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ARTICLE INFO ABSTRACT

Herein, we elucidate the origin of high photoluminescence quantum yield (PL QY) and high surface-enhanced
Raman scattering (SERS) sensitivity of in-situ nitrogen-doped graphene quantum dots (N-GQDs). We show that
the doping of heteroatoms in GQDs facilitates the excited-state charge transfer and improved recombination in
N-GQDs yielding a PL QY of ~34%. Our study reveals that growth of GQDs in dimethyformamide solvent en-
ables the reduction of the nonradiative sites in N-GQDs and the rearrangement of the charge distribution in the
graphitic plane. Further, we demonstrate N-GQDs as an efficient SERS substrate with an enhancement factor of
3.2 x 10% with 10~* M RhB target, which is ~7-fold higher than the previous reports. The comparative studies
of the SERS for undoped and N- and S-doped GQDs allow us to assess the contribution of the Forster resonant
energy transfer (FRET) and chemical enhancement (CM) factors. Further, by controlling the functional groups
of N-GQDs with vacuum annealing, and with different laser excitations, we isolate the contributions of CM and
FRET, for the first time. The optimized N-GQDs exhibits a SERS detection limit of 1071 M for RhB. Finally,
N-GQDs combined with RhB is utilized to demonstrate a white light emitter with a CIE coordinate (0.30, 0.34).
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1. Introduction

Zero dimensional graphene quantum dots (GQDs), including doped
GQDs, have recently been developed as fascinating fluorescent materi-
als with distinct advantages in various fields, such as optical sensing,
SERS detection, optoelectronic devices, photoscience, bio-imaging and
bio-medical applications due to their extraordinary optical and electri-
cal properties [1-12]. Considerable research efforts have been focused
on the fabrication of GQDs by various methods, e.g., hydrothermal/
solvothermal treatment, pyrolysis, microwave irradiation, laser ablation,
electrochemical etching, and chemical ablation [1,4,5,13,14]. For ex-
ample, Tang et al. reported the synthesis of glucose-derived water-solu-
ble crystalline GQDs by microwave-assisted hydrothermal method [4].
Li et al. used an electrochemical approach to grow doped GQDs [5].
The pyrolysis process was reported by Hu et al. for the synthesis of
the functionalized carbon QDs (CQDs) [15]. Among different
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processes, hydrothermal/solvothermal methods were reported widely
for the synthesis of GQDs [1,14,16]. Das et al. reported the synthe-
sis of undoped GQDs by hydrothermal processes [1]. In previous re-
ports, nitrogen (N) doped GQDs (N-GQDs) was synthesized by both hy-
drothermal [16] and solvothermal [14] methods. Wang et al. recently
reported the preparation of sulfur (S) doped GQDs (S-GQDs) by hy-
drothermal process [17]. Moreover, solvothermal process was previ-
ously implemented for the synthesis of S, N co-doped GQDs [18]. With
hydrothermal method, the doping of other elements, such as, selenium
[19], boron [20] in GQDs was also reported. Recently, the study of the
solvent effects on GQDs has attracted much attention [21,22]. Cushing
et al. showed the change of the photoluminescence (PL) of graphene ox-
ide (GO) in a polar and non-polar solvent [23]. Papaioannou's group re-
ported excitation-dependent light emission for CQDs suspended in dif-
ferent solvents [24]. To clarify the effect of organic solvents on the
functional groups of GQD, Sekiya et al. studied the optical properties of
GQDs in thirteen different solvents [25]. It is notable that the effect of
solvents was studied mostly on post-synthesized GQDs, which showed
the variation in optical properties of GQDs mainly due to the screening
effect, polarization effect of solvent as well as the modification of sur-
face functional groups of GQDs [21,22,25,26].
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Gone et al. reported the formation of circular GQDs through the re-
duction of the epoxy group by quasi-ring formation [27]. Liu et al. de-
scribed the formation of N-GQDs in dimethylformamide (DMF) medium
by the nucleophilic reaction [21]. In the reported works, the reacting
solvents were chosen mainly to serve the purpose of different types
of doping or functionalization [1,14,21]. The synthesis of GQDs in di-
methyl sulfoxide (DMSO) in ambient pressure leads to the edge func-
tionalization of GQDs [26]. Though there have been several reports on
the post-synthesis doping of graphene quantum dots (GQDs), there is
a lack of understanding of the choice of solvent/doping for a specific
application of GQDs. In this context, we present here a comparative
study of GQDs synthesized in different solvents under identical condi-
tions and the corresponding formation mechanism and a critical analy-
sis of the origin of high photoluminescence quantum yield and its appli-
cations in surface-enhanced Raman spectroscopy (SERS) and light-emit-
ting devices. SERS is a sophisticated optical technique involving spectral
analysis and it enables label-free and ultra-sensitive detection of biolog-
ical molecules and chemical species [3,28-30]. GQDs were recently re-
ported as efficient SERS substrate for detecting target molecules due to
their large specific surface areas and more accessible edges, which re-
sults in more effective adsorption of target molecules [3,31]. In the pre-
vious literature, the SERS enhancement on GQDs based substrates was
reported as charge transfer or chemical interaction between target mol-
ecules and substrate [3,28,31]. However, there is no clarity on the indi-
vidual contributions to SERS performance, as it is challenging to classify
the type of interaction, charge transfer, and their individual contribu-
tions in the SERS enhancement. It is important to understand the con-
tribution of each process to engineer the SERS performance of GQDs for
ensuring applications.

In the present study, we synthesize GQDs in three different solvents:
water, DMF and DMSO by the standard top-down method using GO as a
precursor material. The control over functional groups and the dopants
is achieved based on the synthesis medium, as the DMF results in ni-
trogen-doped GQDs (N-GQDs) and DMSO results in sulfur-doped GQDs
(S-GQDs) and the associated change in functional groups. Based on the
reaction medium, the formation mechanism of different types of GQDs is
first clarified. We investigate the origin of high photoluminescence yield
from N-GQDs using various spectroscopic tools. Next, the use of N-GQDs
as an efficient surface-enhanced Raman scattering (SERS) substrate has
been explored with target molecule rhodamine B (RhB) and we demon-
strate a detection limit as low as 1071° M RhB. Through careful control
of functional groups using vacuum annealing, the individual contribu-
tion of functional groups and doping in the SERS enhancement through
Forster resonance energy transfer (FRET) are discussed in detail. Addi-
tionally, with the help of different laser excitation, we estimate the in-
dividual contribution of the FRET and chemical enhancement in SERS
effect with N-GQDs substrate. Finally, the highly fluorescent N-GQDs are
used as an efficient light converter and implemented them for the fabri-
cation of liquid phase white light-emitting diode (WLED) with the help
of RhB molecules.

2. Materials and methods
2.1. Synthesis of undoped GQDs, N-GQDs, and S-GQDs

Undoped GQDs was prepared by the well-known hydrothermal route
with the graphene oxide (GO) as a precursor material [1]. The syn-
thesis of GO with a modified Hummers' method is discussed in sec-
tion S1 (Supporting Information, SIt). In a typical synthesis process,
600 mg of GO powder was dispersed in 40 mL Milli-Q (MQ) water
and sonicated for 30 min. Then, the GO solution was

transferred into a Teflon lined autoclave (Berghof, BR-100) and heated
at 220 °C for 12 h. After cooling down to room temperature, the solu-
tion was centrifuged at 10000 rpm and the transparent suspension was
collected as GQDs.

