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A B S T R A C T   

Herein, carbon quantum dots (CQDs) are anchored on reduced graphene oxide (rGO) sheets by sonochemical 
assisted method. The developed carbon quantum dots/reduced graphene oxide (CQDs/rGO) catalyst shows 
enhancement in the photocatalytic degradation of methylene blue and methyl orange under visible light 
compared to that of individual CQDs and rGO components. The improved performance of the CQDs/rGO catalyst 
has been attributed to efficient separation of photogenerated charge carriers as studied by photoluminescence 
studies and to increase in the surface area as studied by Brunauer-Emmett-Teller method. The photocatalytic 
degradation is studied in detail by varying catalyst loading, dye concentration and the rate constant is deter
mined by first order kinetics. The enhancement in photocatalytic activity of CQDs/rGO catalyst is validated by 
first principles density functional theory (DFT) calculations which shows the enrichment in density of states 
thereby decreasing the work function.   

1. Introduction 

Carbon quantum dots, a zero dimensional nanomaterials with size 
less than 10 nm, have attracted significant research attenton because of 
their fascinating electronic properties, low toxicity, chemical inertness, 
good solubility, tunable fluorescence, easy surface modification, resis
tance to photo bleaching etc. [1–3]. These germane physicochemical 
properties have been explored for a wide range potential applications, 
including in catalysis [4], sensors [5], optronics [6], bioimaging [7], bio 
medicine [8]. Researchers have synthesized CQDs by various methods 
viz. hydrothermal [9], solvothermal [10], chemical ablation [11], laser 
ablation [12], microwave radiation [13], and sonochemical method 
[14]. Among all these methods, sonochemical assisted method has many 
advantages as it has fast reduction rate, environmental friendly, very 
small clusters can be produced and, it does not require any additional 
reducing agents, temperature, pressure [3,15]. Sonochemical assisted 
method uses acoustic cavitation phenomenons such as the formation, 
growth and impulsive collapse of bubbles [14,15]. In the context of 
sonochemical synthesis of CQDs, Liu et al., [16] have synthesized 

narrowly distributed CQDs of diameter in the range of (1.5–2.5) nm 
using ultrasonication. The monodispersed water soluble CQDs of size 
less than 5 nm were synthesized by Li [17] et al., using glucose by ul
trasonic method. Kumar et al., [18] have reported the synthesis of CQDs 
with an average diameter of (2–9) nm using polyethylene glycol as a 
precursor by sonochemical method. The spherical CQDs of an average 
size of around 10 nm were synthesized by Maruthapandi et al., [19] 
using a sonochemical assisted method at 70 ◦C. In situ sonochemical 
method was used for the synthesis of Sn@C-dots and hybrid Sn@C- 
dots@Sn by Kumar et al. [20] with carbon dots of an average size of 
5 nm at 75 ◦C. Kumar et al. [21] have prepared about (3–7) nm size of 
disc shape carbon dots using polyethylene glycol under a sonochemical 
assisted method with different amplitudes. Wei et al. [22] have studied 
the sonochemical method synthesis of highly photoluminescent CQDs of 
size (3–7) nm which exhibited high quantum yield and excellent 
photostability. 

Nevertheless, the good luminescence property of CQDs will make the 
electron and hole to recombine soon thereby decreasing the photo
catalytic activity of CQDs under visible light. This drawback can be 
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overcome by anchoring CQDs on some conducting two dimensional 
sheets such as graphene so that the generated electrons and holes can be 
efficiently separated [23]. Graphene is a two dimensional, monolayer of 
carbon atoms arranged in a honeycomb structure. Reduced graphene 
oxide (rGO) being an analogue of graphene, produced by removing 
oxygen functional groups viz. epoxy, carboxyl and hydroxyl groups from 
graphene oxide (GO) [24]. The reduction of GO to rGO can be done by 
many methods such as thermal, hydrazine, hydrothermal, green, irra
diation and sonochemical method [25,26]. The impulsive collapse of 
bubbles which are produced during acoustic cavitation of sonochemical 
method will remove the oxygen functional groups from GO thereby 
forming rGO at no cost of any harsh reducing agent and high tempera
ture [27]. The so produced rGO was anchored by various kinds of 
nanoparticles to use them as sensor [28], solar cell [29], electrochemical 
detection [30], supercapacitor [31] and catalyst [32]. Recently, few 
researchers have anchored CQDs on rGO to use them as supercapacitor 
[33], fluorescencents [34] and electrocatalyst [35]. Nevertheless, as per 
our knowledge, there is no report for the synthesis and simultaneous 
anchoring of CQDs on rGO sheets, and its application as photocatalyst 
under visible light. 

