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ABSTRACT: The pursuit of exceptionally high photo-
luminescence (PL) and stability is critical in the development
of novel fluorophores for use in challenging bioimaging and
optoelectronic devices. Carbon nanodots (CDs) doped with
heteroatoms provide a particularly attractive means of
effectively tailoring their intrinsic properties and exploiting
new phenomena. Here, we report a one-step, scalable synthesis
of boron-and-nitrogen co-doped CD (BN-CD) with out-
standing optical properties unlike those of nitrogen-doped CD (N-CD) in solid state as well as solution. The detailed
mechanistic framework was explored using a series of spectroscopic analyses and ultrafast spectroscopy coupled with density
functional theory calculations, which all conclusively confirmed that the presence of more graphitic structures in the core and
well-distributed surface states are responsible for the enhanced PL in BN-CD. Furthermore, single-molecule spectroscopy
analysis demonstrated that a single BN-CD shows higher PL intensity and enhanced photobleaching time. We anticipate that this
study will aid in uncovering the full potential of CDs in various fields.

■ INTRODUCTION

Carbon-based nanomaterials, including graphene, carbon nano-
tube, fullerene, and carbon nanodots, have attracted significant
attention because of their unique physical and chemical
properties and their potential applications in a wide array of
fields.1 In particular, carbon nanodots (CDs) have emerged as a
new class of optical materials by virtue of their interesting
physical, optical, and chemical properties.2,3 Their facile
synthetic nature together with high photoluminescence (PL),
photostability, and biocompatibility have triggered the recent
development of CDs as a benign alternative to conventional
semiconducting quantum dots.4,5 Significant research efforts
have focused on producing CDs with controlled dimensions
and surface properties, using a variety of synthetic methods.6−8

Despite this recent progress, the wide range of synthetic
protocols often complicates the interpretation of the photo-
physical aspects of CDs because the synthetic precursor,
synthetic method, and post-treatment can strongly influence
these properties. In particular, the mechanism of PL from CDs
has not been elucidated conclusively yet; for example, the
quantum confinement effect, surface defects, functional groups,
and degree of passivation on the surface have been proposed as
the origin of PL in CDs.9−12 This limitation in understanding of

the origin of the PL poses a challenge for future development in
the field.
Tailoring carbon nanomaterials with heteroatoms can

effectively tune their electronic and chemical properties.13

Among many heteroatoms, nitrogen, which has an atomic size
comparable to that of neighboring carbon, has been the most
widely employed heteroatom for the chemical doping of carbon
nanomaterials leading to a modulated bandgap in graphene,14

high electrochemical activity in carbon nanotubes,15 tunable
electron density, and enhanced photophysical properties in
graphene quantum dots.16 In addition, recent approaches have
extended to the co-doping of heteroatoms to take advantage of
the synergetic coupling effect between heteroatoms, which
facilitates the modulation of doping efficiency, charge
distribution, and enhanced optical properties.17−19

Judging by the current status of and potential for CDs, it is
evident that the next step in the development of CDs will be
tailoring the photophysical properties and elucidating the origin
of PL in a controlled framework through a systematic study. To
address these issues in the context of the synergetic inclusion of
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heteroatoms within the carbon frameworks, herein, we
developed the boron-and-nitrogen co-doped CD (BN-CD)
through a single-step microwave synthesis from small molecule
precursors (Figure 1). For comparison, we prepared non-doped
plain CD, N-doped CD (N-CD), and boron-doped CD (B-
CD) as a control. Because of their graphitic structure, relatively
uniform surface states, and less-abundant surface traps, the BN-
CD displayed a significant quantum yield (QY), outperforming
plain CD, N-CD, B-CD, and many other CDs reported to date
(Tables S1 and S2). It is true that there are many precedents on
the incorporation of heteroatoms in the CDs.
However, a detailed mechanistic framework was carefully

developed in this study by using a series of spectroscopic
analyses, including X-ray photoelectron spectroscopy and
ultrafast spectroscopy, coupled with theoretical calculations
based on density functional theory (DFT), revealing that the
origin of the high photophysical property of the BN-CD is
originated from its relatively abundant graphitic structures in
the core and well-distributed surface states. Furthermore,
single-molecule spectroscopy analysis confirmed the enhanced
PL intensities and stabilities in a single BN-CD. We anticipate
that this study will guide the future endeavor to uncover the full
potential of CDs in various fields.

