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Graphene-nanostructured systems, such as graphene quantum dots (GQDs), are well known for their
interesting light-emitting characteristics and are being applied to a variety of luminescence-based
applications. The emission properties of GQDs are complex. Therefore, understanding the science of the
photophysics of coupled quantum systems (like quantum clusters) is still challenging. In this regard, we
have successfully prepared two different types of GQD clusters, and explored their photophysical
properties in detail. By co-relating the structure and photophysics, it was possible to understand the
emission behavior of the cluster in detail. This gave new insight into understanding the clustering effect
on the emission behaviour. The results clearly indicated that although GQDs are well connected, the
local discontinuity in the structure prohibits the dynamics of photoexcited charge carriers going from
one domain to another. Therefore, an excitation-sensitive dual emission was possible. Emission yield
values of about 18% each were recorded at the blue and green emission wavelengths at a particular
excitation energy. This meant that the choice of emission color was decided by the excitation energy.
Through systematic analysis, it was found that both intrinsic and extrinsic effects contributed to the blue
emission, whereas only the intrinsic effect contributed to the green emission. These excitation-sensitive
dual emissive GQD clusters were then used to sense Fe>* and Cr®* ions in the nanomolar range. While
the Cr®" ions were able to quench both blue and green emissions, the Fe** ions quenched blue
emission only. The insensitivity of the Fe*" ions in the quenching of the green emission was also
understood through quantum chemical calculations.
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Photoluminescent graphene-based systems are phenomenal due
to their low production cost and excellent biocompatibility.* This
is one of the areas, where the graphene-based luminescence
systems outperform conventional inorganic luminescent mate-
rials. However, a fundamental understanding of the lumines-
cence mechanism is quite important toward using them in a wide
range of applications including optoelectronics, sensing and
biological fields. There has been a wealth of research effort by
scientists to understand the luminescence mechanism of the
graphene systems. In general, pristine graphene sheets hardly
exhibit any photoluminescence.">* However, nano-sized frag-
ments of graphene, such as graphene quantum dots (GQDs) and
graphene nanoribbons, exhibit good photoluminescence.>®
Amongst these fragments, GQDs have gained much interest due
to their simpler preparation methods and higher
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photoluminescence yield, which is comparable to those of inor-
ganic luminescent semiconductors. However, unlike inorganic
systems, the photoluminescence mechanism in GQDs is
a complex one to understand. It was monotonically claimed that
the reason for this complexity was that different emissions origi-
nated from surface states and a variety of functional molecules
attached to the surface of GQDs. For example, according to Gan
et al.,; the surface states get activated when photons of the
appropriate energy/wavelength hit the GQDs. Consequently,
multiple emission bands result from this activation, depending
upon the excitation energy. Sometimes, excitation energy-
independent PL emission behavior has also been reported from
the GQDs.*® Scientists have put forward different mechanisms for
claiming the origin of the excitation-independent emission in
GQDs. For example, Li et al'® and Zhu et al.™* attribute the exci-
tation energy-independent emission from the GQDs to the unified
chromospheres. More specifically, it is the presence of a large
amount of -NH, groups at its edges that is responsible for the
excitation-independent emission behavior. Permatasari et al™
attributed the excitation-independent emission behavior to the
optical transitions between the n and ©* levels associated with the
C=0 and C=N bonds present in the GQDs. Pan et al.® attributed
the emission from GQDs to the carbine-like zigzag edge states. A
few reports have shown that (for example, Yoon et al.*®) the PL
emission from the GQDs originated from the sp®> domains
dispersed and confined in the sp® matrices. Among the different
types of emission origins, the one from the sp” domains is
intrinsic in nature. It has been reported that the sp> domains with
a size of 2-3 nm are responsible for the intrinsic blue emission
from GQDs."*

Because of this intrinsic emission property, this material can
be utilized into an active optoelectronic material, similar to
silicon and other bandgap-opened materials. However, its
effective use as active optoelectronic material may be limited
due to the surface and edge-attached functional molecules. For
example, when GQD is coated as a thin layer and used as an
active part in the solar cell, then the photogenerated electron-
hole pairs from the quantum dots may find it harder to move
from one dot to another due to the resistance to the charge
transport by the surface-bound molecules. Therefore, the solu-
tion to this problem is to remove the surface-attached func-
tional molecules. This can be done by interconnecting the
individual GQDs into a larger-sized graphene sheet. In the
interconnection process, the surface-to-volume (s/v) ratio of the
graphene sheet can be largely decreased and consequently, the
influence of the surface-attached functional molecules can be
decreased. However, the interconnection process must be in
such a way that the local structural discontinuity remains
around the sp>networked carbon domains of the graphene
sheet to keep the molecular energy states of the sp> domains
undisturbed. This will give rise to the band gap-opened status to
the graphene sheet. If the structural discontinuity is not formed
during the interconnection process, then a larger-sized gra-
phene sheet will result with metallic property due to the zero
band of graphene."** So, the growth of a graphene sheet with
local structural discontinuity around each of the sp> domains is
a challenging task. To the best of our knowledge, few attempts
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have been made to bring in a structural discontinuity in the
graphene sheet, so as to enable them into an active optoelec-
tronic material. By either oxidizing the top surface of the gra-
phene or introducing heavy metal atoms into the graphene
network, it was possible to get a larger-sized graphene network
with local quantum behavior.*'® Gokus et al'® has formed
localized sp® domains in the graphene sheet by simply oxidizing
its surface via exposure to plasma. During plasma treatment,
the Pz electron network was perturbed by oxygen atoms because
of the formation of sp® hybridization. When such sp® bonds
surround the domains of the sp® carbon network, a local
structural discontinuity can then result, which in turn, gives the
emission property to the system. However, such emissive
domains are only sensitive to the monolayer graphene. This is
because the unexposed bottom layer will work as an emission
quencher. In our previous work, we also demonstrated that it is
possible to bring in GQDs close enough through the metal
atom-assisted interconnection process and convert them into
larger-sized (few micron sizes) solid sheets. Therefore, a strong
intrinsic blue emission was possible from the graphene sheet
through the energy transfer interaction."”

For the first time, we report herein a new type of graphene
quantum dot (GQD)-coupled solid cluster system, which can
give strong blue and green PL emissions. In this paper, we
discuss the outcome of the results, characterized by various
sophisticated techniques. This also includes the confirmation
of the GQD solid formation and its dual emission characteris-
tics. The science of sensing was also explained with suitable
quantum chemical calculations.

Experimental section

The microwave-assisted synthesis method was used to prepare
the GQD solid system. In all of the reactions, citric acid and urea
were used as basic precursors. Microwave-assisted synthesis was
conducted by taking citric acid and urea into a beaker, and dis-
solving them in double-distilled water. The citric acid concen-
tration was kept at 0.5 g for all reactions, and the urea content
was varied from 0.0 g to 1.0 g in increments of 0.125 g (M1: 0.0 g,
M2: 0.125 g, M3: 0.25 g, M4: 0.375 g, M5: 0.5 g, M6: 0.675 g, M7:
0.75 g, M8: 0.875 g, M9: 1.0 ). A 0.7 mole zinc metal precursor
was added to the M5 and M9 reactions to prepare the GQD
interconnected wire-like structure, named as M5Z7 and M9Z7,
respectively. The prepared samples were purified by the dialysis
process, and then subjected to various characterizations.
HRTEM analysis was carried out by coating the samples on
a carbon-coated copper grid (200 mesh) using a JEOL JEM-2100
at an operating voltage of 200 kV. UV-vis absorption spectros-
copy measurements were carried out using an Agilent CARY 60
spectrophotometer. PL excitation and emission measurements
were carried out using a Horiba Jobin Yvon Fluoromax-4 spec-
trofluorimeter. Raman spectra were recorded using a Horiba
LABRAM HR excited by a 514 nm laser. X-ray diffraction
measurements were carried out with an Xpert PRO PANalytical
instrument. The PL lifetime measurements were carried out
using an IBH time-correlated single-photon counting (TCSPC)
system, and the decay profile was deconvoluted using IBH data

This journal is © The Royal Society of Chemistry 2020
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station software V2.6. XPS analysis of the samples marked as
M2, M5, M5Z7, M9 and M9Z7 were made using the UHV-
Analysis System (SPECS Surface Nano Analysis Company, Ger-
many) equipped with a PHOIBOS 150 energy analyzer. During
measurements of the XPS spectra, a base pressure of a subli-
mation ion-pumped chamber of the UHV-Analysis System was
below 8 x 10~ % Pa. For the spectra excitation, Mg Ko. irradiation
(E = 1253.6 eV) was employed. The XPS spectra were measured
at the pass energy of 35 eV. The spectrometer energy scale was
calibrated by setting the Au 4f;, and Cu 2p;/, binding energies
of the reference metallic Au and Cu samples to 84.00 £ 0.05 and
932.66 £ 0.05 eV, respectively, with respect to the Fermi energy,
Eg. The soft X-ray absorption beamline (BL-1) of the Indus-2
synchrotron radiation source at Raja Ramanna Centre for
Advance Technology, Indore, India was used for the X-ray
absorption measurements. The XAS measurements were
carried out in the total electron yield (TEY) mode, in an ultra-
high vacuum (UHV) chamber with a base pressure of 5 X
107" mbar.

