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The visible-light-driven semiconductor photocatalysts are the current research focus techniques used to decompose organic
pollutants/compounds.The photodegradation efficiency of organic compounds by photocatalyst is expected to be better compared
to UV-light-driven semiconductor photocatalysts technique since the major components of our solar energy are visible light
(∼44%). However, as most of the previous research work has been carried out using semiconductor photocatalysts in the form
of powder, extra steps and costs are needed to remove this powder from the slurry to prevent secondary pollution. In this research
work, we will explain our fabrication technique of V

2
O
5
nanoflakes by growing radially on PET fibers. By utilizing the flexibility

and high surface area of polymeric fibers as novel substrate for the growth of V
2
O
5
nanoflakes, the Rhodamine B (RhB) could

be degraded under visible light irradiation. The photodegradation of RhB solution by V
2
O
5
nanoflakes followed the 1st order

kinetic with a constant rate of 0.0065min−1. The success of this research work indicates that V
2
O
5
nanoflakes grown on PET fibre

could be possibly used as organic waste water purifier under continuous flow condition. A photodegradation mechanism of V
2
O
5

nanostructures to degrade RhB dye is proposed based on the energy diagram.

1. Introduction

Water pollution is one of the most serious environmental
problems.Many untreated organic effluents such as dyes from
textile industries are being discharged into the ecosystem,
creating severe environmental pollution by releasing toxic
and potential carcinogenic substances into the environment
[1]. Therefore, various wastewater treatment processes such
as precipitation, adsorption by activated carbon, coagulation,
and membrane ultrafiltration have been developed for the
removal of these organic pollutants [2–5]. However, these
wastewater treatment processes are simply transforming the
pollutants from one phase to another, leading to secondary
pollution problems.

Recently, there has been a growing interest in the uti-
lization of advanced oxidation processes (AOPs) via semi-
conductor photocatalysts for the organic pollutants removal.
In AOPs, highly reactive species such as hydroxyl radicals
are generated to oxidize a broad range of organic pollutants
rapidly and nonselectively. Semiconductor photocatalysts are

widely used due to their unique strengths for complete min-
eralization of organic pollutants into less harmful byproduct
such as water, CO

2
, and mineral acids. For example, zinc

oxide (ZnO) nanoparticles [6–10] and titanium oxide (TiO
2
)

nanoparticles [11–13] were frequently used by researchers
as UV-driven photocatalysts to decompose organic com-
pounds/pollutants because of their wide band gap.

Development of visible-light-driven semiconductor pho-
tocatalysts for organic compounds removal is our current
research focus. This is because the visible light accounts for
45% of the total energy of solar spectrum, while UV light only
represents less than 10%.Theoretically, the photodegradation
efficiency of organic compounds by semiconductor photocat-
alysts in visible light irradiation could be further enhanced.
Several methods have been explored to develop visible-light-
driven semiconductor photocatalysts. This could be done
by shifting the band gap absorption edge of wide band gap
semiconductors to a longerwavelength viametal or nonmetal
doping. For example, Cu doped ZnO nanorods [14] and Cd
doped ZnO nanostructures [15] responded to visible light
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irradiation in degradation of organic dyes. Furthermore,
narrow band gap semiconductor such as manganese oxide
(MnO

2
) nanoparticles [16, 17] and vanadium dioxide (VO

2
)

nanoparticles [18] could also be used as visible-light-driven
photocatalysts. Normally, H

2
O
2
chemical was required to

improve the photodegradation efficiency of these semicon-
ductor photocatalysts in degradation of organic compounds
under visible light irradiation [19].

Regardless of UV- or visible-light-driven photocatalysts,
most of the previous research used semiconductor in the
formof nanoparticles for organic compounds removal.This is
because semiconductor nanoparticles collectively have a high
surface area, resulting in effective generation of free radicals
and decomposition of organic compounds. The limitation of
using semiconductor nanoparticles is that there is a need for
the removal of nanoparticles from the slurry via centrifuga-
tion [20].This addition step is time consuming and adds extra
cost to the overall process.This additional processing step for
the removal of semiconductor nanoparticles can be avoided
by growing semiconductor nanostructures rigid substrates
such as stainless steel wire [21].