■ RESULTS AND DISCUSSION

As a main control set, N-CD was prepared through microwave
pyrolysis using citric acid in the presence of ethylenediamine as
a nitrogen source and a surface-passivating agent. In the case of
BN-CD, boric acid was additionally introduced as a source of
boron (Figure 1a). The high-resolution transmission electron

microscopy (HR-TEM) image of the BN-CD revealed a quasi-
spherical structure with an average diameter of 2.8 ± 0.5 nm
and interlayer spacings of 0.21 and 0.26 nm, which matched the
(100) and (020) facets of graphite (Figures 1b and S1). X-ray
diffraction (XRD) patterns of BN-CD displayed a broad peak
assigned to an interlayer spacing of 0.42 nm, which was greater
than the value found between the planes of bulk graphite
(0.344 nm), suggesting the presence of heteroatoms within the
carbon framework (Figure S2).
N-CD showed two characteristic absorption peaks at 241 nm

(sp2-carbon network) and 351 nm (n−π* transition of carbonyl
groups) (Figure S3). A shoulder peak at 420 nm was also
observed, indicating the presence of lower energy states
resulting from functional-surface states.20 BN-CD showed
similar absorption peaks, but uniquely without the long
absorption tail above 420 nm (Figure 1c). The BN-CD
solution exhibited bright blue emission under UV irradiation
with a maximum emission centered at 450 nm upon excitation
at 350 nm (Figure 1c). Interestingly, the emission spectrum of
BN-CD showed excitation-independent behavior, whereas
those of N-CD displayed excitation dependence (Figure 1d).
The excitation-wavelength dependent PL of CDs generally

originates from a combination of quantum confinement effects
and the distribution of different emissive states.6 From the clear
difference of excitation-wavelength dependent PL behaviors
between BN-CD and N-CD at a similar narrow size
distribution, it is plausible that the origin of the tunable PL
of N-CD is not the quantum confinement effect but the
intrinsic surface states. It also follows that the population of the
surface states of BN-CD is significantly suppressed from the

Figure 1. Synthesis and optical properties of BN-CD. (a) Synthetic scheme for N-CD and BN-CD. (b) High-resolution TEM image of BN-CD with
the interlayer spacing measured. (c) UV−vis absorbance and photoluminescence spectra of BN-CD. Inset shows a BN-CD suspension (conc. 0.01
mg/mL) (left) under room light and (right) UV illumination at 365 nm. (d) Photoluminescence spectra of BN-CD under varying excitation
wavelengths from 320 to 420 nm with 10 nm increments. (e) The bulk production of BN-CD powder and PVA film under daylight and UV
illumination at 365 nm.
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absence of the absorption tail beyond 420 nm. The synthetic
simplicity of the bulk production of desired CDs constitutes
another advantage of CDs over other quantum dots, yielding
multigram-scale powders in only 2 min (an average isolated
yield exceeding 75%, Figure 1e). Unlike other CDs reported,
the powder and the PVA film of BN-CD displayed intense blue
PL under UV illumination, which can lead to potential
application toward solid state devices (Figures 1e and S4).
For example, QY of BN-CD powder exhibited 67.6%, whereas
N-CD powder showed merely 1% (Table S3).
We further optimized the PL properties of BN-CD by

controlling the molar ratio of boric acid to citric acid during the
microwave pyrolysis (Figure S5). In general, the addition of
boric acid during the synthesis improved the PL. The highest
QY of BN-CD (80.8 ± 5.1%) was achieved with an equimolar
concentration of each precursor and was almost twice as bright
as that of N-CD (40.2 ± 1.8%), using an integrating-sphere
method based on quinine sulfate as a reference. The optical
properties of CDs were considerably changed after the
incorporation of boron atoms within their network (Figure
S6). Furthermore, non-doped plain CDs (CD) and boron-
doped CD (B-CD) had only 2.1% and 1.2% of QY due to
heterogeneous surface states from oxygen functional groups
(Figure S7).
To investigate the chemical composition and structure of N-

CD and BN-CD, FT-IR, elemental analysis (EA), and X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed. Both CDs displayed characteristic IR peaks at 1086
cm−1 (C−O stretching), 1539 cm−1 (CC stretching), and
2838 and 2929 cm−1 (C−H stretching) and a broad peak at
approximately 3455 cm−1 (O−H and N−H stretching) (Figure
2a). In addition, the successful doping of boron in the carbon
framework was confirmed by the appearance of new peaks
corresponding to B−O, B−C, and B−N stretching in BN-CD.

