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Synthesis of water-stable and highly luminescent graphite quantum dots
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Abstract:

Highly stable and environmentally friendly (nitrogen-doped graphite quantum dots
consisting of ~12 layers of graphene; average ‘diameter of ~7.3 nm, prepared by
atmospheric pressure microplasma are reported,to have blue emission due to surface
states created by nitrogen doping (9watomic%) and reaction with oxygen. The low-
temperature synthesis method requires simple precursors in water, with no annealing or
filtration, producing crystalline disc-shaped quantum dots with ~68 % photoluminescence
emission quantum yield at 420 nm excitation and that have shown stability for more than
one month after the synthesis.The nitrogen doping in the quantum dots mainly occurs in
graphitic core as substituted‘type of doping (63-67 atomic%) and the amount of doping
is sufficient to create.emissive states without impacting the core structure. The optical
and chemical properties do not undergo serious retardation even with re-dispersion

suggesting easy applicability for cellular imaging or optoelectronics.

Introduction:

Luminescent nanomaterials have gained great attention among researchers in the past few
years due to various applications in biological sensing, imaging and optoelectronics [1—
5]. Many of the photoluminescent nanomaterials are semiconductors and usually contain
toxie.elements, heavy and expensive metals which have limited their applications. Carbon

nanoparticles are a promising alternative to semiconductor nanocrystals as next
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generation green nanomaterials due to excellent biocompatibility, low cytotoxicity and
solution processability which results in ease of production and incorporation in devices
[6]. Since their discovery [7], immense improvements in their luminescent properties and
synthesis methods have been achieved (Table S1, supporting information). Carbon
nanoparticles with diameters below 10 nm that are exhibiting quantum confinement are
generally classified as graphene quantum dots (crystalline graphene with single or few
graphene layers, usually <5), carbon or graphite quantum dots (several graphene. layers)
or carbon nanodots (amorphous carbon) [8-10]. Carbon guantum.dots (CQDs) have in
general a large surface area and, due to dense surface groups, couldbe considered as a
carbon core-shell nanostructure. The carboxyl and hydroxy! groups at the surface impart
high solubility in water and assist in surface functionalization with other polymers,
organic molecules or biological species [6]. Yang Xu et al. have found that doping CQDs
with nitrogen enhances the luminescence propertiesby. creating emissive energy traps in
the carbon hexagonal rings [11]. Nitrogen has been widelyzemployed as a doping agent
due to comparable atomic size as carbon. Without the presence of nitrogen dopant, the
carboxylic and epoxy groups that are present.on the carbon dot surface enhance non-
radiative recombination by decreasing the .density of =m-electrons. Due to nitrogen
containing precursor, such functional'groups could transform to amide groups which have
strong electron donating property and thus radiative recombination increases, leading to
a higher photoluminescence quantum yield (PLQY) [12]. Thus, the PLQY is largely
dependent on the synthesis cc&dition and resulting chemical structure. Several reports
deal with surface modification and post-synthesis approaches to increase PLQY and the
highest achieved till date is.100'% by Ananya Das et al. using non-toxic precursors at
high temperature [13]. Other high PLQY CQDs have been achieved by high-temperature
synthesis methads, lengthy reaction times, post-synthesis treatments like purification,
chromatography, and.functionalization [14—-20].

Synthesis. method wused for CQDs should be carefully chosen because integration into
devices for applications requires non-agglomerated CQDs and the process should be
relativelyreasy and environmentally friendly. Low temperature atmospheric pressure
microplasmas offer a one-step easy and non-toxic method for the synthesis of CQDs and

