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Abstract: A novel UV-light-active MCC/S-VO2 photocatalyst was successfully synthesized by a
simple and reliable hydrothermal route. XRD, FT-IR, Raman analysis, XPS, FE-SEM, EDX, TEM, DRS,
and thermal analysis techniques were utilized for the characterization of the as-prepared photocata-
lysts. The photocatalytic activities of the V2O5, doped S-VO2, and MCC/S-VO2 nanostructures were
investigated by monitoring the fading out of the methylene blue (MB) concentration under UV-light
irradiation. The results revealed that the photocatalytic degradation of MB via MCC/S-VO2 was
superior compared with that exhibited by pure V2O5 and doped S-VO2. It was found that 72.3%
of MB (100 mL; 20 mg·L−1) was degraded after 6 h in contact with MCC/S-VO2. Interestingly, the
photodegradation of MB dye was enhanced dramatically by adding H2O2, while 92.5% of MB was
degraded within 55 min. The kinetic studies revealed that the MB degradation followed the pseudo-
first-order model with a rate constant (kobs) of 3.9 × 10−2 min−1. The effect of several active species
scavengers on the photocatalytic degradation process was investigated. The data exhibited that
hydroxyl radicals and positive holes were the key active species during the degradation process. The
stability and reusability of the as-prepared nanostructures were examined, and the results displayed
its applicability for the removal of MB dye from aqueous media.

Keywords: vanadium dioxide; photocatalytic degradation; methylene blue; nanocomposite;
microcrystalline cellulose

1. Introduction

Since the emergence of the nanotechnology era, scientists have raced to sculpt the
ultimate nanocomposite materials to serve industrial needs. Nanocomposite material
revealed the magnificence behind the hidden power of the bulk structure. Nowadays,
water pollution is considered to be one of the most crucial issues all over the world [1,2].
Synthetic dyes have a complex aromatic molecular structure, are more stable and hard to
degrade, and show potential toxicity, mutagenicity, and carcinogenicity [3]. Therefore, these
dyes are potentially harmful and cause serious health hazards [4]. Methylene blue dye (MB)
(λmax = 664 nm) has been widely used in the dying process of cotton fabrics, wood, and
silk. The effluent disposal of the textile, tanning industries, and others, containing organic
synthetic dyes, such as MB dye, without appropriate treatment are regarded as a severe
source of environmental problems because of their high stability and long permanence in
the environment [5]. Hence, the development of environmental and effective technologies
for the destruction of these types of organic pollutants in wastewater is imperative [6].
Traditional treatment methods such as ion exchange, precipitation, coagulation, flocculation,
membrane filtration, electrochemical, and biological techniques have been investigated and
applied as potential solutions [7–11]. Possible treatment methods of textile organic wastes
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with advantages and disadvantages are listed in Table 1. However, owing to their limited
success and disadvantages such as incomplete degradation of the organic pollutants and
production of secondary hazardous waste [12], scientific society is seeking safer and more
efficient methods. It is well-known that electrons are promoted from the valence band (VB)
to the conduction band (CB) by the absorption of photons with an energy equal to or higher
than the band gap, producing a large number of holes in the VB. If this active charge (holes
and electrons) separation is achieved, the generated holes and electrons can be employed
for the photocatalytic degradation of several organic pollutants [13].

As a green functional technique for water purification, water disinfection, hazardous
waste remediation, and self-cleaning, semiconductor photocatalysis has attracted much
attention, and more investigations have been paid to fit industrial uses [14]. Advanced
oxidation processes have superiority over traditional techniques due to their effectiveness
under mild experimental conditions in the plenary destruction of organic pollutants into
CO2 and H2O [15–17]. Hydroxyl radical (•OH) based advanced oxidation technologies
(e.g., H2O2/UV, photo-Fenton [18,19]) have proven to have perfect efficiency in the field of
wastewater treatment. Such treatment involves the production of highly reactive, power-
ful oxidants and non-selective reagent hydroxyl radicals (•OH) [20], which work on the
degradation of the organics by several mechanisms [18]. A novel generation of hybrid
nanostructured materials called bio-nanocomposites (BNCs) refers to those naturally occur-
ring polymers (e.g., cellulose, etc.) that are combined with inorganic materials and exhibit
the nanometer scale at least for one dimension [21]. Cellulose material has been used as
an efficient pattern or support for mineral synthesis due to its unique properties among
natural polymers including biodegradability, eco-friendliness, and being a plentiful natural
resource [22,23]. Cellulose nanocomposites and their derivatives have been used in various
fields of science, as they are characterized by low cost, high chemical and thermal stability,
good mechanical properties, availability, and low toxicity. These kinds of materials are
used as appropriate alternate adsorbents in analytical methods [22,24]. When crystalline
cellulose undergoes acid hydrolysis to dissolve the amorphous parts of native cellulose,
microcrystalline cellulose (MCC) is formed [25]. Due to the low degree of polymerization
and relatively large specific surface area of MCC, it provides a polymeric matrix to pro-
duce cellulosic-based nanocomposite materials by accommodating inorganic fillers [17].
These composites exhibit promising features by introducing the bio-interfaces offered by
cellulose fibers along with the inherent functionalities of the fillers [26,27]. Many efforts
have been exerted to modify semiconductor photocatalysts for enhanced water purification
performance. Yan et al. reported the synthesis of Ag@AgCl-reinforced cellulose composites,
which exhibited excellent photocatalytic degradation performance for methylene blue
dye [28]. Wang et al. reported the synthesis of CuS-functionalized cellulose biocatalysts
for the removal of organic dye [29]. There is another work on TiO2 photocatalyst immo-
bilization in the cellulose matrix to decompose phenol under UV light irradiation [30].
Photocatalytic decomposition of organic dyes with semiconductor-based nanomaterials
has enticed fundamental attention because it suggests a feasible solution to environmental
pollution problems [13].

