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ABSTRACT

CuO-VO,/TiO, as a new nanocomposite was synthesized through hydrother-
mal method and identified by various spectroscopic techniques including X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), high-resolution transmission electron microscopy (HR-
TEM), energy dispersive X-ray analysis (EDX), UV-visible, differential reflec-
tance spectroscopy (DRS), and Mott-Schottky. The presence of nan-
otubes/nanosheets in the synthesized nanocomposite was confirmed by HR-
TEM. The anatase and rutile crystalline forms of TiO, were detected by Raman
spectroscopy and X-ray diffraction (XRD). XPS analysis confirmed the presence
of CuO and VO, in the nanocomposite. The surface area and the band-gap
energy of the nanocomposite were determined via N, adsorption-desorption
analysis and DRS. The presence of a p—n junction between TiO, (n-type) and
CuO/VO; (p-type) was confirmed by the Mott-Schottky analysis. The photo-
catalytic activity of the nanocomposite against methylene blue (MB), methyl
orange (MO), and cango red (CR) was studied under visible-light irradiation.
The times of degradation for the decomposition of the dyes were 10-25 min. The
rate constants of degradation for MB, MO, and CR were calculated as 0.34, 0.090,
and 0.155 min ™", respectively. The catalyst was recovered four times. In addi-
tion, the mineralization of the dyes was investigated by chemical oxygen
demand (COD). The reaction was performed in the presence of different radical
scavengers, and the -OH was found to be the predominantly active species in the
photodegradation of the dyes.
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1 Introduction

