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Photoluminescent graphene quantum dots (GQDs) have received enormous attention because of their
unique chemical, electronic and optical properties. Here a series of GQDs were synthesized under
hydrothermal processes in order to investigate the formation process and optical properties of N-doped
GQDs. Citric acid (CA) was used as a carbon precursor and self-assembled into sheet structure in a basic
condition and formed N-free GQD graphite framework through intermolecular dehydrolysis reaction.
N-doped GQDs were prepared using a series of N-containing bases such as urea. Detailed structural and
property studies demonstrated the formation mechanism of N-doped GQDs for tunable optical emissions.
Hydrothermal conditions promote formation of amide between -NH, and ~-COOH with the presence of
amine in the reaction. The intramoleculur dehydrolysis between neighbour amide and COOH groups led to
formation of pyrrolic N in the graphene framework. Further, the pyrrolic N transformed to graphite N
under hydrothermal conditions. N-doping results in a great improvement of PL quantum yield (QY) of
GQDs. By optimized reaction conditions, the highest PL QY (94%) of N-doped GQDs was obtained using
CA as a carbon source and ethylene diamine as a N source. The obtained N-doped GQDs exhibit an
excitation-independent blue emission with single exponential lifetime decay.

hotoluminescent carbon or graphene quantum dots (GQDs) have received enormous attention because of

their unique chemical, electronic and optical properties'*. They also show good biocompatibility, low

cytotoxicity, excellent water solubility and stable photoluminescence. These unique chemical and physical
properties make them a great promising material for applications in photocatalyst, energy conversion, sensor, and
bioimaging® . Various approaches have been developed to fabricate GQDs including “top-down” and “bottom-
up” methods. The “top-down” methods refer to carving bulk carbon materials into nanoparticles by using
physical or chemical approaches, such as acid oxidation™'®, electrochemical””, hydrothermal'>'>*, efc.
Compared with top-down routes, 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. Li and co-workers have made great effort to synthesize GQDs via stepwise solution chemistry based
on oxidative condensation reactions®*'. Liu et al. prepared multicolor photoluminescent GQDs with uniform
morphology by using hexa-peri-hexabenzocoronene as the carbon source through a pyrolysis and exfoliation
process'®. Loh et al. reported the synthesis of a series of well-defined GQDs on a ruthenium surface using C60
molecules as a precursor®. Besides the conjugated precursors used in above studies, some non-conjugate organic
precursors have also shown great potential for the preparation of GQDs via thermal pyrolysis or carbonization.
Tang et al. reported a facile microwave-assisted hydrothermal route for the synthesis of GQDs using glucose as
the sole carbon source”. The size of GQDs can be tuned from 1.65 to 21 nm by simply prolonging the reaction
time from 1 min to 9 min. The obtained GQDs showed size-independent photoluminescence (PL). Dong et al.
prepared the blue luminescent GQDs through tuning the extent of carbonization of citric acid (CA)***. The
resulting GQDs are nanosheets with 15 nm in width and 0.5-2.0 nm in thickness. The GQDs showed 9.0% of
photoluminescent quantum yield (QY), and excitation-independent emission activity. Despite of previous
efforts, the QY of GQDs has been relatively low. GQDs with high QY are highly desired for practical applications.
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Figure 1| Characterizations of GQDs-NaOH. (A) Representative TEM images of GQDs- NaOH. Inset panels show the HR-TEM image (left) and
size (diameter) distribution (right). (B) SPM height image of the graphene nanoparticles. Line through some of the GQDs-NaOH shows the height
profile. (C) UV-Vis spectrum (dash curve) and photoluminescence spectra (solid curves) of the graphene nanoparticles. (D) X-ray photoelectron
spectroscopy (XPS) full scan survey and the high-resolution Cls spectra are shown in inset.

