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Abstract
Graphene quantum dots (GQDs), a new solid-state electron transfer material was anchored to nitrogen-doped  TiO2 via sol 
gel method. The introduction of GQDs effectively extended light absorption of  TiO2 from UV to visible region. GQD-N-
TiO2 demonstrated lower PL intensity at excitation wavelengths of 320 to 450 nm confirming enhanced exciton lifespan. 
GQD-N-TiO2-300 revealed higher surface area (191.91m2  g−1), pore diameter (1.94 nm), TEM particle size distribution 
(4.88 ± 1.26 nm) with lattice spacing of 0.45 nm and bandgap (2.91 eV). In addition, GQDs incorporation shifted XPS 
spectrum of Ti 2p to lower binding energy level (458.36 eV), while substitution of oxygen sites in  TiO2 lattice by carbon 
were confirmed through deconvolution of C 1 s spectrum. Photocatalytic reaction followed the pseudo first order reaction 
and continuous reductions in apparent rate constant (Kapp) with incremental increase in RB5 concentration. Langmuir–Hin-
shelwood model showed surface reaction rate constants KC = 1.95 mg  L−1  min−1 and KLH = 0.76 L  mg−1. The active species 
trapping, and mechanism studies indicated the photocatalytic decolorization of RB5 through GQD-N-TiO2 was governed 
by type II heterojunction. Overall, the photodecolorization reactions were triggered by the formation of holes and reactive 
oxygen species. The presence of •OH, 1O2, and  O2• during the photocatalytic process were confirmed through EPR analysis. 
The excellent photocatalytic decolorization of the synthesized nanocomposite against RB5 can be ascribed to the presence 
of GQDs in the  TiO2 lattice that acted as excellent electron transporter and photosensitizer. This study provides a basis for 
using nonmetal, abundant, and benign materials like graphene quantum dots to enhance the  TiO2 photocatalytic efficiency, 
opening new possibilities for environmental applications.

Keywords Graphene quantum dots · Photosensitizer · Heterogeneous reaction · Reaction kinetics · Type II heterojunction

Introduction

The broad applicability and better performance of heterog-
enous photocatalytic reactions driven by visible light offer 
a viable solution to the rapidly increasing environmental 
challenges of toxic organic colorants (Yang et al. 2021). 
The interest in designing and improving the photocatalysts 
for an increased visible light–driven decolorization of dyes 
has augmented around the world (Iftikhar et al. 2020). Tita-
nium dioxide  (TiO2) is undeniably one of the most widely 
investigated photocatalysts, due to its effective oxidizing 
power, superior photostability, relatively high photocata-
lytic activity, low cost, and toxicity, providing a simple and 
economical alternative for decolorization of environmen-
tal pollutants (Khan et al. 2021a; Riaz et al. 2021, 2014). 
Despite their good performances and durability, the poor 
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response to visible light–induced by  TiO2’s large bandgap, 
as well as the quick recombination of photogenerated elec-
tron–hole pairs, have limited the use of pristine  TiO2 in 
photocatalytic processes (Miodyńska et al. 2020). Hence, 
many research groups have studied different techniques to 
broaden the absorption spectrum and improve the photo 
response of  TiO2, including heteroatom doping (Cheng 
et al. 2020; Riaz et al. 2012), sensitizing  TiO2 with lower 
bandgap semiconductors (Pourzad et al. 2020; Upadhyay 
et al. 2020), and most recently coupling with quantum dots 
(QDs) (Khan et al. 2021b; Miranda-Andrades et al. 2020). 
Among these strategies, metal free materials for instance 
carbon/nitrogen, have been claimed as the best alternative 
to restrain electron and hole recombination rate for better 
photocatalytic performance (Koe et al. 2020). Substitutional 
doping of nitrogen in  TiO2 has been considered effective in 
reducing the bandgap (Pourzad et al. 2020). Our research 
group reported the photocatalytic and biocidal application 
of N–TiO2 and among different combination 20 mol percent 
nitrogen in  TiO2 (20N–TiO2) calcined at 300 °C depicted 
reduced bandgap, i.e., 2.95 eV (Khan et al. 2020). Zhou 
and coworkers recently reported that the O 2p and N 2p 
states right above the VB can merge synergistically when 
N is added to the  TiO2 lattice, reducing the bandgap and 
increasing the visible light sensitivity of  TiO2 (Zhou et al. 
2020). Thus, combining  TiO2 with nitrogen to create defect 
rich heterostructures is a promising technique to enhance 
photocatalytic activity.

In addition, several advantages arise in defect mediated 
heterostructures, including numerous active sites, improved 
redox efficiency, and enhanced visible light response. It is 
noticeable that small defects from introduction of carbon and 
nitrogen-doped  TiO2 have resulted in improved photocata-
lytic performance (Li et al. 2012); however, less attention 
has been made at the impact of bigger defects. Semicon-
ductor nanocrystals also known as QDs have been investi-
gated as bigger defects to absorb photon for efficient solar 
energy conversion. Due to the tunable bandgap and multiple 
excitons,  TiO2-sensitized QDs like CdS (Sadhasivam et al. 
2021) and CdSe (Kang et al. 2021) have gained a lot of inter-
est. Although the photo response of  TiO2 can be effectively 
improved with these materials; however, the limiting factor 
associated with these types of materials is their instability to 
hole oxidation in aqueous medium subsequently damaging 
the heterojunctions, leading to poor performance. Moreover, 
photo-oxidation releases highly toxic Cd ions into the solu-
tion, thus making the utilization of conventional heterojunc-
tions unsafe and undesirable to the environment.

