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photoluminescence (PL) intensities. X-ray photoelectron spectroscopy (XPS) shows that no
peak related to C − O in NGO/BQDs-TiO2 is observed. This indicated that doping of nitrogen
into GO has reduced some oxygen functional groups. Nitrogen functionalities in NGO and
photosensitizing effect of BQDs in ternary composite have improved photocatalytic activity against organic pollutants. Intermediate byproducts during photo degradation process
of 2,4-DCP were studied through high performance liquid chromatography (HPLC). Study of
radical scavengers indicated that O ·−
2 has significant role for degradation of 2,4-DCP. Our investigations propose that fabricated nanohybrid architecture has potential for degradation
of environmental pollutions.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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TiO2 has been employed as active photocatalyst in many
emerging research areas from last 4 decades (Ali et al., 2011;
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Kansal et al., 2013; Li et al., 2013). Numerous approaches
have been extensively exploited by researchers to increase
the photocatalytic activities of TiO2 in visible portion of solar light (Giri and Golder, 2019; Sajjad et al., 2017). One of
them is doping methodology through mono, co-doped metal
or non-metal oxides (Malati and Wong, 1984; Zaleska, 2008).
The doped TiO2 could prominently enhance the photocatalysis as new partially occupied impurity states are introduced
(Guo et al., 2013; Moradi et al., 2019; Yang et al., 2010). Bi2 O3
nano-material with small band gap value has suggested a potential co-catalyst to attain high photocatalytic activity of TiO2
in environmental remediation against the organic pollutants
(Bessekhouad et al., 2005; Bian et al., 2008; Liu et al., 2010;
Sajjad et al., 2010a, 2010b).
TiO2 loaded with zero dimensional (0D) Bi2 O3 quantum dots (QDs) with small size has unique features i.e.
cost effective, eco-friendly, stable, non-toxic and give high
quantum yield. Moreover, this combination has been confirmed as promising candidate. Since usage of visible light
source via multiple light scattering aptitude would effectively hinder recombination process between electron-hole
pairs (Gomez et al., 2014; Malathy et al., 2014). Shamaila
et al. (2010) prepared 2D ordered hexagonal mesoporous
anatase TiO2 loaded with various weight percentages of
Bi2 O3 . This combination exhibited prominent photocatalytic
activity than other photocatalysts (Sajjad et al., 2010a).
Zhu et al. (2013) have studied improved bismuth-doped
TiO2 visible-light-driven photocatalyst and observed anatase
to rutile phase changes by Bi ion doping and polyethylene glycol (PEG6000 ). Sood et al. (2016) have made hetero–
structure of TiO2 /α-Bi2 O3 and used photocatalytic degradation of ofloxacin (antibiotic drug) in solar light illumination.
Zhu et al. (2011) have observed higher visible light degradation
of p-chlorophenol via flower-like Bi2 O3 /TiO2 (enriched Bi2 O3
QDs) photo catalyst.
2D GO sheets have been engaged in a number of applications with fascinating properties i.e. high stability, fast electron conduction and tunable oxygen functional groups and
fast adsorption and diffusion of organic species by means of
π -π interaction (Geim et al., 2009; Geim and Novoselov, 2010).
Properties of GO has been tailored by foreign material doping
(Jin et al., 2012; Yang et al., 2011). Addition of nitrogen with dissimilar electronegativity than carbon atom generates uneven
charge distribution on surface of GO that acts as structural defects and active sites for reaction species (Zhang et al., 2019).
Furthermore, nitrogen atoms with unpaired electrons trigger
its chemical reactivity. Zhang et al. (2011) have noted that nitrogen doping in graphene sheets can boost up its electrical
properties. Tian et al. (2017) have observed the better electromagnetic interference shielding effect by introducing Ndoped reduced graphene oxide in waterborne polyurethane.
Hou et al. (2013) have fabricated Bi2 O3 QDs-TiO2 with reactive facets (001) on graphene sheets by using the hydrofluoric acid and employed for degradation of RhB. Many researchers have reported on Bi2 O3 QDs with size ranges 2.0–
5.0 nm (Nemade and Waghuley, 2013; Zhu et al., 2011). As for
as our knowledge is concerned such small synthesized Bi2 O3
QDs decorated TiO2 have not been reported before this work.
In present work, highly efficient photocatalyst has been
synthesized by combining Bi2 O3 QDs (BQDs) doped TiO2 with

nitrogen doped GO (NGO). The surface of BQDs-TiO2 composite was tuned by addition of NGO. These composites have subjected toward the photo degradation of organic species i.e.
Rhodamine B (RhB), Congo Red (CR) and 2,4 dichlorophenol
(DCP) in the presence of solar light. The effect of Bi2 O3 QDs and
NGO on TiO2 surface is to be red shifted in wavelength of visible region. Nitrogen functionalities of NGO and quantum confinement effect of Bi2 O3 QDs in NGO/BQDs-TiO2 ternary composite have reduced the recombination of free charge carriers.
The maximum photo degradation performance of NGO/BQDsTiO2 ternary composite against organic pollutants has observed than other samples on account of formation of new interfacial surface linkages, electron tapping sites and reduced
band gap value. Our findings propose highly proficient material for degradation of environmental organic waste products.

1.

Materials and methods

1.1.

