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A facile hydrothermal synthesis route to N and S, N co-doped graphene quantum dots (GQDs) was
developed by using citric acid as the C source and urea or thiourea as N and S sources. Both N and S, N
doped GQDs showed high quantum yield (78% and 71%), excitation independent under excitation of

340-400 nm and single exponential decay under UV excitation. A broad absorption band in the visible
region appeared in S, N co-doped GQDs due to doping with sulfur, which alters the surface state of
GQDs. However, S, N co-doped GQDs show different color emission under excitation of 420-520 nm
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due to their absorption in the visible region. The excellent photocatalytic performance of the S, N

co-doped GQD/TiO, composites was demonstrated by degradation of rhodamine B under visible light.
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Introduction

Fluorescent carbon nanodots (CDs) and graphene quantum
dots (GQDs) have attracted much attention due to their unique
properties and wide range of applications in photocatalysts, bio-
imaging, ion detection, and electrochemical luminescence.*™*
Although most of the so-called GQDs are not monolayer in
nature, the term usually represents few layers to tens of layers of
graphene with a size less than 30 nm.*® Amorphous carbon
nanoparticles were named as CDs. Until now, variously sized
GQDs with different photoluminescent (PL) colors, ranging
from the visible to the near-infrared region, have been prepared
via various synthetic approaches including “top-down” and
“bottom-up” methods. The “top-down” methods refer to carving
bulk carbon materials into nanosize carbon nanoparticles by
using physical or chemical approaches.>**** Conversely, the
bottom-up approaches consist of the conversion of suitable
organic precursors to GQDs via solvothermal treatment,
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The apparent rate of S, N:GQD/TiO, is 3 and 10 times higher than that of N:GQD/TiO, and P25 TiO,
under visible light irradiation, respectively.

thermal pyrolysis, microwave, etc.*"*'® Compared with top-
down methods, the bottom-up routes have obvious advantages
in adjusting the composition and physical properties of GQDs
by the careful selection of diversified organic precursors and
carbonization conditions. Doping is an effective method to
change the electronic density of bulk semiconductor materials
and tune their optical and electrical properties. Without surface
passivation and/or doping, the quantum yield of GQDs is quite
low, after passivation and/or doping, GQDs show higher lumi-
nescence.'””'® Recently, a few studies'®?>® showed successful
preparation of N and/or S doped GQDs with high electro-
catalytic activity and conductivity for lithium batteries. In the
case of bulk graphene, doping can induce different effects: the
doped sheet can be a small-band-gap semiconductor, or it can
have better metallic properties than the pristine sheet.> We
deduce that N and/or S doped GQDs will show similar proper-
ties to bulk graphene. The obtained GQDs are expected to
exhibit a small band gap and absorption in the visible region.
This shows that S, N co-doped GQDs could be used in photo-
catalysts, high-performance FET devices, energy conversion and
storage materials, bio-imaging agents with high penetration
depth, excitation light and biosensors. To our knowledge, the
optical properties of S, N co-doped GQDs have rarely been
investigated.*

Herein, we reported a facile hydrothermal route to synthe-
size N doped GQDs (N:GQDs) and S, N co-doped GQDs
(S, N:GQDs) by using citric acid (CA) as the carbon source and
urea or thiourea as N and S sources. The as-obtained GQDs
possess high luminescence (quantum yield ~78% and 71%).
The absorption band can extend into the visible region
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(~650 nm) after doping with nitrogen and sulfur. Unlike the
traditional GQDs, both N:GQDs and S, N:GQDs show excitation
wavelength independent PL behaviors under UV excitation, and
single exponential decays (t = 7.6 and 12.8 ns for N:GQDs and S,
N:GQDs, respectively). The N:GQD/TiO, and S, N:GQD/TiO,
composites are prepared and show remarkable photocatalytic
activity by degradation of rhodamine B compared with pure
TiO,, implying their considerable potential for application in
environmental protection and energy conversion.

Experimental
Synthesis of S, N co-doped GQDs (S, N:GQDs)

0.21 g (1 mmol) citric acid and 0.23 g (3 mmol) thiourea were
dissolved into 5 ml water, and stirred to form a clear solution.
Then the solution was transferred into a 20 ml Teflon lined
stainless autoclave. The sealed autoclave was heated to 160 °C
in an electric oven and kept for additional 4 hours. The final
product was collected by adding ethanol into the solution and
centrifuged at 5000 rpm for 5 min. The solid can be easily
redispersed into water.

