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Anomalous fluorescence enhancement and
fluorescence quenching of graphene quantum
dots by single walled carbon nanotubes†

Ruma Das,a Gone Rajendera and P. K. Giri *ab

We explore the mechanism of the fluorescence enhancement and fluorescence quenching effect of

single walled carbon nanotubes (SWCNTs) on highly fluorescent graphene quantum dots (GQDs) over a

wide range of concentrations of SWCNTs. At very low concentrations of SWCNTs, the fluorescence

intensity of the GQDs is enhanced, while at higher concentrations, systematic quenching of

fluorescence is observed. The nature of the Stern–Volmer plot for the latter case was found to be non-

linear indicating a combined effect of dynamic and static quenching. The contribution of the dynamic

quenching component was assessed through the fluorescence lifetime measurements. The contribution

of static quenching is confirmed from the red shift of the fluorescence spectra of the GQDs after

addition of SWCNTs. The fluorescence intensity is first enhanced at very low concentration due to

improved dispersion and higher absorption by GQDs, while at higher concentration, the fluorescence of

GQDs is quenched due to the complex formation and associated reduction of the radiative sites of the

GQDs, which is confirmed from time-resolved fluorescence measurements. Laser confocal microscopy

imaging provides direct evidence of the enhancement and quenching of fluorescence at low and high

concentrations of SWCNTs, respectively. This study provides an important insight into tuning the

fluorescence of GQDs and understanding the interaction between GQDs and different CNTs, which is

important for bio-imaging and drug delivery applications.

1. Introduction

Graphene quantum dot (GQD) is a zero-dimensional (0D) material
of sp2-hybridized carbon derived from graphene, which can be
regarded as an incredibly small piece of graphene.1 By converting
2D graphene sheets into 0D GQDs, the GQDs exhibit novel
functionalities due to quantum confinement (QC) and edge
effects.2 The QC and edge effects2 of such a 0D nanomaterial
enable the high photoluminescence (PL) yield. Room temperature
visible PL is one of the most outstanding features of GQDs, which
can be easily tailored by controlling their size and shape, doping
nonmetallic ions, and modifying their surfaces and edges.1,3–7

Besides, GQDs also exhibit low toxicity, robust chemical inertness
and good performance in high photostability against photo-
bleaching, water solubility and biocompatibility as compared to
organic dyes and semiconductor quantum dots (QDs).3,8 In this
regard, GQDs have been widely used for cellular imaging,2

energy storage,9 disease diagnosis, drug delivery10 and fluorescence
bio-sensing since their first synthesis.11 Compared with con-
ventional QDs, GQDs have many distinctive optical properties
as a fluorescence probe, for example, strong signal intensity,
high quantum yield and tunable size-dependent photo-
luminescence.2,7,12,13 Based on their novel properties, recently,
concerted efforts have been made to develop sensors based on
turn off and turn on fluorescence of GQDs.14,15 Besides, single
walled carbon nanotube (SWCNT) is also a form of graphene
with rolling of the graphene sheet.16 In the development of
fluorescence biosensors that integrate the quenching property
of SWCNTs and the recognition property of functional nucleic
acids,17 SWCNTs show superior quenching efficiency for a
variety of fluorophores. Ultrasensitive detection of biological
species with CNTs can be realized after surface passivation to
inhibit the non-specific binding of biomolecules on the hydro-
phobic nanotube surface.18 The fluorescence quenching effect
of CNTs has been reported for a variety of molecules, such as
p-stacked pyrenes, porphyrins19,20 chromophores,21 and commonly
used fluorophores like fluorescein, rhodamine 6G and quinine
sulphate.22 Previous studies, such as those on CdSe QDs with
MWCNTs23 and CdSe–ZnS QDs with SWCNTs,24 were reported with
concentrations as low as 10 mg mL�1 of carbon nanotubes.
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Quenching of the PL intensity by SWCNTs is mainly due to the
Förster resonance energy transfer (FRET)22,24 and the charge trans-
fer due to center-to-center distance and relative orientation of
donors and acceptors.25 However, no studies have been reported
on the PL quenching of GQDs by SWCNTs and thus the detailed
mechanism of such a quenching process has not been addressed.

In the present work, we study the effect of SWCNTs on the
PL of GQDs over a wide range of concentrations of SWCNTs, for
the first time, and the concentration of SWCNTs in aqueous
medium was as low as 2 mg mL�1. Most of the reported work
on quenching by SWCNTs dealt with concentrations above
10 mg mL�1 22,24 with semiconductor QDs and dyes. Here, we
report on the initial enhancement of PL intensity of GQDs at
low concentration (o10 mg mL�1) and subsequent quenching
of PL intensity of GQDs at high concentration (Z10 mg mL�1) of
SWCNTs. We explore the mechanism of PL enhancement and
PL quenching by several spectroscopic and microscopic tools.
The energy transfers from GQDs to SWCNTs in the excited state
and complex formation in the ground state are argued to be
primary mechanisms of the quenching of PL from GQDs in the
presence of SWCNTs. At very low concentrations of SWCNTs,
we observe a systematic enhancement of PL of the GQDs, for
the first time. Raman line shape analysis and UV-vis-NIR
absorption spectroscopy are utilized to study the specific nature
of the SWCNTs that interact with the GQDs.