On the other hand, N-GQDs and S-GQDs were synthesized by the
solvothermal method. Typically, 600 mg of GO powder was dispersed
in 40 mL of DMF (99%, Sigma-Aldrich) and DMSO (Sigma-Aldrich), re-
spectively, and sonicated for 30 min for proper mixing. Then the respec-
tive solutions of GO were transferred into the Teflon lined autoclave and
heated at 220 °C for 7 h. After cooling down at room temperature, the
solutions were centrifuged at 10,000 rpm and the yellow suspension was
collected as N-GQDs and S-GQDs. Afterward, the solution was evaporate
d by heating at 90 °C and re-dispersed in MQ, following its preservation
at 4 °C. The reaction scheme for the synthesis of various type of GQDs in
different mediums summarized in Fig. 1. In the scheme, we have high-
lighted the typical groups that are later assigned to non-radiative and
radiative recombination pathways in different types of GQDs. After the
synthesis of GQDs, N-GQDs, and S-GQDs, the solution of each sample
with a concentration of 0.2 mg/mL was prepared in MQ water for fur-
ther characterizations.

2.2. SERS detection

For the use of undoped and doped GQDs as SERS substrates, 0.2 mg/
mL GQDs solution for each sample was prepared in MQ water. The so-
lutions of dye molecules, e.g. RhB and methyl blue (MB), were arranged
with different concentrations in methanol. 10 puL of GQDs solution was
first drop cast on cleaned Si (100) substrate at a constant temperature,
70 °C. After complete drying of the GQDs solution, 20 pL of dye solu-
tion was dropped on top of the GQD-coated Si substrate. For the detailed
quantitative analysis and optimization, mainly 10~* M concentration of
dye solution was used.

2.3. Fabrication of liquid phase white light-emitting diode (WLED)

For the fabrication of liquid phase WLED, N-GQDs were used as light
converting material. Commercially procured low-cost UV LED (396 nm)
was put into a culture tube containing N-GQDs solution (0.4 mg/mL)
and sealed with a glass slip to obtain a liquid phase LED. The same
arrangement was implemented with the addition of 50 uM RhB solution
in N-GQDs solution with volume ratio 1:5 for the purpose of improve-
ment of the purity of white light.

2.4. Characterization techniques

Transmission electron microscopy (TEM) including high-resolution
TEM imaging was carried out using a JEOL-JEM 2010 transmission
electron microscope operated at 200 kV. High-angle annular dark-field
(HAADF) images were obtained using a scanning transmission electron
microscope (STEM) in aberration-correction mode (JEM 2100F, 200 kV)
for high-resolution imaging of a few samples. The test samples were
obtained by drop-casting the aqueous dispersion on a carbon-coated
copper grid of 300 mesh (Pacific Grid, USA), followed by drying at
70 °C temperature. Atomic force microscopy (AFM) (Cypher, Oxford In-
struments) image was acquired in a non-contact mode. X-ray diffrac-
tion (XRD) pattern was recorded with Rigaku RINT 2500 TTRAX-III
using Cu K, radiation with a scanning speed of 3°/min. X-ray photo-
electron spectroscopy (XPS) measurement was carried out using a PHI
X-tool automated photoelectron spectrometer (ULVAC-PHI, Japan) with
an Al Ka X-ray beam (1486.6 eV) at a beam current of 20 mA for
the analysis of the chemical compositions and chemical environment.
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Fig. 1. Reaction scheme for the synthesis of different types of GQDs with different solvents. (A colour version of this figure can be viewed online.)

Raman scattering measurements were performed in a high-resolution
Raman spectrometer (LabRam HR800, Jobin Yvon) with different laser
excitations: 488, 514 and 633 nm. A 100X objective lens focused the
laser beam with a spot size of ~1 pm in diameter. The acquisition time
was 20 s for collecting the SERS spectrum. Fourier transform infrared
(FTIR) spectroscopy measurements were executed in PerkinElmer, Spec-
trum BX spectrophotometer in the reflectance mode. For XRD, FTIR and
Raman measurements, samples were dropped cast on Si(100) wafer, fol-
lowed by drying at 70 °C. UV-Vis absorption spectra of the samples
were recorded using the PerkinElmer spectrophotometer, Lamda 950.
The steady-state photoluminescence (PL) measurements were carried
out in a commercial spectrofluorometer (Horiba Jobin Yvon, Fluoro-
max-4) equipped with a Xe lamp source. Low temperature (80-300 K)
PL measurements were carried out using a 405 nm laser excitation and
a liquid nitrogen-cooled optical cryostat (Optistat DNV, Oxford Instru-
ments) with the sample in a vacuum. Electroluminescence (EL) signal
was acquired with the same spectrofluorometer using an external power
supply. Time-resolved PL (TRPL) measurements were carried out with
the excitation of a 405 nm laser source by a picosecond time-resolved
luminescence spectrometer (FSP920, Edinburg Instruments) with an in-
strument response time of ~50 ps. The vacuum annealing was carried
out in a quartz chamber for 2 h at different temperatures (200, 400 and
600 °C) under 2.5 x 10~2 mbar base pressure.

3. Results and discussions
3.1. Morphology and structural analysis

3.1.1. TEM and AFM analysis

The morphology of the as-synthesized GQDs was studied by TEM
and AFM analyses. Fig. 2 shows typical plan-view TEM images and
the size distributions of as-prepared GQDs, N-GQDs, and S-GQDs with
the histogram in the respective insets. In the case of undoped GQDs,
the average size of the GQDs is 4.0 nm, as shown by lognormal fit-
ting in the inset of Fig. 2(a). Fig. 2(b) shows the HAADF TEM im-
age of the N-GQDs and the upper inset shows the size distribution
of N-GQDs with an average size of 3.0 nm. The lower inset of Fig.
2(b) shows the AFM image and the correspond-

ing height profiles of the N-GQDs revealing its thickness as 0.6 nm cor-
responding to monolayer graphene oxide [32]. Fig. 2(c) shows the
bright-field TEM image of S-GQDs with an average size of 2.2 nm,
as shown in the corresponding inset. Thus, the average size of the
GQDs gradually decreases with doping in the order of GQDs, N-GQDs,
S-GQDs. Moreover, the histograms show that the size distribution fol-
lows a symmetric nature for undoped GQDs, while some asymmetry in
the size distribution is observed for N-GQDs and S-GQDs. The HRTEM
images of different GQDs in Fig. 2(d-f) exhibits the well-resolved lattice
fringes confirming the crystalline nature. The 2D fast Fourier transform
(FFT) pattern of the GQDs in the inset of Fig. 2(d) shows a standard
six-fold symmetry of synthesized undoped GQDs. Further, the inverse
fast Fourier transform (IFFT) of the HRTEM image of the selected area
(yellow square) reveals the clear lattice fringes. The lattice spacing of
0.23 nm corresponding to (1120) hep plane of GQDs [33] and 0.22 nm
for (100) plane show the high crystalline nature of the as-grown GQDs
[1]. The 2D FFT pattern of N-GQDs and S-GQDs in the inset of Fig. 2(e
and f) show the gradual destruction of hexagonal structure with an ap-
proach towards amorphous nature after the doping of N or S atoms, con-
sistent with the previous report [34]. The IFFT image of N-GQDs shows
an interplanar spacing of 0.20 nm in (101) direction, while it is 0.19 nm
in S-GQDs, which could be due to the compressive strain in S-GQDs.