According to EA and XPS, the major components of N-CD
and BN-CD are C, N, and O. Interestingly, the ratios of C/N
and C/O were decreased for BN-CD compared with those for
N-CD because of an increased N doping ratio, which was aided
by B doping in the carbon network (Figure 2b; Tables S4 and
S5). Specifically, more nitrogen atoms, which are more-
electronegative, were introduced to accommodate the charge
density of the carbon matrix upon the introduction of less-
electronegative boron atoms.21

In accord with the FT-IR result, the deconvoluted high-
resolution XPS spectrum of B 1s in BN-CD also proved that B
doping mostly occurs in the form of partially oxidized boron
(BCO2, BC2O, 192.3 eV, 91.2%) with a minor contribution
from B−N−C (191.5 eV, 9.8%) (Figure 2c).22,23 In the high-
resolution C 1s spectra, BN-CD and N-CD showed different
fractions of carbon-related bonding with N and O species. For
example, BN-CD contained increased fractions of CC and
CO bonds (284.74 and 287.92 eV), whereas the fractions of
C−N and COOH groups (285.77 and 288.79 eV) were
reduced relative to sites resulting from the presence of fewer
carboxylic acid groups and more carbonyl groups (Figure S8);
this finding is in good agreement with the result of the
theoretical study (see below).
Interestingly, the N 1s spectra also revealed different nitrogen

configurations in BN-CD and N-CD (Figure 2c). Specifically,
N-CD mainly consists of pyrrolic-N, whereas graphitic-N is the
dominant nitrogen configuration in BN-CD (Figure S8). The
different nitrogen constituents in N-CD and BN-CD indicate
that graphitic-N plays an important role in enhancing the PL in
CDs. On the basis of these results, we suggest that the graphitic
structure and oxygen-related functional groups of CDs are
closely connected to their PL properties. In particular, B-doping
contributes to changing the configurations of the C and N
bonding patterns, which in turn elevate the fraction of

Figure 2. Chemical structures of N-CD and BN-CD. (a) FT-IR spectra and (b) XPS survey spectra of N-CD and BN-CD. (c) High-resolution XPS
spectra of B 1s, C 1s, and N 1s of N-CD and BN-CD. The XPS survey spectrum indicates the presence of 3.51% B and 12.16% N in BN-CD.
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graphitic-C and -N, generating well-distributed surface defect
states and thus improving QY of BN-CD.
On the basis of the structural analysis, we propose that the

high QY of BN-CD originates from its graphitic structure and
less fraction of N-related defects. This assignment is
independently supported by the fluorescence lifetime measure-
ments of CDs. We investigated the ultrafast relaxation dynamics
of CDs by measuring the emission lifetimes of BN-CD and N-
CD. The representative results are listed in Table 1, obtained
using both time-correlated single-photon counting (TCSPC)
(Figures 3a and S9) and fluorescence upconversion spectros-
copy to uncover the PL dynamics on different time scales
(Figures 3b and S10). The overall results can be summarized as
follows. First, a multitude of lifetime components were
observed spanning a few hundred femtoseconds to a few tens
of nanoseconds. Such components have several characteristic
time scales: ∼200 fs (τ1), 2−5 ps (τ2), 330−440 ps (τ3), 5 ns
(τ4), and 15 ns (τ5). This result suggests that either several

competing deactivation pathways or a broad distribution of
recombination rates exist in excited CDs.24 Notably, the 5 ns
lifetime component (τ4) was unique to the N-CD sample.
Second, the weight-averaged lifetime (τavg) was considerably
shorter for N-CD than for BN-CD, which is in accordance with
the lower QY of N-CD. For example, when compared at an
emission wavelength of 450 nm, the ratio of the average
lifetimes of N-CD and BN-CD was 0.55 ± 0.03, which is similar
to the QY ratio of 0.67.
The temporal evolution of the PL of BN-CD was also

investigated by time-resolved spectral measurements with
picosecond accuracy (Table S6). Both N-CD and BN-CD
have the common, longest lifetime component of ∼15 ns,
which could be attributed to the fluorescence lifetime of the
molecule-like state of CDs. This assignment is based on the
global-lifetime analysis to construct the deconvoluted spectra of
this component, whose spectra and lifetime (15 ns) are very
similar to those of imidazo[1,2a]pyridine-7-carboxylic acid,