Material used

The required materials for synthesis of photocatalysts were
tetrabutyl titanate (TBT), bismuth nitrate (Bi(NO3 )3 •5H2 O),
urea, ethylene glycol (EG), acetic acid and ethanol provided by
Sigma Aldrich.

1.2.

Material synthesis

1.2.1.

Synthesis of nitrogen doped GO

GO was prepared through Tour method as mentioned in our
earlier work (Noor et al., 2020b). For NGO preparation, a solution was made through mixing of 0.5 g GO and 2.0 wt.% of urea
into deionized water under stirring. The solution was treated
a hydrothermal process at 200°C for 6 hr. The resultant solution of nitrogen doped GO (NGO) was centrifuged, washed by
distilled water till the neutral pH was adjusted and became
dry at 60°C to obtain the end product.

1.2.2. Preparation of BQDs doped TiO2 and NGO/BQDs-TiO2
ternary composite
For the fabrication of BQDs-TiO2 composite, 30 mL TBT was
dropped slowly into solution of 50 mL ethanol and 2.0 mL
EG under vigorous stirring. Bi (NO3 )3 •5H2 O (4.0 wt.%) was employed as a precursor of Bi2 O3 . Homogenous solution was obtained through sonication for 20 min. Few drops of acetic acid
were added to maintain pH (2–3) of solution. Hydrothermal
process of above solution was conducted at 120°C for 10 hr.
After cooling, powder was obtained by washing and drying
(60°C) the precipitate. End product was annealed at 450°C for
4 hr to get BQDs-TiO2 composite. NGO/BQDs-TiO2 composite
was achieved by wet chemical impregnation treatment. The
preperation steps are shown in Scheme 1.

1.3.

Characterization

The crystalline nature of manufactured materials is measured
by X-ray diffractometer (XRD) (X’pert PRO MPD, PANalytical,
Canada) through Co Kα1 radiation (λ = 1.78 Å) worked at
40 kV and 40 mA. The crystalline size of samples was measured by Scherrer formula d = kλ/βcosθ . Energy dispersive
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Scheme 1 – Synthesis approach of nitrogen doped graphene oxide/Bi2 O3 quantum dots-TiO2 (NGO/BQDs-TiO2 ) composite.

X-ray (EDX) and scanning electron microscopy (SEM) (MIR3,
TESCAN, Czech Republic) functioned at 10–15 kV was employed to collect the composition and morphological images
of fabricated samples, respectively. Transmission electron microscopy (TEM) and high resolution transmission electron microscopic (HRTEM) images of NGO/BQDs-TiO2 composite were
obtained by Double Cs Corrected TEM (JEM-2200FS, JEOL, Ltd.,
Japan) operated at 80 kV. Various functional groups of samples were obtained through Fourier transform infrared spectroscopy (FT-IR) (ALPHA II, Bruker, Germany). Optical properties of materials were analyzed by means of UV-Visible diffused reflectance spectroscopy (DRS) (UV-2600 spectrophotometer, Shimadzu, Japan). Vibrational modes of samples
were analyzed through Raman spectra (Horiba Labram-HR
800, Horiba Jobin Yvon, Japan). Photoluminescent (PL) characteristic spectra were attained by employing Fluorescence
spectrometer (LS 45, Perkin Elmer, Ltd., Germany). Binding energies of NGO/BQDs-TiO2 ternary composite were obtained
by using X-ray electron spectroscopy (XPS) (Kratos Axis Ultra spectrometer, Shimadzu Corporation of Kyoto, Japan) with
monochromatic Al Kα radiation, pass energy of 40 eV and Xray power of 180 W.
High performance liquid chromatography (HPLC) of 2,4DCP was conducted (series 1100, Agilent, USA) with reversephase C18 analytical column (Zorbax SB-C18, Agilent, USA) at
22°C. Methanol and water (50:50, V/V) was employed as mobile
phase at a flow-rate of 1.0 mL/min.
Trapping test for scavenging the photo induced reactive
species was controlled by using each 0.0002 mol/L solution
of various radical scavengers i.e. ammonium oxalate (AO) for
holes (h+ ), isopropanol (IPA) for hydroxyl radicals (OH· ) and
), respectively.
benzoquinone (BQ) for superoxide ions (O·−
2

1.4.

Photocatalytic test

The photocatalytic measurements of each manufactured
sample (0.05 g) was conducted through degradation of 20 mg/L
solution of each organic toxic pollutant including stable dyes
and toxic chemicals i.e. RhB, CR and 2,4-DCP aqueous solution
as model pollutants in a cylindrical glass under solar simulator (94011A LCS-100, Oriel, USA) of one sun intensity. The

mixture of sample and organic species solution was stirred
for 0.5 hr in dark to get adsorption-desorption equilibrium
of pollutant on catalyst surface. Then photocatalytic performance was started by irradiating the mixture to solar light,
positioned at 10 cm away from source light. During the regular time interval (20 min for RhB, CR and 1 hr in case of 2,4DCP) of exposure, 4.0 mL of suspended solution was drawn
and centrifuged. UV-Visible spectrophotometer (Cary 100, Agilent Technologies, USA) was employed in the range of 200–
800 nm to determine decomposition of organic species RhB,
CR and 2,4-DCP at maximal adsorption (λmax ) of 552, 497 and
˜283 nm, respectively.

2.

Results and discussion

2.1.