also allow for controlling the optical and electronic properties by changing the

Page 2 of 27



Page 3 of 27

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-135625.R1

experimental parameters [21,22]. Microplasma-based methods have been explored to
synthesize CQDs to accelerate chemical reactions causing carbonization of precursors:
Although the PLQY of the resulting CQDs was considerably low (maximum 9.9 % by
Ma X. et al. [23]), surface functionalization presents some advantages as it.can be carried
out in a single step during synthesis and not as a separate post-synthesis treatment. The
study by Huang X. et al. showed that CQDs produced by microplasma illustrated
enhanced luminescence compared with chemical-based heating method [24]. In the
current work we have used a 30-minute one-step microplasma process to obtain stable,
non-toxic, re-dispersible, excitation-dependent photoluminescent \nitrogen-doped
graphite quantum dots (N-GQDs) with highest photoluminescence QY obtained using
this synthesis method and have suitable optical characteristics for potential applications
in biological imaging and solar cells. For these N-GQDs to.be used in the fabrication of
thin films for applications, it is often required to purify.the particles and re-disperse them
in different solvents, which are suitable for the deposition technique (e.g. spray coating,
spin coating etc.). This may require drying in air where atmospheric humidity/moisture
could cause changes in the chemical structure.and subsequently change in the optical
properties. In this study, we have effectively.shown the stability of the synthesized N-
GQDs even when subjected to morexdemanding conditions, such as re-dispersion in

water.
Experimental details:

Similar to our previous wok [25,26], a direct-current (DC) atmospheric pressure
microplasma is generated and sustained in contact with a solution. In this case the solution
contains 0.35 g of succinic acid (SA) and 0.25 g of 1,7-diaminoheptane (DAH) dissolved
in 10 mL de-ionized water (15 MQ cm). The schematic and photograph of the synthesis
setup is shownrin Figure'S1 (Supporting Information). We use here long-chain precursors
as they have been reported in the literature to result in increased photostability of carbon
dots [27]. The microplasma process is applied for 30 minutes and a constant discharge
current.of 4 mA was maintained. At the end of the synthesis, a light-yellow coloured
solution 4s obtained indicating the formation of the nanoparticles. The synthesized N-
GQDs were then transferred to a petri-dish and left to dry overnight in the ambient. The

dried powder is then re-dispersed in 10 mL of de-ionized water and used for further
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characterization. The N-GQDs appear to be dispersed in water with no agglomeration or
sedimentation. Our results therefore relate to N-GQDs that are characterized as-prepared
(AP) from the solution used for the synthesis and N-GQDs after being re-dispersed (RD)

in water.

The structure, size, and shape of the N-GQDs are studied using JEOL JEM=2100F
transmission electron microscope (TEM) at an accelerating voltage of 200 kV. The
samples are prepared by drop-casting the AP N-GQDs onto lacey carbon and graphene
oxide grids. Atomic force microscopy (AFM) characterization was performed in air using
a commercial system (D3100 Nanoscope Ill Digital Instruments, now Bruker) in
amplitude modulation AFM (tapping mode). Topographic imageswere acquired at a scan
rate of 1 Hz, with a silicon probe for soft tapping mode (FMV-A Bruker, spring constant
3 Nm, resonance frequency 75 kHz, radius of curvature 10 nm). Samples for AFM were
prepared by dip-coating 12 mm mica substrates«in. the. AP N-GQDs colloid. Fourier
transform infrared spectroscopy (FTIR) was/| carried out using Perkin Elmer FTIR
Spectrometer 2000 for AP and RD N-GQDs drop-casted and dried on cleaned Si
substrates. Raman spectra of the N-GQDs were measured in ambient atmosphere using
Renishaw inVia Confocal Raman’Micrescope with a 532 nm laser equipped with 20x
objective lens. The samples for the analysis are prepared by spray-coating the N-GQDs
on silicon substrates. The measurements were performed in a cycle of 5 sweeps of 10
second each with nominal laser power of 5 mW on the area of the sample under test. To
study the chemical composition,of the AP and RD N-GQDs, X-ray photoelectron
spectroscopy (XPS) was carried out using ESCALAB 250 Xi microprobe spectrometer
(ThermoFisher Scientific). The N-GQDs are drop-casted from the colloid onto gold-
coated silicon substrates and left to dry overnight before the measurement. The silicon
substrates have gold strips deposited by e-beam evaporation which we use for charge
correction/ Thesspectra.obtained were charge corrected using Au core level and valence
band spectra: The XPS survey spectra is recorded with 1 eV step size and 150 eV pass
energy, and the narrow scans were recorded with a step size of 0.1 eV and a pass energy
of"20 eV This pass energy gives a 0.65 eV width for the Ag 3ds2 peak measured on a
sputter cleaned Ag sample. Data analysis and fitting were performed with Thermo