2. Experimental details
2.1. Synthesis of GQDs

Graphene oxide (GO) was synthesized from graphite flakes by a
modified Hummers method.26 In brief, 3 g of expandable
graphite flakes (purity 99%) and 1.5 g of NaNO3 were added
to 69 mL of concentrated H2SO4 and stirred for 2 h. Next, the
mixture was transferred into an ice bath and 9 g of KMnO4 was
drop wise added under stirring. Then the mixture was stirred at
35 1C for 4 h to allow oxidation. Deionized water (DI) was slowly
added to the mixture and stirred at 98 1C for a further 15 min.
The solution was quenched with 15 mL of 30% H2O2. DI water
was added to the mixture to get the aqueous solution. Later, the
solution was centrifuged at 10 000 rpm for 10 min and the process
was repeated for 3 cycles to separate the unreacted flakes and
impurities. Later, it was filtered through a 0.22 mm PTFE membrane
and dried at 100 1C in an oven to obtain the GO powder. In order to
reduce the size of the GO sheets, the as-synthesized GO sheets were
further oxidized with a concentrated H2SO4 and HNO3 mixture
(volume ratio 1 : 3) with 1 mg of GO. The oxidized GO was used for
GQD synthesis. 50 mg of oxidized GO powder was mixed with
50 mL of DI water and was sonicated for a few minutes to achieve a
uniform dispersion. Next, the solution was transferred into a Teflon
lined autoclave (100 mL) and heated at 200 1C for 24 hours, more
details can be found elsewhere.27

2.2. Details of SWCNTs and sensor preparation

Commercially available SWCNTs procured from Sigma-Aldrich
(purity 490%) are used in the present study. The diameters of

the SWCNTs are in the range of 0.7–1.4 nm. The solution was
prepared by mixing different concentrations of SWCNTs with
GQDs in aqueous medium. GQD powder was mixed with the
milli Q water and was sonicated for 10 min to get a 1.0 mg mL�1

uniform solution of GQDs. Different concentrations of SWCNT
solutions were separately prepared in aqueous medium by
proper sonication. In the case of pure SWCNTs without defects,
they are insoluble in aqueous medium. However, we have used
SWCNTs of 90% purity and they contain structural defects, as
revealed from the Raman analysis (discussed later), and the
defective SWCNTs are reasonably well dispersed in aqueous
medium. Fig. S1(a) and (b) (ESI†) shows the dispersed SWCNTs in
MQ water before and after ultra-sonication (15 min), respectively.
From Fig. S1(b) (ESI†), it is clear that SWCNTs are well dispersed in
water after ultra-sonication. At a low concentration of SWCNTs, the
solution is transparent and clear, implying good dispersion.
While at high concentration (60 mg mL�1), the solution is less
transparent. For 50 and 60 mg mL�1, the dispersion tested
20 min after sonication shows some agglomeration, as revealed
in Fig. S1(c) (ESI†). Based on this, the 60 mg mL�1 solution was
not used for the quantitative analysis of PL quenching. However,
for the analysis of complex formation and better understanding
of the structural features of the samples at high concentration,
we have used 60 mg mL�1 SWCNTs for TEM, Raman, UV-vis
absorption and confocal imaging. It is generally believed that the
defects on the sidewall of SWCNTs help in achieving the good
dispersion of SWCNTs by ultrasonication in aqueous medium.
The mechanical method, ultrasonic treatment, provides high
local shear, particularly to the nanotube bundle end28 and
may result in creation of additional defects and thus a good
dispersion. This is further confirmed from the absorption
spectrum of SWCNTs (discussed later). Here, the use of any
stabilizing agent has been avoided as it may cover the surfaces
of the SWCNTs or make some composite with the SWCNTs.29,30

Thus, it could affect the interaction between GQDs and
SWCNTs. 2 mL of SWCNTs solution at different concentrations
(2–60 mg mL�1) was added to 1.0 mL of GQDs solution with
concentration 1.0 mg mL�1 for the study of the fluorescence
effect. The total volume of the solution after mixing GQDs and
SWCNTs was thus 3 mL. For each concentration of GQDs and
SWCNTs, the solution was ultrasonicated for 15 min to obtain
the GQD–SWCNT composite. The sample codes used in this study
are denoted as GQD + xSW, where x = concentration of SWCNTs in
mg mL�1. For example, the sample GQD + 2SW implies that a fixed
concentration of GQDs (1.0 mg mL�1) was added to a 2 mg mL�1

SWCNTs solution. We also varied the concentration of GQDs to
understand the fluorescence enhancement/quenching mechanism.
The samples with GQD concentrations of 0.25, 0.5, and
2.0 mg mL�1 are termed as G25, G5, and G2, respectively.

3. Characterization techniques

The morphology and structural properties of GQDs and SWCNTs
were analyzed using transmission electron microscopy (TEM)
including high resolution TEM (JEOL-JEM 2010) operated at

Paper PCCP

Pu
bl

is
he

d 
on

 1
0 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

by
 I

N
D

IA
N

 I
N

ST
IT

U
T

E
 O

F 
T

E
C

H
N

O
L

O
G

Y
 G

U
W

A
H

A
T

I 
on

 0
2/

05
/2

01
8 

15
:2

2:
19

. 
View Article Online

http://dx.doi.org/10.1039/c7cp06994d


This journal is© the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 4527--4537 | 4529

200 kV. The composition of the sample was obtained from an
energy-dispersive X-ray spectrometer (EDX) (Sigma, Zeiss). XRD
patterns were obtained with a Rigaku RINT 2500 TTRAX-III using
Cu Ka radiation. The steady-state PL measurements were per-
formed by using a 355 nm external laser coupled to a commercial
spectro-fluorimeter (Horiba Jobin Yvon, Fluoromax-4). Time-
resolved PL (TRPL) measurements were carried out with a
375 nm pulse laser excitation and picosecond time-resolved
luminescence spectrometer (Edinburg Instruments, FSP920).
Raman scattering measurements were carried out with 514 nm
Ar+ laser excitation using a micro-Raman spectrometer (LabRAM
HR-800, Jobin Yvon). UV-vis absorption spectroscopy measurements
were performed using a commercial spectrophotometer (Shimadzu,
UV3101PC). Fluorescence imaging of the samples was obtained with
a commercial confocal microscope (Zeiss LSM 880) with 355 nm
laser excitation.

