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Long-emission carbon dots (CDs) is triggering immense enthusiasm on account of their intrinsic merits of
high chemical stability and excellent optical properties. In this study, a facile and rapid approach was
developed for the preparation of barium-doped carbon dots (Ba-CDs) with yellow fluorescence emission
and high quantum yields. Surface chemistry and the chemical architecture of the Ba-CDs was revealed
under various spectroscopic methods. This work provides more insights into the effects of charge transfer
caused by Ba heteroatoms, which is considered as the most challenging step in the investigation on
luminescence mechanism. Remarkably, the prepared Ba-CDs were successfully applied as fluorescent
probes in the detection of trace water in organic solvents (ethanol, isopropanol, acetone, tetrahydrofu-
ran). Comparing with traditional fluorescent probes for water detection in organic solvents, Ba-CDs
detection provides a more sensitive, much faster and more economical approach.

© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Carbon dots (CDs), a new member of the fluorescent materials
was first discovered in 2004 [1], showing a multitude of
outstanding properties such as good photo-absorption, photo-
stability and photobleaching resistance. The excellent and unique
properties render them highly attractive for potential applications
in areas of fluorescent printing [2,3], fluorescent probe [4-6],
electrochemical catalyst [7,8] and light-emitting devices (LEDs)
[9,10]. Previously, most efforts were put into improving the
photoluminescence (PL) quantum yield (QY) of CDs. Numerous
methods and a variety of raw materials were attempted in the
synthesis of CDs [11,12]. In recent years, the surface passivation and
heteroatom doping approaches have been proved very effective in
terms of enhancing the properties of CDs. Consequently, CDs of
significantly improved PLQY were reported and 94% yield was
observed with blue emission [13]. Later, a sulfur doped CDs was
created via simple hydrothermal treatment, and a 67% PLQY was
achieved [14]. Zhu et al. reported a QY of 80% with N doped CDs
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[15]. Furthermore, metal heteroatoms were doped into carbon dots
adjust to the electronic density and the resulting optical properties
of carbon dots [16-22]. Previously, Qu and co-workers developed
blue, green and orange emissive CDs through the employment of
three different solvents [23]. Fan and co-workers reported a
synthesis of blue, green, and red emission CDs (up to 52.6%, 35.1%
and 12.9% QY) by controlled graphitization and surface function,
realizing the tuning of emission from 430 nm to 630 nm [23]. Sun
and co-workers demonstrated that emission of three colors at 340,
440 and 540 nm can be achieved with S, N, Co-doped graphene
quantum dots at 61%, 45%, and 8% yield [24]. In addition, Yang's
group was able to obtain long and near infrared emissive CDs (QY ~
30%) using dopamine and o-phenylenediamine as precursors [25].
Wang et al. prepared near-infrared emissive CDs with high
quantum yield (QY) of 33.96% in an aqueous solution [26].
Meanwhile, triangular CDs from blue to red with a quantum yield
up to 54%-72% have been reported [27]. Yang et al. also prepared
CDs with blue dispersed emission and red aggregation-induced
emission [28]. Despite these efforts, high photoluminescence CDs
that can be easily synthesized and readily excited by long
wavelength (A >400nm) is highly desirable. To the best of our
knowledge, the metal doped CDs with high PLQY (> 80%) reported
showed emission entirely in the blue to green-light region only.
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Therefore, it is urgently needed to attain long- wavelength and
high PLQY of CDs to broaden its application, especially in
fluorescent probes, photocatalysis and LEDs fields. In addition,
the PL mechanism of CDs is not clearly understood. Further study is
in urgent need to extend the CDs emissions to longer wavelengths.
In this work, yellow-emitting at long-wavelength fluorescent
carbon dots doped with Ba were prepared through a facile one-step
solvothermal method and high fluorescence quantum yield (up to
99.6%) was obtained. The sample of Ba-CDs showed an intense and
distinct emission at 560 nm after being excited at 460 nm. So far,
this is reported for the first time that Ba-CDs have achieved an over
90% PLQY of fluorescence at long wavelength (A > 500 nm). Various
spectroscopic techniques, including transmission electron micros-
copy (TEM), fluorescence spectroscopy, X-ray photoelectron
spectroscopy (XPS) and FTIR were applied to reveal the surface
chemistry and the chemical architecture of the Ba-CDs. The effect
of Ba charge transfer doping and the fluorescence mechanism were
studied. The synthesized Ba-CDs were used as water sensing
fluorescent probe for the detection of water in organic solvents
(ethanol, isopropanol, acetone, tetrahydrofuran). It was found that
Ba-CDs displayed unique fluorescence properties that can be
rapidly quenched by water. Based on the quenching effect observed
in the presence of water, Ba-CDs fluorescence at 560 nm was used
in the qualitative and quantitative analysis of trace water in
ethanol, isopropanol, acetone, tetrahydrofuran organic solvents,
achieving good linearity. Comparing with other fluorescent probes
for water analysis in organic solvent, the fluorescent behavior of
Ba-CDs eliminates the necessity of modifying water structure and
provides effortless applications.

