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Photocatalytic degradation of methylene blue dye by F-doped Co,O, nanowires
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ABSTRACT

The hydrothermal method was used to prepare Co,0O, with different shapes by varying concentration
of NaOH from 3 to 12 M. Shape of Co,0, was found to be nanowire by using 9 M NaOH. Fluorine was
doped into the surface of Co,0O, nanowire by impregnation method. Doping of fluorine into the surface
of Co,0, nanowire decreases bandgap of Co,O, nanowire from 2.49 to 2.32 eV as a result of the blocking
of some pores of Co,0, nanowire. The surface area of undoped Co,O, nanowire is higher than that of
doped Co,O, nanowire. Doping of fluorine into surface of Co,0, nanowire enhances the photocatalytic
performance of Co,O, nanowire toward degradation of methylene blue dye under visible light.
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1. Introduction

One of the biggest issues, which is encountered in most
countries of the world nowadays that are facing severe water
shortage problem, is water purification. It is estimated that
more than one billion people suffer from lack of safe drinking
water [1].

Textile manufacture is considered one of the major ori-
gins of environmental contamination; attention has been paid
to remove dyestuffs from wastewater in the past decades [2].
Therefore, removal of colored wastewater is a crucial issue in
the recent years. The traditional techniques involved in color
removal are filtration, chemical precipitation and adsorption
on organic or inorganic matrices.

Various investigations have been studied for meth-
ylene blue (MB) dye removal from the aqueous solution,
such as adsorption of MB onto clay [3], using the waste
of Abu-Tartour phosphate to adsorb MB [4], adsorption
study of MB on black cherries after its chemical activation

* Corresponding author.

[5], applying Jordanian diatomite to remove MB dye [6],
employing hazelnut shell for MB adsorption [7], flamboy-
ant pods [8], various fruit peels [9], removal of MB dye via
its adsorption on coir pith carbon [10], MB dye sorption
using Egyptian rice hull [11], using vetiver roots activated
carbon to adsorb MB dye [12], garlic peel [13], citrus fruit
peel [14], banana leaves [15] and removal of MB from efflu-
ent using montmorillonite clay [16]. Each method exhibits
several advantages and disadvantages that limit its appli-
cation in industrial fields. Processes like coagulation and
adsorption are low-cost processes but they have a disad-
vantage of transferring the primary pollutants into second-
ary ones, which need further treatment, and in some cases,
the by-products may be more toxic and more hazardous
than the dye itself [17].

Recently, the concentration on heterogeneous photocatal-
ysis using semiconductors to remove organic contaminants
from the wastewater has been grown up. The main advantage
of photocatalysis is that it provides a more environmentally
sustainable solution such that the pollutants are destroyed
without a need for subsequent disposal of the wastes.
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Various types of semiconductors were involved in pho-
tocatalytic degradation of several hazardous organic pol-
lutants [18,19]. Among these semiconductors, TiO, has been
successfully used as photocatalyst as a result of its higher
activity, non-toxicity, thermal and chemical stability, com-
mercial availability and low costs. On the other hand, TiO, is
active only under ultraviolet (UV) light, which is considered
a primary disadvantage that limits its industrial applications.
Moreover, the high rate of recombination of photogenerated
electron-hole pairs that resulting in low photo quantum effi-
ciency had been considered as the second disadvantage of
using TiO, as photocatalyst [20].

The optical features of titania were improved by doping
it with transition metal elements to increase the absorption
range of the catalyst to visible region. However, pure, doped
and mixed titanium oxide prepared in micro-scale suffer
from low surface area and irregular particle and pore struc-
ture that hamper its applications in various industrial pro-
cesses. The recent trends aimed to focus on the development
of new materials at the atomic or molecular scale to achieve a
high degree of photocatalytic reactivity.

Recently, metal oxides [21], sulfides [22,23], BiVO, or
g-C,N,/BiVO, nanocomposites [24-26], Bi,WO, or CN,/
Bi,WO, composites [27,28], g-C,N, or g-C,N, hybrid nano-
composites [29-32], WO, or WO,/g-C\N, nanocomposites
[33-35], SrTiO, [36,37], etc. have been used for degradation
of organic pollutants.

Co,0, has attracted much attention as a p-type semicon-
ductor having interesting electromagnetic properties [38—40],
its catalytic ability for oxidation of CO [41], dibromomethane
[42] and oxidation of 1,2-dichloroethane [43]. In some studies
Co,0, has also been reported to be very active for degradation
of hazardous gases like NO_ [44], catalytic ozonation for benzo-
phenone-3 [45] and efficient photoelectrochemical water split-
ting [46] as well its use for catalytic oxidation of formaldehyde
[47] and visible light degradation of organic pollutants [48-52].