The quantum yield values were determined by comparing
the emission of our samples with those from the quinine sulfate
and fluorescein dye references using the following relation:***°

AbSDye
AbSQD

2
peak areagp » QD _solvent

QYQD = QYDye X

2
peak area'Dye nDye solvent

where 7 represents the refractive index of the respective
solvents.

Sensing experiments were conducted by dispersing the GQD
nanostructured samples in double-distilled water. The analyte
solutions were prepared by dissolving the metal salts in double
distilled water. The PL emission spectra of the GQD nano-
structured samples were recorded before and after adding
analyte solutions. The GQD nanostructured sensing probe
dispersions were freshly prepared for testing each analyte.

The Stern-Volmer equation' given below was used to
calculate the quenching efficiency.

I/ =1+K,,

where I, and I are the PL emission intensities before and
after addition of analyte, respectively, and K, represents the
Stern-Volmer constant (Quenching constant). The detection
limits for each analyte were calculated using the equation,®

30
Detection limit = —
K

where o is the standard deviation and K is the slope of I/I curve.

Computational details

In the present work, spin-polarized density functional theory
(DFT) calculations were performed using the projector-
augmented wave (PAW)*** method as implemented in the
Vienna Ab initio Simulation Package (VASP).?>>* The generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzer-
hof (PBE)**?® functional was used to treat the electronic
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exchange and correlation interactions. In these calculations,
due to the presence of 3d electrons in the Fe and Cr atoms, we
used the DFT+U* approach with U = 4.0 and J = 1.0 eV for the
Fe atom®® and U= 4.5 and J = 1.0 eV (ref. 29) for the Cr atom. In
this study, a 5 x 5 hexagonal graphene supercell consisting of
32 carbon atoms was used to construct GQD. The structure was
optimized until the total energy difference was less than 10> eV
and the force was less than 0.02 eV A~ In all calculations, we
used a plane-wave basis set with a maximum energy cut off of
400 eV and 4 x 4 x 1 automatic mesh k-point grid for sampling
the Brillouin zone. To improve the convergence, we used
a Gaussian smearing of the Fermi surface with a smearing
width of 0.2 eV. A vacuum region of 15 A was used to avoid
periodic image interactions between the atoms in the supercell.
The interaction between GQD and the metal atom/ion was
characterized by the interaction energy Ej,, and was calculated
using the following equation:

Eint = Eiot — Egop — Em

where Ey, is the total energy of the GQD with the metal atom/
ion, Egqp is the total energy of the isolated GQD, and Ey is
the total energy of the isolated metal atom/ion. The charge
transfer between the GQD surface and the metal atom/ion was
studied through the Bader charge analysis method® and an
electron density difference plot.

Results and discussion
Growth of GQD clusters

Graphene quantum dot (GQD) nanostructures were prepared by
treating citric acid and urea in a microwave reactor. The citric
acid concentration (0.5 g) was kept constant for all of the
reactions, and the urea concentration was varied from 0.0 to
1.0 g in steps of 0.125 g. The samples were named after the
different urea concentrations as follows: M1: 0.0 g, M2: 0.125 g,
M3: 0.25 g, M4: 0.375 g, M5: 0.5 g, M6: 0.675 g, M7: 0.75 g, M8:
0.875 g, M9: 1.0 g. Two samples were prepared by adding 0.7
mole zinc metal precursor, along with the urea concentrations
of 0.5 g and 1.0 g, and named as M5Z7 and M9Z7, respectively.
The above sample names were followed consistently throughout
the manuscript. The prepared graphene samples were first
analyzed by HR-TEM in order to investigate the morphology.
The sample prepared without adding urea (M1) did not show
any formation of graphene. The HR-TEM images of the M2, M5
and M9 samples presented in Fig. 1 show the formation of
spherical-shaped GQDs with increasing size from 5 nm to
20 nm, corresponding to the increasing urea concentration, i.e.,
the M2, M5, and M9 samples exhibited an average size of 5 nm,
10 nm, and 20 nm, respectively. The 20 nm particle consisted of
smaller and larger-sized domains that reassembled into
a “spherical shape” cluster-type nanostructure. Since we have
not observed the formation of GQD in the absence of urea, we
believe that nitrogen incorporation is a must for the formation
of GQD by this method. Furthermore, it was observed that there
is a correlation between the increasing trend in the urea/
nitrogen content and size of the GQD. This supported the fact
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Fig. 1 HRTEM images of (a) M2, (b) M5, and (c) M9 samples. The HRTEM images show the increase of the particle size with increasing urea
content added to the reaction. The average particle sizes are 5 nm, 10 nm and 20 nm for the M2, M5, and M9 samples, respectively. The scale bar
represents 5 nm for (a) and 10 nm for (b) & (c). The inset of (c) shows the representative Selected Area Electron Diffraction (SAED) pattern of the

GQD samples, which indicates the polycrystalline nature of the as-prepared GQDs.

that nitrogen incorporation is a must in the growth of GQD by
this method.

It is well known that nitrogen can incorporate into the gra-
phene network in three different sites named the graphitic,
pyridinic and pyrrolic positions.*'* To understand the nature of
incorporation in the present samples, we have analyzed the as-
prepared GQD samples by X-ray photoelectron spectroscopy.
The obtained results showed that the incorporated nitrogen was
initially at the pyridinic and graphitic positions. For example,
the M2 sample had more nitrogen atoms incorporated in the
pyridinic position, and this can be seen from a dominant
deconvoluted peak at 399.1 eV, as shown in Fig. 2a.

When the urea concentration was increased (M5 sample),
more nitrogen atoms got into the graphitic position. This is
reflected in the rise of the deconvoluted N 1s peak at
400.7 eV.*** A further increase in the urea concentration (M9
sample) resulted in the incorporation of nitrogen in all three
positions (pyridinic (398.8 eV), pyrrolic (399.8 eV) and graphitic
(400.8 eV)). These XPS results were further supported by the Soft

X-ray Absorption Spectroscopy (SXAS) results, which are dis-
cussed in the later part of the manuscript.