In this study, sodium citrate and urea were selected as carbon
sources. The schematic synthesis process of the yellow lumines-
cent Ba-CDs is shown in Fig. 1a. Spherical morphology was
evidently revealed under the Transmission Electron Microscopic
(TEM) investigations. According to the TEM images (Fig. 1b), Ba-
CDs was synthesized uniformly and highly separated from each
other. The high-resolution transmission electron microscopic
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Fig. 1. (a) Schematic diagram of the synthesis process of yellow luminescent Ba-
CDs. (b) TEM images of Ba-CDs. (c) The high resolution HRTEM images of the Ba-
CDs. (d) The diameter distribution of Ba-CDs calculated from TEM image. (e) TEM-
EDX analysis of Ba-CDs. (f) C, (g) O, (h) N and (i) Ba elemental EDX mapping analysis
of Ba-CDs.

(HRTEM) image inserted in Fig. 1c shows that notable crystalline
characteristics were observed in a single quantum dot with a
spacing of 0.21 nm. The result indicated the presence of (100)
lattice planes of the graphitic carbon. A close look at the Ba-CDs
disclosed that the quantum dots varied from 2.82 nm to 7.58 nm in
size, with an average at around 4.95 nm (Fig. 1d). TEM-EDX analysis
of Ba-CDs (Fig. 1e) and corresponding C, O, N and Ba elemental EDX
mapping analysis of Ba-CDs (Figs. 1f-i) reveal the C content is
70.49 wt%, O content is 20.34 wt%, N content is 8.12 wt% and Ba
content is only 1.04 wt% in Ba-CDs. The AFM image (Fig. S1 in
Supporting information) further demonstrated the formation of
mostly monodispersed quasi spherical Ba-CDs.