Amongst the vanadium oxides family, vanadium dioxide (VO2), which is a characteris-
tic semiconductor with narrow band gap energy and is well-known for its phase transition
from semiconductor (monoclinic structure) to metal (tetragonal structure) at ~68 ◦C, leading
to evident changes in the properties of the semiconductor [31,32]. For that, VO2 is consid-
ered a promising material for a wide range of technological applications in thermochromic
smart windows [33], electrochromic [34], Li-ion batteries [35,36], data storage media [37],
etc. There are many polymorph phases of V-O systems; the most interesting one is VO2
(B), owing to its layered structure and promising applications in the energy conversation
field [38]. However, VO2 is still rarely studied for its photocatalytic activity toward organic
dye degradation. Despite the low band gap energy for some semiconductors, they show
poor photocatalytic performance due to the high rate of electron/hole pair recombina-
tion [39]. Therefore, several methodologies have been utilized to slow the recombination
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of the electron–hole pair and improve catalytic activity. One of these methodologies is
doping with nonmetals [40]. Doping of the semiconductor with non-metal atoms with high
ionization energies and high electronegativity, such as nitrogen (N) [41,42], carbon (C) [43],
boron (B) [44], and sulfur (S) [45], modifies the electronic structure, and the photocatalytic
performance deteriorates as the doped ions introduce additional energy levels into the
band structure, which can be used to trap electrons or holes to separate carriers from the
bands, thus allowing more carriers to successfully diffuse to the surface [46]. These dopants
act as a separator for the charge carriers to stimulate absorption in the visible region [47].

Our work sheds light on the preparation conditions for the optimization of photocata-
lysts, as well their photocatalytic experimental conditions. To the best of our knowledge,
doped S-VO2 was prepared, for the first time, from V2O5 and sulfur, employing a facile
hydrothermal route where the MCC was utilized to well-disperse the as-prepared S-VO2
nanoparticles, producing a hybrid nanostructured composite MCC/S-VO2, which shows
promising chemical, physical, and optical properties. MCC/S-VO2 was applied as a photo-
catalyst for the photocatalytic degradation of MB dye under UV irradiation. The effect of
different scavengers on the photocatalytic degradation process was studied in the presence
of H2O2. Changing the band gaps of photocatalysts upon doping was estimated by the-
oretical calculations, and the prospective mechanism for the photocatalysis process was
proposed and discussed.

Table 1. Methods of textile pollutant treatment, their advantages, and disadvantages [48,49].

Methods of Textile Pollutant Treatment Advantages Disadvantages

Coagulation or flocculation Economically convenient Excess sludge production
Biological treatment Low costs Low bio decomposition of dyes

Adsorption Low cost of preparation methods and
uses

Poor capacity for organic pollutants, and
adsorbents demand disposal

Ion exchange High capacity for dyes High costs
Oxidation Effective decolonization Generation of sludge

Membrane process Low pressure Insufficient quality of the treated
pollutants

2. Experimental Methods
2.1. Materials

All the chemicals were of analytical grade and used without further purification.
Vanadium pentoxide 99.6% (V2O5), methylene blue (MB), elemental sulfur 99.9% (S), Di-
ethanolamide (DEA) nonionic surfactant 99%, and isopropyl alcohol 99% (IPA; C3H8O)
were purchased from Sigma-Aldrich Chemical Co. Hydrochloric acid 32% (HCl), hydrogen
peroxide 50 wt.% (H2O2), Ascorbic acid (AA; C6H8O6), and ethylenediaminetetraacetic
acid disodium salt 99% (EDTA.2Na; C10H16N2Na2O8

2+) were supplied by El Nasr Pharma-
ceutical Chemicals (Adwic) Co, Cairo, Egypt. All reagent solutions were prepared using
deoxygenated deionized (DDI) water, which was prepared by passing pure nitrogen gas
through DI water at a flow rate 100 mL per minute for 2 h.