The residual wastewaters from textile, chemical, and
leather industries are mostly composed of remark-
able quantities of organic dye contaminants, which
lead to irrecoverable damage to the environment and
human health [1, 2]. The conventional methods for
the removal of these pollutants include sedimenta-
tion [3], ion flotation [4], coagulation [5], and
adsorption [6]. However, these methods suffer from
the production of secondary wastes, which require
further processing. Advanced oxidation processes
(AOPs) are one of the rather new and stronger tech-
niques developed for the removal of dye contami-
nants from wastewater [7]. AOPs basically generate
reactive hydroxyl radical "OH) as powerful oxidiz-
ing agents for a broad range of pollutants and oxidize
them in a quick and non-selective manner [8]. The
hydroxyl radical is generally produced by chemical
and photochemical processes [9, 10]. Photochemical
oxidation of organic dyes is an effective treatment
method applied to remove organic dyes from
wastewater. It is clear that the source of light is
important because of energy saving and environ-
mental pollution considerations. In most of photo-
chemical reports, the source of energy is UV
irradiation generated in situ [11]. Titanium dioxide
(TiO,) photocatalyst has been generally applied in
photocatalytic oxidation of many organic dyes such
as MB, MO, and CR [12]. This compound has a low
production cost, outstanding photocatalytic activity,
non-toxicity, and high photocorrosion resistance [13].
Therefore, this compound is commercially available
as an active photocatalyst for the decomposition of
dyes. However, given its high band gap (3.2 eV), it is
only active under UV irradiation and applicable in
closed containers [14]. Most of the dye production
wastewater is released into the environment. Many
efforts have been made to modify TiO, and make it
active in visible light [15]. Metal oxides doped on
TiO, and nanocomposites are expected to show var-
ious effects on the photocatalytic activity of TiO, by
different methods. Many metal ions including iron
[16], palladium [17], nickel [18], cupper [19], silver
[20], vanadium [21], cobalt [22], and platinum [23]
have been studied as potential dopants. Metal ions
doped into TiO, can presumably enhance the elec-
tronic energy band structure of TiO, and, thus,
improve its photocatalytic performance by the
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efficient charge transfer from the doped metal ions to
Ti*". It is worthwhile to study the method of doping
TiO,, an n-type semiconductor with wide band gap,
with semiconductors such as p-type semiconductors
(with narrow band gap) in more detail [24]. For
instance, NiO loading could improve the UV-Vis
light absorption and then increase the photoelectro-
chemical and photocatalytic efficacy of TiO, due to
the generation of a p—n junction during metal oxide
loading, which prevents the recombination of pho-
togenerated electron-hole pairs [25]. Copper oxide
(CuO) and vanadium (IV) dioxide (VO,) are impor-
tant p-type semiconductors, which have specific band
gaps of nearly 2.0 and 2.6 eV, respectively. CuO and
VO, have been considered p-type semiconductors
joined with n-type TiO, semiconductors in many
photocatalytic studies due to their potential applica-
tions in the degradation of organic contaminants.
However, there are no reports on doping TiO, with
CuO-VO, mixed metal oxides [26-28]. TiO,-based
nanocomposites have been prepared by various
synthetic  methods  including  hydrothermal,
solvothermal, sol-gel, direct oxidation, chemical
vapor deposition (CVD), electrodeposition, sono-
chemical, and microwave [28-30]. Some of the
advantages of hydrothermal method compared with
other conventional methods are low reaction tem-
perature, prevention of additional thermal treat-
ments, generation of well-crystallized, porous
compounds, and low loss. In a typical hydrothermal
process, TiO, nanoparticles or titanium alkoxides are
completely mixed with 10-15 mol/L NaOH. The
mixtures, thus, obtained are then heated at
110-180 °C for 16-72 h in a Teflon-lined autoclave.
Upon completion of the hydrothermal treatment, the
precipitate obtained is washed with deionized water,
dispersed in HCI solution, and calcined at 364 °C to
obtain well-defined nano-TiO, [30]. The morphology
of TiO, obtained is dependent on such process
parameters as the structure of the starting material,
alkaline solution concentration, reaction temperature,
time, and the effect of washing acid, which suggests
the controllability of the synthetic process. The
preparation of nanocomposite by hydrothermal
method forms various morphologies such as nanos-
tructures, nanotubes, nanowires, nanorods, and
mesoporous, which make the studies on nanostruc-
tural synthesis and their applications very interest-
ing. Nanotubes and nanosheets are of utmost
attraction in photocatalytic applications among these
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morphologies given their high surface-to-volume
ratios, high surface area, good charge transport
properties, and chemical stability [30, 31].In our lab,
many works have been done to modify titanium
dioxide by different compounds through the reduc-
tion of its band gap to absorb visible light. In these
works, the photocatalytic properties of metal oxides
and mixed oxides of metal like CuO, NiO, V,0s, and
CuO-Co0, and the impact of metal complexes mor-
phology of TiO, and enhancement of its photocat-
alytic and catalytic activities have been studied
[32-35]. In continuation of our research on mixed
metal oxides, two metal oxides (CuO and VO,) have
been doped on TiO,. In addition, complexes, which
do not contain nitrogen such as Cu(acac), and
VO(acac),, were selected as primary salts. Therefore,
CuO-VO,/TiO; nanocomposite (a p-n type semicon-
ductor) has been synthesized by reaction of Cu(acac),
and VO(acac), complexes with TiO, via hydrother-
mal method, and the obtained products have been
characterized by different spectroscopy techniques
including SEM, XRD, Raman XPS, HR-TEM, DR-
UV-Vis, Mott-Schottky, and N, adsorption—desorp-
tion analyses. Methylene blue, methyl orange, and
cango red were applied as pollutants to investigate
the photocatalytic activity of the novel composite
under the visible-light irradiation. In addition, the
efficiency of dye mineralization has been estimated
by COD.

2 Experimental
2.1 Materials and characterizations

Chemicals containing sodium hydroxide, VO(acac),
Cu(acac),, Methylene blue (MB), Methyl orange
(MO), and cango red (CR) were purchased from
Sigma Aldrich Chemical Co. TiO, (P-25) nanoparti-
cles were obtained from Hanau-Wolfgang Co.
(Germany).

All instruments used in this study for sample
characterization were the same as those in our per-
vious publication and presented in S1 section [35].

2.2 Preparation of CuO-VO,/TiO,
nanocomposite

CuO-VO,/TiO, nanocomposite was prepared
through hydrothermal method using TiO, (P-25)
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(Degussa) and vanadium(IV) and copper(ll) acety-
lacetonates. First, 0.5 g of TiO, nanoparticles (P-25)
and 0.5 mmol of Cu(acac), and VO(acac), were dis-
persed in a solution of NaOH (50 mL 10 M) by
magnetic stirrer at 50 °C for 60 min. Afterwards, the
suspension obtained was transferred into a autoclave
in which it was heated at 180 °C for 24 h. The reac-
tion mixture was then cooled, and the product was
treated by 50 mL of 0.1 M HCI overnight. The pre-
cipitates were washed via distilled water, dried at
80 °C, and finally calcined in air at 400 °C for 5 h at a
heating rate of 2 °C/min. The obtained product was
then labeled as CuO-VO,/TiO, nanocomposite
[35, 36], Scheme 1.

