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iO hollow nanowires on glass
support for the sunlight-driven photodegradation
of methylene blue†
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V́ıctor Hugo Mart́ınez-Landerosc and Rafael Ramı́rez-Bon*a

Sunlight-driven semiconductor photocatalysts have received substantial attention due to environmental

degradation, but a simple and reusable photocatalyst design has been a challenging task. Herein, we

report the fabrication of a one-dimensional hollow semiconducting nanowire structure by electrospun-

mediated nickel oxide nanowires (NiO NWs) as a reusable photocatalyst by direct deposition on glass

substrates. The effective control of the sunlight-driven hollow nanowires as the photocatalyst has a high

surface area for multiple light-harvesting and interface redox reactions, a nanostructured thin shell for

accelerated charge separation, transportation, and a large length-diameter ratio for easy recycling. The

electrospun NiO NWs were nest-like hollow nanostructure fibers, crystalline, and with a high density, and

the synthesis and parameters were thoroughly investigated to achieve the characteristic shape of the

hollow NiO NWs. Further, the photocatalytic activity of the NiO NWs on glass substrates for the selective

breakdown of methylene blue (MB) under sunlight irradiation to optimize the efficiency of the NiO NWs,

such as degradation techniques, concentration, and pH of the MB solution. The stability and reusability

of the NiO NWs were tested successfully in several reusable cycles, with only a 2% degradation

difference. The reaction rate was found to be 0.054 min−1 for MB (5 mM) and 0.033 min−1 for MB (10 mM)

at pH 11 for 60 min, and the higher activity parameter was calculated to be 3.3 � 10−3 min−1 mg−1 L−1

due to their hollow structure and effective area of the NiO NWs. They contain more superficially-

entrapped holes that change with chemisorbed oxyhydroxyl OH or H2O to form OH− radicals. The

specific active hollow surface area rises, whereas the rate of optical-electronic hole recombination

drops. The photocatalytic degradation performance of the fabricated one-step electrospun hollow NiO

NW-based photocatalyst on substrates showed speed, reusability, and promoted the formation of

radicals capable of decomposing organic pollutants, which were shown to have application in

photocatalysis.
1. Introduction

Photocatalytic semiconductor technology has garnered
considerable attention for the efficient use of solar energy in
water reduction to create hydrogen, convert carbon dioxide to
chemical fuels, and environmental pollutant degradation.1–3 In
particular, the photocatalytic water treatment utilizes light
irradiation to accomplish the oxidative breakdown of a variety
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of high-priority organic contaminants. The degradation of
these organic contaminants by photocatalysis to inert mole-
cules such as CO2 and H2O is an efficient and favored method
for water decontamination.4,5 Conducting oxidative breakdown
in the presence of natural light sources is preferable since it
allows the method to be scalable, environment friendly, and
cost-effective.6,7 Numerous semiconducting materials have
been explored during the last several decades, notably, n-type
semiconductors such as TiO2, ZnO, WO3, and ZnS, which are
highly dependent on electrons to determine their conduc-
tivity.8,9 In comparison, p-type semiconductors such as PbS,
Cu2O, Co3O4, and NiO have a higher proportion of holes as
carriers.10–13 A high-performance semiconductor, particularly
a p-type semiconductor, would be important because it trans-
fers electrons more rapidly toward electron acceptors such as
dissolved oxygen in solution under photoexcitation, resulting
in the creation of a reactive oxygen species.14,15 Since semi-
conductors are frequently more resistant to reduction than
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra04826d&domain=pdf&date_stamp=2022-09-30
http://orcid.org/0000-0003-2230-0525
http://orcid.org/0000-0002-9392-926X
https://doi.org/10.1039/d2ra04826d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04826d
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA012043


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 3
:3

2:
53

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
they are to oxidation, p-type semiconductors are more stable
than n-type semiconductors. In addition, the synthesis of these
semiconductors is more complicated than that of n-type
semiconductors.16–20

Recently, one-dimensional (1D) nanomaterials with high
area-to-volume ratios can interact more strongly with organic
pollutants in water, accelerating their photodegradation due to
their surface-to-volume ratio, wide bandgap, mechanical
stability, and electron transport properties.21–23 In addition,
nanocomposites having hollow nanowires have shown great
interest due to their unique structure and huge specic surface
area, which may nd uses in biological medicine, sensor tech-
nology, lithium-ion batteries, adsorption, and catalysis. Nano-
structured NiO increased interest due to its unique properties,
including a nontoxic, abundant, strong ultraviolet (UV)
absorption, and extended life.24,25 Numerous processes have
been successfully employed to fabricate NiO nanostructures,
including chemical vapor deposition, hydrothermal synthesis,
electrochemical deposition, and electrospinning such as
nanobers, nanowires, and nanorods.26–28 In comparison to
other technologies, electrospinning is efficiently feasible, easily
controlled, diverse, and suitable to manufacture compound
nanobers.29,30 The surface area of the electrospun nanobers is
roughly two-fold of the magnitude higher compared to contin-
uous thin lms. Furthermore, the nanober length in the micro
range make them simple to assemble, align, and undergo the
heat-treatment process. The use of NiO nanostructures for
photocatalysts in the degradation of organic dyes including MB,
RhB, methyl orange, and acid red has been studied exten-
sively.31–33 These studies suggest that nanocrystalline NiO might
be applied such as a photocatalysts for various other processes,
involving the breakdown of organic contaminants used for
water purication.34,35