Therefore, herein, the CQDs/rGO nanocomposite, CQDs and rGO 
were synthesized by sonochemical assisted method. The as prepared 
CQDs/rGO nanocomposite was characterized by high resolution trans
mission electron microscopy (HRTEM), X-ray diffractogram (XRD), 
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), photo
luminescence (PL) spectroscopy, UV–Visible spectroscopy and the sur
face area was measured by Brunauer-Emmett-Teller method. The 
developed CQDs/rGO catalyst was applied to study the photocatalytic 
activity for the degradation of MB (basic) dye and MO (acidic) dye under 
sun light. Also, the detailed photocatalytic degradation was studied by 
varying catalyst loading and initial concentration of dye, and the reac
tion rate constant of catalysts were determined using first order kinetics. 
Further, the photocatalytic activity of CQDs/rGO catalyst was validated 
by theoretically calculated density of states and work function using first 
principles density functional theory methods. 

2. Experimental section 

2.1. Materials 

Glucose, polyethylene glycol, methylene blue, methyl orange and 
chemicals used for the synthesis of graphene oxide were procured from 
Sigma Aldrich. Other chemicals used were of analytical grade, unless 

specified. Throught out the experiments Milli-Q water was used. 

2.2. Sonochemical assisted synthesis of CQDs/rGO nanocomposite 

The modified Hummers’ method was used for the preparation of 
graphene oxide from graphite and the synthesis route is explained 
elsewhere [36]. The GO with concentration of 0.25 mg/mL was pre
pared by dispersing it in distilled water and sonicated for 30 min. 15 ml 
of aqueous solution containing 0.4 M of glucose and 1 M of polyethylene 
glycol was added to 30 ml of GO, and stirred for 30 min. Then, the so
lution was probe sonicated by inserting ultrasonic transducer ~2 cm 
above the bottom of test tube for 3 h with sonication amplitude as 60% 
using LABMAN PRO-250 Ultrasonicator having power 250 W. The 
unreacted precursors of the sample were removed by centrifugation 
(REMI R-4C) at 10,000 RPM for 20 min and the precipitate was 
collected. By changing the Milli-Q water for 3 days for every 24 h, the 
collected precipitate was further purified with the help of a 1 kda dial
ysis membrane. Then, CQDs/rGO nanocomposite was obtained through 
freeze drying of dialyzed solution. Similarly CQDs and rGO was syn
thesized without GO and CQDs precursors respectively. The schematic 
representation of formation of CQDs/rGO nanocomposite by sono
chemical assisted method is shown in Scheme 1. During sonochemical 
synthesis, ultrasonic radiation will create organic radicals by cavitation 
bubbles and pyrolysis caused the carbonization of glucose forming CQDs 
[2] and also removes oxygen functional groups from GO forming rGO 
[37,38]. Typically, individual rGO sheets interacts via Van der waal’s 
forces and π-π stacking resulting in the aggregation of rGO sheets [36]. 
Nonetheless, the formed CQDs will get embedded in between rGO sheets 
preventing its agglomeration, thereby increasing the surface area of 
CQDs/rGO nanocomposite which is supported by BET analysis as 
explained in Section 3.1. In turn, rGO sheets serve as stabilizers for CQDs 
results in the uniform distribution of CQDs over rGO sheets and is 
corroborated by TEM results as explained in Section 3.1. 

2.3. Characterizations and apparatus 

TEM images of CQDs and CQDs/rGO were imaged using FEI Technai 
T20 instrument at an accelerating voltage of 200 kV. The UV–Visible 
absorption spectrum were done using JASCO, V-670 spectrophotometer. 
XRD patterns were recorded by Bruker AXS D8 Advance X-Ray 
Diffractometer with Cu Kα radiation of wavelength 1.5406 Å. The 
Raman microscope of model Renishaw Invia with laser of excitation 
wavelength of 532 nm was used to record Raman spectra. XPS analysis 

Scheme 1. The schematic representation of sonochemical assisted synthesis of CQDs/rGO nanocomposite.  
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was done using Perkin Elmer Model PHI 1257 using Mg Kα. The Perkin 
Emler, LS 55 photometer was used to carry out photoluminescence 
studies at room temperature. The surface area was found by Brunauer- 
Emmett-Teller (BET) method using Quantachrome, Autosorb iQ2. 

