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Abstract
Black TiO2 and graphene oxide (GO) have attracted intensive attention as an effective catalyst on visible light driven for
photodegrading of dyes. In this study, nano-black TiO2 was prepared by a simple hydrogenation of the anatase titanium oxide,
and the graphene oxide was prepared by applying the modified Hummers method. The diffuse reflectance spectroscopy has been
investigated to find out the optical energy gaps of the treated and nano-black samples. The prepared powders and nanofiber
membranes are carefully examined to ensure their single phase and compound structure formation as well as to measure the
equivalent crystallite size and particle distributions. The optimum degradation efficiency of malachite green and methylene blue
dyes occurred at pH values of 8 and 10, respectively. The maximum photocatalytic degradation efficiencies of malachite green
(MG) and methylene blue (MB) were found to be 74 and 39%, respectively, under visible light after 30 min. The degradation
efficiency of MG is peaked at pH 8 and 20 mg of the nano-black TiO2. The stability and flexibility of the nanofibers allow their
application in a continuous system and can be reused after several cycles.
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Introduction

Industrial wastewaters, especially from textile, pharmaceuti-
cal, cosmetic, pulp and paper, and processing industries, usu-
ally contain large amounts of dye contaminants (Khalil,
Aboamera et al. 2019, Zhang et al. 2019). As many dyes are
toxic and even carcinogenic, the discharge of dye containing

wastewaters to the environment certainly poses a serious
threat to the environment (Karim et al. 2019). Titanium diox-
ide (TiO2) nanoparticle has been extensively investigated for
numerous applications, for example, a white pigment (El-
Sherbiny et al. 2014), UV absorber in sunscreens (Smijs and
Pavel 2011), photocatalyst for hydrogen generation
(Mapukata et al. 2020), environmental pollution removal
(Salama et al. 2018; Abdel-Mottaleb et al. 2019a, b), and
photo-electrochemical sensors (Zhong et al. 2019;
Mendonça et al. 2020). Moreover, it is considered one of the
well-known catalyst as a consequence of its availability, low-
cost, non-toxicity, and relatively high chemical stability
(Yazdi et al. 2018; Khalil et al. 2019a, b). It exists in three
crystalline phases, namely, tetragonal anatase, tetragonal ru-
tile, and orthorhombic brookite (Park and Kim 2005). As a
result of their higher photoactivity, both of the two phases,
rutile and anatase have been widely used (Chalastara et al.
2020). Nevertheless, they absorb only the UV light,
since their band gap energies are somewhat wide, 3.2
and 3.0 eV for anatase and rutile phases respectively
(Batzill et al. 2006). Besides, TiO2 shows a low quan-
tum efficiency since the photogenerated electron-hole
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pairs are rapidly recombined (Bai and Zhou 2014).
Therefore, to improve the photocatalytic activity of
TiO2, it is essential to improve its optical absorption
range and charge separation. Black titanium dioxide
(TiO2) with low value of band gap (1.54 eV) has been
one of the most researched photocatalyst in recent years.
Its ability to overcome the limitations of pristine TiO2

through enhanced visible light absorption and reduced
recombination of photogenerated charge carriers has gath-
ered the attention of the scientific community since its discov-
ery in 2011 (Chen et al. 2011; Rajaraman et al. 2020).
Moreover, the structural, chemical, electronic, and optical
properties of TiO2 nanoparticles have been radically changed
through hydrogenation. Furthermore, graphene oxide (GO)
has a low band gap and high conductivity properties which
improve the catalytic properties (Abdel-Mottaleb et al. 2019a,
b; Aboamera et al. 2019).

Large-scale processing and the widespread use of
synthetic dyes cause significant contamination to the
atmosphere (Yazdi et al. 2018). Dyes are used in both
commercial and analytical fields and are biologically
and chemically difficult to decompose (Aboamera
et al. 2018). It is applied as a histological dye, an an-
tifungal drug, a carcinogenic agent, a teratogenic agent,
an environmental contaminant, and an antibacterial
agent, causing extreme effects in water bodies because
it decreases light penetration and thus leading to a de-
mise of aquatic life (Sudova et al. 2007; Karim et al.
2018). These dyes escape from traditional water treat-
ment processes and stay in the environment. Nanofibers
with controllable structural characteristics such as diam-
eter, pore size, and pore ratio were manufactured by
ad j u s t i n g t h e p r o c e s s i n g p a r ame t e r s i n t h e
electrospinning technique (Mohamed 2019; Mohamed
et al. 2019b). Poly(vinylidene fluoride) (PVDF) is a
polymer with desirable behaviors including high me-
chanical, chemical, and thermal stability properties.
Different processing methods of PVDF lead to five
crystalline polymorph phases (Salimi and Yousefi
2003). Two of these polymers are non-polar, whereas
the other three are polar and demonstrate ferroelectric
and piezoelectric properties (Castkova et al. 2020). α,
β, and γ phases are the most frequently explored as a
result of their properties and widespread applications
(Ruan et al. 2018). This work investigates the synthesis
of black-TiO2, GO, electrospun of PVDF-GO nanofiber,
and PVDF-GO/black-TiO2 composite nanofiber mem-
brane for the photocatalytic degradation of malachite
green (MG) and methylene blue (MB) under visible
light. The effect of various parameters such as pH, ini-
tial dye concentration, contact time, and catalyst dose
was evaluated. Nanofibers are recyclable which makes
this technique in wastewater treatment cheap and green.