2.2. Synthesis of the Products
2.2.1. Synthesis of Microcrystalline Cellulose (MCC)

MCC was synthesized via acid hydrolysis method [50]. Briefly, 10 g of cotton fibers
was soaked in 500 mL HCl (2 M). The mixture was refluxed for 2 h. The product was
filtered with the aid of a centrifuge, rinsed several times with DDI water, then dried at
60 ◦C for 24 h.

2.2.2. Synthesis of S-VO2 and MCC/S-VO2 Nanocomposite

MCC/S-VO2 nanocomposite was prepared with weight ratios of 1:1.4 for V2O5/S and
1:1 for MCC/(V2O5+S), respectively. A total of 10.26 g of MCC powder was added into
50 mL of DDI water, stirred for 1 h, and left to stand overnight. Six grams of sulfur was
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added into 50 mL of DDI water containing a drop of diethanolamide (non-ionic surfactant)
to ensure the homogenous distribution of sulfur, and the suspension was stirred for 1 h;
then, 4.26 g of V2O5 was added and stirred for another hour. The MCC suspension was
added to V2O5-S mixture and uniformly mixed by using a mechanical stirrer at 600 rpm
for 1 h. The resultant mixture was sonicated for 1 h and stirred overnight at 400 rpm to
maintain the distribution homogeneity of the components. Finally, the mixture at neutral
pH was transferred into a Teflon-lined stainless-steel autoclave and maintained at 180 ◦C
for 24 h. The obtained black product was separated and washed several times with DDI
water and ethanol. The final product was dried under vacuum at 70 ◦C overnight and
stored in a vacuum desiccator until use. For comparison, the same procedure was followed
without MCC to prepare doped S-VO2 nanoparticles. Scheme 1 presents the steps of
MCC/S-VO2 preparation.
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2.3. Photocatalytic Degradation Experiments

The photocatalytic performance of the as-prepared products was evaluated by the
photodegradation of aqueous methylene blue solution at room temperature under the
illumination of UV light using UV lamps (Philips 3 × 20 watt, λmax = 365 nm). Typically,
20 mg of the as-prepared photocatalyst was well dispersed into 100 mL of MB solution
(20 mg L−1) and stirred for 45 min in the dark to ensure the homogenous adsorption of
MB toward the catalyst active sites. After that, the stirring suspension was exposed to UV
irradiation at a fixed distance from the dye solution, 20 cm. Three milliliters of aliquots was
taken at pre-determined time intervals and centrifuged to separate the solid particles. The
remnant MB solution concentration was spectrophotometrically measured at the maximum
absorption around λmax = 664 nm. The decolorization efficiency (DE) was calculated using
the following Equation (1):

DE =
C0 − Ct

C0
× 100 (1)

where C0 and Ct are the initial concentration of the dye at zero time and the remaining
concentration after time t, respectively. The catalytic activity of photocatalysts in a combined
system (photocatalyst + H2O2) was performed at the same photocatalysis conditions (20 mg
of photocatalyst, 100 mL of MB solution (20 mg L−1)) by the addition of 0.05 mL H2O2
(50 wt.%) into the suspension before turning on the UV lamps.
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Recycling experiments of photocatalysts under the same photocatalysis conditions
were carried out. Each cycle lasted for 55 min with fresh MB solution. The photocatalyst
was gathered after each cycle by centrifugation, then double washed with DDI water and
ethanol and oven dried at 70 ◦C for 2 h. The sample was reused for posterior degrada-
tion. To obtain deep insight into the responsible active species for the MB degradation
process in the presence of H2O2, a set of scavenging experiments was performed. The
scavengers were added at a 20-fold molar concentration relative to the initial MB concen-
tration (20 mg of photocatalyst, 100 mL of MB solution (20 mg L−1)). Ascorbic acid (AA) as
•O2

− scavenger [51], EDTA–2Na as h+ scavenger [52], and isopropyl alcohol (IPA) as •OH
scavenger [53] were separately added in an exemplary degradation process.