The optical properties of Ba-CDs were studied in detail. The
sample was found to produce an absolute photoluminescence
quantum yield up to 99.6% (Fig. S2 in Supporting Information). The
emission characteristics of Ba-CDs were studied under irradiation
with lights of varying wavelengths from 300nm to 500 nm
(Fig. S3a in Supporting Information). The contour plot is
demonstrated in Fig. S3b (Supporting information). According to
previous studies, reaction temperature and reaction time have
significant impacts on the fluorescent properties of the carbon
quantum dots [6]. The excitation spectrum ranges from 250 nm to
550 nm, the optimal A.;, at 460nm. The optimal emission
spectrum at 560 nm (Aex = 460 nm) of the Ba-CDs were presented
in Fig. S3c (Supporting information). Comparison of known CDs
and the Ba-CDs synthesized in this work in terms of emission
wavelength and quantum yield (Tables S1 and S2 in Supporting
information) indicates that the latter has highest quantum yield at
long emission wavelength (A >500nm) [9,23-25,27-33]. An
important feature discovered was that the peak position of
emission spectrum did not shift with the varying excitation
wavelength, indicating that emission of Ba-CDs was independent
of the excitation process. This observation was attributed to the
highly homogeneous surface structure and the narrow distribution
of Ba-CDs sizes. The UV-vis absorption spectrum of Ba-CDs
(Fig. S3d in Supporting Information) exhibited two characteristic
peaks. Absorption at 290nm is ascribed to the formation of
aromatic 7 orbitals on account of the formation of graphitic carbon
structure [34], while the other peak at 440 nm is ascribed to the
trapping of excited state energy by the surface states [35]. Fig. S3e
(Supporting information) displayed the PL decay spectra of the Ba-
CDs, and the photoluminescence lifetime is approximately 9 ns.
Additionally, various microscopic and spectroscopic techniques
were applied to the characterization of the morphology, structure,
surface chemistry and photo-physics of the Ba-CDs synthesized
under the optimum experimental conditions. The Raman spectra
of the Ba-CDs was shown in Fig. S3f (Supporting information). Two
predominant peaks can be observed at 1362 and 1582 cm™!, which
correspond to the D band and G band. The intensity ratio of D band
to G band (Ip/Ig) is used to evaluate the disorder and graphitic
degrees of carbon dots. A ratio of 0.38 readily tells that defected
structures existed in Ba-CDs, which is partially responsible for the
high quantum yield and the long-emission of Ba-CDs.

The contents of N, O, C, elements in Ba-CDs are surveyed from
the XPS spectra by analyzing the peaks at 292.28 eV, 405.08 eV and
538.38 eV, respectively (Fig. S4a in Supporting information). The
high-resolution C 1s band of the samples (Fig. 2a) can be
deconvoluted into three peaks located at 284.5, 285.9 and
286.6 eV, which was assigned to sp? carbons C=C, C—N and
C—O0[36]. The N 1s (Fig. 2b), two peaks at 399.42 and 401.2 eV can
be obtained after deconvolution, which was assigned to the
pyridinic N and the pyrrolic N. The existence of N 1s peaks clearly
indicates the successful doping of nitrogen into the carbon
structure, which was also confirmed by the C 1s peaks. O 1s
analysis of the XPS spectra (Fig. 2c) revealed two peaks located at
531.6 eV (C=0). To further gain insight into how the functional
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Fig. 2. High-resolution XPS (a) C 1s, (b) N 1s, (¢) O 1s spectra for Ba-CDs. XPS (d) C 1s, N 1s, O 1s spectra of the five selected samples at different molar ratios of the urea and

barium chloride.

groups or chromophore influence the photoluminescence, the
high-resolution C 1s, N 1s and O 1s XPS spectra for other molar
ratios of urea and barium chloride (1:1, 1:2, 1:4 and 1:5) were
carefully examined (Figs. S5-S7 in Supporting Information). In
terms of the C 1s peaks (Fig. 2d), the five CDs have a clear difference
in the 286.6 eV peak. The Ba-CDs (1:3) has a distinct peak at C—O0,
while no peak was found for other samples, implying that the
carboxyl carbons was intimately related to the photoluminescence
and the high PLQY of the CDs. In the N 1s (Fig. 2e) XPS spectrum, the
peaks of the as-prepared five samples all indicate the change in
chemical state of nitrogen element from pyridinic N to pyrrolic N.
The Ba-CDs (1:3) displays an outstanding pyrrolic N peak, which
was one of the reasons for the high QY. Analysis of O 1s XPS spectra
of these samples (Fig. 2f) found consistent result as C 1s analysis,
confirming the improved content of sp> carbons in the Ba-CDs
(1:3). The Ba 3d spectra of the five selected samples were shown in
Fig. S8 (Supporting Information). However, inductively coupled
plasma atom emission spectrometry (ICP-AES) analysis showed
that the Ba content in the Ba-CDs (1:3) sample solution is
0.6090 mg/L.