2.4. DFT calculations 

Vienna Ab initio Simulation Package (VASP), [39–41], a package 

which uses periodic plane wave DFT code for the interactions between 
valence as well as core electrons by Project Augmented Wave (PAW) 
[42] method was used for the first principle calculation of DFT. For the 
Kohn-Sham (KS) valence states a 600 eV cut-off kinetic energy was used. 
Till the relaxed atoms reached 10− 3 eV Å− 1 of residual Hell
mann–Feynman forces, based on the conjugate-gradient algorithm, 
geometrical optimization was done. The Perdew–Burke–Ernzerhof 
(PBE) generalized gradient approximation (GGA) functional [43] was 

Fig. 1. TEM of (a) CQDs, (b) CQDs/rGO (Yellow dotted circles represents CQDs); (c) XRD, (d) Raman spectrum of CQDs, rGO & CQDs/rGO; high resolution XPS of (e) 
C1s & (f) O1s of CQDs/rGO. Inset of Fig. 1(b) shows the HRTEM of CQDs in CQDs/rGO. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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effectively used for the calculation of electronic exchange–correlation 
potential. The rGO monolayer was modelled with epoxide functional 
groups with 16% oxygen contents shown in Fig. 3(b). The isolated CQDs 
was modelled with a graphene hexagonal flake in a 25 × 25 × 25 Å3 of 
orthorhombic dimension which contained 7 hexagons. As shown in 
Fig. 3(b), hydrogen atom saturated the edge atoms i.e., C24H12. Brillouin 
zones of the isolated rGO, CQDs, and CQDs/rGO are sampled using a k- 
point mesh of 5 × 5 × 1 dimension. With the exchange value of about 
25% in screened hybrid functional HSE06 [44] was used to accurately 
predict the electronic structures of the isolated CQDs, rGO and the 
CQDs/rGO heterostructure. With the help of Bloch correction [27] by 
utilising a tetrahedron method, projected density of states (PDOS) was 
effectively calculated. 

2.5. Photocatalytic activity of CQDs/rGO nanocomposite 

The photocatalytic activity of CQDs/rGO, CQDs and rGO catalyst 
was studied towards the degradation of dyes such as methylene blue and 
methyl orange separately under sun light. 100 ml of dye was mixed with 
2 mg of CQDs/rGO catalyst with continuous stirring for 20 min under 
dark condition to attain proper adsorption–desorption equilibrium. 
Then, the solution was exposed to sunlight with sunshine intensity as 
~850 W/m2 at coordinate 18◦31′13′′N, 73◦51′24′′E. 2 ml of solution was 
taken out from reaction mixture and its absorbance spectrum was 
recorded at the regular interval of 10 min. In a similar way, photo
catalytic experiment was recorded for CQDs and rGO separately. To 
study the cyclic stability test of CQDs/rGO catalyst, the catalyst was 
recovered by centrifugation after the complete degradation of dye and 
washed several times by copious amount of MQ water. Then, XRD 
pattern was recorded for recovered CQDs/rGO catalyst and the aforesaid 
procedure of photocatalytic activity was repeated. The detailed photo
catalytic degradation was studied by varying the catalyst loading (1 mg, 
2 mg, 3 mg and 4 mg) and dye concentration (25 ppm, 50 ppm, 75 ppm 
and 100 ppm). The performance of photocatalysts was studied by plot
ting the graph of C/C0 versus time, where C is concertation of (dye +
catalyst) at time ‘t’ and C0 is concentration of dye at time ‘0’. 

3. Results and discussions 

3.1. Physico-chemical properties of CQDs/rGO nanocomposite 

Fig. 1(a) & (b) show the TEM images of CQDs and CQDs/rGO 
nanocomposite, respectively. The TEM image in Fig. 1(a) indicated that 
the CQDs have good dispersity and particle size varied from 2 nm to 5 
nm. The TEM image of CQDs/rGO displayed in Fig. 1(b), show the 
successful anchoring and distribution of CQDs uniformly on two 
dimensional rGO sheet. The inset of Fig. 1(b) depicts that the individual 
CQDs anchored on rGO had interlayer spacing of 0.21 nm which is 
nearby to the (100) plane of diffraction facet of graphite [33] corrob
orating XRD results. Fig. 1(c) depicts the XRD pattern of CQDs, rGO and 
CQDs/rGO nanocomposite, and that of GO is represented in Fig. S1 (a). 
GO displayed its characteristic peak around 10.52◦ corresponding to 
(001) plane. Furthermore, this peak vanisheed in CQDs/rGO with 
appearance of a broad and weak peak at 25◦ and 45◦respectively cor
responding to (002) plane (d002 = 0.36 nm) and (100) planes (d100 =