4. Results and discussions
4.1. HRTEM and XRD analyses

Fig. 1 shows the TEM images of GQDs, SWCNTs and their
composites. Fig. 1(a) shows the TEM image of GQDs, which
reveals that GQDs are nearly circular in shape with diameters in
the range 2–7 nm and an average diameter of GQD is 3.6 nm.
Fig. 1(b) shows the HRTEM lattice image of the GQDs with a
lattice pattern of (002) and (100) planes and corresponding inter
planar spacing values of 0.26 nm and 0.22 nm, respectively.12,15

Fig. 1(c) shows the TEM image of the SWCNTs. The white arrows
indicate the presence of structural defects in the SWCNT wall
and those of pink color indicate the presence of metal nano-
particles of Cobalt (Co) and Molybdenum (Mo), as confirmed

from the EDX analysis (discussed latter). Note that the size of
the metal nanoparticles is B6–7 nm, and they are distributed
non-uniformly over the length of the SWCNTs. Fig. 1(d) shows
the high-magnification TEM image of the SWCNTs with a
diameter of B1.5 nm and no metal nanoparticles could be
detected in this region of the SWCNTs. Fig. 1(e and f) shows the
low and high magnification TEM images of the GQD + 2SW
sample. Fig. 1(e and f) provides evidence that B3.5 nm GQDs
are attached to the SWCNT walls. The particle size distribution
of attached GQDs is shown in the inset of Fig. 1(f), which shows
an average size of 3.5 nm. Fig. 1(g and h) shows the low and high
magnification TEM images of GQD + 60SW. The decoration of
GQDs on the surface of SWCNTs is evident from Fig. 1(e–h). We
observed that at higher concentrations of SWCNTs, GQDs
appear to be sandwiched between the SWCNTs, and they appear
in the form of bundles of SWCNTs (Fig. 1(g and h)). The GQDs
are linked to the SWCNT surface by direct attachment.25 Fig. S2
(ESI†) shows the imaging and corresponding elemental mapping
of SWCNT powder. Fig. S2(a) (ESI†) shows the FESEM image and
Fig. S2(b) (ESI†) shows the EDX spectrum that reveals the
presence of carbon, oxygen, cobalt and molybdenum elements,
and their respective atomic percentages are 92.9%, 6.6%, 0.1%,
and 0.5%, respectively. Thus, the SWCNTs contain very small
amounts of metallic impurities that arise from the metal catalysts
used during the growth of the SWCNTs.

To confirm the crystalline structure, phase, and composition
of different samples, XRD patterns were recorded. Fig. S3 (ESI†)
shows the XRD patterns of the GQDs and SWCNTs. Fig. S3(a)
(ESI†) shows the XRD pattern of GQDs, where the peak at
2y = 26.11 corresponds to the G(002) plane of sp2 hybridized
carbon atoms for the highly ordered and crystalline graphitic
structure. The inset in Fig. S3(a) (ESI†) shows the magnified

Fig. 1 (a and b) TEM image and HRTEM lattice image of GQDs, respectively. (c and d) Low and high magnification TEM images of SWCNTs, respectively.
(e–h) Low and high magnification TEM images of GQD + 2SW and GQD + 60SW samples, respectively. The inset of (f) shows the size distribution of
GQDs on the surface of SWCNTs.
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view of the XRD pattern of GQDs in the range 2y = 40–501,
which shows the weak reflections from the G(100) and G(101)
planes due to the presence of functional groups in the GQDs.31

Fig. S3(b) (ESI†) shows the XRD pattern of the SWCNTs. The
XRD peak at 2y = 25.761 corresponds to the (002) plane of sp2

hybridized carbon (denoted by SW(002)) and other peaks at
2y B 431 and B44.141 are due to the SW(100) and SW(101)
reflection planes of SWCNTs.32 An asymmetry in peak shape of
the SW(002) peak of SWCNTs has been observed at 2yB 22.631
due to the diameter distribution and strain in the SWCNTs.32

The weak XRD peaks at 2y = 39.341 and 62.561 correspond to
the (301) and (404) planes of Co, which are present as a metal
impurity in the SWCNTs.33 These results are consistent with the
EDX analysis discussed above.

4.2. Raman spectroscopy analysis

In order to understand the structural features of the pristine
SWCNTs and GQD–SWCNT composite, we have performed Raman
measurements. Fig. 2 shows the Raman spectra for SWCNTs,
GQDs and their composites with different concentrations of
SWCNTs for a fixed concentration of GQD, measured with
514 nm laser excitation. Fig. 2(a) shows the Raman spectra
of SWCNTs, GQDs and their composites at two different con-
centrations. The Raman spectrum of SWCNTs shows the clear
signature for radial breathing modes (RBMs) lying in the region
90–350 cm�1. The inset of Fig. 2(a) shows the enlarged view of
the RBMs with four prominent peaks. From the RBM frequency
(oRBM), we have calculated the diameter and chirality of the
SWCNTs using the equation, oRBM = C/dt (cm�1) (C = 248 cm�1 nm
for isolated SWCNTs on a SiO2 substrate, dt is the diameter of
SWCNT)34 and the results are shown in Table S1 (ESI†). The
obtained value of the SWCNT diameter is consistent with TEM
analysis (Fig. 1(c)). From the chirality analysis, a semiconducting
as well as metallic nature of the SWCNTs was confirmed.
Chiralities of (16,7) and (12,0) are due to the metallic SWCNTs
with diameters of 1.60 nm and 0.94 nm, respectively, while the
chiralities of (13,6) and (11,3) are due to the semiconducting
SWCNTs with diameters of 1.32 nm and 1.00 nm, respectively.35,36