Experimental

Materials

Titanium dioxide (TiO2, Anatase powder 98%), sodium hy-
droxide pellets (NaOH, 98%), and sodium borohydride
(NaBH4, 95%) were from ADVENT CHEMBIO PVT.,
LTD.; sodium chloride (NaCL, 98.5%) was from Egyptian
Salt and Minerals Co.; graphite powder (particle size 150
mesh 90% min) was from Nice Chemicals Ltd.; sulfuric acid
(H2SO4, 98%) was from S D Fine Chem Ltd.; potassium
permanganate (KMnO4,98%) was from El Goumhouria,
Egypt; hydrogen peroxide (H2O2, 30%) was from PioChem
for laboratory chemicals; hydrochloric acid (HCl, 37%) was
from Honeywell Specialty Chemicals Seelze, Germany; ace-
tone (2-propanon, 99.5%) was from Diachem; N,N-dimethyl
fo rmamide (DMF, 99%) was f rom Alfa Aesa r ;
poly(vinylidene fluoride) (PVDF) pellets (Mw = 275,000)
was from Sigma-Aldrich; glutaraldehyde (GA, 50%) was
from Fine Chemicals; ethyl alcohol (ethanol, 99%) was from
PioChem for laboratory chemicals; malachite green (MG) was
from Sigma-Aldrich; and methylene blue (MB) was from the
Science Lab.

Preparation of treated TiO2 nanoparticles

A total of 2.5 g of anatase TiO2 bulk powder was dissolved
into 150 mL NaOH solution (10 M) at room temperature,
applying vigorous stirring for 2 h. Then, the solution was
placed in ambient temperature for 2 h in an ultrasonic bath
(Sonica 4200, 40 kHz and 800 W). The precipitates were
centrifuged then washed with deionized water until the solu-
tion is neutralized. Afterward, the precipitates were dried at
120 °C (Arami et al. 2007).

Preparation of nano-black TiO2

TiO2 and NaBH4 with a respective molar ratio of 1:2 were
mixed. Specifically, 0.7987 g of anatase TiO2 and 0.7566 g of
NaBH4 were mixed thoroughly; then the mixture was grinded
for 15 min to homogenize it. Afterwards, a small stainless
autoclave was used to heat the mixture up to 325 °C for
16 h. As a substitute of the vacuum system with Ar atmo-
sphere, the mixture was perfectly fit in between a double layer
of NaCl powder to make sure that the mixture is chemically
isolated. Finally, the black TiO2 was dried at 120 °C, after
being washed repeatedly with distilled water to neutralize
the solution.

Preparation of graphene oxide

An excessive oxidation technique of graphite by adding
KMnO4 and H2SO4 has been utilized to synthesize GO which
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is known as the modifiedHummers method. Explicitly, graph-
ite powder (2 g) was stirred in 98% H2SO4 (45 mL) for 1 h.
Then 6 g of KMnO4 was gradually added to the above solu-
tion while keeping the temperature at less than 20 °C through
an ice bath. After the temperature has been stabilized, the
solution was kept stirring at room temperature for another
1.5 h. The solution was put back into the ice bath and diluted
through the addition of 90 mL of distilled water, keeping a
forceful stirring. Furthermore, 30% H2O2 solution (10 mL)
and distilled water (150 mL) were added while maintaining
the stirring. Repeated centrifugation was employed to wash
the graphene oxide (GO), mainly with 5% HCl aqueous solu-
tion followed by distilled water until the solution pH became
neutral. GOwas then dried under 60 °C to prevent changing to
reduced graphene oxide (RGO).