0.20 nm) [33]. 
The d-spacing (interlayer spacing) of (100) plane of CQDs/rGO 

nanocomposite was supported by HRTEM results. Even, CQDs and rGO 
also showed the same peaks confirming the presence of graphitic hex
agonal structure . Further, the carbon structures of CQDs/rGO were 
confirmed by Raman spectra as depicted in Fig. 1(d) and, that of 
graphite and GO is displayed in Fig. S1 (b). The characteristics peaks of 
CQDs and rGO were observed at 1326 cm− 1 and 1591 cm− 1 corre
sponding to D and G band, respectively. The slight blue shift of D band in 
CQDs/rGO compared to rGO and CQDs was may be due to quantum 
confinement effect as explained in literature [33,34]. Also, the G band of 

CQDs/rGO was broadened ascribed to the enhancement in isolated 
double bonds and D band became outstanding due to enhanced disorder 
[45]. GO also showed D and G band at 1326 cm− 1 and 1591 cm− 1 

respectively as displayed in Fig. S1(b). Nevertheless, the D band in
tensity of CQDs/rGO observed to be slightly more compared to CQDs 
and rGO. The disorder parameter in carbon based materials is deter
mined using ID/IG ratio (a ratio of intensities of D band to corresponding 
G band) [35], and it was found to be 0.85, 0.89, 0.91 and 1.08 for GO, 
CQDs, rGO and CQDs/rGO, respectively. Among all, CQDs/rGO nano
composite showed larger ID/IG ratio revealing the establishment of small 
sp2 domains in larger number [35]. The surface composition of CQDs/ 
rGO was examined using XPS and the corresponding survey scan is 
shown in Fig. S1 (c), which manifests the peaks at 285 eV due to C1s and 
540 eV due to O1s. The high resolution XPS spectra is shown in Fig. 1(e) 
representing C1s of CQDs/rGO. It exhibited a strong as well as a peak 
around 284.0 eV and 287.0 eV respectively which were further decon
voluted into peaks at 283.9 eV which corresponding to sp2, and at 286.5 
eV and 288.0 eV corresponding to C-O and C––O respectively. The 
appearance of oxygen functional groups indicates the surface passiv
ation and hydrophilic nature of synthesized CQDs in CQDs/rGO [46]. In 
order to study this further, the high resolution XPS of O1s was studied 
and is displayed in Fig. 1(f). It showed a broad peak around 539.0 eV, 
which is again deconvoluted into two peaks at 537.9 eV and 539.8 eV 
ascribed to C-O and C-O-C confirming the surface passivation of syn
thesized CQDs in CQDs/rGO nanocomposite. The surface passivation via 
these oxygen functional groups may be essential for the enhancement in 
luminescence properties of CQDs [3]. The PL (emission) spectra of 
CQDs, rGO and CQDs/rGO nanocomposite excited at 390 nm is dis
played in Fig. 2(a). It can be witnessed from Fig. 2(a) that the CQDs 
showed a broad emission PL peak centered at 447 nm indicating the fast 
radiative recombination which arises due to the surface passivation as 
explained above. Nonetheless, the PL intensity of CQDs/rGO decreased 
compared to CQDs due to the prominent quenching effect indicating the 
effective charge transfer at the interface of CQDs and rGO [23]. More
over, the sonochemical assisted reduction of GO restores the π conju
gation between the carbon atoms and results in the formation of small 
sp2 domains which percolate to facilitate the charge carrier transport by 
convenient extra path thereby disrupting radiation recombination, in 
turn enhancing the efficacy of photogenerated charge carriers. Fig. 2(b) 
depicts the UV–Visible absorption spectra of CQDs, rGO and CQDs/rGO 
nanocomposite, and that of GO is shown in Fig. S2(a). GO exhibited 
peaks at 232 nm and 290 nm corresponding to π-π* as well as n-π* 
transition of C––C bonds [4]. These peaks vanished for rGO (shown in 
Fig. 2(b)) and a broad peak appeared around 270 nm due to the for
mation of rGO [47]. Nevertheless, CQDs/rGO showed (in Fig. 2(b)) a 
shoulder peak around 270 nm and a broad peak around 340–410 nm 
which are the characteristic peak of rGO and CQDs respectively. 
Furthermore, it is observed that the CQDs/rGO showed a slight red shift 
compared to CQDs and rGO may be due to the decrease in its band gap. 
Hence, the band gap was found using equation (αhν)n