There has been much study on nanopowders as photo-
catalysts for dye degradation; however, extracting these nano-
particles from the solution aer the photocatalysis process is
exceedingly difficult, rendering them unsuitable for such
applications.36,37 To address this issue, individuals have tried
a variety of approaches, including combining magnetic parti-
cles with nanopowders and ltrations. However, these proce-
dures add to the expense of deterioration and take more time to
reuse the photocatalyst a second time. Thus, another possibility
is to immobilize the photocatalyst materials in thin lms using
the thin-lm technology, which destroys the dyes.38,39 This way,
the immobilized photocatalysts can be reused in subsequent
cycles by simple removal aer the process, washing, and
immersing in the new solution. To increase the response,
surface area of the thin lms, and the dye degradation rates,
several attempts have been made to alter their surface anatomy/
structure. The changed forms and structures of the thin lms
might result in an increase in the rate of dye degradation.
Nanowires, nanorods, and nanoowers having different shapes
and sizes are all helpful shapes for the degradation process.
Alternatively, altering the substrates, such as economical
substrates, increases the surface area, therefore increasing the
degradation rate.40–42 Contradictory ideas exist about the inu-
ence of the lm thickness on the photocatalytic activity; for
© 2022 The Author(s). Published by the Royal Society of Chemistry
example, P. Jongnavakit et al. demonstrated that the MB can be
degraded using a sol–gel-derived ZnO thin lm thickness on
a glass substrate.37

The present work describes the one-step deposition of
a hollow NiO photocatalyst on glass substrate by the electro-
spinning process and post-heat treatment to achieve highly
crystalline hollow NiO NWs, with catalytic properties and pho-
tocatalytic efficacy in the destruction of organic pollutants. We
address the aspects of the catalyst, such as shape and surface
uniqueness, particle size, crystallinity, and optical property,
impact on the degradation of organic pollutants, as well as how
to inuence the photocatalytic activity and process. The
resulting compound exhibits the highest photocatalytic activity
when used in conjunction with MB and RhB dyes. To the best of
our knowledge, there are no reports available on the direct
electrospun deposition of photocatalyst characteristics on the
photocatalytic activity and the degradation procedure of the
NiO catalyst in organic dye degradation by this route.
2. Experimental section
2.1. NiO photocatalyst preparation

Fig. 1 illustrates the one-step synthesis process of NiO NWs on
a glass substrate, which was originally achieved in accordance
with our previous work,43 where the NiO NWs were deposited on
n-Si wafers to form p–n heterojunctions. The precursor solution
for the electrospinning process was obtained by dissolving
0.1 M PVA (polyvinyl alcohol, MW ¼ 125 000 Aldrich) in 10 mL
deionized water, then stirred for 30 min at 60 �C. Then, this was
mixed with 0.25 M Ni(NO3)2$6H2O as the NiO precursor. To get
a viscous, green solution, the mixture was agitated for 12 h,
transferring the precursor solutions to the electrospinning
syringe with a 0.34 mm inner needle diameter in the next step.
The glass slide substrates (75 mm � 25 mm), previously
cleaned, were attached on the aluminum foil bers collector, as
shown in Fig. 1, at 12.5 cm distance from the needle tip. To
produce the Taylor cone ber shape at the metal needle's tip, 12
kV voltage was used between the tip and the bers collector.
Finally, the electrospun bers accumulated on the glass
substrates were calcinated in a conventional oven at 450 �C for
1 h in air.
2.2. Photocatalysis measurements

The NiO NW samples were tested by analyzing the photo-
degradation of MB and Rhodamine B (RhB) solution in different
degradation processes. Before the photocatalytic experiments,
the adsorption kinetics of the NiO NW catalyst were studied
using 2 � 10−5 M aqueous MB and RhB dye solutions
(10 mg L−1, 240 mL). Using a UV-Vis absorptance spectropho-
tometer, the dye concentration was determined by monitoring
at 664 nm wavelength; also, the as-prepared NiO NWs on glass
substrate samples were subsequently tested. The UV-Vis
absorption spectra were obtained in the wavelength range of
400–800 nm and the degradation efficacy of MB was visually
represented by the relationship C/C0, where C0 and C denote the
concentrations of MB before and following the deterioration
RSC Adv., 2022, 12, 27948–27962 | 27949
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Fig. 1 Schematic illustration of the fabrication of NiO NWs on the glass substrate using the electrospinning process.
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process, respectively. In addition, photoluminescence analysis
was carried out using a spectrouorometer model Fluoromax-3
with the MB sample excited at 500 nm. Aer deterioration, the
emission spectra of the MB solutions were measured in the
wavelength range of 520–820 nm. The experimental measure-
ments were repeated, and the average of the two results was
recorded prior to removing the samples.
2.3. Analytical techniques

