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Graphene quantum dots (GQDs) are a promising category
of materials with remarkable size dependent properties like

tunable bandgap along with the
possibility of effective chemical functionalization. Doping of GQDs

and photoluminescence

with hetero atoms is aninteresting way of regulating their
properties. Herein, we report afacile and scalable one-step
synthesis of luminescent GQDs, substitutionally co-doped with N,
F and S, of average size ~ 2 nm by a microwave treatment of multi-
walled carbon nanotubes in a customized ionic liquid medium.
This use of ionic liquid coupled with the use of a microwave
technique enables not only an ultrafast process for the synthesis
of co-doped GQDs, but also provides excellent photoluminescence
quantum yield (70 %), perhaps due to the interaction of defect
clusters and dopants.l’2

With the advancement of nanoscience and technology many
nanomaterials extensively studied for
applications utilizing their size and shape dependent properties.

have been versatile
Quantum dots are one such class of nanomaterials well known for
their variation of bandgap with size (band gap engineering) and
consequently, several inorganic quantum dots like PbS, and CdSe
have been used frequently in applications like sensors, field effect
transistors, photodiodes and solar cells after achieving accurate size
and shape control strategies. ® Despite their interesting properties,
conventional quantum dots like PbS, and CdSe are extremely
hazardous for processing and there are also innumerable challenges
Many of these limitations can be
obviated by organic quantum dots such as graphene quantum dots

for disposal and recycling.3

(GQDs) to a great extent and hence many researchers consider
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Figure 1. A schematic diagram indicating the formation of co-doped GQDs; inset show
a comparison of the same concentration of co-doped GQDs in DMF under visible lig. *
and UV light respectively (left: co-doped GQDs in DMF and right: DMF

GQDs as a benign alternate to these conventional toxic quantum
dots. Thus, GQDs, i.e. small fragments (usually up to 20 nm later-"
size)* of sp’ hybridized 2D graphene layers with its m electro...
confined in all three dimensions, unsurprisingly have grabbed the
attention of many researchers due to its irresistible electronic’
properties,
functionalization. Apart from tunable optical characteristics, sever-!
like low cytotoxicity, low bandgap
tunable transport properties12 with size and solubility control L -
surface functionalization have made this material a favorite fo~
applications extending from energy storage to biomedic.'
engineering.“'ls'19

which could also be tuned by selective surfac:

other exciting propertiese'11

Several synthetic methods are available for the size-controlled
preparation of highly monodispersed GQDs such as hydrotherm. '
cutting of graphene sheets (GSs), solvothermal cutting of GSs.
nanolithography, electrochemical scissoring of GSs,
exfoliation, nanotomy (nanoscale-cutting) assisted exfoliation,
ultrasonic shearing of GSs, stepwise organic synthesis of GQD ,
precursor pyrolysis and surface catalyzed decomposition o1
fullerene #1%%%3% However, GQDs synthesized to date
from major drawbacks such as the involvement of multis’

chemic. |
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complex and laborious processes, relatively low vyield, poor
photoluminescence quantum yield (PLQY), and use of sophisticated
and expensive equipment (especially for lithographic techniques).
Moreover, many specific properties vary drastically from one
synthetic route to another in an unpredictable manner; for
example, the bottoms-up approach gives bigger sized (60 nm)
GQDs,35 as compared to acidic oxidation, microwave, and thermal
plasma processes which facilitate dots of smaller size distribution
(2~ 4) nm.***”* Furthermore, some of the hydrothermally prepared
GQDs show pH-dependent Photoluminescence (PL),22 while similar
electrochemically prepared GQDs show excitation dependent PL
due to the fecundity of surface states.” Apart from these, couple of
bulk production methods (such as that by Tour et al.) makes GQDs
from coal®® appreciable in terms of size control, and crystallinity,
despite involving a substantial time. Similarly, thermal plasma
jets36 can produce GQDs in a large quantity although polydispersity
is @ major concern to be resolved. Microwave treatment of graphite
in presence of KMnO, will also lead to bulk GQD production,37
However, GQDs produced by the above methods show excitation
dependent PL which deters their utilization for optoelectronic
applications. Efforts are also being carried out to enhance the
optical performance of GQDs either by doping or by surface
passivation with organic ligands. Along with size reduction, doping
with hetero atoms (such as B, N, S, and F) is also an effective
method to tune the optical and electrical properties of GQDs.
Doping of hetero atoms like nitrogen, sulfur, fluorine can open up a
small bandgap in the electronic structure of GQDs and has shown
their potential for some of the previously mentioned applications.
Interestingly, Pristine GQDs always show a PLQY less than 33% and
higher values are observed only after either functionalization or
doping.39 Among these dopants, N plays an important role in the
electronic modification due to its comparable size with carbon
(atomic radius: N - 56 pm, C - 70 pm ). Theoretical studies have
shown that carbon bearing the higher positive charge when
adjacent to a N atom causes a positive shift in Fermi energy at the
apex of the Brillouin zone of graphene.40 In addition to this
theoretical importance, recent experimental results show an
improved electrocatalytic activity of N-doped graphene, akin to
platinum and also a higher PLQY thus paving the way for a new
generation of smart electroctalysts, whose activity could be
correlated with light emission.*”** Recent studies have shown that
apart from usual N or S doping, F doping in graphene can enhance
the performance of Li ion batteries*” as well as F doping in carbon
moiety improves ORR catalysis.43 More studies are urgently needed
in this direction and lastly there are very few studies on co-
doping‘m’45 of hetero atoms in GQDs despite their potential
significance.