The FTIR spectra further revealed the functional groups on the
Ba-CDs (1:3) surface (Fig. S4b in Supporting information). A strong
absorption at 3200cm™! correlates with the N—H stretching
vibration. Absorption centered at about 2935 cm™! is derived from
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the C—H stretching vibrations. C=N stretching contributes to the
wide absorption at 1642 cm™ . C=C stretching was discovered at
1524 cm~!, showing that carbonization process is responsible for
introducing the graphitic domains to the Ba-CDs. It is well known
that element doping is an important reason for enhanced
fluorescence quantum yield of CDs. Combining the analysis results
of TEM-EDX, XPS, FTIR and ICP-AES, it is evident that Ba-CDs has a
highly oxidized surface with the successful doping of Ba element.

To better understand the mechanism of heteroatom doping
effect on CDs, we conducted first-principle calculations of doping
element states in spherical modified CDs with Ba atom. From
results it has been clearly demonstrated that the incorporation
location of the impurity atom plays a critical role in regulating the
properties of doped CDs. The electron density difference (EDD)
distribution was calculated and shown in Figs. 3a-d. The EDD
reflected the electron transfer between bonding atoms. The blue
and red isosurfaces represent electron depletion and accumulation
respectively in the chemical bond formation process. The oxygen
site in the plot revealed vivid red since it features the highest
electronegativity among those elements in pristine CDs and in Ba-
CDs. The total densities of states (TDOSs) for the pristine CDs and
Ba-CDs were calculated to reveal the effect of impurity doping on
the electronic properties of CDs, which was illustrated in Fig. 3e. As
can be observed, for Ba-doped cases, the Ba impurity-related peaks
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Fig. 3. (a) The top view the charge density of pristine CDs Ba-CDs. (b) The side view of the charge density of pristine CDs. (c) The top view the charge density of Ba-CDs. (d) The
side view of the charge density of Ba-CDs. (e) Total density of states of pristine CDs and Ba-CD.
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Fig. 4. (a) The fluorescence emission spectra of Ba-CDs dispersed in ethanol
containing different concentration of H,0. (b) Plot of AF against the concentration
of H,0 from 0.01% to 5% in ethanol. (c) The fluorescence emission spectra of Ba-CDs
dispersed in isopropanol containing different concentration of H,0. (d) Plot of AF
against the concentration of H,O from 0.01% to 10% in IPA.

shifted towards LUMO as compared to pristine CDs, indicating the
existence of Ba heteroatom generated an impurity state resulting
in an elevated HOMO. Consequently, it significantly eases charge
transfer, increases the lifetime of carriers, and thus improves
quantum yield in Ba-CDs. As shown in Fig. S9 (Supporting
information), the heteroatom Ba is loaded to CD by bonding to
oxygen atom. There is no Ba bonding to C owing to the long
distance between Ba and C atom. As shown in the Figs. 3b and d,
negative charge density is found on Ba atom while positive charge
density is found on O atom, indicating the charge transfer from Ba
to O. Obviously enhanced blue colour, implying considerable
electron depletion, was observed at Ba atom in Ba-CDs, corre-
sponding to electron transfer from Ba to O. This demonstrates that
charge transfer caused heteroatom is likely a reason for the high
quantum yield in Ba-CDs.

