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Abstract: In this work, solar-light-active copper–vanadium oxide (Cu-VO) was synthesized by a
simple microwave method and characterized by FESEM, EDS, XRD, XPS, UV–Vis/near-infrared
(NIR), and FT-IR spectroscopy. Antialgal and dye degradation activities of Cu-VO were investigated
against Microcystis aeruginosa and methylene blue dye (MB), respectively. The mechanism of action
of Cu-VO was examined regarding the production of hydroxyl radical (·OH) in the medium and
intracellular reactive oxygen species (ROS) in M. aeruginosa. FESEM and XRD analyses of Cu-VO
disclosed the formation of monoclinic crystals with an average diameter of 132 nm. EDX and XPS
analyses showed the presence of Cu, V, and O atoms on the surface of Cu-VO. Furthermore, FT-IR
analysis of Cu-VO exposed the presence of tetrahedral VO4 and octahedral CuO6. Cu-VO effectively
reduced the algal growth and degraded methylene blue under solar light. A total of 4 mg/L of
Cu-VO was found to be effective for antialgal activity. Cu-VO degraded 93% of MB. The investigation
of the mechanism of action of Cu-VO showed that ·OH mediated antialgal and dye degradation of
M. aeruginosa and MB. Cu-VO also triggered the production of intracellular ROS in M. aeruginosa,
leading to cell death. Thus, Cu-VO could be an effective catalyst for wastewater treatment.

Keywords: copper; vanadium oxide; microwave; solar light; antialgal; dye degradation; free radical

1. Introduction

Clean and mineral-rich water is critically important to preserve life on earth [1].
Increased industrialization, global warming, and high living standards contribute to water
pollution and pose continuing risks to human health. Water pollutants, such as blooming
harmful cyanobacteria and dye, limit the access to fresh drinking water and sanitation,
which necessitates the remediation of these pollutants [1]. Several strains of bloom-forming
cyanobacteria, such as Anabaena spp., Microcystis spp., and Oscillatoria spp., are found in
the aquatic system [2]. Out of these strains, Microcystis aeruginosa is a major bloom-forming
freshwater blue-green algae [3,4]. Textile, paper, cosmetic, and dye industries discharge
various unused dye into water [5]. Methylene blue (MB) is a major industrial waste
discharged into water [6]. M. aeruginosa contaminates freshwater by releasing cyanotoxins
such as neurotoxins and hepatotoxins, whereas MB is toxic for aquatic animals and humans.
These issues could be countered by applying an efficient, cheap, and easy technique.

Semiconductor photocatalysts that are active under a sustainable solar energy could
be a promising and attractive one to deal with blooming M. aeruginosa [7] and MB pol-
lutants [6]. Irradiation of photocatalysts with higher light energy than their band gap
generates electrons and holes in the conduction and valence bands, respectively [8]. These
exited photocatalysts can efficiently oxidize or reduce surrounding pollutants, which
arouse their substantial interest in degrading environmental pollutants. Vanadium pen-
toxide (V2O5) is an efficient n-type semiconductor photocatalyst for the degradation of
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organic pollutants due to its benign nature, high chemical and light stability, and visible
light activity [9]. V2O5 shows less degradation efficiency towards MB dye [9]. Fabrication
of metal oxide composites of V2O5 is an effective strategy for improving degradation
efficiency towards MB dye [10]. Recently, visible light-active transition of metal vanadium
oxides has been intensively researched for various applications, such as antimicrobial
activity [11], dye degradation [12], optical devices [13], and lithium batteries [14]. Out of
several transition metal vanadates, copper–vanadium oxide has been extensively studied
for photocatalytic performances and electrochemical applications [15]. Copper–vanadium
oxide is a natural mineral identified as pseudolyonsite [16] and has been extensively used
for O2 production from water [15], batteries [17], and dye degradation [18]. Jain et al. [19]
found that the precursor of copper–vanadium oxide, i.e., Cu3V2O7(OH)2·2H2O, behaves
like a peroxidase enzyme. Peroxidases mimicking metal oxides have a high potential for
oxidative degradation of the microbial cell membranes [20]. The literature survey showed
that, to date, none investigated the antialgal activity of Cu-VO. Therefore, it is important to
investigate the antialgal activity of copper–vanadium oxide.