2.4. Instruments

The structure of the as-prepared samples was characterized by X-ray diffractometer
(XRD), Bruker model D8 Advance, with Cu-Kα radiation and 0.02◦ step interval s−1. The
crystalline phase of the nanoparticles was identified by comparing the major peak positions
with standard JCPDS files. The main functional groups were characterized using Fourier
transform infrared (FT-IR), Thermo Scientific, model Nicolet iS10, at 4000–400 cm−1 range,
and Raman analysis was measured with a dispersive Raman spectrometer (BRUKER-
SENTERRA, Bruker Optics, Billerica, United States) equipped with an integral microscope
(Olympos); the excitation source was Nd/YAl G laser (784 nm). The surface composi-
tion and chemical state of the nanocomposite were characterized by X-ray photoelectron
spectroscopy (XPS), Thermo Fisher Scientific, USA, with monochromatic X-ray Al K-alpha
radiation−10 to 1350 eV. The morphology of the products was examined by a field emission
scanning electron microscope (FE-SEM) (Quanta 250 FEG, Field Emission Gun) equipped
with energy dispersive X-ray (EDX) at an accelerating voltage of 30 kV and a high-resolution
transmission electron microscope (HR-TEM; JEM-2100) operated at an accelerating volt-
age of 200 kV. The thermal stability of the composite was studied under N2 atmosphere,
employing a thermal analyzer (Shimadzu, TA-60WS, Kyoto, Japan) at a heating rate of
10 ◦C min−1. Jasco UV-Visible spectrophotometer model (V670) supplied with integral
sphere model (ISN-723) using barium sulfate as a reference was employed to measure the
diffuse reflectance spectra (DRS) of the as-prepared samples and the concentration of the
MB dye at λmax = 664 nm.

3. Results and Discussion
3.1. Characterization of the As-Prepared Products

Figure 1 shows the X-ray diffraction patterns of V2O5, MCC, S, S-VO2, and MCC/S-
VO2 products. The XRD pattern of V2O5 nanoparticles corresponds well to the orthorhom-
bic structure with lattice parameters of a = 3.564 Å, b = 11.516 Å, and c = 4.373 Å (JCPDS
No 85-0601). The XRD pattern of S is in good agreement with the S8 orthorhombic structure
with lattice parameters of a = 10.384 Å, b = 12.755 Å, and c = 24.4098 Å (JCPDS No 83-2285).
The XRD pattern for MCC shows diffraction profiles characteristic of cellulose I (JCPDS No.
50-2241) [54]. No peaks from other crystalline impurities were detected, indicating the high
purity of the prepared MCC. In comparison, the XRD patterns of S-VO2 and MCC/S-VO2
revealed that no diffraction peaks corresponding to the V2O5 precursor appeared. This
can be attributed to the effective reduction of the bulk V2O5 using a hydrothermal method
in the presence of relatively high sulfur content, and the reduction of V5+ to V4+ may be
formulated as follows:

2V2O5 + S→ 4VO2 + SO2↑ (2)
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Figure 1. XRD patterns of MCC, S, V2O5, S-VO2, and MCC/S-VO2.

For S-VO2, the characteristic diffraction peaks for VO2 displayed with a hybrid phase
were as follows: a monoclinic VO2 (JCPDS No. 81-2392) [55] at 2θ = 14.4◦, 15.4◦, 25.2◦,
29.0◦, 30.0◦, 33.5◦, 44.6◦, 45.0◦, and 49.1◦ via elaborating the crystal planes (001), (200), (100),
(022), (401), (310), (003), (601), and (020), respectively; and an orthorhombic VO2 (JCPDS
No. 76-0676) at 2θ = 27.48◦, 28.44◦, 36.8◦, and 53.88◦ corresponding to the (222), (400), (040),
and (062) crystal planes, respectively, while the XRD pattern of the MCC/S-VO2 composite
showed characteristic diffraction peaks indexed to a monoclinic crystalline phase of VO2
(JCPDS No. 81-2392), as well as the distinctive peaks related to MCC at 2θ = 15.0◦, 16.6◦, and
22.8◦. This observation can be attributed to the fine dispersion of the composite through the
MCC matrix. The XRD features with 2θ at 23.1◦, 25.8◦, 26.7◦, and 27.7◦, corresponding to
S8, were detected for both S-VO2 and MCC/S-VO2, suggesting that some sulfur molecules
were adsorbed on the catalyst surface. Additionally, the average crystallite sizes of the
products were estimated using the Debye–Scherrer Equation (3) [56].

D =
0.9λ

βcos θB
(3)

where θB, β, and λ are the Bragg diffraction angle, diffraction peak full width at half
maximum (FWHM), and wavelength of the X-ray radiation (nm), respectively. The average
crystallite size of the V2O5, S-VO2, and MCC/S-VO2 was estimated to be 51.38, 50.65, and
34.76 nm, respectively.