Doping and/or surface passivation are effective methods to change
the electronic density of bulk semiconductor materials and to tune
their optical and electrical properties. Through passivation and/or
doping, GQDs have shown improved PL****. Herein, we synthe-
sized N-doped GQDs and investigated the N-doping process of
GQDs and their corresponding optical properties through a series
of experiments. CA was used as the carbon source and different
amines were used as the N source. We first synthesized GQD core
materials by using NaOH as dopants. Under basic reaction con-
dition, the CA molecules self-assembled into sheet structure followed
by condensation reactions through intermolecular dehydroxylation,
forming nanocrystalline GQDs. The final GQDs have unreacted
functional groups such as carboxyl and hydroxyl groups on particle
surface. At this point, the obtained GQDs show relative low QY of
~10%, excitation-independent PL, and single exponential lifetime.
We then replaced NaOH with different amines to synthesize N-
doped GQDs. We discovered that N atom enters GQDs by forming
pyrrolic structure through intramolecular dehydroxylation between
neighbor carboxyl groups. Pyrrolic N is gradually transferred into
quaternary N in the graphene with increasing the reaction time. The
extent of doping effectively improves the optical properties of GQDs,
especially QY of N-doped GQDs. We investigated the influence of
the types of amines, such as primary, secondary and ternary amines.
The primary amine resulted in a high doping degree and the N-
doped exhibited the highest QY among the three types of amines.
When ethylene diamine (EDA) was used as the dopant, N-doped
GQDs showed a QY of 94%, which is the highest QY reported to our
knowledge. Besides the investigation on three types of amines, we
also optimized the reaction conditions of CA and EDA reaction
including carbon sources, reaction time, and reaction temperature
in order to obtain high PL QY of the N-doped GQDs. Overall, the

resulted GQDs showed excitation independent and single exponen-
tial decay.

Results

Formation of graphene core materials using NaOH (GQDs-
NaOH). No GQDs were formed when pure CA was used in
hydrothermal reactions without using bases (e.g., NaOH, amines).
NaOH was added as a base into the reaction solutions followed by
adjusting the solution pH to 8. After hydrothermal reaction, a light
yellow solution with blue emission under UV light was obtained,
which is the same as the GQDs prepared from sodium citrate.
Transmission electron microscopy (TEM) images of the resulting
GQDs-NaOH (Figure 1A) show that these GQDs are uniform in
size ranging from 1.8 to 3.8 nm in diameter. High resolution TEM
(HR-TEM) (Figure 1A inset) clearly shows the lattice fringes
measured to be 0.24 nm, which corresponds to the (1120) crystal
phase of graphite'®*'. Some GQDs particles also showed the lattice
fringe of 0.35 nm, which attributes to the (002) crystal phase of
graphite. Scanning probe microscopy (SPM) images (Figure 1B)
further confirm the uniformity of the GQDs. The SPM height
profile in Fig 1B inset revealed that a typical topographic height of
the GQDs ranges from 0.5 to 2.0 nm. This suggests that these GQDs
consist of 1-5 graphene layers. As shown in the UV-Vis spectrum in
Figure 1C, the GQDs show two absorption bands at 270 nm and
350 nm. A strong blue emission at 450 nm was observed under
excitation of 340 nm-400 nm. This photoluminescent emission
band did not shift with the change of excitation wavelength. The
calculated QY is ~22%. X-ray photoelectron spectroscopy (XPS)
measurement was performed to determine the GQD composition.
The full scan XPS spectrum of GQDs-NaOH was shown in
Figure 1D. Cls, Na auger and Ols signals were observed at 284,
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Figure 2 | Representative TEM images of GQDs-U samples prepared at (A) 4 hours, (B) 6 hours, 8 hours, and (C) 24 hours. The corresponding HR-
TEM images and particle size distribution are shown as left and right insets, respectively.

399 and 530 eV, respectively. No N peak was observed in full scan
XPS survey. That confirms GQDs-NaOH does not contain N
element. The element analysis result also showed no N element
was detected. These results disclose that the as-obtained GQDs-
NaOH are N free GQDs in this case. The high-resolution Cls XPS
spectrum can be fitted into three Gaussian peaks at 284.5, 285.9, and
288.4 eV, which attribute to sp> C (C-C, C=C), sp’ C (C-O) and
oxidized C (C=0), respectively. Based on above results, we can
conclude that the GQDs were formed through dehydrolysis
process between CA molecules that is promoted by the weak basic
environment due to the formation of citrate salt.