Semiconductor photocatalysts oxidize water under light to produce reactive oxygen
species such as hydroxyl free radicals (·OH) [21]. ·OH is a highly reactive species with
high oxidation potential and can degrade organic pollutants [22] and microorganisms in
an aqueous medium [23]. Several studies have indicated that photocatalysts can also cause
oxidative stress in algal cells by increasing the intracellular ROS level, which could damage
DNA, RNA, proteins, and lipids, leading to cell death [24–26]. Thus, the water oxidation
property of semiconductors is a critical mechanism for environmental abatement.

Here, we attempted to synthesize Cu-VO using a simple microwave method. Cu-VO
was characterized by a field-emission scanning electron microscope (FESEM), energy disper-
sive X-ray analysis (EDX), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
ultraviolet–visible/near-IR spectroscopy (UV–Vis/NIR), and FT-IR spectroscopy. The an-
tialgal and dye degradation efficiency of Cu-VO was inspected under natural solar light.
The stability of Cu-VO was determined by performing the recyclability experiment. The
concentration of leached copper and vanadium into the reaction medium was investigated
using inductively coupled plasma optical emission spectroscopy (ICP-OES). Furthermore,
the mechanisms of action of Cu-VO were investigated by ·OH and ROS assays.

2. Results
2.1. Synthesis

The reaction of blue-colored CuSO4·5H2O with white-colored KVO3 under microwave
led to the formation of bright yellow-colored Cu-VO precipitate. The color of Cu-VO
changed to brown after annealing at 400 ◦C up to 2 h.

2.2. Characterization

The FESEM image of Cu-VO showed the presence of well-dispersed spheroid-like
particles (Figure 1) [27]. Cu-VO had particle sizes between 25 and 350 nm. The average
particle size of Cu-VO was 133 nm. The EDX spectrum of Cu-VO showed the presence of
Cu, V, and O elements in the single crystal of Cu-VO (Figure 2). The weight and atomic
percentages of the elements present in Cu-VO are shown in Table 1. The atomic ratio of
Cu:V:O in Cu-VO using EDX data was 3.13:2:7.25. It was observed that the product Cu-VO
could have a single phase of Cu3V2O8.
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Figure 1. FESEM image of Cu-VO: (A) low magnification, (B) high magnification, and (C) particle size
distribution. The particle size distribution plot of Cu-VO was obtained using a high-magnification
FESEM image (B).

Figure 2. EDX spectrum of Cu-VO. The EDX spectrum showed the peaks of copper, vanadium,
and oxygen.

Table 1. Element proportion analysis of Cu-VO.

Element Weight% Atomic%

O 27.90 58.64
V 24.41 16.12

Cu 47.69 25.24

The XRD plot of Cu-VO showed the presence of (100), (−110), (020), (021), (111),
(−121), (−211), (021), (121), (−212), (130), (−131), (102), (211), (040), (031), (−123), (212),
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(−142), (042), (−233), and (−330) peaks (Figure 3) [27]. All these diffraction peaks cor-
responded to the monoclinic Cu3V2O8 phase with space group P21/c (JCPDS card no.
26-0567) [27]. These results showed the presence of single-phase crystals of Cu3V2O8 in
Cu-VO. These results matched well with the EDS analysis of Cu-VO.

Figure 3. X-ray diffraction patterns of Cu-VO.

The crystallinity of Cu-VO was analyzed using an X-ray diffractometer (Rigaku
Ultima IV, Rigaku, Japan), with Cu Kα radiation (wavelength = 15.4 nm) operated at 40 kV
and 40 mA. The crystallite size D of Cu-VO was calculated using the Scherrer equation
(Table 2) [18]:

D = kλ/βcosθ (1)

where D is the crystalline size; k is the shape factor (0.9); λ is the wavelength of X-ray
(1.54056 Å); β is the full width at half maximum (FWHM) of the diffraction peak (in radians);
θ is the diffraction angle of the reflection.

Table 2. Calculated crystallite size, lattice constants, and microstrain values of Cu-VO.

Material Crystallite Size (nm) Atomic%
Lattice Constant (Å)

Lattice Strain (ε)a b c

Cu-VO 58 ± 10 58.64 6.28 7.99 6.39 0.13 ± 0.03

The lattice constants were measured by applying the following equation (Table 2) [28]:

1/d2 = 1/sin2β ((h/a)2 + (k/b)2sin2β + (l/c)2 − (2hl cosβ/ac)) (2)

where a, b, and c are the lattice parameters, and d is the spacing between the (hkl) planes. β
was the unique interaxial angle, reported to be 111.49◦ for the monoclinic Cu3V2O8 crystal
system [29].