Preparation of PVDF-GO nanofiber

The electrospinning method has been applied to synthesize
PVDF-GO nanofiber membranes. The applicable solution
with 20 wt% of PVDF pellets and 0.3 wt% of GOwere mixed
together into a DMF/acetone (v/v 3/2) solvent, and the
resulting solution was placed into a sonicator for 15 min.
Then, the prepared solution was stirred at a temperature lower
than 60 °C for 2 h to obtain a homogeneous solution. The
solution was then filled into a 5-mL syringe with a 22-gauge
needle. The syringe was positioned vertically for a minute,
and the air was completely removed by pushing the end of
the syringe plunger. The flow rate was controlled by NE-300
(New Era Pump System Inc.) and the voltage supply equip-
ment used was a 73,030 N (Genvolt General High Voltage
Ind., Ltd.). The following conditions were employed: a flow
rate of 1 mL/h, a voltage of 23.5 kV, and a TCD (tip to
collector distance) of 15 cm. As a last step, the membrane
was left to dry at room temperature.

Preparation of PVDF-GO/NB-TiO2 composite
nanofibers

An area of 3× 3 cm2 PVDF-GO composite nanofiber was
submerged into the crosslinking medium with 2.5 wt.% glu-
taraldehyde (GA) and was kept soaking at room temperature
for 20 h. The NB NPs quantity (5, 10, and 20 mg) was then
added to 7 mL of distilled water, and the solution was placed
into an ultrasonic bath for 15 min. After the membrane was
dried, the ultrasonicated solution was added to the composite
nanofiber into a 4-cm diameter petri dish, which was kept
shaking in an orbital shaker SO1 (Stuart Scientific) for 17 h.
The cross-linked composite nanofibers were dried, then
washed out with deionized water and ethanol and left to dry
at room temperature. Figure 1 represents the schematic of the
composite nanofiber membrane preparation.

Photodegradation experiments

The experiments were carried out by placing the NB cross-
linked 3× 3 cm2 nanofiber into a 9-cm diameter petri dish con-
taining dye solution (50 mL) and continue shaking at 100 rpm
on the orbital shaker. We started collecting the data, 30 min in
the dark before switching the lamp on; afterwards, the solution
was illuminated by a 500-W Halogen lamp which is located
50 cm away from the sample. A total of 2 mL of the dye
solution was withdrawn from the dish after 30 min of dark
shaking and then at a fixed interval of time and transferred to
a glass tube and tested by using a UV-vis/NIR spectrophotom-
eter to calculate the visible light photocatalytic degradation of
the dye. All experiments were duplicated to assure the consis-
tency and reproducibility of the results. The degradation effi-
ciency of dyes was calculated by the following equation:

Degradation efficiency ηð Þ ¼ C0−C
C0

� �
� 100%

whereC0 andC represent the dye concentration before and after
irradiation and are measured in milligrams/l. To study the effect
of pH, the degradation efficiency was investigated for different
pH values of 4, 6, 8, and 10. The solution pH value is controlled
by the addition of NaOH (0.1 M) and HCl (0.1 M) solution.

Characterization

Particle morphologies were measured by high-resolution
transmission electron microscopy, HRTEM, JEM-2100, jeol.
Scanning electron microscopy was carried out using FE SEM-
Quanta FEG-250, Thermo Fisher Scientific, whereas the X-
ray powder diffraction calculations were performed on D8
Discover, Bruker, where Cu-Kα radiation was used with
wavelength of 1.540 Å. Fourier-transformed infrared spec-
troscopy spectra were recorded on Nicolet 6700 FTIR with
smart ITR, Thermo Scientific. The contact angle of nanocom-
posite was measured by using One Attention Ver. 2.7 (r5433),
Biolin Scientific. The UV-visible/NIR spectrophotometers for
diffusion reflectance spectroscopy are obtained through the
application of Jasco V570, JASCO. The dye’s absorbance
for MG (λmax = 617 nm) and MB (λmax = 668 nm) samples
were recorded by using a single-beam visible spectrophotom-
eter, Jenway 6300, Cole-Parmer, where deionized water has
been used as a reference sample.