= A(hν − Eg), 
where α is absorption coefficient, A is a parameter that is related to 
effective masses associated with valence and conduction bands, n = ½ 
for direct transition, hν is absorption energy and Eg is band gap [48]. The 
corresponding plot of (αhv)1/2 versus hv for CQDs, rGO and CQDs/rGO 
are shown in Fig. 2(c). The band gap of CQDs and rGO were found to be 
3.23 eV and 1.32 eV respectively, while that of CQDs/rGO was found to 
be 1.17 eV. The effective decrement in band gap of CQDs/rGO was 
attributed to synergetic effects of individual components making it a 
promising photocatalyst for solar driven applications. The UV–Visible 
spectroscopic results along with TEM, XRD, Raman spectroscopy, XPS 
results confirmed the anchoring of CQDs on rGO sheets. Furthermore, 
the surface structural properties such as surface area of nanocomposite 
was found using BET method and the corresponding nitrogen adsorp
tion–desorption curves are displayed in Fig. 2(d). The surface area of 
rGO, CQDs and CQDs/rGO was found to be 115 m2/g, 208 m2/g and 
296 m2/g respectively. The enhancement in surface area of CQDs/rGO 
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Fig. 2. (a) PL, (b) UV–Visible absorption spectrum, (c) Tauc’s plot and (d) Nitrogen adsorption–desorption curves of CQDs, rGO and CQDs/rGO.  

Fig. 3. Optimized structure of (a) rGO with epoxide functional group, (b) CQDs, (c) CQDs/rGO heterostructure and (d) the corresponding differential charge density 
isosurface contours. The yellow and cyan regions indicate electron density depletion and accumulation by 0.005 e/Å3, respectively. Atomic color: C = grey, O =
oxygen, H = white. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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was due to anchoring of CQDs which prevent the restacking of rGO 
sheets. Further, the rGO sheets may avoid the agglomeration of CQDs 
which in turn increase the surface area of CQDs/rGO nanocomposite 
validating the explanation given in Section 2.2. 

3.2. DFT simulated results of CQDs/rGO nanocomposite 

Atomic-level insights about electronic structure as well as work 
function (Φ) of the rGO, CQDs and CQDs/rGO were calculated using 
First-principles DFT by considering that they dictate their photocatalytic 
activity. The rGO monolayer was modelled with epoxide functional 
groups with 16% oxygen contents shown in Fig. 3(a). The isolated CQDs 
was modelled with a graphene hexagonal flake in a 25 × 25 × 25 Å3 of 
orthorhombic dimension which contained 7 hexagons. As shown in 
Fig. 3(b), hydrogen atom saturated the edge atoms i.e., C24H12. We 
observed small disruptions in the two-dimensional honeycomb lattice, 
with the C atoms forming the epoxide functional groups are pulled up
ward in the z-direction (Fig. 3a). Compared to the rGO, the two- 
dimensional honeycomb lattice of the CQDs is essentially preserved 
(Fig. 3b). In the CQDs/rGO heterostructure (Fig. 3c), the interactions 
between the CQDs and rGO resulted in small disruption of the CQDs 
monolayer, with C atoms closest to O atoms of the rGO (d = 2.301 Å) 
pulled slightly downwards. We noticed that electron density accumu
lations in CQDs/rGO heterostructure is mainly in their interfacial 
bonding regions (Fig. 3d), suggesting electronic interactions between 
the CQDs and rGO layers, which gave rise to modulation of the elec
tronic properties. From the projected density of states (Fig. 4), the band 
gap of rGO (Fig. 4(a)) and CQDs (Fig. 4(b)) monolayers is predicted at 
0.81 and 2.01 eV, respectively [49]. Due to the electronic interactions 
between the CQDs and rGO in the CQDs/rGO heterostructure (Fig. 3(d) 
and 4(c)), the band gap is significantly reduced to 0.36 eV. Consistently, 
we observed a reduction in the work function for the CQDs/rGO het
erostructure (Φ = 4.98 eV) compared to the isolated rGO (Φ = 5.21 eV) 
and CQDs (Φ = 5.29 eV) monolayers shown in Fig. 4(d–f). Compared to 
isolated materials, a reduction in the work function of naocomposite has 
been observed [49–51]. The reduced work function of CQDs/rGO het
erostructure caused by synergistic electronic interactions between CQDs 
and rGO monolayers is expected to promote rapid generation of 
electrons-hole pairs compared to individual components toward 

achieving the enhanced photocatalytic activity. 

