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dots: tunable band gap photoluminescence
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We demonstrated nitrogen doped graphene quantum dots (N-
GQDs) under high temperature of 800-1200 °C and high pressure
of 4.0 GPa through a solid-to-solid process. The "graphite" N in N-
GQDs has the strong negative induction effect on the band gap.
Without the interference of surface groups, the direct band gap of
these N-GQDs increased with more nitrogen doping, which results
in the tunable photoluminescence (PL) with high PL effeciency.
Based on the recognized PL rules, we synthesised the N-GQDs with
higher doping concentration and near ultraviolet light-emitting.

Graphene quantum dots (GQDs) have attracted much attention
in recent years due to their unique properties and wide range of
applications in electrochemical luminescence, photocatalysts,
Previous reported GQDs were
synthesised by two broad categories: top-down and bottom-up. >

bioimaging, ion detection.
The top-down approach involves the cut and/or exfoliation of sp2
carbon materials, which introduces diverse surface groups on the
obtained GQDs. °® Given this fact, the photoluminescence (PL) of
tow-down GQDs can be attributed to the n-m* transitions of
% 1 These surface groups play as
luminophores, resulting in the excitation wavelength dependence in
pL. *8 Moreover, these so-called GQDs always show unapparent
size effect, which can also be attributed to the surface group PL
progress. 91218 The complicated PL process has made it difficult to
clarify band structure, heteroatom contribution to PL and effective

diversified surface groups.

control on the PL properties. Recently, there are also several
reports about GQDs' bottom-up synthesis using citric acid or other
non-aromatic molecules through hydrothermal process, ¥ put it is
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hard to obtain well organized sp2 carbon arrangement under low
temperatures in water. This means that the obtained GQDs also
face the same problem as those fabricated through top-down
approaches. With precise and multiple-step organic synthesis based
on polycyclic aromatic compounds or other molecules with
aromatic structures, 1418 \vell-defined GQDs with less surface
groups can be obtained by bottom-up approach, and these GQDs
have given answers to some PL mechanisms. For example, Li et al.
demonstrated that photoexcited GQDs have a significant
probability of relaxing into triplet states, and emit both
phosphorescence and fluorescence at room temperature with well-
defined GQDs. *® For GQDs’ PL mechanisms, it is still very significant
and important to synthesise GQDs without surface groups.

In addition to surface group removing, the bad gap engineering is
very critical for modulating of PL emission wavelengths (A..,) and
enhancing the PL efficiency (quantum vyield, ¢). 228 theory, a
pure band gap PL process will bring very good control on A, and ¢.
It has been reported that by the negative induction effect of
heteroatoms (such as F and N) with high electronegativity, the band
gap of GQDs or carbon dots will be broadened effectively. %23 Eor
example, Sun et al. reported nitrogen (N) and sulfur (S) co-doped
GQDs using citric acid as the C source and urea or thiourea as N and
S sources, and the co-doping leads to a high ¢. 2 our previous
reports also have demonstrated the relationship between the
localized it electron cloud and band gap of GQDs. 2% With the high
1t electron cloud density (by electron injection), the GQDs show
narrow band gap and emit redshifted PL. 224 However, GQDs with
pure band gap PL without surface group interfaces have not been
reported so far.

In this paper, we synthesised nitrogen doped graphene quantum
dots (N-GQDs) with tunable band gap, based on the aromatization
process of nitrogenous aromatic compound under 800-1200 °C and
4.0 GPa. Due to the high-temperature and high press condition, the
GQDs had "graphite" N doping in the lattice without surface groups,
which introduces a negative induction effect on the m electron
cloud of GQDs and leads to a tunable band gap PL process. These
N-GQDs radiated blue, blue-green, yellow and orange PL under UV
light with high ¢ (higher than 0.7) when the doping concentration is
5.5, 4.8, 3.5 and 2.4 at. %, respectively. More importantly, we
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obtained the near ultraviolet emission N-GQDs with high ¢ (0.86)
and good stability through optimizing the doping concentration to
8.2 at. %.

%"%; 800-1200 °C

.

Figure 1 Schematic diagram of the preparation process. The precursor (left)
was heated under 800-1200 °C under 4.0 GPa for 72 h. The black and blue
spheres represent C and N atoms, respectively.