Table 1. Excited State Lifetime (τ) of N-CD and BN-CD in Aqueous Solutiona

time (ps)

sample λem
b (nm) τ1

c (A1) τ2 (A2) τ3 (A3) τ4 (A4) τ5 (A5) τavg
d (ps)

N-CD 430 0.2 (80 ± 15%) 5.0 ± 0.7 (10 ± 1%) 330 (3%) 4990 (2%) 15 000 (5 ± 1%) 920 ± 100
450 2.7 ± 0.3 (44 ± 3%) 330 (15 ± 1%) 4990 (8%) 15 000 (33 ± 1%) 5370 ± 180
480 2.3 ± 0.7 (21 ± 4%) 330 (22 ± 2%) 4990 (10 ± 1%) 15 000 (47 ± 5%) 7580 ± 800

BN-CD 430 0.2 ± 0.1 (72 ± 30%) 2.5 ± 0.7 (10 ± 4%) 440 (3 ± 1%) 15 100 (15 ± 4%) 2230 ± 550
450 1.5 ± 0.3 (25 ± 4%) 440 (10%) 15 100 (65 ± 3%) 9740 ± 410
480 2.0 ± 2.1 (7 ± 4%) 440 (14 ± 1%) 15 100 (79 ± 4%) 11910 ± 660

aThe fluorescence decay curves fitted to the multi-exponential function: I(t)/I(0) = Σi
nAie

−t/τi. bMonitored emission wavelength. cFractional
amplitude. dThe weight-averaged lifetime (τavg) obtained using the following equation: τavg = Σi

nAiτi.

Figure 3. Photophysical properties of N-CD and BN-CD. (a) Normalized fluorescence decay profiles of CDs obtained by using TCSPC and
monitored at 450 nm with excitation at 375 nm. The fits are also given in solid lines according to multi-exponential functions as I(t) = A3e

−t/τ3 +
A4e

−t/τ4 + A5e
−t/τ5 and A3e

−t/τ3 + A5e
−t/τ5 for N-CD and BN-CD, respectively. (b) Femtosecond-resolved fluorescence decay kinetics of CDs measured

using fluorescence upconversion and probed at 450 nm with excitation at 365 nm. From the fluorescence upconversion measurements, ultrafast
decay components are screened corresponding to the time constants of τ1 and τ2 with the pre-exponential factors of A1 and A2, respectively. Note
that the time scale is significantly different in (a) and (b). The designation of the pre-exponential factors (An) and time constants (τn) is given in
Table 1. (c) The energy level diagram and schematic structures of the corresponding CDs with their relevant photophysical transitions.
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1,2,3,5-tetrahydro-5-oxo (IPCA) as described in recent
reports.25,26 The reduction of τavg in N-CD relative to BN-
CD originated from the unique 5 ns component in N-CD at the
partial expense of the longer 15 ns component. The lifetime of
5 ns is attributed to originate from surface states in N-CD, as
evidenced by the additional absorption band around 450 nm.
The excitation of the surface states in N-CD is suggested to

involve n−π* transitions of surface functional groups (oxygen-
related) having non-bonding electrons. However, in BN-CD,
those transitions can be suppressed because of the electron
deficient nature of boron. As observed in Figure 2c, boron is
mainly oxidized with oxygen-related functional groups. This
assignment was further supported by examining the change in
the 5 ns component when the excitation wavelength was tuned
away from 375 nm to the red, where the surface states can be
more excited (Figure S11). The time-resolved spectrum of the
5 ns component shows the same PL maxima as those of the
several-hundred ps component with an additional shoulder
band around 570 nm independent of excitation wavelength.
The fraction of the 5 ns component, for instance, increased
from 0.22 to 0.31 as the excitation wavelength was shifted from
375 to 450 nm; it further rose to 0.55 when excited at 510 nm.
We propose the several-hundred ps component (τ3)