Avantage software. After smart background subtraction, components in C 1s and N 1s
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core level spectra were adjusted using line shapes consisting of convolution products of
a Gaussian (70%) function and a Lorentzian (30%) function. The optical properties of the
N-GQDs were explored using ultraviolet-visible (UV-Vis) absorbance and
photoluminescence (PL) spectroscopy. For both measurements, the colloid samples.were
taken in a 10 mm path length quartz cuvette. For the UV-Vis spectra, absorbance of the
colloidal samples was measured soon after synthesis with a PerkinhElmer 950 in
transmission mode with deionized water as reference for 100 % transmission.
Photoluminescence (PL) measurements were performed of the colloid in a quartz cuvette
with 10 mm path length using Agilent Technologies Cary Eclipse Fluorescence
Spectrophotometer G9800A. The excitation area is maintained same by using a mask of
1 cm? in the cuvette holder. For absolute quantum yieldymeasurements, an integration
sphere attached to a Horiba Jobin Yvon fluoromax-4 spectrometerwas used to collect the
PL of the N-CQDs. For excitation, a Xe lamp with“a double monochromator was used,
and the PL was detected by a charge coupled detector (CCD) mounted on a spectrograph
via coupled ultraviolet-grade optical fiber. The ‘excitation wavelength was selected
through the monochromator. The emission spectra from N-CQDs colloid in a quartz
cuvette and the reference were measured, and the number of emitted photons was then
calculated from spectral integration.“The number of absorbed photons was calculated
using reduction of the excitation spectrum and comparing the sample and reference. The
absolute PLQY is obtained assthe ratio of the number of emitted photons to the number
of absorbed photons. MeasureQents were performed in triplicates and the average value
is reported for each excitation wavelength.

Results and discussion:

Transmission electron microscopy (TEM) was performed by drop-casting the AP N-
GQDs onto.acey carbon and graphene oxide grids. Representative TEM images of the
N-GQDs are shown in Figure 1a and 1b. High-resolution TEM (HR-TEM) imaging was
used to confirmithe crystallinity of the synthesized N-GQDs. Figures 1c, 1d and 1e show
the crystalline phase of the quantum dots. The lattice spacing calculated using fast Fourier
transform (FFT), given as insets, was found to be about 3.3 A, 2.31 A and 2.65 A. The
first.corresponds to the (002) plane spacing reported for graphite (3.3 A) while the other
are close to 2.42 A, (1120) lattice plane of graphene [28]. This could suggest that the
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synthesized N-GQDs have different orientations on the grid i.e., sometimes they may
orient with the graphene planes closer to the perpendicular plane to the grid and
sometimes with graphene planes more parallel to the plane of the grid. This implies that
in some cases the (002) plane is clearer to observe and in some other cases the (1120)
plane is more obvious. The selected area diffraction (SAED) pattern rings as:shown in
Figure 1f can be indexed to (002), (100) and (102) crystallographic planes of graphite.
The histograms of particle sizes depending on the lattice orientation are given in.Figures
1g and 1h. It is clear from the histograms that the particles are larger when graphene
planes orient parallel to the grid (average size 7.3 nm) and the particles are smaller when
graphene planes orient perpendicular to the surface (average size 3.9.nm). We should
further note that the orientation with graphene planes perpendicularto the surface was
observed only when a degree of agglomeration was noticed; forinstance, in Figure 1d an
amorphous matrix (possibly due to the process by-products) seems to hold a number of
N-GQDs together and that N-GQDs have therefore the tendency to appear with graphene
planes parallel to the grid when non-agglemerated (e.g. Figure 1c). This suggests that the
particles are in fact small discs with average thickness of ~3.9 nm corresponding to an