The Ba-CDs are demonstrated as promising fluorescence “turn-
off” sensors for low-level water Content in organic solvents. In this
study, utilizing the unique fluorescence properties of Ba-CDs, we
design the Ba-CDs as probes for detection of water in organic
solvents. Fig. 4a shows a gradual decrease in fluorescence of Ba-
CQDs when increasing the water content from 0 to 50% (v/v) in
ethanol. The reduction in fluorescence was plotted against the
amount of H,0 in Fig. 4b, where a good linearity with an excellent
coefficient of determination (R?=0.9971) was obtained when AF
(the loss of PL intensity at 560 nm emission) was plotted against
the concentration of H,O ranging from 0.01% (v/v) to 10% (v/v). The
time-dependent change (from 1 min to 10 min) in fluorescence of
Ba-CDs in this solution system was also examined (Fig. S10a in
Supporting Information). When repeating the same quantitative
experiment in Ethanol, standard deviation in AF for five assays was
sufficiently small, indicating a good reproducibility. The detection
limit was determined to be as low as 0.001% (DL =3c/k), which is
comparable to the previous results reported [37,38]. As aforemen-
tioned, Ba-CDs was used as florescent probes for the qualitative
and quantitative determinations of trace water content in
isopropanol, acetone and tetrahydrofuran. Fig. 4c showed the
experimental results in isopropanol. The change in fluorescence
intensity (AF) against the concentration of H,O in isopropanol
exhibited a good linear relationship in the range of 0-10% (v/v)
(Fig. 4d). The linear equation is as follows: AF=8.7076 + 4.26089C
(R?>=0.9911), and the detection limit is as low as 0.0011%. Fig. S11a
(Supporting information) showed the result of water content in
acetone solution. AF and water concentration in acetone exhibited

a good linear relationship in the range of 0-10%, as suggested by
the linear equation: AF=12.46948 + 15.32472C, (R*> =0.9951), with
the detection limit being 0.00035% (Fig. S11b in Supporting
Information). Fig. S11c (Supporting information) showed the result
in tetrahydrofuran solution determined by Ba-CDs. The quantita-
tive relationship between AF and H,O concentration is
AF=5.90201 +16.34411C (R*>=0.9918), and the detection limit is
0.0033% (Fig. S11d in Supporting Information). Therefore, these
experiments clearly demonstrated the strong potential of Ba-CDs
in detecting water content in various kinds of organic solvents.
Hence, the work provides a readily adaptable fluorescence-based
protocol that has numerously potential applications in quality
control of organic solvents. It has been reported that the absorption
spectrum of the fluorophore changes during the static quenching
process, while it remains constant during the dynamic quenching
process [39-42]. Therefore, the absorption spectra of the
fluorophore before and after quenching were compared. In
Fig. S12 (Supporting information), the UV-vis absorption spectra
of Ba-CDs and the Ba-CDs-water system were superposed with the
experimental error, which indicates the dynamic quenching
mechanism of the Ba-CDs-water system. Compared with the
UV-vis absorption spectrum of Ba-CDs, the absorption peaks of Ba-
CDs-water system at 290nm and 440nm have disappeared,
indicating that the surface states and the graphitic carbon
structure of Ba-CDs have been changed in the water system. In
a word, the efficient quenching of fluorescence by water is
attributed to the specific water-fluorophore interaction and
partially to the increased solvent polarity when water is
introduced.

In conclusion, we developed a facile and rapid approach for the
preparation of Ba-CDs by solvothermal method. The carbon dots
prepared gives off yellow fluorescence at ultrahigh PL yield. We
conducted first-principle calculations of doping element states in
spherical modified CDs with Ba atom and electron density
difference to understand heteroatom doping effect mechanism
on CDs. We infer that the charge transfer caused by heteroatoms is
likely the reason for the high quantum yield in Ba-CDs, which are
beneficial for the PL mechanisms of CDs. The products were
applied to the analysis of organic solvents. It was the first time that
Carbon Quantum Dots was applied as the fluorescent probe for the
detection of low-level water impurity in organic solvents. It was
found that the Ba-CDs have a unique and linear response to H,O in
organic solvents according to the luminescence results, achieving
good correlation coefficients of 0.9971 (in ethanol), 0.9911 (in
isopropanol), 0.9951 (in acetone), 0.9918 (in tetrahydrofuran),
respectively. This work proposes a novel model to investigate the
PL mechanisms for CDs and presents a readily adaptable
fluorescence-based protocol with immense potential for applica-
tions in quality control of the solvent products.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.cclet.2020.05.037.
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