3.1.2. XRD analysis

Fig. 3 shows the XRD pattern of undoped and doped GQDs. In each
case, a strong diffraction peak corresponding to (002) graphitic plane
appears together with few weak pea ks corresponding to (100), (101)
and (004) planes, as indicated in Fig. 3. The (002) diffraction peak
at 20 ~26.0° is attributed to the presence of sp? hybridized carbon in
the basal plane of GQDs [35]. Remarkably, the line width of the (002)
peak of N-GQDs is lower than that of the other samples. This could be
due to the reduced disorder/vacancy in the basal planes of N-GQDs,
which will be confirmed later. Interestingly, the lowering of the 26 val-
ues for the doped GQDs (N-GQDs and S-GQDs) indicates the expansion
of interplanar spacing in the basal planes (see Fig. S1, SIf). The for-
mation of GQDs in DMF and DMSO may dope N and S, respectively, in
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Fig. 2. TEM images of (a) GQDs, (b) N-GQDs and (c) S-GQDs, where, GQDs and S-GQDs
are presented with bright-field images and N-GQDs with dark-field images. The upper in-
sets show the particle size distribution of the respective samples. The lower inset in (b)
shows the AFM image of N-GQDs with a height profile revealing the monolayer thickness
of GQDs. (d) The HRTEM lattice image of a GQD; the upper inset shows the 2D FFT image
of GQD with hexagonal lattice structure and the lower inset shows the IFFT image of the
GQD. (e, f) HRTEM images of N-GQDs and S-GQDs, respectively; The upper inset in each
case shows the 2D FFT image and the lower inset shows the IFFT image of selected GQD
marked with yellow square. (A colour version of this figure can be viewed online.)

the sp? domains and thus carbon atoms could be replaced with N or
S atoms, which could modify the interplanar spacing. In the case of
S-GQDs, the replacement of the C atoms with bigger size S atoms may
increase the d-spacing of graphitic planes. For a detailed analysis of the
changes in the doping/defect induced planes in different GQDs, the XRD
peak is deconvoluted with two Lorentz peaks in the range 20 = 40-50°,
as shown in the inset. The deconvoluted peaks 1 and 2 in each sample
correspond to (100) and (101) planes [1,14,35]. The interplanar spac-
ing of both (100) and (101) planes reduce after doping with N and S
atoms. The increase in full-width half maxima (FWHM) of the deconvo-
luted peaks after doping (see Table S1, SIt) could be due to the attach-
ment of excessive functional groups or creation of defects in graphitic
structures, which may cause a compressive strain along the (100) and
(101) planes of the doped GQDs, and this is consistent with the HRTEM
analysis.
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Fig. 3. Powder XRD pattern of undoped and doped GQDs. The inset in each case shows
the deconvoluted peak in the range of 40-50°. The vertical line indicates the position of
(002) peak in different samples. (A colour version of this figure can be viewed online.)

3.1.3. XPS analysis

An overview of the chemical composition of different samples is
observed from the XP S survey scan shown in Fig. 4(a). Along with
the presence of C 1s and O 1s peaks, the appearance of N 1s peak in
N-GQDs and S 2p, S 2s peaks in S-GQDs confirm the doping of N and
S atoms for the reaction in DMF and DMSO medium, respectively. The
XPS analysis on N-GQDs and S-GQDs show the doping concentration
of N and S as 7.9% and 16.9%, respectively, as presented in Table 1.
The ratio of carbon to oxygen content (C/O) is 1.85, 3.60 and 1.69
for GQDs, N-GQDs, and S-GQDs, respectively, based on the XPS analy-
sis, which reveals that O content is much less in N-GQDs as compared
to the other samples. This is consistent with the report by Ledn et al.
for DMF treated GQDs [36]. Next, the high-resolution N 1s spectrum
is deconvoluted to determine the different types of doped N, as shown
in Fig. 4(b). The peak positions of deconvoluted curves of N 1s spec-
trum in N-GQDs (see Table S2, SIt) indicates the presence of pyri-
dinic-N, pyrrolic-N and graphitic-N/N-H [16,18]. Note that the high
percentage of pyrrolic-N in N-GQDs is due to the reaction tendency
of DMF with the epoxy-functional groups of the GO to form tertiary
N [18]. On the other hand, the S 2p XPS spectrum of S-GQDs shows
two peaks located at 163.9 eV and 165.1 eV (see Fig. 4(c)), which
are identified as 2ps3/; and 2p;,, states of thiophene-S (-C-S-C-), due
to spin-orbit coupling [35]. The peak located at 168.0 eV is due to
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Fig. 4. (a) Survey scan XPS spectra for GQDs, N-GQDs, and S-GQDs. (b, ¢) High-resolution N 1s and S 2p XPS spectra of N-GQDs and S-GQDs, respectively. (d, e) Comparison of the C
1s and O 1s XPS spectra for undoped and doped GQDs. The symbols represent the experimental data and the solid lines indicate the fitted curves in each case. The vertical dashed lines
indicate the respective peak positions in different samples. (A colour version of this figure can be viewed online.)

Table 1
Atomic concentration (%) of C, N, S, O in different types of GQDs, as revealed from the
XPS analysis.

Sample C (%) O (%) N (%) S (%)
GQDs 64.9 35.1 - -
N-GQDs 72.1 20 7.9 -
S-GQDs 52.3 30.9 - 16.9

the oxide S as the S=O group [18,35]. The oxide S in S-GQDs ac-
quires 71% of the total sulfur content, indicating that most of S atoms
exist as S=O functional group in S-GQDs. Thus, the doped sulfur in
S-GQDs exists in two configurations: thiophene sulfur and oxide sulfur.
Note that inside the autoclave, the DMF decomposes to electron-donat-
ing dimethylamine and carbon monoxide [37]. Dimethylamine, being a
nucleophilic center, causes nucleophilic ring-opening reaction with the
unstable epoxy groups of GO and extracts smaller sp?> domains from
the large GO sheets and simultaneously bonds with the aromatic ring
to form N-GQDs [37]. Thus, the DMF can mainly introduce N con-
tent in N-GQDs as confirmed from the N 1s spectrum and it helps to
reduce O content by cutting of GO sheets into smaller sp?> domains.
In contrast, in the case of DMSO, S and O can act as a nucleophile
towards soft and hard electrophile, respectively. Thus, in the nucle-
ophilic ring-opening reaction of GO, the epoxy group being a soft elec-
trophile, is mainly affected by S center and thus S-O functional groups
are directly attached at the edge sites, which enhances the O content in
S-GQDs. Note that the water being a polar protic environment, it does
not process any nucleophilic reaction. Gone et al. proposed the forma-

tion of GQDs by epoxy quasi-ring formation at high temperature and
pressure reaction in water [27]. Mainly, the equilateral epoxy groups on
the basal plane of GO create such a high strain that leads to the creation
of fault lines and cracks in GO sheets [38]. Further, by the consecutive
unzipping processes, circular-shaped GQDs are formed.