Recently, a new type of QDs materials, GQDs has  
attracted a lot of attention due to their plethora and desir-
able physicochemical properties like excellent solubility, 
chemical inertness, stable photoluminescence, biocompat-
ibility, and environmental friendliness. Moreover, wide 

range of potential applications like solar cells (Mahalingam 
et al. 2021), bioimaging (Gómez et al. 2021; Shah et al. 
2021), light-emitting devices (Yoon et al. 2020), biosens-
ing (Bruce & Clapper 2020), and photocatalysis (Chen et al. 
2020; Khan et al. 2021b) makes them prominent among 
other semiconductors. GQDs, compared to other conven-
tional semiconductor QDs, are non-toxic and very resistant 
to various chemical conditions. Furthermore, GQDs main-
tain graphene structure with a larger surface area and stable 
 sp2 bonding without extra passivation to get rid of surface 
traps, with the exception of edge sites. Moreover, the tun-
able electronic configuration of GQDs in wide energy range 
allows them to construct different heterojunctions. Beside all 
the abovementioned advantages, pristine GQDs exhibited 
lower catalytic activity due to the faster electrons and holes 
recombination. Thus, doping GQDs with other materials/
semiconductors is effective to tune the electronic structure 
for photocatalytic applications. In recent years, GQDs have 
been used to develop photocatalysts with enhanced photocat-
alytic properties by combining them with other semiconduc-
tors as a potential energy–transfer component, these include 
ZnSe (Lei et al. 2021), ZnCdS (Jiang et al. 2020), ZnO (Wu 
et al. 2020),  Fe3O4 (Ganganboina et al. 2017),  SiO2 (Chang 
et al. 2021), and  TiO2 (Albargi et al. 2021; Guo et al. 2020). 
Zheng et al. synthesized SN-GQDs/TiO2 through hydro-
thermal and impregnation method for photocatalytic  H2O2 
production (451 μmol  L−1) (Zheng et al. 2018). Guo et al. 
constructed the p–n junction P-GQD-TiO2 nanocomposite 
through hydrothermal technique for the photodegradation 
of methyl orange (95%) (Guo et al. 2020). Albargi et al. fab-
ricated UV photodetector using  TiO2 and N-GQDs bilayer 
heterojunction on  SiO2 having higher absorption and effi-
cient transport mechanism (Albargi et al. 2021). Khorshidi 
et  al. revealed that using  TiO2 nanorods as an electron 
transport layer in perovskite solar cells fabricated using a 
one-step hydrothermal technique enhanced power conver-
sion efficiency by 217% than mesoporous  TiO2, whereas 
GQDs-TiO2 had a 1.34 times greater efficiency than  TiO2 
nanorods (Khorshidi et al. 2020). Furthermore, Sun et al. 
indicated that the NGQDs/TiO2 (P25) composites developed 
via hydrothermal method had better photocatalytic activity 
due to better photon absorption capacity and improved elec-
tron–hole transfer (Sun et al. 2019). Despite various reports 
of  TiO2-based visible light–driven photocatalysts coupled 
to GQDs, the poor quantum yield and complex process 
parameters of GQDs still necessitates the use of alternate 
technologies and materials. Furthermore, investigations 
into the characteristics and mechanisms of photocatalysis 
of GQD–N–TiO2 composites with high photocatalytic activ-
ity is still desired.

Herein, we reported the one-step sol gel process for 
the synthesis of GQD-doped nitrogen-doped  TiO2 with 
improved physicochemical properties. The synthesized 
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nanocomposite was tested against a model pollutant from 
textile industry, reactive black 5 (RB5), an anionic double 
azo dye. The anionic RB5 is due to the sulfonated group 
in the dye structure. The presence of dyes in wastewater 
and soil poses mutagenic and carcinogenic threats to liv-
ing organisms. Therefore, it is essential to treat such dyes 
before their release into the freshwater system. On the 
RB5 decolorization, the properties and enhanced photo-
catalytic activity of composites with various GQD weight 
contents were studied while the nitrogen contents optimi-
zation were reported in our previous finding (Khan et al. 
2020). The novelty of this work lies in the synthesis of a 
new solid-state electron transfer material, i.e., graphene 
quantum dots and their anchoring to nitrogen-doped  TiO2 
using the sol–gel method. The introduction of GQDs with 
nitrogen extends the light absorption of  TiO2 from UV to 
visible region, resulting in lower photoluminescence inten-
sity and longer exciton lifespan. The study also provides 
a promising approach for using graphene quantum dots as 
a nonmetal, abundant, and benign material to enhance the 
photocatalytic efficiency of  TiO2, opening new possibili-
ties for environmental applications.