Numerous methods have been adopted to prepare these
nanomaterials as microwave irradiation, sol-gel process, solu-
tion combustion, solvothermal method, etc. [53,54]. These prepa-
ration methods require complicated equipment and severe
reaction environment. The process simplicity of hydrothermal
preparation method makes it widely applicable compared with
other convenient chemical synthesis methods for nanoscale
materials [55-57]. The advantages offered by this technique
include simple preparation, comparatively low process tem-
peratures, shorter reaction times and nanomaterial products
with uniform particle size range. In this project, Co,O, nanowire
was prepared by a hydrothermal method using 12 M NaOH for
first time, and fluorine was doped into surface of Co,O, nanow-
ire by impregnation method to decrease e-h recombination rate
and shift absorption edge of Co,0, to high value of wavelength.
The photocatalytic performance of F/Co,O, nanowire was stud-
ied by degradation of MB dye under visible light.

2. Experimental setup
2.1. Preparation of photocatalysts

All chemicals were handled without any clarification.
Cobalt(Il) acetate tetrahydrate, sodium hydroxide pellets
and NH,F were obtained from Aldrich, USA. For compari-
son, P,, was purchased from Degussa, Germany. Co,O, with

different shapes was prepared via the hydrothermal method
by varying sodium hydroxide concentration from 3 to 12 M.
This method can be described as follows: 5 g of cobalt(II)
acetate tetrahydrate was dissolved in 10 mL of sodium
hydroxide solution, and concentration of sodium hydrox-
ide was varied from 3 to 12 M. The resultant mixture was
hydrothermally treated in an autoclave at 200°C overnight.
The temperature of the autoclave was decreased gradually;
the obtained materials were dried and cleaned up in many
intervals with deionized water and finally were left to dry
at 100°C for 24 h. Fluorine was doped on surface of Co,0,
nanowires by impregnation method as in the following
steps: 2 g of Co,0, nanowire was impregnated in an aqueous
solution containing 0.08 g of NH,F, and the resultant mixture
was stirred for 24 h at room temperature. The obtained mate-
rials were dried and washed several times with deionized
water and finally were dried at 50°C for 24 h.

2.2. Characterization techniques

A Bruker axis D8 with Cu Ka radiation (A = 1.540 A) was
applied to determine thin film phase and its crystallite size.
A Nova 2000 series Chromatech apparatus was employed
to determine thin film specific surface area; the samples
were treated for 2 h under vacuum at 100°C before taking
the measurements. UV-visible (UV-Vis) diffuse reflectance
spectroscopy was used to display the performance of the
bandgap of the samples. The spectroscopy was performed
in air at room temperature using a UV/Vis/NIR spectropho-
tometer (V-570, JASCO, Japan) in the wavelength range of
200-800 nm. A JEOL-JEM-1230 microscope was used for the
transmission electron microscopy (TEM) analysis. The sam-
ples were set up in a suspension of ethanol and subjected to
half an hour of ultrasonication. A small amount of solution
was placed on a copper grid coated with carbon and left to
dry. Once the solution was dried, the sample was loaded
into the TEM. A Thermo Scientific K-ALPHA XPS was used
to perform the X-ray photoelectron spectroscopy (XPS). A
Shimadzu RF-5301 fluorescence spectrophotometer was used
for recording the photoluminescence (Pl) emission spectra.

2.3. Photocatalysis experiment

A Xenon lamp with a power of 300 W, an intensity of 0.96
W/ecm? and a cut-off filter of 420 nm was used to study the
photocatalytic degradation of MB dye. Prior to the photocat-
alytic test, the photocatalyst was suspended in an aqueous
solution of MB dye in a 500-mL reactor. Then, the obtained
mixture was stirred for 30 min in the dark to establish the
adsorption—desorption equilibrium. At different time inter-
vals, a sample from the mixture was taken and filtrated for
analysis. The removed sample was then analyzed by deter-
mining its absorbance at 664 nm using a spectrophotometer.