Structural characteristics

Crystalline size, structure and phase identification of fabricated materials was studied by XRD analysis. XRD profile
of TiO2 , BQDs-TiO2 and NGO/BQDs-TiO2 nanomaterials are
indicated in Fig. 1a. XRD characteristic peaks of TiO2 and
its composites represent well-defined (011), (004) and (020)
miller indices, respectively, which are reflecting anatase TiO2
(Noor et al., 2020a). In XRD pattern of NGO, very sharp peak
centered at 26.2° (002) is appeared that indicates restoring of
the graphitic crystal structure due to strong chemical interaction of dopant and basal plane of GO. It is also seen a relatively
small peak at 10.3° (001) related to GO that confirms oxygenic
functional groups in small fraction at the edges and carbon
grid of GO. It is suggested that interlayer distance (d002 = 3.4 Å)
is reduced during doping process owing to the removal of
intercalated H2 O molecules and oxygenic functional groups
from surface of GO to some extent. This is obvious evidence
that GO has been reduced into partial r-GO through addition of
nitrogen. The residual oxygenic functional moieties are said to
perform vital role in photo degradation by actively anchoring
pollutant molecules (Fan et al., 2015). It is expected that during the chemical reaction of nitrogen with GO solution, cleavage of C–O bonds partially repair π conjugated carbon network and formation of C–C bond in r-GO due to fractional de-
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Fig. 1. – (a) X-ray diffraction (XRD) patterns of Pure TiO2 , NGO, BQDs-TiO2 and NGO/BQDs-TiO2 and (b) Fourier transform
infrared spectroscopy (FT-IR) spectra of BQDs-TiO2 and NGO/BQDs-TiO2 .

functionalization of oxygenic moieties from the basal plane of
GO. Nitrogen has introduced some defects into the structure of
GO by most probably making C–N bonding i.e. graphitic N, pyridinic N (sp2 hybridized) or pyrrolic N (sp3 hybridized) in carbon
galleries of GO (Duan et al., 2015). These defects are advantageous which act as trapping sites for photo generated charge
carriers. Han et al. (2020) have proposed that addition of nitrogen into GO reduced the surface oxygen-containing groups
and improved the charge transportation from carbon to nitrogen that is advantageous for photocatalytic activity.
In BQDs-TiO2 and NGO/BQDs-TiO2 composite materials
(Fig. 1a), no shifting of diffraction peaks was observed by incorporation of dopant materials into host TiO2 because ionic radii
of Ti4+ (68 pm) is smaller than Bi3+ (96 pm). Therefore, Bi3+
couldn’t be introduced into lattice of TiO2, however, placed at
interstitial sites. The characteristic peaks related to dopants
as separate phase are not seen because of their less amount
(Noor et al., 2018; Vigil et al., 2019). Sood et al. (2016) have identified diffraction peaks of monoclinic α-Bi2 O3 in TiO2 as a separate phase with 10.0 wt.% concentration of Bi2 O3 . A prominent
reduction in characteristic peak intensities of NGO/BQDs-TiO2
composite is obvious which confirm the coupling of TiO2 with
Bi2 O3 QDs and NGO. Foreign materials reduce a little bit crystallinity of TiO2 leading to considerable widening of diffraction
peaks of composite samples. The crystalline size of composite
samples is measured via Scherer’s equation centered at 29.4°
(011) of anatase TiO2 and found between ∼6.0–9.0 nm. Diffraction peaks related to GO/r-GO are not seen in NGO/BQDs-TiO2
composite material due to its low contents or small diffraction
signals.
Functional groups analysis of BQDs-TiO2 and NGO/BQDsTiO2 (Fig. 1b) was investigated by FT-IR studies. It is observed
in BQDs-TiO2 spectrum speak located at 1619 cm−1 indicates
Ti − OH bending vibration which is clear evidence of occurrence of adsorbed H2 O molecules on surface of photocatalyst, which is essential for OH· radicals formation in photocatalytic process. The characteristics IR peaks between 900 and
600 cm−1 are ascribed to Ti − O and Ti − O − Ti stretching vibrations (Lin et al., 2017). The prominent absorption signals
at 446 cm−1 indicates Bi − O − Ti linkages. In IR spectrum of
NGO/BQDs-TiO2 (Fig. 1b) characteristic peak at 2314 cm−1 is

owing to stretching vibrations of N − bond (Sajjad et al., 2012).
The signal at 1619 cm−1 indicates C=C vibrations of carbon
grid (Kumar et al., 2014). Signals at 1430 and 1149 cm−1 are assigned to C=N bending vibrations and C − N stretching vibrations (Kuvarega et al., 2014). Low intensity peaks at 1216 and
1057 cm−1 in NGO/BQDs-TiO2 composite show C − O alkoxy
group and epoxide C − O − C bond due to residual oxygenic
functional groups which are present in NGO also confirmed by
XRD profile. The signatures between 900 to 400 cm−1 represent
N−O−Ti, C−O−Ti, and Bi−O−Ti linking bonds which are helpful for anchoring the pollutants molecules during photocatalysis process of catalysts. Yang et al. (2014) have concluded in
their work that improved photocatalytic performance was attributed to fast photo induced electronic conduction through
the interfacial linkage between graphene and semiconductor
material.

2.2.

