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The photoluminescence (PL) from carbon dots can be dramatically modified through the engineering of surface
oxygen-containing functional groups. Despite the recent surge of interest in the non-metal doping of carbon dots,
the photo-physical properties of metal-doped carbon dots remain unexplored. Here, we report the highly efficient
deep blue PL and amplified spontaneous emission from sodium (Na)-ion-doped carbon dots. Based on the
structure- and temperature-dependent PL and the temporal evolution of PL, we reveal that the introduction of Na
ions into carbon dots not only passivate the electronegative oxygen related defects but also create new Na-O
related defect centers in the band gap, leading to deep blue PL with dramatically reduced bandwidth and
significantly enhanced quantum yield. We establish a luminescence model with four energy levels to interpret the
PL dynamics of Na*-doped carbon dots. We demonstrate for the first time the ASE from such carbon dots, which
exhibit a net optical gain coefficient of 47.8 em ™! at 440 nm. Our results open new horizons for improving the PL

of carbon dots and pave the way for realizing optoelectronic devices based on carbon dots.

1. Introduction

Carbon materials, which possess richness of electronic and optical
properties such as high mobility, high surface area and high photo-
luminescence quantum yields (PL QYs), has currently attracted intensive
attention due to their promising applications in energy storage, biolu-
minescence imaging and optoelectronic device [1-5]. Sodium (Na) ion
batteries with carbon based anodes have been emerging as one of the
most promising building blocks in the next generation green electro-
chemical energy storage devices because of their abundant constituent
elements and low-cost compared with lithium (Li) [5-8]. Unfortunately,
the low capacities of ~35 mA h/g prevent their further practical ap-
plications. The main issue hindering the high capacities of Na ion bat-
teries with carbon based anodes stem from the larger ionic radii of Na™*
which blocking the intercalation of Na' in carbon materials. Conse-
quently, more attention has been focused on the intercalation behavior
of Na™ into carbon materials and the Na* storage mechanism of hard
carbon in order to improve their electrochemical performance [8-11].
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So far, due to the few-layer carbon structure which can promote the
intercalation and mobility of Na*, low-dimensional carbon materials,
such as graphene sheets, carbon dots (C-dots), and carbon nanotubes, is
considered to be excellent electrode materials for Na ion batteries [4-6].
For example, the Na ion batteries with Janus graphene stacks anode
show a capacity of ~332 mA h/g which can compared with the Li ion
batteries [5]. In addition, defects such as functional group and vacancy
in carbon structure also can promote the formation of sodiophilic
interphase and enhance the storage of Na™ for high-performance Na ion
batteries. The defective graphene based electrode theoretically can
achieve a high specific capacity of ~1117 mA h/g for Na ion batteries
[9]. However, except the advance of the enhanced electrochemical
storage properties from Na® doped carbon materials, few studies have
focused on the photophysical characterizations of Na™ doped C-dots,
especially their further optoelectronic applications. In particular,
because the PL characteristics of C-dots is mainly affected by the surface
configuration, the analysis of the photophysical properties of Na* doped
C-dots would contribute to understand the intercalation behavior of Na*
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doping in the carbon materials.

Recently, compared with heavy metal ions quantum dots (QDs) such
as Cd%" and Pb2* based QDs, which generally feature narrow bandwidth
emission with high QY [12-19], luminescent C-dots have regarded as a
promising material for high-definition displays, energy-efficient solid--
state light emitting devices (LEDs) and low threshold lasers because of
their superior optical properties and environmental friendliness
[20-22]. Luminescent C-dots with tunable color and high QY have been
successfully achieved via the oxidation and/or reduction of surface ox-
ygen functional groups [23-29]. For example, a surface amination
method was employed to eliminate the oxygen-containing functional
groups in C-dots, leading to high-performance deep blue LEDs with an
EQE of 4% [28]. In addition, metal doping is also considered as an
effective way to obtain highly-efficient luminescent C-dots because of
the donor nature of metal ions [30-34]. Up to now, a variety of metal
ions, such as Zn?*, Mn?*, K*, and Cu®*, have been used to enhance the
PL of C-dots [33-36]. In fact, an effective blue light emission from C-dots
has been achieved though the Na' modification of functional group
[33]. However, the physical mechanism of Na® doping for the enhanced
PL of C-dots and the dynamics of carrier recombination in Nat doped
C-dots remain unclear. In particular, the Na* doped C-dots emitting
deep blue light with narrow linewidth (full width at half maxima or
FWHM) have not yet been achieved. Moreover, the amplified sponta-
neous emission (ASE) from Na* doped C-dots has never been reported.