The FT-IR spectroscopy of the MCC, V2O5, S-VO2, and MCC/S-VO2 was carried out
and is depicted in Figure 2. The MCC spectrum displayed a broad band at a region of
3300–3500 cm−1 and a weak band at 1640 cm−1, corresponding to the stretching and bend-
ing vibrations of OH groups, respectively [57]. The bands located at 2900 and 1431 cm−1

correspond to C-H stretching and bending vibrations, respectively. The band located at
1371 cm−1 is related to C-H asymmetrical deformations. In addition, the band observed at
1164 cm−1 is assigned to the C-O-C pyranose ring skeletal vibration, while the band located
at 894 cm−1 is related to the β-glycosidic linkage vibration between the anhydroglucose
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units in cellulose [58]. The FT-IR spectrum of V2O5 exhibited three absorption bands at
1025, 832, and around 582–482 cm−1, which are in good agreement with the orthorhombic
V2O5 [59]. The FT-IR spectra for S-VO2 and MCC/S-VO2 displayed a broad band in the
region around 3200–3500 cm−1 and a sharp band in the region around 1500–1650 cm−1,
due to the stretching and bending vibrations of OH groups, respectively, whereas the bands
at 1124 cm−1 and 1113 cm−1 for S-VO2 and MCC/S-VO2, respectively, may be attributed to
sulfur adsorbed to the VO2 surface [40]. The bands at 1030 and 1056 cm−1 for MCC/S-VO2
and S-VO2, respectively, are assigned to O=V=O stretching vibration [40]. The initial sharp
vibrational band at 610 cm−1 for S-VO2 and 520 cm−1 for MCC/S-VO2 can be associated
with the V–O–V octahedral bending modes of VO2 [60,61]. Additionally, the band at
710 cm−1 for MCC/S-VO2 is assigned to the coupled vibration of V=O [61]. The absence of
V2O5 absorption bands indicated the formation of VO2 in the final product, whereas the
bands at 2900, 1431, 1371, 1059, 1164, and 894 cm−1 indicated a homogenous distribution
of S-VO2 between MCC microfibers.
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Raman spectroscopy is a very robust tool distinguishing the different crystalline phases
and the change in the surface structure. The Raman spectrum of MCC/S-VO2 is presented
in Figure 3. The Raman scattering peaks appeared at 82, 153, 185, 217, 433, 471, 1419, and
1520 cm−1. The symmetry modes of the prepared sample belong to Ag and Bg, respectively.
The peaks between 82 and 471 cm−1 are assigned to the sulfur S8 orthorhombic system [62].
The peaks at 1419 and 1520 cm−1 are assigned to the microcrystalline cellulose [63]. There
are no peaks which can be observed for VO2. This observation can be attributed to the
adsorption of some sulfur molecules on the surface of VO2.
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Figure 4a displays the XPS survey for the MCC/S-VO2, which indicates the presence
of C, O, S, and V elements. The C 1s peaks observed for MCC/S-VO2 are due to the
existence of MCC in the structure. As shown in Figure 4b, the C 1s peak is split into three
adjacent peaks for the MCC/S-VO2 product, corresponding to the chemical bonding in
MCC. The first peak at 284.36 eV indicates a carbon linkage (C–C), the second peak at
286.1 eV corresponds to the carbon atom bonded to the hydroxyl group (C–OH), and
the third peak at 287.6 eV relates to a carbon atom bound to an oxygen atom (C–O) of
pyranose rings [64]. However, Figure 4c shows two different peaks at 529.9 and 532.4 eV
corresponding to different oxygen atoms. The peak at 529.9 eV corresponds to the lattice
oxygen of VO2 [65], and the peak at 532.4 eV is attributed to the oxygen of the hydroxyl
group (C–OH) and (C–O–C) in MCC [66]. It can be observed that the S 2p XPS spectrum,
Figure 4d, exhibits a singlet broad peak S 2p3/2 at 163.8 eV binding energy. This is slightly
lower than the binding energy of the elemental sulfur (164 eV), which may be attributed to
S doping in the form of a V–S bond, compared with vanadium sulfides, in which sulfur
atoms are bonded to V and have their S 2p peak between 160.7 and 163.7 eV [67]. The XPS
spectrum of V 2p is displayed in Figure 4e. The peaks at 517.08 and 515.53 eV could be
ascribed to 2p3/2 binding energies of V5+ and V4+, respectively, while the peak at 524.15 eV
is due to the binding energy of V4+ 2p1/2 [65,68]. Hence, the predominant oxidation state
for VO2 was V4+, and the presence of V5+ might be a result of sample surface oxidation in
air. These results, along with the XRD analysis (Figure 1), suggest V–S chemical bonding
near the surface of S-VO2.
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The morphology of the synthesized MCC, S-VO2, and MCC/S-VO2 products has
been investigated utilizing an (FE-SEM), as shown in Figure 5a–c. The SEM micrograph
of MCC, Figure 5a, reveals the nonuniform shape of micro-sized fibrils, which can be
attributed to the degeneracy of fibrous strands to micro-sized crystallites during acid
hydrolysis, which cleaved the amorphous part of the cellulose chain [58,69]. The FE-SEM
image of the S-VO2, Figure 5b, displays the nanorod shape. Meanwhile, Figure 5c implies a
homogenous combination of phases forming the MCC/S-VO2 composite. The elemental
distribution in the MCC/S-VO2 nanostructure was clarified by EDX spectrum, Figure 5d.
The spectrum confirms the purity of the prepared composite as well the presence of the
vanadium and sulfur elements in the sample, whereas the other peaks are assigned to
C and O, supporting the presence of MCC molecules in the as-prepared nanocomposite.
Moreover, the microstructure of the MCC/S-VO2 nanocomposite was examined employing
the HR-TEM technique, Figure 6. The HR-TEM image of the MCC/S-VO2 nanocomposite
exhibited the irregular shapes of S-VO2 inorganic nanoparticles that were well-dispersed
in the cellulose matrix. The sheet structure is due to the incorporation of MCC with the
S-VO2 system under the applied experimental condition.
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Thermogravimetric analysis (TG/DTG/DSC) was carried out to study the thermal
stability of the synthesized MCC/S-VO2 nanocomposite, as displayed in Figure 7. The TG
curve revealed three decomposition steps. The first weight loss of 30% in the temperature
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range of 120–260 ◦C corresponded to the loss of the adsorbed water molecules and semi-
degradation of cellulosic components, which started at 120 ◦C and lasted up to 380 ◦C [70].
The second step was a sharp weight loss of 30% in the temperature range of 265 ◦C up to
324 ◦C due to the continuous loss of organic cellulose. The third step was at a temperature
range of 325–500 ◦C, with a weight loss of 6.23% due to the loss of sulfur molecules [71].
Continuous rising temperature displayed a slow slope after 500 ◦C with no precise ending,
and this could be attributed to the subsequent oxidation of V4+ into V5+. The DTG curve
showed two peaks; the first one is due to the water loss, while the second peak is due to
the decomposition of MCC. The DSC curve displayed two exothermic broad peaks from
200 to 280 ◦C and from 300 to 350 ◦C. These peaks can be attributed to the VO2 phase
transition [72].
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Figure 7. Thermal analysis (TG, DSC, and DTG curves) for MCC/S-VO2 nanocomposite.