The shape and size of the electrospun NiO bers were evaluated
using eld-emission scanning electronmicroscopy (JEOLmodel
JSM-7610F), and their crystalline structure was determined
from the X-ray diffraction patterns (Dmax2100-Rigaku, Bruker).
A UV-Vis spectrophotometer was used to determine the UV-Vis
absorption spectrum (UV-1700, Shimadzu Corporation,
Japan). Thermogravimetric (TGA) analysis was used better to
identify the thermal breakdown of electrospun composite
bers. Thermogravimetric analysis was performed using a Per-
kinElmer prototype Pyrex-1 and an alumina test holder, with
samples heated at 10 �Cmin−1 rate up to 750 �C under nitrogen
ow. XPS (X-ray photoelectron spectroscopy, Intercovamex) was
employed to determine the binding energies of the chemical
groups of calcined NiO NWs. At room temperature, the photo-
luminescence spectra of NiO were obtained using a uores-
cence spectrometer (FLS920, Edinburgh Instruments, UK)
attached with a xenon lamp as a source of excitation. For
transmission electron microscopy (TEM) (JEOL 2010F Electron
Microscopy) analysis, the calcined NWs dispersed in water and
bath were sonicated to create a dilute suspension, a droplet of
this freshly sonicated suspension was put on a copper grid with
a mesh size of 300 and a thin carbon support layer, and the
grids were dried for 1 h at 80 �C in an oven prior to TEM
analysis.
27950 | RSC Adv., 2022, 12, 27948–27962
3. Results and discussion

The conceptual depiction of the electrospinning system and the
FESEM image of the as-deposited PVA–Ni nitrate composite
bers are shown in Fig. 1. The primary idea of the electro-
spinning process is the achievement of a high density of
precursor bers on the glass substrate. Aer calcination, the
precursor bers convert into hollow NiO NWs, which results in
a photocatalyst material with highly active photocatalytic sites
for sunlight-driven pollutant degradation. The direct deposition
of the catalyst on the large glass substrate area shown in the as-
deposited image in Fig. 1 produces the immobilization of the
ber material and its use as a photocatalyst will offer several
benets over nanopowders, notably in the recovery aer the
pollutant degradation process. The development of these cata-
lyst layers on the glass substrate will provide novel architec-
tures, high surface area, and a simple manufacturing process
for degrading the specied contaminants with minimal catalyst
leaching. At room temperature, the electrospinning technique
was utilized to generate the nickel nitrate/polymer nanober
combination to prepare the high-density hollow NiO bers
shown in Fig. 1. To create identical nanostructured materials,
the nickel nitrate/polymer composite bers were heated in an
air atmosphere to oxidize the Ni precursor and remove the
polymer. Aer this process, the resultant crystalline hollow NiO
nanobers retained their distinctive one-dimensional hollow
structure. This route does not require any additional transfer
process of these bers. Therefore, the as-developed hollow NiO
NWs were readily available to use as a photocatalytic material.

The PVA/Ni(NO3)2 nanober composite is generated during
the rst electrospinning process. During the calcination
process, as the temperature is raised up to 250 �C, the solvent
quickly evaporates, releasing Ni2+ ions and PVA molecules. Ni2+

may readily reach the outside boundary layer of the shell during
© 2022 The Author(s). Published by the Royal Society of Chemistry
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this operation due to its smaller size compared to PVA mole-
cules. As evident from the TGA analysis (Fig. 2b), the tempera-
tures of deterioration for Ni(NO3)2 and PVA are about 250 �C.
Before the removal of PVA, tiny NiO nanoparticles were gener-
ated; as the temperature rises, an increasing number of NiO
nanoparticles grow on the surface of the shell layer, while the
diameters of the nanobers decrease owing to the decomposi-
tion of PVA. Thus, the compact NiO nanoparticles surrounding
the surface of the hollow shell layer may form an outer layer,
while the inner layer of NiO tiny particles of the shell may
expand due to the high strain strength, leading to the
construction of a nanober structure with a hollow structure.
3.1. Crystallinity and morphological analysis

The electrospun PVA/Ni(NO3)2 composite nanobers charac-
terized by XRD revealed an amorphous nature, which is
consistent with the amorphous characteristic of the mixed
polymer composites produced at ambient temperature. This is
seen in the PVA/Ni(NO3)2 nanober XRD pattern at the bottom
(black) of Fig. 2a, where the diffraction signals are absent.
Meanwhile, the XRD pattern at the top demonstrates that NiO
nanobers with a high degree of crystallinity are produced
following the thermal treatment at 450 �C in air. The prominent
diffraction peaks in this pattern were located at 37.2�, 43.2�, and
62.8� are related to the cubic NiO crystalline phases (1 1 1), (2
Fig. 2 (a) XRD analysis of the as-spun composite fibers, NiO NWs after ca
calcination, XPS analysis of the samples, (c) XPS high-resolution spectra