The deconvolution of C 1s spectra of different types of GQDs is
presented in Fig. 4(d) and the summary of the changes with dop-
ing in different samples is presented in Table S2 (SIf). The pres-
ence of graphitic sp? hybridized carbon (C=C), sp® hybridized carbon
(C-C) together with various oxygen functional groups (C-OH/C-O-C,
C-(0)-0) are identified in GQDs [18,35]. Interestingly, for the case
of N-GQDs and S-GQDs, the reduction of the binding energy of C=
C is observed as a result of the doping in graphitic network with sub-
sequent enhancement of the localization of electronic charge distribu-
tion in the sp?> domains. Moreover, the deconvoluted peaks at 285.2 eV
and 285.3 eV correspond to C-N/C=N and C-S/C=S bond in N-GQDs
and S-GQDs, respectively [18], and that confirms the successful dop-
ing in respective samples. The maximum redshift of the binding energy
of sp® carbon in N-GQDs endorses a higher electronic charge in C-N/
C=N states. Note that the maximum contribution of C=C in GQDs
(see Table S2, SIt) is attributed to the high crystallinity, while the
dominating contribution of sp® carbon in N-GQDs and S-GQDs imply
its disordered characteristics, which is consistent with HRTEM analy-
sis. To be more precise about various oxygen functional groups of dif-
ferent samples, O 1s spectra are also deconvoluted, as presented in
Fig. 4(e). Due to O=C-OH group, a peak at 530.9 eV is observed
in GQDs [39], while there is no such peak in doped GQDs, which
is consistent with the C 1s spectra. Qu et al. reported that the car-
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boxylate groups could not be stable in the polar aprotic solution, while
this group is stable in the polar protic environment, which is consis-
tent with our results [40]. DMSO works as a mild oxidant and thus in
the DMSO medium, the oxidation of hydroxyl groups to carbonyl can
take place at high pressure and temperature reaction. In comparison
to GQDs, the reduction of C~-OH/C-O-C functional groups and the en-
hancement of the C=0 groups for both N-GQDs and S-GQDs may be
due to conversion of hydroxyl to carbonyl groups or higher number of
ring-opening reaction with epoxy groups, as observed from C 1s and O
1s spectra in Fig. 4(d and e). Thus, the high content of C=0 in N-GQDs
is confirmed from both C 1s and O 1s spectra. Jin et al. reported that
during the cutting of the GO sheet, epoxy chains on GO plane transform
into carbonyl groups by oxidation [41], which is supporting our results.
The change in the dopant and functional groups in N-GQDs and S-GQDs
as compared to the undoped GQDs strongly influence the optical prop-
erties.

3.1.4. Raman spectral analysis

The extent of the disorder, the degree of crystallinity and doping in-
duced changes in GQDs are investigated by Raman spectroscopy. The
comparative Raman spectra of different types of GQDs are presented in
Fig. 5(a) and the characteristics D, G, and 2D band positions are in-
dicated by the vertical dashed lines. Fig. 5(b) shows the deconvolu-
tion of the Raman spectra in the region 1060 - 1650 cm™~! with Gauss-
ian peaks and one Breit-Wigner-Fano (BWF) peak. The details of the
peak parameters are presented in Table S3 (SIf). The characteristic
G band at 1604 cm™! in GQDs arises from the in-plane phonon vibra-
tion of sp2 carbon [1,14]. With the introduction of doped atoms in the
graphitic system, a significant redshift of the G band position is ob-
served, as indicated in Fig. 5(b). Note that the redshifts of the G band
are 11 cm™! and 18 cm™! for N-GQDs and S-GQDs, respectively, with
respect to undoped GQDs. The redshift indicates a tensile strain in the
lattice, which can be caused by the doped atoms, and this is consistent
with the XRD analysis. In addition, the doping of electron-rich N or S

atoms increases the electronic charge in N-GQDs and S-GQDs, as con-
firmed from C 1s XPS spectrum, may result in the redshift of G band.
Moreover, from Fig. 5(a), the reduction of the intensity ratio of the 2D
band to G band (I5p/Ig) in doped GQDs is attributed to the enhance-
ment of the electron concentration by N or S doping [42]. In the de-
convoluted spectrum of GQDs, the D band appears at 1363 cm™! due to
the presence of defective sites. It has been reported that the D band in
GQDs arises primarily due to the armchair edge sites [27]. In the pre-
sent case, the values of Ip/Ig are 1.16, 1.40 and 1.19 for GQDs, N-GQDs,
and S-GQDs, respectively. The higher Ip/Ig value in N-GQD reveals the
higher density of Raman active edge sites and reduction in the crys-
tallinity of the N-GQDs as compared to undoped GQDs. The higher den-
sity of edge sites N-GQDs is consistent with its smaller size than the un-
doped GQDs. Besides the characteristic G and D bands, the deconvolu-
tion of Raman spectra shows few additional Raman active bands cor-
responding to different functional groups named as D;, Do, and D3, as
listed in Table S3 (SIt). The D, band in GQDs represents the C-O vibra-
tion, whereas, D; and D3 bands in doped GQDs correspond to the N or
S doping as well as its attachment with various functional groups. The
presence of the D; band in N-GQDs and S-GQDs is consistent with the
higher contribution of sp® carbon in the C1s XPS spectrum. Interestingly,
as compared to undoped GQDs, a gradual blue shift of the D bands is ob-
served from N-GQDs to S-GQDs, caused by the compressive strain which
is consistent with XRD analysis of (100) and (101) peaks. The presence
of M peak with BWF line shape for each sample represents the metal-
lic component of the GQDs [1]. The relative contribution of the M band
in N-GQD (34%) is higher than that of S-GQD (30%). The higher inten-
sity of the M band in N-GQDs indicates the presence of higher electronic
charge in the graphitic network caused by N doping.

3.1.5. FTIR spectral analysis
The comparative FTIR spectra of undoped and doped GQDs are
presented in Fig. 5(c). The absorption band at ~1650 cm™!
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Fig. 5. (a) Comparative Raman spectra of GQDs, N-GQDs, and S-GQDs with 488 nm laser excitation. The vertical lines indicate the positions of D, G and 2D bands in GQDs. (b) Decon-
volution of Raman spectrum of different samples with Gaussian peaks and a BWF peak (M) in the range 1060-1650 cm™'. The symbol corresponds to the experimental data and the solid
curves represent the fitted peaks in each case. The vertical lines indicate the shift of the peak positions in different samples. (c) Comparison of the FTIR spectra of GQDs, N-GQDs, and

S-GQDs. (A colour version of this figure can be viewed online.)
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and ~1240 cm™! correspond to C=N and N-H vibrations, confirming
the N doping and functional groups in N-GQDs [43,44]. The strong ab-
sorption band at ~1180 cm™ is attributed to the stretching vibration of
C=S indicating the successful doping of S atoms in the carbon network
[18,35,45]. The strong absorption at ~1456 cm™! in GQDs is character-
istics of the stretching vibration of C=C in the aromatic skeleton [44],
which is very week for S-GQDs and N-GQDs perhaps due to the doping
effect. The absorption peaks at ~1000 cm~! and ~1356 cm™! in all sam-
ples are attributed to the stretching vibration of C-O and bending vibra-
tion of O-H due to the presence of oxygen functional groups [35,44].

3.2. Optical properties

The optical properties of GQDs are investigated with the help of
UV-Vis absorption spectra, PL spectra at room temperature as well as
low temperature (80 K) and time-resolved PL (TRPL) spectra.