In this work, vanadium pentoxide (V
2
O
5
) was selected

as visible-light-driven semiconductor to be grown on flexible
substrate, that is, polyethylene terephthalate (PET) fibre
attributed to its narrow band gap (2.52 eV). There are various
synthesis methods that could be used to produce the V

2
O
5

nanostructures and thin films. For instances, Wei and Zhang
synthesized V

2
O
5
nanotubes using hydrothermal method

[22] and Yin et al. grew porous V
2
O
5
micro/nanotubes by

chemical vapor deposition [23]. In addition, Blanquart et al.
deposited V

2
O
5
thin films using atomic layer deposition

[24] and Gotić et al. synthesized V
2
O
5
powder by sol-gel

method [25]. As the V
2
O
5
nanoflakes were to be grown on

PET fibre, sol-gel method was chosen because of its low
synthesis temperature (<100∘C) and possibility of upscaling
the synthesis process.

The synthesis condition of V
2
O
5
nanoparticles using sol-

gel method was first established. Subsequently, this synthesis
condition was applied to synthesize V

2
O
5
nanoflakes on PET

fibre. The PET fibre offers more flexibility in handling as
compared to stainless steel wire during setting up organic
waste purifier. The photocatalytic activities of both V

2
O
5

nanoparticles and V
2
O
5
nanoflakes which have grown on

PET fibre in degradation of RhB dye (C
28
H
31
ClN
2
O
3
) under

visible light irradiation were studied.

2. Material and Methods

V
2
O
5
nanoparticles were synthesized by vanadium acetylace-

tone (VO(acac)
2
) and hexadecylamine (CH

3
(CH
2
)
15
NH
2
)

as precursors. The solution mixture with the molar ratio of
VO(acac)

2
and CH

3
(CH
2
)
15
NH
2
= 2 : 1 was stirred for 1 h

at 60∘C. Then, it was heated at 90∘C for 20 h. Finally, the
nanoparticles were filtered and dried at oven.

Similar synthesis condition was used for the synthesis of
V
2
O
5
nanoflakes on PETfiber. In this work, a V

2
O
5
seed layer

was predeposited on the PET fiber to facilitate the growth of
V
2
O
5
nanostructures. The seed layer was deposited using a

sol solution which contained of 0.015mol of vanadium oxide
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Figure 1: XRD pattern of V
2
O
5
nanoparticles prepared by sol-gel

method.

and 30wt%of hydrogen peroxide.Themixturewas stirred for
1.5 h. Subsequently, the PET fiber which is precoated with 1
dodecanethiol was immersed into the sol solution for 15min.
Then, the fiber was dried in oven. This step was repeated for
3 times to ensure the V

2
O
5
seed was uniformly coated on the

fiber. Next, the fiber with V
2
O
5
seed layer was immersed into

theVO(acac)
2
andCH

3
(CH
2
)
15
NH
2
solution for 20 h at 90∘C

for the growth of V
2
O
5
nanoflakes.

The morphologies of the nanostructures were examined
using a Zeiss Supra 35 VP field emission scanning electron
microscope (FESEM). The phase and crystallinity of the
nanoparticles were characterized using a Philip PW 1729
X-ray diffractometer (Cu K

𝛼
, 𝜆 = 0.154 nm). The band

gap of nanoparticles was determined by Perkin UV-Vis
spectrometer. The effectiveness of V

2
O
5
nanostructures to

degrade 1.0 × 10−5M of RhB solution under visible light was
evaluated. AUVcutoff filterwas used to remove any radiation
below 400 nm and to ensure illumination by visible light
only. The estimated V

2
O
5
nanostructures used in this study

were 15mg. The degraded RhB solution was characterized
by measuring the 553 nm absorption spectra of RhB using
Cary 50 UV-Vis spectroscopy. In a separate experiment,
isopropanol (IPA), which served as OH radical scavengers,
was added into the RhB solution to study the role of OH
radicals in this photocatalytic reaction.

3. Results and Discussion

3.1. V
2
O
5
Nanoparticles andTheir Photocatalytic Activity. The

XRD pattern of the nanoparticles is shown in Figure 1. The
XRDpattern could be indexed to V

2
O
5
(JCPDS no. 60-0767).

The diffraction peaks at 15.6∘, 20.4∘, 21.9∘, 26.3∘, 31.2∘, 32.6∘,
34.5∘, 41.4∘, 42.3∘, 45.6∘, 47.5∘, 49.0∘, 51.4∘, 52.3∘, 55.8∘, 61.2∘,
and 62.3∘ corresponded to (020), (001), (011), (110), (040),
(101), (130), (002), (012), (141), (060), (102), (200), (061), (201),
(240), and (170) planes, respectively. No diffraction peaks
for other elements were detected. The narrow and intense
diffraction peaks reveal that the V