2.3 Photocatalytic activity of CuO-VO,/
TiO, nanocomposite under visible-
light irradiation

2.3.1 Photodegradation of MB, MO and CR

Stock solutions of the dyes (100 ppm) in double-dis-
tilled water were used to prepare 10 ppm working
solutions. For heterogeneous photodegradation, 3 mg
of CuO-VO,/TiO, nanocomposite was added to dye
(5ml, 10 ppm) in the presence of 1 mL of 0.1 M
H>0,. The sample was stirred under tungsten lamp
(500 W) as source of visible light. The light intensity
was 200 mW/cm? A Digital Luxmeter (LX-1010B)
was used to measure the intensity and calibrate the
light source. The lamp was located at 20 cm from the
reaction container. All of photocatalytic tests were
done at room temperature and the natural dye pH.
The reaction progress was followed by UV-Vis
spectroscopy. The maximum absorbance values
measured for MB, MO, and CR were 50, 450, and
500 nm, respectively. The disappearance of chemical
oxygen demand (COD) indicated the complete min-
eralization of the dyes. Standard methods were used
to estimate COD. The following expressions were
used to assess the efficiency of dye mineralization
[37]:

COD
Mineralization % = [1 ~ Cobg ] x 100, (1)

where COD and COD, correspond to COD values at
time t and initial conditions, respectively.
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Scheme 1 Schematic representation of the synthesis of CuO-VO,/TiO, by hydrothermal method

2.3.2  Radical scavenger tests

As same as the reported procedure in our last work,
the ethylenediaminetetraacetic acid (EDTA), p-ben-
zoquinone (BQ), and isopropyl alcohol (IPA) were
selected as radical scavengers for hydroxyl radicals
("OH), superoxide radicals (*\O27), and holes (h"),
respectively. In this work, the effect of these scav-
engers on CuO-VO,/TiO, nanocomposite was
assessed. For each dye, 1 mmol of the scavenger,
3 mg of the catalyst, 5 mL of an aqueous solution of
the dye (10 ppm), and 1 mL of H,O, (0.1 M) were
used to prepare a solution under irradiation by visi-
ble light at ambient temperature [38, 39].
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3 Results and discussion
3.1 FE-SEM, EDX, and mapping

The morphology of new nanocomposite character-
ized via FE-SEM. Figure 1 shows the FE-SEM image
of the surface of CuO-VO,/TiO, nanocomposite. The
morphology of the particles was characterized as
nanotube/nanosheet like. The EDX spectra of the
TiO,(P-25) and CuO-VO,/TiO, nanocomposite are
shown in Fig. S1 (a and b). The spectrum indicates the
presence of V, Ti, O, and Cu. The elemental distri-
bution maps of Cu (red), V (green), Ti (White), and O
(gray) are shown in Figs. S2 (a—d), respectively. The
presence of Cu and V on the TiO, nanotube and
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Fig. 1 FE-SEM image of a
CuO-VO,/TiO,
nanocomposite

nanosheet surface was verified by the element dis-
tribution map analysis [40, 41].

3.2 X-ray diffraction

Figure 2 shows the XRD patterns for TiO, (P-25)
nanoparticles and CuO-VO,/TiO, nanocomposite. In
bare TiO, (P-25) spectrum, all diffraction peaks are
attributed to the crystal planes of phase purity of
anatase. The XRD pattern of CuO-VO,/TiO,
nanocomposite was observed as rutile at
26 = 27.00(101), 35.00(011), 43.82(120), 62.33(022), and
63.70(130) and anatase at 20 = 25.15(101), 38.31(103),
47.78(020), and 54.75(105) phase (JCPDS files No. 00-
01-0562 and 01- 088-1173 for anatase and rutile,
respectively).The pure anatase phase of (TiO, (P-25))
converted to mixed phase of anatase and rutile in
CuO-VO,/TiO, nanocomposite. Diffraction peaks at
26 = 34.24(001), 37.220(111),  40.120(200) and

Fig. 2 The XRD patterns of
(a) TiO, (P-25) nanoparticles
(b) CuO-VO,/TiO,
nanocomposite

011

Intensity (a.u.)
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20 = 29.75(110), 59.88 (220), 68.75 (301) are attributed
to CuO and VO,, respectively (JCPDS files No. 01-
078-0428 and 01- 076-0675 for CuO and VO,
respectively) [42, 43].