These results are consistent with the G-band analysis shown in
Fig. 2(b). To obtain detailed information about the metallic and
semiconducting nature of the SWCNTs, the Raman spectrum of
SWCNTs in the range 1200–1850 cm�1 was fitted with 5 peaks with
Lorentzian line shape and one peak with Breit–Wigner–Fano (BWF)
line shape, as shown in Fig. 2(b). The Lorentzian peaks at
1339 and 1593 cm�1 are due to the characteristic D and G
bands of SWCNTs, respectively. The BWF line shape fitted peak
at 1531 cm�1 (peak 2) corresponds to metallic SWCNTs34 and
the Lorentzian peak at 1570 cm�1 (peak 3) reveals the presence
of semiconducting SWCNTs.34 The other two weak Raman
bands at B1720 and B1760 cm�1 are reportedly due to the
presence of M� and M+ bands in SWCNTs.34 The semiconducting
and metallic nature of the SWCNTs was further confirmed from
the Raman frequency calculation using the equation, o = o0 +
b/d2,34 where b = �45.7 cm�1 nm2 for semiconducting nature
and b =�79.5 cm�1 nm2 for metallic nature, diameter of SWCNTs
d = 1.5 nm, o0 = Raman frequency of G band = 1593 cm�1.

The calculated values of o nicely matched with the fitted band
frequencies. Note that the area under the Raman peak corres-
ponding to the metallic peak (peak 2) in Fig. 2(b) is B2 times
higher than that of the semiconducting peak (peak 3). This implies
the dominance of metallic SWCNTs in our sample. The other

Fig. 2 (a) Raman spectra of pristine SWCNTs, GQDs and GQD–SWCNT
composite at two different concentrations of SWCNTs keeping the GQD
concentration fixed. The inset shows the presence of different chirality SWCNTs
related to metallic (M) and semiconducting (S) SWCNTs. (b) Raman spectrum of
SWCNTs fitted with one BWF and five Lorentz peaks. (c) Comparison of
frequency of G band (normalized) and D0 band for different composite samples,
showing the red shift with respect to the pristine SWCNT spectrum.
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characteristic Raman bands of SWCNTs and GQDs can also be seen
from Fig. 2(a). The characteristic Raman D band in graphitic
materials originates from disorder in the structure and the G band
is due to the in-plane lattice vibrations of sp2 carbon.34 In the case of
the SWCNTs, the D and G bands appear at B1339 and 1593 cm�1,
respectively. The first overtones of the D band are at 2661 cm�1

(2D or G0 band)37 and at B3138 cm�1, which is known as the D + D0

band. In the case of the GQDs, the characteristic D band at
1355 cm�1 arises from the violation of the momentum conservation
law due to the formation of defects or edge states (zigzag and
armchair). The G band at 1580 cm�1 is due to the in-plane lattice
vibrations of sp2 carbon. The ratio of intensity of the D to G band
(ID/IG) is 0.39 for the GQDs. Another band at 1614 cm�1, which is
known as the D0 band, is attributed to vacancies and/or pentagonal
and octagonal defects, usually referred to as zigzag defects.27 The
Raman peak of the GQDs at 2723 cm�1 is called the G0 band or 2D
band, which is a second-order Raman process originating from the
in-plane breathing-like mode of the carbon rings.38 The D + D0 band
of the GQDs is a combined effect of D and D0 (3243 cm�1).38 After
mixing of GQDs with SWCNTs, RBM features disappeared comple-
tely from the Raman spectra (Fig. 2(a)), which indicates the attach-
ment GQDs to the SWCNTs. Fig. 2(c) represents the normalized
Raman spectra of SWCNTs, GQDs and their composites.
The combined effect of SWCNTs and GQDs shows a red shift of

the G peak and a blue shift of the D, G0 and D + D0 peaks with
respect to the SWCNTs (see Fig. 2(a and c)). The shift of defect-
related peaks is shown in Fig. 2(a) with a vertical dashed line. The
shift in the Raman modes confirms the bonding of GQDs with
SWCNTs. The shift of the G band in the hybrid sample is shown in
Fig. 2(c). It is clear that the Raman peak at B1617 cm�1 (D0) for the
GQDs is red shifted after the addition of 2 mg mL�1 SWCNTs, while
it disappears with 60 mg mL�1 SWCNTs. With the addition of
SWCNTs, the width of the G peak became narrower due to the
better dispersion of the GQDs. This may also imply a reduction of
metallic behavior of the SWCNTs due to bundling effects at higher
concentration. Similarly, the intensity of the D and D0 band was
reduced at higher concentrations of SWCNTs, which is due to the
stronger bonding between GQDs and SWCNTs in the defect sites.
The red shift of the G mode in GQD + 2SW (10 cm�1) is less than
that of GQD + 60SW (12.2 cm�1) with respect to the SWCNTs (see
Fig. 2(c)), which indicates that tensile strain is increasing with the
SWCNT concentration and binding becomes stronger.