2
O
5
nanoparticles were
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Figure 2: (a) SEM image and (b) EDX spectrum of V
2
O
5
nanoparticles.
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Figure 3: Absorbance spectra of RhB aqueous solution degraded by
V
2
O
5
nanoparticles under visible light irradiation.

highly crystalline. The calculated size of V
2
O
5
nanoparticles

based on Scherrer equation was 53.5 nm. The morphology
of V
2
O
5
nanoparticles was determined by SEM image as

shown in Figure 2(a). The V
2
O
5
nanoparticles were rod-like

with average length of 231.9 ± 14.9 nm. The EDX analysis
as shown in Figure 2(b) indicates that there are no other
impurity elements, besides V and O elements. The atomic
percentage of V and O is 32.82% and 67.18%, respectively,
which is close to the stoichiometric ratio of V

2
O
5
.

The effectiveness of V
2
O
5
nanoparticles to degrade RhB

solution under visible light was evaluated and is shown in
Figure 3. The degraded RhB solution by V

2
O
5
nanoparticles

was characterized by measuring the 553 nm absorption spec-
tra of RhB using Cary 50 UV-Vis spectroscopy. The intensity
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Figure 4: Photodegradation of RhB solution by V
2
O
5
nanoparticles

under visible light irradiation.

of the 553 nm absorption peak decreased as a function
of irradiation time from 1.293 a.u. (initial absorbance) to
0.849 a.u. after 15min and further decreased to 0.518 a.u. after
60min. The decrease of this absorption peak was due to the
breaking of the conjugated 𝜋-system in RhB chain by free
radicals. This phenomenon is known as cycloreversion.

According to Lambert-beer law, the concentration of the
solution (𝐶) is proportional to the absorption spectrum (A).
Thus, this allows the data to be replotted as a ln(𝐶

𝑜
/𝐶) versus

irradiation time graph, as shown in Figure 4. The linear plot
of ln(𝐶

𝑜
/𝐶) versus irradiation time indicates that degradation

of RhB solution by V
2
O
5
nanoparticles under visible light

irradiation follows the first order kinetic. The rate constant
of photodegradation of RhB by V

2
O
5
nanoparticles under

visible light irradiation, which could be determined from the
slope of the graph, is 0.0149min−1 (std. error = 0.0013 and 𝑅-
square = 0.9611).This result suggests that V

2
O
5
nanoparticles
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Figure 5: (a) SEM images and (b) EDX spectrum of V
2
O
5
nanoflakes grown on PET fiber.
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Figure 6: Absorbance spectra of RhB aqueous solution (a) without and (b) with IPA degraded by V
2
O
5
nanoflakes grown on PET fiber after

visible light irradiation.

are visible-light-driven semiconductor photocatalysts. The
photodegradation mechanism of RhB solution using V

2
O
5

nanoparticles will be discussed in Section 3.3.

3.2. V
2
O
5
Nanoflakes Grown on PET Fiber and Their Photo-

catalytic Activity. V
2
O
5
nanoflakes were grown on PET fiber

using the preestablished synthesis condition from Section 3.1.
As shown in Figure 5(a), the PET fiber was fully covered by
V
2
O
5
nanoflakes. The thickness of the nanoflakes was in the

range of 5–20 nm as shown in the inset of Figure 5(a). The
EDX analysis in Figure 5(b) indicates that the main elements
of the nanoflakes are V and O with the atomic percentage of
56.39% and 43.61%, respectively. No other impurity elements
could be detected in the V

2
O
5
nanoflakes.

The effectiveness of V
2
O
5
nanoflakes grown on PET fiber

to degrade RhB solution under visible light was evaluated.
The color of RhB solution was faded gradually after being

exposed to visible light as shown by the UV-Vis absorption
spectrum of RhB solution in Figure 6(a). The intensity of
the 553 nm absorbance peak of RhB decreased from 1.293 a.u.
(initial absorbance) to 0.895 a.u. after 30min irradiation. It
is further reduced to 0.838 a.u. after 60min and 0.608 a.u.
after 120min irradiation. The linear plot of ln(𝐶

𝑜
/𝐶) versus

irradiation time in Figure 7(a) indicates that photodegrada-
tion of RhBbyV

2
O
5
nanoflakes under visible light irradiation

follows the first order kinetic. The rate constant for V
2
O
5

nanoflakes on PET fiber to degrade RhB solution under
visible light irradiation is 0.0065min−1 (std. error = 0.0006
and 𝑅-square = 0.9842). Although the rate constant of using
V
2
O
5
nanoflakes on PET fiber to degrade RhB solution under

visible light is smaller than the rate constant using V
2
O
5

nanoparticles, the result proved that the V
2
O
5
nanoflakes

could still degrade the RhB solution after growing on the PET
fiber.Thus, the application of V

2
O
5
nanoflakes grown on PET
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Figure 7: Photodegradation of RhB solution (a) without and (b)
with IPA by V

2
O
5
nanoflakes grown on PET fiber under visible light

irradiation.

fiber to degrade organic pollutants in flowing water such as
river is possible.