3. Results and discussion
3.1. Characterization of Co,O,
3.1.1. TEM examination

Figs. 1(A)-(D) show TEM images of Co,O, samples, pre-
pared using (3, 6, 9 and 12 M, respectively) of NaOH solution.
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The results reveal that the shape of Co,O, is nanospherical
when concentration of sodium hydroxide is 3 M as shown
in Fig. 1, and the shape of Co,O, is irregular nanospherical
when concentration of sodium hydroxide is 6 M as shown
in Fig. 1(B). Moreover, the Co,O, nanoparticles have nanow-
ire shape when concentration of sodium hydroxide is 9 M
as shown in Fig. 1(C), while when concentration of sodium
hydroxide is 12 M, the Co,0O, nanoparticles have a mixture
of nanowire and nanosphere shapes as shown in Fig. 1(D).

3.1.2. XRD examination

Figs. 2(A)—(D) show X-ray diffraction (XRD) peaks of
Co,0, samples, prepared using (3, 6, 9 and 12 M, respectively)
of NaOH solution. The results reveal that all samples are
composed of Co,O, (Joint Committee on Powder Diffraction
Standards card no. 78-1970), and sodium hydroxide concen-
tration has no significant effect on the structure of Co,O,.

3.1.3. UV-Vis spectra examination

Figs. 3(A)~(D) show UV-Vis spectra for Co,0O, samples,
prepared using (3, 6, 12 and 9 M, respectively) of NaOH solu-
tion. The results indicate that all Co,O, samples absorb in the
visible region. Also, we notice that the absorption edge of
Co,0, is affected by sodium hydroxide concentration. It is clear
that increasing sodium hydroxide concentration from 3 to 9 M
increases the absorption edge of Co,0, from 420 to 497 nm,
respectively, as shown in Figs. 3(A) and (D). However, increas-
ing sodium hydroxide concentration from 9 to 12 M decreases
the absorption edge of Co,O, from 497 to 466 nm, respec-
tively, as shown in Figs. 3(D) and (C). These findings may be
attributed to the change of the Co,O, shape from nanowire to a
mixture of nanowire and nanosphere as a result of increasing
sodium hydroxide concentration from 9 to 12 M. The values
of bandgap energy of Co,O, prepared at 3, 6, 9 and 12 M of
NaOH solution are 2.95, 2.86, 2.49 and 2.66 eV, respectively.

3.1.4. Pl spectra examination

Figs. 4(A)—(D) show Pl spectra for Co,O, samples, pre-
pared using (3, 6, 12 and 9 M, respectively) of NaOH solu-
tion. The results reflect that Pl peak intensity of Co,0, is
affected by sodium hydroxide concentration. In fact, increas-
ing sodium hydroxide concentration from 3 to 9 M leads to a
decrease in the Pl peak intensity as shown in Figs. 3(A) and
(D). On contrary, when sodium hydroxide concentration
increases from 9 to 12 M, the Pl peak intensity increases as
shown in Figs. 3(D) and (C). This increase may be attributed
to the change of Co,0, shape from nanowire to a mixture of
nanowire and nanosphere upon increasing sodium hydrox-
ide concentration from 9 to 12 M.

3.1.5. Specific surface area analysis

Brunauer—-Emmett-Teller (BET) specific surface areas of
Co,0, samples prepared using different sodium hydroxide
concentrations are given in Table 1. The results reveal that
concentration of sodium hydroxide is a dominant factor in
determining shape, bandgap and the BET surface area of the
prepared Co,0O, samples. It can be seen that the values of BET

Fig. 1. (A)~(D) TEM images of Co,O, samples, prepared using
(3, 6,9 and 12 M, respectively) of NaOH solution.
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Fig. 2. (A)~(D) XRD patterns of Co,O, samples, prepared using
(3, 6,9 and 12 M, respectively) of NaOH solution.
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Fig. 3. (A)-(D) UV-Vis spectra for Co,0O, samples, prepared using
(3, 6,12 and 9 M, respectively) of NaOH solution.
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Fig. 4. (A)~(D) Pl spectra for Co,O, samples, prepared using (3, 6,
12 and 9 M, respectively) of NaOH solution.

Table 1
BET surface area of Co,0O, samples prepared at different sodium
hydroxide concentrations

Concentration of sodium SBET (m?/g)
hydroxide, M

3 30

6 25

9 60

12 45

specific surface area of Co,0, prepared at 3, 6, 9 and 12 M
of NaOH solution are 30, 25, 60 and 45 m?/g, respectively.

3.2. Characterization of the F/Co,O, nanocomposite
3.2.1. TEM examination

Figs. 5(A) and (B) show TEM images of the prepared
Co,0, and F/Co,0,, respectively. The results reveal that dop-
ing of fluorine has no significant effect on the shape of Co,0O,,
i.e,, shapes of Co,0, and F/Co,O, are nanowire. Also, we
notice that F was dispersed on the surface of Co,O, nanowire.