3.2.1. UV-Vis absorption

Fig. 6(a) shows the comparative absorption spectra of GQDs,
N-GQDs and S-GQDs. A deep UV absorption peak centered at ~265 nm
in undoped GQDs is assigned to the characteristic 7—a* transition within
sp2 hybridized carbon domains [1]. Note that the intensity of this peak is
higher and the peak becomes broader in the doped samples. The higher
intensity absorption implies the enhancement of the n—=* transitions in
the core as a result of doping with electron-donating S and N atoms. Per-
matasari et al. reported that pyridinic-N of N-GQDs contribute a pair of
electrons to sp2 carbon (C) atoms [16] and Li et al. reported the dona-
tion of valence electrons of S atoms from their third shell to the graphitic
domain [5]. These extra electrons probably cause higher absorption in
the doped system. The absorption tail in the range 350-600 nm is as-
signed to the n—xn* transition for the non-bonding electrons of O (C=
0), N (C-N) and S (C-S) [14,18]. The Tauc plot in the inset of Fig. 6(a)
shows that the indirect bandgap for N-GQD (2.08 eV) is much smaller
than that of undoped GQDs (3.48). Jin et al. reported a reduction in the
bandgap of N-GQDs with the increasing number of -NH, due to the do-
nation of its lone pair electrons to the antibonding state in the benzene
ring [41]. In the present case, the synthesis of N- GQDs in DMF sol-
vent introduces electron-donating -NH groups in N-GQDs, which help
to reduce their bandgap. For the case of S-GQDs, due to the presence of
electron-withdrawing S=O functional groups, C-S/C=S are not able
to enhance the electronic charge in sp? carbon efficiently. Thus, S-GQDs
exhibit higher bandgap than that of N-GQDs.

3.2.2. PL excitation spectra

All the samples exhibit high PL emission with UV light excitations.
The normalized PL excitation (PLE) spectra of all samples are presented
in Fig. 6(b), which shows the position of the excitation maxima for dif-
ferent types of GQDs. Undoped GQDs and S-GQDs show the PLE peak at
~338 nm, while that of N-GQDs is at ~360 nm. A weak shoulder peak
at ~272 nm in all samples is associated with the r—=* transition. Thus,
the dominance of the 338/360 nm peak indicates a strong contribution
of the functional groups/defects in the PL emission of all GQDs.

3.2.3. Room temperature PL study

Based on the PLE spectra, the PL spectra of undoped and doped
GQDs are acquired and presented in Fig. 6(c). Note that the PL in-
tensity of N-GQDs is much higher than that of undoped GQDs and
S-GQDs. Hence the spectra are appropriately scaled to enable a bet-
ter comparison. N-GQDs with an emission peak at 443 nm show
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Fig. 6. (a) Comparative absorption spectra of GQDs, N-GQDs, and S-GQDs. The inset
shows the Tauc plots with indirect bandgaps indicated in respective cases. (b) The normal-
ized PLE spectra of undoped and N and S doped GQDs for emission at 422 nm, 443 nm,
and 453 nm, respectively. (c) Comparative PL spectra of undoped and doped GQDs with
the excitations at respective PLE maxima. The spectra of GQDs and S-GQDs are scaled
up by a factor 20 to enable better comparison. The inset shows the digital photograph of
N-GQDs dispersion with 360 nm excitation. (A colour version of this figure can be viewed
online.)

~25 times stronger PL intensity than that of S-GQDs and the S-GQDs ex-
hibits ~2 times higher PL intensity (at ~454 nm) than that of GQDs. A
digital photograph of the N-GQDs with the illumination of 360 nm light
is presented in the inset of Fig. 6(c), which shows strong bluish-green
emission. The quantum yield (¢) of N-GQDs is measured as 34% with
0.05 M Quinine sulfate as a reference fluorophore [1]. For undoped
GQDs and S-GQDs, ¢ values are 2% and 1%, respectively. Despite
the higher PL intensity,
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lower quantum yield in S-GQDs with respect to GQDs may be due to the
higher absorption in S-GQDs. For comparison, the PL quantum yields
of different GQDs are measured in DMF, DMSO and ethanol, and the
results are shown in Table S4 (SIt). All the samples show relatively
low quantum yield in DMSO medium as compared to other mediums
due to the influence of S=O functional groups. The large PL enhance-
ment in N-GQDs is owing to the presence of electron-donating N atoms
and radiative surface functional groups. Due to the doping effect, the PL
peak position redshifts by 21 nm and 32 nm for N-GQDs and S-GQDs,
respectively, as compared to undoped GQDs. Yang et al. reported that
lower electronegativity of S (2.51) than C (2.58) helps to increase the
electronic charge in S-GQDs [2]. Although N has higher electronega-
tivity than C, the presence of -NH groups/graphitic-N and pyridinic-N
can increase the electronic charge in N-GQDs resulting in the redshift
of the PL spectra as compared to GQDs [46]. To investigate the ori-
gin of different PL spectra of different samples, the excitation wave-
length-dependent PL spectra were also acquired for all samples, as pre-
sented in Fig. S2 (a-c) (SIf). With increasing excitation wavelengths,
all types of GQDs show a systematic redshift of the emission maxima.
The excitation wavelength-dependent PL peak shift is usually attributed
to the presence of multimission centers, which is a common feature of
fluorescent carbon materials [46]. For a detailed analysis of the ori-
gin of emissive states in different types of GQDs, normalized PL spec-
tra at excitations 300 nm and 370 nm are deconvoluted with multi-
ple Gaussian peaks, as shown in Fig. 7 (a, b). The details of the de-
convoluted peaks are presented in Table S5 (SIt). For GQDs, the PL
spectrum under the excitation of 300 nm shows a dominating contribu-
tion of zigzag edge states [27] at ~410 nm, whereas, for doped GQDs,
a large contribution is observed from of the doping states at ~ 440
nm/450 nm. Zhang et al. reported an emission peak at ~430 nm in
N, S doped GQDs caused by the inherent surface states of multiple N
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and S containing functional groups [47]. Zhu et al. reported the emis-
sion peak at ~436 nm for the contribution of graphitic-N [43]. Base
on our XPS analysis, in the present case, the deconvoluted peaks at
~440 nm and ~450 nm are attributed to the electron-hole recombina-
tion at C-N/C=N and C-S/C=S states in N-GQDs and S-GQDs, re-
spectively. Along with the zigzag edge states, the presence of COOH
and C=0 functional groups in GQDs show emission peak at ~480 nm
and 530 nm, respectively [27,47]. As we have observed the absence of
COOH groups in XPS analysis for doped GQDs, no PL emission related to
COOH groups in N-GQDs and S-GQDs again confirms the above assign-
ment of PL peak. With higher excitation wavelength (Aey = 370 nm),
the deconvoluted peak corresponding to different emission states is
almost unchanged (see Table S4, SIf) when compared with
hex = 300 nm. In the case of higher )¢, the contribution of zigzag edge
states diminishes and the doping states/functional groups dominate,
which results in the overall redshift of the PL peak. It was reported that
the presence of epoxy and carboxylic functional groups in GQDs induce
non-radiative recombination of localized electron-hole pairs [2,6]. Thus,
the presence of C-O-C/COOH surface functional groups in GQDs might
be the main reason for low-intensity PL of undoped GQDs. Qu et al.
reported the transformation of non-radiative COOH groups to radiative
C-N/C=N centers with the N doping [40]. So, the doping of N/S could
decrease the non-radiative sites in doped GQDs. Along with the reduc-
tion in non-radiative sites, the solvothermal reaction helps in the for-
mation of radiative carbonyl (C=0) groups in N-GQDs and S-GQDs,
as revealed from the XPS analysis. The presence of C=O groups and
the absence of COOH groups in N-GQDs results in the extensive radia-
tive recombination and thus high PL yield. In the case of S-GQDs, the
existence of S=O functional groups reduces the effective n—x* transi-
tion. For the optimization of the N-doping density and PL intensity in
GQDs, samples with different concentration of precursor GO (5 mg/mL,
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Fig. 7. Deconvolution of normalized PL spectra of GQDs, N-GQDs, and S-GQDs at the excitations 300 nm and 370 nm. The vertical lines indicate the peak positions. The symbols stand for
the experimental data and the solid lines are for fitted curves. (A colour version of this figure can be viewed online.)
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15 mg/mL and 20 mg/mL) was added with a fixed concentration of
DMF, as shown in Fig. S3 (SIf). With a low concentration of GO, the
PL intensity of N-GQDs is very low with the dominating contribution of
oxygen-rich functional groups. At low GO concentration, the unreacted
DMF could be attached to the surface of N-GQDs and increase the oxy-
gen-related surface functional groups, which may reduce the electronic
charge in the graphitic domains resulting in lower PL intensity. At a
higher concentration of GO, the doping of N is not sufficient which again
results in lower PL intensity (see Fig. S3, SIt)). Thus, the synthesis of
N-GQDs with 15 mg/mL GO is optimized for efficient doping and strong
PL emission.