Results and discussion

Material characterization

We applied Bragg’s law of diffraction at a specific group of
planes with a known inter-planar distance to find the samples
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lattice constants (a, b, and c) from the XRD scans. Then, the
unit cell volume (V) and the theoretical density D as given by
D ¼ ZM

NAV
, where Z is the number of molecules per unit cell,M

is the molecular weight, and NA is Avogadro’s number, are
directly calculated. Moreover, the average crystallite size (Dx)
of the investigated samples was calculated by applying the
Debye–Scherrer equation (Phokha et al. 2014): Dx ¼ kλ

βcosΘ

where λ is the Cu-kα wavelength, k is the shape factor, whose
usual value is 0.89, β is the full width at half maximum
(FWHM) in radians, and Θ is the diffraction angle. Table 1
shows that the structural parameters, specifically, the average
crystallite size, the lattice constants, and the unit cell volume
of the treated (T) sample, are slightly larger than those of the
as-purchased anatase sample, while the nano-black TiO2 (NB)
displays the least average crystallite size; its lattice constants
and unit cell volume relatively expand. Therefore, the NB
density shows the minimum value of all samples.

Figure 2a shows the X-ray diffraction of the as-purchased,
treated (T), and nano-black (NB) TiO2. The scans demonstrate
the crystallinity and the single-phase formation of the three
oxides. XRD patterns show relatively strong diffraction peaks
at around 25° and 48° which are indications of the anatase
phase (Thamaphat and Limsuwan 2008; Ahmed et al. 2015).
The NB-pattern shows relatively tiny peaks at diffraction an-
gles of about 42.5°, and 46.0° and the shoulder at 31.0°, which
correspond to the brookite phase. This is in agreement with

previous studies which confirmed that anatase may transform
directly to brookite if the sample is heated in between 300 and
450 °C. Moreover, because of the surface distortion of the
black-TiO2, as will be demonstrated later, oxygen vacancies
and/or Ti-interstitials are generated in the lattice. Eventually,
these imperfections will promote microstrains in the crystal
and subsequently produce changes in the lattice constants of
the anatase (Hu et al. 2003). Figure 2b shows the deviation of
the peak position around 25.6°. The peak shift of the T and NB
samples is toward smaller angles. This is consistent with the
variations of the lattice parameters in Table 1.

Figure 3 displays the X-ray diffraction of GO, PVDF nano-
fiber, PVDF-GO nanofiber (0.3% GO), and PVDF-GO/NB-
TiO2 (0.3% GO with 20 mg NB-TiO2). For GO, a sharp peak
at 10° was correlated to the (001) inter-layer structure of GO
sheets (Xu et al. 2016). The PVDF nanofiber has strong two
peaks at 20.3° and 18.5° which correspond to (110/101) and
(020) of monoclinic crystal, respectively (Cai et al. 2017). For
the composite nanofiber membrane, the diffraction peaks at
25.3°, 31.0°, 37.8°, 42.5°, 46.0°, 47.9°, 53.8°, 55.0°, and
62.9° can be indexed to the NB-TiO2 (Mohamed et al. 2017a).

For the AP and T samples, Fig. 4a unveils that the trans-
mittance is relatively low up to a wavenumber of about
730 cm−1. In the range 800 to 4000 cm−1, the transmittance
is rather high for the as-purchased sample and even higher for
the treated TiO2, whereas the NB sample shows a peak of the

Table 1 Average crystal size (Dx), lattice constants, unit cell volume, and theoretical density for as-purchased anatase, treated, and nano-black TiO2

samples.

TiO2 sample. Average grain size
from (SEM) (nm)

Average crystallite
size (DX) (nm)

Lattice constants Unit cell volume
(v) (nm3)

Theoretical density
(D) (g/cm3)

a (nm) b (nm) c (nm)

As-purchased anatase (AP) – 32.3 0.37607 0.37607 0.94378 0.13348 3.97427

Treated (T) 110±32 32.4 0.37689 0.37689 0.94572 0.13434 3.94887

Nano-black (NB) 124±33 25.3 0.37772 0.37772 0.94809 0.13527 3.92173

Fig. 1. A schematic of the
preparation techniques and the
experimental procedure followed
in this study
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transmittance at about 900 cm−1 and much lower values for
higher wavenumbers. This means that the absorbance of NB-
TiO2 over the designated wavelength range is substantially
higher than that of the other two samples. These observations
may be explained by the dependence of the band intensity on
the change of the dipole moment as a result of atoms displace-
ment and on its degree of anharmonicity (Pasquini 2003;
Mohamed et al. 2017a).