In this work, we report the synthesis and optical characterization of
sodium (Na)-ion-doped C-dots that emit highly efficient deep blue PL
with narrow linewidth. We reveal that reduced PL linewidth and the
enhanced PL QY observed for Na'-doped C-dots originate from the
elimination of oxygen-containing functional groups on the surfaces of C-
dots. Based on the temporal evolution of the PL spectrum, it is found that
the incorporation of Na' into C-dots creates new Na-O coordinating
functional knots in the middle of the bandgap, which act as defect
luminescent centers and contribute dominantly to the deep blue PL of C-
dots. Moreover, we successfully interpret the PL dynamics of Na*-doped
C-dots with a four-level luminescence model and demonstrate for the
first time the ASE in a polymer film doped with such C-dots.

2. Materials & methods
2.1. Preparation of Na'-doped C-dots and thin films

Na*-doped C-dots studied in this work were prepared via a modified
solid-state reaction with the different C/Na molar ratio. Firstly, an
ethanol solution was obtained by dissolving 0.1 M (0.4 g) sodium hy-
droxide with 5 mL ethanol. Then, 0.1 M (2.10 g) citric acid monohydrate
and 0.1 M (2.94 g) trisodium citrate dehydrate were put into two mor-
tars independently for grinding in ethanol. Meanwhile, the above so-
dium hydroxide ethanol solution was dropped into the mortars to form
the mixed C-Na precursor with the C/Na molar ratio of 1 : 0.32 and 1 :
1.28, which were named as sample-L and sample-H, respectively. Once
thick porridge-like mixtures were obtained, they were transferred to two
beakers and dried in a vacuum oven for 2 h at 60 °C and 180 °C,
respectively. After cooling to room temperature, samples denoted as L
and H were obtained. The crude C-dots product of solid-state reaction
was dialyzed using a dialysis bag (1000 Da) for 48 h (replaced deionized
water every 24 h) against deionized water to remove the excess impu-
rities and salt. Finally, the Na*-doped C-dots powder was dispersed in
ethanol aqueous solution with the concentration of 10 mg/mL. Thin
films of Na*-doped C-dots were obtained by drop-casting 50-100 pl of
Na'-doped C-dots ethanol aqueous solution at ambient conditions onto
quartz substrates, followed by drying in a vacuum drying oven for 24 h
at ambient conditions.

2.2. Characterization of Na*-doped C-dots

The microstructure and composition of the Na*-doped C-dots were
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characterized by using high resolution transmission electron microscopy
(HR-TEM) and energy dispersive spectroscopy (EDS), respectively. The
bonding configuration of Na™-doped C-dots was examined by using
Fourier transform infrared (FTIR) spectra. The absorption spectra were
measured by using a spectrophotometer (UV-3600, Shimadzu). The PL
measurements, including the temperature dependent PL spectra, the
temporal evolution of the PL spectra, and the QY evaluation, were car-
ried out by using a PL spectrometer (FLS1000, Edinburgh Instrument).
The characterization of the optical gain for the thin films of Na*-doped
C-dots was performed by using the standard variable stripe length (VSL)
technique in a Raman microscope (LabRAM HR Evolution) equipped
with a 325-nm He-Cd laser.