3.3 Raman spectroscopy

Figure 3 shows the Raman spectra for TiO, (P-25)
nanoparticles and CuO-VO,/TiO, nanocomposite.
For TiO, (P-25) nanoparticles, the peaks at 153 (Ey),
407(B1g), 520 (Eg), and 650 (Aqg) cm ™! were corre-
sponded to the anatase phase and the peaks at 244
(second-order Raman scattering), 454 (Eg), and 612
(A1g) cm ™" are the typical peaks of the rutile phase.
These results indicate that CuO-VO,/TiO,
nanocomposite possesses anatase and rutile phases
and confirm the XRD results [44]. In addition, com-
pared with the undoped TiO, (P-25), given the pho-
non confinement effect and the strain due to the

Anatase
Rutile
CuO

Vo,

«(020)
xom«

<121

aTiO,(P25)

b: CuO- VO,/T10, nanocomposite
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Fig. 3 The Raman spectra of
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surface coating, two blue shifts are observed by the
peaks at 401 and 643 cm™' for CuO-VO,/TiO,
nanocomposite [45]. On the other hand, the peak
intensity and sharpness of all the peaks have reduced
in comparison with the undoped TiO, (P-25) [46].

3.4 X-ray photoelectron spectroscopy

Figure 4a illustrates the further XPS measurements of
CuO-VO,/TiO, nanocomposite. The spectrum of
CuO-VO,/TiO, nanocomposite shows the peaks
corresponding to Ti, O, Cu, and V. Based on Fig. 4b,
the peaks at 458.50 and 464.50 eV are related to
Ti2ps;,» and Ti2p,,,, respectively, confirming the
presence of Ti*". The peak of O 1 s was deconvoluted
into two separate peaks in Fig. 4 c. The lower binding
energy peak at 530 eV, which is due to the metal
oxide, corresponds to the Cu-O and V-O bonds
while the higher binding energy peak at 531.6 eV is
related to the oxygen of adsorbed hydroxyl on the
surface [47]. Furthermore, Fig. 4d shows the high-
resolution spectra of Cu 2p in CuO compound. The
two peaks at approximately 934.6 and 954.3 eV are
due to the Cu 2p3,, and Cu 2py ,, respectively, con-
firming the presence of Cu®* on the nanocomposite.
In addition, the satellite peaks of Cu 2ps,» and Cu
2p1 /2 at about 943.2 and 962.8 eV are associated with
the partially filled d-block (3d”) of Cu** and, thus,
provide more evidence for the presence of CuO in
nanocomposite [48]. In spectrum of V** (Fig. 4e), the
peaks at 520.4 and 523.4 eV are due to V-O and V-
OH, respectively. The presence of the VO, phase is
confirmed by the combination of the V and O oxi-
dation states due to the observation of V* [49].
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Furthermore, using SDP V8 software, the atomic
percentages of oxygen, titanium, copper, and vana-
dium elements were found to be 48.6%, 46.2%, 2.5%,
and 2.7%, respectively.

3.5 HR-TEM

The structure of pristine and modified nanocompos-
ite was studied using HR-TEM. Figure 5 shows the
HR-TEM images of CuO-VO,/TiO, nanocomposite.
According to Fig. 5a-d and Figs S3(a and b), CuO-
VO,/TiO, nanocomposite displays nanotube shape
and the nanosheets are deposited randomly on the
surface of the nanotubes. The average inner diameter,
external diameter of nanotubes, and length of
nanosheets were found to be 5.80, 8.4, and 34 nm,
respectively. The calculated d-space values were 0.32,
0.23, 0.32, and 0.35 nm corresponded to (110), (111),
(110), and (101) planes of VO, CuO, rutile, and
anatase phases of TiO,, respectively. The results
match the XRD pattern, XPS, and element distribu-
tion map analysis. It is well documented that long
narrow channels play an important role in electron
transferring, light conversion, and enhanced ion dif-
fusion at the semiconductor interface from tubular
depth and tube wall [50-54].