3.3. Photocatalytic activity of CQDs/rGO catalyst 

3.3.1. Photocatalytic degradation of MB dye 
The photocatalytic degradation of MB dye (basic dye) via a CQDs/ 

rGO catalyst (for 2 mg) using UV–Visible absorption spectra is shown in 
Fig. 5(a) and the plot of C/C0 versus time is displayed in Fig. 5(b). The 
absorption spectrum of MB dye showed two peaks at 663 nm and 612 
nm respectively corresponding to a n-π* and π-π* transition (vibrionic 
transition) [52]. It was noticed that the absorbance of peak at 663 nm is 
decreased with increment in time for all the catalysts, and it completely 
vanished at 40 min for CQDs/rGO catalyst. The photocatalytic mecha
nism of CQDs/rGO catalysts for the degradation of MB dye can be 
explained as follows. The CQDs in CQDs/rGO catalyst produces electron 
in the LUMO state and holes in the HOMO state under visible light. 
Consequently, the electrons in the LUMO state of CQDs will easily 
transfered to the rGO by the good interface between CQDs and rGO. The 
restored sp2 domains of rGO sheets will transfer these photogenerated 
electrons by convenient extra path thereby decreasing the radiative 
recombination rate as explained in the PL section. These photogenerated 
electrons will react with electron acceptors such as oxygen molecule and 
facilitates the formation of O2

•— radicals. The produced O2
•— radicals are 

powerful oxidizing agents and degrade the MB dye effectively under 
visible light. The additional reason for the improved photocatalytic ac
tivity of CQDs/rGO was attributed to its higher surface area as studied 
by BET method (The surface area of rGO, CQDs and CQDs/rGO was 
found to be 115 m2/g 208 m2/g and 296 m2/g respectively). The in
crease in surface area of CQDs/rGO was due to anchoring of CQDs on 
rGO sheets which prevents its restacking. Further, the rGO sheets may 
avoid the agglomeration of CQDs which in turn increased the surface 
area provided by CQDs in CQDs/rGO nanocomposite, resulting in the 
increased adsorption of MB molecules on its catalyst, thus enhancing its 
photocatalytic activity. Furthermore, CQDs/rGO catalyst exhibited 
reduction in work function compared to CQDs and rGO as studied by 
DFT analysis in Section 3.2. The reduced work function of CQDs/rGO 
revealed the rapid generation of electrons-hole pairs compared to indi
vidual components results in enhanced visible light catalytic activity. 
The synergistic effects such as increase in surface area, and decrease in 

Fig. 4. The projected density pf states (a–c) and electrostatic potentials (e–f) of rGO, CQDs, and CQDs/rGO, respectively. Ev, EF, and Φ in eV denotes the vacuum 
level, Fermi level, and work function. 
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radiative recombination as well as work function leads to enhanced 
photocatalytic activity of CQDs/rGO. It is interesting to observe from 
Fig. 5(b) that the CQDs/rGO depicted enhanced photocatalytic perfor
mance compared to individual components such as CQDs and rGO due 
to synergistic effects as explained above. 

In order to study the effect of catalyst loading on photocatalytic ac
tivity, different weights such as 1, 2, 3 and 4 mg of CQDs/rGO were 
added separately, and photocatalytic processes were carried out. The 
corresponding plots of C/C0 versus time is shown in Fig. 5(c). It is 
noteworthy to observe that the percentage of MB dye degradation was 
44%, 100%, 63% and 31% for 1, 2, 3 and 4 mg respectively at the end of 
40 min. The photocatalytic activity was found to be less for 1 mg catalyst 
due to insufficient availability of active sites provided by the catalyst to 
the adsorption of MB dye molecules. Further, the percentage of MB dye 
degradation was found to be less for 3 mg and 4 mg of CQDs/rGO 
catalyst which is due to the blocking of active sites leading to obstruction 
of light, further restricting the effective photo generation of electrons 
and holes pair in the photocatalyst. 

In order to study the effect of initial concentration on degradation of 
the MB dye, the photocatalytic experiments were carried out with con
centrations of 25, 50, 75 and 100 ppm using 2 mg of CQDs/rGO catalyst. 
The corresponding plot of C/C0 for different MB dye initial concentra
tion versus time is depicted in Fig. 5(d). It is significant to witness that 
the percentage of degradation was found to be 100%, 100%, 100% and 
63% for 25, 50, 75 and 100 ppm of MB respectively at the end of 40 min. 
This indicates that CQDs/rGO catalyst affords sufficient active sites for 
the adsorption of MB dye till 75 ppm and thereafter the decrease in 
percentage of degradation for 100 ppm of MB dye was due to the 
reduced adsorption active sites of catalyst. 