Experimental section

GQDs synthesis

GQDs were synthesized by direct pyrolysis of citric acid 
(CA) (Dong et al. 2012) with a little modification. CA was 
pyrolyzed for 5 min at 200℃ on a heating mantle. The 
GQDs development was observed when the color changed 
to orange. The obtained orange solution was treated with 
ethanol containing 10 mg  mL−1 NaOH. The obtained liq-
uid GQDs were further used to synthesize the final com-
posite material.

Synthesis of GQD–20N–TiO2 nanocomposite

A 20 mol% nitrogen (20N–TiO2) was selected to syn-
thesize GQD–20N–TiO2 (Khan et al. 2020). In a typical 
sol–gel approach GQD–20N–TiO2 gel was obtained by 
thoroughly mixing titania precursor (TTIP), GQD solution 
(“GQDs synthesis”), desired amount of nitrogen precur-
sor (urea) in absolute ethanol at ambient conditions under 
vigorous stirring. The synthesized gel was kept for aging 
overnight followed by drying at 90℃ overnight in an oven. 
The raw GQD–20N–TiO2 was ground to powder and cal-
cined at 300℃ for 1 h.

Characterization of the photocatalysts

The synthesized nanocomposites were characterized 
using, X-ray diffraction, UV visible spectrophotometer, 
Fourier-transform infrared spectroscopy, scanning electron 
microscopy, (SEM),  high-resolution transmission electron 
microscope (HRTEM), Brunauer–Emmett–Teller analysis 
(BET), and X-ray photoelectron spectrometer (XPS).

Photocatalytic reaction studies

Using the photocatalytic experiment setup from our previ-
ous investigation (Khan et al. 2021c), the decolorization 
studies were performed at working pH, ambient temper-
ature, and initial RB5 concentration (30 mg  L−1). Prior 
to the photocatalytic reaction, the nanocomposite (1 mg 
 mL−1) was dispersed in distilled water and RB5 dye was 
added to this dispersed solution to achieve the final con-
centration of 30 mg  L−1. In a typical batch reaction, the 
suspension was continuously stirred on a stirring plate at 
200 rpm for 30 min without light (dark reaction), followed 
by 1 h in visible light at 25 cm. The light source was halo-
gen lamp (30,798 lx). The RB5 decolorization was moni-
tored in the aliquots collected at different time intervals 
through UV–Vis spectrophotometer (PG instruments UK, 
model  T80+) at 598 nm. The following expression was 
used to determine the decolorization efficiency, (Eq. 1).

Where C0 is initial RB concentration, and Ct is the RB5 
concentration at time, t.

The photostability of the dye was monitored through 
control experiment in presence of light and without nano-
composite. Prior to absorbance measurements, a calibra-
tion curve was obtained with known RB5 concentrations 
(0, 1, 10, 20, 30, 50, 60, and 100 mg  L−1). Effects of vari-
ous reaction parameters including irradiation time, nano-
composite amount, pH, and initial dye concentration were 
performed for the best performing photocatalyst. The pho-
tocatalytic reaction was modeled through Langmuir–Hin-
shelwood (L–H) isotherm (Eq. 2)

Slope is 1/kc and intercept 1/kcKads in the plot of 1/kapp 
versus equilibrium concentration. The L–H model is 
expressed in linear form in the following equation for the 
explanation of initial [RB5] effect on initial rate  (r0), (Eq. 3).

(1)
RB5 decolorization (%)=

(

C0 − Ct

C0

)

100

(2)
1

kapp
=

1

Kc

[RB5]e +
1

KcKads
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Reusability studies

Reusability studies were conducted to check the stability 
of the synthesized photocatalysts for different cycles. The 
used-photocatalysts were collected through centrifugation 
and washed with distilled water. The collected photocatalysts 
were dried and utilized again under the same experimental 
conditions.

Electrical energy consumption studies

The following equation was used to calculate the energy 
efficiency of GQD–20N–TiO2–300 photocatalysts based 
on their electrical energy consumption (EE/O), Eq. (4). 
(Azbar et al. 2004).

Results and discussion

Characterization of the photocatalysts

The functional groups of the synthesized nanoparticles 
were identified using FTIR analysis. Figure 1a depicted 
the stretching vibrations of Ti–O–Ti in the IR range of 
500–900  cm−1 while a very minor peak at around 1040  cm−1 
in GQD–20N–TiO2 nanocomposite may have been caused 
by Ti–O–N. The interaction between nitrogen and titania in 
the GQD–N–TiO2 nanocomposite, which revealed –N-Ox 
(Ti–O–N–Ti) in a small band at 1380  cm−1, further sup-
ports the existence of nitrogen.(Azami et al. 2017), and a 
small peak at 1650  cm−1 was assigned to C─N stretching 
(Factorovich et al. 2011). Intermolecular forces of hydroxyl 
group in the nanocomposite are shown by broad peaks at 
3100  cm−1, and sharp peak around 1530  cm−1 indicating 
water presence at the particle surface for the synthesized 
nanocomposites (Khan et al. 2020).