SEM and EDX analysis

Morphological images of TiO2 , NGO, BQDs-TiO2 and
NGO/BQDs-TiO2 (Fig. 2) are collected by scanning electron
microscopy (SEM). Morphological structure of TiO2 (Fig. 2a) reveals granular texture of primary particles with large grooves
and voids. These voids provide enough space for anchoring
and rapid diffusion of reaction species. Morphology of NGO
(Fig. 2b) shows the crumpled, disordered, closely connected
and slightly ruptured sheets due to defective structure which
is associated with introduction of nitrogen in GO. Heterogeneity and amphiphilicity of NGO can be regarded as highly
conductive sheets and availability of dynamic sites for adsorption of foreign molecules (Kim et al., 2010). Split sheets
of NGO offer high surface area and improve light scattering
ability. In BQDs-TiO2 (Fig. 2c) irregular agglomerated spherical
shaped morphology are obviously seen with small grooves
and spaces. That indicates the strong electrostatic interaction
between BQDs and host TiO2 . Morphology of NGO/BQDs-TiO2
composite (Fig. 2d) discloses randomly distribution of small
particles on smashed GO sheet with reduced agglomeration tendency. This hybrid structure has strong coupling
between NGO and centers of metal oxides which is not only
offering high active surface area for anchoring the pollutant
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Fig. 2. – Scanning electron microscopy (SEM) images of (a) TiO2 , (b) NGO, (c) BQDs-TiO2 and (d) NGO/BQDs-TiO2 and energy
dispersive X-ray (EDX) spectrum of (e) NGO and (f) NGO/BQDs-TiO2 composite.

molecules but also facilitates the fast electron transfer for
better photocatalytic performance of material.
Elemental mapping spectrum of NGO and NGO/BQDs-TiO2
was obtained by EDX analysis. The spectrum of NGO (Fig. 2e)
indicates the occurrence of C, O and N peaks. The elemental composition of NGO/BQDs-TiO2 (Fig. 2f) indicates C, O, Ti,
Bi and N which confirms the formation of NGO/BQDs-TiO2
composite. No other peaks such as impurities were identified.
However, the presence of Cu signals was detected due to usage
of Cu grid.

2.3.

TEM and HRTEM

Further morphology of NGO/BQDs-TiO2 nano-hybrid structure
is confirmed by dark and bright field TEM images (Fig. 3) at different nano-scale, respectively. The distribution of spherical
shaped nano-structure of composite on wrinkled NGO sheet
is depicted in Fig. 3a without the clear identification of components in composite. BQDs covering on host TiO2 have a robust contact between Bi2 O3 and TiO2 . A plenty of Bi2 O3 QDs
with diameter ranging between 0.3–0.8 nm are clearly seen
in dark field image (Fig. 3b) that are uniformly distributed
on surface of TiO2 coupled with NGO. On the basis of extremely reduced sized Bi2 O3 QDs increase the photosensitizing effect and friendly interfacial linkages between TiO2
and NGO. It is also expecting that this nano-hybrid structure
plays vital role in reduction of recombination process during the photocatalytic degradation test and enhances visible
light absorption owing to quantum confinement effect as per
studied in diffused reflectance spectroscopy (DRS) analysis.

Fig. 3. – (a, b) Transmission electron microscopy (TEM)
images, (c) high resolution transmission electron
microscopy (HRTEM) and (d) selected area electron
diffraction (SAED) pattern of NGO/BQDs-TiO2 composite.

Zhu et al. (2011) have observed nanoparticles of Bi2 O3 with
average diameter about 2.0 nm were evenly distributed on the
surface of TiO2 petals. Hou et al. (2013) have noted the effi-

112

journal of environmental sciences 108 (2021) 107–119

Fig. 4. – (a) UV-Visible spectra and (b) Tauc plot of TiO2 , BQDs-TiO2 , NGO/BQDs-TiO2 , and (inset) NGO. h: Plank constant; v:
photon frequency; α: absorption coefficient.

cient photo degradation of Rhodamine B via coupling of Bi2 O3
quantum dots (average diameter 2.0 nm) and TiO2 /graphene.
Han et al. (2016) have proposed that energetic photocatalysts
could be obtained by designing the controlled size and dimensions of graphene based composite architectures. HRTEM
(Fig. 3c) is employed to determine the inter planer distance of
synthesized material which is noted as 0.35 and 0.33 nm indicating the facets (011) of anatase TiO2 and (002) of carbon. The
average particle size is calculated between 5.0–8.0 nm. This is
well agreed with XRD measurements. Selected area electron
diffraction (SAED) pattern of NGO/BQDs-TiO2 (Fig. 3d) confirms the crystalline nature of composite. This hybrid structure offers large quantity of energetic sites for anchoring, diffusion of pollutant molecules and high electronic conduction
during photocatalytic degradation reaction.

2.4.

