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ABSTRACT: It is of a primary importance to realize the intrinsic emission from the
inner carbogenic cores of carbon dots (CDs). In this work, CDs with three emission
centers were synthesized by a microwave-assisted method using phloroglucinol as a
precursor. The emission of these three centers has been identified as originating from
molecular fluorophores, surface states of CDs, and the intrinsic CD core state. The
emission from molecular fluorophores and from the surface state of CDs exhibited a
weak photostability and could be photobleached as a result of UV laser irradiation. The
emission from the intrinsic state of the inner carbogenic core has been found to be
stable against photobleaching. On the basis of this difference in photostability, we
demonstrate how the surface of CDs can be deoxidized under prolonged UV irradiation,
resulting in a narrow intrinsic emission with a photoluminescence quantum yield of
17%.

Luminescent carbon dots (CDs) are of considerable
interest because of their ease of fabrication, non-

toxicity,1−3 and strong photoluminescence (PL).4−7 Bottom-
up approaches are widely used for the CD synthesis and occur
via dehydration and carbonization processes of organic
molecules/polymers containing carboxyl,8−10 hydroxyl,11

amides,12−15 or amino5,16−18 groups under solvothermal or
microwave heating conditions.19 This often results in the
concurrent formation of molecular fluorophores or energy
traps at the surface of carbongenic cores, which gives rise to
the coexistence of the molecular fluorophore-related,20,21

surface state,22 and intrinsic state23 emissions of the resulting
samples. Thus, the PL origin is difficult to ascertain because
CD emission possesses variable channels of radiative energy
dissipation, typically resulting in excitation-dependent and
broadened emission band. Several studies devoted to the
photostability of CDs under UV irradiation24−28 have shown
that the emission from the confined sp2 domains in carbogenic
core (intrinsic state) are more stable than that from the surface
states and molecular fluorophores, which are also typically
located at the CD surface. It is of primary importance to be
able to produce CDs with predominantly intrinsic emission
with a narrow PL band, which can be done by fabrication of
well-carbonized inner cores and by altering all other possibly

existing channels of photoexcitation energy relaxation to
enhance a purely intrinsic luminescence of CDs.
Recently, Yuan et al.29 reported CDs produced by a

solvothermal method using phloroglucinol as the precursor,
with extremely narrow PL bands with a full width at half-
maximum (fwhm) under 30 nm, which were ascribed to
carbogenic cores. These CDs were successfully applied in light-
emitting devices, and their electroluminescence spectra showed
high color purity as well, with fwhm under 40 nm. This work
provided a good base to follow up on such CD systems in
order to further investigate and modulate their intrinsic core
emission.
Herein, CDs were synthesized by a microwave-assisted

method using phloroglucinol (PG) as precursor, and on the
basis of the steady-state PL and transient absorption (TA)
spectra, three luminescent centers (at 484, 528, and 550 nm)
were revealed for these samples, which were assigned to the
surface-located molecular fluorophores, CD surface states, and
CD intrinsic core state, respectively. Spectral positions of any
of these PL bands as such were found to be excitation-
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independent, while the overall emission profile of CDs was
excitation-dependent because of the varying contribution of
the three components. Under prolonged UV laser irradiation,
the emissions from the molecular fluorophores and the surface
state of CDs have been photobleached, while the emission
from the intrinsic state of the inner carbogenic core with a
narrow fwhm of 38 nm was enhanced, which has been ascribed
to the surface deoxidation of CDs under UV irradiation. To the
best of our knowledge, this is the first realization of the
intrinsic emission from CDs through the surface deoxidation
by UV irradiation.
The morphology of CDs was characterized by transmission

electron microscopy (TEM) and atomic force microscopy
(AFM). The TEM image provided in Figure 1a shows that

CDs are spherical nanoparticles with diameters of 2−4 nm.
The high-resolution TEM (HRTEM) image of a single CD
(inset in Figure 1a) exhibits well-resolved lattice fringes with a
spacing of 0.21 nm, which is consistent with the (100) crystal
plane of graphitic carbon.6 From the AFM profile (Figure 1b),
the height of CDs has also been estimated as 2−4 nm, in good
agreement with TEM data. Figure 1c shows the X-ray
diffraction spectrum (XRD) of the CD powder, which exhibits
the main diffraction peak at 13.2° and two less intense, wider
peaks at 26.2° and 42.4°. In general, the diffraction peak of the
(001) lattice plane in graphite cannot be observed in the XRD
pattern, but it can be observed in the graphite oxide through
the appearance of the peak around 13°, which is often used to
identify graphite oxide structures.30,31 The peak at 42.4° is

Figure 1. (a) TEM and HRTEM (inset) images and (b) AFM image of CDs. The size histogram and the height distribution profile are
superimposed on the images. (c) XRD and (d) FT-IR spectra of CDs and their precursor PG.