© 2022 The Author(s). Published by the Royal Society of Chemistry
0 0), and (2 2 0) planes, respectively (JCPDS no. #47-1049). No
other diffraction signals related to other crystalline phases are
observed in the pattern. This is an indication that the calcina-
tion process produces the complete oxidation of the Ni
precursor and that the polymer was degraded and removed
from the resultant bers. This is corroborated by the TGA
analysis of the as-electrospun and calcined bers shown in
Fig. 2b. The TGA curve of the as-electrospun bers displays
three different weight losses in the temperature ranges of 30–
175, 170–280, and 290–330 �C, respectively. At around 80 �C, the
Ni nitrate and PVA composite bers lose a small amount of
weight owing to the evaporation of adsorbed water. Between 30
and 170 �C, the weight loss was roughly 25%, attributed to the
evaporation of adsorbed water and the nitrate precursor. The
weight loss was 30% between 170 and 320 �C due to the
dissolution of nitrates, and at 350 �C, not at all weight loss
occurred, implying that the organics were evaporated entirely,
and the remains were about 25%. It can be evident that under
350 �C thermal annealing, the whole organic, nitrate groups,
and water molecules were eliminated. As seen in the gures,
annealing also results in a slight weight reduction (Fig. 2b)
displays the TGA curve of the NiO NWs formed by calcination,
which shows no apparent weight loss, suggesting that the NWs
were composed entirely of the NiO phase.

The chemical and compositional characteristics of calci-
nated NiO NWs were characterized using XPS and its high-
lcination, (b) TGA graphs of PVA/Ni itrate composite and NiO NWs after
of Ni 2p, (d) O 1s from NiO NWs.

RSC Adv., 2022, 12, 27948–27962 | 27951
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resolution Ni 2p XPS spectra reveal that Ni is mostly oxidized
(Fig. 2c). Ni2+ 2p3/2 in NiO has a substantial peak at 855.8 eV,
whereas NiO exhibits a large peak at 856.8 eV. Ni0 2p3/2 and Ni0

2p1/2 are responsible for two small peaks at 853.5 and 872.5 eV,
respectively.44 The gap between the two 2p Ni peaks is 18.08 eV,
indicating NiO NWs with a Ni2+ oxidation state. The present
binding energies of 861.24 and 879.46 eV correspond to the Ni
2p3/2 and Ni 2p1/2 satellite peaks, respectively. In addition,
Fig. 2d depicts the O 1s spectrum of NiO NWs; at 531.1 eV, an
asymmetric oxygen peak is observed in the O 1s spectrum. The
oxygen peak at O 1s is deconvoluted, revealing three distinct
peaks at 528.7, 531.1, and 535.8 eV.36 The peak at 528.7 eV
physical adsorption energy is attributed to O 1s (O2−)on the
surface of NiO NWs. The adsorbed oxygen is important for
vapor sensing; the deconvoluted peak at 531.1 eV corresponds
to the lattice oxygen of NiO nanograins. The elevation was
concentrated on the major peak at 535.1 eV, corresponding to
the formation of hydroxyl groups on the surface of NiO NWs
because of the substrate's sensitivity to environmental condi-
tions. The obtained XPS results were clearly matched with the
XRD analysis of NiO NWs, indicating the presence of OH groups
adsorbed on the surfaces of NiO NWs and the formation of Ni
vacancies during heat treatment. Noteworthily, the absence of
impurities was identied during the pure NiO NW synthesis
process.

FESEM and TEM analysis studied the morphology and hollow
nanostructure of electrospun and NiO NWs. Fig. 3 illustrates the
typical FESEM images of (a) and Fig. S1† as electrospun PVA/Ni
Fig. 3 (a) FESEM analysis of (a) PVA/Ni(NO3)2 nanofiber composite, (b) NiO
various magnifications inset of the HRTEM (10 nm) pattern, (e) hollow mo
sectional view of hollow NiO NWs, inset showed a higher magnification

27952 | RSC Adv., 2022, 12, 27948–27962
nitrate composites composed of large-scale 1D nanober struc-
tures in the length of several micrometers. Also, aer the heat
treatment, the FESEM images shown in (b and e) and Fig. S2†
show that the calcination process reduces the average diameter of
the nanobers from about 120 to 80 nm. This diameter reduction
of the nanobers obeys the elimination of the polymer and the
crystallization of NiO, following sample calcination at 450 �C, as
is evident from the TGA analysis. The fact that bers and NiO
lms concurrently create a NiO phase during the heat treatment
presumably enhances the adhesion and density on a glass
substrate. Along with the change in the diameter, it is worth
noting that aer the heat treatment, the NWs were rough on the
surface and hollow on the interior, a characteristic that was
notably different from that of the as-spun nanobers (Fig. 3b and
e). Hollow NiO NWs were orientated randomly and have a nest-
like hollow structure with a smooth surface in Fig. 3e inset; the
higher magnication image clearly reveals the hollow shape of
the NiO NWs. TEM was used to further explore the structure of
these hollow NiO NWs (Fig. 3c and d), and Fig. S3† demonstrate
that these NWs are constituted by crystalline nanoparticles
randomly linked forming a hollow shape, resulting in many ber
surfaces and voids within the ber, and these nanoparticles
embedded within the bers are about 30 nm in size. The high-
resolution HRTEM image in Fig. 3d inset revealed lattice
fringes with a plane spacing of 0.21 nm, which matched the
nickel oxide lattice planes (200) from the XRD analysis. While the
hollow shape facilitated ion transport, the one-dimensional
nature favored electron travel by providing linked paths in the
NWs after calcination at 450 �C, (c and d) TEM pictures of NiO NWs at
rphology of NiO NWs with the inset of higher magnification, (f) cross-
hollow cross-sectional view.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nanober entanglement, enhancing the bers' specic surface
area and providing more active sites for ion transport and
adsorption.45