Herein, we report such a facile, scalable, single-step synthesis of S,
N, F co-doped GQDs by the microwave treatment of CNTs in an
ionic liquid, namely {1-methyl-1-propylpiperidiniumbis (trifluoro
methylsulfonyl)imide}. The aim of using microwave heating is to
accelerate the rate of reaction with a good yield compared to other
conventional methods like hydrothermal treatment or conventional
reduction of graphene oxide as illustrated in Figure 1. Moreover,
the unique chemical structure of this ionic liquid facilitates efficient
co-doping by N, S and F. Multiwalled CNTs (MWCNTSs) were used as
the precursor material for quantum dots and the ionic liquid acts
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Figure 2. (a) TEM image of co-doped GQDs (in inset particle size distribution) (b)
HRTEM image of co-doped GQDs (inset FFT pattern) (c) AFM image of co doped C =~
(in inset height profile) and (d) Powder XRD pattern of co-doped GQDs

as a potent source for N, S as well as F. Using this strategy a very
high vyield (ca. 85%) could be obtained for GQDs along witha ..
( 70% ) PL QY probably because of the enhanced kinetics, speci.’
thermal effects and the defining features of the unique IL selecter
for this.

Figure 2 (a), shows a TEM image of the resultant co-doped GOT :
exhibiting an average particle size of ~ 2 nm with a distribution of
1.5 to 4.5 nm range (shown in inset). Figure 2 (b) is th»
corresponding HRTEM image and the inset shows the
corresponding FFT (Fast Fourier Transform) pattern of the materic .
Figure 2 (b) represents the clear lattice fringes with d spacing of
2.38, 2.33 and 2.08 respectively among which 2.08 matches wil 1
the powder XRD data shown in Figure 2 (d). The d value 2.4
corresponds to the (100) crystal plane of graphite.21 The 2.38 cou |
be due (100) pattern of graphene.46 The d value of 2.08 i.e. (101)
plane is very close to previously reported N, S doped GQDs (2.1* N
Here a slight decrease in the d spacing in (100) plane (i.e. 2.4) tu
2.38 is probably due to the presence of high N content
(electronegativity- 3.04, atomic radius- 56 pm)
graphene (electronegativity- 2.55, atomic radius - 70 pm) laye

in the in-plan~

resulting in lattice contraction.

However, due to the bigger size of sulfur compared to carbon an-'
also due to the difference in electronegativity between S and C (S
2.58, C - 2.55), it is a daunting challenge to incorporate adequat
amount of S in the graphene layer which results in relative lov
doping (~2.5%) of S as compared to N and F atoms. Figure 2 (¢’
represents the atomic force microscopy (AFM) image of the GQL *
(performed on a glass substrate) which shows a maximum height ¢”
1 nm that corresponds to couple of layers (1-3) of graphene.

Raman spectroscopy is a very important tool to characterize the
carbon samples. Figure 3 (a) shows a typical Raman spectrum c*
GQDs with a prominent D band at 1367 em® and a slightly less
intense G band at 1585 cm™. The D band is related to the disordc -
produced due to size reduction and the G band is related to the in-
plane vibration of the sp2 carbon atoms. The observed Ip/ I ratio of
the synthesized GQDs is 1.04 which is a measure of defects whic

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 5



Page 3 of 5

— CNT

303 nm

Intensity (a.u.)
Intensity (a.u.)