The lattice strain (ε) was measured using the tangent formula (Table 2) [30]:

ε = β/4tanθ (3)
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where β is the full width at half maximum (FWHM) of the diffraction peak (in radians); θ
is the diffraction angle of the reflection.

The high resolution XPS spectrum of Cu 2p showed the main characteristic doublet
peaks at 955 and 935 eV, corresponding to Cu2+ 2p3/2 and Cu2+ 2p1/2 (Figure 4A) [31].
Two additional strong satellite peaks other than the main peaks of Cu2+ 2p appeared at
962.5 and 942 eV. The binding energy (BE) difference of the spin orbits of Cu2+ 2p3/2
and Cu2+ 2p1/2 was approximately 20 eV, which matched well with the values reported
earlier [31]. The multiple excitations of CuO generated satellite peaks toward the higher
BE side of the core level Cu 2p XPS. These satellite peaks were attributed to the 2p03d9

configuration of Cu2+ in the CuO phase [32]. The high-resolution XPS spectrum of V 2p
showed the main characteristic doublet peaks V5+ 2p3/2 and V5+ 2p1/2 at 517.3 and 525.1 eV,
respectively (Figure 4B). The difference between the BE of V5+ 2p3/2 and V5+ 2p1/2 was
7.8 eV, which matched well with the values reported earlier [27]. The XPS spectrum of O 1s
showed a main peak at 530.5 eV, which corresponded to O2− 1s (Figure 4C).

Figure 4. XPS spectra of Cu-VO (A) Cu, (B) V, and (C) O. XPS spectra showed the peaks for 2p3/2

and 2p1/2 orbitals of Cu2+ and V5+ and 1s orbital of O2−.

The UV–Vis/NIR spectrum of Cu-VO was shown in Figure 5A. Cu-VO showed the
broad absorption spectrum from the UV region to the visible region (~200 to ~600 nm) [33].
The broad absorption spectrum indicated that the Cu-VO could have excellent solar-energy-
harvesting capacity. The direct and indirect band gaps of Cu-VO were calculated using
Tauc’s plot (Figure 5B). Cu-VO had one indirect band gap of ~1.84 eV and two direct band
gaps of 1.18 and 3.2 eV. The band gap values of Cu-VO revealed that Cu-VO could be a good
solar light-active photocatalyst. The results are in good agreement with the photocatalytic
activity of Cu-VO obtained against M. aeruginosa and MB, as discussed below.
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Figure 5. Optical characterization of Cu-VO (A) UV–Vis/near-infrared (NIR) absorption spectrum
of the Cu-VO and (B) Tauc’s plot for indirect and direct band gap transition derived from the
UV–Vis absorption.

The FT-IR spectrum of Cu-VO was shown in Figure 6. The absorption band in
the range of 3750–3250 cm−1 could be assigned to the stretching vibration of hydroxyl
groups of the water adsorbed on the surface of Cu-VO [18]. The bending vibration of the
hydroxyl group appeared at around 1630 cm−1. The FT-IR spectrum of Cu-VO showed
the characteristic bands for VO4

3− at 900–700 cm−1 [34]. The vibration of the Cu-O bond
appeared at around 420 cm−1 [35]. The bands in the range of 960–450 cm−1 indicated
the presence of tetrahedral VO4 and octahedral CuO6 crystals in Cu-VO. FT-IR spectra of
Cu-VO matched well with the XRD and EDS results.

Figure 6. FT-IR spectra of Cu-VO.

2.3. Antialgal Assay

The antialgal activity of Cu-VO was shown in Figure 6. A change in the pigment
of M. aeruginosa was observed after incubating with various concentrations of Cu-VO
(Figure 7A). Cu-VO showed concentration-dependent growth inhibition of M. aeruginosa.
The culture of M. aeruginosa incubated with 8 mg/L, 12 mg/L, and 24 mg/L of Cu-VO
displayed change of pigment (dark green to faint green) within 3 h of incubation, whereas
4 mg/L of Cu-VO exhibited a change in pigment within 4 h of incubation. The lowest
concentration of Cu-VO (0.4 mg/L) was found inefficient for algal growth inhibition.
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Figure 7. Growth inhibition of Microcystis aeruginosa by Cu-VO with time. (A) Change in the pigment
of M. aeruginosa suspension; (B) change in OD680 of M. aeruginosa. C was a control group containing
M. aeruginosa alone. The antialgal assay was performed three times, and the OD680 plot is the average
of three independent results.