Elemental mapping is utilized to study the chemical
composition of hollow NiO NWs shown in Fig. S4.† The color
difference between the uniform NiO NW bers composed of Ni,
O, and C components and their distribution is homogeneous,
showing the homogeneous distribution of hollow NiO NW
structures. Taking Ni and O mapping as an example, the
complete coverage of cyan blue and green dots across the
chosen NWs conrms the homogeneous distribution of Ni and
O in NiO NWs. Compared to the dense portion near the middle
of the edge, these green dots are sparse inside, demonstrating
the hollow structural aspect of the structure. A FESEM cross-
section micrograph of the hollow NiO NWs on a glass
substrate is shown in Fig. 3f; also, the inset on this image clearly
emphasizes the hollow structure, and the uniform thickness of
the ber layer is observed. The outer diameter of NiO nano-
structured bers is several micrometers with 20 nm wall
thickness. The formation of composite nanobers by electro-
spun, followed by oxidation at the calcination process, resulted
in NWs composed of hollow NiO NWs with a diameter of a few
nanometers. The solid Ni nanocrystals were transformed into
hollow NiO nanospheres by the well-known nanoscale Kirken-
dall diffusion46 mechanism during the subsequent heating
process. The oxidation of a Ni nanocrystal surface results in the
formation of an intermediate NiO hollow structure.
Fig. 4 (a) Methylene blue degradation mechanism under solar light-drive
techniques for removing methylene blue dye from aquatic environmen
taining MB dye degradation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.2. Photocatalytic analysis

To validate the photocatalytic efficiency of the hollow NiO NWs
immobilized on the glass slide substrates, they were immersed
in the MB solution and exposed to sunlight. The scheme of the
photodegradation process is depicted in Fig. 4a as well as a real-
time test image of the NiO NWs on the top of the glass
substrates (four) immersed in the MB solution. The total
weight% of these NWs is 50 mg (12.5 mg each); it is worth
mentioning that electrospun bers oen have a low weight rate
in comparison to other synthetic methods.47 The strong adhe-
sion of NWs on the glass substrate exhibited in Fig. 1 was
further calcined at a high temperature to get coatings of NWs
with high crystallinity and mechanical stability. The benet of
electrospinning large area bers on top of a substrate was
exploited for an economical and straightforward degradation
procedure. This approach offers advantages over the photo-
degradation processes that employs nanopowder photocatalysts
since their extraction and reutilization is a tedious task. The
immobilization of the NiO NWs through the adhesion to the
glass substrates makes their reutilization easy in successive
photodegradation experiments. For this, the photocatalysts are
just removed from the MB solution aer the experiment and
gently washed prior to reuse.

3.2.1. Optimization of catalytic technique for the degra-
dation of MB. The catalytic activity of the NiO NWs was evalu-
ated using MB as a model dye. To establish the removal or
degradation mechanism, primarily, the behavior of the
n NiO NWs as a photocatalyst, (b) UV-Vis absorbance spectra of several
ts, and (c) its bar chart depiction with insets of real-time images con-
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concentration of theMB solution, with immersed NiO NWs, was
analyzed under several conditions, including adsorption, UV
illumination, and natural sunlight during the daytime from 11
am to 4 pm. The dye removal effectiveness in the presence of the
catalyst was also determined using the sonocatalytic degrada-
tion technique. In all the experiments, 50 mg bers were used
and aer 1 h, a reduction of the MB concentration was
observed, as shown by the reduction in the intensity of MB
absorption in the spectra shown in Fig. 4b. The dye spectrum is
used as the reference to determine the initial MB concentration
at zero time, C0. It shows the distinctive MB broad absorption
band with a maximum at 664 nm and a little shoulder at
615 nm, which are attributable to the monomers and dimers of
the MB dye, respectively.48,49 In Fig. 4c in the image at the top,
the discolored MB solutions aer the experiments and the plot
of the discoloration percentage calculated from the absorption
spectra in Fig. 4a produced under different conditions are
observed. Under dark conditions, where the adsorption mech-
anism is expected, the observed percentage was found to be
21%. Meanwhile, the sonocatalytic degradation produced
a discoloration percentage of 36%. The exposure to light, both
UV and sunlight, produced the photocatalytic degradation of
MB at percentages of 54% and 96%, respectively. These results
show the great potential of the NiO NWs as the photocatalytic
material in sunlight-driven photocatalyst properties; these
excellent performances are attributed to increased surface area
for sunlight irradiation and pollutant molecule adsorption,
efficient light utilization due to light scattering in hollow NWs,
and faster electron–hole separation due to the presence of many
active sites and a wide surface area.