The increase of nitrogen in graphene with a corresponding
increase of urea concentration in the reaction was also
confirmed by the elemental composition obtained from XPS
analysis (presented in ESI Table T17). In addition, the formation
of a graphitic carbon structure was confirmed by the high-
resolution C 1s XPS spectra, presented in Fig. 2b, which con-
tained peaks corresponding to C=C (284.6 eV) and C=0 (288.1
eV).*** The O 1s spectra presented in Fig. 2c were deconvoluted
into two peaks centered at 531.2 eV and 532.5 eV, corresponding
to the C-O and C=0 bonds.*®

In short, it can be concluded that when the urea concen-
tration is increased, nitrogen atoms start to incorporate into the
graphene network, thereby helping the size of GQD to increase.
When the metal precursor was introduced into the microwave
reaction with citric acid and urea, then the GQD interconnected
“wire-like cluster” type nanostructure was obtained (M5Z7 and
M9Z7 samples), as shown in Fig. 3. The observed change in the
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Fig. 2 High-resolution XPS spectra of M2, M5, M9, M5Z7 and M9Z7 samples measured at (a) N 1s, (b) C 1s and (c) O 1s positions. The decon-
voluted XPS N 1s spectra show the presence of the nitrogen species at the pyridinic (399.1 eV) and graphitic (400.7 eV) positions for the M2, M5
M5Z7 and M9Z7 samples. In the M9 sample, nitrogen was incorporated into the pyridinic (398.8 eV), pyrrolic (399.8 eV) and graphitic (400.8 eV)
positions. The C 1s peak contains two deconvoluted spectra at 284.6 eV and 288.1 eV corresponding to C=C and C=0, respectively. The O 1s
spectra were deconvoluted into two peaks at 531.2 eV and 532.5 eV, indicating the presence of C—O and C=0O bonds.
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Fig.3 HRTEM images of the (a)-(c) M5Z7, (d)-(f) M9Z7 samples. The HRTEM images show the formation of a GQD interconnected cluster-type
wire-like network. The length of the network increased at higher urea concentrations. The scale bar represents 200 nm for (a), (d) & (f) and
100 nm for (b), (c) & (e). The inset of (b) & (e) shows the Selected Area Electron Diffraction (SAED) pattern of the M5Z7 & M9Z7 samples,
respectively, which indicate the polycrystalline nature of both GQD interconnected wire-like network samples.

morphology of the samples tells a fact that there is a correlation
between the change in morphology associated with the metal
concentrations. When the urea content alone increases, more
nitrogen is incorporated into the graphene structure, with
which the size of the GQD clusters increases spherically.
However, once the metal precursor is added, the wire-like
network-type clustered nanostructure is formed. That could be
because of the different role performed by the metal atom. The
following discussion explains the reason for the formation of
the wire-like network type clusters. Because of its similar size,
nitrogen can get into the graphene network in place of carbon,
whereas metal atoms cannot do so because of its larger size.
However, metal atoms can bind to the edge of GQD and connect
other GQDs, thus helping to form a quantum dot-coupled
cluster-type nanostructure. Previously, when we used a zinc

metal atom in the hydrothermal reaction, larger sized single-
crystalline-type solid sheets were obtained."” The as-obtained
solid sheet nanostructure was single-crystalline in nature as
well, and also showed a strong intrinsic blue emission at
440 nm when excited through an energy transfer interaction. In
the present case, the microwave-assisted synthesis method has
resulted in a GQD-coupled wire-like network pattern with dual
emission characteristics, which is a completely different pho-
tophysical property. We believe that the nature of the sample
preparation is responsible for the change in the structure,
morphology and optical properties.

Here, the as-formed GQD coupled-cluster type wire-like
network is polycrystalline in nature, as evidenced by the selec-
tive area electron diffraction (SAED) pattern shown in the inset
of Fig. 3b and e. Since the size of the GQD involved in the
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Fig. 4 Soft X-ray absorption spectra of GQDs and GQD interconnected wire-like network measured at the (a) C 1s and (b) N 1s positions. The C
1s spectra show the formation of a graphitic carbon structure with excitonic peak, and the N 1s spectra show the presence of nitrogen atoms in

the pyridinic (398.3 eV) and graphitic (401.1 eV) positions.

This journal is © The Royal Society of Chemistry 2020

RSC Adv, 2020, 10, 26613-26630 | 26617


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04549g

Open Access Article. Published on 16 July 2020. Downloaded on 3/13/2026 11:08:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

interconnection process was decided by the concentration of
urea, we were able to control the nanostructure and thereby
induce the desired photophysical properties. When the urea
and metal precursor concentrations were 0.5 g and 0.7 mole,
respectively, the interconnection process resulted in a wire-like
network having a width of about 20 nm and length around 1
pm. When the urea concentration was increased further to 1.0 g
by keeping the metal concentration at 0.7 mole, then the width
of the GQD coupled wire network remained unchanged, but the
network dimension increased with several branches, as shown
in Fig. 3d-f. In the samples prepared without metal content, the
increase of the urea content increased the lateral dimension of
the GQDs (up to 20 nm). However, when the urea concentration
was increased in the presence of the metal precursor, then the
network length increased. This indicates the fact that due to the
presence of interconnecting metal atoms, the increase of the
urea concentration not only helped to increase the lateral
dimension of GQDs, but supported the interconnection process
between the dots (along with metal atoms), to form a wire-like
network pattern with a greater number of arms. The observed
results thus indicated the fact that nitrogen and zinc atoms are
involved in the growth and formation process of the graphene
dot coupled wire-like network. The incorporation of pyridinic
and graphitic nitrogen within the GQD coupled wire-like
network structure was demonstrated by the N 1s XPS spectra,
which is presented in Fig. 2b. The C 1s and O 1s spectra are
presented in Fig. 2, and the Zn 2p XPS spectra are given in the
ESI Fig. S1.1 The deconvolution of the C 1s spectra show the
presence of C=C and C=0, and the O 1s spectra show the
presence of C-O and C=O0, as discussed in the case of GQDs.
The Zn 2p deconvoluted spectra show two distinct peaks at
1022.1 eV and 1044.2 eV, corresponding to the Zn 2p;/, and Zn
2p1» components, respectively, as evidence of the presence of
Zn metal atoms in the GQD interconnected wire-like network
samples.*

X-ray absorption spectroscopy analysis. Soft X-ray absorption
measurements were carried out on the microwave-synthesized
GQDs (M2, M5, and M9) and GQD cluster type wire-like
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network samples (M5Z7 and M9Z7), in order to investigate the
chemical structure of the as-prepared samples.

SXAS measurements were carried out in the total electron
yield mode at the C K-edge, O K-edge, and N K-edges. Fig. 4a
shows the X-ray absorption spectra measured at the C K-edge. A
sharp X-ray absorption peak at 286.3 eV, observed for all
samples, is an excitonic peak. This indicates the presence of
a quantum confinement effect in all samples, including the
wire-like clusters.*

The peak at 289.3 eV is attributed to the 1s-7* transitions of
C=0. The broad absorption band beyond 293.8 eV corresponds
to the superposition of the 1s-c* transitions of C=C, C-O-C,
and C=0O0. It has been noted that this broad absorption band,
which arises from the 1s-c* transitions, is enhanced upon GQD
coupled wire-like cluster structure formation. This observed
enhancement indicates the fact that there are more surface-
attached functional molecules in the wire-like cluster-type
nanostructure. The SXAS measurements at the N K-edge are
shown in Fig. 4b. The X-ray absorption peaks at 398.3 eV and
401.1 eV originate from the 1s-m* transitions of the pyridinic
and graphitic nitrogen atoms, respectively.*** The broad
absorption peak beyond 407.0 eV is due to the superposition of
the 1s-c* transitions of the pyridinic and graphitic nitrogen
atoms. The O K-edge SXAS spectra presented in the ESI Fig. S2
shows a peak at 534.3 eV, corresponding to the 1s-7* transition
of C-0. In addition, the broad absorption peak beyond 542.0 eV
is due to the superposition of the 1s-c* transitions of C-O and
C-0-C.»

The formation of the graphene nanostructures was further
investigated by Raman spectroscopy. Fig. 5 shows the Raman
spectra of the microwave-synthesized GQD samples prepared
with different urea concentrations. All samples presented two
characteristic Raman bands at 1351 cm™ ' and 1577 cm ™!, cor-
responding to the A;, mode (D) and E,, mode (G) vibrations,
respectively.”” In general, the A;, mode vibration originates
from the sp®-hybridized and defect-structured carbon, and the
E,, vibrational mode originates from the sp® hybridized
graphitic structure.
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Fig.5 Raman spectra of the (a) GQDs (M2-M9) and (b) GQD interconnected wire-like network (M5Z7 and M9Z7) samples. In the GQD samples
(M2-M9), the D-band increases with the increase of the urea concentration. In the GQD interconnected wire-like network (M5Z7 and M9Z7)
samples, a rise in the 2D band was observed, which indicates the formation of the few-layered graphene structure.
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The Raman spectra of the blue-emitting GQD samples
prepared with a low urea concentration have a G band domi-
nating structure, and the green-emitting samples prepared with
a high urea content exhibited a D band dominating structure.
This rise of the D band with the increase of the urea concentra-
tion indicates that the addition of a high urea concentration to
the reaction introduced an sp® hybridized structure-containing
oxygen species in an increasing trend. The Raman spectra of
the wire-like cluster samples presented in Fig. 5b also indicate
that a D band dominated structure due to the incorporation of
a greater number of oxygen species into the structure.