Optical analysis

UV-Visible diffused reflectance spectroscopy of TiO2 , NGO,
BQDs-TiO2 and NGO/BQDs-TiO2 samples is illustrated in
Fig. 4a. UV-Vis spectrum of TiO2 indicates absorption edge at
∼392 nm and has charge transition between 300 to 390 nm
agreed with literature (Sajjad et al., 2009). Absorption edge
of BQDs-TiO2 composite is to be found in visible region. It
is suggested that these BQDs modified TiO2 surface is red
shifted by increasing more light scattering ability due to quantum confinement. This surface modification increase life time
of free charge carriers. Shamaila et al. (2010b) have reported
that 2.0 wt.% Bi-doped mesoporous (ms) TiO2 nanocomposite material showed visible light absorption that was associated with surface-defect and oxygen vacancies by dopant.
Moradi et al. (2019) have claimed that acid treated Fe-TiO2
contracted the band gap value by removing the contaminated
layer of iron. Wang et al. (2019) have decorated 0D Bi nano-dot
on 2D Bi3 NbO7 nano-sheet composite with improved molecular oxygen activation in the presence of visible light. DRS spectrum of NGO is shown in Fig. 4a (inset). According to literature
GO has π -π ∗ absorption band located at ∼230 nm (Yang et al.,
2012). This band has been shifted to ∼263 nm by doping of nitrogen into GO. This represents that some oxygen functional
groups of GO have reduced and sp2 -bonding network of con-

jugated structure is reinstated. This is also studied in XRD patterns (Usachov et al., 2011). Nitrogen doping in GO directly
linked with defect centers and active sites for photocatalysis is attributed to excessive amount of π -electrons on surface of NGO. NGO/BQDs-TiO2 nano-hybrid structure (Fig. 4a) is
respondent in whole visible region as NGO provides the best
platform for distribution of composite sample, reducing the
agglomeration between particles and increases the life time
of photo induced charge carrier associated with large surface
area. Li et al. (2020) have suggested that edge selectively amidated graphene in TiO2 /r-GO-ethylenediamine hybrid structure served as photocatalytic H2 -production dynamic sites.
The optical band gap energy value of fabricated samples is
calculated by employing Tauc relation as presented in Fig 4b.
Band gap value of TiO2 is 3.03 eV while NGO (Fig. 4b (inset)) is found ∼2.5 eV. The band gap values of BQDs-TiO2 and
NGO/BQDs-TiO2 (Fig. 4b) were noted ∼2.86 and ∼2.5 eV, respectively. The small optical band gap of NGO/BQDs-TiO2 is associated with excessive electrons and reactive sites. The defect
centers, reduced band gap energy and active surface linkages
are key factors letting NGO/BQDs-TiO2 composite to be an improved photocatalyst.

2.5.

Raman analysis

Fig. 5 illustrates Raman bands of BQDs-TiO2 and NGO/BQDsTiO2 . The standard optical Raman bands of anatase TiO2 located at 146.0, 196.0, 397.0, 516.0 and 638.0 cm−1 are attributed
to Eg , B1g , A1g , B2g and Eg stretching vibrational modes, respectively (Sajjad et al., 2013). In our both composites, Raman
active bands are shifted to 149.0, 399.0, 514.0 and 640.0 cm−1
due to incorporation of foreign materials leading to development of new linkages. In NGO/BQDs-TiO2 spectrum, two Raman characteristics peaks at 1336 cm−1 (D band) and 1604
cm−1 (G band) are attributed to carbon network of NGO sheet
(Wei et al., 2016). No other peaks related to dopant are detected. However, broadening and considerable reduction in
peak intensities are noticed in NGO/BQDs-TiO2 well accordance with XRD profile.
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2.7.

Fig. 5. – Raman spectra of BQDs-TiO2 and NGO/BQDs-TiO2
composite.

Fig. 6. – Photoluminescent (PL) spectra of TiO2 , BQDs-TiO2
and NGO/BQDs-TiO2 .

2.6.

Photoluminescent analysis

Photoluminescent (PL) spectra of TiO2 , BQDs-TiO2 and
NGO/BQDs-TiO2 (Fig. 6) are determined at excitation of
270 nm. In PL spectra of TiO2 , three prominent characteristic emission peaks located at 381, 448 and 532 nm well consistent with literature and a shoulder peak at 403 nm are observed (Xu et al., 2017). PL peaks at 381 and 448 nm are ascribed to transition emission of anatase TiO2 and free exciton. Peak located at 403 and 532 nm is associated with surface
traps, defect centers and oxygen vacancies (Sajjad et al., 2009).
The intensity of all these peaks is reduced in BQDs-TiO2 and
obvious quenching is observed in NGO/BQDs-TiO2 composite
which is directly linked to reduction in electron-hole recombination rate. NGO in ternary composite is served as electron
shuttling medium between metal oxides and pollutant materials. Fast charge transfer rate that are considered favorable
factors for improved photocatalytic performance of samples.