The UV-Vis DRS was carried out in the range of 200–800 nm to inspect the optical
absorption properties of the as-prepared samples. The absorption spectra of MCC, V2O5, S-
VO2, and MCC/S-VO2 products are depicted in Figure 8a. Pure MCC and V2O5 displayed
maximum absorption bands at about 200 and 298 nm, respectively. S-VO2 showed a
maximum absorption band at 437 nm, which is a marked red shift compared with that
of pure V2O5. This red shift is probably due to the interaction of S 2p with O 2p and V
2p electronic states of VO2, which resulted in the band gap decreasing. The MCC/S-VO2
nanocomposite exhibited an absorption band at around 290 nm. The band gap energy (Eg)
of the as-prepared products was derived according to Equation (4) [73].

(αhν) = A
(
hv− Eg

) n
2 (4)

where α is the absorption coefficient, h is the Planck constant, A is a constant, ν is the
frequency, Eg is the absorption band gap energy, and n is one or four for a direct and
indirect band gap, respectively [74,75]. Plots of (αhν)2 versus hν are shown in Figure 8b.
The band gaps of V2O5, S-VO2, and MCC/S-VO2 were estimated to be 2.3, 2.1, and 2.29 eV,
respectively. These are consistent with the results shown in Figure 8a, while the MCC
product showed an indirect band gap Eg of 4.85 eV. The addition of sulfur plays a key role
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in charge transfer between the VB and CB band [76], which results in reducing the band
gap of VO2, compared with 4.8 eV, which is given elsewhere [77].
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Figure 8. Optical absorption properties of the as-prepared products: UV-Vis spectra (a) and energy
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3.2. Photocatalytic Activity

The photocatalytic performance of the as-prepared catalysts (S-VO2 and MCC/S-VO2),
as well as V2O5, was evaluated by photodegradation of the MB solution in the presence
and absence of H2O2 under the experimental conditions: 20 mg of photocatalyst and
100 mL of MB solution of 20 mg L−1 concentration. The degradation ratio (Ct/Co) with and
without H2O2 is given in Figure 9a,b. Both V2O5 and S-VO2 manifested poor adsorption
capacity and photodegradation percentage compared with those of MCC/S-VO2. The
photocatalytic performance of the MCC/S-VO2 nanocomposite in the absence of H2O2
showed a photocatalytic efficiency of ∼72.3% within 360 min. The addition of 0.05 mL
H2O2 (50% wt.) brought about a dramatic increase in the photodegradation of MB dye,
which reached 92.5%, 100%, and 60.3% for MCC/S-VO2, S-VO2, and V2O5, respectively. In
addition, the degradation time reduced from 360 min to 55 min, clarifying the significant
role played by H2O2 in the photocatalytic process. The kinetic studies showed that the
pseudo-first-order kinetic model was the best-fitting model that described the photocatalytic
degradation of MB dye using S-VO2 or MCC/S-VO2 catalysts, regardless of the presence or
absence of H2O2, as shown in Figure 9c,d. The kinetic parameters are given in Table 2. As
seen in Table 2, the rate constant (kobs) values were greatly increased in a combined system
(photocatalyst + H2O2).

