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Abstract: For the first time, a facile, ultrafast, ammonia-
driven microwave-assisted synthesis of high-quality
nitrogen-doped graphene quantum dots (NGQDs) at room
temperature and atmospheric pressure is presented. This
one-step method is very cheap, environment friendly, and
suitable for large-scale production. The as-synthesized
NGQDs consisting of one to three graphene monolayers
exhibit highly crystalline quality with an average size of
5.3nm. A new fluorescence (FL) emission peak at 390 nm is
observed, which might be attributed to the doped nitrogen
atoms into the GQDs. An interesting red-shift is observed
by comparing the FL excitation spectra to the UV-visible
absorption spectra. Based on the optical properties, the
detailed Jablonski diagram representing the energy level
structure of NGQDs is derived.
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1 Introduction

As a novel type of metal-free fluorescent materials, gra-
phene quantum dots (GQDs) have gained remarkable
interest, because their unique broadband and tunable
photoemission properties are controlled by the quantum
confinement effect and edge states [1-3]. In addition, GQDs
have other advantages, such as good water solubility, low
toxicity, and biocompatibility. These enable GQDs to be
used in photovoltaic devices [4], bioimaging [5], biosens-
ing [6], and environmental monitoring [7]. The doping
of nitrogen into GQDs (NGQDs) gives rise to much more
attractive properties, such as electrocatalytic activity [8, 9],
photocatalytic activity [10, 11], biocompatibility [12], selec-
tive detection [13], and broad tunable luminescence [14].

In general, there are two main methods to synthe-
size NGQDs, i.e. multistep method and one-step method.
Multistep methods usually require the synthesis of gra-
phene oxide (GO), reduced GO (rGO), or GQDs first, and
then nitrogen doping is performed by electrochemical
generation [8], hydrothermal methods [12, 13, 15-18], or
high-temperature treatment [11]. Some of these methods
need further chemical tailoring to cut nitrogen-doped gra-
phene into NGQDs [11, 18]. In addition, multistep methods
include organic synthesis [9], arc discharge [19], and
steaming procedure [20]. Obviously, multistep methods
are a little complicated.

To overcome such issue, several one-step methods
have been developed. For example, NGQDs have been
synthesized using glycine [21], glucose [14], or citric acid
[22-27] as carbon source or using ammonia [14, 22, 23],
dicyandiamide [24, 25], tris(hydroxymethyl) aminometh-
ane [26], 3,4-dihydroxy-L-phenylalanine [27], or glycine
[21] as nitrogen source through hydrothermal reaction
[14, 21-25] or high-temperature treatment [26, 27]. Such
one-step methods usually require high temperature and/
or high pressure. Generally, the reaction temperature
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should be higher than the normal glycosidation tempera-
ture (160-180°C) leading to aromatization and carboniza-
tion [28]. This means that the glucose aqueous solution is
relatively stable and difficult to be transformed to GQDs at
room temperature and atmospheric pressure.

Recently, there are two important progresses to syn-
thesize GQDs or carbon quantum dots using glucose solu-
tion source: when the ammonia as catalyst was added into
glucose solution, the GQDs can be indeed formed even at
room temperature and atmospheric pressure, although
it will take about 8 months to complete the reaction
[29]; microwave can enhance the carbonization process
and thus accelerate the reaction rate in the presence of
surface passivation reagent [30] or metal salt catalyst [31].
However, until now, to the best of our knowledge, there are
not any reports on the ultrafast synthesis of high-quality
NGQDs at room temperature and atmospheric pressure.

Herein, for the first time, by combining both advan-
tages of the catalytic effect of ammonia and the rapid reac-
tion of microwave, we present a facile method to ultrafast
synthesize high-quality NGQDs even at room temperature
and atmospheric pressure using glucose and ammonia
solution in a commercial microwave oven. Glucose acts as
a carbon source, ammonia can not only act as a catalyst of
dehydration between glucose molecules and the aqueous
solution but also act as nitrogen doping source, and
microwave can significantly accelerate the reaction rate
and guarantee the ultrafast synthesis of NGQDs within
1 min. This one-step, ammonia-driven microwave-assisted
synthesis is very cheap, environment friendly, and suit-
able for large-scale production. The morphology, crystal-
line structure, and optical properties of the as-synthesized
NGQDs have been systematically investigated.