N-doping processes of GQDs using urea (GQDs-U). To prepare
high luminescent N-doped GQDs, urea was chosen because it could
be used as both a base and the N source for N-doping processes. A
series of samples were prepared at different reaction time (samples
are denoted as GQDs-U-n, n is reaction time). Figure 2 and
Supplementary Figure S1 showed the TEM images of GQDs-U-n
samples at different reaction times from 2 to 24 hours. The overall
size of GQDs-U increases as the reaction time increases. The average
sizes of GQDs-U-n are 2.45 *+ 0.26, 2.58 * 0.34, 4.3 * 0.7, 5.26 =
0.78 and 7.11 = 1.06 nm in diameter for the samples prepared at
from 2, 4, 6, 8 and 24 hours, respectively. The related HR-TEM
images showed that all the GQDs-U exhibited highly crystalline
graphite nature. The measured lattice fringe distance is 0.24 nm,
which corresponds to the (1120) crystal phase of graphite. The
UV-Vis and PL spectra are showed in Supplementary Figure S1
and S2 in Supplementary Information. There are two clear
absorption bands at 234 nm and 340 nm, which is close to

previous reports®. These absorption bands are related to m—n*
and n —7n* transition of C=C and C=0 bond in the GQDs. All
GQDs-U  samples show excitation-independent and narrow
photoluminescent emission band at 450 nm and full width at half
maximum is ~65 nm, which suggests both the size and the surface
state of these GQDs should be uniform?. Besides, the lifetimes (z,
Supplementary Figure S1, S3) of GQDs-U samples are 8 ns, which is
single exponential decay. This suggests that the origin of PL is one
single species.

Figure 3 and Supplementary Figure S1B showed the XPS results of
GQDs-U-n samples. N signal can be barely seen in the GQDs-U-2
sample. In high-resolution N1s XPS of GQDs-U-2, there is a weak N
1s signal at 400.0 eV, which is close to the pyrrolic N. These results
indicate that the graphene framework has formed at this stage, but
only trace amount of N can enter the graphene framework. In full
scan XPS spectra of GQDs-U-4~24 (column A in Figure 3), the N
peak intensity turned stronger and stronger with extended reaction
time. The peak intensity ratios of N1s/Cls (Ry,c) were calculated
from full survey XPS spectra. The Ry/c increased from 0.22 to 0.48
(Supplementary Figure S4). This indicates that N doping degree of
GQDs increases with reaction time. The high-resolution Cls XPS
spectra were shown in column B of Figure 3. The spectra can be fitted
into 3 Gaussian peaks at 284.5, 286.1, 288.6 eV, which correspond to
the sp? carbon (C-C/C=C) in graphene, the sp® carbon (C-O and C-
N), and the C=0 in carboxyl group. The relative intensity ratio of sp
and sp” increases with the increasing of reaction time because more N
atoms enter the graphene structure. High-resolution N1s XPS spec-
tra were shown in column C of Figure 3. The high-resolution N1s
XPS peak of GQDs-U-2 appeared at 400 eV, which contributed from

| 4:5294 | DOI: 10.1038/srep05294

3



B 7
GQDs-U-4 LI T

3

8 GQDs-U-6

=

w

=

L

£

GQDs-U-8

GQDs-U-24 GQDs-U-24

Graphite N

GQDs-U-6,

GQDs-U-24

160 260 360 4(I)0 560 600 280 282 284 286 288 290 292 396 398 400 402 404

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Figure 3 | XPS spectra of GQDs-U-4, GQDs-U-6, GQDs-U-8 and GQDs-U-24. Column A is the full scan survey, column B is the high-resolution Cls

XPS spectra, and column C is the high-resolution N1s XPS spectra.