originates from edge states. The edge state is designated to
be different from the sp2-core state and the surface, functional-
group states in that this state is related to the boundary
between sp2- and sp3-hybridized carbon and also to the surface
exposed nitrogen such as that of a pyridinic group, undergoing
n−π* transition with a similar energy gap to that of the
molecular state.27 The edge state abundant N-CD also contains

the unique surface state. This can be rationalized in that the
pyridinic N with non-bonding electrons is found more in N-CD
than in BN-CD, as shown in Figure 2c. On the basis of the
femtosecond fluorescence upconversion spectroscopy, the
origins of the ∼200 fs (τ1) and the 2−5 ps (τ2) components
in Table 1 are assigned to the intraband transitions and/or
ultrafast hydration related to the solvent-exposed edge/surface
states from their time scales.28,29

Taking these results together with all of the spectroscopic
data, we correlate the shorter average-lifetime of N-CD with the
relatively larger population of the edge and surface states
existing in the N-CD to the reduction of QY compared to BN-
CD, in which the formation of such states is minimized so that
the PL mainly originates from the highly emissive molecular
state of long lifetime (Figure 3c). In addition to the
experimental investigations that account for the mechanism
of the observed PL associated with the CD structure, we
applied theoretical approaches based on DFT, using the Vienna
Ab initio simulation package (VASP) with the Perdew−Burke−
Ernzerhof (PBE) exchange correlation functional.
The optical transition properties were calculated using the

time-dependent DFT method for the oscillator strength with
B3LYP/6-31G* basis set (Figure 4; see the Supporting
Information for the molecular models and computational
details). The calculation is desirable indeed to involve the 3D
model of CDs rather than plain 2D models that were
undertaken in this study; however, on the basis of the
experimental analyses, the sp2-carbon cluster with heteroatom
doping in a different arrangement and configurations are
considered more critical in this study to support the observed

Figure 4. DFT calculations of N-CD and BN-CD. (a, b) Electronic densities of states (DOSs) and modeled structures for (a) N-CD and (b) BN-
CD (brown, C; white, H; red, O; silver, N; green, B atoms). (c, d) The oscillator strengths with the raw data broadened by Gaussian functions
(FWHM = 0.46 eV) for (c) N-CD and (d) BN-CD. The HOMO−LUMO absorption transitions with their charge distributions in the inset are
marked with asterisks in each panel.
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enhancement in their photophysical differences between BN-
CD and N-CD.
Our model structures, with various atomic configurations for

N-CD and BN-CD, were constructed by combining the
experimental results from FT-IR, EA, and XPS. The models
involved a number of distinct functional groups and structures,
such as carbonyl, carboxylic, B−OH, pyrrolic-N, and graphitic-
N groups. As shown in Figure 4a, the most stable configuration
of N-CD involved pyrrolic-N adjacent to a carboxylic acid
group (COOH), with a minor contribution from graphitic-N
located next to a carbonyl group (CO) along the edge. This
abundant pyrrolic-N configuration, however, did not influence
the density of state (DOS) of N-CD, indicating that only
graphitic-N is related to the optical properties of CDs.
Conversely, in BN-CD, the most favorable atomic arrangement
and configuration of boron occurred as B−OH with graphitic-
N at edge sites, rather than within the carbon framework as B−
N−C (Figure 4b). In addition, B−OH located next to
graphitic-N serves similarly as the carbonyl group, affecting
the PL properties of BN-CD (Figure S12). Moreover, the
relative connectivity of the B−OH group with respect to C and
N was important to the total energy; for example, when B−OH
was near the edge site of N in the arrangement of C−N−B-
OH, the total energy was lower than that of N−C−B-OH by
2.24 eV (Figure S13).
When the oscillator strengths of N-CD and BN-CD are

correlated with the PL enhancement of BN-CD, our model
depicted the lowest electronic transitions (HOMO to LUMO)
at approximately 570 and 620 nm for N-CD and BN-CD,

respectively (Figure 4c,d). The magnitude of the oscillator
strength in BN-CD was approximately three times smaller than
that of N-CD, as shown in the HOMO and LUMO models.
These transitions (denoted with asterisks) involved the
excitation of edge/surface states. It follows that the doping of
B suppressed the excitation of the edge/surface states having
relative short carrier recombination in BN-CD (Figure S14).
Ensemble spectroscopy studies often overlook single-particle