Figure 1b shows the XRD diffraction pattern of  TiO2, and 
GQDs and nitrogen co-doped  TiO2 photocatalysts calcined 
at 300 °C. The GQD–20N–TiO2-300 showed a wide peak at 
about 26°, which corresponds to the (002) diffraction planes 
of graphite carbon (Martins et al. 2016). The broadening 
of this peak is associated with the nano-size of GQDs in 
GQD–20N–TiO2-300 (Mahato et al. 2021). Moreover, both 
samples  TiO2–300 and GQD–20N–TiO2–300 showed dif-
fraction peaks at 25.4°, 38.1°, 48.1°, 54.7°, 55.59°, 62.8°, 

(3)
1

r0
=

1

Kc

+
1

KcKads

⋅

1

[RB5]e

(4)EE∕O =
(pt)1000

[(V)60 ln
(

C
0

Cf

)

68.8°, 70.4°, and 75.1° corresponding to (101), (004), (200), 
(105), (211), (204), (220), (116), and (215) confirming 
tetragonal  TiO2 (anatase) (Shabir et al. 2021). The crystal-
line structure of  TiO2-300 and GQD–20N–TiO2-300 was 
fairly maintained due to the small fraction and the proper 
dispersion of the GQDs in  TiO2 (Mahato et al. 2021). The 
anatase crystallite sizes and relative crystallinity of the syn-
thesized photocatalysts were determined through Scherrer 
formula. The crystallite size of  TiO2, and GQD–20N–TiO2-
300 was 36, and 7.37 nm with relative percent crystallinity 
of 75.72 and 69.24, respectively.

The absorbance spectra of  TiO2-300 photocatalysts 
(Fig. 1c) revealed a strong absorption edge around 390 nm, 
with almost no visible light absorption, while a sharp red 
shift was observed upon introducing nonmetal entities. 
In our previous study, a marginal red shift was observed 
with nitrogen doping (Khan et  al. 2020); however, the 
visible light absorption is enhanced with GQDs loading 
in the current study. The change in bandgap energy (Eg) 
from the UV region for  TiO2–300 to the visible region for 
GQDs loaded  TiO2 can be seen by carefully observing the 
Tauc`s plot (Fig. 1d). The estimated Eg for  TiO2-300 and 
GQD–20N–TiO2-300 were 3.19 and 2.91 eV, respectively, 
this gradual decrease in Eg is attributed to the free electron 
properties in the conduction band; moreover, this trend also 
confirms the structural changes in the  TiO2 matrix upon dop-
ing (Khore et al. 2018).

The addition of GQDs to  TiO2-300 resulted in improved 
surface properties, as confirmed by the BET surface area 
analysis (Fig. 1e). Both the  TiO2-300 and GQDs-doped 
 TiO2 samples exhibited a type IV BET isotherm with 
an  H3 hysteresis loop. This indicates a gradual adsorp-
tion of multiple layers of gas, suggesting the presence of 
well-defined mesoporous surfaces with a relatively nar-
row size distribution. The surface area for  TiO2–300 
and GQD–20N–TiO2–300 was 66.31 and 191.91m2   g−1, 
respectively, while the pore diameter decreased from 6.85 
to 1.94 nm. The absence of a distinct monolayer formation 
implies that the adsorption process occurs gradually without 
a sharp transition. The  H3 hysteresis loop, appearing in the 
multilayer range of physisorption isotherms, is characteristic 
of aggregates of plate-like particles, which give rise to slit-
shaped pores within the material. This information highlights 
the presence of well-defined mesoporous structures in the 
samples, providing insight into the surface properties and 
pore characteristics of the material. Previous studies (Khan 
et al. 2020) support these observations, as they demonstrated 
that 20N–TiO2–300 without the inclusion of GQDs exhibited 
a lower surface area of 49.54  m2  g−1 and a higher pore diame-
ter of 21.3 nm. Thus, the introduction of GQDs into N-doped 
 TiO2 led to an increase in surface area, which can be attrib-
uted to the unique physical and chemical properties of GQDs 
and may contain many active sites that can interact with the 
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Fig. 1  Physicochemical analysis of  TiO2, and GQDs-20N-TiO2 calcined at 300 °C (a) FTIR, (b) XRD, (c) absorption spectrum (d) Tauc’s plot, 
(e)  N2 adsorption/desorption isotherms
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 TiO2 surface, leading to the development of controlled pore 
structure. This increased porosity is advantageous resulting 
an increase in the surface area of the material. In addition, 
consequently, a number of photoactive sites can be provided 
by the porous GQD–20N–TiO2–300 nanocomposite which 
ultimately increase the photocatalytic activity.