The functional groups of the investigated samples are
inspected by FTIR. The fingerprint region of any FTIR spec-
trum lies in the range 400 to 1500 cm−1 since it is the usual
range used to identify the dissimilar compounds. In this study,

the first fingerprint band, around 725 cm−1, is associated with
the bond Ti-O-Ti in the anatase phase (Ullattil et al. 2018).
Additionally, the other characteristic band at 915 cm−1 is as-
cribed to the Ti-O vibrations (Lohrasbi 2014). Knowing that,
even at normal conditions, the TiO2 surface interacts promptly
with water, which in turn has a substantial influence on sur-
face processes, such as photo-catalysis (Trimboli et al. 2006).
Specifically, the band in the range 3800–3600 cm−1 is attrib-
uted to stretching vibrations of OH groups, besides various
OH groups on TiO2 are marked by the bands 3720 to
3620 cm−1 (Mohamed et al. 2017b). The band around
3600 cm−1 is indicative of a “free” OH group, and it may be
residing on the surface, or encapsulated within the crystal
lattice (Mantsch 2006). The spectra also display two promi-
nent bands around 3400 (O-H stretching) and 1645 cm−1 (H-
O-H) bending (Kong and Yu 2007). Moreover, the existence
of moderate to intense bands in the ranges 1600–1300, 1200–
1000, and 800–600 cm−1 is an indication of a simple hydroxyl
compound. The nano-black sample displays in addition to the
bands that correspond to Ti-O-Ti bond and Ti-O vibrations, an
extra band, rather small, at around 3670 cm−1 due to hydro-
genation (Mohamed et al. 2016b). Figure 4b shows the FTIR
spectrum of GO bands at 1050, 1250, and 1403 cm−1 that
correspond to C–O, C–O–C, and C–OH bonds, respectively.
The resonance peak of the C–C stretching and the absorbed
OH groups in the GO occurs at 1620 cm−1 (Krishnamoorthy
et al. 2013). Generally, the band 1700–1600 cm−1 is due pri-
marily to the C=O stretching vibration. And the two bands
3000 to 2800 cm−1 and 1500 to 1300 cm−1 correspond to
C–H simple stretching and bending vibrations, respectively
(Mantsch 2006). Moreover, the band around 2350 cm−1 des-
ignates chemisorbed CO2 (Drouet et al. 2001). Generally,
since the measurements are done in-air, the spectrum shows
OH and CO functional groups as predicted (Xu et al. 2015).
Fig. 4c displays the FTIR spectra of the GO, PVDF nanofiber,
and PVDF nanofiber with 0.3 wt.%GO. The absorption bands
of the α-phase appear at 764, 976, and 978 cm−1, and the
absorption bands for the β-phase exist at 842 and 1272 cm−1

(Abbasipour et al. 2017). The bending and wagging vibration
of the CF2 group and the rocking of the main PVDF chain are
the most dominating peaks for the α-phase at 614 and
762 cm−1, respectively (Issa et al. 2016). Doping with GO
makes the peaks that correspond to the β-phase significantly
stronger and sharper, while the peaks corresponding to the α-
phase became fainter (Abbasipour et al. 2017). Therefore, GO
causes the transformation from α- to β-crystalline phase (Issa
et al. 2016). The utilization of GO as a nanofiller produced
effective dipole polarization in the PVDF and eased the nu-
cleation of β-phase crystals. Besides, both graphene and
PVDF β-phase possess a carbon zigzag structure, which
match with each other. CF2 in PVDF interacts with the C=O
and COOH groups of the GO (hydrophilic interaction).
Moreover, the GO layers act as an obstructing agent for the

10 20 30 40 50 60 70 80 90 100
2 Theta (degrees)

As-purchased TiO2

).u.a(
ytisnetnI

Treated TiO2

Nano-Black TiO2

(a)

25.0 25.1 25.2 25.3 25.4 25.5 25.6 25.7 25.8 25.9 26.0
2 Theta (degrees)

As-purchased

).u.a(
ytisnetnI

Treated TiO2

(b)
Nano-Black TiO2

Fig. 2 a X-ray diffraction of as-purchased, treated (T), and nano-black
(NB) TiO2. b Deviation of the peak position around 25.6°

10 20 30 40 50 60 70 80 90
2 Theta (degrees)

GO

PVDF nanofiber

PVDF GO nanofiber).u.a(
ytisnetnI

PVDF-GO/NB-TiO2 Composite nanofiber

Fig. 3 XRD of GO, PVDF nanofiber, PVDF-GO nanofiber, and PVDF-
GO/NB-TiO2
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α-phase and as a nucleating agent for the β-phase
(Abbasipour et al. 2017). The nanofibers with 0.3% of GO
particles confirmed a β-phase because of the strong Van der
Waals interactions between the highly electronegative fluo-
rine on the PVDF chains and the free electron pairs on the
GO oxygen atoms. This probably enforced the arrangement of
the PVDF chains into a β-conformation when crystallizing on
the GO surface (Issa et al. 2016). Figure 4d displays the FTIR
of PVDF nanofiber with 0.3 wt.%GOwith and without 20mg
of TiO2.