3.6 N, adsorption—-desorption analysis

The N, adsorption-desorption isotherms of CuO-
VO,/TiO, nanocomposite are seen in Fig. 6a. The
product obtained showed type IV isotherms with
hysteresis loops, based on BDDT classification. It is
noteworthy that the pore structures were analyzed
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Fig. 4 XPS spectra of CuO-VO,/TiO, nanocomposite (a) survey spectrum and high resolution of (b) Ols; (c) Ti2p; (d) Cu2p; and

(e) V2p

further by the BJH method from N, adsorption—des-
orption isotherm (Fig. 6b). It should be pointed out
that CuO-VO,/TiO, nanocomposite shows a pore

size distribution at about 5.29 nm. The obtained inner
diameter of nanotubes based on the HR-TEM was
5.80 nm; thus, the peak at 5.29 nm shows the pore
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Fig. 5 HR-TEM of CuO-VO,/TiO, nanocomposite
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Fig. 6 a Isotherm of N, adsorption—desorption isotherms and b Particle size distribution of CuO-VO,/TiO, nanocomposite

inner diameter of nanotubes. The BET surface area of
CuO-VO,/TiO, nanocomposite is quiet large (156.74
m?/ g). The Sggr of CuO-VO,/TiO, nanocomposite
was clearly larger than bare TiO, (P-25). The results

@ Springer

of the BET and BJH analyses of CuO-VO,/TiO,
nanocomposite and TiO, (P-25) are summarized in
Table 1 [55, 56].
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Table 1 The results of the BET and BJH analysis of CuO-VO,/TiO, nanocomposite and TiO,(P-25)
Sample name Pore size (nm) Pore volume (cm®g™") Sger (m*g™")
CuO-VO,/TiO, nanocomposite 5.29 0.606 156.74
TiO,-P-25 21.0 50.0 50.0
3.7 UV-vis diffuse reflectance spectroscopy 8
7

Solid-state electronic spectra were applied to inves- ;‘2: Er— o5
tigate the typical optical properties of CuO-VO,/TiO, é 4 ;.b T
nanocomposite (Fig. 7a). In general, the band gap of o : -~
semiconducting materials is determined by the Tauc =
plot as described in our last work [35]. 0

The E; of Cu-VO,/TiO, nanocomposite was found ° o1 02 3 @ e o7

as 2.5eV with A =496 nm from Fig. 7b. This is
smaller compared with TiO, (P-25) (3.2 eV). The p-n
heterojunction semiconductor is obtained by con-
necting the n- and p-type semiconductors. In this
case, the VB and CB energy edges of the n- and
p-type semiconductors increase and decrease,
respectively. The two semiconductors have close
Fermi energy levels. In this work, TiO, and CuO/
VO, are n- and p-type semiconductors, respectively.
The electron/hole is generated in the CuO/VO,
semiconductor during the irradiation by visible light
because of its narrower band gap in comparison with
TiO,. Afterwards, the electron transfer to the CB edge
of TiO, occurs due to the more positive potential of
TiO, CB edge in comparison with CuO/VO, [57-59].

3.8 Mott-Schottky analysis

The charge transfer process of the composite junction
was estimated using Mott-Schottky plots (Fig. 8).
Typically, 2 mg of nanocomposite and 13 mg of 5 wt

Potential (V vs Ag/AgCl)

Fig. 8 The Mott—Schottky plot of CuO-VO,/TiO, nanocomposite

percent of Nafion solution were dispersed in water/
ethanol solvent mixture (3:1 v/v), subjected to ultra-
sonication for 15 min and then stirred for 24 h to
obtain a homogeneous colloidal suspension. The
CuO-VO,/TiO; nanocomposite was deposited with
40 nm thickness on glass/ITO substrates at slow rates
below 1 nm/s through thermal evaporation in vac-
uum Ag/AgCl couple, platinum electrode, and the
prepared slides functioned as the reference, auxiliary,
and working electrodes, respectively. A solution
prepared of 0.1 M Na,SO,4 was applied as electrolyte
(pH 6.5). Plots of Mott-Schottky (impedance) were
obtained in the dark with a 5 mV AC amplitude at
the frequency and potential range of 100 Hz and -
0.07-0 vs. Ag/AgCl, respectively. Equation (2) is
used to drive the flat band potential (Vg,) and density
of donor (Ny):