3.2.4. Low-temperature PL study

To gain further insight into the emission mechanism, tempera-
ture-dependent PL spectra were acquired in the temperature range
80-300 K for different GQDs after drop-casting them on Si substrate.
The temperature-dependent PL spectra of undoped and doped samples
are shown in Fig. 8(a—c). As the temperature goes down from 300 K to
80 K, a monotonic increase in the PL intensity is observed in GQDs and
N-GQDs indicating the positive thermal quenching (PTQ) phenomena
[33]. At low temperatures, most of the carriers are frozen at the ground
state and thus the photogenerated carriers recombine radiatively. With
increasing temperature, the carriers acquire enough energy for escap-
ing to higher energy levels and the possibility of the transition of these
carriers in the non-radiative states increases, which results in PTQ. The
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changes of the integrated PL intensity with the inverse of temperature
are shown in Fig. 8(d-f) for all samples. A quantitative analysis of the
PQT is carried out with the well-known Arrhenius equation given by
Refs. [48,49].

Iy

_ Eq (@D)
1+ Ae X8T

I(T) =

where I(T) and Iy are integrated PL intensities at temperatures T K
and 0 K, respectively. A is a constant, E, is the activation energy for
the non-radiative process, Kg is the Boltzmann's constant. To estimate
E, value for GQDs and N-GQDs, the experimental data are fitted with
equation (1) in the higher temperature region (210-300 K), as shown
at the corresponding inset of Fig. 8(d and e). The values of E, are
~97 meV and ~171 meV for GQDs and N-GQDs, respectively. These
results indicate that the required energy to activate the non-radiative
channels in N-GQDs is very high as compared to GQDs, which sup-
presses the transition to non-radiative channels and most of the pho-
togenerated carriers recombine through radiative channels with sub-
sequent enhancement of the PL intensity in N-GQDs, consistent with
the temperature-dependent intensity results. Due to the lower value of
E,, the transfer of photogenerated carriers to non-radiative states (de-
fect, functional groups) is highly favorable in undoped GQDs. Dey et
al. reported that at higher temperatures, a large number of excitons are
relaxed through defect-related deep trap states, which act as non-ra-
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Fig. 8. Temperature-dependent PL spectra of (a) GQDs, (b) N-GQDs and (c) S-GQDs. (d-f) The corresponding variation of the integrated intensity of PL as a function of the inverse of
temperature. The insets in (d) and (e) show the Arrhenius fitting in the higher temperature region (210-300 K for GQDs and N-GQDs. The inset in (e) shows modified Arrhenius fitting in
the temperature range 140-300 K to show PTQ in cooperation with NTQ phenomenon. (A colour version of this figure can be viewed online.)
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diative channels [33]. Noticeably, with the change of the temperature
from 80 to 300 K, the reduction of PL intensities are 3.3 and 1.48
times for GQDs and N-GQDs, respectively. This result indicates that the
high-intensity PL in N-GQDs is not only for the high activation energy
but also for the presence of less number of non-radiative channels. Inter-
estingly, for S-GQDs, PTQ behavior is observed in the range 80-130 K
and 220-300 K. In the intermediate temperature range (140-210 K), the
PL intensity of S-GQDs increases with increasing temperature, which is
known as negative thermal quenching (NTQ). In the literature, NTQ was
reported for GQDs [33] as well as N-GQDs [50] due to the thermal de-
trapping of localized exciton towards free exciton. To explain the PTQ
in S-GQDs in cooperation with NTQ phenomena, the Arrhenius equation
is modified as follows: [51]
_En
I X e KT

1+ 4e X7

Iy
= ®)

The additional term in equation (2) refers to the NTQ effect and
E, is the corresponding activation energy. The variation of integrated
PL intensity with the inverse of T is fitted with a modified Arrhenius
equation for S-GQDs in the region 140-300 K, as shown in the inset of
Fig. 8(f) and the value of E, and E, are obtained as ~113 meV and
~13 meV, respectively. Santiago et al. observed NTQ phenomena in the
case of N-GQDs and reported that at low temperature, charge carriers
of the dopant induced states migrate to the nearby emitting states by
overcoming intersystem barrier with energy 21 meV [50]. In the pre-
sent case, for S-GQDs, the small activation energy (E, = 13 meV) could
be assigned as the intersystem barrier for S doped atoms. Dey et al. also
reported that the relocation of charges from sp? to sp® sites of defec-
tive states is responsible for NTQ [33]. Note that in our case, GQDs
and N-GQDs do not exhibit any NTQ behavior. Moreover, we have ob-
served that in spite of the presence of electron-donating S atoms in
S-GQDs, S-GQDs do not emit high-intensity PL as compared to N-GQDs.
Thus, we conclude that the presence of high defect states (confirmed
from XPS and Raman analysis) and dopant atoms create a high den-
sity of non-radiative sites that are mainly responsible for the low-inten-
sity PL of S-GQDs at room temperature. Moreover, the low value of E,
in S-GQDs helps easy activation of the non-radiative process as com-
pared to N-GQDs. In the comparison of GQDs and S-GQDs, the activa-
tion energy of S-GQDs may be due to the absence of COOH/OH func-
tional groups, which are marked as non-radiative sites. For more detail
insights, PL spectra at different temperatures are deconvoluted with two
Gaussian peaks. The deconvoluted PL spectra of all samples at tempera-
ture 80 K and 300 K are presented in Figs. S4(a-c) (SI). At higher tem-
perature, a noticeable reduction of the intensity of peak 2 as compared
to peak 1 in GQDs endorses that GQDs has a high density of non-radia-
tive trapping states associated with surface functional groups among all
other samples. It is interesting to note that two deconvoluted peaks ex-
hibit a large redshift upon increasing temperature for GQDs and S-GQDs.
For GQDs, Peak 1 and 2 show a redshift of 67 meV and 164 meV,
respectively, while for S-GQDs, the corresponding shifts are 71 meV
and 99 meV (see Figs. S5(a-c), SIt), revealing the exciton-phonon in-
teraction [52]. During the nonradiative process, electronic energy is
converted to the vibrational energy of the lattice, which causes the
exciton-phonon coupling. The change in the line width (FWHM) of
these two peaks with temperature is shown in Figs. S5(d-f) (SIt). The
temperature-dependent variation of FWHM in GQDs and S-GQDs en-
dorses the efficient energy transfer between core and surface state, while
N-GQDs exhibits nearly temperature-independent behavior. Thus, the
weak temperature effect in the PL spectra of N-GQDs confirms the domi-

nating interaction mechanism as electron-electron interaction rather
than electron-phonon coupling.