Journal Name

The preparation process of N-GQDs was run on the piston-
cylinder apparatus (Rocktek Instrument) with solid confining media
(experimental details are shown in Supporting Information).
Typically, melamine powder was put into home-made platinum
tube. The pressure was gradually increased to 4.0 GPa, then the
sample (Figure S1) were heated for 72 h under 1000 °C (Figure 1).
The heating and freezing rates are 100 °C h™. The press and release
rate are 0.2 GPa h™. After the reaction, the black powder (Figure S2)
was obtained and the yield is ~63 wt. %. Although the cost of
synthesis is high, the solid to solid process is simple and repeatable.
It should be emphasized that all the obtained solids were highly
water-soluble with a bath ultrasonication. With the great amount of
nucleating points center in solid-phase reaction under high intensity
of pressure, the obtained products have uniform size.
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Figure 2 (a) TEM image of N-GQDs thus formed, inset: FFT of a single dot in (a). (b) High-resolution TEM image of a single N-GQD. (c) Corresponding size
distribution histogram of N-GQDs, the black curve is the Gaussian fitting curve. (d) AFM topography images of N-GQDs on a mica substrate in tapping mode
with the Bruker Dimension Icon AFM microscope, (e) height profile analysis along the line in the image. (f) Raman spectrum of N-GQDs.

Typical characterization results of the as-prepared N-GQDs are
shown in Figure 2. Transmission electron microscopy (TEM) images
(Figure 2a and b) show fairly uniform N-GQDs with diameter of ca.
2-6 nm. The fast Fourier transform (FFT) (Figure 2a inset) shows a
high crystalline structure and significant non-standard six-fold
symmetry, indicating the graphene structure of N-GQDs. 2 Clear
crystalline lattices fringes are observed from the high-resolution
TEM image (Figure 2b). The interlayer spacing of 0.24 nm
corresponds to the (1120) lattice fringe of graphene, which matches
with previous reports. 2 Wwith the great amount of nucleation

2| J. Name., 2012, 00, 1-3

points center in solid-phase reaction under high intensity of
pressure, the obtained products have uniform size. Corresponding
size distribution histogram (Figure 2c) shows the average diameter
of these dots is 4.1 nm. Atomic force microscope (AFM)
observations (Figure 2 d and e) reveal highly dispersed N-GQDs on
the mica substrate with a typical topographic height of 1-1.5 nm,
which indicates the 1-2 atomic layer in thickness. 3234 Al the above
results indicate the obtained products are GQDs with good
crystallinity. Figure 2f presents the Raman spectrum of N-GQDs. The
peaks centred at ca. 1368 cm™ and 1384 cm™ attributed to the D

This journal is © The Royal Society of Chemistry 20xx
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and G band of sp2 carbon materials, respectively.ss'39 The intensity

ratio of the D to G band (/p//g) is approximately 0.41 for the N-
GQDs, indicating the good crystalline nature of these as-prepared

N-GQDs. ***
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Figure 3 (a) High-resolution C 1s spectrum of the N-GQDs. (b) High-
resolution N 1s spectrum of the N-GQDs. (c) UV-vis absorption spectrum of
N-GQDs aqueous solution. (d) (ahv)? vs. ho curve of N-GQDs (red trace).

X-ray photoelectron spectroscopy (XPS) measurements were
performed to determine the composition of these N-GQDs (Table
S1). As shown in Figure S3, a predominant graphite C 1s peak at ca.
284 eV and a N 1s peak at ca. 399 eV are observed. 7.43,44.95 The
doping concentration is 4.8 at. %, which is doubly confirmed by
elemental analysis (The C/N atomic ratio is 19.2:1, Table S2). The
high-resolution C 1s XPS spectrum (Figure 3a) can be divided into
three peaks, including C-C/C=C (ca. 284.8 eV), C=N (ca. 286.9 eV)
and C-N (ca. 287.8 eV), respectively. 7% The C=N and C-N bonding

models can be attributed to the resonant structures of graphitic N. 7

* The high-resolution N 1s XPS spectrum (Figure 3b) further
characterized the existence form of N. The unimodal N 1s spectrum
centred at ca. 400.2 eV corresponding to the "graphitic" N ((C);-N,
including the N atoms in pentagonal, hexagonal or heptagonal
structures), which is the unique existence form of N. 7, 4830, 51
Moreover, the unique (C);-N bonding model indicates the obtained
N-GQDs have no surface groups (such as: -NH, and -NH). This
structure avoids disturbance from other surface groups on PL
properties of N-GQDs. Fourier Transform Infrared Spectroscopy
(FTIR) was introduced to further characteristic the N-GQDs (Figure
S4). Three peaks located in 3170-3440 em™ can be attributed to the
C-H stretching vibrations of benzene ring. 2 Two peaks located in
1496 and 1650 c¢cm™ can be attributed to the C=C and C=N
stretching vibrations of pyridines structure (benzene ring with
"graphite" N). 2 The peaks located in 415-850 em? can be
attributed to the ring deformation vibrations of benzene and
pyridines rings. 22 The FT-IR results correspond to the XPS results.