_
3
a & — lonic liquid
[}
Q
500 1000 1500 2000 pn = 2% €
Raman shift (cm”) Wavelength (nm) g
s "‘ g — NF.Sdoped GQDs| | (.c.5)
- X 604/ € |-C:Houtof plane bending gs5 635
3 z | ©
s ° s S \ ~
2 S, 404 \ - 1626 1 0241095
i : o) 1250
] 5 L3431 (cH)
B E 20 d O-H stretching e
1 ~ T T T
<3 i 4000 3000 2000 1000

015 030 045

-
Absorbance (a.u.) Wave number (CITI )

Wavelenath (nm)

Figure 3. (a) Raman spectrum of co-doped GQDs (b) UV-VIS spectra of co-doped GQDs
(c) PL spectra of co-doped GQDs (d) PLQY vs absorbance or concentration and
(e)Comperative IR spectra of co-doped GQDs, IL and CNT

arise in GQDs not only due to doping but also due to reduction in
size.”? The size reduction opens up more number of bare edges
which are counted in Raman as defects. This is the reason that most
of the GQDs usually show an Ip/ Ig ratio more than 1.7 Apart from
this high Ip/ | ratio, a broadened D and G peaks in Raman have
been observed for this which are also seen in the previously
reported samples of N doped GQDs.*® Figure 3 (b) shows the UV-
Visible absorption spectrum of doped GQDs with a characteristic
absorption peak at 303 nm. This spectrum matches well with that
of the 320 nm peak for 9.6 nm hydrothermally22 prepared GQDs
reported earlier, which is ascribed to n to n.

Figure 3 (c) shows a comparison of the PL emission spectra of GQDs
as a function of the excitation wavelength from 325 nm to 380 nm
(with a 10 nm interval) chosen to obtain the emission peak maxima.
Interestingly, the spectra reveal an excitation- independent
behavior of the GQDs as the peak positions of the emission maxima
occur always at 409 nm and 435 nm respectively. The former peak
arises probably due to singlet to singlet relaxation and the later one
belongs to triplet to singlet transition (as the triplet excitons tend to
have longer diffusion Iength).49 Mueller et al.”® have explored the
shift in the peak position with different solvents and also the effect
of solvent and size on singlet/triplet splitting. Similar kind of PL
peaks have been observed in the GQDs prepared by other methods
like thermal plasma jet.36 Recent reports suggest the presence of
intermediate surface states created upon functionalization with
capping agent or organic molecule to be responsible for the
excitation dependence50 whereas excitation independent PL
behavior probably mainly comes from the internal GQD structure
(inter-band transition). In order to understand the intrinsic
functional groups generated during the synthesis of the sample, IR
(infrared) spectroscopy has been carried out accordingly on the
GQD sample. The PLQY vs absorbance (which can be directly
correlated to concentration term using Beer - Lambert's law; A= € ¢
|, A= absorbance, € = molar extinction coefficient, c = concentration
| = path length ) has been shown in Figure 3 (d) to reveal a
concentration or absorbance region corresponding to the
maximum QY (70%) for a guassian behavior, (0.042 to 0.07
absorbance region to get a high QY) whereas beyond this region QY
diminishes and more details are
information (Figure S2 and Table S1).

provided in the supporting

This journal is © The Royal Society of Chemistry 20xx
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Figure 3 (e), shows a typical IR spectrum of the GQDs. Surprisingly,
the IR spectrum does not show the commonly found C=0 groups
for oxidized GQDs. Rather, it shows a -C-F (1354 cm'l), -S=0 (10~
em?), -C-S (635 cm™), -O-H / -N-H (3431 cm™) bond stretchin
vibrations which were further bolstered by the results of the XP
analysis. More specifically, these -S=0 (1095 cm™), -C-5-C- (635 ~m"
1) peaks resemble the IR spectra in the previously reported sample .
of both sulfur and nitrogen co-doped GQaDs.**For a better
understanding the IR spectra of CNT and IL have been provide |
alongwith the GQDs spectra. The spectrum of the doped GQDs is
entirely different from the IL as well as CNT spectrum, indicating 1
change in the chemical environment in the doped GQDs. In order to
assess the thermal stability and purity of the sample,
thermogravimetric analysis (Figure S3) has been carried out .
nitrogen atmosphere which shows a good stability upto 570°C. Th .
indirectly suggests the absence of any unreacted IL since tF
observed ~ 6 % weight loss at 352°C could be probably attribute
to the decomposition of sulfone groups. More details are availabi.
in the supporting information (Figure S3).