Furthermore, it was noticed from the Raman spectra of the
metal-doped sample that there was a rise in the 2D band, as
evidenced by the presence of the few-layers of the graphene
structure in the newly formed GQD interconnected wire-like
network. The as-prepared nanostructures were further charac-
terized with X-ray diffraction and Fourier transform infrared
spectroscopy analysis, and the results are presented below in
Fig. 6.

The X-ray diffraction pattern recorded from the microwave-
synthesized GQDs and GQD coupled wire network are given in
Fig. 6a and b. The peak observed at around 25 degrees indicates
the formation of a hexagonal graphitic structure, which
matches that of the JCPDS card no. 898487, corresponding to
the graphitic carbon. The broadness of the X-ray diffraction
peaks indicates the formation of nanosized crystalline carbon.
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The d-spacing values calculated from the diffraction pattern of
the GQD sample increase from 0.35 nm to 0.382 nm with the
increase of the urea concentration. This observed increase in
the d-spacing values could be due to the introduction of oxygen-
containing functional groups within the crystal planes.** It
should be noted that the diffraction pattern recorded from the
GQD coupled wire network samples appears to be slightly
shifted towards a higher diffraction angle, which resulted in the
decrease in the d-spacing value to 0.36 nm. However, at the
same time, the presence of the oxygen functional groups in
these samples increased, as evidenced from the Raman and XAS
studies as discussed before. Therefore, based on the XRD
diffraction peak shift and the above said spectroscopy data, it
was concluded that oxygen functionalization took place at the
edge sites of the GQD coupled wire structure.

The microwave-synthesized GQD and GQD coupled wire
network were also subjected to FTIR analysis, and the recorded
FTIR spectra are shown in Fig. 6¢c and d. The broad peak
covering the region from 3000 to 3700 cm ™' consists of two
peaks at 3208 cm ™" and 3541 cm ™' corresponding to the N-H
and O-H stretching vibrations, respectively.*” The small peaks
at 2927 em™ ' and 2845 cm ™' can be attributed to the C-H
stretching vibrations present in the aromatic rings. The pres-
ence of the carboxylic C=0 stretching vibrations are identified
from the peak at 1708 cm™*.** A shoulder-like peak at 1605 cm ™
represents the stretching vibrations of the aromatic C=C bond,
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Fig.6 X-ray diffraction pattern (XRD) of the (a) GQDs (M2-M9) and (b) GQD interconnected wire-like network (M5Z7 and M9Z7) samples; Fourier
Transform Infrared (FTIR) spectra of the (c) GQDs (M2-M9) and (d) GQD interconnected wire-like network (M5Z7 and M9Z7) samples.
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electronic transitions that are responsible for different absorption peaks.

which constitutes the graphitic core of the as-prepared GQD
samples. The stretching vibrations of the aromatic C-N bond
were identified at 1354 cm ™', and the carboxylic C-O stretching
peak was identified at 1187 ecm™".** The out-of-plane bending
vibrations of aromatic C-H were identified by the peak at
839 cm™'.*> The FTIR spectra of the metal-incorporated GQD
solids also exhibited similar peaks, as in the case of the GQDs.
In addition, there were two other peaks identified at 1631 cm™*
and 1459 cm™ ', which could be attributed to the C=N and
aromatic C-C bending vibrations, respectively.*> From the FTIR
analysis, we can conclude that the graphitic quantum dot
structure was formed with functional groups such as -COOH,
-C=0 and -NH,. Inclusion of the nitrogen species within the
graphitic structure was also identified.

Optical properties

UV-visible absorption spectra of the microwave-synthesized
samples (M2-M9) recorded in the range of 200-800 nm is
given in Fig. 7a. For comparison, an absorption spectrum from
the M1 sample prepared without urea content was also given,
and exhibited a weak absorption band at 336 nm. The samples
M2-M9 showed two absorption bands at 245 nm and 338 nm
that correspond to the w-7* and n-m* transitions, originating
from the C=C and C=N/C=O0 bonds present in the as-
prepared samples, respectively.®'** The 7 and w* energy
levels originate from the bonding and non-bonding orbitals of
the sp® hybridized carbon, and the absorption at 245 nm
corresponds to this transition. When nitrogen and oxygen
atoms are present in GQD, the excess electrons in the nitrogen
and oxygen atoms can contribute to the n-state. Consequently,
the n-7* transition is possible at 338 nm. In addition, a new
absorption band started appearing at 410 nm from the M3-
coded sample and above. This new absorption band showed
an increasing trend in the absorption value with the increase of
the urea concentration. This absorption band at 410 nm is
attributed to the sp> domain of carbon.

Furthermore, we noticed an absorption band at 272 nm from
GQD samples prepared with 0.375 g urea and higher concen-
trations (i.e., M4-M9 samples). This new absorption band
indicates the optical transitions between m-t* of C=N/C=0,

26620 | RSC Adv, 2020, 10, 26613-26630

as represented in the schematic illustration (Fig. 7b). In general,
these bands did not appear for the graphene nanostructures
because of the dominant m-m* transitions of C=C.** The
incorporation of more nitrogen could be a reason for the
appearance of these new bands in our samples.

We recorded the PL emission spectrum from all of the
samples. The M2 GQD sample showed a strong PL emission
band at 440 nm with a PL quantum yield value of 18%, corre-
sponding to an excitation of 350 nm. When we changed the
excitation wavelength from 275 to 375 nm, the PL emission
intensity increased. It reached the maximum value for an exci-
tation of 350 nm, and then decreased without showing much
shift in the emission band position (Fig. 8). However, when the
excitation wavelength was changed beyond 400 nm, a weak red-
shifted emission band appeared at 475 nm and beyond. Similar
PL results from other GQD samples prepared with a higher
concentration of urea resulted in a different trend in the PL
emission. This could be due to the change in the dimension of
the sample. For example, the PL emission of the M3 sample
showed a PL quantum yield value of 16% at 440 nm when
excited at 350 nm. Furthermore, the excitation wavelength-
dependent study up to 375 nm showed a slightly quenched
emission at 440 nm from this sample (Fig. 8). When the exci-
tation wavelength was at 425 nm, we noticed an enhanced
emission at 520 nm. This behavior was completely different
from the PL observation from the M2 sample. By further
increasing the excitation wavelength from 425 to 475 nm, we
noticed a quenching in the PL emission yield at 520 nm. A
similar measurement from sample M5 showed a strong PL
emission at 520 nm, when excited at 425 nm, which is stronger
than the emission at 440 nm (under 350 nm excitation), as
shown in Fig. 8.

When this M2 QD system was excited at 350 nm, a strong
emission at 440 nm resulted due to the radiative recombination
through the molecular energy levels of the functional mole-
cules. This recombination is clear from the emission band
position, which is Stokes-shifted by 90 nm."® Apart from the
contribution of these surface molecule to the blue emission, 2-3
nm-sized sp”> domains in the GQDs can also contribute a weak
emission at 440 nm, which is the intrinsic emission of GQD.*

This journal is © The Royal Society of Chemistry 2020
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Fig.8 PL emission spectra of GQD samples prepared with different urea concentrations (M2—-M9) recorded for different excitation wavelengths.
The PL emission maximum gradually shifted from blue (440 nm) to green (520 nm).

However, it is hard to distinguish this intrinsic emission
component because the surface-attached carboxylic acid func-
tional molecules dominate the emission at this wavelength. If
one wanted to see an intrinsic blue emission apart from GQD,
then it is necessary to reduce the contribution of the surface-
attached functional molecules to the blue emission band.
This is possible to achieve by increasing the size of GQD, so that
the surface-to-volume (s/v) ratio of GQD can be decreased. Thus,
the contribution of the surface-attached functional molecules to
the blue emission band can be decreased as well.