X-ray photoelectron spectroscopy

XPS analysis was performed to determine the electronic
states and bonding configuration of NGO/BQDs-TiO2 composite. Fig. 7 indicates the high resolution spectra of constituent
elements (Ti, Bi, O, C and N) of NGO/BQDs-TiO2 composite.
Fig. 7a illustrates that Ti 2p splits into two prominent characteristics peaks Ti 2p1/2 and Ti 2p3/2 at 465.5 and 459.9 eV, respectively according to literature (Zhu et al., 2017). Bi (4f) spectrum (Fig. 7b) indicates Bi 4f5/2 and Bi 4f7/2 of Bi2 O3 and found
to be located at 164.2 and 158.7 eV, respectively. The binding
energies fit to O 1 s peaks (Fig. 7c) are observed at 529.6 eV belonging to Ti−O while other peak centered at 531.9 eV ascribed
to Bi − O bonding (Sajjad et al., 2010b). Fig. 7d shows all the
possible bonding configuration of C in NGO/BQDs-TiO2 composite. XPS spectrum belonging to C 1 s can be fitted (Gaussian deconvolution) via three peaks. The most sharp peak located at 284.4 eV indicating to graphite-like sp2 C (C=C) which
confirms that most of C-atoms in NGO/BQDs-TiO2 composite
found in conjugated honeycomb lattice. The peak at 285.04 eV
reflects Csp2 −N bonding configuration originated from substitution of N atom with C-atom (at edges of the graphene lattice
called pyridinic N). A broad peak at 287.3 eV originated from
Csp3 − N (5 membered ring configuration known as pyrrolic
N) bonding configuration (Wei et al., 2009). No peak related to
C−O has observed. This clearly indicated that doping of nitrogen into GO has reduced some oxygen functional groups. This
is also confirmed through XRD analysis. The spectrum of N 1 s
has fitted into three peaks (Fig. 7e). The characteristics peaks
at 399.1 and 400.3 eV represent to pyridinic N and pyrrolic N
bonded with C of GO. The signal located at of 401.6 eV represents the graphitic N which states that C has been substituted
by N atom in hexagonal structure of GO (Li et al., 2015). The
peak of graphitic N is very sharp as compared to others which
indicates that graphitic N atoms are highly doped into GO.

2.8.
test

Photo degradation of organic species and stability

We have tested our samples in solar induced removal of organic dyes i.e., RhB and CR. Maximum photocatalytic removal
of RhB and CR was noted ∼96.0% and ∼99.0% by NGO/BQDsTiO2 material after 80 min, respectively. Photo degradation
values of RhB and CR by all samples are given in Table 1. It
is also noted that adsorption and degradation rate of CR is

Table 1 – Degradation rate constant (min−1 ) for synthesized samples against organic species.
Organics

TiO2

Congo Red (CR) 0.0011
(80 min−1 )
Rhodamine B
0.001
(RhB) (80
min−1 )
0.0003
2,4Dichlorophenol
(2,4-DCP) (240
min−1 )

BQDs-TiO2

NGO-TiO2

NGO/BQDs-TiO2

0.0237

0.027

0.075

0.0189

0.0245

0.041

0.0047

0.0062

0.011
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Fig. 7. – High revolution X-ray electron spectroscopy (XPS) analysis of constituent elements (a) Ti 2p (b), Bi 4f (c), O 1 s (d), C
1 s and (e) N 1 s of NGO/BQDs-TiO2 composite.

Fig. 8. – (a) Time dependent solar driven catalytic degradation,(b) kinetic study of 2,4-DCP and (c) recycling (repetitive three
cycles) of NGO/BQDs-TiO2 photocatalyst. Co : initial concentration (t = 0); C: solute remaining concentration (t = irradiation
time); kapp : degradation rate constant.

higher than RhB because CR exist in ionic form in aqueous
solution and have sturdy electrostatic attraction toward the
π -electrons of NGO and more ability of adsorption on surface
of catalyst (Wei et al., 2018).
Afterward, solar induced degradation rate of 2,4-DCP was
examined by prepared photocatalysts after 4 hr irradiation
and shown in Fig. 8a. Pure TiO2 shows only ∼7.0% degradation of 2,4-DCP. Even though TiO2 has very sturdy oxidizing
power (EVB = 2.90 V vs. normal hydrogen electrode (NHE)) for
degradation of organic pollutants. While TiO2 possesses more
negative reduction potential than potential of single electron
, E = −0.33 eV vs.
reduced by oxygen molecule (O2 + e− = O−
2
NHE) (Zhu et al., 2020). But large band gap value restrains its
practical applications in visible light region. Photocatalysis of
TiO2 was improved by coupling of BQDs that acted as photosensitizer and degradation was observed ∼68.0% (Fig. 8a).
Bi2 O3 QDs have a strong interaction with host TiO2 . NGO/TiO2
has degraded 2,4-DCP to ∼78.0% (Fig. 8a). Pairing of NGO with

BQDs-TiO2 has displayed excellent photo degradation of 2,4
DCP about ∼93.0%. It is suggested that NGO/BQDs-TiO2 is most
active photocatalyst due to its unique features. Oxygen and
nitrogen functionalities in NGO create the polarization in carbon grid and make sure the availability of promising reaction sites for anchoring of organic species (Shang et al., 2010).
The better photocatalytic activity is attributed to quantum
confinement effect of Bi2 O3 QDs, high electronic conduction
of NGO owning to additional p-electrons of nitrogen atoms
in NGO network. It is also proposed that the interaction of
NGO with organic species via π -electron has occurred on the
surface of catalyst sample. Organic species have C=C and π electrons. π -electrons of NGO interact strongly with benzene
rings of organic pollutants by π -electrons (Sajjad et al., 2019).
Lu et al. (2018) surveyed that doping of N, boron and sulphur into graphene increased the electrical conductivity of
graphene. The photo degradation activity of organic dyes fol-

journal of environmental sciences 108 (2021) 107–119

Fig. 9. – High performance liquid chromatographic (HPLC)
analysis of photo degradation of 2,4-DCP through
NGO/BQDs-TiO2 photocatalyst at different irradiation time.
a, b, c and d denote 2,4-DCP, 2-chloro-1,4-benzenediol,
dihydroxy-benzene and hydroxy-hydroquinone,
respectively.
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Scheme 2 – Photocatalytic degradation path way of (a)
2,4-DCP and production of possible intermediate
byproducts ((b) 2-chloro-1,4-benzenediol, (c)
dihydroxy-benzene and (d) hydroxy-hydroquinone) during
photocatalysis process.