Fig. 7 (a) The absorption a 2 b 1
(b) plot of [ohv] ' vs. photon
energy (hv) of CuO-VO,/TiO, . 8
nanocomposite =15
«
o’ S 6
w —
>
g, £
= S 4
—
=)
2 05 2
-
] 0 »
230 430 630 830 15 2 25 3 35 4 45 5 55 6

Wavelenght (nm)

hv (eV)
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where Ny, &, e, V, and T are the carrier density,
permittivity in vacuum, relative permittivity, and
applied potential is the absolute temperature,
respectively. In addition, e and kg are the electronic
charge and Boltzmann constant, respectively. There-
fore, a plot of 1/C? vs. potential (V) will give a line of
the extrapolation of which the x-axis will be attrib-
uted to the flat band potential of the semiconductor
[60]. TiO, (P-25) shows a negative Eg, value (— 0.62)
[61] whereas in the case of CuO-VO,/TiO,, the Eg,
values had a shift towards positive potential
(= 0.5 V). The generation of p—n junction between p-
type co-catalyst (CuO, VO,) and n-type TiO, is
responsible for this positive shift of the Eg, potential.
In addition, the position of the conduction band of
CuO-VO,/TiO, was + 0.1V (vs. RHE), and its
valance band was located at 2.6 V (vs. RHE) (valance
band calculated from Eyg = Ecg + Eg). The positions
of the conduction band and valance bands of TiO, (P-
25) were calculated as — 0.1 and 3.1 V (vs. RHE),
respectively [62]. Also, the donor density (Ng) of the
CuO-VO,/TiO, was estimated 8.197 x 10%° cm™
using Eq. (2), while donor density for TiO, (P-25) was
347 x 10°° cm™>. The observed higher electron
donor density of CuO-VO,/TiO, could be due to a
greater concentration of defects (TiO, properties such
as light absorption, charge transport, and surface
adsorption are closely associated with defect, which
in turn plays an important part in TiO, photocatalytic
performance. Of all the defects found in TiO,, oxygen
vacancy, which has been extensively studied by both
theoretical calculations and experimental characteri-
zations, is one of the most significant and supposedly
common defects in many metal oxides [63].) in the
compound and/or better dispersion of CuO-VO,/
TiO, over TiO,(P-25) structure. The life of charge
carriers can be extended by this improvement, which
causes the recombination of (e™— h™) to decrease.
Consequently, in the contact region, between TiO,
and VO,/CuO, the charge carrier density increases
while the recombination of (e~ — h™) decreases. These
parameters are believed to be the main factor in the
enhancement of photocatalytic reduction of dyes [64]
(Fig. 9).
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4 Photocatalytic activity
4.1 Photodegradation of MB, MO and CR

A 5 ml solution containing the dye (MB, MO, and CR
(10 ppm)), 3 mg of CuO-VO,/TiO, nanocomposite,
and 1 mL of H,O, (0.1 M) was stirred at ambient
temperature, and the photocatalytic degradation of
the dye was investigated under visible light. The
maximum absorbances for MB, CR, and MO were
650, 500, and 450 nm, respectively. Linear plots are
obtained by plotting — In(A/A() of dye versus the
irradiation time of the dye (in which Ag and A are the
absorbance values at t = 0 and time (t), respectively).
Therefore, the photocatalytic dye degradation follows
pseudo first-order kinetics. Thus, the slope of the plot
of — In(A/Ay) of the dye vs. irradiation time can be
reasonably considered as the observed rate constants
(kobs) Of the process of photocatalytic degradation.
Decomposition of dyes was repeated for 4 cycles in
the presence of nanocomposite. The results of recy-
clability of dyes are summarized in Table 2. At the
same time (and within 1 h), the absorbance values of
the dyes carried out in the dark were constant during
1 h. In addition to the absorbance due to the chemical
decomposition of dyes, this experiment shows that
there is not any absorbance via photodegradation in
the solution.

