorescence lifetime of 1.38 and 2.38 ns,
respectively. Furthermore, the PLQYs of C-dotsgps and C-dotsgss
under identical conditions were measured to be 25.4 and 8.1%,
respectively. As is known, the fluorescence lifetime of a fluorophore
is largely depending on the time the promoted electrons spent on
the excited state, while the PLQY relies on the ratio of excited
electrons that return to the ground state via radiative pathways.
Collectively consider the data we obtained and the above discus-
sions, a reasonable model (Fig. 5e) was proposed to explain the
differences between the native (C-dotsgps) and protonated C-dots
(C-dotsgs3). In C-dotsgss, the excited state was relatively stable
because the presence of surface protons could stabilize the high-
energy excited electrons; while that of C-dotsggg was less stable
because there were no surface protons to stabilize the excited
electrons except the solvation effect. As a result, the excited state of
C-dotsgps was higher in energy than that of C-dotsgss, which was in
accordance with our calculations above. Also, with the stabilization
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effect from the surface protons, the electrons could spend more
time in the excited state, resulting in a longer fluorescence lifetime
for C-dotsgs3. However, with the strong interaction with the surface
protons, large quantities of excited electrons could return to the
ground state via non-radiative pathways, and thus the PLQY of C-
dotsgsz was significantly lower than that of C-dotsggg. Similar re-
sults have been reported in literature in which surface protonation/
pH have appeared to influence the PL properties of C-dots, and
depending on the nature of the PL (i.e., core state, surface state), the
influences of protonation/pH were quite different [48—51]. For
instance, Jin et al. investigated the pH influence on the fluorescence
lifetime and QY of C-dots, and it was revealed that high pH would
lead to a decrease in the fluorescence lifetime and an increase in the
QY of C-dots [48].

3.5. C-dots as phosphors for red LED construction

Considering the excellent red-emissive capability, kilogram-
scale and low cost synthesis, C-dotsggg were used as cheap and
readily available red phosphors to construct red LEDs to demon-
strate their application (Fig. 6). To avoid their fluorescence
quenching in the solid state, polyvinylpyrrolidone (PVP) was used
as a dispersant for C-dotsggs to prepare phosphors, which were
reddish brown under ambient light and emitted bright red light
under a 365 nm handheld ultraviolet lamp (Fig. 6a, b). The obtained
phosphors were then used to assemble red LED with a blue LED
chip (382 nm). To our delight, the red LED was very effective and
emitted warm red light (Fig. 6¢). The luminescence spectrum
showed that the light emitted by the LED was mainly in the red
range (Fig. 6d), and the red light component accounted for more
than 70% of the total emissions (Fig. 6e). Furthermore, the CIE co-
ordinates (0.58, 0.42) of the light (Fig. 6f) was very close to the
coordinates of the standard red luminescence, demonstrating the
high potential of C-dotsgps as cheap and readily available red
phosphors for the construction of red and while LEDs.
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4. Conclusions

In this study, low-cost ($0.1 for each gram) preparation of NIR C-
dots from o-PDA at kilogram-scale with high yield was achieved via
a combinative microwave-hydrothermal treatment. The desired C-
dots that emitted red light could be facilely isolated and purified via
pH adjusting and filtering. Careful study showed that two mole-
cules of 0-PDA could self condense to form DAP (emitting at
568 nm) in acidic condition, and the DAP molecules could further
polymerize to form dimers (emitting at 626 nm) upon microwave
irradiation. These dimers were thermodynamically unstable and
they could further polymerize and cross link with each other to
form the stable C-dots after in situ hydrothermal treatment. To our
delight, the optical properties of the C-dots could also be facilely
tuned via simple protonation-deprotonation manipulation. The
protonation of the as-prepared C-dots (C-dotsggg) could readily red
shift the emissions by 47 nm and greatly increase the fluorescence
lifetime, which could be attributed to the stabilization of the
excited electrons by the surface protons. According to the calcu-
lated band gaps of the emissions, diagrams showing the electronic
transition states of the as prepared (C-dotsggg) and protonated (C-
dotsgs3) C-dots were proposed. The as prepared C-dots were used
as cheap and readily available phosphors for the assembling of red
LEDs. The red light component of the LED accounted for more than
70% of the total emissions and the CIE coordinates of the LED light
was very close to the coordinates of the standard red luminescence.
In short, a kilogram-scale synthesis of NIR C-dots, their facile optical
properties tuning and application as phosphors for red LED con-
struction was reported, in which the formation process and struc-
tural model of C-dots as well as the mechanism for optical
properties tuning were proposed.
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