Generally, HRTEM and FESEM are valuable at inspecting
the morphology and the crystallinity of the sample, as well as
the particle size. Depending on the synthesis procedure, dis-
similar types of morphology were designated including nano-
tubes (Chen et al. 2014), wires (Wang and Chou 2016),
spheres (Panomsuwan et al. 2015), and spikes (Sanz et al.
2015). A defective surface layer of hydrogenated TiO2, as
well as a crystalline core and amorphous shell structure, has
been confirmed by many researchers. The common observed
defects on the black-TiO2 surface are Ti3+ ions and oxygen
vacancies (Mohamed et al. 2016a). For HRTEM imaging, the
specimens were prepared by ultra-sonicating the powder sam-
ples in ethanol for 15 min prior to measurements to ensure

uniform distribution. HRTEM micrographs, Fig. 5a, b, and c,
display the treated and NB samples as aggregates of irregular
particles. The aggregation is denser for the treated sample,
whereas the NB particles have a relatively larger size.
Furthermore, Fig. 5d and e demonstrate the scanning electron
microscope images of the two samples. Both samples show a
porous brain-like morphology of accumulated non-uniform
particles with different sizes, and the insets display the histo-
grams of the samples. The average particle diameters are 110
± 32 and 124 ± 33 nm for the treated and the NB samples,
respectively. The difference between the XRD crystallite size
and FESEM particle size may be explained as a result of small
crystal accumulation to attain a lower free-energy state.
Whenever the adjacent surfaces share the same crystallo-
graphic orientation, the adjacent interfaces are eliminated,
and the nanoparticles are combined together into a larger par-
ticle (Kibasomba et al. 2018). Moreover, the inter-particle
interaction has also its vital role in the abovementioned
discrepancy.

The corresponding selected area electron diffraction
(SAED) patterns of treated and NB-TiO2 powders are shown
in Fig. 6a and b, respectively. The SAED patterns of the NB
sample show more diffraction spots and rings of second
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%
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PVDF with 0.3% GO and 20 mg NB-TiO2
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Fig. 4 FTIR of (a) AP, T, and NB-TiO2; (b) prepared GO; (c) GO, PVDF nanofiber, and PVDF nanofiber with 0.3%GO; and (d) PVDF nanofiber with
0.3% GO and PVDF nanofiber with 0.3% GO doped with 20 mg NB-TiO2
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phases whose brightness is much fainter, so they are badly
crystallized and/or partly amorphous (Cheng et al. 2015).
The crystallinity may also be checked by Moiré patterns and
their corresponding line analysis. Figure 5c illustrates the
Moiré patterns for the NB-TiO2 sample. Figure 7a and c dem-
onstrate the corresponding HRTEMmicrograph and line anal-
ysis for the treated sample. In contrast to the black sample, the
treated sample shows a regular line analysis which indicates
no surface distortion, whereas Fig. 7b indicates surface distor-
tion for the NB sample. This is even emphasized by its irreg-
ular line analysis, Fig. 7d.

The SEM micrographs in Fig. 8a and b illustrate the adhe-
sion of GO flakes on the PVDF nanofibers’ surface. Clearly,
the micrographs display that GO flakes are intermingled with
the nanofibers. The nanofibers seem denser for the pure PVDF
polymer. The two micrographs consist of non-uniform fibers,
but the degree of non-uniformity is greater for the PVDF-GO
hybrid. The average diameters are calculated from the fiber
histograms in Fig. 8a and b as 480 and 358 nm for the pure
polymeric and hybrid nanofibers, respectively. Generally, the
nanofiber diameter and morphology depend on many poly-
meric solution parameters like viscosity, surface tension,

Fig. 5 HRTEM of (a) T-TiO2, (b) NB-TiO2, and (c) Moiré fringes in NB sample; FESEM of (d) treated and (e) NB-TiO2 nanoparticles, with the
corresponding particles distribution as insets

Fig. 6 SAED patterns of (a)
treated and (b) NB-TiO2 samples
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Fig. 8 FESEM of (a) PVDF nanofiber, (b) PVDF nanofiber with 0.3% GO, (c) and (d) PVDF-GO/NB-TiO2 composite nanofibers