Figure 4 (a) represents the XPS survey spectrum which confirms the
presence of C, O, N, Fand S with atomic concentration of 68.
9.6%, 11.6%, 8.2% and2.3% respectively. Deconvolution of the
spectra gives six peaks for C 1s (Fig 4 (b)) attributed to six bonc....
environment for carbon. A peak at 283.76 eV(a) represents the C-(,
284.5 eV (b) due to graphitic C=C, 284.8 eV (c) belongs to -C-"
bonding, 286.1eV (d) is due to C-S, 286.6 eV (e) corresponds to C-L
and 287.1 eV (f) due to C-F respectively. Similarly, three peaks fo

1s (Figure 4 (c)) (a, b, c) have been obtained due to O-C, O-S, O-
bonding respectively. Figure 4 (d) shows four kind of nitroge:
bonding starting from 398.16 eV (a) owing to pyridinic, 399.62 eV

F1* on
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Figure 4. (a) XPS survey spectra of co-doped GQDs (b) XPS spectra of co-doped GQDs, -*
1s (c) XPS spectra of co-doped GQDs, O 1s (d) XPS spectra of co-doped GQDs, N 1s (e)
XPS spectra of co-doped GQDs, F 1s (f) XPS spectra of co-doped GQDs, S 2p

(b) due to pyrrolic, 400.73 eV (c) due to quaternary centre .....
401.85 eV (d) for quaternary valley. Both pyridinic and pyrr~".
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nitrogen are present in large amount compared to quaternary
center and quaternary valley which may contribute in catalytic
activity in ORR. Figure 4 (e) depicts the F 1s spectra which contains
two kind of bonding environment, 685.44 eV (a) owing to the semi
ionic C-F bonding and 688 eV (b) due to covalent C-F bonding
pattern. Figure 4 (f) shows that S 2p spectrum has two peaks
centered at 164.7 and 169.1 eV respectively indicating the presence
of sulfur in two forms. Upon fitting of the 164.7 eV peak into two
components at 163.8 (a) and 165.5 eV (b). These two peaks arise
due to 2p3/2 and 2p1/2 positions of the -C-S-C- covalent bond of
the thiophene like S respectively due to their spin-orbit couplings.51
and 169.9 eV (d)
corresponds to -C-$(0),-C-sulfone bridges.51 Here the more area in
the peak of 168.6 and 169.9 eV indicates that S atom exists as
sulfone bridges which matches with the -S=0 stretch in IR at 1095
cm™. Li et al. also have observed this kind of sulfone bridges in their
sulfur nitrogen co-doped GQDs.* Apart from these, table

The second peak consisting of 168.6(c)

containing the vyield, starting material, PLQY etc data have been
provided in the supporting information (Table S2). The origin of
enhanced luminescence could be explained by the dual effect of
doping and size reduction. Thus the formation of GQDs with a good
particle size distribution can be confirmed by TEM images which is
also supported by all other complementary experimental data.
Hetero atom doping in the GQDs lattice has been observed from
the above XPS and IR data which also manifests from the high PLQY
value of 70%. This high values are obtained only in the doped GQDs
due to tailored electronic environment along with the size
reduction in the graphene moiety. Recent report shows that these
kind of co doping is promising in the area of visible light H,
production and bio-imaging to overcome many material related
challenges.45

Conclusions

In summary, we have developed a rapid and easy technique to
synthesize N, S and F co-doped GQDs in one step with a high
yield of about 85% along with a higher QY of 70 % without
using any tedious separation technique. As it is inclusively
doped with three elements, an enhanced performance in the
area of catalysis and energy application is expected. Apart
from the catalysis field, most importantly the extremely high
QY may lead to its application in the field of solar cells, light
emitting diode. We hope to study and unravel the exciting
properties of these doped GQDs in our future endeavors.
Experimental Section

Synthesis of N, S and F co-doped GQDs: 1 mg CNT was
dispersed and sonicated in 1 ml of IL for 1 h and then kept
inside the 1100 W microwave for 15 m. The resulting black
powder was subsequently collected and dispersed in ethanol
which turned yellowish brown (Figure 1. inset). This was
filtered using a 0.2 um PTFE membrane. The filtrate containing
GQDs in ethanol was dried up under vacuum. After drying it
can be redispersed in water and dialysed for 7-8 h.
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