4.3. UV-vis absorption studies

Fig. 3(a–c) shows the UV-visible absorption spectra of the GQDs,
SWCNTs and their composites at different concentrations of
SWCNTs. Fig. 3(a) shows the UV-vis absorption spectrum of the
GQDs. The absorption peak of the GQDs at B270 nm represents

Fig. 3 (a) UV absorption spectrum of GQDs showing a band gap of B3.24 eV. (b) UV-vis-NIR absorption spectrum of pristine SWCNTs solution
(2 mg mL�1) with the inset showing the enlarged view in the visible (400–830 nm) and NIR region (900–1300 nm) of the spectrum. (c) Comparison of
absorption spectra of GQDs and GQD–SWCNT composite showing the prominent red shift at higher SWCNT concentration with respect to GQDs. (d) PL
spectra of GQDs before and after addition of SWCNTs showing the change in intensity and peak position.
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the characteristic p–p* transition, which signifies the transition
of sp2 carbon domains and it arises from the quantum confine-
ment effect, while the absorption tail extending up to 500 nm is
due to the n–p* transition that appears due the presence of
functional groups in the GQDs.27,31 The quantum confinement
effect is strongly supported by TEM results that show an average
size of B3.6 nm for the GQDs. The optical band-gap of the
GQDs was estimated to be 3.24 eV by taking the intercept of the
extrapolation of the absorption edge to the wavelength X-axis
(B383 nm).13 The absorption spectrum of the SWCNTs (2 mg mL�1)
in the UV-vis-NIR region is shown in Fig. 3(b). This is an important
tool for assessing the quality of a dispersion of SWCNTs. Bundled
SWCNTs are hardly active in the wavelength region between
200 and 1200 nm because of carrier tunneling between the
nanotubes. From the absorption spectra, it is clear that after
sonication, the SWCNTs are nicely dispersed and there is no
bundle effect. Higher absorbance at a higher concentration of
SWCNTs is consistent with the previous report.39 Since the
SWCNTs solution is sonicated both before and after mixing
with GQDs, no agglomeration or bundle effect of SWCNTs
occurs at low concentration. It has been reported that the
absorbance of a SWCNTs solution shows a maximum between
200 and 300 nm and gradually decreases from the UV to near-IR
region.39 Fig. 3(b) shows a plasmon resonance band at B273 nm
due to metallic SWCNTs, a metallic M11 band in the region 450–
670 nm, and semiconducting S22 bands at B963 and B1157 nm.
Different peaks corresponding to the metallic and semiconducting
regions are due to the presence of the different diameters of
the SWCNTs.40,41 Thus, the absorption spectrum confirms the
presence of both metallic and semiconducting SWCNTs in the
samples. This is consistent with the Raman analysis. The clear
absorption bands in the Vis-NIR region also confirm that the
SWCNTs are nicely dispersed in MQ water.39 It has been
reported that at low concentration, the SWCNTs show primarily
a metallic nature due to less aggregation. In contrast, at high
concentration, aggregated SWCNTs show only the semi-
conducting behavior.41 We found that at low concentration
(GQD + 2SW), SWCNTs in the presence of GQDs show an
absorption band at B370 nm (see Fig. 3(c)), which represents
metallic behavior of SWCNTs, while at higher concentration,
this band is not distinct. At low concentration, when the metallic
SWCNTs are surrounded by semiconducting GQDs, the metallic
SWCNTs show plasmon resonance like a metallic particle in a
dielectric medium.42 At lower concentration, metallic SWCNTs
increase their absorption intensity at B273 nm due to the
plasmonic resonance overlap with the p–p* absorption of GQDs.
The metallic SWCNTs increase the local incident field on the
GQDs, which enhances the PL of the composite. At higher
concentration of SWCNTs, the effective dielectric medium con-
tribution is less since semiconducting GQDs are insufficient to
surround the SWCNTs. At lower concentration of SWCNTs,
GQDs also prevent SWCNTs from agglomerating with surrounding
SWCNTs, whereas at higher concentration of SWCNTs, due to the
insufficient amount of GQDs, SWCNTs agglomerate easily and
then SWCNTs tend to show semiconducting nature only.41 Since
CNTs contain highly delocalized p-electrons, the surface of CNTs

can be easily attached with the p electron rich structure of GQDs
through p–p interactions by making a complex.22 Because of the
complex formation, we noticed a red shift at higher concentrations
of SWCNTs.43 The red shift of the absorbance at higher
concentration may also indicate the bundle formation of
SWCNTs in the presence of GQDs.42 Fig. 3(d) shows the PL
spectra of GQDs before and after addition of SWCNTs aqueous
solution for two extreme concentrations. It is clear that the PL
intensity of the GQDs is enhanced after addition of SWCNTs at
very low concentration (2 mg mL�1), while the PL is strongly
quenched after addition of SWCNTs at high concentration
(50 mg mL�1).