In general, the active species during reaction are
photogenerated holes (h*), hydroxyl radicals ("OH),
and superoxide radicals (-O27). The effects of OH,-O2
~, and h* were investigated using EDTA, BQ, and
IPA scavengers, respectively. The least dye degra-
dation occurs in the presence of EDTA. Therefore, the
main active species in the dye degradation process is
the hydroxyl radical ("OH). All photocatalytic
degradation values, plots of — In(A/A() of the dye
vs. irradiation time, recyclability of CuO-VO,/TiO,
nanocomposite, and photodegradation efficiency (%)
of the dye using different scavengers are shown in
Figs. 9(a-d), Fig S4(a-d), and Fig S5(a-d) for MB, MO,
and CR, respectively [65, 66].

Some previously reported about of photocatalytic
degradation of dyes are shown in Table 3. According
to this result, the best photocatalyst degradation of
CR and MO under UV-Vis irradiation occurred at 30
and 35 min, respectively, for 2.5 ppm of dye using
5 mg of the catalyst. In contrast to the reported
results, the time of degradation and amount of
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Fig. 9 a Photocatalytic a 2 b 4
degradation under visible -
irradiation (b) plots 15 o 3
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time, (c) recyclability of CuO- E 1 5 2
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[ / 0
Time (min) Scavanger

Table 2 Recovery of CuO-VO,/TiO, nanocomposite in the
degradation reaction of MB, Mo, and CR

Dye MO Time (min) Kobs (min™ 1)
1 10 0.340
Dye 2 12 0.320
3 16 0.196
4 24 0.136
1 25 0.090
MO 2 30 0.066
3 40 0.053
4 50 0.035
1 15 0.155
2 20 0.106
MO 3 25 0.083
4 36 0.056

catalyst in this work are suitable for decomposition of
dyes [65-72].

4.2 Chemical oxygen demand analysis

An efficient method extensively used for the mea-
surement of the organic amount of wastewater is the
chemical oxygen demand test. The amount of the
waste is measured by the test with respect to the total
required oxygen for the oxidation of organic matter

to water and CO,. In this work, COD results were
used as a parameters to evaluate the photocatalyst. In
this experiment, the dye (MB, CR, and MO) solutions
(50 ml) and CuO-VO,/TiO; nanocomposite (0/01gr)
were subjected to the visible light for 2 h. After
photodegradation of the dyes, the samples were
centrifuged for 10-15 min, and the absorbance was
recorded. The percentage removal of COD of the
three dyes was estimated using Eq.1. It was
observed that the COD values of the different dyes
decreased from 880 to 6.8 mg L ', 640 to 13.8 mg
L', and 750 to 18.8 mg L' for MB, CR, and MO,
respectively. The values of the percentage removal of
COD were 99%, 98%, and 97.5% for MB, CR, and MO,
respectively. The final results show that the miner-
alization of dyes was performed successfully [73, 74].

4.3 Zeta potential analysis

The major characteristic factor for the determination
of the colloidal stability of a catalyst suspension,
which also affects the catalytic efficiency, is the sur-
face charge (zeta potential). Adsorption of dye
molecules is related to surface charge of catalyst, and
the interaction between the molecules of dye and
catalyst surface is changed during the change of
surface charge. A 10 mg/L solution of the catalyst
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Table 3 Degradation of dyes with other catalysts

J Mater Sci: Mater Electron (2021) 32:20149-20163

Catalyst Dye Concentration Amount of Time of Source of Reference
(ppm) catalyst photodegradation(min) light
PbTiO, CR 10 5 mg 150 Visible [66]
Zn0O-TiO, nanocomposite MB 5 0.2 gr 180 uv [67]
TiOy/BiVO, MB 10 0.1 gr 180 Visible [68]
TiO, nanoparticle MO 25 5 mg 30 UV/Visible [69]
CR 25 5 mg 120 UV/Visible
Pd-doped TiO, MO 20 1.5 gr 180 uv [70]
MB 20 1.5 gr 120 uv
TiOy/AlL,O4 MO 20 5 mg 100 uv [71]
Silica-TiO, MO 20 1 gr 80 uv [72]
CuO-VO,/TiO, MB 10 3 mg 10 Visible This
nanocomposite MO 10 3 mg 15 Visible research
CR 10 3 mg 15 Visible