3. Result and discussion

We first examined the microstructure of Na*-doped C-dots by HR-
TEM. A typical example is shown in Fig. la and Figure S1 in which
the lattice constant of C-dots was found to be ~0.22 nm, in good
agreement with the lattice constant of graphite in the <100> direction
[37]. In Fig. 1b, we present the EDS spectra measured for the two
samples. It can be seen that the contents of Na and O in sample-H
(12.01% and 33.17%) are much higher than those in sample L (3.94%
and 22.97%). The increase in the contents of Na and O is compensated
by the reduction in the content of C, which is reduced from 73.09% to
54.83%. We employed FTIR absorption spectra to detect the local
bonding configurations of Nat-doped C-dots, as shown in Fig. 1d. The
broad absorption band peaking at 3380 cm™! with a shoulder at 2940
em™! are attributed to the O-H and C-H stretching vibration, respec-
tively [38]. The two distinct absorption bands at 1405 and 1590 cm !
are ascribed to the C-O and C=O stretching vibrations of sodium
carboxyl groups, respectively [39]. In addition, the absorption peaks
located at 1070 and 1257 cm ™ are related to the stretching vibrations of
C-0 (alkoxy) and C-O (epoxy) bonds, respectively [40]. The chemical
structure of Na'-doped carbon dots is illustrated in Fig. le. It is
remarkable that the absorptions related to the C-O and C=O stretching
vibrations of sodium carboxyl groups are enhanced in sample-H as
compared with sample-L. In addition, the two absorption bands become
sharper and narrower in sample-H, implying a reduction in structure
defect. Moreover, the absorption band of C-O (alkoxy) and C-O (epoxy)
bonds disappear completely with the absorption band of O-H bond is
dramatically attenuated in sample-H. These changes are expected from
the reduction of O in sample-H, which is determined by the EDS analysis.

In Fig. 1c, we compare the emission and excitation spectra measured
for the two samples dissolved in ethanol aqueous solution. For sample-L,
the PL spectrum exhibits a broad band peaking at 465 nm. The band-
width (FWHM) is estimated to be ~113 nm. In the PLE spectrum, one
can see a broad band peaking at 380 nm and a shoulder at ~330 nm. It
can be attributed to the electronic transition from the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) [41]. It is found that the PL peak exhibits a dependence on the
wavelength of the excitation light (see Figure 52). This phenomenon was
previously observed in most C-dots and it was attributed to the surface
state emission of oxygen-containing functional groups, such as OH and
COOH groups [23,40]. In sample-H, the PL peak is blueshifted from 465
to 438 nm. Meanwhile, a dramatic reduction of the bandwidth from
~113 to ~65 nm is observed. The PLE spectrum is also blueshifted to
315 nm with a narrower bandwidth. Moreover, a new weak absorption
band located at 315 nm appears in the absorption spectrum (see
Figure S3), which can be ascribed to the energy trapping of the surface
defect state [41]. More importantly, we observed a PL QY as high as
19.36% in sample-H, which is significantly improved by more than one
order of magnitude as compared to the value of sample-L (~1.45%) (see
Figure S4). As a result, one can easily observe the strong blue light
emission from sample H under day light, which is generated at an
excitation wavelength of 325 nm. Interestingly, the PL peak and band-
width of sample-H are nearly independent of the excitation wavelength



Z. Lin et al.

(@)

—
(@)
~

- excitation  emission _:mg:z:h
3 10 . — |
o \
L "o
= 08¢f P lo@
2 DI RO
% ’/' 1 ,
= 06 ‘L\‘r o o loig
AT
e R 4 {04
2 I /‘
© [
= 02f 4o 15:5
S pr
(NN] Ss’ \

0.0 _I/' l ~ . l - 3 0.0

300 400 500 600 700

Wavelength (nm)

NazCqH;sO;.2H,0

Emission PL intensity (a. u.)

Journal of Luminescence 246 (2022) 118856

(b) ¢o o ]
1 sample C(%) Na(%) O (%)
] L 7309 394 22097
S H 5483 1201 33.17
»
o
O
20
o T 1 T T
4 6 8 10
Energy (keV)
(d
sample - L
11585 cm”’ SRS =)
1398 cm 1
3380 cm

Normalized absorbance (a. u.)™~

3000 4000

2000
Wave number (cm™)

1000

Na*-doped C-dots

Modified solid-state reaction

180°C,2h

NaOH

@C @0 oH ONa

Fig. 1. (a) TEM image of sample-H. A magnified image in which the lattice constant can be extracted is shown in the inset. (b) EDS of sample-H. A comparison of the
C, Na and O contents in sample-L and sample-H based on the EDS is shown in the inset. (c) Normalized excitation and emission spectra measured for sample-L and
sample-H. The inset shows the emission from sample-H dispersed in the aqueous solution of ethanol under the excitation of 325-nm light. (d) Comparison of the FTIR
spectra of sample-L and sample-H. (e) Illustration of formation process and chemical structure of Na*-doped carbon dots (sample-H).