4.4. PL sensing studies

Fig. 4 shows the PL characteristic of GQDs before and after
addition of SWCNTs at different concentrations. Fig. 4(a) shows
the PL spectra of GQDs before and after the addition of
SWCNTs at concentrations of 2, 4, 6 and 8 mg mL�1. The PL
intensity is first increased for 2 and 4 mg mL�1 SWCNTs
addition and then it starts decreasing for 6 mg mL�1 and higher
concentration. Note that 1.0 mg mL�1 GQDs with 2 mL of MQ
water solution is taken as the reference, considering any dilution
effect, which is found to be very small in the present case (see
Fig. S4, ESI†). We noticed a red-shift of B5 nm in the PL peak
of GQDs after addition of SWCNTs with concentrations of 2, 4,
6 and 8 mg mL�1. This red shift of PL peak indicates some
interaction between GQDs and SWCNTs. Fig. 4(b) represents
the PL spectra of GQDs before and after addition of SWCNTs
with concentrations of 10–50 mg mL�1. After mixing of the
SWCNTs aqueous solution with the GQDs, the PL intensity of
the GQDs systematically decreased with increasing concentration
of SWCNTs and the PL intensity was quenched by B74%
(Fig. 4(b)) at a concentration of 50 mg mL�1 SWCNTs. The
PL quenching effect is prominent for concentrations above
10 mg mL�1 of SWCNTs. To the best of our knowledge, there
is no detailed study of quenching below 10 mg mL�1 SWCNTs
solution in PL studies. For a better understanding, 2, 4,
6 mg mL�1 SWCNT solutions have been tested with a constant
GQD concentration (1.0 mg mL�1). In each case, at lower
concentrations, after adding SWCNTs to GQDs, the PL intensity
of GQDs increased as compared to that of the pristine GQDs
(see Fig. 4(a)) and the intensity is highest for the lowest
concentration (2 mg mL�1) of SWCNTs. The change in PL
intensity is consistent with the UV absorbance spectra. The
increase in PL intensity at lower concentration is supported by
a broad absorbance peak at 370 nm for the GQD + 2SW sample,
which is absent at higher concentration. The above observation
of quenching of PL at different concentrations can be explained
as follows: after the addition of 10 mg mL�1 SWCNTs, the PL
intensity of GQDs starts to be quenched and the PL intensity is
reduced by B4.3%. A further increase of the concentration of
SWCNTs up to 50 mg mL�1 results in the reduction of PL
intensity of the GQDs by B74%. With the addition of SWCNTs,
the D band intensity of the GQDs is decreased implying a
reduction in the defect density due to the strong interaction of
the GQDs with the SWCNT walls, as revealed from the Raman

Paper PCCP

Pu
bl

is
he

d 
on

 1
0 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

by
 I

N
D

IA
N

 I
N

ST
IT

U
T

E
 O

F 
T

E
C

H
N

O
L

O
G

Y
 G

U
W

A
H

A
T

I 
on

 0
2/

05
/2

01
8 

15
:2

2:
19

. 
View Article Online

http://dx.doi.org/10.1039/c7cp06994d


This journal is© the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 4527--4537 | 4533

data in Fig. 2(a). Due to the decrease of defect states of GQDs,
radiative sites of GQDs decrease and thus the PL intensity is
quenched. As GQDs are a planar molecule, p–p interaction
between the GQDs and the wall of SWCNTs is favorable.22,43

Here, GQDs and SWCNTs form a composite by p–p interaction,
which is confirmed from the red shift of the PL peak after
addition of SWCNTs. Therefore, GQDs transfer electrons to
SWCNTs and this reduces the PL intensity due to the lack of
recombination. The valence band (VB) position of GQDs with
particle size 2–7 nm is around �3 eV13 and that of SWCNTs is
�5 eV44 with respect to the vacuum level. Thus, in the composite
system, charge transfer from GQDs to SWCNTs is expected. It
has been reported that quenching of PL of QDs depends on the
charge transfer based on the center-to-center distance and
relative orientation of donor and acceptor.25 Another group
reported that the formation of a SWCNT–CdSe QD complex
favors electron transfer from the QDs (donor) to the SWCNTs
(acceptor) such that the excited electrons are accepted by the
SWCNTs rather than being emitted as the PL peak.23 So, the
charge transfer from GQDs to SWCNTs is very likely due to a
specific band alignment at the GQD–SWCNT interface.

Note that at higher concentrations of SWCNTs, the semi-
conducting behavior of SWCNTs dominates due to the aggregation
effect. Thus, at the higher concentration of SWCNTs, due to the
complex formation, GQDs transfer electrons to semiconducting
SWCNTs and PL is quenched. However, at very low concentrations

(2–8 mg mL�1) of SWCNTs, GQDs are highly dispersed in water
in the presence of SWCNTs and the absorbance is higher for
the GQDs. This leads to the enhancement in PL intensity at low
concentration of SWCNTs. In addition, the metallic nature of
SWCNTs at low concentration may also contribute to the
enhancement of PL depending on the separation between
GQDs and SWCNTs. It has been reported that a large distance
between the fluorophore and metal nanoparticle results in an
enhancement of PL, which is expected at a low concentration.8

In contrast, the small distance between the fluorophore and
metal nanoparticle expected at high concentration results in
quenching of PL. A similar observation has been made for con-
ventional QDs.8,45 Note that the presence of metallic impurities,
such as Co and Mo at very low concentration is unlikely to affect
the PL intensity in the present case due to their non-plasmonic
nature. In the low concentration region, the absorption spectra
show a strong plasmonic resonance peak whose intensity is
highest for the 2 mg mL�1 SWCNTs and it goes down with
increasing concentration up to 8 mg mL�1. Thus, the PL intensity
is highest at the lowest SWCNT concentration, partly due to the
higher plasmonic absorption. It is also partly due to the fact that
the dispersion of GQDs in aqueous medium is substantially
improved with the addition of SWCNTs at low concentration,
as is evident from the higher absorbance of the GQD + 2SW
spectrum in Fig. 3(c), despite the extremely low absorbance of the
SWCNTs themselves (see Fig. 3(b)). Note that at low SWCNT