the pyrrolic N. The spectrum can be fitted with 2 Gaussian peaks at
399.8 and 401.5 eV that correspond to the pyrrolic N and graphite N,
respectively*>**. Existence of Pyrrolic N indicates that N bonds with
C in 5 member-ring structures that are formed from dehydrolysis
between the neighbor carboxyl and amide groups (Figure 4).
Graphite N originates from the N atoms that are bonded with 3
neighbor C atoms. With the increase of reaction time, more and
more N atoms enter the graphene layer, which leads to the increase

OH

of the sp’ C. This is consistent with the fact that the relative amount of
graphite N in the GQDs-U increases with the reaction time. Element
analysis results also show the same trend that the amount of N
increases with the reaction time (Supplementary Table S1), indi-
cating that the extent of N-doping increases with the reaction time.
Supplementary Figure S5 showed the FTIR spectra of N-doped
GQDs-U prepared at different reaction time. There is a shoulder
peak at 1712 cm™' that can be assigned to the carboxyl acid groups

COOH
COOH

Figure 4 | Possible formation process of N-doped GQDs.
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Table 1 | PLQY and life time of all GQDs samples

Sample PLQY (%) Tove (s
GQDs-NaOH ) 7
GQDs-U-2 58 8
GQDS-U—4 78 8
GQDs-U-6 80 8
GQDs-U-8 81 8
GQDs-U-24 82 8
GQDs-HMTA 20 10
GQDs-EA 36 A
GQDs-G 6 5
Tave: Qverage lifetime.
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(-COOH). Along with the reaction, this peak disappears, suggesting
the consumption of -COOH groups due to the dehydrolysis. In
addition, two new shoulder peaks at 1700 and 1642 cm™' gradually
show up with the increase of reaction time. These new peaks con-
tribute to formation of amide in the N-doped GQDs. The absolute PL
QY increases from 58% to 81% with increasing reaction time from 2
to 24 hours (Table 1).

The influence of the types of amines on QY. GQDs were
synthesized using different kinds of amine such as tertiary,
secondary, and primary amine (mono and diamine) in order to
investigate the effect of the types of amines. The GQDs-HMTA,
GQDs-DEA, GQDs-EA and GQDs-EDA are used to denote the
GQDs that were prepared using hexamethylene tetraamine
(HMTA), diethylene amine (DEA), ethanol amine (EA), and
ethylene diamine (EDA), respectively. Figure 5A-C showed TEM
images of GQDs-HMTA, GQDs-DEA, and GQDs-EA. TEM
images showed these three GQDs are monodispersed with a
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Figure 5 | Representative TEM images (A-C), SPM images (D-F) and XPS spectra (G-I) of GQDs-HMTA, GQDs-DEA and GQDs-EA. Left and right
insets are the corresponding HR-TEM images and particles size distribution in A-C. The height profiles in D-F are inserted along the line cut. High

resolution C 1s and N1s spectra are inserted in the full scan survey in G-1.
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Figure 6 | Characterizations of GQDs-EDA. (A) Representative TEM images of GQDs-EDA. Insets: HR-TEM image (left) and particles size (diameter)
distribution (right). (B) SPM height image of GQDs-EDA. (C) UV-Vis spectrum (black dash curve) and photoluminescence spectra. (D) XPS full

scan survey. Inset: high-resolution C 1s and N1s XPS spectra.