2 Results and discussion

The NGQDs in this study were prepared using glucose
and ammonia solution in a commercial microwave oven

Glucose

 ——

Figure 1: Schematic growth model for NGQDs.
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at room temperature and atmospheric pressure. It is
noted that both ammonia and microwave are extremely
crucial to ultrafast form NGQDs. However, as reported
previously [29], without microwave irradiation, it will
take several months to produce NGQDs using glucose and
ammonia, which suggests that microwave can provide
rapid heating and accelerate the glucose polymerization
and carbonization to form NGQDs. On the contrary,
our control experiment demonstrates that, when the
glucose solution without ammonia was irradiated by
microwave, no GQDs were formed, which suggests that
the ammonia can not only act as the nitrogen doping
source but also act as a catalyst of dehydration between
glucose molecules and the aqueous solution to form
NGQDs. Therefore, the reaction is ammonia driven and
microwave assisted. When both factors (ammonia and
microwave) are simultaneously satisfied, the reaction
can be effectively driven and significantly accelerated
even at room temperature and atmospheric pressure.
The reaction is ultrafast, and it will take <1 min to form
monodispersed NGQDs. As mentioned above, the forma-
tion mechanism of NGQDs can be schematically shown
in Figure 1.

The morphology and distribution of NGQDs were
characterized by transmission electron microscopy (TEM).
As shown in Figure 2A, NGQDs show spherical shape
with monodispersed distribution, which can be fitted by
a Gaussian curve (Figure 2B). The average size of NGQDs
is 5.3 nm with a full-width-at-half-maximum (FWHM) of
1.5 nm. The X-ray diffraction (XRD) pattern of NGQDs is
shown in Figure 2C. The diffraction peak at 20=22.4° cor-
responds to a d spacing of 0.40 nm along the (002) direc-
tion, which is larger than that of graphite (0.334 nm). The
larger d,, spacing of our NGQDs can be attributed to the
presence of the functional groups and nitrogen doping
atoms enlarging the basal plane spacing, which is similar
to those of NGQDs prepared by other methods [26, 29, 32].
The atomic force microscopy (AFM) image (Figure 2D)
indicates that the typical topographic heights of NGQDs
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Figure 2: (A) TEM image of NGQDs assembled on a Cu grid coated with an ultrathin amorphous carbon film. (B) Diameter distribution of
NGQDs. The red line is the Gaussian fitting curve. The average size (X) of NGQDs is 5.3 nm with an FWHM of 1.5 nm. (C) XRD pattern of
NGQDs. (D) AFM image of NGQDs on a mica substrate. (E) Height profile along the lines marked in (D).

range from 0.5 to 1.5 nm (Figure 2E), suggesting that most
NGQDs consist of one to three graphene monolayers.

To further confirm whether the quantum dots are
carbon dots or graphene dots, high-resolution TEM
(HRTEM) images of NGQDs with different lattice planes
were performed. As shown in Figure 3, one can find
that NGQDs exhibit high crystalline quality as revealed
by the presence of the lattice fringes. The distances
between the lattice fringes are 0.346 nm (Figure 3A),
0.214 nm (Figure 3B), and 0.246 nm (Figure 3C), which
correspond to the basal plane spacing (d,,=0.334), in-
plane lattice spacing (d,,,=0.213), and in-plane lattice
constant (d=0.246) of graphite, respectively [14]. It is
worth noting that the basal plane distance (0.346 nm)
is slightly larger than that of bulk graphite (0.334 nm)
due to the presence of the functional groups and nitro-
gen doping atoms that enlarge the basal plane spacing
of NGQDs. The fast Fourier transform (FFT) image of
a selected area (red square) is shown in the inset of
Figure 3D, which reveals a hexagonal structure, further
confirming the graphene structure. Therefore, it is con-

Figure 3: (A-C) HRTEM images of NGQDs, in which three
lattice fringes of 0.346, 0.214, and 0.246 nm are observed.

(D) FFT image (inset) of a selected area (red square), in which the
cluded that our quantum dots are not carbon quantum pexagonal crystal structure is revealed with a lattice parameter

dots but GQDs. of 0.214 nm.
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Figure 4: (A) Full-scan XPS spectrum of NGQDs. (B) High-resolution N 1s spectra of NGQDs. (C) Schematic of pyridinic (blue) and pyrrolic

(green) N atoms. (D) High-resolution C 1s spectra of NGQDs.