The stability check of CQDs/rGO catalyst (2 mg) towards the pho
tocatalytic degradation of MB dye (75 ppm) was studied. After the 
complete degradation of MB dye, the remaining solution was centri
fuged and the obtained precipitate was dialyzed against Milli-Q water as 
explained in the experimental section. XRD was carried out for the ob
tained catalyst to confirm CQDs/rGO and is shown in Fig. S2(a). Then, 
under identical conditions, 2 mg of obtained catalyst was added to 100 
ml of MB dye and photocatalytic activity was examined as explained in 
Section 2.5. The percentage of dye degradation versus cycle number is 
displayed in Fig. S2(b). For the initial cycle, CQDs/rGO catalyst 
exhibited the percentage of dye degradation as 99.92% and also it 
showed considerable percentage of dye degradation of 91.64% even 
after 7th cycle. XRD pattern of CQDs/rGO nanocomposite after 7th cycle 
is as shown in Fig. S2(a). 

3.3.2. Photocatalytic degradation of MO dye 
The photocatalytic degradation of MO dye (acidic dye) by CQDs/rGO 

catalyst (for 2 mg) is shown in UV–Visible absorption spectra of Fig. 6(a) 
and the plot of C/C0 for different catalysts versus time is displayed in 
Fig. 6(b). The absorption spectrum of MO dye showed a strong peak 
around 450 nm due to the n-π* transition [53]. It is noticed that the 
absorbance of this peak decreased with increment in time for all the 
catalysts, and it completely vanished at 50 min for CQDs/rGO catalyst. 
The photocatalytic mechanism of CQDs/rGO catalysts for the degrada
tion of MO dye was due to photogenerated electrons and holes, and 
subsequent generation O2

•— radicals via rGO as explained in Section 
3.3.1. These O2

•— radicals degrade the MO dye under visible light as they 
are strong oxidizing agents. This enhancement in photocatalytic 
degradation of MO dye by CQDs/rGO was also supported by decrease in 

Fig. 5. (a) UV–Visible absorption degradation of MB dye (concentration of 75 ppm) by CQDs/rGO; (b) Plot of C/C0 versus time of CQDs/rGO, CQDs and rGO; (c) Plot 
of C/C0 versus time for different weights of CQDs/rGO catalyst; (d) Plot of C/C0 versus time of CQDs/rGO catalysts at different concentration of MB dye. (C is 
concertation of (MB dye + catalyst) at time ‘t’ min and C0 is concentration of MB dye at time ‘0’ min). 
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radiative recombination and increase in surface area as explained in 
Section 3.3.1. Moreover, according to our study of CQDs/rGO by DFT 
analysis towards the decrement in work function, the rapid generation 
of electrons compared to their individual components results in 
enhanced visible light catalytic activity. The synergistic effects such as 
increase in surface area, and decrease in radiative recombination as well 
as work function leads to enhanced photocatalytic activity of CQDs/ 
rGO. It is noteworthy to observe from Fig. 6(b) that the CQDs/rGO 
showed better photocatalytic performance towards MO dye degradation 
than that of individual components such as CQDs and rGO due to syn
ergistic effects as explained above. 

The effect of catalyst loading on photocatalytic activity was studied 
using different weights such as 1, 2, 3 and 4 mg of CQDs/rGO separately. 
The corresponding plots of C/C0 versus time is depicted in Fig. 6(c), 
which showed the percentage of MO dye degradation as 92%, 100%, 
91% and 85% for 1, 2, 3 and 4 mg respectively at the end of 50 min. The 
photocatalytic activity was found to be less for 1 mg catalyst due to 
insufficient availability of active sites provided by the catalyst to the 
adsorption of MO dye molecules. Further, the percentage of MO dye 
degradation was found to be less for 3 mg and 4 mg of CQDs/rGO 
catalyst which is due to the blocking of active sites leading to obstruction 
of light, further restricting the effective photo generation of electrons 
and holes pair in photocatalyst. 

The effect of initial concentration of MO dye in photocatalytic ac
tivity of CQDs/rGO was studied by varying the concentrations such as 
25, 50, 75 and 100 ppm using 2 mg of CQDs/rGO catalyst. The corre
sponding plot of C/C0 for different initial concentration of MB dye is 
depicted in Fig. 6(d) and its showed the percentage of degradation of MO 
dye as 100%, 100%, 100% and 93% for 25, 50, 75 and 100 ppm 

respectively at the end of 50 min. This reveals that CQDs/rGO catalyst 
affords sufficient active sites for the adsorption of MB dye till 75 ppm 
and thereafter the decrease in percentage of degradation for 100 ppm of 
MB dye was due to the reduced adsorption active sites of catalyst. 