Synthesis of N doped GQDs (N:GQDs)

0.21 g (1 mmol) citric acid and 0.18 g (3 mmol) urea were dis-
solved into 5 ml water, and stirred to form a clear solution. Then
the solution was transferred into a 20 ml Teflon lined stainless
autoclave. The sealed autoclave was heated to 160 °C in an
electric oven and kept for additional 4 hours. The final product
was collected by adding ethanol into the solution and centri-
fuged at 5000 rpm for 5 min. The solid can be easily redispersed
into water.

Characterization

Fourier Transform Infrared (FT-IR) spectra of GQDs were
recorded using KBr pellets with a Bruker Vertex 70 spectrometer
from 4000-500 cm ‘. Fluorescence emission spectra were
recorded on a LS-55 fluorophotometer. Absolute quantum yield
measurements were performed with a calibrated integrating
sphere on an Edinburg FLS 920 spectrometer. UV-Vis absorp-
tion spectra were conducted on a Shimadzu UV-2450 spectro-
photometer. High-resolution TEM (HRTEM) images and fast
Fourier transform (FFT) spot diagrams were recorded with a
FEI-TECNAI G2 transmission electron microscope operating at
200 kV. X-Ray photoelectron spectra were obtained on a Thermo
Scientific ESCALAB 250 Multitechnique Surface Analysis.
Raman spectra were recorded on a Jobin Yvon Horiba LAB-RAM
Infinity. Atomic force microscopy (AFM) images were captured
on the Multimode 8 (Bruker Co.) in tapping mode.

Photocatalytic activity measurement

GQD/TiO, composites. 50 mg P25 TiO, was dispersed into
the GQD aqueous solution and kept stirring for 24 hours. Then
the GQD/TiO, composites were collected by centrifugation at
8500 rpm min " for 30 min. The solid was dried at 70 °C.

The photocatalytic activity. The photocatalytic activity of the
samples was evaluated through the decolorization of
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rhodamine B (RhB) in aqueous solution under visible light
(A>400 nm) from a 300 W Xenon lamp with a UV 400 cut filter at
a 20 cm distance, respectively. The experiments were performed
at 25 °C as follows: 50 mg of Degussa P25 or GQD/TiO, was
added into 30 mL of RhB solution (20 ppm). Before irradiation,
photocatalysts were not subjected to any previous treatment
and then were dispersed in RhB solution under magnetic stir-
ring for 30 min and were covered from any source of light to
ensure that the adsorption/desorption equilibrium between the
catalyst and RhB is reached. Then the solution was stirred and
exposed to the visible light irradiation. After irradiation for a
designated time, aliquots were taken from the irradiated reac-
tion flask and subjected to centrifugation to separate TiO,
particles. The RhB concentration was monitored by the absor-
bance value at the maximum peak (553 nm) using a Shimadzu
UV-2450 UV-vis scanning spectrophotometer.

Results and discussion

Fig. 1 shows the transmission electron microscopy (TEM) and
high-resolution TEM images of N:GQDs and N, S:GQDs. Both of
the as-prepared GQDs are well dispersed in narrow size distri-
butions with mean diameters of 2.69 £+ 0.42 nm and 3.10 +
0.54 nm. Discernible lattice structures of GQDs in the TEM
images indicate that the resultant nanoparticles have the nature
of graphite. A Representative HRTEM images (inset of Fig. 1A
and B) display a lattice spacing distances of 3.5 and 2.4 A, which
are similar to those of graphite (002) and (1120) facets, respec-
tively. The above results suggest that the nanoparticles might be
composed of nanocrystalline cores of graphitic sp> carbon
atoms. Raman spectra (Fig. 1C) further confirm the quality of
the as-prepared GQDs. N:GQDs show the disordered (D) band at
1365 cm ™', related to the presence of sp® defects, and the
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Fig. 1 Transmission electron microscopy (TEM) images of S, N:GQDs (A) and
N:GQDs (B). The corresponding size distribution and high-resolution TEM images
are inserted as insets. The Raman (C) and FTIR spectra (D) of S, N:GQDs (black solid
line) and N:GQDs (red, dashed line).
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crystalline (G) band at 1573 cm ™, related to the in-plane