The electronic structure and doping configura-
tion of NGQDs was further characterized by the X-ray
photoelectron spectroscopy (XPS) measurements. The
full-scan XPS spectrum of NGQDs is shown in Figure 4A.
Clearly, three peaks located at approximately 286.1,
399.6, and 532.1 eV correspond to C 1s, N 1s, and O 1s,
respectively. The calculated O/C atomic ratio is 67.9%,
demonstrating that NGQDs have a relatively higher oxi-
dation level, which is similar to a previous report [15].
The nitrogen doping content is as large as 4.1%, which
is comparable to that of NGQDs reported previously [8].
The high-resolution N 1s spectrum of NGQDs (Figure 4B)
reveals the presence of both pyridine (399.3 eV) and pyr-
rolic (400.5 eV) N atoms. Figure 4C shows these two con-
figurations of doped N schematically, which is similar
to those of nitrogen-doped film [33] and NGQDs [13].
The result of deconvolution treatment for the high-res-
olution C 1s spectrum of NGQDs (Figure 4D) reveals five
peaks at 284.6 (C-C, sp? bonded carbon), 286.0 (C-OH,
hydroxyl), 286.5 (C-N), 287.4 (C=0, carbonyl), and 288.7
eV (C(0)-0, carboxyl) [12], which is consistent with the
corresponding Fourier transform infrared (FTIR) spec-
trum (Figure S2). It is noted that the presence of func-
tional groups such as hydroxyl, carbonyl, and carboxyl

make NGQDs water-soluble and very stable. The NGQD
solution was found to exhibit a long-term homogeneous
phase without any noticeable precipitation at room tem-
perature for more than half a year.

The optical properties of NGQDs were investigated
in their aqueous solutions. The monodispersed NGQDs
emitted blue under a UV light at 365 nm, as shown in
Figure S3. The fluorescence (FL) quantum yield (QY) of
NGQDs was determined to be 6.42%, as measured by the
absolute QY measurement method, which is comparable
to that of NGQDs prepared by other methods [12, 14].

The UV-visible (UV-vis) absorption of NGQDs as a
function of solution concentration is shown in Figure 5A.
Apparently, there are three absorption peaks located at
approximately 211 nm (5.88 eV), 268 nm (4.63 eV), and
310 nm (4.00 eV) corresponding to the electron transi-
tions from 7 to #* of C=C, C=N, and C=0 [14, 29], respec-
tively. It can be observed that the three absorption peaks
decrease in the order of Abs@211>Abs@268>Abs@310 at
a certain concentration and decrease with an increasing
dilution fold. Figure 5B shows that the absorbance of the
three peaks is proportional to the reciprocal of dilution
time (1/dilution time). The slope of the three peaks also
decrease in the order of Abs@211>Abs@268>Abs@310.
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Figure 5: (A) UV-vis absorption spectra of NGQDs with different dilution folds. (B) Linear dependence of the absorbance at 211, 268, and
310 nm on 1/dilution times. (C) Normalized FLE spectra of NGQDs measured by monitoring the A, ranging from 360 to 560 nm. (D) log,
(FL intensity) versus wavelength of NGQDs. Both (C) and (D) are derived from Figure S4.

The larger the absorbance is, the larger is the intrinsic
density of states (DOS) of NGQDs.

The normalized FL excitation (FLE) spectra
(Figure 5C) of NGQDs were derived from Figure S4,
which is measured by monitoring the emission wave-
length (A,,) ranging from 360 to 560 nm. Apparently,
the 1,,-dependent FLE peaks are limited to the range
between 328 nm (3.78 eV) and 382 nm (3.25 eV), suggest-
ing that the highest O-related excited state (O z*, which
will be mentioned later) that can emit FL is about 3.78
eV. Oppositely, the other peak located at approximately
236 nm (5.25 eV) is independent of A, as shown in
Figure 5C and D. Another independent peak centered
at approximately 283 nm (4.38 eV) is observed from the
log,, (FL int.) plotted against wavelengths as shown in
Figure 5D. These two FLE peaks correspond well to that
of UV-vis absorption peaks at 211 and 268 nm. The red
shift of peaks from absorption spectra to FLE spectra
can be observed in previous reports of GQDs [34],
S-GQDs [35], and C1-GQDs [36], suggesting that the FLE
peak corresponds to the ground vibrational state (GVS)
and the peak of UV-vis absorption corresponds to the
highest vibrational state (HVS) in the same excited state:

GVS of C z* is 5.25 eV, GVS of N z* 4.38 eV, HVS of C n*
5.88 eV, and HVS of N #* 4.63 eV. When NGQDs absorb
high-energy photons, electron transition from C sz to C
7* may be caused, and then the internal conversion (C
a*—N 7*—0 7*) results in FL emission (O #*—C x). The
valley located at approximately 270 nm is caused by the
energy gap between GVS of C #* and HVS of N #* and
that at approximately 310 nm is caused by the energy gap
between GVS of N 7#* and HVS of O z*.