The stability check of CQDs/rGO catalyst (2 mg) for the photo
catalytic degradation of MO dye (50 ppm) was studied. The catalyst was 
recovered as explained in Section 3.3.1 and confirmed by XRD, as shown 
in Fig. S3(a). Then, 2 mg of obtained catalyst was added to 100 ml of MO 
dye and photocatalytic activity was repeated under identical condition. 
The percentage of dye degradation for different cycle number is dis
played in Fig. S3(b). For the initial first cycle, CQDs/rGO catalyst 
exhibited the percentage of dye degradation as 99.94% and it showed 
substantial percentage of dye degradation of 90.15% even after 7th 
cycle. XRD pattern of CQDs/rGO after 7th cycle of degradation is shown 
in Fig. S3(a). 

3.3.3. Reaction kinetics of photocatalytic activity of CQDs/rGO 
The reaction kinetics was studied using pseudo first order kinetics 

equation which is given by [31], Ln
(

C
C0

)

= − kt, where C0 and C are 

initial and final concentration at a time “t” respectively and k being a 

reaction rate constant in the equation. The plot of Ln
(

C
C0

)

versus time “t” 

for catalysts (2 mg) such as CQDs/rGO, rGO and CQDs for the MB (75 
ppm) and MO (50 ppm) photocatalytic degradation is displayed in Fig. 7 
(a) & (b). The obtained reaction rate constants of CQDs/rGO, CQDs and 
rGO catalysts were found to be (i) 0.352 min− 1, 0.176 min− 1 and 0.081 
min− 1 respectively for MB degradation and (ii) 0.118 min− 1, 0.079 
min− 1 and 0.053 min− 1 respectively for MO degradation. It is worth to 

Fig. 6. (a) UV–Visible absorption degradation of MO dye (concentration of 50 ppm) by CQDs/rGO; (b) Plot of C/C0 versus time of CQDs/rGO, CQDs and rGO; (c) Plot 
of C/C0 versus time for different weights of CQDs/rGO catalyst; (d) Plot of C/C0 versus time of CQDs/rGO catalysts at different concentration of MO dye. (C is 
concertation of (MO dye + catalyst) at time ‘t’ and C0 is concentration of MO dye at time ‘0’). 
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mention that CQDs/rGO catalyst showed large reaction constant both in 
cases of MB and MO degradation revealing the enhanced efficiency of 
photocatalytic activity due to synergetic effects of individual compo
nents, which results in increase in surface area and decrease in radiative 
recombination as well as the reduced work function. It is also clearly 
observed that the CQDs/rGO catalyst showed a higher reaction rate 
constant for MB degradation than that of MO degradation, due to the 
high quantum yield and enhanced surface states of CQDs in basic 
environment [54]. Arguably, the obtained results reveal that the CQDs/ 

rGO catalyst developed by sonochemical assisted method can be applied 
for the photo degradation of both basic dye (MB) and acidic dye (MO) 
under visible light. 

Also, during photocatalytic degradation process, CQDs in CQDs/rGO 
catalyst generated electrons and holes under visible light. The so 
generated holes may produce •OH radicals, which can also degrade MB 
and MO dye [54]. To confirm the formation of •OH radicals, tereph
thalic acid probe experiment, in which terephthalic acid reacts with •OH 
radical forming 2-hydroxyterephthalic acid was carried out. 2-hydroxy
terephthalic acid exhibits unique fluorescence centered at 426 nm when 
excited at 312 nm [54]. Fig. 7(c) shows the plot of fluorescence signals 
versus visible light irradiation time for CQDs/rGO, CQDs and rGO cat
alysts. It can be observed that CQDs/rGO catalyst have better efficiency 
of formation of •OH radicals than that of CQDs and rGO suggesting its 
enhanced photocatalytic activity. 

4. Conclusions 

The CQDs of size (2–5) nm were anchored on rGO sheets by sono
chemical assisted method. CQDs/rGO catalyst showed enhancement in 
photocatalytic activity towards the degradation of MB as well as MO 
dyes due to synergistic effect of individual components, which results in 
disruptive radiative recombination and upsurge in surface area as 
studied by PL and BET method respectively. The improved photo
catalytic activity of CQDs/rGO catalyst was also corroborated by in
crease in density of states thereby decrease in work function as studied 
by first principles density functional theory calculations. 
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