In the present work, during the initial synthesis, we
increased the nitrogen concentration by increasing the urea,
and did not add any metal during the microwave synthesis of
GQD. However, we also noticed an increase in the size of GQD
upon increasing the nitrogen doping. This means that there is
a correlation between the increase in the nitrogen doping
concentration and the size of the GQD. As a consequence, there
is a decrease in the s/v ratio of the QD system. This reflects
a decrease in the contribution of the edge-attached functional

- M5 green 425 nm Excitation
= M5 blue 350 nm Excitation

Intensity (a.u.) ©

40 700

0 500 600
Wavelength (nm)
Fig. 9 (a) Schematic representation for the origin of the blue and
green emissions from our sample. It represents the formation of two
types of sp? domains, viz., domains with less nitrogen content that
emits blue and domains with large nitrogen content that emits green.
This collectively results in the dual emission (blue at 440 nm and green
at 520 nm) characteristics; (b) PL emission profile of a representative
dual blue-green emitting (M5) sample excited at 350 nm (for blue
emission) and 425 nm (for green emission). In the graphene network,
grey colored spheres indicate carbon atoms and red spheres indicate
nitrogen atoms.

This journal is © The Royal Society of Chemistry 2020

molecule to the absorption band at 350 nm. At the same time,
an absorption band due to the sp> domains started to appear at
410 nm, which is similar to the previously reported GQD solid
sheet system." Although the average size of GQD increased
upon nitrogen doping, the domain size seemed to not change.
Consequently, the absorption band at 410 nm did not shift with
nitrogen doping. Furthermore, it was found that the absorption
band at 410 nm increasingly strengthened with a gradual
decrease in the absorption at 350 nm and the increase of the
GQD size (Fig. 7a). This observation shows that the contribution
of the surface-attached functional molecules to both absorption
and emission bands decreased. On the other hand, the sp*
domain contribution increased.

When the urea concentration increased from 0.625 to 1.0 g
(M6 to M9), we noticed a strong rise in the emission band at
520 nm. At the same time, a drastic decrease in the blue emis-
sion was also noticed. Furthermore, this green emission band
position was also excitation-wavelength independent in nature.
This could be understood from the absence of much shift in the
emission peak position when the excitation wavelength was
changed. The reason for the appearance of the green emission
band could be due to the change in the local structure and size
of GQD. We believe that the green emission is from the sp®
domains having a high nitrogen content.

A normally, intrinsic blue emission close to the excitation
energy is expected. Since we used the excitation energy of
410 nm, a less Stokes-shifted blue emission at 440 nm was ex-
pected. However, due to the heavy nitrogen doping, the photo-
excited electrons underwent delocalization through the
nitrogen rich graphene domains, thus shifting the emission
maximum to the green side. Since all of the samples showed
a blue emission band as well when excited at 350 nm, it is
believed that nitrogen incorporation was done in a non-uniform
way in the sample.

By looking at ESI Fig. S3,t one can understand the correla-
tion between the structure and PL emission distribution.
Fig. S31 shows the distribution of the excitation and emission
intensity maxima as a function of the urea concentration used.
While the excitation peak intensity at 350 nm decreases with
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different excitation wavelengths. The absorption spectra show a sharp rise at 336 nm, and the emission spectra show the rise of the blue emission

part compared to their corresponding metal-free samples.

increasing urea or increasing GQD size, the PL intensity at
440 nm decreased proportionately.

At the same time, the excitation peak maximum at 410 nm
increased with increasing urea concentration. It matches with
the increase in the PL emission at 520 nm. At a given urea
concentration, the excitation intensities at 350 and 410 nm and
the corresponding PL emission intensities at 440 nm and
520 nm, respectively, were similar in magnitude. Therefore,
from this observation, we conclude that it is possible to tune the
emission wavelength to either blue-rich or green-rich or blue-
green rich by this method of preparation. Fig. 9 schematically
represents the origin of the blue emission from less nitrogen-
containing sp”> domains and green emission from high
nitrogen-containing sp? domains.

Furthermore, we took pH-dependent PL emission measure-
ments, and found that the blue emission band was sensitive to
the change in pH value (M5). Almost 80% of the blue emission
was quenched at a pH value of 1 (ESI Fig. S4f) due to the
protonation of the edge states/functional molecules.*'**%*
Therefore, the remaining unperturbed blue emission should be
from the sp> domains of graphene, as reported elsewhere. At the
same time, the green emission band was not affected by the
change in the pH value, which indicates that the green emission
did not originate from the edge states and/or functional groups.

The optical absorption and PL emission properties of the as-
prepared GQD coupled cluster-type solid wire network sample
were also investigated in detail. The optical absorption spectra
(Fig. 9) recorded from the as-prepared GQD coupled network
samples showed a sharp absorption band at 336 nm, as shown
in Fig. 10, corresponding to the n-m* transition. When we
compared this absorption band at 336 nm of the GQD cluster-
type wire-like network sample to that of the spherical-shaped
GQDs prepared without a metal precursor, we noticed
a strong absorption in the metal-containing GQD cluster
sample. The excitation wavelength-dependent emission spectra
(Fig. 10b and c) of the samples M5Z7 and M9Z7 showed a strong
blue emission when compared to their metal-free counterparts.
This observed enhancement in the blue emission of the GQD
cluster samples, along with the increase in the absorption band
at 336 nm, indicated that there is a strong correlation between
the structure and optical property again. Unlike the metal-free
sample, which is spherical in nature, the sample here appears

26622 | RSC Adv, 2020, 10, 26613-26630

as a dot-coupled wire-like clustered network having a zig-zag
dimension. Therefore, there will be more edge sites with
a greater number of functional molecules attached at these
sites, which will then give rise to a strong absorption band at
336 nm and emission band at 440 nm. At the same time, the sp>
domains with less nitrogen content will also try to give emission
at 440 nm, but with lesser magnitude. Weak blue emission due
to domains was made visible in this sample by bringing down
the emission contribution from the functional molecules. This
was achieved by changing the pH conditions, as done previ-
ously. The absorption spectra of the cluster-type nanostructure
also showed a weak band at 410 nm. When the sample was
excited at this wavelength, we observed a strong green emission
at 520 nm. The photoexcited charge carrier delocalization in the
nitrogen-rich graphene domain is the reason for this green
emission at 520 nm. The excitation energy-dependent
measurements from samples prepared with two different urea
concentrations (M5Z7 and M9Z7), but with a fixed optimized
metal precursor concentration of 0.7 mole, resulted in two
different excitation-independent strong emission regions at the
440 nm and 520 nm band positions. When comparing the
relative emission intensity, the M9Z7 sample is green rich and
the M5Z7 sample is blue-rich.

The present optical absorption and PL emission measure-
ments thus indicate that one can switch the emission from blue
to green by choosing the optimal excitation wavelength. In other
words, it can be said that it is possible to shuttle the emission
maximum between blue and green effectively by choosing the
right excitation wavelength. An interesting point is that these
coupled cluster-type nanostructures contain sp> domains with
two different nitrogen concentrations and sizes connected by
metal atoms, but still have independent emission characteris-
tics. This is because the charge carriers undergoing the radia-
tive recombination responsible for blue emission are not able to
delocalize throughout the nitrogen-rich graphene domains. We
calculated the PL emission yield value corresponding to the
blue and green emissions of the samples, and the results are
presented in the ESI Table T2.1 One more interesting observa-
tion is that these cluster-type nanostructures did not undergo
energy transfer-assisted interaction with GQDs, as we noticed
before in the GQD coupled single crystalline solid sheet
samples. Because the PL emission from GQD was at 440 nm,

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 (a) Bar chart showing the selectivity of the GQD interconnected wire-like network samples against Fe** and Cr®* ions. The samples were
able to detect Fe®* and Cr®* ions selectively. The blue emission was quenched by both Fe** and Cr®* ions, and the green emission was quenched
only by Cr®* ions. PL decay curves of the dual emitting representative GQD sample (M5) measured at (b) blue emission and (c) green emission

positions before and after adding Fe** and Cr®* ions.

which overlaps with the absorption at 410 nm of the cluster
sample, either an enhanced blue or green emission was ex-
pected. However, we have not observed any enhancement in the
PL emission yield upon the addition of GQD. This result
therefore clearly shows that a mere spectral overlapping alone is
not sufficient to observe the energy transfer interaction, but the
dimension of the interacting systems is also important.
However, further study is required to understand the absence of
the energy transfer interaction between GQDs and GQD coupled
clusters.