The FL emission spectra of NGQDs are shown in
Figure 6A. The color of the curve represents the fluorescent
color of NGQDs under excitation, respectively. As shown
in Figure 6A, with increasing excitation wavelength (1,,),
the color of FL changes from purple to blue, cyan, and
green. The FL spectra show the strongest peak at approxi-
mately 430 nm (2.82 eV), excited by A, of 360 nm (3.44 eV).
Correspondingly, a 4, of 430 nm generates the strongest
FLE peak at approximately 360 nm in Figure S4, which
suggests that this kind of O-related surface state has the
largest density. When NGQDs are excited at wavelengths
from 290 to 460 nm, the FL peak shifts from 415 nm (2.99
eV) to 511 nm (2.43 eV; Figure 6B). As shown in Figure 6C,
the linear relationship between the energy of FL emission
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Figure 6: (A) FL emission spectra of NGQDs excited by various wavelengths ranging from 290 to 460 nm. (B) Normalized FL emission spectra
of NGQDs derived from part (A). (C) Linear dependence of the FL emission peak energy on excitation energy. (D) Relationship between the
intensity of two FL emission peaks (1., dependent and fixed) and various excitation wavelengths.

peak (E,,) and excitation energy (E,,) can be described by
the following equation:

E,,=0.5E_ +1.08 eV 1)

whereE,, is <3.77eV (330 nm). The,,-dependent emission
may be brought about by O-related surface states (O z*)
induced by the functional groups (C-OH, C=0, C-0-C) [34].
When E,, is more than 3.77 eV, E_, tends to be a constant
of 2.99 eV, which suggests that the highest fluorescent
energy emitted by O z7* is about 2.99 eV.

Interestingly, it can also be observed that a new peak
located at 390 nm (3.18 eV) is produced when E_, is more
than 3.77 eV in Figure 6B, confirming a higher excited state
that can emit FL. The presence of this peak may result from
the introduction of N into the GQDs, as this peak has not
been observed for N-free GQDs [34] and its energy is lower
than 4.10 eV from C 7z* to C 7 in NGQDs [14]. Reasonably,
it can be deduced that this FL emission is produced by
electron recombination from N z* to C zz. Figure 6D shows
the relationship between the intensity of two FL emission
peaks (4., dependent and fixed at 390 nm) on various
Ay ranging from 220 to 460 nm. It can be observed that
both have a peak at 240 nm and a valley at 270 nm (see
Figure S5 for detail). The internal conversion from C * to

N z* results in FL emission (N #*—C =) and C z* to O &z*
results in FL emission (O #*—C x), further confirming the
conclusion from PLE spectra.

Based on the above optical properties of NGQDs,
the detailed Jablonski diagram representing the energy
level structure of NGQDs can be derived, which has not
been reported yet. As shown in Figure 7, the diagram
illustrates the electronic states of NGQDs and the tran-
sitions between them. Four electronic states arranged
vertically by energy are shown. The lowest electronic
state represents the ground state of NGQDs, which is
labeled as C & (C-related energy state, HOMO). At room
temperature, NGQDs in a solution are in this state. The
upper electronic states represent three excited states:
O a* (O-related energy state, LUMO), N z* (N-related
energy state, LUMO+1), and C z* (C-related energy state,
LUMO+2). The GVS of each electronic state is indicated
with thick lines, and the numerous vibrational levels
associated with each electronic state are indicated with
thinner lines. When NGQDs are illuminated by light with
specific wavelength, absorption transitions (straight
violet and red arrows) can occur from C & to various
vibrational levels in the excited vibrational states. Squig-
gly yellow arrows represent nonradiative transition,
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including internal conversion and vibrational relaxation
process, and straight blue arrows represent FL emission.
Below the diagram, the log,, (intensity) versus energy
of UV-vis absorption, PLE@/,, of 420 nm and PL@A,
of 320 nm, are shown. The FLE peak corresponds to the
GVS and the peak of UV-vis absorption corresponds to
the HVS in the same excited state: C 7—C z* (5.25-5.88
eV) and C 7—N z* (4.38-4.63 eV). NGQDs have different
kinds of O-related surface states corresponding to a rela-
tively wide distribution of different energy levels to gen-
erate a broad UV-vis absorption band and 4,,-dependent
emission (right portion of diagram). The FL emission
energy of O * is from 2.43 to 2.99 eV, and the GVS energy
level is from 2.70 eV [calculated from Eq. (1)] to 3.78 eV.
The strongest FL emission energy is 2.82 eV excited by
excitation of 3.44 eV. It is noted that nitrogen doping
introduces a new kind of excited electronic state that can
emit FL at 3.18 eV. More detailed molecular orbital energy
levels [37] of NGQDs should be further investigated.