average of ~12 layers of graphene and an average diameter of ~7.3 nm.
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Figure 1: (@) & (b) TEM.image of as prepared N-GQDs; (c) (d) (¢) HRTEM image with lattice
spacing (insets: FFT of the N-GQDs); (d) SAED pattern of the N-GQDs; (g) particle size
histogram when graphene planes orient closer to the perpendicular plane to the grid; (h) particle
size-histogram/when graphene planes orient closer to being parallel to the plane of the grid.

To further analyze the morphology of the N-GQDs, atomic force microscopy (AFM) was
performed. The mean height calculated by analyzing the N-GQDs from Figure 2 was
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about 3.6 nm from average of 17 measurements which is well in agreement with the disc
thickness distribution obtained by TEM. From these results (Figure 1g specifically) we
can infer that these N-GQDs are formed by 6-15 layers of graphene.

2.5 nm 2.50m

-1.6 nm -1.6 nm

nnnnnnnnn

¥

Figure 2: AFM images of the N-GQDs on mica substrates: topography and line profiles of
labelled N-CQDs.

In order to analyse the chemical structure of the N-GQDs and the surface groups, Fourier
transform infrared spectroscopy (FTIR) was,carried out for AP and RD N-GQDs. The
spectra obtained for AP and RDsamples are given in Figure 3a. Absorption peaks due to
C-H bending vibrations are observed in the range 750-870 cm™ and 1390-1490 cm™ [29]
along with C-H stretching v%rations at 2850-3000 cm™ [30]; as these appear to be
stronger in the AP sample, these results could suggest incomplete carbonization of
precursors [31]. The other absorption bands are C-O stretching at 1070-1200 cm™ [29],
amide-111 band at 1250-2330 cm™ consisting of mostly N-H bending and C-N stretching
[32], amide-Hband.at 1500-1600 cm™ [32], C=C stretching at 1610-1650 cm™ [25,29],
C=0 stretching from amide-I band at 1680-1830 cm™ [30,32] and N-H or O-H stretching
at 3060-3130 em:* [30]. CH stretching and bending vibrations are stronger from AP N-
GQDs and could suggest that AP N-GQDs are mainly hydrogen terminated as opposed
to RD N-GQDs which have mainly C-O-C (epoxy) and O=C-NH, (amide) groups on the
surface./The stronger presence of C-O/C=0 groups in the N-GQDs after redispersion
suggests partial oxidation of the carbon discs surface possibly due to drying of the
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samples in air. The measurement is then repeated for the same N-GQDs after one month

and the spectra are given in Figure 3b. After one month, the spectra remain mastly

oNOYTULT D WN =

9 unchanged and confirm a stable chemical structure. The only changes we could observe
11 relate to the increase of some of the peaks due to further minor oxidation in the'RD N-
GQDs sample or slow reactions with remaining precursor molecules for the AP.N-GQDs:
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55 Figure3: FTIR spectra of N-GQDs (a) soon after synthesis and (b) after one month of
56 synthesis.
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The Raman spectra of the AP and RD N-GQDs are given in Figure 4 and similar peaks
are obtained for both N-GQDs. The D-band peak at 1320 cm™ indicates the presence of
defects in carbon with sp? hybridization which results in loss of translational symmetry.
at boundaries and interfaces. The D-band arises due to the disruption of the.sp? hybridized
carbon network. The defects introduce structural irregularities, which affect the electron
delocalization and bonding in the quantum dots [33,34]. The peak at 1448 cm™ can be
assigned to CHs and CH, deformations. The position and intensity of the G-band peak
provide valuable information about the crystallinity and purity of guantum dots [35]. In
our observations, we have noticed a relatively low intensity due to the lack of purification,
and we have also observed a splitting of the G-band into ‘twe. peaks: The first peak,
referred to as the G-peak located around ~1590 cm:, arises. due to in=plane stretching of
sp? hybridized carbon atoms [36]. The second peak, known as the D' peak appearing at
~1639 cm™ is commonly observed in disordered graphitic materials. This D’ peak referred
to as a disorder-induced band, could potentially be awesult of nitrogen doping in our
specific case. The splitting could arise due to interaction of the localized vibrational
modes of the dopants or impurities with extended phonon modes of graphene. Another
peak at ~2760 cm™ is sometimes referred to'as 2D’ and sometimes as G’ peak which is
present due to second order (two-phonen) Raman scattering of graphitic sp? carbons. The
shape of the 2D band being bread and consisting of two components signifies crystalline
graphitic structure of our N-GQDs[34,37,38]. A very strong peak at 2926 cm™ can be
due to C-H bonds as confirmed\ by FTIR [39].