uniform diameter of 3.39 * 0.69 nm, 4.53 * 0.27 nm, 5.13 *
0.47 nm, respectively. HR-TEM images confirmed that GQDs-
HMTA showed a lattice fringe with 0.24 nm, which corresponds
to the (1120) crystal phase of graphite. The corresponding SPM
height image revealed a typical topographic height of 1-2.0 nm
(Figure 5D-E), indicating that most of the GQDs consist of ca. 1-5
graphene layers'>*'. Raman spectrum (Supplementary Figure S6)
was employed to further characterize the microstructure of GQDs-
HMTA. GQDs-HMTA shows a disordered (D) band at 1359 cm ™%,
related to the presence of sp® defects, and the crystalline (G) band at
1578 cm™', related to in-plane vibration of sp*> carbon. The ratio of
the intensities (Ip/Ig) of these characteristic bands can be used to
correlate the structural properties of the carbon. The value of Ip/I is
0.9 for GQDs-HMTA, meaning that the as-prepared GQDs-HMTA
have highly crystalline nature, which is consistence with the TEM
results. The optical properties of GQDs-HMTA, GQDs-DEA and
GQDs-EA are shown in Supplementary Figure S7. All GQDs
exhibit a shoulder band at 235 nm and a clear absorption band
~340 nm, which is close to GQDs-U. The PL spectra show all
GQDs have an emission at 450 nm that is excitation-independent.
This further suggests that both the size and the surface state of these
GQDs are uniform. The measured lifetime of GQDs-HMTA, -DEA,
and -EA are 10, 7 and 6 ns, respectively, showing single exponential
decay (Supplementary Figure S8).

Although these three GQDs samples have close structures and
similar optical properties, they have different PL QY of 20%, 30%
and 36% for GQDs-HMTA, GQDs-DEA and GQDs-EA, respect-
ively. From XPS studies of these GQDs, we found that the QY differ-
ences might be caused by the different extent of N-doping within
these three samples. The full scan XPS spectra of GQDs-HMTA,
GQDs-DEA, and GQDs-EA are shown in Figure 5G-1. The full scan
XPS of GQDs-HMTA shows a predominant C 1s peak at 284 eV and

O 1s peak at ~532 eV. No significant N 1s peak at 401 eV was
observed for GQDs-HMTA. Even high-resolution N 1s spectrum
also shows a relative weak signal. Element analysis results show that
the GQDs-HMTA contains C 43.62%, H 6.28% and N 0.89%, sug-
gesting the trace amount of N. Evidences from FTIR spectrum of
GQDs-HMTA (Supplementary Figure S9) further confirm this. The
peak at 1714 cm ™! is attributed to the vibration of C=0 in -COOH.
There is no peak appear at ~1670 cm™', which indicates there exists
no amide group in the GQDs-HMTA sample. The XPS, element
analysis, and FTIR results indicate the GQDs-HMTA is also N free
GQDs like GQDs-NaOH. Comparing with that of GQDs-HMTA,
XPS results of GQDs-DEA and GQDs-EA exhibit relatively high N
amount in the samples. The Ry,c of GQDs-DEA and GQDs-EA are
0.31and 0.37. It obviously primary amine have highest doping degree
among three types amine. The PL QY was improved from 20% to
30% and 36% for the samples of GQDs-DEA and EA, respectively.
Based on the XPS results, primary amine is the best dopant for the N
doped GQDs among these three types of amines.

Although the PL QY of GQDs-EA show the highest PL QY among
the primary, secondary and tertiary amine, the GQDs-U series sam-
ples show much higher PL QY comparing with the GQDs-EA. We
increased the amount of EA, no significant improvement of PL QY
was obtained. (Supplementary Table 1) Since urea could be treated as
a diamine that gives us a hint that diamine may be a better dopant
than monoamine. Then we chose ethylene diamine (EDA) as a dop-
ant for preparing N doped GQDs. TEM images of GQDs-EDA, as
shown in Figure 6A, reveal that the GQDs-EDA are uniform and
have a diameter of 2.30 £ 0.31 nm. The HR-TEM images exhibit
clear lattice fringe of 0.24 nm, which discloses that the GQDs-EDA
also have a graphite nature. AFM image of GQDs-EDA (Figure 6B)
discloses the sheet structure, which is about ~1 nm in thickness.
UV-Vis spectrum of GQDs-EDA exhibits 2 clear absorption bands
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Table 2 | PL QY of GQDs-EDA prepared at different reaction
conditions