OD680 value of M. aeruginosa was decreased in a concentration-dependent manner
(Figure 7B). The kinetics of algal growth inhibition was initially slow, whereas the sudden
increase was observed after a specific time interval. The algal cells incubated with 0.4 mg/L
of Cu-VO showed growth of algae similar to control (C). Overall, the suppression of
M. aeruginosa growth by Cu-VO was justified in this work. Four mg/L was found to be the
minimum effective concentration of Cu-VO for the antialgal activity.

2.4. Dye Degradation Assay

The UV–Vis spectrum of MB treated with Cu-VO was shown in Figure 8A. The
absorbance of MB decreased with time, indicating the decrease in concentration in the
presence of Cu-VO. The color of the MB dye solution almost disappeared within 6 h in the
presence of Cu-VO. The degradation percentage of MB was shown in Figure 8B. Cu-VO
degraded almost 93% of MB within 6 h of incubation under natural solar light.

Figure 8. UV–Vis absorbance spectra (A) and degradation percentage of 50 µM MB treated with
Cu-VO catalyst at a different time interval (B) The dye degradation assay was performed three times,
and the degradation percentage plot is the average of three independent results.

The stability and reusability were critical factors for industrial applications of the
photocatalyst. The stability of photocatalyst is proportionally correlated with reusability.
The dye degradation experiments were performed to determine the stability and reusability
of Cu-VO (Figure 9). Similar experimental conditions were maintained throughout the
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experiment, given in Section 4.3.2. After each experiment, the solution was centrifuged
to collect the Cu-VO. The harvested Cu-VO was washed with distilled water, dried, and
resuspended in a new MB solution. Cu-VO still showed significant dye degradation activity
even up to three cycles we performed. The photocatalytic activity of Cu-VO decreased by
20% in the third cycle compared to the first cycle. The decreased photocatalytic activity of
Cu-VO could be due to its aggregation in the reaction medium, as shown in Figure S1 [36].
In other words, Cu-VO could be reusable at least up to three cycles

Figure 9. Reusability of Cu-Vo for the degradation of MB under natural solar light.

Copper [37] and vanadium [38] are common toxic heavy metals that contaminate
drinking water, causing harmful effects on aquatic animals. The use of copper and vana-
dium photocatalysts for industrial purposes could cause their leaching into the wastewater
bodies. Therefore, to ensure the safety of synthesized Cu-VO, leaching of copper and
vanadium into the medium was analyzed using ICP-OES. Eight mg/L of Cu-VO was
added to the distilled water and sonicated for 30 min. A resulting solution was kept under
the sun light for up to 6 h (sunny day; clear sky). After 6 h of incubation, the solution
was centrifuged at 4000 rpm for 5 min and filtered using a 0.22 µm membrane filter. The
obtained filtrate was used for ICP-OES analysis. An intensity versus concentration graph
of the standard solution (see supporting information Figure S2) of copper and vanadium
was used to calculate the concentration of leached copper and vanadium into the medium.
The concentration of leached copper and vanadium in the filtrate was 0.088 mg/L (1.1%)
and 0.157 mg/L (1.9%), respectively.

2.5. Mechanism of Action

Generation of extracellular ·OH by Cu-VO in BG11 medium under natural solar light
was investigated using ·OH assay (Figure 10). The fluorescence intensity of the control
groups (C) was lower than that of the experimental groups (Ex). Isopropanol, an ·OH
scavenger, could decrease the number of ·OH generated by Cu-VO. Thus, the fluorescence
intensity was decreased in the control group in the presence of isopropanol [39]. The
fluorescence intensity of the experimental group was 1.42-fold higher than that of the
control group.