Page 10 of 27
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Figure 4: Raman spectra of as prepared and re-dispersed N-GODs'dried on Si substrates.

The XPS survey spectrum of the AP and RD N-GQDs.is given in Figure 5a and shows
presence of C, N, O at 285 eV, 401 eV and 531 gV respectively for both the samples. The
O atomic concentration is slightly higherfor the RD. N-GQDs (28 at%) compared to that
of AP N-GQDs (25 at%), in agreement with the FTIR analysis that suggested oxidation
due to drying in air. High resolution.C.1s and\N 1s spectra of the N-GQDs are given in
Figure 5b and 5c. Deconvolution of theispectra reveal the presence of C=C sp? carbon at
284.5 eV [40], C-C/C-H sp®carbon at 285.1°€V [40], C-N at 285.9 eV [40], C-O at 286.4
eV [41], C=N at 287.3 eV [42,43], C=0 at 288.0 eV [41], O-C=0 at 288.9 eV [44,45],
pyridinic nitrogen at 399.1,€V,[41,46], amine and amide nitrogen at 399.9 eV [47],
pyrrolic nitrogen at 400.6 eV [48] and graphitic nitrogen at 401.3 eV [48]. Pyridinic N is
a substitutional type of nitrogen doping where the N atom is substituted in a six-
membered carbonsring hence'present in the edge-site of the N-GQDs. Amine N is present
on the surfacesof the N-GQDs, pyrrolic N is substituted in a five-membered carbon ring
and is present in the edge-site of the N-GQDs. Graphitic N is the result of core-doping
which occurs as substitutional nitrogen in a six-membered carbon ring. Sometimes
graphitic N can occur at the edge-site in a six-membered carbon ring where it is bonded
with, hydrogen atom or alkyl group [49]. AP and RD N-GQDs present very similar
features@and these results confirm the presence of a carbon core with both nitrogen and

oxygen‘also included. Most of the carbon contribution in the N-GQDs is present as sp?
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and C-C/C-H bonds as we would expect for graphene layers. However, the nitrogen
doping and surface oxygen-based functionalization is also observed from <the
deconvolution of the C 1s peak. Figure 5¢ confirms that for the most part nitrogendoping
occurs in the form of graphitic nitrogen with a smaller contribution from pyridinic and
pyrrolic nitrogen. The only small difference between AP and RD N-GQDs iS represented
by a lower contribution from the C-C/C-H bonds in the RD N-GQDs andslightly higher
contributions from other bonds due to exposure to air during the/re-dispersion step.
Overall, our chemical analysis indicates the presence of graphene.layers doped by

graphitic nitrogen and functionalization at the edges by oxygen and n?rogen, with the

latter only in minor part.
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Figure 5: (a) XPS survey spectra of the AP and RD N-GQDs; High resolution XPS scan of (a)

C 1s region and (b) N 1s region of AP and RD. N-GQDsrshowing the atomic percentages of

components.