Fig. 7 HRTEM micrographs and line analysis of (a and c) treated and (b, d) NB-TiO2
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temperature, electrical conductivity, and concentration.
Moreover, they are also influenced by device parameters like
high voltage value, tip-collector distance, and the collector
rotational speed. Specifically, increasing the net charge densi-
ty and the surface tension coefficient favors the formation of
smaller diameter fibers (H. Fong 1999), where the net charge
density = jet current × collecting time × concentration × solu-
tion density/mass of dry polymer. On the other hand, the poly-
mer jet becomes highly unstable at higher voltage, and thicker
fibers are formed but with a high standard deviation of the
fiber diameter, which is a consistent description of our data
(Motamedi et al. 2017). Moreover, the hybrid fibers show
several scattered beads. Typically, the solution viscosity, sur-
face tension, and the net charge density of the electrospinning
jet are the main factors of electrospun bead formation (Fong
et al. 1999). Figure 8c and d show the FESEM of PVDF-GO/
NB-TiO2 composite nanofibers after crosslinking PVDF-GO
composite nanofiber with NB-TiO2. The morphology of the
surface shows that NB-TiO2 stacks on the surface of PVDF-
GO composite nanofiber.

The contact angle is designated as the interface angle be-
tween the liquid and contact surfaces. Generally, the degree of
wettability of a solid by a liquid is directly measured by the
average contact angle. Whenever the contact angle tends to
zero, this is referred to as complete wetting, whereas it is either
wettable (hydrophilic) or non-wettable (hydrophobic) depend-
ing on whether the angle is smaller or greater than 90°, respec-
tively (Ray et al. 2018). Figure 9 demonstrates water droplets
on top of nanofibers for the pure PVDF, PVDF-GO, and
PVDF-GO/NB-TiO2 composite nanofibers. The average con-
tact angle measurements indicate that the hybrid PVDF nano-
fiber with 0.3% GO and 20 mg NB-TiO2 displays the highest
contact angle (138.6°), whereas the lowest contact angle
(129.2°) occurs for PVDF nanofiber with 0.3 wt.% GO. The
pure PVDF nanofiber shows a contact angle of 131.7°. It is
well-known that TiO2 is itself a hydrophobic material; there-
fore, its loading to the membrane will increase the contact
angle, as expected. However, the effect of adding such a tiny
amount of titania is causing merely 7.3% increase of the con-
tact angle.

Davis and Mott (Davis 2012) extended Tauc et al.’s
(Tauc 1969) proposition of applying the optical absorbance

data to find the band gap energy. They argued that the
absorption coefficient α is related to the band gap energy

Eg as αhνð Þ1n ¼ A hυ−Eg
� �

where h is Planck’s constant, υ
is the photon frequency, A is a constant, and n refers to the
nature of the electronic transition. Where the allowed di-
rect, indirect transitions are denoted by n = 1/2, 2; and n =
3/2, 3 for the forbidden direct, indirect transitions, respec-
tively. The absorption processes are normally dominated
by the allowed transitions (Viezbicke et al. 2015). The
absorption coefficient, α, is calculated from the absor-
bance, Abs, using the relation, α = ln 10Abs per unit length
of the absorbing material (Tański et al. 2016). The absor-
bance measurements of treated and black TiO2 are shown
in Fig. 10a. The absorbance of the NB sample is greatly
enhanced relative to that of the treated sample in the UV
and visible regions. The spectra of the NB- and T samples
display two main UV peaks at 195 and 275 nm. There is no
noticeable relative shift in the two peaks for the two sam-
ples. Kubelka-Munk theory was applied to calculate the
energy gap from UV-vis diffuse reflectance spectra. A uni-
form diffuse irradiation is assumed to propagate through a
one-dimensional isotropic slab, assuming no reflection at
the boundaries [44, 45]. The Kubelka-Munk function
(KMF), F (R∞), may be written as (Motamedi et al.

2017): F R∞ð Þ≡ 1−R∞ð Þ2
2R∞

, where R∞ is the reflectance of an

infinitely thick layer for which an additional increase in
thickness does not alter its reflectance. This is attained
for fine powders at only a few millimeters depth. The
KMF is easily formulated as F R∞ð Þ ¼ K

S , where K and S
are the absorption and scattering coefficients, respectively.
Moreover, the KMF and the energy band are correlated as
h F(R∞)α (h -Eg)

n. The four values of n coincide with the
allowed and forbidden transitions mentioned above.
Finally, to find Eg, assuming allowed direct transition, a
graph of [αhν]2 or [hνF(R∞)]

2 is plotted versus hν, follow-
ing Tauc’s method or Kebulka-Munk theory, respective-
ly. These two graphs are represented in Fig. 10b and c.
The intersection of the extrapolated linear portion of the
graph with hν axis gives the optical energy band.
Figure 10d shows a summary of the attained optical
energy gap values.