(see Figure S5). The distinct PL and PLE spectra of sample-L and
sample-H indicate completely different physical origins for electronic
transition and the crucial roles of Na® doping in modifying the lumi-
nescence properties and in improving PL QYs.

In order to gain a deep insight into Na™ doping, we performed the
transient PL measurements for the two samples, as shown in Fig. 2a and
2b. Different from the PL spectrum in the stead state, the transient PL

spectra of sample-L exhibits a broadband centered at 475 nm with a
small shoulder at 435 nm. This behavior implies that two different
electronic transitions with emission wavelengths at 435 and 475 nm are
involved in the blue emission from the ethanol aqueous solution of Na™-
doped C-dots. With increasing the concentration of Na*, the emission at
435 takes over the dominant role from the emission at 475 nm, sug-
gesting that Na™ doping introduces a new luminescence center in C-dots.
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Fig. 2. Transient PL spectra measured for sample-L (a) and sample-H (b) at 300 K. (c) Dependence of the integrated PL intensity on temperature measured for the two
samples. (d) PL decays measured for the two samples. They were fitted by using biexponential decay function: I(t) = Io+I; *exp(-t/71)+I2*exp(-t/T3), where Iy is the
background level, I; and 7; (i = 1, 2 ) are the amplitude and lifetime of each exponential decay. The inset shows the fitting results. (¢) Normalized PL spectra of
sample-H obtained at different temperatures ranging from 10 K to 300 K. The dependence of the PL bandwidth (FWHM) on temperature is shown in the inset. (f)
Schematic showing the four-level energy diagram proposed for Na™*-doped C-dots.

It has been known that C-dots doped with metals (such as Zn, and Mn,
etc) will create metal-O coordinating functional knots adsorbed on the
surfaces, resulting in multi-energy states in C-dots [32,42]. Based on the
EDS analysis and the FTIR spectra, it suggests that the oxidation of Na™*
passivates the electronegative oxygen related defects and creates Na-O
coordinating functional knots such as sodium carboxyl functional
groups, as shown in Fig. le. It is considered that Na-O coordinating
functional knots may come from O-H, C-O (alkoxy) and C-O (epoxy)
bonds because of their acceptor nature. This suspect can be used to
interpret the narrowing of the PL band with increasing concentration of

Na™. Therefore, we believe that the PL band centered at 435 nm may
originate from the surface luminescent centers related to Na-O coordi-
nating functional knots.

In Fig. 2c, we show the temperature-dependent PL intensity
measured for the two samples. In both cases, a reduction of the PL in-
tensity is observed with increasing temperature due to the thermal
activation of non-radiative recombination channels. When the temper-
ature is raised from 10 to 300 K, the PL intensity of sample-L drops
dramatically to ~40% of the original value. In contrast, the PL intensity
of sample-H decreases only to 72% of the initial intensity. This behavior
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indicates that Na®™ doping can suppress the activation of the non-
radiative decay, which is consistent with the enhanced PL efficiency.
The PL decays measured at 300 K for the two samples are fitted by using
biexponential function, as shown in Fig. 2d. The average lifetimes are
found to be ~3.31 and ~6.04 ns for sample-L and sample-H, respec-
tively. The increase of the PL lifetime with increasing Na* concentration
also verifies the effective suppression of the non-radiative decay chan-
nels caused by Na™ doping.