This journal is © The Royal Society of Chemistry 20xx

The UV-vis absorption spectrum and corresponding optical band
gap are shown in Figure 3c and d. The UV-vis absorption spectrum
of GQDs (Figure 3c) shows a typical n-T transition absorption peak
due to aromatic sp2 domains around 210 nm, 2an n-nt’ transition
absorption peak around 240 nm, a band-gap transition
absorption peak around 270 nm and a long tail extending into the
visible range. * The corresponding optical band gap can be
estimated from the Tauc plot, i.e. the curve of converted (ahv)
versus hv from the UV-visible spectrum, in which a, h, and v are
absorption coefficient, Planck constant, and light frequency,
respectively. For an indirect band gap material r=1/2 and a direct
band gap material r=2. Figure 3d shows a good linear fit when using
r=2, claiming the as-produced N-GQDs are direct band gap
materials (no good linear fit is obtained for r=1/2). > By measuring
the x-axis intercept of an extrapolated line from the linear regime of
the curve (Figure 3d, black curve), the band gap energy (E;) of N-
GQDs is 3.45 eV. The large band gap can be due to the strong
negative induction effect of "graphite" N in GQDs. 1 Although with
4 electrons in spz orbit, the high electronegativity (3.04) of
"graphite" N result the strong negative induction effect, which
drastically reduced the m electron cloud of GQDs. The conjugated
structure of "graphite" N ensured the above progress. On the other
hand, due to the unconjugated structure, the amino and imino
groups always show week negative induction effect. 24 Thus, with
the low m electron cloud density, the band gap of GQDs is
broadened which is just like fluorescent dyes. 2

To confirm the negative induction effect of "graphite" N on the
band gap of these N-GQDs, we synthesised N-GQDs with different
doping concentrations by changing the reaction temperature. Due
to the decomposition of N-containing groups in higher reaction
temperature, > the doping concentration decreased with the
increased reaction temperature. As shown in Figure 4a, the doping
concentration is 5.5, 4.8, 3.5 and 2.4 at. % when the reaction
temperature is 900, 1000, 1100 and 1200 °C under 4.0 GPa for 48
hours. XPS results show all the N atoms in these N-GQDs are
"graphitic" N (Table S1 and 2). Due to the high electronegativity, the
corresponding E, of these N-GQDs is significantly changing with
various doping concentrations. The E,is 3.79, 3.45, 2.91 and 2.38 eV
when the doping concentration is 5.5, 4.8, 3.5 and 2.4 at.%,
respectively (Figure 4a). All these N-GQDs show good linear fit with
(ahv)2=hv, indicating that these as-prepared N-GQDs are all direct
band gap materials (no good linear fit with (ahv)1/2=hv). ** The
proportional relation between the E; and the content of "graphitic"
N demonstrated the strong negative induction effect for the m
electron cloud of GQDs.

On the other hand, the tunable direct band gap indicates that
these N-GQDs can have controllable wavelength emission with high
efficient. Indeed, these N-GQDs radiate bright blue, blue-green,
yellow and orange PL under UV light when the doping
concentration is 5.5, 4.8, 3.5 and 2.4 at.%, respectively (Figure S5).
When the doping concentration is lower, the negative induction
effect of "graphite" N is weaker and m electron cloud density is
higher, which results in the narrowed band gap. Thus, the
corresponding A, is 402, 436, 495 and 587 nm respectively. The Ay,
of these N-GQDs correspond to the band gap transition peak in UV-
vis spectra (Table S3), which indicates the PL progress is band gap
photoluminescence. All these N-GQDs show strong and sharp
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emission peaks (Figure 4b). The full width at half maximum of the
PL spectrum is much smaller than it of previously reported GQDs
(Figure S6). The weak peak stretch is closely related to not only the
homogeneous lateral size, but also the unified band gap PL

Journal Name

mechanism. Moreover, due to the transitions of direct band gap, all
these N-GQDs show high ¢ over 0.70 (Table S3), which is much
higher than that of the most reported GQDs, as the red star marks
in Figure 4c among more than 30 literatures marked in dark squares.
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Figure 4 (a) Eg and doping concentrations of N-GQDs under different reaction temperatures. (b) PL spectra of N-GQDs with different doping concentrations.
(c) A brief summary of ¢ and A., of GQDs. Red stars and black squares represent the results of this work and previous reports, respectively. (d) Aem of N-GQDs
with different doping concentrations under different Ae. (e) The stability N-GQDs under UV light (black curve) and visible light (red curve) at room
temperature. The F and F, are PL intensity of N-GQDs (doping concentration: 5.5 at. %) when t=0 and at corresponding times, respectively. The

concentration of N-GQDs aqueous solution is 0.1 mg mL’
E, of N-GQDs (doping concentration: 5.5 at.%) under different pH. The conce