Fig. 9 Contact angle measurements for (a) pure PVDF nanofiber, (b) PVDF-GO nanofiber, and (c) PVDF-GO/NB-TiO2 composite nanofiber
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Photocatalytic degradation of MG and MB over NB-
TiO2 composite nanofibers

In order to explore the effective photodegradation under visi-
ble light irradiation, different catalyst quantities range from 5
to 20 mg were carried out (Fig. 11a). The maximum degrada-
tion of 74 and 39% was obtained at 20 mg of the catalyst and
30 min contact time for MG and MB, respectively. The result
shows that the higher amount of catalyst provides higher
photodegradation efficiency due to the increase of the surface
area and the number of active sites available (Mohamed et al.
2019a). Different dye pH values of 4, 6, 8, and 10 for 30 min,
5 mg/L ofMB andMG and 20mgNB-TiO2 were investigated
to reveal the optimum degradation efficiency as shown in Fig.
10b. The result shows that pH 8 is the maximum for MG, and
pH 10 is the maximum for MB. Furthermore, the effect of dye
concentration on degradation efficiency was performed by
increasing the concentration to 10 mg/L (Fig. 11d and e).
The results reveal that no significant change in degradation
efficiency namely decreasing 10%. MB shows a better dark
degradation; however, the photocatalytic degradation is much
better for MG. The dye concentration decays monotoni-
cally and almost vanished in 120 min. These results are
attributed to the limitation of hydroxyl radicals and the

occupation of the active sites (Mohamed et al. 2017c;
Khalil and Schäfer 2021).

Incident photons on NB-TiO2 with quantized energy (hν)
equals to or exceeds the excitation energy (Eg) will produce
electron-hole pairs. As a result of this photo-induced process,
(e−/h+) pairs may be transferred to the NB-TiO2 surface and
become involved in two pathways. These redox reactions
could be summarized as shown in Fig. 12b. The main out-
come of the two paths is the powerful oxidizing agent,OH•, as
presented in Fig. 12a, which will subsequently interact chem-
ically with the pollutants and transform them into harmless
compounds. Hydroxyl groups on NB-TiO2 profoundly affect
its electronic properties and surface chemistry. These surface
groups exceptionally affect the charge separation and diffu-
sion of photogenerated electrons and holes which remarkably
enhances the photodegradation process. Hydroxyl radicals are
produced in the first path as the hole reacts with water and
hydroxide ions and in the second path as the electron reacts
with oxygen to produce intervening superoxide radical anions
and hydrogen peroxide which ultimately produce hydroxyl
radicals as well. Finally, the pollutants adsorbed on the surface
of NB-TiO2 will be dissolved rapidly by the hydroxyl radicals
into intermediates which in turn decompose to safe
byproducts like CO2 and H2O.
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Fig. 10 Optical investigation of T- and NB-TiO2 (a) absorbance variation with wavelength; energy gap, assuming allowed direct transition, from (b)
KMF and (c) Tauc plots; (d) summary of acquired energy gap values
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Conclusions

The nano-black TiO2, GO, and the prescribed membranes
were successfully synthesized with no secondary phases re-
corded. Meanwhile, the HRTEM micrographs and corre-
sponding line analysis clearly displays the black titania sur-
face distortion, repeatedly indicated in the literature. Likewise,
the SAED patterns of NB sample reflect its bad crystallinity
and even being partly amorphous as may be anticipated from

the relatively more diffraction spots and rings of second
phases whose brightness is much fainter. Moreover, a percent-
age drop of at least 20% is reported for the optical energy gap
as a result of transforming titanium dioxide into black TiO2.
The degradation ofMG andMB depends upon all the reaction
parameters such as catalyst amount, pH, and dye concentra-
tion. Furthermore, using the composite nanofiber membrane
under visible light for 30 min, the photocatalytic degradation
efficiencies of MG and MB were found to be 74 and 39%,
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Fig. 12 (a) A schematic of photocatalytic degradation of organic pollutants on NB-TiO2 in the presence of solar light, and (b) a summary of the redox
reactions at the surface of NB-TiO2
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respectively. The excellent visible photocatalytic activity for
MB and MG degradation has been due to its unique narrow
energy gap between the oxygen vacancy state and the conduc-
tion band, ensuring its excellent visible light absorption to
produce photoelectrons and holes in NB-TiO2.
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