The absorbance spectra of AP and RD:N-GQDs are given in Figure 6a. The spectra for
both AP and RD samples show.an onset in the visible region at about 458 nm and strong
optical absorption in the UV region.High absorption close to 250 nm could be due to
— 7* transition involving aror{atic sp? carbons and the peak at ~330 nm can be assigned
to an n — ©* transition involving functional groups with electron lone pairs [50-52] such
as oxygen and nitragen in‘our.case. Reports in literature suggest that the surface functional
groups play a majer.roleiin the absorption of the carbon based nanocrystals [53] and we
note that the RD N-GQDs exhibit stronger absorption in the lower wavelength range. The
absorption tail'is reported to be due to the surface state resulting from the hybridization
between the carbon core and the surface connected functional groups [54]. Direct bandgap
Tauc plots for.the’ AP and RD samples are shown in Figures 6b-c and indirect bandgap in
Figures.6d-e..When the linear region of the Tauc plot is fitted and extrapolated to the
energy axis, a direct bandgap (onset of strong absorption) of 3.3 eV is obtained for both
the’/AP.and RD N-GQDs (Figure 6b-c) and indirect bandgap (onset of weak absorption)
of.2.9 eV is obtained for AP and RD N-GQDs (Figure 6d-e). The direct bandgap in these
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N-GQDs is due to charge transfer by electrons from the functional groups to the carbon
core and the indirect bandgap is due to the surface states [55]. Due to re-dispersion there
is no difference in optical absorption and bandgap of the N-GQDs and the impact of minor

oxidation on the optical properties is therefore negligible in this case.
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Figure 6: (a) Absorbance spectra of AP and RD N-GQDs; Tauc plots showing.direct bandgap of
(b) AP and (c) RD N-GQDs; indirect bandgap of (d) AP and (e) RD N-GQDs in colloid.

To rationalize the experimental results, we calculated thesabsorbance spectra using time
dependent density functional perturbation theory (FD=RFPT)-within the simplified
Tamm-Dancoff approximation (STDA) [56], for details see the SI. We use the WB97
hybrid functional [57] and employ the def2-SV/(P) basis set [58] and the corresponding
Coulomb fitting bases [59]. The structures are fully relaxed, and we include an empirical
dispersion correction to the total energy (forces) [60]. All grounds-state density functional
theory calculations were performed using the quantum chemistry package Turbomole
[55].

The GQDs are modelled as 3:=layered GQD with a diameter of d = 2.0 nm, which
corresponds to the lower end of the experimentally observed GQD size and a nitrogen
concentration of ~6%. Following.the FTIR based (Figure 3) chemical analysis presented
above we consider a fully sydrogen passivated GQD as model for the AP N-GQDs
(C2s6N1gH72) and a partially“oxidized GQD where we substitute hydrogen termination
with amine, epoxy, and hydroxy groups, as model for the RD N-GQDs (C256N24018H72)
(Figure 7 inset): The calculated absorbance spectra are given in Figure 7. Our calculations
reproduce the features.observed in experiment (Figure 6a) and confirm that the effect of
the oxidation‘introduced due to the redispersion of the GNDs remains indeed small in the

observed energy range.
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Figure 7: Calculated absorbance spectra for GQDs with hydrogen edge termination (AP), and
partially oxidized edges (RD). (Inset particle.geometry with C (gray spheres), O (red spheres),
N (blue spheres), and H (white spheres).

PL spectra of the N-GQDs are given. in Figure 8a for an excitation wavelength at 360 nm
compared with 1 month after synthesis."Emission for both AP and RD sample is found to
be in the visible region at 444?m and 431 nm and there is no degradation in the intensity
of emission after 1L month. The wavelength at which highest emission intensity occurs for
360 nm excitation s unchanged even one month after the synthesis. The photograph of
the N-GQDs when excited with 375 nm diode laser is given as inset in Figure 8a which
shows visible-blue.emission. The excitation wavelength was varied between 230 nm to
500 nm and the emission.spectra were measured, resulting in excitation-emission matrix
(EEM)rwith coeleur-coded maps of the photoemission as given in Figures 8b-8c with
emission wavelength in the x-axis, excitation in y-axis and the colour scale giving the PL
intensity. The emission spectra for the samples have similar features and exhibit main
emission from n—w* absorption (region “A”) and weak emission from the far-UV © —n*