Sensing application. The strong photoluminescence prop-
erties of the graphene nanostructures open the door for using
them as fluorescent sensing probes to detect various harmful
species at trace levels. There are several reports on using the
graphene nanostructures for detecting several species, viz., Fe*",
Pb>*, Hg>*, Cu®", Cr®", H,0, and ascorbic acid.>**** Among
these species, the sensing of Fe*" and Cr®* ions have been widely
reported because of their adverse health effects. Fe*" ions are
vital to the biological systems because of their complexation
with various regulatory proteins. However, an excess of Fe*" ions
leads to the over-production of free radicals, which in turn can
produce cytotoxicity. Also, the high Fe*' concentration in
neurons is a key marker for Parkinson's disease.**%*-54 Fe®*
ions can also induce various health problems related to anemia,
cancer, and the dysfunction of organs. Similarly, the Cr®" ions,
which are released from chromium-using industrial plants such
as the tanning of leather, electroplating, pigment production
and wood preservation, can produce harmful health effects. A
high Cr®" absorption in vivo can lead to dermatitis, stomach

This journal is © The Royal Society of Chemistry 2020

ulcers, and may also cause different types of cancers.>»**>’
Therefore, the detection of Fe** and Cr® ions is quite essential.

The chemically prepared graphene nanostructures have
structural arrangements in such a way that they can easily
detect Fe*" and Cr®" ions without any additives or post-synthesis
treatments. There are several reports on sensing Fe**, among
which the blue emitting graphene/carbon quantum dot nano-
structures have been used.****%%%* Similarly, the Cr®" ion analyte
was also detected using graphene/carbon quantum dots.>">76-¢>
However, the sensing of both ions using a single graphene
nanostructure probe has not been reported yet. There have been
a few other reports on detecting more than one metal ion ana-
lyte, but they use a single emission, which could lead to the
interference in sensing.**%34

In the present work, we were able to selectively detect Fe*
and Cr®" ions using our dual blue-green emitting graphene
nanostructured samples, and the selectivity between the Fe**
and Cr®" ions can be achieved by choosing the emission (either
blue alone or blue-green). The PL emission quenching occurs
immediately after adding the analytes, and the change in the
intensity of color can be used to detect the Fe*" and Cr®* ana-
Iytes by naked eye. Our GQD cluster-type nanostructures
synthesized by the microwave-assisted chemical method have
dual blue-green emitting behavior. By choosing the emission
wavelength for quenching, we were able to address the selec-
tivity problem between the Fe** and Cr®" ions. While the blue
emission was quenched by the Fe*" and Cr®’ ions, the green
emission remains blind to the Fe®*' ions. At the same time, the
green emission was quenched by the Cr®" ions.

RSC Adv, 2020, 10, 26613-26630 | 26623
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Therefore, it was possible to develop a sensing probe, which
can selectively detect Fe** or Cr®" ions. The metal ion sensing
properties of the GQD coupled cluster-type wire-like nano-
structure was investigated by subjecting the as-prepared
samples to PL quenching-based sensing experiments.
Different metal ions such as Cd**, zn**, Mn**, Cu*', Fe**, Fe*",
Mg>*, Pb>*, Cr®", Ni**, and Hg>" ions were used as sensing
analytes against the as-prepared graphene nanostructures.

The bar diagram presented in Fig. 11 displays the selectivity
of the as-prepared samples towards Fe*" and Cr®*, amongst the
tested analytes. The blue emission was quenched upon the
addition of Fe*" ions due to the interaction of these ions with
the surface-attached functional molecules. These molecules are
responsible for the blue emission. When the photoexcited
charges were transferred to the ions, PL quenching occurs. In
this quenching experiment, the complete quenching of blue
emission was not seen. Therefore, the unquenched blue emis-
sion could be from the sp2 domains. The Fe*" ions interacting
with the graphene domain could not quench the intrinsic blue
and green emissions. This could be because of its weaker
interaction with the sp®> domain(s). The blue/green emissions
were quenched upon the addition of the Cr®" ions. This could be
due to the transfer of photoexcited charges from both blue/
green emitting sp> domains and blue-emitting functional
molecules to the Cr®* metal ions. Inner filter effect (IFE) is also
possible for the quenching of the blue and green emission by
the Cr°" ions, because these ions have absorption bands at
around 260, 360 and 440 nm. When we excite the sample (gra-
phene cluster with Cr®" ions) at 350 nm to observe the blue
emission or excite at 420 nm to observe the green emission, the
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Cr®" ions could block (the inner filter effect) the excitation of the
graphene nanostructure. Consequently, the emission at 440 or
520 nm could be reduced.>**>*

Here, it must be noted that the previously reported sensing
work towards the selective detection of Cr®" ions involved
a mechanism known as the inner filter effect (IFE). The
absorption spectrum maxima of Cr®* ions has values at 260, 360
and 440 nm matching with either the excitation maximum at
around 350 nm of the blue emission-giving carbon dots,*
GQDs**** and green emission-giving g-C;N, (ref. 51) or emission
maximum at around 450 nm of carbon dots and GQDs. Because
of this, the nanostructures were effectively shielded from giving
a strong emission. Therefore, by monitoring the quenching
trend of the emission at either 440 nm (ex: 350 nm) or 520 nm
(ex: 350 nm), it was possible to selectively detect the Cr®* ions.
Some have reported the kinetic behavior of the reaction
between the nanostructure and Cr®" ions during sensing to be
‘static’ in nature.®®®* The static nature of the interaction was
confirmed by monitoring the fluorescence lifetime (average
value) before and after the addition of Cr®" ions, which
remained unchanged.

To understand the kinetic mechanism of sensing in the
present case, the PL decay curves were measured. Fig. 11b and
¢ show the PL decay curves of the M5 sample (as a represen-
tative example) at the blue and green emission positions in the
absence and presence of metal ions. In a 3 ml volume of the
M5 sample, we added Fe®" in concentration steps of 50 nM to
500 nM. When the ion concentration reached 10 uM, the blue
emission was quenched “almost completely”. In the case of
Cr® ion sensing, the same volume of ion solution was added
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Fig.12 (a)and (d) PL spectra of M5Z7 blue emission, showing the PL quenching upon the addition of the Fe3* and Cr®* ions, respectively; (b) and
(e) Stern—Volmer plots showing the linear response of M5Z7 blue emission up to 10 uM, against Fe>* and Cr®* ions, respectively; (c) and (f) Stern—
Volmer plots for concentrations up to 400 nM, which were used to calculate the quenching constants and limit of detection (LoD) values for the

addition of Fe** and Cr®* analytes, respectively.
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in a separate nanostructure dispersion of 3 ml volume. The
emission at the blue wavelength was then monitored. Here,
the blue emission intensity started being quenching from an
unquenched state to a “completely quenched” state when the
concentration of the Cr®" ion solution reached 10 uM. In all
experiments, the PL emission intensity was quenched imme-
diately after the addition of the ion solution. Moreover, at
a given concentration of ion solution, if the nanostructure
dispersion was kept for a much longer time, then there was
either no change in the quenching effect, or a clustering
formation. Using the emission decay curves recorded from the
quenched sample, the average lifetime value was calculated
and compared with the lifetime values of unquenched samples
at their respective emission wavelengths. For example, the PL
decay curve was fitted with a bi-exponential decay, and the
average lifetime value before the addition of Fe** or Cr®" ions
were calculated to be 12.8 ns at the blue emission wavelength.
At the same time, a drastic decrease in the PL decay at 440 nm
was observed upon the addition of either Fe*" or Cr®" analytes.
It was therefore found that the average PL lifetime value was
decreased from 12.8 ns to 5.4 ns and 4.1 ns upon adding Fe**
and Cr®" ions, respectively, at the blue wavelength. In a similar
study, the decay curve at the green emission wavelength
showed a decrease in the average lifetime value to 3.5 ns, from
its unquenched average lifetime value of 13.4 ns, upon the
addition of the Cr®" ions. An interesting point is that the Fe**
ion-sensed sample can also be used to conduct the Cr®" ion
quenching experiment since there is no change in the green
emission intensity upon the addition of Fe®" ions. The
observed PL decay measurements thus supported the PL
experimental data. Therefore, it is concluded that by using the
blue emission-quenched sample (because of the addition of
Fe®"), one can keep the green emission intact and can use this
green emission intact sample to selectively monitor Cr®" ions.
Otherwise, one can monitor both blue and green emission
quenching to quantify the Cr®* ions. Thus, from the PL decay
experiments, it was made clear that the reaction mechanism
behind both Fe*" and Cr®* ion sensing was not static, but is
dynamic in nature. This conclusion, therefore, rules out the
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inner filter effect-assisted quenching in the present samples as
well.