Sample Th 4h 8h 24 h
140°C 68 79 72 65
160°C 88 94 90 76
180°C 77 82 78 69
200°C 65 76 72 61

at 235 and 340 nm, which are the same as GQDs-U. A strong and
bright blue emission at 450 nm that is excitation-independent emis-
sion, was observed in the PL spectrum. GQDs-EDA exhibits a much
longer lifetime of 14 ns that is almost double longer than GQDs-U.
The full scan XPS spectrum (Figure 6D) shows three signals at 284,
399 and 521 eV thatare attributed to C 1s, N1s, and Ols respectively.
The Ryyc is 0.59, which is higher than any other N doped GQDs in
this report. High-resolution C 1s spectrum revealed that there exist
three types of C including sp> C (C=C), sp’ C (C-C, C-N, and C-O),
and oxidized C (C=0). Two types of N, pyrrolic N and graphite N
are shown in the high-resolution N 1s spectrum. These results indi-
cate that the extent of doping of GQDs-EDA increases from mono-
amine to diamine. Due to the higher doping degree, the PL QY of
GQDs-EDA also exhibits very high PL QY of 94%, which is the
highest PL QY of GQDs to our knowledge. Comparing with
GQDs, N doping introduces a new surface state labeled as the N-
state”**, Electrons trapped by the N-state are able to facilitate a high
yield of radiative recombination and depress non-radiative recom-
bination. The density of N-state strongly affects the PL QY of GQDs.
The higher N doping degree is in GQDs, the higher density of N-state

is. From above results, the N doped GQDs are hardly obtained from
tertiary amine as dopant because it has no active N-H. As a dopant,
primary amine is better than secondary amine; diamine is a better
dopant than monoamine.

The influence of reaction time and temperature on QY. We
optimized the reaction conditions such as reaction temperature,
reaction time, and the ratio of reactant for preparation of high
quality GQDs using CA and EDA. Table 2 shows the PL QY of N-
doped GQDs obtained from CA and EDA under different reaction
conditions. The reaction temperature and time show a parabolic
trend. The optimum reaction temperature and time are 160°C and
4 hours, respectively. The molar ratio of CA and EDA was changed
from 1:1 to 1:7, the PL QY of all the GQDs are above 80%
(Supplementary Table S2). The optimum ratio of CA and EDA is
1:3, the PL QY of GQDs reaches 94%.

The influence of carbon source on the PL QY. We synthesized
GQDs using other carbon sources such as glucose and TRIS under
the same hydrothermal route. Figure 7 shows the TEM images of
GQDs prepared from glucose (GQDs-G) and TRIS (GQDs-TRIS) as
carbon source. The graphite lattice fringes also are observed in the
HR-TEM images. Different optical properties are observed. The
GQDs-G exhibits two absorption bands at 300 nm and 350 nm in
the UV-Vis spectrum. There is a relative broad emission band at
445 nm under excitation of 360 nm. The emission band shifts to
510 nm when excitation wavelength changes to 420 nm. The
lifetime (Supplementary Figure S10) is not a single exponential
decay anymore. It can be fitted as double exponential decay, where
1l is 7.9 ns (64.5%) and 12 is 1.8 ns (25.5%) (the numbers in
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Figure 7 | Characterizations of GQDs-G and GQDs-T. (A) Representative TEM images of GQDs-G. Inset: HR-TEM and particle size distribution.
(B) Representative TEM images of GQDs-T. Inset: HR-TEM and particle size distribution. (C) UV-Vis spectra (dash line) and PL spectra (solid lines) of

GQDs-G and (D) GQDs-TRIS.
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parentheses are the percentages of each lifetime). GQDs-TRIS also
exhibits an excitation-dependent PL emission and double
exponential lifetime decay (Tye 6 ns). Both GQDs-G and
GQDs-T show relative low PL QY of 6% and 16%, respectively.
From above results, citric acid is a better carbon source in the
preparation of GQDs through hydrothermal routes.