Figure 2. Full range XPS spectra of (a) CDs and (d) CDs-i, C1s spectra of (b) CDs and (e) CDs-i, and O1s spectra of (c) CDs and (f) CDs-i.
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related to the (100) lattice plane of graphite, in accord with
HRTEM observation. Considering the small size of CDs, the
two peaks at 13.2° and 26.2° most likely originate from their
graphite core with a highly oxidized surface.32,33

The chemical composition of CDs was investigated by
Fourier transform infrared (FT-IR), X-ray photoelectron
spectroscopy (XPS), and energy dispersive X-ray spectrometry
(EDX). When FT-IR spectra of PG and CDs (Figure 1d) are
compared, it can be seen that the relative intensity of the
stretching vibration of O−H (νO−H) at about 3276 cm−1 and
the stretching vibration of C−O (νC−O) at about 1007 cm

−1 in
CDs decreases, while the relative intensity of the stretching
vibration of C−H in the aromatic ring (νC−O) at 3079 and
2615 cm−1 and aromatic ring skeleton vibration (νC−O) at
1607 cm−1 increases in CDs. Thus, it can be concluded that
PG molecules are dehydrated and carbonized to form CDs
with a graphitic core. In Figure 2a, the XPS spectrum of CDs
exhibits two peaks at 284.0 and 531.5 eV, which are attributed
to C1s and O1s, respectively,2 indicating that CDs are
composed of C and O elements. The C1s spectrum (Figure
2b) contains three peaks at 288.9, 286.1, and 284.5 eV, which
are attributed to O=C−O, C−O, and C−C/C=C groups,
respectively. The O1s spectrum (Figure 2c) contains two peaks
at 531.8 and 532.6 eV, which are attributed to C=O and C−
OH/C−O−C groups.9 These data show that the surface of
CDs contains abundant hydroxyl (−OH), ester (−OOCH),
and epoxy (−C−O-C−) groups. It can be inferred that these
groups are localized around the graphitic cores because of the
highly oxidized surface.
The morphology and chemical structural changes of CDs

after 5 h of UV irradiation (360 nm, 5730 W/m2) were further
investigated. The resulting CD sample is designated hereafter
as CDs-i. Figures S1 and S2 show the TEM and AFM images
of CDs-i. There was no obvious change in morphology of CDs
and CDs-i. However, the chemical composition of the surface
has changed; in particular, the content of oxygen was
significantly reduced in CDs-i, which was revealed by EDX
and XPS data, as shown in Figure S3 and 2a,d. EDX elemental
analysis shows that the content of oxygen element is decreased
from 25.9% to 13.1% in CDs and CDs-i, respectively, which
agree well with the XPS results. In addition, from the C1s

spectra, it can be seen that the content of C−O in CDs-i
greatly decreased from 24.3% to 3.9% (Figure 2b and e),
indicating that the surface of CDs has been deoxidized after
UV irradiation. We speculate that UV light-induced charge
separation could happen in the CDs, making the surrounding
solvent molecules ionized and generate solvated electrons,34

which can be a deoxidizer, leading to the decreased oxygen
content of CDs-i. Similar UV laser-induced deoxidation was
reported for graphene oxide (GO) structures: Cao et al.35

showed that UV irradiation can reduce GO into rGO, and
Wang et al.36 used UV irradiation to reduce GO in GO/TiO2
nanoparticle hybrid films. Thus, it can be inferred that UV
irradiation is able to reduce the surface oxygen content in CDs.
The absorption spectrum of the CDs in a diluted ethanol

solution is shown in Figure 3b. CDs exhibit broad absorption
in the 400−600 nm region, with the strongest absorption band
centered at 450 nm and two shoulders at 510 and 534 nm. The
PL excitation−emission map of CDs is provided in Figure 3a.
There are three luminescent centers located at 484, 528, and
550 nm, with the most efficient excitation wavelengths located
at 460, 512, and 532 nm, respectively. The PL spectra of CDs
under 450, 520, and 532 nm laser excitations are shown in
panels f, g and g of Figure 3, respectively. Under 450 nm
excitation, there are three obvious emission bands peaked at
484, 528, and 550 nm, with an overall fwhm of 100 nm. Under
520 nm excitation, two emission bands peaked at 528 and 550
nm are observed, with an overall fwhm of 65 nm. In contrast,
only one sharp emission band at 550 nm with a fwhm of 39 nm
is observed under 532 nm excitation. The PL bands of three
emission centers (484, 528, and 550 nm) are excitation-
independent, while the total emission spectrum and its fwhm
exhibit obvious excitation dependence. This indicates the
varied contributions of the three emission centers to the total
PL signal under different excitation wavelengths.
Absorption, PLE, and PL spectra of CDs-i are also presented