Fig. 4 Comparison of PL spectra of GQDs (concentration 1.0 mg mL�1) with SWCNTs at (a) low (2, 4, 6 and 8 mg mL�1) and (b) high (10, 20, 30, 40 and
50 mg mL�1) concentrations. (c) The PL intensity ratio, I0/I vs. concentration of SWCNTs at low concentration, showing a linear behavior. (d) Stern–Volmer
plot at high concentration of SWCNTs showing non-linearity and fitted with a compressed-exponential function.
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concentration, the complex formation between GQDs and
SWCNTs is not favorable and GQDs behave like isolated particles,
which is confirmed from Fig. 1(f) and (h). At lower concentra-
tions, GQDs are well dispersed and not agglomerated on the
surface of the SWCNTs, and this gives rise to the higher PL
intensity. In contrast, at high concentrations of SWCNTs, the
GQDs form complexes with the SWCNTs at the defect sites and
due to faster charge transfer, the PL intensity is reduced. In
addition, it has been reported that at low concentration, the
SWCNTs show primarily a metallic nature due to less aggrega-
tion. Here, we observe that GQD + 2SW showed the maximum PL
intensity (82% higher than the pristine GQDs).

Here, we have noticed two different PL behaviors of GQDs,
namely enhancement and quenching of PL at low and high
concentration of SWCNTs, respectively. The nature of change in
intensity of PL at very low concentrations of the samples is
found to show a linear relationship and can be fitted with the
following equation:

I0

I
¼ aþ bx (1)

where a and b are constants. The linear fitting of the data yields
the values of a = 0.51 and b = 0.01 mL mg�1 (Fig. 4(c)). Thus, it
follows the linear Stern–Volmer equation, implying static
quenching at low concentration.

Fig. 4(d) shows the SWCNT concentration vs. PL intensity
ratio (before and after addition of SWCNTs with GQDs). At
higher concentrations of SWCNTs, the nature of quenching of
PL of the GQDs shows a nonlinear behavior. This is fitted with
a compressed-exponential (faster than exponential) growth
behavior using the following equation22

I0

I
¼ expðb½Q�Þa (2)

where I0 and I are the PL intensities of the GQDs before and
after addition of SWCNTs, Q is the concentration of SWCNTs
and ‘b’ and ‘a’ are constants. The fitted values of the constants
are b = 0.02 mL mg�1 and a = 2.81. Such a positive deviation
from the Stern–Volmer equation is observed when the extent of
quenching is large.22 Due to the presence of defects as well
as strong complex formation with SWCNTs, the quenching
efficiency is unusually high and follows a faster-than exponential
growth behavior with a = 2.81, as compared to the modified
Stern–Volmer equation with a = 1.0.22 The presence of structural
defects in SWCNTs is confirmed from the Raman and TEM
analyses. This non-linear nature of the Stern–Volmer plot arises
from the combined dynamic and static quenching contributions.
After the addition of SWCNTs to GQDs, the red shifts in the
absorbance as well as in PL spectra reveal the ground state
complex formation between GQDs and SWCNTs.22,43 The change
in lifetime of the composite with respect to the GQDs confirms
the contribution of dynamic quenching (discussed later). It has
been reported that catalyst metal nanoparticles do not have any
significant role in quenching of fluorescence at a SWCNT
concentration of 10 mg mL�1 in aqueous medium.22 The present
result reveals that at SWCNT concentration o10 mg mL�1, the PL

intensity of GQDs increased possibly due to the high dispersion
of GQDs and the metallic nature of the SWCNTs at low con-
centration, which may enhance the local electromagnetic field on
the GQDs.

To test the reproducibility of the results, the PL analysis was
carried out for different concentrations of GQDs (2, 0.5 and
0.25 mg mL�1). For 0.5 mg mL�1 GQDs, the PL data and the
analysis results are shown in Fig. S5 (ESI†). The natures of the
PL enhancement and PL quenching are exactly identical. Note
that the constants and slope of the lines are different for
different concentrations of GQDs due to the difference in
nature of the interactions. We found that at high concentration
of GQDs (i.e. 2.0 mg mL�1), quenching is high due to a high
rate of complex formation. At low concentration of GQDs, first,
a systematic enhancement is observed and later quenching
is observed, though the quenching is relatively less due to
inadequate complex formation (see Fig S6, ESI†). At lower
concentration, the GQDs are well separated from each other
and the SWCNTs have more open surface to increase the local
field on the GQDs.

4.5. TRPL analysis

In order to understand the charge transfer dynamics in the GQD–
SWCNT composite, we have performed the TRPL measurements
on the pristine GQD and GQD + SWCNT composites. Fig. 5 shows
the TRPL spectra of the GQDs and the composite of GQDs with
SWCNTs. The carrier lifetime is obtained by a bi-exponential fit of
the PL decay data using the following equation.

yðtÞ ¼ B1e
�t=t1 þ B2e

�t=t2 (3)

where t1 and t2 are the components of lifetime and B1 and B2

are the corresponding amplitudes and t is the instantaneous
time. Fig. 5 shows the TRPL spectra of the GQDs and GQD–
SWCNT dispersions. The inset shows the fitted parameter of
the corresponding samples. The lifetimes (t1, t2) in GQDs could
be due to the recombination of charge carriers from edge sites
and functional group defects of GQDs.46 The average carrier

Fig. 5 Time-resolved fluorescence spectra (symbols) with bi-exponential
fit (solid lines) to the decay curves for GQDs before (t = 4.79 ns) and after
addition of SWCNTs at 2 mg mL�1 (t = 5.80 ns) and 50 mg mL�1

concentration (t = 3.45 ns).