Figure  2 shows SEM micrographs of  TiO2, and 
GQD–20N–TiO2 calcined at 300 °C. The GQD–20N–TiO2 
clearly shows distinctive carbon framework having irregular 
arrangements and dispersion. Previous study reported uneven 
distribution and partial coating in carbon-doped  TiO2, suggest-
ing a  TiO2 to carbon ratio of 2:1 (Peñas-Garzón et al. 2021); 
however, in our case, this ratio was 9:1, that might be the 
reason of irregular morphology in GQD–20N–TiO2. Similar 
results were reported in case of GQD decorated iron-doped 
 TiO2 (Khan et al. 2021b). In our recent work, we found that 
 TiO2 and 20N-TiO2 had similar morphology, with a regular 
spherical shape (Khan et al. 2020). The mean particle size 
estimated was 65, and 28 nm for  TiO2, and GQD–20N–TiO2. 
To acquire better understanding of the morphology of the 
synthesized nanocomposite, TEM micrographs are depicted 
in Fig. 3a and b. Figure 3a-i and b-i reveals a uniform size 
distribution without clear aggregation with an average particle 
size 4.54 ± 0.54 nm and 4.88 ± 1.26 nm (Fig. 3a-iii and b-iii) 
for  TiO2, and GQD–20N–TiO2, respectively. Figure 3a-ii and 
b-ii depicted the lattice spacing is about 0.45 nm. Furthermore, 
the lattice fringes observed in the HRTEM images indicate the 
crystal lattice of the material. In graphene quantum dots–doped 
N-TiO2, the lattice fringes may indicate both the anatase  TiO2 

and the graphene quantum dots, as they are both present in the 
nanocomposite. The XRD pattern also showed the crystal struc-
ture of the nanocomposite, including the anatase  TiO2 phase, 
but it may not show the presence of graphene quantum dots, as 
they may not contribute significantly to the XRD pattern due to 
their small size and low crystallinity. It is possible for a material 
to have both nano- and semi-crystalline nature, which could 
explain the high crystallinity observed in the HRTEM images 
despite the nano-sized crystals observed in the XRD pattern.

The photo luminance (PL) technique was used to investi-
gate the efficacy of electron and holes transfer, trapping, and 
recombination rate. The PL is caused by the recombination of 
electrons and holes, and the rate of recombination is related to 
the PL intensity (Khan et al. 2021b; Stankovich et al. 2006), the 
lower the PL intensity, the lower shall be the charge recombina-
tion. Figure 4 depicted the PL spectra of the synthesized photo-
catalysts. A broad peak around 375, 417, and 420 nm with high 
emission can be seen for  TiO2, 20N–TiO2, and GQD–20N–TiO2 
respectively. When impurities were introduced into  TiO2, the 
PL intensity is substantially reduced, indicating elongation of 
the  e−/h+ pairs lifespan. Charge recombination is reduced by 
the formation of a Schottky barrier at the GQD and 20N-TiO2 
interface. Furthermore, GQDs have impact on trapping electrons 
from the  TiO2 surface, avoiding rapid charge recombination and 
improving photocatalytic performance. The Eg obtained from 
the PL spectra (inset Fig. 4) were 3.30, 2.95, and 2.98 eV for 
 TiO2, 20N-TiO2, and GQD–20N–TiO2 respectively.

Figure 5a–e illustrates the XPS survey of the synthesized 
nanocomposite, i.e., GQD–20N–TiO2-300. Strong signal of 

Fig. 2  SEM images of (a)  TiO2, 
(b) GQD–20N–TiO2 and (c) 
EDX profile of GQD–20N–
TiO2 calcined at 300 °C
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Ti 2p, C 1 s, and O 1 s were observed while weak signals of 
N 1 s confirms the nitrogen doping in the composite. High-
resolution Ti 2p spectrum depicted the binding energy peaks 
at 458.36 and 464.17 eV of Ti  2p3/2 and Ti  2p1/2, respectively 
(Pan et al. 2015). The low-binding energy of Ti 2p in co-doped 
 TiO2 indicates that Ti interacts with ions and replaced in a 
different way. In literature, the XPS peak of Ti 2p normally 
appears at 259.5 eV in pristine  TiO2 (Saha & Tompkins 1992), 
while nitrogen-doped  TiO2 appears at 459.2 eV (Abdullah 
et al. 2016); however, in our study, the GQDs incorpora-
tion shifted the XPS spectrum to lower binding energy level 
(458.36 eV). The broadness of peak in the Ti 2p spectrum 
was attributed to the central photoemission–related energy 
loss process, extrinsic, and/or intrinsic. Studies reported that 
extrinsic effects occurs when photoelectrons traverses to the 

surface, resulting in energy loss due to plasma excitation while 
valence electron excitations within the photoemitting atom is 
assumed to cause the intrinsic effects (Chambers 2016). The 
deconvolution of the high-resolution C 1 s spectrum reveals 
the strong signals at 284.73, 285.91, and 288.50 eV corre-
sponding to the formation of C–C─sp2, N─sp2C, and N─sp3C 
(Xue et al. 2016), indicating the substitution of oxygen sites 
in  TiO2 lattice by carbon. The formation of these interactions 
confirms the results obtained in PL and DRS analysis where 
exciton life is elongated through reduction in bandgap. Fur-
thermore, the N 1 s spectrum revealed three peaks at 399.05, 
400.01, and 401.92 eV which assigned, respectively, to N─C, 
Ti─N─O, and -NH2, attributed to the bonding of nitrogen 
with GQD and  TiO2. Ti─O peaks were recorded in O 1 s 
high-resolution spectrum at 529.60 eV (Lu et al. 2014). These 
XPS findings agree with the other characterization results, 
indicating the presence and binding of nitrogen with Ti and 
GQDs in the composite.