3.2.5. TRPL analysis

To investigate the recombination dynamics, TRPL spectra are
recorded with 405 nm laser excitation. Each TRPL decay profile is fit-
ted with a bi-exponential decay function given by: [1]7 () = 2; . B,-e_’%
, where, I(t) is PL intensity at time t and B; is the fractional intensity
corresponding to decay time t;. Fig. S6 (SIt) shows the comparison of
the TRPL spectra along with the fitted exponential for various samples.
The details of the fitting parameters of the TRPL spectra are tabulated
in Table S6 (SIf). The average lifetimes (t,,¢) for GQDs, N-GQDs, and
S-GQDs are estimated to be 3.36 ns, 7.58 ns, and 4.53 ns, respectively.
Two decay components in each sample corresponding to emission from
two energy states, consistent with the steady-state PL analysis (see Fig.
7(b)). The fast decay component () with lower amplitude (~25%) can
be assigned to the functional groups and the slow component (t3) with
higher amplitude (~75%) is attributed to doping induced states. Since
the doping induced state contributes the maximum in N-GQDs, it shows
the highest amplitude in the TRPL profile (see Table S6, SIt)

3.3. Application of N-GQDs as SERS substrates

Next, we analyze the performance of the undoped and doped GQDs
as SERS substrates for the detection of the ultra-low concentration of
RhB in nM level. The SERS effects on GQDs, N-GQDs, and S-GQDs
substrates are first measured with 514 nm laser excitation in the pres-
ence of 107 M RhB, as shown in Fig. 9(a). Interestingly, a signifi-
cant enhancement in Raman peaks of RhB at 1648 cm™!, 1507 cm™!,
1359 cm~!, 1188 cm™!, and 766 cm™! are observed on N-GQDs sub-
strate and a tiny signal appears at 1648 cm™!, 1507 cm™~! with GQDs
substrate, while S-GQDs do not show any measurable SERS signal.
Huh et al. reported that ozone-induced oxidation in graphene improves
the SERS signals [28], while Liu et al. recently proved that the oxy-
gen-rich functional groups in GQDs diminish the SERS enhancement [3].
In the present study, we have observed the highest SERS signal with
N-GQDs, which is probably facilitated by the reduction of non-radia-
tive oxygen-containing functional groups in N-GQDs. Based on the high
SERS signal, N-GQDs coated on Si substrate are optimized with differ-
ent laser excitation wavelengths. Fig. 9(b) shows the Raman signal of
RhB (10~* M) at laser excitations 488, 514 and 633 nm, which clearly
demonstrates the highest enhancement of the SERS signal with 488 nm
laser excitation. With 488 nm excitation, different Raman modes of RhB
(1072 M) on Si substrate are shown in Fig. S7(a) (SIt). As a reference
at 488 nm laser excitation, the enhancement factor (EF) for N-GQDs is
calculated as 3.2 x 10% at 10~ M concentration of RhB for 1648 cm™!
peak. The detail of the EF calculation is presented in section S2 (SI}).
Recently, plasma-enhanced chemical vapor deposition (PECVD) grown
GQDs exhibited an EF of 4.37 x 10? for 1648 cm™! peak of R6G at
532 nm excitation [3]. Cheng et al. reported EF value of 6.9 X 10!
for 1648 cm™! R6G peak at 633 nm laser excitation [31]. Thus, the en-
hancement factor for our N-GQDs is the highest among the reported val-
ues without plasmonic components and it is about seven times higher
than that of GQDs prepared by a sophisticated PECVD method. A com-
parison of SERS performance of different carbon-based non-plasmonic
and plasmonic substrates with the present work is presented in Table
S7 (SIt). Thus, the N-GQDs can indeed serve as a non-plasmonic robust
SERS substrate with appropriate excitation energy.
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Fig. 9. (a) Raman spectra of RhB (1074 M) using GQDs, N-GQDs, and S-GQDs as SERS substrates with laser excitation 514 nm. (b) SERS effect at different laser excitation wavelengths for
104 M RhB on N-GQDs substrate. (¢) Normalized PL spectrum of N-GQDs (0.2 mg/mL) with excitation 488 nm and the absorption spectra of RhB and MB with concentration 1075 M. The
overlap of spectra indicates the possibility of FRET between N-GQDs and RhB. (d) The decay of the EF value at 1648 cm™ of 10~* M RhB on N-GQDs substrates prepared with different
annealing temperatures and the corresponding Raman spectra are shown in the inset. (e) Concentration-dependent changes in the SERS signal intensity of RhB target on N-GQDs substrate.
(f) The variation of Raman intensity of 1648 cm~! peak with RhB concentration shows a linear variation in the range 1071°-105 M *" sign indicates the SERS enhanced peak of RhB at

1648 cm™L. (A colour version of this figure can be viewed online.)

3.3.1. Mechanism of SERS enhancement

The SERS enhancement mechanisms are reported mainly to be con-
tributed by the electromagnetic enhancement (EM) and chemical en-
hancement (CM) factors, where EM arises due to the localized elec-
tromagnetic field mainly in the presence of metallic components and
CM involves the charge transfer phenomena [3,31]. Ling et al. re-
ported that the n—= staking between the graphene and absorbed mol-
ecules could shorten the distance between the molecules and the sub-
strate, which could facilitate an efficient

charge transfer from substrate to target molecules [53]. For GQDs,
larger surface areas with more accessible edges and dangling bonds
can lead to more effective adsorption of target molecules. Liu et al.
described the dangling bonds in GQDs as hot spots to adsorb or trap
R6B molecules [3]. Nevertheless, the n—n staking is not the only fac-
tor that affects the SERS signal in graphitic materials. Ren et al. re-
ported the SERS enhancement by electrostatic interaction of GO/Ag
nanoparticle hybrids and folic acid [54]. In the present case, the pos-
sible reasons for the performance of N-GQDs as efficient SERS sub-
strate are as follows. Among all syn-
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thesized GQDs, the sp? domain in N-GQDs acquires higher electronic
charge contents, which facilities maximum charge transfer to the target
molecules by n—= interaction. Due to the high absorption of RhB, the
strongest SERS signal was observed previously with 514 nm laser exci-
tation [55]. In the present case, 488 nm laser excitation shows a higher
efficiency than 514 nm for SERS enhancement. This is very likely to
be related to Forster resonance energy transfer (FRET) from N-GQDs to
RhB. Swathi et al. theoretically studied a fast resonance energy transfer
process from dyes to graphene [56]. To clarify the contribution of the
FRET process with RhB, the MB target (concentration 1073 M) is also
tested on the different types of GQDs for the SERS effect with 488 nm
excitation, as shown in Fig. S7(b) (SIt). Although MB has an aromatic
structure, a low EF value of SERS signal is observed with all kinds of the
GQDs substrate, which reveals that the n—x interaction is not the only
reason for SERS signal in N-GQDs. Interestingly, the PL emission peak
of N-GQDs (at excitation 488 nm) coincides with the absorption peak of
RhB, while the absorption peak of MB is far away, as shown in Fig. 9(c).
Thus, due to overlap of the emission energy of donor (N-GQDs) with the
absorption energy of acceptor molecule (RhB), and their close interac-
tion, FRET is most likely to take place between N-GQDs and RhB. Thus,
488 nm excitation shows the highest EF in this donor-acceptor pair and
the EF mechanism is essentially of chemical nature i.e., CM type. Note
that among differently prepared N-GQDs substrates, N-GQDs prepared
with 15 mg/mL GO concentration shows the maximum enhancement
(see Fig. S7(c), SIt). Interestingly, the same sample shows the highest
PL intensity as well. This reveals the excited-state charge/energy trans-
fer from N-GQDs to target molecules (RhB) is primarily responsible for
the SERS enhancement in the present case and this could be due to the
functional groups in N-GQDs. However, the contribution of EM enhance-
ment, if any, cannot be fully ruled out from the above observation.