The band gap PL progress also results in different PL
performances compared to previously reported GQDs with
diversified surface groups. As shown in Figure 4d, these N-GQDs
show excitation wavelength independence with the change of A,.
All these N-GQDs exhibit a maxima A, shift of 10 nm when the
excitation wavelength changed. Due to the stable "graphitic" N,
these N-GQDs exhibit excellent photo stability. No obvious change
in PL intensity (Figure 4e and Figure S7-9) is observed under UV light
(centre wavelength of 325 nm) for 48 h or visible light for more
than 60 days. What's more, it is interesting that these N-GQDs
exhibit red shifted PL and decreased ¢ with the increasing acidity of

4| J. Name., 2012, 00, 1-3

T (f) PL spectra and ¢ (red curve) of N-GQDs (doping concentration: 5.5 at.%) under different pH. (g)

ntration of N-GQDs aqueous solution is 0.1 mg mL™.

the solution (Figure 4f and Figure S10-12). Taking the N-GQDs with
5.5 at.% doping concentration as an example, the A, and ¢ show
no obvious change when in weak acid, neutral and basic medium
(pH: 4.5-14). However, when the pH is 4.0, 3.6, 3.2, 2.7 and 2.1, the
Aem is 391, 406, 438, 472 and 507 nm, respectively (Figure 4f). The
corresponding Eg is 3.62, 3.41, 3.22, 3.04 and 2.92 eV, when the pH
is 4.0, 3.6, 3.2, 2.7 and 2.1 respectively (Figure 4g). When these N-
GQDs in acid environment the "graphitic" N protonated gradually.
These protonated "graphitic" N show weaker negative induction
effect than that of un-protonated "graphitic" N under the function
of protons. 77:78 This results in the high m electron cloud density,

This journal is © The Royal Society of Chemistry 20xx
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which means the narrowed band gap. With the narrowed band gap,
the PL spectrum was red shifted. On the other hand, the protonated
"graphitic" N also results in the non-planar structure, leading to
increased the energy loss and the decreased quantum yield.

COMMUNICATION

Furthermore, the ¢ is 0.76, 0.70, 0.63, 0.51 and 0.22 when the pH is
4.0, 3.6, 3.2, 2.7 and 2.1, respectively, which can be due to the
increased flexible of protonated molecular structure. The flexible
results in the increasing non-radiation

molecular structure

Moreover, the change of PL properties of N-GQDs indicates that transitions and molecular vibration. 7981
they may be used as fluorescence probes for environment.
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Figure 5 (a) TEM image and corresponding size distribution histogram of near ultraviolet emitted N-GQDs thus formed (scale bar: 5 nm). (b) UV-vis
absorption spectrum (black trace) and (ah v)* vs. hv curve (red trace) of N-GQDs aqueous solution. (c) PL and PLE spectra of near ultraviolet emitted N-GQDs
aqueous solution. Inset shows the digital photo of N-GQDs aqueous solution under and 365 nm UV light.

Finally, based on above surely recognized rules, we synthesised
the N-GQDs with higher doping concentration under lower
temperature on the premise of complete reaction (Figure 5a).
When the reaction temperature is 800 °C, the doping concentration
of N-GQDs is 6.4 at. % (XPS results were shown in Table S1 and 2).
The E; of N-GQDs is 5.1 eV through calculation (Figure 5b). The
photoluminescence excitation (PLE) and PL spectra in Figure 5c
show that the optimum excitation and emission wavelength is 268
nm and 344 nm, which is much shorter than that of N-GQDs in the
previous reports (Figure S6). 8288 A< an direct band gap material, as
well as other N-GQDs with lower doping concentrations, these N-
GQDs also show high ¢ of 0.83. Moreover, the as-prepared N-GQDs
have excellent stability (Figure S13 and 14). Stronger negative
induction effect of more "graphite" N broadens the band gap, and
results in high ¢ and near ultraviolet band-gap PL, which indicates
that these obtained N-GQDs may be used as near ultraviolet light-
emitting materials.

Conclusions

In summary, we synthesised the N-GQDs without surface groups
under high temperature over 800 °C and high pressure. All N atoms
in these N-GQDs are "graphite" N, and the doping concentration

can be easily controlled through changing the reaction temperature.

Without the Interference of surface groups, the direct band gap of
these N-GQDs show regularly changes, which results in a tunable PL
with high quantum yield. The change of band gap could be due to
the strong negative induction effect of "graphite" N. Based on
recognized PL rules, we synthesised the N-GQDs with higher doping
concentration, which show high-efficient near ultraviolet light-
emitting with good stability.

This journal is © The Royal Society of Chemistry 20xx
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