vibration of sp® carbon. The ratio of the intensities (Ip/Ig) of
these characteristic bands can be used to correlate the struc-
tural properties of the carbon. The I/I; is 0.88 for N:GQDs. In
the case of the S, N:GQDs, the D and G bands were found at 1371
and 1579 cm ™', respectively, and the Ip,/I; is 0.77. These results
indicate that both N:GQDs and S, N:GQDs are highly crystalline
and graphitic. The corresponding atomic force microscopy
(AFM) images as shown in Fig. S17 also confirm that both
N:GQDs and S, N:GQDs are uniform. The typical topographic
height of 0.5-2 nm suggests that most of the GQDs consist of ca.
1-5 graphene layers.'®*® FT-IR spectra (Fig. 1D) were used to
identify the surface functional groups present on GQDs. The
broad absorption bands at 3000-3500 cm™ " are assigned to
stretching vibrations of O-H and N-H. Those indicate that there
are lots of amino and hydroxyl groups on the surface of GQDs,
which results in the GQDs having good hydrophilic properties.
The bands at 1709 and 1667 cm ™" are attributed to the vibra-
tional absorption band of C=0 in COOH and CONH, respec-
tively. While the bands at 1575 cm™ ' and 1401 cm ™' are from
the bending vibrations of C=C and C-N, respectively. C=S
stretching could appear in a wide region from 1400-1050 cm ™",
The peaks at 1083 cm ™' in thiourea and S, N:GQDs attribute to
the C=S. Weak C-S stretching was observed at 635 cm™ .
X-ray photoelectron spectroscopy (XPS) was performed to
determine the composition of the N:GQDs and S, N:GQDs. The
full scan XPS spectrum of N:GQDs, as shown in Fig. 2A, presents
3 peaks at 533, 400, and 284 eV, which corresponds to O 1s, N 1s
and C 1s, respectively. Additional peaks at 227 and 164 eV are
observed in the full survey of S, N:GQDs, which attribute to S 1s
and S 2p. This indicates that the GQDs are doped with N and S,
N for the sample obtained from urea and thiourea, respectively.
The high resolution scan of the C1s region shows that carbon is
present in 3 different chemical environments (Fig. S2t), corre-
sponding to sp> C in graphene at 284.4 eV, sp® C in C-N, C-S,
and C-O at 285.6 eV, and C=O0 at 288.4 eV from carbonyls and
carboxylates.” The high-resolution N 1s spectrum of the
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Fig. 2 XPS full survey of N:GQDs (A) and S, N:GQDs (B). The high resolution XPS
of N 1s (C) and S2p (D) spectra of N:GQDs and S, N:GQDs.
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N:GQDs and S, N:GQDs (Fig. 2C) shows two peaks at 399.8 and
401.7 eV, which are attributed to the pyrrolic N (C-N-C) and
graphitic N or N-H bands, respectively. Thus, the primary
amine molecules (i.e., urea) play dual roles in the hydrothermal
process: as the precursor for N-dopant and as the passivation
agent, which both greatly contribute to the PL enhancement of
CDs."™ There is no S signal observed for the N:GQD sample
(Fig. 2D). However, high resolution of the S 2p XPS spectrum of
S, N:GQDs clearly shows three peaks at 163.1, 164.3, and
168.3 eV, which represent S 2p;,, and S 2p,,, of thiophene and
S=O0O bonding, which are consistent with FTIR results.>*****
These results indicate that S doped into the graphene structure
and formed thiophene units.

The as-prepared N:GQD and S, N:GQD solution show yellow
and green color (insets of Fig. 3) from urea and thiourea reac-
tion, respectively. Fig. 3A shows two clear absorption bands at
234 and 337 nm, which are similar to the graphene quantum
dots prepared by a hydrothermal graphene oxide reduction
method.>® The origin of these peaks is related to 7 electron
transition in oxygen-containing GQDs. The absorption peak at
234 nm is due to w — w* of C=C, and the absorption at 337 nm
corresponds to n — 7t* transition of the C=0 bond. The exci-
tation wavelength dependence of the emission wavelength and
intensity is a common phenomenon observed in carbon-based
fluorescent materials. These behaviors may reflect not only
effects from particles of different sizes in the sample, but also
distribution of different emissive sites on each nanoparticles.?
The solution of N:GQDs emits blue light (435 nm) when excited
with a 360 nm UV beam (Fig. 3A). However, except for giving
blue light emission under the excitation by 360 nm UV light,
there are some significant differences in optical properties
between our N:GQDs and the traditional GQDs."** Firstly, the
emission wavelength of GQDs is nearly excitation-independent,
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Fig. 3 (A) The absorption and photoluminscent (PL) spectra of N:GQDs under
different excitation wavelengths of 340-420 nm. The insets are optical images of
the concentrated N:GQD aqueous solution and the diluted solution excited by
360 nm. (B) The absorption spectrum of S, N:GQDs. The insets are the optical
images of concentrated S, N:GQD aqueous solution and the diluted solution
excited at different wavelengths of light. (C) The PL spectra of S, N:GQDs under
different excitation wavelengths. (D) PL decay of N:GQDs and S, N:GQDs.