The plausible mechanism of ·OH free radicals generated by Cu-VO was given as follows:

Cu-VO→ e−(CB) + h+(VB) (4)

h+ + H2O→ OH + H+ (5)

The absorption of photon energy by Cu-VO was equal to or greater than the energy
of the band gap, which led to the transition of electrons from the valence band to the
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conduction band (e− (CB)), leaving behind positively charged valence band or holes
(h+ (VB)) [40]. Holes can remove electrons from nearby water molecules, producing ·OH
radicals. The highly reactive ·OH radicals readily degraded harmful cyanobacteria and dye.

Figure 10. Fluorescence intensity of extracellular ·OH generated at 4 h. C was a control group
containing isopropyl alcohol (·OH scavenger), terephthalic acid, and Cu-VO. Ex was an experimental
group containing terephthalic acid and Cu-VO. ·OH assay was performed three times, and the plot
was the average of three independent results.

Intracellular ROS induced by different concentrations of Cu-VO in the M. aeruginosa
cells was measured up to 4 h (Figure 11). M. aeruginosa cells showed concentration-
dependent intracellular ROS production.

Figure 11. Intracellular reactive oxygen species (ROS) induced by Cu-VO in the M. aeruginosa cells.
ROS assay was performed three times, and the plot was the average of three independent results.

3. Discussion

In this study, we successfully synthesized Cu-VO using a simple microwave method.
The synthesis of Cu-VO with this method was easy and fast (10 min) compared to other
methods, such as thermal decomposition [29], simple heating [17], chemical precipita-
tion [41], and hydrothermal [42]. These results indicate that microwave-assisted synthesis
of Cu-VO is a highly efficient method. FESEM, XRD, and XPS results of Cu-VO matched
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well with the results obtained by Li et al. [27]. The size of Cu-VO obtained in this study
was twice that obtained by Li et al. [27]. Cu-VO had a spheroid shape with a monoclinic
crystal structure. The direct and indirect band gap values of Cu-VO were 1.8 eV (visible
region), 3.2 eV (UV region), and 1.84 eV (visible region), indicating the ability to show
efficient photocatalytic activity under solar light [43].

Cu-VO showed better growth inhibition against M. aeruginosa at a minimum concen-
tration of 4 mg/L within 4 h under natural solar light than other metal oxides [7,44,45].
CuO nanoparticles inhibited algal growth within 96 h at a concentration of 50 mg/L [44].
Cu-MOF-74 inhibited the growth of algal cells within 120 h at an effective concentration
of 5 mg/L [45]. Cu-g-C3N4 showed algal growth inhibition within 96 h at an effective
concentration of 100 mg/L [7]. These results indicate that Cu-VO is a highly efficient
antialgal agent compared to CuO, Cu-MOF-74, and Cu-g-C3N4. Additionally 200 mg/L
of Cu-VO degraded 93% MB (50 µM) within 6 h under solar light irradiation. A total of
200 mg/L of V2O5 itself showed poor MB (50 µM) degradation efficiency (24%) within
3 h [9]. The UV/Vis-active hollow Cu3V2O8 (1000 mg/L) degraded 78% of methyl or-
ange (MO) (20 mg/L) within 2 h [17]. In situ- and ex situ-prepared Cu3V2O8-Cu2V2O7
(250 mg/L) degraded 51% and 83% of MB (20 mg/L) within 2 h under UV light, respec-
tively [18]. A total of 500 mg/L of the visible light-active V2O5/ZnO composite efficiently
degraded the 500 mg/L of MB within 2 h [46]. The quantum dots of vanadium oxide
were found to be inefficient for the degradation of rhodamine B (25 mg/L) or MB, but
the same quantum dots were highly efficient in combination with H2O2 or magnetic
Fe3O4@SiO2 + H2O2 [47]. All of these results indicate that Cu-VO is highly efficient for
MB degradation compared to V2O5, moderately efficient compared to hollow Cu3V2O8
or Cu3V2O8-Cu2V2O7, and poorly efficient compared to V2O5/ZnO, V2O5 + H2O2, and
V2O5 + magnetic Fe3O4@SiO2 + H2O2.

The stability and reusability of Cu-VO was comparable to other photocatalysts [48–50].
VS4/CP (CP, carbon powder) and BaTiO3@g-C3N4 showed 90% and 96.6% degradation
of MO and phenyl red in the fourth cycle, respectively [48,49]. BaTiO3@g-C3N4 showed
67–76% degradation of MO in the third cycle [50]. Cu-VO showed 72% degradation of
MB in the third cycle, indicating moderate stability compared to VS4/CP (CP, carbon
powder) and BaTiO3@g-C3N4. The stability of Cu-VO was similar to BaTiO3@g-C3N4.
Zhang et al. [51] and Cai et al. [48] found that the leaching of vanadium in water from
VS4/CP was <1%, which was considered stable and safer to use [38]. The leaching of
copper and vanadium was less than 2% of 8 mg/L of Cu-VO, indicating that it could be
stable and safer for practical use.