They further analyzed the discoloration of the MB solution
by the UV-Vis spectra related to the NiO NW catalyst by various
periods under adsorption and sun light irradiation. As shown in
Fig. 4b, the spectra illustrate the discoloration of MB solutions'
containing 50 mg ber at various periods in the dark and when
exposed to sunlight for 60 min. It is presumed that the two
dimethylamine-substituted aromatic rings are linked through
sulfur and nitrogen to form a conjugation system at 664 nm and
615 nm; the dye dimers are supposed to be absorbed by the light
that they emit. As shown in Fig. 4b, the MB solution exhibits
a minor stain, as shown by the modest reduction in the strength
of the MB absorption bands intensities from 1.3 to 1.0. On the
other hand, when exposed to sunlight, the NiO NWs cause
a gradual discoloration of the MB solution, with the absorption
bands disappearing aer 1 h, indicating the full decoloration of
the MB solution. These tests show that sunlight degradation is
the most effective dye removal method, and they are being fol-
lowed up with experiments using sunlight as an energy source
and NiO NWs as a catalyst to determine the efficiency.

3.2.2. As a function of MB concentration. The inuence of
several parameters was analyzed further to assess the photo-
catalytic performance. Fig. 5a–c show the evolution of the
absorption spectra of MB solutions with concentrations 5, 10,
and 15 mM exposed to sunlight irradiation from 0 to 60 min in
steps of 10 min. The MB percentage degradation, calculated
from these spectra, was found to be 96.4, 80.28, and 70.66%,
respectively. As the dye concentration rose by up to three folds,
27954 | RSC Adv., 2022, 12, 27948–27962
the photocatalytic degradation efficiency decreased by about
20%. The highest MB percentage degradation was obtained at 5
mM MB concentration. In addition, the data were used to
determine the degradation kinetics of the decomposition
reaction. The kinetic rate constant (Kapp) and regression coef-
cient (R2) were determined by tting the experimental data to
a pseudo-rst-order rate prole using the ln(C0/Ct) ¼ −kt
equation. Here, C0 denotes the initial dye concentration, Ct

denotes the dye concentration following visible light irradiation
at the needed time, k denotes the rate constant, and t denoted
the duration; the ndings are shown in Fig. 5d. The values of k
obtained from these ts are 0.9214, 0.8969, and 0.9632 min−1

for 5, 10, and 15 mM L−1 of MB with the NiO NW catalyst at
60 min of sunlight irradiation. In addition, the degradation of 5
mM MB presence of NiO has also been monitored through
photoluminescence (PL) studies (Fig. S5†). The PL emission at
about 690 nm is assigned to MB under 500 nm excitation.
During the degradation process, the decrease and blue shi
(from about 690 nm to 675 nm) in the PL emission signal
conrm the decolorization of MB through the electron transfer
process, which is discussed in detail in the degradation
mechanism.

3.2.3. As a function of MB pH. Since pH has a substantial
inuence on the rate of the conventional reaction, it was
considered necessary to study the pH at the rate of MB degra-
dation.50 The pH result for the photodegradation efficiency of
the NiO NW catalyst and a starting MB concentration of 5 mM in
a 100 mL solution was studied using sunlight irradiation.
Adjusting the pH of the solution with aqueous NaOH and
CH3COOH solutions yielded the results for pH from 3 to 11, as
shown in Fig. 6. The results suggest that the materials' MB
breakdown effectiveness was limited in acidic conditions and
42 to 65 percent degradation was observed for pH 3 and 5,
respectively. When the pH 11 is neutral to alkaline, the break-
down capability increased when exposed to sunlight. More than
96 percent MB breakdown occurred in 60 min. Due to NiO's
semiconducting nature, it exhibits an amphoteric property that
depends on the ambient pH of the reaction media51 and the MB
concentration, as illustrated in Fig. 6.

The pH bar chart demonstrates the activity parameter effect
of the higher pH medium as described previously and the effect
of the concentration given in Fig. 7 to compare the NiO NW
photocatalyst's efficiency. These observations with the Kapp and
regression coefficient (R2) calculations were explained by the
fact that the pH of the media semiconductor metal oxides
modies the electrical double layer at the solid-electrolyte
interface.52 Due to a positive charge on the surface of NiO, MB
molecules exhibit repulsive behavior in acidic environments. As
a result, the degradation efficiency in primary media was poor.
There is a negative charge on the surface of the NiO NWs, which
makes them even more appealing to the dye molecules. This
increases the photocatalytic of NiO NWs when exposed to
sunlight. This nding can be explained by the charge on the NiO
surface that interacts with the charge on the dye.