Effect of GQDs content

Figure 6a shows the effect of different GQDs weight 
percent (0.2, 0.5, 1, 1.5, 2.0, 2.5, 3.0, and 5.0) on RB5 
decolorization for 30 min photocatalytic reaction. The 
photocatalytic activity decreased with increasing GQDs 
contents, as higher GQD content forms a thick layer that 
prevents photons from reaching the  TiO2 surface, result-
ing in decreased photocatalytic activity (Pan et al. 2015). 
Several reports proposed that GQDs-TiO2 composites 
provide excellent photocatalytic activity due to the inter-
action between GQDs and  TiO2 nanoparticles (Tian et al. 
2017). Moreover, the presence of GQDs in  TiO2 has a 
significant role on the charge recombination as GQDs 

Fig. 3  TEM images of a bare  TiO2 and b GQD–20N–TiO2-300 (i) simplified illustrative nanostructure of GQD–20N–TiO2-300, (ii) the HRTEM 
image of with measured lattice spacing, and (iii) lateral size distribution

Fig. 4  PL spectra of  TiO2, 20N-TiO2, and GQD–20N–TiO2 calcined 
at 300 °C
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prevent charge recombination from the conduction band 
into the valance band, thus facilitates the electron–hole 
separation at the  TiO2 interface (Ding et al. 2015). In this 
study, the role of GQDs in prevention of electron–hole 
recombination is confirmed through PL analysis, where 
the exciton life is elongated in GQD–20N–TiO2 com-
pared to  TiO2. The photocatalytic mechanism is dis-
cussed in detail in the preceding section.

Effect of photocatalysts dose

Figure 6b shows the photocatalytic activity of different doses of 
GQD–20N–TiO2-300 photocatalysts for RB5 photodecoloriza-
tion ranging from 0.25 to 8 mg/mL, while the other variables 
were kept constant, i.e., RB5 concentration 30 mg/L, working 
pH, and temperature 22 ± 2 °C under dark and visible light irra-
diation to achieve an optimum dose of GQD–20N–TiO2-300 

photocatalyst for RB5 decolorization. The maximum RB5 
decolorization was found to be 100% for 1  mg   mL−1 of 
GQD–20N–TiO2-300 dose, while 96% decolorization was 
observed for 8 mg  mL−1. Although the effect on decoloriza-
tion is lower but this phenomenon can be explained in terms of 
GQDs presence, as higher concentration of GQDs can adsorb 
more RB5 molecules but reduce the photocatalytic performance. 
The increased decolorization attributable to adsorption rather 
than photodecolorization due to reduced light harvesting, this 
phenomenon is explained with respect to graphene contents by 
Tian et al. (Tian et al. 2017).

Effect of pH

Altering the suspension pH can change the surface prop-
erties of the photocatalysts. Keeping in view the PZC of 

Fig. 5  (a) Survey XPS spectrum, (b) high-resolution Ti 2p, (c) C 1 s, d N 1 s, and (e) O 1 s spectra of the composite
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 TiO2 (6.28), the  TiO2 surface is positively charged under 
acidic conditions while negatively charged under basic 
conditions. These conditions not only affect the surface 
properties but the redox potential as well as the adsorp-
tion capacity of the photocatalyst. Figure 6c shows the 
effect of varying pH on the decolorization efficiency of 
the GQD–20N–TiO2-300 photocatalyst. GQD–20N–TiO2-
300 showed 100, 91, 96, 82, 27, and 22% RB5 dye decol-
orization at pH 2, 4, 6, 8,10, and 12, respectively. These 
results demonstrate that lower pH is more favorable for 
RB5 decolorization as compared to higher pH (Gar Alalm 
et al. 2015). This phenomenon can be explained by the 
fact that at lower pH, the protonation takes place, and 
protonated products are more stable in light as compared 
to its original molecules. Moreover, as heterogenous 
photocatalysis is a surface phenomenon and more pro-
tonated molecules and anionic dye are attracted towards 
the surface of GQD–20N–TiO2-300 photocatalyst surface; 
hence, more decolorization takes place.

Effect of RB5 concentration

Figure 6d shows the effect of different initial RB5 con-
centration on percent decolorization efficiency of 
GQD–20N–TiO2-300. It can be observed that at the low 
concentration the percent decolorization was high and the 
degradation efficiency decreased with increasing initial RB5 
concentration. A 95–100% removal was recorded for initial 
RB5 concentration of 10–40 mg  L−1 while the efficiency 

reduced to 60% when dye concentration was 100 mg  L−1. 
The lower efficiency of GQD–20N–TiO2-300 with increase 
initial RB5 concentration can be explained by the intensely 
colored solution upon increasing the initial RB5 concen-
tration and a limited number of active sites availability for 
the adsorption of dye molecules, this results in lower decol-
orization efficiency (Jamil et al. 2020). The other reason 
as explained in previous studies can be the availability of 
•OH radicles. The number of photons reaching the surface 
of GQD–20N–TiO2-300 for excitation decreases as the dye 
concentration rises, resulting in fewer •OH radicals being 
generated for RB5 dye decolorization. (Bibi et al. 2017).