The PL quenching graphs and respective Stern-Volmer
plots,** corresponding to the sensing of the Fe** and Cr®" ions,
are presented in Fig. 12, S5 and S67 for the M5Z7 and M9Z7
samples. The quenching constant values calculated from the
Stern-Volmer plot, corresponding to the quenching of the
emission wavelengths at 440 nm and 520 nm, are tabulated in
Table 1. The blue emission from the M5Z7 sample showed the
lowest detection limit of 39 nM against Fe’* jons with
a quenching constant value of 0.00915 x 10°, whereas the green
emission from the M9Z7 sample showed a better detection limit
of 43 nM against Cr®" with a quenching constant value of 0.0118
x 10°. The R® values corresponding to these sensing experi-
ments are given in Table 1. The data corresponding to other
samples (M2, M5, and M9) are given in the ESI Fig. S7-S10.} The
PL quenching-based sensing experiments thus reveal that the
as-prepared graphene nanostructures not only showed high
selectivity, but also exhibited high sensitivity in the range of 39-
43 nM. The limit of detection of the present study (for both Fe**
and Cr®") are much lower than the safe permissible limits
prescribed by the Environmental Protection Agency, USA.**%
Therefore, our probe can efficiently detect the trace levels of
Fe’" and Cr®" ions in order to maintain the environmental
safety. Also, by comparing the present results with the litera-
ture, it is clear that the limit of detection is much better than
those of most reported values. A detailed comparison with the
literature is presented in the ESIT as separate tables for Fe**
(Table T31) and Cr®" (Table T4%) ions. From the overall sensing
experimental investigations, it is clear that the underlying
mechanism of sensing is the photoinduced electron transfer
from the GQD nanostructures to the analyte metal ions (Fe**
and Cr®").

Now, a question is raised about the insensitivity of Fe*" ions
in the quenching of green emission. We believed that the
strength of the interaction between the sp” graphene domain
and ions matter a lot in the quenching process. To investigate
this, the electron transfer interaction was studied by performing
the quantum chemical calculations in the graphene-ion

complex system. The calculation details are presented

Table 1 Sensing properties (quenching constant, limit of detection (LOD), and R?) of GQDs and GQD interconnected wire-like nanostructures

against Fe** and Cr®* ions”

Fe3+ Cr5+

Quenching LoD limit of Quenching LoD limit of
Sample/analyte constant (x10°) detection (nM) R? constant (x10°) detection (nM) R?
M2-blue 0.00278 33.36 0.9971 0.0114 45.06 0.99482
M5-blue 0.00549 46.31 0.99756 0.012 43.41 0.99704
Ms5-green — — — 0.00652 46.37 0.99339
MOo9-green — — — 0.0114 46.29 0.99667
M5Z7-blue 0.00529 39.14 0.9948 0.00615 45.35 0.99277
M5Z7-green — — — 0.00622 46.27 0.99669
M9Z7-blue 0.00202 45.15 0.99491 0.0131 42.64 0.99524
MO9Z7-green — — — 0.0118 43.54 0.99766

“ Fe - iron, Cr - chromium.

This journal is © The Royal Society of Chemistry 2020
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Fig. 13 Quantum mechanically optimized structures of the interaction of the Fe atom with GQD at (a) bridge site, (b) hollow site and (c) top site.
The Fe atom placed at the bridge and top sites of GQD was moved to the hollow and bridge sites of GQD, respectively. The Fe atom placed at the
hollow site bound at the same site. The black and green colored spheres correspond to carbon and iron (Fe) atom, respectively.
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Fig. 14 Quantum mechanically optimized structures showing the
binding of the Fe atom and Fe®* ion with pristine and carboxyl func-
tionalized GQD, (a) p-GQD-Fe, (b) p-GQD-Fe**, (c) GAD-COOH-Fe
and (d) GQD-COOH-Fe®**. The black, red, white and green colored
spheres correspond to carbon, oxygen, hydrogen and iron (Fe) atom/
ions, respectively.

separately. There are several reports>*%*%57.60-62 on the PL
quenching-based sensing of Fe®* and a few other analytes,
which claim that the photoexcited charge transfer from the

2.09 A
214 A% 2.09 A 2144
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GQD systems to the analytes was the reason for the PL
quenching effect. However, this charge-transfer interaction was
hardly studied theoretically.

In the present work, we made an attempt to study the
interaction between the GQD nanostructures and analytes (Fe**
and Cr®"), which quenched the PL emission from the GQD
nanostructures, using the spin-polarized density functional
theory calculations. In addition, Bader charge analyses were
carried out in order to determine the charge transfer between
the graphene structure and the interacting metal ions.

The pristine graphene sheet and -COOH (carboxylic acid)
functionalized graphene sheet were allowed to interact with
the Fe atom, Fe*' ion, Cr atom, Cr** and Cr®" ions at four
different sites, viz., top, bridge, hollow and edge (the top,
bridge, hollow and edge sites, respectively, represent the
placing of the interacting atom/ion over the head of a carbon
atom, over the bond between two carbon atoms, over the
hollow space of a benzene ring and near the carbon atom at
the edge of the graphene structure (parallel to the graphene
structure)). The optimized structure of the pristine GQD,
GQD-Fe, and GQD-Cr complexes are shown in Fig. 13-15 and
S12-S21.1 The calculated interaction energies are listed in

2054 /\2.05A

C

Fig. 15 Quantum mechanically optimized structures showing the binding of the Cr atom, Cr’* and Cr®* ions with the pristine and carboxyl
functionalized graphene sheets, (a) p-GQD-Cr, (b) p-GQD-Cr**, (c) p-GQD-Cr®* (d) GQD COOH-Cr, (e) GAD-COOH-Cr** and (f) gra-
phene-~COOH-Cr®*. The black, red, white and blue colored spheres correspond to the carbon, oxygen, hydrogen, and chromium atom/ions,

respectively.
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Table 2 Interaction energy (Ei.) (eV) and charge transfer (CT) (e) of
pristine GQD- and GQD-COOH- complexes with Fe, Fe**, Cr, Cr*
and Cré*@

Structure Interacting site Eine (eV) CT (e)
GQD-Fe HH (hollow) ~1.53 0.89
BH (bridge to hollow) —2.70 0.88
TB (top to bridge) —2.22 0.68
EE (edge) —5.32 1.04
GQD-COOH-Fe HH (hollow) —1.18 0.86
BH (bridge to hollow) —1.35 0.87
TB (top to bridge) —0.96 0.73
EE (edge) —2.90 0.92
GQD-Fe** HH (hollow) —2.83 0.84
BH (bridge to hollow) —2.96 0.89
TE (top to edge) —6.23 0.98
EE (edge) —5.62 1.02
GQD-COOH-Fe** HH (hollow) —1.04 0.83
BH (bridge to hollow) —1.19 0.87
TE (top to edge) —4.89 0.93
EE (edge) —2.85 0.59
GQD-Cr HH (hollow) -1.86 0.82
BH (bridge to hollow) —3.68 0.99
TE (top to edge) —4.83 0.97
EE (edge) —3.00 0.65
GQD-COOH-Cr HH (hollow) —0.28 0.82
BH (bridge to hollow) —3.02 0.94
TE (top to edge) —3.35 1.03
EE (edge) —~1.40 0.80
GQD-Cr** HH (hollow) —4.39 0.92
BH (bridge to hollow) —8.54 0.95
TE (top to edge) —10.33 1.05
EE (edge) —8.57 0.95
GQD-COOH-Cr** HH (hollow) —0.28 0.85
BH (bridge to hollow) -2.1 0.97
TE (top to edge) —4.32 1.26
EE (edge) —1.30 0.92
GQD-Cr** HH (hollow) —4.39 0.92
BH (bridge to hollow) —8.54 0.95
TE (top to edge) —10.33 1.05
EE (edge) —8.57 0.95
GQD-COOH-Cr® HH (hollow) —5.09 0.82
BH (bridge to hollow) —6.84 1.08
TE (top to edge) —7.48 0.91
EE (edge) —6.17 0.76

“ Fe - iron, Cr - chromium.