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3nr04402e

Published on 07 October 2013. Downloaded by Changchun Institute of Optics, Fine Mechanics and Physics, CAS on 17/03/2014 01:25:46.

with the maximum excitation wavelength and the maximum
emission wavelength at 360 and 435 nm, respectively (Fig. 3A).
The excitation-independent emission of the GQDs implies that
both the size and the surface state of those sp” clusters con-
tained in GQDs should be uniform. Secondly, the N:GQDs show
a well-defined absorption band and PL band at 336 and 435 nm
with a narrow full width at half maximum of 55 and 67 nm,
which further confirms that the sp> clusters contained in GQDs
should be uniform in size. More importantly, the PL lifetime
decay (t = 7.6 ns, Fig. 3D) of N:GQDs shows a single exponential
function. The PL lifetime also shows excitation independent
and remains constant under excitation of 280-420 nm
(Fig. S31). These results also confirm that sp” clusters contained
in N:GQDs should be uniform in size and the N:GQDs has one
single PL origin, which may come from a graphene core. The
N:GQDs show high photoluminescence under UV light after
doping and passivation with nitrogen. The absolute PL
quantum yield reaches 78%, which is obviously higher than
previous reports.*?*°

In the case of S, N:GQDs, the absorption bands appear at
335, 422, 550 and 595 nm due to doping with sulfur (Fig. 3B).
We synthesized a series of S, N:GQDs with different S dopant
amounts by tuning the molar ratio of CA and thiourea. The
UV-Vis spectra of S, N:GQDs with different dopant amounts are
shown in Fig. S4.T Only two very weak absorption bands appear
at 320 (shoulder) and 400 nm in the absence of thiourea. When
the thiourea is added at an equal molar amount of CA and
thiourea, the absorption bands at 550 and 595 nm appear. The
absorption band at 335 nm appears when the molar ratio of CA
and thiourea is 1:3. The intensity of absorption bands at
550 and 595 nm increases with the further increase of the
amount of thiourea. Those results indicate that the absorption
bands at 550 and 595 are related to the doping of sulfur, which
alters the surface state of GQDs. The bands at 550 and 595 may
be attributed to the 7 — 7*, and n — 7* of C=S and S=O.
These are consistent with the results obtained from the color
change of the product, where a dark green solution was
observed. The S, N:GQDs also exhibit excitation independent PL
under excitation in the region at 300-380 nm. When the exci-
tation wavelength is over 400 nm, the excitation-dependent and
weak PL are observed, due to the absorption bands at 422-
650 nm of sulfur doping. The solution emitted blue, red and
purple under excitation of 360, 550 and 595 nm, respectively.

OH

OH

Scheme 1 The growth mechanism of N:GQDs and S, N:GQDs.
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The S, N:GQDs also show a high PL quantum yield (71%) under
excitation of 360 nm. The PL lifetime, a single exponential
function of N:GQDs, is 12.8 ns under excitation of 360 nm. It
also shows the excitation wavelength independent lifetime
(Fig. S3t). This indicates that N:GQDs and S, N:GQDs have a
single and similar PL origin, which may come from the gra-
phene core.

Based on the above results and previous report,*® we propose
the growth mechanism of S and/or N doped GQDs (Scheme 1).
First the CA self-assembled into a nanosheet structure due the
inter-molecular H-bonding, and then the dehydrolysis process
happened and formed graphene nanoparticles with lots of
carboxyl- and hydroxyl-groups under hydrothermal conditions.
Fig. S51 shows the XPS results of the N:GQDs sample prepared
with CA and urea at 160 °C autoclaved for 2 hours. The XPS
results present that it is hard to observe the N signal in the full
survey. Weak N1s peaks were observed in the high resolution
scan. These results indicate that the pure graphene core formed
at the initial stage of reaction. Because the urea or thiourea
existed in the reaction system, the -NH, and S groups reacted
with the carboxyl or hydroxyl groups to form N or S, N co-doped
GQDs with the extending reaction time. Both N:GQDs and S,
N:GQDs show similar optical properties since they have the
same graphene core .