In Fig. 2e, we present the normalized PL spectra measured for
sample-H at different temperatures ranging from 10 to 300 K. It can be
seen that the dominant PL peak position remained unchanged with
increasing temperature, verifying that the blue emission originates from
the radiative recombination of carriers though the luminescent centers
[43]. Interestingly, it is found that the linewidth (FWHM) of the PL band
decrease gradually from 88 nm to 72 nm when the temperature is
increased from 10 to 300 K due to the attenuation of the long wave-
length side of the PL band. This behavior is completely different from
undoped C-dots in which thermal broadening of the PL band originating
from the electron-phonon interaction is observed [43]. In our case, this
anomalous behavior can be explained by the de-trapping process of
electrons activated by thermal energy in a four-level luminescence
model, as shown in Fig. 2f. Upon light excitation, electrons in the
valence band are lifted to the high energy states in the conduction band
and then rapidly relaxed to the surface defect states created by Na-O
coordinating functional knots or oxygen-containing functional groups.
Most electrons will radiatively recombine with holes, generating a
strong blue emission at ~435 nm. Meanwhile, some electrons are sub-
sequently captured by the deeper state related to oxygen. We examined
the persistent PL decay at 465 nm obtained at different temperatures
ranging from 10 to 300 K. The samples were excited by 325-nm light for
2.0 min (see Figure S6). At low temperatures, the electrons captured in
the oxygen-related defect state cannot hop back to the high-energy
excited state due to the lack of thermal energy. In this case, the elec-
trons can only jump to the ground state and recombine with holes,
leading to the light emission at 465 nm. Consequently, the bandwidth of
the PL spectrum becomes broader with reducing temperature. At room
temperature with sufficient thermal energy, the captured electrons can
jump from the deep defect state to the high-energy excited state. As a
result, the blue light emission can be observed under excited at different
wavelengths ranging from 550 nm to 650 nm, as shown in Figure S7.
This phenomenon may be exploited to demonstrate population inver-
sion in this system and to realize light amplification based on C-dots
[44].

We investigated the amplified spontaneous emission (ASE) from
Na't-doped C-dots by using the variable stripe length (VSL) method, as
illustrated in the inset of Fig. 3. The integrated PL intensities from the
thin film doped with Nat-doped C-dots measured at different pump
powers under the excitation of 325-nm light are presented in Fig. 3.
Apparently, an exponential increase in the integrated PL intensity of the
sample-H is observed with increasing the pump power, which indicates
the appearance of ASE in the thin film. In Fig. 4, we show the depen-
dence of the PL intensity at 440 nm on the pumping length. One can see
that the ASE spectrum of the film appears as a broad emission band
peaking at 440 nm. It is consistent with the physical origin of the PL
which originates from the surface defect luminescent centers realized to
Na-O coordinating functional knots. It is noticed that the ASE intensity
exhibits an exponential increase with increasing the pumping length
(<1100 pm). The net optical gain coefficient g can be obtained by fitting
with the one-dimensional amplifier equation [45,46]:

Jsp(22)

. (8" —1).

Ise(l) =

Here, [ is the pumping length and Jsp(Q) is the spontaneous emission
intensity. The net optical gain coefficient derived from fitting is g = 47.8
cm !, which is comparable to or even better than the pure C dots me-
dium [44,45]. Our results provide a practical approach to fabricate the
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highly efficient luminescent C-dots for future applications in optoelec-
tronic applications.

4. Conclusions

In summary, we observed highly efficient deep blue PL with narrow
bandwidth in Na*-doped C-dots and demonstrated ASE in a thin film
doped with such C-dots. The ethanol aqueous solution of Na*-doped C-
dots exhibited deep blue emission at 438 nm with a narrower linewidth
(FWHM) of 65 nm and a QY of ~20%. We revealed that Na™ doping not
only passivates the electronegative oxygen related defects but also in-
troduces Na-O related defect luminescent centers in the band gap,
leading to the deep blue emission with reduced bandwidth and
enhanced QY. We found a net optical gain coefficient as large as g =
47.8 cm™! in the film doped with such C-dots and explained the PL and
ASE by using a four-level luminescence model. Our findings open new
horizons for manipulating the PL of C-dots and pave the way for real-
izing highly efficient light emitting devices based on Na*-doped C-dots.
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