in Figure 3. As shown in Figure 3b, the intensity of their major
absorption bands gradually decreased and red-shifted,
accompanied by gradually increased absorption intensity
around 370 nm upon UV irradiation from 0 to 5 h. These
changes can be due to photobleaching of the molecular
fluorophores and deoxidization of the surface by the UV

Figure 3. PL excitation−emission maps of (a) CDs and (e) CDs-i. (b) UV−vis absorption spectra of CDs before and after UV laser irradiation for
different times (360 nm, 5730 W/m2). PLE spectra of CDs and CDs-i monitored at (c) 528 nm and (d) 550 nm. PL spectra of CDs and CDs-i
excited at (f) 450 nm, (g) 520 nm, and (h) 532 nm.
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irradiation. Comparing the PL excitation−emission maps of
CDs and CDs-i (Figure 3a versus 3e), it can be seen that the
PL signal from the two emission centers at 484 and 528 nm in
CDs became almost quenched, while the emission band at 550
nm became dominant in CDs-i. The PL quantum yield (QY)
increased from 13% for CDs to 17% for CDs-i (measured with
excitation at 532 nm). Furthermore, after 5 h of UV irradiation,
the fwhm of PL bands measured under 450, 520, and 532 nm
excitations decreased to 87, 52, and 38 nm, respectively, as
shown in Figure 3f−h. Considering the intrinsic state of the
CDs as more photostable than the surface states and the
molecular fluorophores, it is logical to assume that the
emission center at 550 nm originates from the intrinsic state
of the carbogenic core, while the other two emission centers
(at 484 and 528 nm) belong to the molecular fluorophores and
to the surface states of CDs, respectively.
The PL excitation (PLE) spectra of CDs and CDs-i in

diluted ethanol solutions monitored at their 528 and 550 nm
emission peaks are shown in Figure 3c,d. For CDs, there are
two PLE bands peaked at 475 and 512 nm when monitored at
528 nm emission and two PLE bands peaked at 512 and 532
nm with a shoulder band around 450−480 nm when
monitored at 550 nm emission. For CDs-i, the PLE bands at
475 and 512 nm greatly decreased, while the PLE band at 532
nm has been enhanced. These results indicate that the energy

transfer may occur in CDs from the 460 nm energy band to the
512 nm energy band, giving rise to the 528 nm emission band,
and from the 460 and 512 nm energy bands to the 532 nm
energy band, giving rise to the 550 nm emission band. These
energy-transfer processes are greatly diminished in CDs-i,
which is due to the UV irradiation-induced deterioration of the
460 and 512 nm energy bands.
To further investigate the origin and carrier kinetics of the

three emission centers in CD samples, femtosecond transient
absorption (TA) measurements were conducted on the CDs
and CDs-i in diluted ethanol solutions (Figure 4). The samples
were first pumped with 350 nm (100 fs, 1 kHz, 2 μJ/cm2) laser
pulses, and photoinduced changes in absorption (ΔA) were
probed with a time-delayed laser-generated white light probe
pulses. The state filling originated from electrons in the ground
state pumped into excited states, resulting in the ground-state
bleaching feature, which is located from 450 to 600 nm in the
TA spectra (Figure 4a,b). This broad photobleaching band is
consistent with the broad band photon absorption in CDs in
the same wavelength range (see Figure 3b). By comparing the
TA spectra, it can be seen that the relative ground-state
bleaching signals of CDs-i became reduced at the initial time
upon photoexcitation, particular in the wavelength range from
430 to 520 nm, which is in agreement with their steady-state
absorption spectra (Figure 3b). There were no additional