3.2.4. Selective degradation of MB. To mimic the widely
used industrial dye contaminated environmental samples, we
further evaluated the photocatalytic efficiency of NiO NWs with
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a–c) UV-visible spectra of MB at different concentrations with a reaction time interval of 0 to 60 min and (d) ln(C/C0) vs. time for MB to
varying concentrations with reaction durations ranging from 0 to 60 min.
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amixture of MB and Rhodamine B (RhB) dyes in the presence of
sunlight irradiation. 50 mL of a binary dye combination (15
ppm) was mixed with 5 mM of MB before exposing the solution
to visible light, which was equilibrated for 10 min intervals. The
% degradation values for all the dye combinations were ob-
tained by monitoring their real-time UV-Vis spectra; the nd-
ings interpreted that all the dye molecules, apart from the
binary combination of MB and RhB with MB, degraded at
a slower pace than the other colors. This behavioral difference
was linked to the functional groups' competing actions on these
dye molecules, limiting MB breakdown effectiveness.53 The
absorbance maximum (525 nm) of RhB did not change much as
compared to MB throughout the degradation of mixed dyes, but
when they were combined at various irradiation times, the
absorption maxima gradually reduced, as shown in Fig. 8a and
b.

The breakdown of the structure (chromophore) responsible
for the dye's color indicates that only a minimal amount of RhB
deterioration was found in the absence of the catalyst, indi-
cating that RhB dye is more resistant to visible light; moreover,
a degradation rate of 27% of RhB was reported. Also, the mixed
© 2022 The Author(s). Published by the Royal Society of Chemistry
dye photocatalytic degradation gradually increases to approxi-
mately 90%, as demonstrated in Fig. 8c. It clearly shows that the
hollow NiO NW catalyst may function like an effective photo-
catalyst for the degradation of mixtures of dyes under sunlight,
similar to individual dye degradation. Almost all organic dyes
constituted of chemically robust and degradation resistant
chromophore groups. In addition, an excellent photocatalyst for
the textile effluent treatment as wastewater contains a high
concentration of organic dyes.

3.2.5. MB degradation mechanism. The photodegradation
of MB dye under visible light is depicted schematically in Fig. 9.
When sunlight illuminates the top of hollow NiO NWs and MB,
it causes the photoexcitation of electrons from the valence band
(VB) to the conduction band (CB) to generate the hole–electron
pairs. Since NiO NWs show strong absorbance from UV to
visible region (Fig. S6a†) and have a higher bandgap energy
value of 3.6 eV, as calculated by the Tauc plot shown in Fig. S6,†
which are advantageous for generating electron–hole pairs at
a faster rate. Electrons in the CB react with oxygen to form
anionic superoxide radicals; these participate in the oxidation
development while preventing the recombination of hole/
RSC Adv., 2022, 12, 27948–27962 | 27955

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04826d


Fig. 6 UV-Vis absorbance spectra of different pH starting from (a–e) 3, 5, 7, 9, and (f) 11 with a reaction time interval of 0 to 60 min and ln(C/C0)
vs. time of MB with different pH values of 3, 5, 7, 9, and 11.
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electron pairs, thereby retaining electron neutrality in the NiO
NW's broad surface. During superoxide protonation, a hydro-
peroxyl radical is generated, which dissociates eventually,
generating extremely reactive hydroxyl radicals. Then, water
molecules again respond with photogenerated holes in the VB,
Fig. 7 Bar chart of various pH values starting at 3, 5, 7, 9, and 11 with
concentrations to different pH values for a clear demonstration of degra

27956 | RSC Adv., 2022, 12, 27948–27962
resulting in reactive species such as OH− radicals.54 These
reactive species generated on the surface of irradiated hollow
NiO NWs are strong oxidizers that selectively target organic
molecules near the surface. As a result, they quickly collide with
the organic molecules, causing them to mineralize. Colored
activity parameter and kinetics bar chart with the proportion of MB
dation studies.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Selective degradation of methylene blue: UV-Vis absorbance spectra of (a) RhB dye and (b) mixed dyes (MB + RhB) throughout
degradation, (c) degradation of dyes in combination and individually.
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molecules can be degraded by superoxide and hydroxyl radicals,
which have a high oxidation potential.31 Furthermore, the
possibility of methylene blue dye self-photosensitization for
Fig. 9 Proposed MB dye degradation mechanism of NiO NWs under su

© 2022 The Author(s). Published by the Royal Society of Chemistry
degradation has not been ruled out. The hollow ber density
and active area of NiO NWs, the extra surface area for molecule
adsorption supplied by the inner core and outside shell, and the
nlight.
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mixed-phase photocatalyst with the light scattering effect inside
the nanober interior properties make NiO NWs a useful pho-
tocatalyst. As a result, the photoinduced active species would
oxidize the dye molecules, causing them to degrade into minor
byproducts. Fig. 9 also depicts real-time MB before and aer
degradation pictures, exhibiting the evidence that NiO NWs as
the photocatalyst succeeds in degrading the MB dye.