Lee et al. reported the GQD/TiO, composites had an excellent
photocatalytic activity due to the interaction between GQDs and
TiO, nanoparticles.** We prepared GQDs and TiO, (Degussa
P25) composites by simply mixing them together in the solu-
tion. The GQDs are absorbed on the surface of P25. The color of
P25 TiO, changes from pure white to light yellow and light
green for N:GQD/TiO, and S, N:GQD/TiO,, respectively. This
implies that the GQDs adsorb on the surface of TiO, nano-
particles. We expected that combining GQDs with catalytic TiO,
in a composite system for photocatalysts would realize the
efficient usage of the visible light of sunlight. Rhodamine B
(RhB) was used for the degradation reaction to evaluate the
photocatalytic activity of the TiO,/GQD photocatalysts. Fig. 4A
plots the RhB concentration versus reaction time under visible
light (A > 400 nm) irradiation. Rh B has about 10% self-degra-
dation after irradiation for 90 min. When the N:GQDs or S,
N:GQDs were added into the Rh B solution, similar results to
that of pure Rh B were obtained. This implied that the GQDs
had no photocatalytic activity under visible light. When P25
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Fig. 4 Photocatalytic performance of TiO,, N:GQD/TiO,, and S, N:GQD/TiO,
under visible light (2 > 400 nm, A and B).

TiO, was contained in the solution, the degradation of RhB was
about 15%. This indicated that pure P25 had almost no pho-
tocatalytic activity under visible light. In contrast, the degra-
dation of RhB reached ca. 30% and 60% for N:GQDs and S,
N:GQD/TiO, composites, respectively. The apparent rate
constant of S, N:GQD/TiO, is 0.01 which is 3 and 10 times
higher than N:GQD/TiO, and TiO,, respectively. The excellent
degradation ability of S, N:GQD/TiO, is explained by S, N:GQD
absorption properties in the visible region. These results show
that the photocatalytic activity of the composite strongly
depends on the GQD absorption capability of the visible light. S,
N:GQDs have a broad absorption band starting from 300 to
650 nm. That's the reason why S, N:GQD/TiO, exhibits higher
photocatalytic performance compared with P25 TiO, and
N:GQD/TiO,. We propose that N:GQDs and S, N:GQDs can
absorb the visible light and inject the electrons into TiO,
nanocrystals. The TiO, nanocrystals, as an n-type semi-
conductor, tend to accept the electrons and promote the charge
separation process. Furthermore, the PL spectra, as shown in
Fig. S6,1 present that both N:GQDs and S, N:GQDs exhibited a
strong emission under excitation of 360 nm. However, the
emission of GQDs were almost completely quenched in both
cases of the N:GQD/TiO, and S, N:GQD/TiO, composites. These
results indicate that charge separation happened between
GQDs and TiO, nanocrystals. GQDs actually acted as a photo-
sensitizer because of their broad visible light absorption under
visible light irradiation.*” The possible mechanism is illustrated
in Scheme 2. GQDs absorb the visible light, and then the elec-
tron is excited to the excited state. The electrons are injected
into the TiO, nanocrystals since the GQDs attach onto the
surface of TiO, nanocrystals. This charge separation process
promotes the formation of active oxygen (O,) and hydroxyl (OH)
radicals. The dye molecule (Rh B) could be oxidized by these

0, _Visible light
OZ)?-“_G' GQDs
(‘-OH
H,0

Scheme 2 The possible photocatalyst mechanism of GQD/TiO, under visible
light.
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radicals. However, the pure TiO, and N:GQDs have very weak
absorption in the visible region (A > 400 nm), that is the reason
why pure TiO, and N:GQD/TiO, have relatively weak photo-
catalytic performance in the visible region.

Conclusions

We have demonstrated the facile one-step hydrothermal
synthesis of high-quality N:GQDs and S, N:GQDs, which exhibit
uniformity in size and strong photoluminescence (absolute
quantum yield of about 78 and 71%) after doping with S and/or
N. These GQDs showed excitation independent emission under
UV light and single exponential function lifetime, due to high
uniformity both in the size and the surface state of those sp®
clusters contained in GQDs. Besides that, S, N:GQDs showed
broad absorption bands in the visible region and multicolor
emission under visible light excitation. The S, N:GQD/TiO,
composites showed excellent photocatalytic performance,
which indicates that these GQDs could improve the use of solar
light for energy conversion and environmental therapy.
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