The photodegradation of RhB solution was deteriorated
by V
2
O
5
nanoflakes on PET fiber under visible light irradia-

tionwith themixing of IPA as shown in Figures 6(b) and 7(b).
The rate constant of the reactionwith IPA is 0.0011min−1 (std.
error = 0.0002 and 𝑅-square = 0.999). As IPA is known as an
OH free radical scavenger [26, 27], the significant decrease
of rate constant indicates that the photodegradation of RhB
solution was dominant by the OH free radicals that were
generated by V

2
O
5
nanoflakes on PET fiber under visible

light irradiation.

3.3. Photodegradation Mechanism of RhB Solution by V
2
O
5

under Visible Light Irradiation. The photodegradation of
RhB solution by V

2
O
5
could be explained by adsorption-

oxidation-desorption mechanism. The optical band gap of
V
2
O
5
nanoparticles measured by UV-Vis spectrometer is

2.41 eV as indicated in Figure 8. The 𝐸V and 𝐸
𝑐
of V
2
O
5

nanoparticles in NHE are 0.40 eV and 2.81 eV, respectively,
as shown in Figure 9. This result is in good agreement with
the reported values by Miyauchi et al. and Viswanathan [21,
28]. As illustrated in Figure 9, the band edge of conduction
band (𝐸

𝑐
) of V

2
O
5
nanoparticles is more positive to the

absolute electronegativity of oxygen (−0.046 eV). Thus, the
excited electrons (𝑒−

𝑐𝑏
) in the conduction band do not favor

for the reduction of oxygen molecules into O
2

∙ free radicals.
However, the band edge of valence band (𝐸V) (2.81 eV) is
more positive than the oxidation potential of water (1.99 eV).
In this case, the holes (ℎ+V𝑏) are able to produce OH∙ free
radicals [29–31]. These free radicals are responsible for the
degradation of RhB dye into less harmful byproduct such
as water as shown in (1)–(3). Generally, V

2
O
5
nanoparticles

and nanoflakes took a longer time to decolorize the RhB
solution as compared to ZnO [6–10] and TiO

2
[11–13]. The

slower photodegradation efficiency was likely attributed to

2.0 2.2 2.4 2.6
0

5

10

15

20

25

30

35

40

45

Energy (eV)
2.41

Ln
[(
R

m
ax

−
R

m
in
)/
(R

−
R

m
in
)]
2

Figure 8: The band gap of V
2
O
5
nanoparticles.

3.0

2.5

2.0

1.5

1.0

0.5

0.0

E� (2.81 eV)

Ec (0.40 eV)
H2/H

+

(0.00 eV)

OH−/OH∙

(1.99 eV)

V
 (V

 v
er

su
s N

H
E)

Figure 9: The band structure model of V
2
O
5
.

the limited number of free radicals produced by V
2
O
5
as only

the photogenerated holes were able to produce free radicals.
Consider the following:

V
2
O
5
+ ℎV 󳨀→ ℎ+V𝑏 + 𝑒

−

𝑐𝑏
(1)

ℎ

+

V𝑏 +H2O 󳨀→ H+ +OH∙ (2)

RhB dye +O
2

∙−
+OH∙ 󳨀→ byproducts (3)

4. Conclusions

V
2
O
5
nanoparticles and V

2
O
5
nanoflakes on fiber were suc-

cessfully synthesized via sol-gel method. The V
2
O
5
nanopar-

ticles were rod-like with average length of 231.9 ± 14.9 nm,
whereas the thickness of the nanoflakes was in the range
of 5–20 nm. The photocatalytic activities for both V

2
O
5

nanoparticles and V
2
O
5
nanoflakes grown on fiber were
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0.0149min−1 and 0.0065min−1, respectively, under visible
light irradiation.These results indicate that bothV

2
O
5
nanos-

tructures could be used as visible-light-driven photocatalysts
to remove organic pollutants.The slowphotodegradation rate
of V
2
O
5
nanostructures to degrade RhB dye under visible

light irradiation is proposed due to the slow free radicals
(OH∙) generation rate as only the photogenerated holes are
positively enough to produce OH∙ based on the energy
diagram.
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