3.3. Stability and reusability of the catalyst

Stability and reusability are critical factors in selecting a cost-
effective and viable catalyst for pilot-scale remediation
systems.55 Our novel route provides immobilized NiO photo-
catalysts, which, aer removing from the degraded MB solu-
tion, can be readily reused. Aer ve recycles for the catalytic
degradation of MB, NiO NWs showed only a minor reduction in
the catalytic activity. The degradation efficiency of the NiO NW
catalyst shows ranges up to 93% even aer the catalysts have
been used multiple times, indicating that this catalyst has
a high degree of stability. Fig. 10 shows the FESEM images of
the NiO NW photocatalysts aer being used successively in (I) 1
to (V) 5 MB photodegradation experiments. It was observed that
even aer numerous cycles, there was no discernible change in
the morphology of the as-prepared catalyst; only a slight change
in the size of the NWs can be observed. Further, the XRD
patterns of each recycled catalyst are identical, suggesting that
the catalyst has a stable structure during adsorption and
photocatalysis.
Fig. 10 (I–V) FESEM image of each recycled morphology and the XRD p

27958 | RSC Adv., 2022, 12, 27948–27962
Aer ve consecutive high-efficiency cycles, the percentage
photoactivity of the NiO NWs dropped from total 96% by only
0.5% (Fig. S7†). This modest reduction in the photocatalytic
activity might be ascribed to the material losses that may occur
during the recovery stage (washing and drying), resulting in
reduced dosage in the following cycle, lowering the surface
catalytic activity, and slightly deteriorating performance.56

During the 4th and 5th cycles, the characteristics of the NW size
and density of bers slightly reduced with evidence from the
FESEM and XRD patterns. The adsorptive catalytic surface
activity of the catalyst rapidly reduced aer each cycle due to
catechol and its intermediates obstructing the pores and active
sites.57,58 In general, many cycles utilizing the same material
may be carried out with almost the same pollutant degradation
effectiveness. Therefore, the electrospun hollow NiO NW cata-
lysts developed using a new single-step method have a high
degree of stability and effective reusability to degrade dye
contaminants. Numerous investigators have investigated the
photodegradation of MB during the last few years; Table 1
summarizes the catalytic performances of NiO photocatalysts. It
is clear that the hierarchically organized direct deposition of
hollow NiO NWs as the photocatalyst outperforms the previ-
ously reported NiO photocatalyst signicantly. In addition, the
hierarchical photocatalyst, the fabrication method with rela-
tively little degrading time, and reusability studies provide
a photocatalyst powered by sunlight for the elimination of MB.
atterns show the high degree of stability of the catalyst.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of experimental and published data on the photocatalytic activity of the NiO material with MB dye

Catalyst Synthesis method Catalyst (mg) Light source Time (min) Deg. (%) k (min−1) Ref.

NiO Hydrothermal 100 UV 150 85 0.0856 33
NiO Hydrothermal 30 Halogen 180 88 NA 59
NiO Sol–gel 50 UV 270 80 NA 31
NiO Combustion 40 UV 180 96 0.0209 60
NiO Sol–gel NA Visible 270 89 NA 61
NiO Thermal decom. 100 UV 360 90 NA 62
NiO Hydrothermal 30 Xenon 120 60 0.0252 63
NiO Hydrothermal 5 Visible 120 95 0.083 64
NiO–ZnO Green syn. 50 Visible 60 88 0.036 65
NiO–Ag Hydrothermal 20 UV 210 70 NA 66
NiO–ZnO Electro spun 100 UV 180 MB: 65 0.097 67

RhB: 59
NiO–CdS Sol–gel 80 Hg 90 86 NA 14
NiO Electro spun 50 mg Sun 60 96 0.054 T. W.
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4. Conclusion

The immobilization of the hollow NiO NW photocatalyst was
achieved from a one-step fabrication route by the calcination of
electrospun PVA–Ni(NO3)2 bers collected on glass substrates.
Through a simple electrospun technique and subsequent
thermal annealing, NiO hierarchical hollow NWs containing
nanosized NiO particles were developed. The hollow NiO NWs,
with several microns length and 75 nm diameter, were consti-
tuted by NiO crystalline nanoparticles with cubic structure,
forming a dense and porous layer adhered to the glass
substrate. The immobilized NiO NWs were tested for the
degradation of MB in solutions exposed to sunlight radiation.
The MB photodegradation was analyzed as a function of the MB
concentration and pH of the solutions. In addition, the NiO NW
photocatalyst could efficiently photodegrade a mixture of dye
contaminants. Taking advantage of the immobilization of the
hollow NiO NWs, recycling experiments showed the highly
efficient photodegradation of MB in subsequent experiments,
with degradation percentage in the range of 94–96% in 1 h of
exposure to sunlight irradiation. This demonstrates the stability
and reusability of the immobilized NiO NW photocatalyst. The
comparison of the photocatalytic efficiency for the degradation
of MB in the aqueous solutions of the NiO NWs with that re-
ported for other NiO-based photocatalysts reveals equivalent
and even superior results. The technique described in this
paper might be used to create metal oxide NWs made of
controlled-size hollow nanospheres for a variety of applications,
including photocatalytic applications.
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