Discussion

Based on above results and understandings, we believe that the forma-
tion of N-doped GQDs involve two steps (Figure 4). At first, the amine
works as a base to facilitate the dehydrolysis reaction. CA molecules
self-assemble into sheet structure and dehydrolyze to form graphene
framework with ~2 nm in diameter***”. During this process, amide
molecules are formed between CA and amine. Then the amides react
with neighbor carboxylic groups and form pyrrolic N through the
second step of intramolecular dehydrolysis. No other type of N state
was observed in the XPS, which proves that N atoms enter graphene
framework through the intramolecular dehydrolysis between amide
and -COOH. Once the pyrrolic N is formed, the PL QY exhibits a
significant improvement. Comparing with N free GQDs (GQDs-
NaOH), the PL QY of N-doped GQDs increases to 58% for sample
GQDs-U-2 with only two hours reaction and trace amount N doped
GQDs. GQDs continue to grow with more N doped into the graphene
framework along with the reaction. The PL QY of resulting GQDs
increases to 78% for GQDs-U-4 sample in which part of N is trans-
ferred into graphite N as the reaction undergoing since the ratio of
graphite N/pyrrolic N increases. These results are consistent with the
Cls XPS results as the relative amount of sp® C increases with the
reaction due to graphite N bonded with C in sp’ form.

Conclusions

We designed and synthesized a series of GQDs in order to investigate
the N-doping process through a hydrothermal route. CA was chosen as
carbon source because it easily forms graphene framework through
intermolecular dehydrolysis. The N enters the graphene framework
through intramolecular dehydrolysis and form pyrrolic structure. The
pyrrolic N can transform to graphite N in the hydrothermal condition.
By changing different types of amine, high PL QY GQDs (94%) can be
prepared by using CA as carbon source and EDA as N source.
Comparing with other carbon source such as glucose and TRIS, CA
is the best precursor for preparation of very high luminescent GQDs.

Methods

Materials. All chemicals are commercial available and analysis pure grade without
further purification. Citric acid monohydrate, D-(+)-glucose, tris(hydroxymethyl)
aminomethane, NaOH, urea, hexamethylenetetramine, diethylamine, ethanolamine,
ethylenediamine were purchased from Beijing Chemicals or Aladdin Chemicals.

Synthesis of GQDs-NaOH. 0.21 g (1 mmol) CA and 0.12 g (3 mmol) NaOH 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 re-dispersed into water. The obtained samples are
denoted as GQDs-xxx, where xxx stands for NaOH or amine abbreviation, for
example this sample was denoted as GQDs-NaOH.

Synthesis of N-doped GQDs-U. 0.21 g(1 mmol) CA and 0.18 g (3 mmol) urea 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 re-dispersed into water.

Synthesis of N-doped GQDs- HMTA. 0.21 g (1 mmol) CA and 0.42 g (3 mmol)
HMTA 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 re-dispersed into water.

Synthesis of N-doped GQDs-EDA. 0.21 g (1 mmol) CA and 0.18 g (3 mmol) EDA
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 re-dispersed into water.

Synthesis of N-doped GQDs-DEA. 0.21 g (1 mmol) CA and 0.21 g (3 mmol) DEA
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 re-dispersed into water.

Synthesis of N-doped GQDs-EA. 0.21 g (1 mmol) CA and 0.18 g(3 mmol) EA 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 re-dispersed into water.

Characterization. Fourier Transform Infrared (FT-IR) spectra of GQDs were
recorded as KBr pellets with a Bruker Vertex 70 spectrometer from 4000-500 cm™".
Fluorescence emission spectra were recorded on an LS-55 fluorophotometer. UV-Vis
absorption spectra were conducted on a Shimadzu UV-2450 spectrophotometer. HR-
TEM images and fast Fourier transform (FFT) spot diagrams were recorded with 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 with Al Ko X-ray monochromator, pass energy
20 eV. Raman spectra were recorded on Jobin Yvon Horiba LAB-RAM Infinity with
325 nm laser beam. Absolute quantum yield were obtained in a calibrated integrating
sphere on Edinburgh FLS920 spectrometer. Lifetime experiments were obtained on
Edinburgh TSCPS FL 920. Atomic Force Microscope (AFM) images were recorded
with Bruker multi-mode 8.
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