absorption (region “B”). The emission region A with maximum emission at 400-450 nm
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Is excited between 320-370 nm. The excitation energy of region “A” is close to the direct

bandgap of these N-GQDs and the resulting emission is originating from the excitation

of n—nt* levels. The emission could therefore be due to radiative transitions from‘above-

bandgap energy levels to the ground state, however the emission wavelength is,only

weakly dependent on the excitation wavelength, and this suggests that surface/molecular

states may play an important role in this case. Therefore, there mighttbe a combined

contribution of both band-to-band transitions as well as transitions localized at the surface

or at the dopant sites. Emission maxima at region “B” for the RD,sample is of higher

intensity compared to the AP prepared sample and possibly arises from the higher oxygen

content in the RD sample due to the drying process in air.
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Figure 8: (a) PL spectra for as-prepared and re-dispersed samples excited with 360 nm (inset:
optical photographs of AP and RD N-GQDs excited with 375 nm diode laser); Colour-coded

contour maps showing the photoemission spectra of N-GQDs for (b) AP, and (c) RD sample.

The PL quantum yield (QY) is calculated in colloid for both AP and RD'N-GQDs at a
range of excitation energies. The plot of PLQY as a function of excitation energy:is given
in Figure 9 which includes the measurement repeated one month after synthesis. The
PLQY is found to increase slowly once the excitation energy is increased above 2.6 eV
and reaches its maximum at ~2.8 eV. The maximum PLQY of ~68 % is\obtained for the
RD sample at 420 nm excitation. This excitation wavelength is very close to the indirect
bandgap of the N-GQDs and indicates that the most efficient radiative €ombination occurs
when the N-GQDs are excited with energy slightly greater than the bandgap where the
recombination can occur both at the band edge as well at surface/molecular states as
previously discussed. While the RD N-GQDs show. a slight decrease of the PLQY, the
AP have increased slightly upon ageing. The high QY caff be attributed to the surface
groups and doping which can be altered to:ebtain variations in the QY. The higher PLQY
for the RD samples could arise due to higher. oxygen content as observed from both FTIR
and XPS analysis. The reasonably‘high.QY could be due to the graphitic structure, non-
defective doping and well passivated edges as evidenced in our XPS analysis. This
combined analysis indicates that the photoluminescence originates from the collective
effect of nitrogen doping and‘oxygen functionalization of the N-GQDs. Furthermore, the
PLQY increased significantlysin_comparison to our earlier work on N-doped carbon
quantum dots (PLQY ~ 40 %) [26] due to an increase of states and n—n* transitions. The
re-dispersion suggest that oxygen-based passivation may be an effective way to improve
PLQY in carbonsnanestructures and optical properties in general when combined with

nitrogen doping strategies, also providing long-term stability in ambient conditions.
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Figure 9: PL quantum yield of the AP and RD N-GQDs measured.soon after synthesis and after

25 one month (error bar shows the standard error) in colloid form.

28 Conclusion: R

30 Environmentally friendly nitrogen doped,graphite [quantum dots have been successfully
synthesized by a one-step, easy and convenient process that utilize water and simple
33 precursors. The structural, chemical, and optical characterization supports the presence
35 of a graphitic core structure doped with nitrogen and a functionalized surface with
37 nitrogen- and oxygen-containing groups. Sinee these highly fluorescent quantum dots are
stable, water dispersible and non-toxic, they have potential to be used in cellular imaging
40 processes. The high stability a@l quantum yield blue luminescence arises due to radiative
42 recombination assisted by the surface states and created by doping and oxidation, which
does not impact the>crystalline core structure. This room-temperature and ambient
45 microplasma-methoed, without further post-synthesis treatments such as annealing or
47 filtration methods, has allowed the synthesis of crystalline discs with a high PL quantum
49 yield of 68.%; which.exceeds values in the literature that have used similar synthesis

methods.
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