Table 2. Calculated kinetic parameters for the photocatalytic degradation of MB dye over S-VO2 and
MCC/S-VO2 photocatalysts.

Samples
With H2O2 Without H2O2

Kobs (min−1) R2 Kobs (min−1) R2

S-VO2 0.0819 0.853 0.0008 0.97
MCC/S-VO2 0.039 0.971 0.0034 0.97
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In addition, the effect of the photocatalyst dose on the photocatalytic efficiency was
studied. The results (Figure 10) revealed that the photocatalytic efficiency was significantly
affected by the variation of catalyst loadings [4]. Accordingly, three different catalyst doses—
0.1, 0.2, and 0.4 g L−1—of S-VO2 and MCC/S-VO2 were examined. The results exhibited
that the degradation performance is directly proportional to the loading percentages of ca.
100% and 98% dye removal for S-VO2 and MCC/S-VO2, respectively, at 0.4 g L−1. This
could be explained as follows: more active sites were found on the photocatalyst surface
when the photocatalyst dosage was raised, and the efficiency of the photo generation of
holes and electrons was higher. These factors were contributory in accelerating the photocat-
alytic degradation reactions [78]. A comparison of the degradation efficiency for different
photocatalysts in terms of MB degradation under UV and visible light irradiation is clearly
listed in Table 3. This comparison indicated the superiority of the photocatalytic efficiency
and low cost of the as-prepared photocatalysts, S-VO2 and MCC/S-VO2, compared with
the reported ones.
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Table 3. Comparison of degradation efficiency of the present study with different photocatalysts in
terms of MB degradation.

Photocatalyst
Name

Catalyst
Amount (mg)

MB Conc.
(mg L−1)

Degradation
Rate
(%)

Irradiation
Time
(min)

Irradiation
Light Reference

S-VO2 20 20 100 55 UV irradiation Present study
Ag@AgCl-reinforced

cellulose 15 20 100 60 Visible light [28]

MCC/S-VO2 20 20 92.9 55 UV irradiation Present study
TiO2/MCC 30 100 90 240 UV irradiation [79]
ZnO/MCC 100 15 89.8 120 UV irradiation [80]
CdS/MCC 50 10 81.5 60 Visible light [81]

CuS-functionalized
CBA 25 20 79.7 60 Visible light [29]

Cellulose acetate/TiO2 100 0.4 70 90 Visible light [82]

The recycling numbers of the as-prepared photocatalysts reuse were inspected under
UV light and H2O2. After four cycles, the MB removal percentage decreased from 92.5 to
85.5% and from 100 to 87% for MCC/S-VO2 and S-VO2, respectively, as shown in Figure 11.
The extrapolation of the linear relationship of the photocatalytic efficiency implies that
the degradation will decrease to 50% after 20 cycles, indicating durability and good cycle
performance of the solid phase. This result can also be confirmed by the XRD, FE-SEM, and
FT-IR characterizations of MCC/S-VO2, before and after recycling, which are clarified in
Figure 12. Figure 12 reveals no change in the crystal phase after reusing the photocatalyst
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in a posterior cycle for MB photodegradation under the same photocatalysis conditions,
indicating the higher stability of the MCC/S-VO2 solid phase.
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3.3. Active Species Scavenging

The role of the active species (superoxide radicals (•O2
−), positive holes (h+), and

hydroxyl radicals (•OH)) was determined through the variation of catalytic removal of the
MB after the scavengers were added into the photocatalytic system. Figure 13 shows the
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variance of MB removal before and after addition of the scavengers to the photocatalytic
system. When AA was added into the system of MB with (MCC/S-VO2 + H2O2), the
degradation efficiency was almost the same without AA addition; this indicates that
superoxide radicals have no role in MB degradation. Degradation of MB drastically
decreased from 92.5% to 60% and 66% with the addition of IPA and EDTA-2Na, respectively,
within 55 min. From these results, we can suggest that hydroxyl radical (•OH) and positive
holes (h+) were the major active species through the photocatalytic process. Additionally,
for the system of MB with (S-VO2 + H2O2), hydroxyl radical (•OH) and positive holes (h+)
were primarily responsible for MB degradation.
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3.4. Proposed MB Photodegradation Mechanism

The degradation of MB utilizing S-VO2 or MCC/S-VO2 nanocomposites under UV
light was enhanced in the presence of H2O2. The enhancement of photocatalytic activity is
attributed to the hydroxyl radicals generated from the scavenging of electrons by H2O2 [83].
The conduction band (CB) and valence band (VB) positions were calculated employing
Equation (5) [84,85] for MCC, S-VO2, and MCC/S-VO2, and are given in Table 4.