was prepared using deionized water to determine the
zeta potential of the nanocomposite. According to
zeta-potential measurement (— 91.0 mV) (Fig. S6),
CuO-VO,/TiO, nanocomposite carries a negative
charge, and there is an electrostatic attraction
between the cationic dye molecules and negatively
charged photocatalyst surface. The degradation time
and rate constant results were better for both CR and
MB cationic dyes compared to MO anionic dye. This
can be attributed to the better electrostatic attraction
between the cationic dye and the negatively charged
catalyst [75, 76].

44 Mechanism of photocatalyst

The XPS analysis showed the presence of CuO and
VO, in the nanocomposite. Cu** and V** are the
major species, which are responsible for the variation
of the optical properties of the nanocomposite. Elec-
tron-hole pairs are formed on the TiO, and CuO-
VO,/ TiO, surfaces upon the illumination of visible
light. The photoexcited charge carriers are capable of
recombination and participation in the photocatalytic
reaction [77, 78]. The conduction and valence band
edge values of TiO,, an n-type semiconductor, are 3.2
and — 0.1 eV, respectively [79]. However, the corre-
sponding values for CuO-VO,, a p-type semicon-
ductor, are 4 0.1 and 2.96 eV, respectively, according
to the Mott-Schottky analysis [79]. The presence of
CuO and VO, in the nanocomposite decreases the
band gap to 2.5 eV, which is appropriate for the
absorbance of visible light in photcatalytic reactions

@ Springer

(Fig. 12a). The electron from TiO, conduction band
moves to the conduction band of metal oxides while
the hole migrates in the opposite direction. In addi-
tion, the p—n junction is formed by TiO, and the metal
oxides. The charge carriers formed on various
heterojunction sites react with the oxygen and water
adsorbed on the surface of the catalyst to form
superoxide and hydroxyl radicals. (Scheme 2)
[80, 81]. Based on the results of scavenging, hydroxyl
radical ("OH) was an active reagents in the oxidation
of organic materials. Water and oxygen change to
radicals by reaction with hole, respectively, (Eqs. 3-7)
[82].

CuO — VO,/TiO; + hv — CuO — VO,/TiO, (egs

+ ),
(3)
H,O + th — H" + -OH, 4)
It + OH™ — -OH. (5)

But these radicals are not sufficient and through
reaction of light with H,O, molecules, hydroxyl
radicals produced in the reaction media (Eq. 4).

H,O, + hv — 2-OH, (6)
-OH + Dye — degradation of the dye. (7)

The production of hydroxyl radicals, which are
apparently the main reason for the mineralization of
organic compounds, is accounted for by the holes in
the valance band (Eq. 5).
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02*

Metal oxides (p-type)

Scheme 2 Schematic diagram for p-n heterojunction formation in the CuO-VO,/TiO, nanocomposite and the excitation and transfer
process for charge carriers in the CuO-VO,/ TiO, nanocomposite under visible-light irradiation

5 Conclusions

In summary, CuO-VO,/ TiO, nanocomposite was
prepared via hydrothermal method. The structure of
the synthesized compound was investigated by dif-
ferent spectroscopic methods. EDX was used to
confirm the presence of V, Cu, and Ti. The V4 was
present as VO, in the nanocomposite. The pure TiO,
anatase phase was converted to more photoactive
anatase and rutile mixed phases. The morphology of
the nanosheets/nanotubes was established for the
novel compound. CuO-VO, was incorporated into
the TiO, to prepare a p-n semiconductor with low
band gap and high photocatalytic activity. In addi-
tion, by reducing the band gap in this p-n semicon-
ductor, the photocatalytic degradation of MB, CR,
and MO was carried out in the visible-light region.
Unlike the reported photocatalysts, the novel com-
posite is more active toward degradation of con-
taminants. Dye degradation occurred in the presence
of hydroxyl radical as the major active spices. Based
on COD the analysis, the degraded dyes were sig-
nificantly mineralized.
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