To ascertain the contribution of the functional groups in the SERS
enhancement, N-GQDs substrates are subjected to vacuum annealing
at different temperatures (200, 400 and 600 °C) for 2 h to systemati-
cally control and eliminate only the functional groups [27,57]. Interest-
ingly, with increasing annealing temperature of N-GQDs substrate, the
value of EF of 10~* M RhB for 1648 cm™! peak goes down systemati-
cally under 488 nm laser excitation, as shown in Fig. 9(d). The inset
shows the corresponding SERS spectra on annealed N-GQDs substrates
at different temperatures. The reduction of the functional groups from
N-GQDs by vacuum annealing reduces the energy transfer from N-GQDs
to RhB in the FRET process. Thus, in the present case, the n—x interac-
tion and the functional groups both contribute to the SERS enhancement
on N-GQDs substrate with the RhB target. With 633 nm laser excita-

tion (see Fig. 9(b)), EF is calculated as ~102 for 104 M concentration
of RhB at 1648 cm™! peak, which is ~32 times lower than that of the
488 nm excitation. As there is no possibility of FRET between N-GQDs
and RhB at 633 nm excitation, the SERS enhancement for 633 nm exci-
tation must be only due to the n—= interaction. Thus, the contribution of
FRET to SERS enhancement is only 32 and that of CM is 10? yielding an
overall enhancement of 3.2 x 103. This confirms the combined contri-
bution of CM interaction and FRET for the observed SERS enhancement
with N-GQDs. In the case of undoped GQDs and S-GQDs, due to the low
PL intensity, the FRET process is less efficient and hence overall SERS
enhancement is low. Moreover, due to higher defect density in GQDs
and S-GQDs, the EF is less [3]. Note that due to its semiconducting na-
ture and spherical shape, electromagnetic contribution to the observed
SERS in the visible region of wavelength is negligible [58].

Based on the above, the N-GQDs substrate is implemented to detect
a very low concentration of RhB in nM level. Fig. 9(e) shows the sys-
tematic enhancement of the characteristic Raman peaks of RhB with in-
creasing concentration of RhB in the range 10710-10~% M. The variation
of Raman peak intensity at 1648 cm™! follows a linear nature with the
log of RhB concentration, as presented in Fig. 9(f). We achieve a de-
tection limit down to 0.1 nM, which is much superior to the previous
reports with GQDs substrate [3,31].

3.4. Applications of N-GQD:s for liquid phase WLED fabrication

Since the N-GQDs exhibit strong bluish-green emission with high
quantum yield, it is demonstrated here as an excellent light conver-
tor. In the literature, GQDs was used as a light converter in the form
of a layer coating [4,59]. The coating of the GQD layer usually gives
rise to aggregation-induced quenching of the fluorescence during the
deposition of the GQDs solution on to a substrate and the resulting
intensity of light emission is low. To avoid the quenching effect, we
consider the fabrication of the liquid phase white light LED (WLED)
with N-GQDs and then go on to demonstrate WLED with high color
purity by combining pink luminescent RhB. The electroluminescence
(EL) spectra of the as-prepared UV LED/N-GQD were recorded at dif-
ferent bias voltages in the range 2.79 V-2.97 V, as shown in Fig. S8
(SIt). With increasing bias voltage, the variation of the EL intensity of
UV LED centered at 396 nm and the broad PL peak of N-GQDs with
a peak at ~503 nm both follow the perfect diode nature (see Fig.
10(a)) in the liquid phase. Fig. 10(b) represents the comparative EL
spectra of N-GQDs with the addition of 50 pM RhB at a constant volt-
age of 2.85 V. Fig. 10(c) represents the Commission International d'E-
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Fig. 10. (a) The EL intensity of UV LED/N-GQD device as a function of bias voltage for emission peaks at 396 nm and 503 nm, which follows the perfect diode nature. (b) The comparison
of the EL spectra of UV LED/N-GQD in the absence and presence of 50 pM RhB at 2.85 V. (c) CIE coordinate of UV LED/N-GQDs/RhB system and digital photographs of liquid phase

WLED in the inset. (A colour version of this figure can be viewed online.)
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clairage (CIE) chromaticity coordinates along with digital photographs
of liquid WLED with UV LED/N-GQDs/RhB system. In the N-GQDs
medium, the CIE coordinate of UV LED change from (0.1758, 0.0117)
to (0.1872, 0.2647), demonstrating the light converting capability of
N-GQDs. For the demand of WLED, the addition of RhB with the above
system change the CIE coordinate from (0.1872, 0.2647) to (0.3034,
0.3442). White light is produced by inserting the UV LED (396 nm) in
the mixed solution of N-GQDs (broad emission with peak maxima at
~503 nm) and RhB (581 nm). Hence, the UV LED is successfully con-
verted into a pure WLED with a mixed solution. With the externally ap-
plied voltage, the UV LED excites N-GQDs, which is confirmed from the
reduction in the EL intensity at 396 nm by 12.3 times at the applied bias
2.85 V (see Fig. 10(b)). The addition of RhB in the solution of N-GQD
reduces the EL intensity ~50 times at 396 nm and increases the visible
light emission. Moreover, the EL intensity of N-GQDs at 503 nm is also
decreased by ~3 times due to the FRET process. Thus, a series of energy
transfer takes place in the following sequence: UV LED to N-GQDs and
then to RhB, which establishes N-GQDs as an efficient color converter.
By further tuning of the mixing ratio of N-GQDs and RhB, the high pu-
rity WLEDs with CIE (0.33, 0.33) could be achieved in the liquid phase.
This demonstrates the WLED application of highly fluorescent N-GQDs.

4. Conclusions

In summary, we presented a comparative study of structural and op-
tical features of undoped and doped graphene quantum dots (GQDs)
synthesized in water, DMF and DMSO solvents. We proposed that in
DMF and DMSO medium, N-GQDs and S-GQDs are formed mainly with
nucleophilic reaction, while in water GO sheet is cut in pieces due to the
strain caused by the epoxy groups on the basal planes. Different reac-
tion mechanisms in different solvents profoundly affect the size of the
GQDs along with their structural and optical properties. The change of
the reacting solvents introduces doping content as well as modifies the
functional groups in GQDs significantly, as confirmed from the XPS and
Raman spectral analysis. Among different undoped and doped GQDs,
N-GQDs show the highest PL quantum yield due to the reduction of
non-radiative sites at the time of solvent reaction as well as the pres-
ence of electron-donating N atoms. On the other hand, the as-synthe-
sized S-GQDs show low PL quantum yield primarily due to the presence
of electron-withdrawing S=O functional groups, which act as a non-ra-
diative trap center. Next, we demonstrated N-GQDs as a very efficient
SERS substrate based on the energy transfer processes. As a SERS sub-
strate, N-GQDs show SERS enhancement factor up to 3.2 X 10° with
10~* M RhB as a target molecule under 488 nm laser excitation, which is
the highest among the reported values. Consequently, it shows an ability
to detect RhB with the limit of detection 0.1 nM. The individual contri-
butions of n— interaction and FRET process in the SERS are evaluated,
for the first time, by comparing with different target molecules and laser
excitation wavelengths and by controlling the functional groups of GQDs
through vacuum annealing. Finally, the highly fluorescent N-GQDs is
successfully implemented for the fabrication of a liquid phase white LED
with the help of a low-cost UV LED and RhB. These results are signifi-
cant for the development of low-cost doped GQDs and their applications
in SERS and white LEDs.
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