Heterogenous photocatalytic kinetic studies

To check the impact of decolorization kinetics different 
kinetic models, i.e., first, pseudo first- and second-order 
kinetic models were applied. The plots of first, pseudo first- 
and second-order kinetic models are depicted in Figure S1 
in the supplementary information. Heterogenous photocat-
alytic kinetic studies for GQDs-doped nitrogen-doped  TiO2 
were studied using different initial RB5 dye concentration 
(Fig. 7). The apparent rate constant (Kapp) was obtained 
from pseudo first-order kinetic model and explained in sup-
plementary information (Figure S1 and Table S1). Plot of 
1/Kapp versus initial dye concentration was used to describe 
Langmuir–Hinshelwood model (inset Fig. 7). The photo-
catalytic decolorization of RB5 by GQD–20N–TiO2-300 
photocatalyst fitted the Langmuir–Hinshelwood model, as 

Fig. 6  Effect of different 
reaction parameters on the 
decolorization of RB5 dye (a) 
GQDs loading, (b) dose (c) pH, 
and (d) initial dye concentration 
decay profile using GQD–20N–
TiO2-300
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illustrated by a linear relationship between the 1/Kapp and 
initial RB5 dye concentration (R2 = 0.9249). The surface 
reaction rate constant (KC) and the adsorption equilibrium 
constant (KLH) were calculated as KC = 1.95 mg  L−1  min−1 
and KLH = 0.76 L  mg−1, respectively.

Reusability of the photocatalyst

Reusability and recyclability of a photocatalyst are vital 
from an industrial and economic perspective; however, they 
have received little attention in recent years. The main aim 
of heterogenous photocatalysis should be these two aspects. 
In short, for a photocatalyst to be commercially viable, it 
must be able to sustain the reaction conditions repeatedly and 
upon reusing the photocatalyst, the performance must not be 
significantly altered. Figure 8 shows the recycling studies 

for  TiO2–300, 20N–TiO2–300, and GQD–20N–TiO2–300 
photocatalysts up to four cycles. The photocatalytic per-
formance of 20N–TiO2–300photocatalyst was reduced 
from 95% in the first cycle to 72% in the fourth cycle while 
20N–TiO2–300photocatalyst showed the performance reduc-
tion of 99% in the first cycle to 87% in fourth cycle. Again, the 
slight decrease in performance can be due to the loss of active 
sites upon reusing and washing (El-Mekkawi et al. 2020).

Electrical energy consumption and efficiency

The electrical energy consumed during the removal of RB5 dye 
from 1000 L of wastewater is depicted in Table 1. The energy 
consumption of the synthesized photocatalysts was quite lower 
as compared to the other reported photocatalysts. Moreover, 
in our previous study, the energy consumption of GQD doped 
metal doped photocatalysts were 137 k W h  m−3 (Khan et al. 
2021b); however, the nonmetal heterostructure depicted 1.5 time 
lower energy consumption with GQDs loading in this study.

Photocatalytic mechanism study

The role of electrons, holes, and generation of other reactive 
species were monitored during the trapping experiments. Based 
on these findings, a potential reaction mechanism is presented. 

Fig. 7  RB5 degradation rate for different initial RB5 dye concentra-
tion, inset plot of reciprocal of apparent rate (Kapp) of degradation 
against initial RB5 concentration

Fig. 8  Reusability studies for  TiO2–300, 20N–TiO2–300, and GQD–
20N–TiO2–300

Table 1  Comparison of EE/O kWh  m−3 for the different synthesized 
photocatalysts

Photocatalyst EE/O kWh  m−3 Reference

0.1Fe–TiO2–300 207.00 (Khan et al. 2021c)
1Fe–Zn–TiO2 457 (Riaz et al. 2021)
GQD–0.1Fe–TiO2–300 137.47 (Khan et al. 2021b)
N–Pt–TiO2 84.7 (Sun et al. 2013)
GQD–20N–TiO2–300 89.15 This study

Fig. 9  Proposed photocatalytic mechanism of GQD–20N–TiO2 for 
RB5 decolorization
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The Mulliken electronegativity theory (MET) can be used to 
compute the conduction (ECB) and valence (EVB) band poten-
tials of 20N-TiO2 and GQDs to understand the possible reac-
tion processes for RB5 photodecolorization (Eq. 5 and Eq. 6). 
Figure 9 illustrates the proposed mechanism of 20N-TiO2 and 
GQDs for decolorization of RB5 under visible light.