Paper PCCP

Pu
bl

is
he

d 
on

 1
0 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

by
 I

N
D

IA
N

 I
N

ST
IT

U
T

E
 O

F 
T

E
C

H
N

O
L

O
G

Y
 G

U
W

A
H

A
T

I 
on

 0
2/

05
/2

01
8 

15
:2

2:
19

. 
View Article Online

http://dx.doi.org/10.1039/c7cp06994d


This journal is© the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 4527--4537 | 4535

lifetime (tavg) in each case is calculated using the formula

tavg ¼
PBiti2

Biti
. The tavg of the pristine GQDs is 4.79 ns. At high

concentration (50 mg mL�1) of SWCNTs, the tavg of the complex
is 3.45 ns, which is smaller than that of pristine GQDs indicating
faster electron transfer from GQDs to SWCNTs. It is clear from
the fitting parameters shown in Table S3 (ESI†) that the
contribution of faster decay is increasing with increasing
concentration of SWCNTs, which strongly suggests the non-
radiative charge transfer from GQDs to SWCNTs.47 The change
in the lifetime in TRPL analysis as well as non-linear nature of
I0/I vs. concentration graph confirmed the ground state complex
formation between GQDs and SWCNTs. In steady state and
time-resolved experiments, the PL of GQDs is quenched by the
presence of a higher concentration of SWCNTs, an indication
for fast and efficient energy trapping at the SWCNT site.48 At the
lower concentration of SWCNTs, the increase of the decay time
of the complex is due to the increase of radiative sites by the
local field enhancement with metallic components. In Table S3
(ESI†), the fitment error factor value for each fitted line and
average life time have been shown.

4.6. Confocal microscopy imaging

To obtain more direct evidence of the anomalous fluorescence
activity of GQDs before and after addition of SWCNTs, we have
performed the fluorescence confocal imaging of the pristine
and composite GQD samples at two different concentrations.
Fig. 6 shows the laser confocal imaging of the GQDs, SWCNTs
and their composites. For comparison, we have taken all
fluorescence images under identical conditions. The change
in fluorescence intensity of GQDs at different concentrations of
SWCNTs is evident from Fig. 6. Fig. 6(a and b) depicts the

fluorescence images of GQDs and SWCNTs, respectively. It is
evident that GQDs exhibit strong blue fluorescence (see
Fig. 6(a)). On the other hand, SWCNTs do not show any
fluorescence (see Fig. 6(b)). In contrast, after the addition of
SWCNTs at very low and high concentrations to the GQDs, the
fluorescence images of the composites are distinctly different.
Fig. 6(c and d) represents the fluorescence images of GQDs with
of 4 mg mL�1 and 60 mg mL�1 concentrations of SWCNTs,
respectively. As compared to the prinstine GQD fluorescence,
the brighter fluorescence of the composite is clearly visible for
the 4 mg mL�1 concentration of SWCNTs (see Fig. 6(c)). On the
other hand, we noticed a low fluorescence background at
higher concentration (60 mg mL�1) of SWCNTs with GQDs
(see Fig. 6(d)), clearly demonstrating the strong quenching
effect of SWCNTs.

Based on our results, we propose that during ultrasonication,
the complex formation of GQDs and SWCNTs occurred. We
propose that the defect sites in SWCNTs are primarily responsible
for the formation of a composite between GQDs and SWCNTs.22

Fig. 7 shows a schematic of the complex formation between
GQDs and SWCNTs. The functional groups in GQDs are attached
at the defects sites in SWCNTs to make a complex and this is
responsible for the fluorescence quenching in the composite.
Such a model is strongly supported by our Raman and PL results.
Further studies may be carried out on the energetics of the GQD–
SWCNT composite by computational and experimental means
for a better understanding of the quenching process.

5. Conclusions

In conclusion, we have demonstrated the anomalous fluores-
cence activity of GQDs in the presence of SWCNTs in disper-
sion. Interestingly, at very low concentration of SWCNTs, the
fluorescence intensity of GQDs is enhanced with the reduction
of SWCNT concentration keeping the concentration of GQDs
fixed. It was shown that the PL enhancement occured for the
SWCNT concentration up to 8 mg mL�1 and the enhancement is
maximum at the concentration of 2 mg mL�1. Above 10 mg mL�1

concentration of SWCNTs, the PL intensity of GQDs showed
quenching and at 50 mg mL�1 SWCNT concentration, the

Fig. 6 Laser confocal microscopy images of (a) GQDs, (b) SWCNTs,
(c) GQD + 4SW and (d) GQD + 60SW composite samples measured with
the 355 nm laser excitation.

Fig. 7 A schematic illustration of the attachment of GQDs on the surface
of SWCNT.
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quenching efficiency was 74% with respect to the pristine
GQDs. Two different types of behavior in two different con-
centration regions are due to the difference in the nature of
interactions between the SWCNTs and GQDs. The metallic and
semiconducting nature of the SWCNTs is evidenced from the
Raman spectral analysis. The higher PL intensity of GQDs at
low concentration of SWCNTs is due to the improved dispersion,
higher absorbance and dominance of the metallic behavior of the
SWCNTs, which increases the incident local field on the fluoro-
phores caused by the plasmonic effect. In contrast, at higher
concentrations of SWCNTs, due to the complex formation, charge
transfer becomes more dominant and it results in PL quenching.
In the high concentration region, the Stern–Volmer plot was
found to be non-linear following a compressed-exponential
behavior, while at very low concentrations of SWCNTs, the plot
shows linear behavior. In the higher concentration region, a
dynamic as well as static quenching contribution was evidenced
from the TRPL analysis. These results provide important insights
to tune the fluorescence intensity of GQDs and understand the
interaction between GQDs and SWCNTs, which is important for
bio-imaging and drug delivery applications.
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