Metal oxides generated reactive oxygen species (ROS) such as ·OH, ·O2−, h+, and
HO2· in the presence of light [52]. ROS has a high oxidation potential to oxidize organic
contaminants such as microorganisms, dye, and other pollutants. Regmi et al. [53] found
that nickel-doped bismuth vanadate generated ·OH, ·O2−, and h+ under visible light.
Zhang et al. [54] found that copper vanadium oxide rapidly dissociated H2O2 to produce
·OH radicals, which could easily degrade fluconazole. The enhanced dye degradation
efficiency of V2O5 in the presence of H2O2, indicating the generation of reactive ·OH,
played a crucial role in dye degradation [47]. Zinc-doped copper oxide nanoparticles
generated reactive ·OH for the growth inhibition of multidrug-resistant bacteria [55]. We
hypothesized that Cu-VO could generate ·OH in the medium, which can degrade algal
cells and dye. The increased fluorescence intensity of terephthalic acid in the presence of
Cu-VO indicated the production of ·OH in the medium. Additionally, to support this result,
we performed the same experiment in the presence of isopropanol [56], a well-known ·OH
scavenger. The fluorescence intensity of the terephthalic acid was decreased in the presence
of isopropanol, which supported our hypothesis. The presence of ·OH in the algal medium
induced oxidative stress in the algal cells [56]. The antitumor activity of vanadium dioxide
nanocoated quartz glass was due to the induction of intracellular ROS [57,58]. It was
found that ZnO-V2O5 triggered the upsurge of ROS in bacteria, causing oxidative stress in
bacteria [59]. The ROS assay showed an increase in the fluorescence intensity of nonfluo-
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rescent 2’,7’-dichlorofluorescein diacetate (DCFH-DA) incubated with Cu-VO-treated algal
cells. An increased fluorescence of DCFH-DA indicated the production of intracellular
ROS in M. aeruginosa. Intracellular ROS was a highly reactive species, degrading important
intracellular biomolecules such as DNA, RNA, proteins, and lipids, leading to cell death.
Thus, the main photocatalytic mechanism of Cu-VO was the generation of extracellular
·OH and intracellular ROS.

4. Materials and Methods
4.1. Synthesis of Cu-VO

Copper–vanadium oxide (Cu-VO) was synthesized in the aqueous medium using
a microwave oven (Samsung, Korea, Model number RE-MC20G). In a typical process,
3 mmol of CuSO4·5H2O, 2 mmol of KVO3, and 1 g urea were added in 50 mL distilled
water with vigorous stirring in a 250 mL conical flask [41]. The conical flask was covered
with aluminum foil near the neck. After 15 min, the conical flask was irradiated with a
700 W microwave for 10 min. The reaction was stopped after every 10 s, and the reaction
mixture was stirred for 10 s. The solution was evaporated during the reaction. The
temperature of the reaction was monitored using a thermometer. After 10 min, the solution
temperature reached 80 ◦C, and the color of the reaction mixture turned colorless to yellow.
The yellow-colored product was cooled and centrifuged at 4000 rpm for 20 min. The
product was washed four times with distilled water and three times with absolute ethanol,
followed by drying at 60 ◦C for 6 h in an oven. The dry product was annealed at 400 ◦C
for 2 h at the heating rate of 5 ◦C/min. Afterward, the product was stored in a sealed
glass tube.

4.2. Characterization

The morphology of Cu-VO was analyzed by a field-emission scanning electron mi-
croscopy (FESEM, JSM-6700F, JEOL, Tokyo, Japan). Atomic percentage of Cu, V, and O in
Cu-VO was analyzed using an energy dispersive X-ray spectrometer (EDX, INCAx-sight,
Oxford, UK). The crystalline nature of Cu-VO was analyzed by XRD analysis (Rigaku
Ultima IV, Rigaku, Japan; Cu Kα X-ray radiation). XPS measurement was carried out on a
THERMO VG SCIENTIFIC (MultiLab 2000, Spring Lake, MI, USA) X-ray photoelectron
spectroscopes with a monochromatic Al-Ka source to explore the elements on the surface of
Cu-VO. The band gap of Cu-VO was determined by performing UV–Vis/NIR analysis. FT-
IR analysis was performed to find the type of bond present in Cu-VO (JASCO FT/IR-4100,
Tokyo, Japan).