Table 2. From the interaction energy values, it was found that
the edge site was strongly interacting.

The calculations were also done in carboxylic functional
molecule attached GQD-ion complex systems to determine the
influence of the functional molecules on the interaction
strength of the ions with graphene. The GQD-COOH structures
are shown in Fig. 14 and 15. Here, the edge site was also the
highly interactive one. The interaction energies were —2.90 eV
and —4.89 eV for the Fe atom and Fe*" ion, respectively, with an
average bond length of 1.92 A. As shown in Fig. 13, 14 and S13,}
the Fe atom initially placed at the bridge and top sites of gra-
phene was moved to the hollow and bridge sites of GQD, and
the Fe** ion initially placed at the bridge and top sites preferred
to bind at the hollow and edge sites, respectively. The Fe atom

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

and Fe*" ions initially placed at the hollow and edge sites were
covalently bound at the same sites of the graphene network. As
shown in Fig. 14, it was found that the Fe atom and Fe*" ions
formed strong covalent bonds with the respective neighboring
carbon atom of GQD at the edge sites. This result is in agree-
ment with the previous study.®®

As given in Table 2, among all of the configurations studied,
the edge site was the highly interactive and favorable site for
both Fe atom and Fe*" ion with interaction energies of —5.32 eV
and —6.23 eV, respectively. The bond lengths for Fe-C and Fe**-
C were 2.01 A and 2.00 A, respectively, which are comparable to
the typical covalent bond distance between carbon and Fe
atoms. From the Bader charge analysis (Table 2), it was
observed that charges of about 1.04e and 0.98e were transferred
to the Fe atom and Fe®" ion, respectively, from the attached
carbon atom of GQD.

Similar to the Fe atom and Fe*' ion, the Cr atom, Cr** ion
and Cr®" ion were allowed to interact with the pristine graphene
sheet at different sites (top, bridge, hollow and edge).

The optimized GQD-Cr and GQD-COOH-Cr complex struc-
tures are presented in Fig. 15 and S16-S21.T As presented in
Fig. 15, the Cr atom, Cr**, and Cr®" ions also strongly interacted
with GQD at the edge site through a covalent bond formation.
The average bond length between the Cr atom/ion and the
neighboring carbon atom was found to be 2.11 A. As given in
Table 2, the GQD-Cr®" complex had a higher interaction energy
of —10.33 eV, compared to the GQD-Cr and GQD-Cr**
complexes, which demonstrates the higher possibility of inter-
action between the GQD structure and Cr®" ions. The Bader
charge analysis showed that a charge of 1.05e was transferred
from the carbon atom of GQD to the Cr®" ion. The interactions
of the GQD-COOH structure with the Cr atom, Cr**, and Cr®*
ions were also studied. The GQD-COOH-Cr®" demonstrated
a higher interaction energy of —7.48 eV, compared to the other
complexes (Table 2). The electron density difference plots of the
optimized structures with higher interaction energy values in
each complex are shown in Fig. 16. Upon an overall comparison
of the interaction energy values, it was observed that the Cr®"
ions had strong interaction energies. Among the various sites,
the edge, hollow, top and bridge sites showed interaction
strengths in descending order. The interaction energy value
corresponding to the Cr®" ions decreased in the presence of
functional molecules, with the exception of the edge site. In the
case of the interaction of the Fe®' ion with graphene, the
interaction energy values were low in magnitude. The interac-
tion strength further decreased drastically in the presence of
functional molecules. Since we have not observed green emis-
sion quenching by Fe*" ions, by co-relating this experimental
result with the theoretical data, we can conclude that the
interaction strength for the Fe** ions with graphene domains is
weak. Therefore, there is a restriction for the transfer of
photoexcited charge carriers from graphene to Fe** ions. At the
same time, this Fe*" ion can quench the emission from func-
tional molecules.

In the real-time experiments, the nanostructure with
several functional molecules attached to the nanostructure
would encounter Cr®" or Fe®* ions in close proximity,
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Fig.16 Bader charge analysis of (a) GQD—Fe®*, (b) GQD-Cr*", (c) GQD-Cr®", (d) GQD-COOH-Fe>*, (e) GQD-COOH-Cr** and (f) GQD-Cr°*.
The yellow and cyan colors represent the positive and negative surfaces, respectively. The Bader charge analysis indicates the transfer of charge

from GQD to the interaction atom/ion.

establishing a weak interaction. That weak interaction energy
might have been sufficient enough to remove the photoexcited
charge carriers from the functional molecules, thus resulting
in the PL quenching at the blue wavelength. Based on the
experimental and theoretical calculation results, the PL
quenching-based sensing mechanism can be explained as
follows. As discussed earlier, the blue emission around 440 nm
is attributed to both intrinsic (sp> domains) and extrinsic
(-COOH functional groups) factors. While performing the
sensing experiment, the illumination of the GQD sample with
350 nm excitation wavelength excites electrons from both the
sp” domains and functional groups. A competition thus arises
between them to get transferred to the Fe** ion. The electrons
excited from the functional groups compete to get transferred
to the Fe’* ion, whereas the electrons excited from the sp>
domains radiatively recombine to give out blue emission,
which can be seen as unquenched emission in the PL
quenching spectra. Therefore, it is clear that the Fe** ion can
quench only the extrinsic emission from the GQD samples,
which is termed as ‘extrinsic quenching’. It is because of this
reason that the intrinsic green emission could not be
quenched by the Fe®" ions. We hypothesize that the less
positive Fe*" ions (compared to Cr®* ions) are relatively weaker,
and that they could not capture the electrons excited from the
intrinsic origins (sp> domains). Alternatively, the Cr®" ions
underwent ‘intrinsic quenching’ and completely quenched the
intrinsic green emission. This indicates that the Cr®" ions are
strong enough (more positive) to scavenge the excited elec-
trons from both the extrinsic and intrinsic origins.

Conclusion

The dual blue-green emitting graphene cluster-type nano-
structures were prepared by the microwave-assisted synthesis
method. The graphene quantum dots were initially formed by
the reaction without metal content. The systematic increase in

26628 | RSC Adv, 2020, 10, 26613-26630

the urea concentration resulted in the increase of the lateral
dimension of GQDs by increased nitrogen incorporation.
Furthermore, their PL emission maxima shifted from the blue
to green regions. The addition of metal content resulted in the
formation of a new graphene quantum dot (GQD) inter-
connected cluster-type wire-like network morphology. We
investigated the photophysics of the GQD coupled clusters in
detail, and arrived at the following conclusions. The cluster
system exhibited two strong emission colors that were sensitive
to the excitation wavelength. The cluster, as a single system,
behaved with dual-emitting character. The observed dual
emission characteristics were a unique feature of this structure.
In inorganic QD systems, when QDs with different sizes are
brought close enough, the emission of the wide bandgap QD
system is red shifted either through energy transfer or an elec-
tron transfer process. In contrast, the connected GQD system
exhibited dual emission. The possible electron transfer process
from the photoexcited blue emission graphene domain to green
emission domain did not take place. This could be due to the
constraint provided by the local structural disorder around the
domains of the GQDs. As the charge localization mimics the
Coulomb blockade effect in quantum nanostructures, it is
believed that these structures can be used in quantum charge
transport-based applications.

The as-prepared graphene nanostructured samples were
able to selectively detect Fe** ions and Cr®* ions. The photoex-
cited electron transfer from the graphene nanostructures to the
metal ion analytes was the reason behind the quenching
process. The Fe®* ions followed the extrinsic quenching to
selectively quench the extrinsic blue emission, whereas the Cr®*
ions underwent both extrinsic and intrinsic quenching of the
blue-green emissions. The PL decay lifetime investigation
revealed that both Fe and Cr analytes dynamically quenched the
PL emission. Spin-polarized quantum chemical calculations
further confirmed the complex formation between the GQD

This journal is © The Royal Society of Chemistry 2020
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nanostructures and analyte ions, and the resultant electron
transfer interaction.
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