CB and VB are ECB and EVB potentials, respectively, 
while Ee is the electrons energy (4.5 eV vs. NHE) (Morri-
son 1980). The χ (electronegative of the nanocomposite) was 
determined through the following equation (Eq. 7).

The compounds’ atom counts are denoted by the let-
ters a, b, and c in the equation above (Yuan et al. 2014). 
The ECB, EVB, and χ of GQDs described in our previ-
ous research work were 0.36 eV, 3.16 eV, and 6.26 eV 
respectively (Khan et al. 2021b). The χ value of N-TiO2 

(5)ECB = χ − Ee − 0.5Eg

(6)EVB = ECB + Eg

(7)χ =
[

x(A)a
][

x(B)bx(B)bx(C)c
]

1

a+b+c

was estimated to be 5.62  eV and the ECB and  EVB 
were − 0.35 eV and 2.55 eV, respectively. As both N-TiO2 
and GQDs are optically active and can produce elec-
trons and hole pairs, however the photocatalytic activity 
of N-TiO2 was recorded higher upon GQDs decoration. 
When the GQD–N–TiO2 is subjected to visible light, two 
possible separation mechanism can occur, i.e., Z-scheme 
and type II heterojunction. In Z-scheme, the photoexcited 
electron on the  CBGQD would migrate to the  VBN-TiO2, 
and the photoinduced hole (h +) on the  VBGQD (2.59 eV) 
and the photoexcited electron on the  CBN-TiO2 (− 0.35 eV) 
would subsequently react with  H2O to form hydroxyl radi-
cals (•OH) and superoxide anion radicals  (O2•) (Ma et al. 
2019). However, the amount of hydroxyl radicals produced 
in this study (Fig. 10) is very low, indicating that type II 
heterojunction is responsible for the photocatalytic RB5 
decolorization by GQD–N–TiO2. In type II heterojunc-
tion, electron from the  CBN-TiO2 would easily migrate to 
the  CBGQD while the holes in the  VBGQD would migrate 
to the  VBN-TiO2 leaving electrons and holes in  CBGQD 
and  VBN-TiO2, respectively. Moreover, the production of 
superoxide  (O2•) is attributed to the reaction at  CBGQD. 
Overall, the photodecolorization reactions are triggered by 

Fig. 10  Effect of different 
trapping agents on the photo-
catalytic decolorization of RB5 
using GQD–20N–TiO2–300

Fig. 11  EPR analysis of the 
synthesized GQD–20N–TiO2 
photocatalyst in dark and light 
conditions
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the formation of holes and reactive oxygen species on the 
surface of GQD–N–TiO2, which react with the adsorbed 
RB5 molecules.

We further conducted the EPR analysis to demon-
strate the presence of reactive oxygen species (ROS) and 
explain the degradation mechanism of GQD–20N–TiO2. 
Figure 11 shows the presence of ROS in GQD–20N–TiO2 
during dark and light conditions. Strong EPR signal were 
observed during the light conditions compared to dark 
conditions, which proved that the presence of •OH, 1O2, 
and  O2• were produced during the photocatalytic pro-
cess (Gao et al. 2022). These results are consistent with 
quenching experiment results.

Conclusion

In this study, GQDs were successfully doped on nitrogen-
doped  TiO2 with the improved tunable optical properties and 
desired bandgap for the RB5decolorization. GQDs loading 
had a significant impact on the performance of 20N–TiO2 
photocatalysts to decolorize RB5. The optimized reaction 
conditions were 1 g  L−1 dose, pH 6.8, 60 mg  L−1 RB5 con-
centration, and normal room temperature (22 ± 2 °C). The 
photocatalytic reaction followed the PFO kinetics, and the 
L–H expression depicted the KC as 1.95 mg  L−1   min−1 
and KLH was 0.76 L  mg−1, emphasizing the simultaneous 
process of adsorption and photocatalysis. Moreover, the 
physicochemical properties of the best performing mate-
rial, GQD–20N–TiO2-300 depicted the elongated exciton 
lifespan confirmed through reduced PL intensity and Eg 
(2.91 eV) compared to pristine  TiO2 (Eg = 3.19 eV). The 
other improved properties were exhibited including surface 
area (191.91m2  g−1), pore diameter (1.94 nm), TEM particle 
size of 4.36 nm, and visibly uniform arrangements and dis-
persion. XRD results showed consistent anatase even upon 
introduction of GQDs into 20N-TiO2 lattice. Furthermore, 
the decoration of GQDs lowered the Ti 2p XPS spectra to a 
lower binding energy level (458.36 eV), and binding energy 
levels of the introduced impurities confirmed the changes 
in  TiO2 lattice. The proposed mechanism was the type II 
heterojunction, while the presence of holes and reactive 
oxygen species were confirmed through EPR analysis, and 
these species were found to be the main reactive species for 
the decolorization of RB5 dye. From the economic point of 
view, GQD–20N–TiO2 was more durable and energy effi-
cient compared to  TiO2 and 20N-TiO2 photocatalysts. This 
study could pave the way for further insight into the photo-
catalytic behavior of GQDs with other metal oxides for toxic 
pollutant remediation in environment.
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