behavior; therefore, we further characterized the photophysical
properties of CDs at single-particle level using total internal
reflection fluorescence microscopy (Figures 5 and S15).
Individual particles of both N-CD and BN-CD demonstrated
the stable PL intensity with a considerable fraction (more than
85%) of single-step photobleaching and a small fraction of
multistep photobleaching behavior, when examining 311
particles of N-CD and 225 particles of BN-CD (Table 2). It
is of note that both CDs exhibited no photoblinking
phenomenon in which fluorescence intensities hop between

Figure 5. Single-molecule spectroscopy of N-CD and BN-CD. (a, b) Time-dependent photoluminescence traces of (a) single N-CD and (b) single
BN-CD with a single-step photobleaching. The percentages were calculated from collection of N-CD (n = 311) and BN-CD (n = 225). Inset images
are single N-CD and BN-CD under 375 nm illumination. (c−e) Box plot comparison of single N-CD and BN-CD bleached in one step: (c) single-
step photobleaching time, (d) photons per frame, and (e) total photon numbers before photobleaching. The average single-step photobleaching
times (τavg) were 993 ± 397 and 1138 ± 400 s for N-CD and BN-CD, respectively. The laser power was 50 W/cm2, and the camera exposure time
was 200 ms per frame. Spheres indicate minima and maxima. Squares indicate the average values, and notches represent the confidence interval at the
confidence level of 95%.

Table 2. Single-Particle Photoluminescence Behaviors of N-
CD and BN-CDa

bleaching (%)

sample one-step two-step three-step

N-CD 87.8a 11.6 0.6
BN-CD 85.4 13.3 10.3

aThe percentages were calculated from 311 particles of N-CD and 225
particles of BN-CD measured individually.
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multiple levels. Stable PL of N-CD and BN-CD is in contrast
with high PL fluctuations in previous studies of non-doped
CDs,20 but in accord with the reduced blinking by nitrogen
doping.30

Moreover, time-dependent traces of single-step photo-
bleaching in both CDs displayed significantly longer bleaching
time (∼1000 s) that is far beyond that of organic fluorophores
and 1 or 2 orders of magnitude longer than those of non-doped
CDs (Figure 5a,b).20 Collectively, the average photobleaching
times (τavg) including all single and multisteps were 818 ± 292
and 1053 ± 266 s for N-CD and BN-CD, respectively, under
total internal reflection irradiation of 50 W/cm2 laser beam
(Table S7). In addition, the BN-CD showed an image of higher
contrast compared to N-CD due to the increased lifetime and
quantum yield under identical laser illumination (inset images
in Figure 5a,b). To further confirm the origin of a higher PL in
single BN-CD, we analyzed the total number of photons
emitted before photobleaching for single-step bleaching traces,
which constitutes the majority of single-particle traces over 85%
(Figure 5c).
Individual characteristics of BN-CD showed modest

improvement compared to those of N-CD. Especially, the
average photon flux per camera frame (200 ms) was also
increased from 200 ± 13 for N-CD to 275 ± 24 for BN-CD
(Figure 5d). Collectively, BN-CD emitted more than a million
photons, which is 60% larger than that of N-CD, resulting in
the synergistic contribution to the higher PL observed (Figure
5e).

■ CONCLUSION
In summary, we developed a one-step synthesis of BN-CD with
superior optical properties via the microwave pyrolysis of
simple molecular precursors. BN-CD was characterized by
various characterization techniques, including UV/vis, PL, HR-
TEM, FT-IR, EA, and XPS. All methods conclusively supported
the model of a graphitic core structure with more uniform
surface states and fewer surface states in BN-CD, accounting
for the observed PL enhancement of BN-CD over that of N-
CD. Time-resolved ultrafast spectroscopy and DFT calculations
further supported the CD structure involving heteroatom-
tailored carbon networks. Furthermore, the single-molecule
spectroscopy analysis indicated that high PL of BN-CD
originates from the increased number of emitted photons per
particle, compared to N-CD. We anticipate that this study will
aid in uncovering the full potential of CDs as novel
fluorophores for challenging bioimaging applications and
optoelectronic devices in the future.
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