lows pseudo first order kinetics in following Eq. (1).
ln(Co /C) = kapp t

(1)

Co and C indicate initial and solute remaining concentration at time t = 0 and t = irradiation time, respectively, and
kapp is degradation rate constant. ln (Co /C) of 2,4-DCP solution
against prepared photocatalysts as a function of irradiation
time is represented in Fig. 8b. NGO/BQDs-TiO2 photocatalyst
has the highest value of kapp than other samples.
Recycling of NGO/BQDs-TiO2 photocatalyst was tested
(Fig. 8c) for three times. The minute loss in photocatalytic
efficiency of said catalyst was observed. That loss might be
amount of catalyst lost during the filtration process. It is proposed that NGO/BQDs-TiO2 photocatalyst is exceedingly energetic and stable material for the degradation of organic environmental pollution at large scale.

2.9.

HPLC analysis

In order to investigate the intermediate by-products generated during the photo degradation of 2,4-DCP. Many intermediate products at different solar irradiation time are detected
through the HPLC study as function of retention time (Fig. 9).
It is worth noting a prominent peak related to 2,4-DCP (a)
at retention time of 7.45 min is observed. Obvious decrease
in intensity was noted as the irradiation time grows up. At
the initial stage of reaction 2,4-DCP was converted into 2–
chloro-1,4-benzenediol (b) at retention time 5.07 min upon re, OH· ) (Zhang et al.,
action of solar induced reactive species (O·−
2
2012). On further reaction with active species in the presence of light, dechlorination was occurred due to formation
of dihydroxy-benzene (c) at retention time of 3.45 min and
hydroxy-hydroquinone (d) retention time 2.65 min (Xu and
Wang, 2012). Furthermore, it is also observed that dechlorination of 2,4-DCP went to ∼92.0% (well related with above result)
under illumination time of 4 hr. This confirms the maximum

Fig. 10. – Study of photocatalytic degradation of 2,4-DCP
through solar light active NGO/BQDs-TiO2 photocatalyst
without scavenger and with scavenger ammonium oxalate
(AO) for holes (h+ ), isopropanol (IPA) for OH· and
benzoquinone (BQ) for O·−
2 ions, respectively.

release of chlorine from aromatic ring. On further photocatalytic reaction, small organic molecules are formed (maleic
acid or carboxylic acid) followed by cleavage of benzene ring.
Finally, these less harmful by-products were catalyzed into
CO2 and H2 O. The degradation path of 2,4-DCP formation of
by-products is depicted in Scheme 2 which is well agreed with
the literature (Chen et al., 2015).

2.10.

Study of reactive species

The effect of reactive elements during the photo degradation
of 2,4-DCP through solar light active NGO/BQDs-TiO2 composite scavenging experiment was performed as shown in Fig. 10.
In our study, we have employed ammonium oxalate (AO),
,
isopropanol (IPA), benzoquinone (BQ) for holes, OH· and O·−
2
respectively as radical scavengers. One test was performed
without any trapping reagent. It was noted the obvious reduction in photocatalytic efficiency in the presence of scavand holes are active facengers representing that OH· , O·−
2
ions
tors for degradation process. However in our case, O·−
2
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Scheme 3 – Proposed mechanistic study for (a) heterojunction and (b) Z-Scheme of photo induced degradation of organic
species by NGO/BQDs-TiO2 photocatalyst. NHE: normal hydrogen electrode; h+ : hole; e− : electron.

are the most reactive elements. As the electrons are moved
from conduction band (CB) of TiO2 to NGO via interfacial linkage of Bi2 O3 QDs, NGO has the strong electron affinity than
TiO2 . Both TiO2 and Bi2 O3 QDs assist as electron transfer media to NGO. Hybrid structure of NGO has high electron conductivity. These excited electrons are quickly scavenged by
formation (Wang et al.,
adsorbed oxygen and results into O·−
2
2013). Mian et al. (2019) have studied by scavenging experiments that the composite of TiO2 , biochar and dense aromatic carbon layer was performed as active photocatalyst in
, OH· ).
MB degradation by reactive oxygen species (O·−
2

2.11.

Mechanistic study of photo degradation of organics

Photocatalytic degradation of organic species through
NGO/BQDs-TiO2 ternary composite is depicted in Scheme 3.
For photo degradation process, conduction (ECB ) and valence
band (EVB ) edge potential (vs. NHE) are very significant in
charge transfer mechanism and determined by following

(empirical formula) Eqs. (2) and (3):
EVB = χ − Ee − 0.5Eg

(2)

ECB = EVB − Eg

(3)

Here Eg and Ee are energy of free electron (∼4.5 eV on hydrogen scale) and band gap energy value, respectively, and χ is
electronegativity of concern semiconductor material and determined by Eq. (4) (Mousavi et al., 2016).