Figure 4. TA spectra at different delay times for (a) CDs and (b) CDs-i. TA kinetic traces of CDs and CDs-i collected at (c) 460 nm, (d) 512 nm,
and (e) 532 nm following excitation at 350 nm with 100 fs, 1 kHz, and 2 μJ/cm2 laser pulses. (f) Fluorescence decay curves of the CDs and CDs-i
monitored at 550 nm.
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photobleaching peaks emerged for CDs-i. These results
indicate that the part of the transitions associated with bands
in the range of 430−520 nm was eliminated upon UV
irradiation, while the band around 532 nm (intrinsic state of
CD core) possessed much better photostability. The TA
kinetic traces at 460, 512, and 532 nm for the CDs and CDs-i
are shown in panels c, d, and e of Figure 4, respectively. The
changes in optical density can be well fitted by the three-
exponential functions, and the evaluated decay parameters are
listed in Table S1. It can be seen that photobleaching at 460
nm for CDs-i has a faster decay followed by a prolonged decay,
which indicates that the absorption band at 460 nm is not only
unstable but also sensitive to new species generated by UV
irradiation. In contrast, the photobleaching decays at 512 and
532 nm for CDs-i became slightly prolonged. The fluorescence
decays of CDs and CDs-i at 484, 528, and 550 nm were also
measured at 405 nm ps laser excitation, as shown in Figures S6
and 4f. The fitting parameters of the PL decay curves are listed
in Table S1. It can be seen that the PL lifetimes of CDs-i are all
prolonged in comparison with those of the initial CDs.
Considering the above experimental data on the carrier

kinetics, it can be assumed that the molecular fluorophores
become photobleached under UV irradiation to form new
molecular species on the surface of CDs, which can extract
excited electrons from the unbleached molecular fluorophores,
trap the electrons, and prevent the carrier recombination,
leading to the first fast photobleaching decay followed by a
prolonged photobleaching decay. On the basis of the above
analysis, we propose that the absorption center at 460 nm is
attributed to molecular fluorophores, while the absorption
center at 512 nm is due to to surface states of the CDs.
Considering the deoxidized CD surface after UV irradiation as
demonstrated by the XPS results, the decreased surface state
absorption and emission should be related to the decreased
oxygen content. It can be concluded that UV light-induced
deoxidized surface and photobleached molecular fluorophores
are beneficial for the enhancement of the intrinsic emission
from the carbongenic core of CDs.
A plausible summary of the processes taking place in the

CDs and CDs-i is given in Figure 5. The synthesized CDs are
presented as a carbonized core (CC) with an oxidized surface
with several attached molecular fluorophores (MF), wherein

each of these structural elements is an emission center, as
shown in the related energy structure scheme. In such CDs, the
optical transitions related to MF and surface states possess
higher energy than states related to CC. As a result of UV
irradiation, MF are almost deteriorated and the CD surface is
deoxidized, which leads to a change in the processes of
creation and recombination of charge carriers in the CDs.
Thus, the number of energy levels related to MF and surface
states decreases, which is reflected in a decrease of the optical
density and the PL intensity of these bands. As for the optical
transitions related to the intrinsic core states, a relative increase
in the optical density and in the PL intensity is observed. The
accompanied increase of PLQY (from 13% to 17%) together
with the prolonged PL lifetime indicate a decrease in the
nonradiative relaxation channels (dashed lines in energy
scheme, Figure 5 lower panel) upon the UV irradiation.37,38

Another possible process resulting in the PL enhancement is
the decrease of the thermally activated reverse transitions from
the intrinsic core emissive state to the closely spaced states
with higher energy (shown in Figure 5 as gray dotted lines),
because the UV irradiation also induced the deterioration of
these energy bands.
In summary, CDs with three luminescent centers (484, 528,

and 550 nm) were synthesized by a microwave-assisted
method using phloroglucinol as precursor. It is demonstrated
that the observed excitation-dependent luminescence of these
CDs is due to varied contributions from the molecular
fluorophores, CD surface states, and the intrinsic core CD state
into the overall emission signal, while their individual emission
bands are excitation-independent. The emission from the
surface molecular fluorophores (centered at 484 nm) and the
CD surface states (centered at 528 nm) are not photostable
and can be photobleached and deoxidized, respectively, after
long time UV laser irradiation. In contrast, the emission from
the intrinsic state of the inner carbogenic core (centered at 550
nm) exhibits a stable emission with a narrow fwhm of 38 nm.
The energy loss caused by the nonradiative relaxation channels
together with the thermally activated transitions from the
intrinsic state to surface states is eliminated by the UV-
irradiation, leading to the enhancement of PL quantum yield
from 13% to 17%, which is a realization of relatively pure
intrinsic emission. The results of this work provide a new way
to improve the intrinsic emission from CDs and are valuable
for deeper understanding and controlling the CDs’ lumines-
cence origin to promote the development of their application
in various fields.
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