3 Conclusions

We have presented an ultrafast ammonia-driven micro-
wave-assisted synthesis of water-soluble NGQDs using
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glucose and ammonia solution at room temperature and
atmospheric pressure. This low-cost, one-step approach
is environment friendly and suitable for large-scale pro-
duction. NGQDs have high crystalline quality. A new FL
emission at 390 nm is observed, which might originate
from the incorporation of nitrogen into the GQDs. A peak
red-shift is observed by comparing FLE spectra to UV-vis
absorption spectra. The detailed Jablonski diagram rep-
resenting the energy level structure of NGQDs is derived:
Ca* (5.25-5.88 eV), N* (4.38-4.63 eV), GVS of O r* (2.70—
3.78 eV), and the FL emission energy of O z* is from 2.43
t0 2.99 eV. NGQDs are promising for applications in photo-
electronics and fluorescent probing.

4 Experimental

4.1 Materials

Ammonia solution (28%), quinine sulfate, and D-glucose
were purchased from Aladdin (Shanghai, China). All rea-
gents were of analytical grade and were used without
further purification. The model of microwave oven is
Midea EG925BYI-NAO (Guangdong, China).

4.2 Synthesis of NGQDs

First, 10 g glucose was dissolved into polypropylene con-
tainer with 100 ml deionized (DI) water, and 5 ml ammonia
solution was added into the solution. Then, the container
(without lid) was put into a commercial microwave oven
at 900 W for 1 min. After that, the solution changed from
transparent to pale yellow as a result of formation of
NGQDs. Subsequently, the solution was stirred vigorously
at 40°C for 1 h to remove any residual ammonia. Finally,
the solution was further dialyzed against DI water using a
dialysis membrane with molecular weight cutoff (MWCO)
of 1000 Da for characterizations.

4.3 Characterizations

TEM and HRTEM images were performed by an FEI Tecnai
F20 electron microscopy operating at 200 keV. AFM images
were taken using a Seiko SPA 300 AFM. The crystalline
structure of the obtained samples was characterized by
XRD (Rigaku D/MAX-rA diffractometer) using Cu Ko radi-
ation. XPS was taken on an AXIS-Ultra instrument from
Kratos using monochromatic Al Ko radiation operating at
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150 W. The nitrogen doping content is calculated by the
following equation:

N/C=(AN15 /Sle)/(Ac1s /Sc1s) &)

where A, and A__ are the area of N 1s and C 1s peaks
and S, and S__ are the corresponding sensitive factors.
The UV-vis absorption was measured with a Shimadzu
UV-2550 spectrophotometer using 1.00 cm quartz cells. FL
measurement was carried out on a Shimadzu RF-5301 PC
spectrofluorophotometer with a 150 W xenon lamp as a
light source using 1.00 cm quartz cells. FTIR spectra were
recorded on a Shimadzu FTIR-8400S spectrophotometer
using KBr pellets.

4.4 Calculation of FL QY

The FL QY of NGQDs was calculated by comparing the
integrated FL intensity (excited at 360 nm) and the
absorbance values at the excitation wavelength of 360 nm
of NGQDs with QY standard. Quinine sulfate in 0.1 M H,SO,
was chosen as the standard, which has a fixed and known
QY value of 54% [38]. The QY of NGQDs was calculated
according to the following equation:

Grad, \| v’
D, =D, . zX 3)
Gradg )\ n -

where subscripts ST and X denote standard and test,
respectively, ® is the QY, Grad is the gradient from the
plot of integrated FL intensity versus absorbance (Figure
S1), and 7 is the refractive index of the solvent. Both the
refractive indexes of NGQDs and quinine sulfate solution
are 1.33.
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