4.3. Photocatalytic Experiments

The photocatalytic experiments were performed under natural solar light on sunny
days [51]. The sky was clear, with slight fluctuations in solar intensity. Experiments were
performed between 10 a.m. and 5 p.m.

4.3.1. Algae Culture

A strain of M. aeruginosa (No. FBCC000002) was provided by the Nakdonggang
National Institute of Biological Resources (Sangju, Korea). The M. aeruginosa was cultured
according to the condition given in our previous paper [7].

4.3.2. Algae Growth Inhibition Assay

The growth inhibition assay was performed using the same procedure mentioned in
our previous paper [7] with slight changes. Different concentrations of Cu-VO (0, 0.4, 4, 8,
12, and 24 mg/L) were incubated with M. aeruginosa under natural solar light.

4.3.3. Dye Degradation Assay

Cu-VO was applied for the degradation of methylene blue (MB) solution under solar
light. The photocatalytic activity was carried out in a conical flask. A total of 200 mg/L
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of Cu-VO was added to 50 µM solutions of MB. The resulting mixture was sonicated for
30 min to maintain adsorption–desorption equilibrium. Then, the conical flask was kept
under natural solar light. The aliquots of the reaction mixture were filtered at every 1 h
interval using a 0.22 µm filter. UV–Vis absorbance (BioDrop Duo, England, Cambridge,
UK) of the filtered solution was measured, and degradation percentage was calculated
as follows:

%Degradation = ((Ai − Af)/Ai) × 100%

where Ai and Af are the absorbance value (λmax = 660 nm) of MB solution at time 0 and
t min, respectively.

4.4. Photocatalysis Mechanism
4.4.1. ·OH Assay

·OH assay was performed using the same procedure as mentioned in our previous
paper [56] with slight changes. The terephthalic acid solution was incubated with 4 mg/L
of Cu-VO under natural solar light.

4.4.2. ROS Assay

ROS assay was performed using the same procedure as mentioned in our previous
paper [56].

5. Conclusions

Cu-VO nanoparticles were synthesized using a rapid and facile microwave method.
The characterization of Cu-VO using FESEM, EDX, XRD, XPS, and FT-IR measurements
indicated that Cu-VO contained typical monoclinic nanocrystals of approximately 58 nm.
The calculated values of lattice constants from XRD data were matched well with the values
given in the literature. XPS measurement showed the presence of Cu2+2p1/2, Cu2+2p3/2,
V5+2p1/2, V5+2p3/2, and O2−1s in Cu-VO. FESEM analysis showed that the average particle
size of Cu-VO was 132 nm. EDX analysis of Cu-VO showed the presence of Cu, V, and
O elements in Cu-VO with atomic percentages of 3.13%, 2%, and 7.25%, respectively. XRD
and FT-IR analysis revealed the presence of tetrahedral VO4 and octahedral CuO6 crystals
in Cu-VO. The investigation of the antialgal activity showed that Cu-VO inhibited the
growth of algae in a concentration-dependent manner. The superior antialgal activity was
found at a minimum effective concentration value of 4 mg/L under solar light. Cu-VO
degraded 93% of methylene blue dye within 6 h. It was stable and safer to reuse in up to
three consecutive cycles. The generation of highly reactive ·OH radicals was indicated
by the increase in the fluorescence of terephthalic acid under solar light. The ·OH radical
efficiently reacted with algae and dye, causing the degradation of algae and dye. The
presence of the ·OH radical in the algal medium produced intracellular ROS in algae. The
oxidative stress developed by intracellular ROS could destroy cell organelle, ultimately
causing algal death. Furthermore, our study suggested that a solar-light-active Cu-VO
could be used as an efficient nanoparticle for wastewater treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-434
4/11/1/36/s1, Figure S1: Optical microscopic image of 200 mg/L of Cu-VO. Figure S2: Calibration
curves for (A) Cu and (B) V using ICP-OES.
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