ECB = x− Ee − 0.5 Eg

EVB = ECB + Eg (5)

where x is the absolute electronegativity, E is the energy of free electrons on the hydrogen
scale (4.5 eV), Eg is the band gap energy, and ECB and EVB are the energies of the conduction
band and valence band, respectively. The calculated values of Eg based on the obtained data
from the UV-Vis diffuse reflectance spectra (Figure 8) for MCC, S-VO2, and MCC/S-VO2,
the absolute electronegativity, and estimated VB and CB energies for MCC, S-VO2, and
MCC/S-VO2, are reported in Table 4.

Table 4. Absolute electronegativity, estimated band gap, and calculated potentials of CBs and VBs for
MCC, S-VO2, and MCC/S-VO2.

Samples x (eV) Eg (eV) ECB (eV) EVB (eV)

MCC 6.983 4.85 0.058 4.908
S-VO2 6.153 2.10 0.603 2.703

MCC/S-VO2 6.554 2.29 0.910 1.380
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Generally, in the photocatalytic mechanism, the valence band electrons convey to the
conduction band under UV irradiation, creating holes in the valance band. These electrons
may be scavenged by adjacent oxygen and/or H2O2 to form superoxide anion radicals
(•O2

−) or hydroxyl radicals (•OH). Likewise, the created holes in the valence band may
oxidize H2O and/or OH− producing (•OH) radicals. These radicals are responsible for the
photocatalytic degradation under UV irradiation. Based on the calculated potentials of CBs
and VBs for phases forming the MCC/S-VO2 composite (Table 4), a schematic mechanism
of photocatalytic degradation of MB with MCC/S-VO2 was proposed (Figure 14). As
shown in Figure 14, oxidation of OH− to •OH radicals takes place in the VBs of S-VO2 and
MCC due to the greater positivity of their potentials than (E0

OH
−

/•OH = 2.38 eV); however,
oxidation of H2O to •OH radicals only takes place in the VB of MCC owing to the greater
positivity of its potential than (E0

H2O/•OH = 2.72 eV), Table 4. The CBs energies of S-VO2
and MCC are more positive than (E0

O2/•O2
− = −0.33 eV), suggesting that a reduction

reaction of O2 to •O2
− cannot occur. The reduction of H2O2 to OH− takes place in the CBs

of S-VO2 and MCC, producing •OH radicals as a final product, because the potential of CBs
of S-VO2 and MCC is more negative than (E0

H2O2/OH
− = 0.88 eV), Table 4. Additionally,

the reduction of the adsorbed molecular oxygen takes place and forms H2O2 in the CBs
of S-VO2 and MCC because the potential of CBs of S-VO2/MCC is more negative than
(E0

adsO2/H2O2 = 0.695 eV). Due to the potential difference between VBs and CBs of phases
forming the MCC/S-VO2 composite, electrons and holes are gathered on the CB and VB of
S-VO2 and the electrons trapped by H2O2, resulting in the efficient separation of charge
carriers. Finally, the •OH radicals attack the MB molecules to form CO2 and H2O. This ap-
proach is consistent with the scavenging experiments’ results, elaborating that the hydroxyl
radicals and positive holes were the key active species of MB photocatalytic degradation.
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4. Conclusions

In this work, we successfully synthesized VO2 nanorods doped with sulfur and S-VO2
with MCC-supported matrix composites by a simple hydrothermal route. The prepared
materials were characterized by XRD, FT-IR, Raman analysis, XPS, FE-SEM, EDX, TEM,
DRS, and thermal analysis. The results indicated the formation of V4+ as VO2 with doped
sulfur and the fine dispersion of S-VO2 through the MCC matrix. The kinetic analysis of
the photocatalytic process showed efficient degradation of methylene blue by S-VO2 and
MCC/S-VO2 within H2O2 and followed the pseudo-first-order kinetic model. The recycling
experiments demonstrated that the photocatalytic efficiency exhibited a slight decline over
four cycles, and the extrapolation calculation implied that degradation would decrease
to 50% for 20 cycles. Positive holes and hydroxyl radicals were found to be the main
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active species during the photocatalytic process. The calculated band gap, along with the
calculated potentials of CB and VB for MCC/S-VO2, supported the proposed photocatalytic
degradation mechanism. This work indicated the ability to use the hydrothermal route to
prepare nanocomposite particles.
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stages, M.Y.N.; conducting a research and investigation process, M.S.N.; development or design
of methodology, M.S.N.; writing the initial draft, M.S.N.; formulation or evolution of overarching
research goals and aims, H.M.A.; management and coordination responsibility for the research
activity planning and execution, H.M.A.; critical review, H.M.A.; formal techniques to analyze study
data, H.M.A. All authors have read and agreed to the published version of the manuscript.
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