1/a+b
χ = x(A)a x(B)b

(4)

Here a and b are the number of atoms present in compound
(BQDs/TiO2 ), x(A) and x(B) are electronegativity of individual
elements of under observed compound. The calculated value
of for TiO2 and Bi2 O3 QDs are 5.8 and 6.1 eV, respectively
(Huang et al., 2016; Yu et al., 2013). Eg of fabricated TiO2 and
NGO by Tauc relation (Fig. 5) was found to be ∼3.03 and ∼2.5 eV,
respectively. According to the literature, Bi2 O3 QDs have Eg
value of 2.75 eV (Hou et al., 2013). The calculated values of ECB
and EVB for TiO2 are to be −0.22 and +2.81 eV, respectively.
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Bi2 O3 QDs possess ECB and EVB +0.225 and +2.975 eV, respectively. However, χ of NGO is not determined by using the above
equation. According to literature, ECB and EVB of NGO are to be
−0.47 and 2.03 eV vs. NHE (Opoku et al., 2017; Putri et al., 2017).
The degradation activity is followed by exposure of sample
to solar light. All components of NGO/BQDs-TiO2 composite
are excited simultaneously and produce electron-hole pairs.
In conventional heterojunction approach (Scheme 3a), photo
excited electrons transfer from CB of TiO2 and NGO to CB of
Bi2 O3 QDs. The ECB of both TiO2 and NGO are more negative
than Bi2 O3 QDs. It is clear that EVB of Bi2 O3 QDs is more positive than TiO2 and NGO. The photo generated holes are supposed to move from valence band (VB) of Bi2 O3 QDs to VB of
TiO2 and NGO. The concentration of photo induced electrons
in CB of Bi2 O3 QDs become very high. But reduction process
of electrons slows down because ECB of Bi2 O3 QDs is positive
(−0.33 eV
(+0.225 eV) than standard redox potential of O2 /O·−
2
vs. NHE). On the other hand, holes accumulated in VB of NGO
lead to decline in oxidation process on account of less positive
EVB of NGO than standard redox potential of OH· /OH− (+2.4 eV
vs. NHE) (Zhu et al., 2020). Therefore, conventional heterojunction attitude is not favorable for the creation of reactive oxy, OH· ) which are vital factors for decomposigen species (O·−
2
tion of organic pollutants.
In these circumstances, Z-Scheme (Scheme 3b) for degradation of organic species is considered to be promising approach. Zhang et al. (2015) have recommended that Z-Scheme
systems could be a dynamic approach for microscopic separation and transportation of photo induced charge carriers in
carbon based materials. Upon exposure of solar light, photo
induced electron-hole pairs are produced in NGO/BQDs-TiO2
composite. Photo excited electrons migrate from CB of TiO2
to CB of Bi2 O3 QDs. As the electrons in CB of Bi2 O3 QDs move
to VB of NGO due to strong electrostatic attraction between
electron-hole, the space separation of photo induced charge
carriers increase as per studied by quenching of PL intensities. Holes are shifted from VB of Bi2 O3 QDs to VB of TiO2 due
to interface potential difference. TiO2 has strong oxidation potential than NGO and holes of ternary composite generate the
hydroxyl radicals (OH· ) under oxidation reaction. This charge
transfer mechanism confirms the availability of electrons and
holes on the surface of photocatalyst for the redox reaction
in CB of NGO and VB of TiO2 , respectively. The electronegativity of nitrogen atom (3.04) is larger than carbon (2.55) atoms.
Nitrogen atoms donate the electrons to neighboring carbon
atoms of GO and enhance availability of electrons for reduction process (Han et al., 2020; Li et al., 2009; Shao et al., 2010).
In addition, nitrogen introduces the tail energy states below
the CB of GO. NGO has high charge mobility and photo excited electrons on surface of NGO/BQDs-TiO2 scavenged by adthrough reduction resorbed oxygen molecules and create O·−
2
action. The radicals (O·−
, OH· ) on the surface of photocatalyst
2
decompose complex organic species by generating intermediate by-products into harmless and simple compounds as studied in HPLC analysis. The availability of active sites, interfacial
surface linkages and electron tapping sites make NGO/BQDsTiO2 composite to be a good photocatalyst.
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Conclusions

In summary, very effectual photocatalyst by pairing of Bi2 O3
QDs doped TiO2 with nitrogen doped GO has been successfully synthesized. The dispersion of Bi2 O3 QDs on TiO2 was
clearly seen in morphological photographs. The optical properties of BQDs-TiO2 has been tuned via addition of NGO sheets
leading to absorption band edge in visible light region and
new (N−O−Ti, C−O−Ti, and Bi−O−Ti) surface linkages are analyzed by DRS and FT-IR analysis, respectively. Doping of N
in GO and BQDS in TiO2 has confirmed in NGO/BQDs-TiO2
composite through XPS measurements. The highest photocatalytic degradation rate of organic species was recorded
via NGO/BQDs-TiO2 ternary photocatalyst that was associated
with defect centers. Quenching of PL intensities indicated the
reduction in recombination rate of photo induced electronhole pairs. Bi2 O3 QDs functioned as interfacial linkage between TiO2 and NGO accommodating in high electrons conduction under photo excitation and increased the life time of
charge carriers. Main intermediate byproducts of 2,4-DCP during photo degradation process were studied by HPLC analysis.
ions performed significant
Trapping test was specified that O·−
2
role in degradation of 2,4-DCP. This nano hybrid structure is
promising candidate for environmental cleanup and renewable energy production applications.
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