3.2.2. XRD examination

Figs. 6(A) and (B) show XRD patterns of the prepared
Co,0, and F/Co,0,, respectively. The results reveal that dop-
ing of fluorine has no significant effect on the XRD pattern of
Co,0,, which means that the weight percentage of fluorine
is low to some extent to be detected by XRD and/or F is well
dispersed on surface of Co,0, nanowire; this result agrees

with the results obtained from TEM analysis.

3.2.3. UV-Vis spectra examination

Figs. 7(A) and (B) show the UV-Vis spectra of the pre-
pared Co,0, and F/Co,0,, respectively. The results reveal that

Fig.5. (A)and (B) TEM images of Co,0, and F/Co,0,, respectively.
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Fig. 6. (A) and (B) XRD patterns of Co,0, and F/Co,O,
respectively.

both Co,O, nanowire and F/Co,0, nanocomposite samples
absorb in the visible region. Also, we notice that the absorp-
tion edge of Co,0, is affected by fluorine doping. It could
be concluded that doping of fluorine increases absorption
edge of Co,O, from 497 to 535 nm as shown in Figs. 7(A) and
(B). The values of bandgap energy of Co,O, nanowire and
F/Co,0, nanocomposite are 2.49 and 2.32 eV, respectively.
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3.2.4. Pl spectra examination

Fig. 8 shows the Pl spectra of Co,O, (A) and F/Co,O, (B).
The results reveal that Pl peak intensity Co,O, is affected by
doping of fluorine. Doping of fluorine decreases the peak
intensity Co,0O, as shown in Figs. 8(A) and (B).

3.2.5. XPS examination

Fig. 9 shows XPS spectra of F1s for F/Co,0, nanocompos-
ite. The results reveal that fluorine is present as fluoride ion
due to presence of peak of F1s at 684.4 eV. Therefore, fluorine
is well dispersed into the surface of Co,O, nanowire.

3.2.6. Specific surface area analysis

The values of BET specific surface area of Co,0, nanowire
and F/Co,O, nanocomposite were found to be 60 and 50 m?/g,
respectively. The decrease in surface area of Co,O, nanowire
by fluorine doping could be explained as a result of blocking
of some pores of Co,0,.

3.3. Photocatalytic performance for the degradation of MB dye
3.3.1. Effect of the photocatalyst type

Fig. 10 shows the effect of the photocatalyst type on the
photocatalytic degradation of MB dye, where the photocata-
lyst is (A) P, Degussa; (B) Co,O, using 3 M NaOH; (C) Co,O,
using 6 M NaOH; (D) Co,O, using 12 NaOH; (E) Co,O, using
9 M NaOH and (F) F/Co,0, nanocomposite. The photocata-
lytic reaction was carried out under the following conditions:
1,000 mL volume of MB dye; 100 ppm concentration of MB
dye; irradiation using visible light origin; 1.0 g photocatalyst
dose and 60 min photocatalytic reaction time. The results
reveal that NaOH concentration plays an important role in
determining properties of the prepared Co,O, (shape, surface
area and bandgap). Therefore, sodium hydroxide concentra-
tion plays an important role on the photocatalytic activity of
Co,0, for degradation of MB dye. In fact, increasing sodium
hydroxide concentration from 3 to 9 M leads to an increase
in the photocatalytic activity from 9% to 55%, respectively.
Whereas, increasing sodium hydroxide concentration from 9
to 12 M leads to a decrease in the photocatalytic activity from
55% to 45%, respectively, due to the shape change of Co,O,
from nanowire, which has high surface area and low value of
bandgap, to a mixture of nanowire and nanosphere, which has
low surface area and high value of bandgap. Also, we notice
that doping of fluorine on the surface of Co,0, nanowire
increases photocatalytic activity from 55% to 86%, respectively.
And so, F/Co,0, nanocomposite has the highest photocatalytic
activity and the smallest bandgap. Table 2 summarizes the rate
constant of reaction kinetics for each sample type.

3.3.2. Effect of the photocatalyst dose

The effect of F/Co,0, amount on the photocatalytic
destruction of MB dye is illustrated in Fig. 11. The photocata-
lytic reaction was carried out under the following conditions:
1,000 mL volume of MB dye; 100 ppm concentration of MB
dye; F/Co,O, photocatalyst; visible light source of irradia-
tion; 0.5-2.5 g photocatalyst dose and 60 min photocatalytic
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Fig. 7. (A) and (B) UV-Vis spectra of Co,0, and F/CoO,
respectively.
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Fig. 9. XPS spectra of F1s for F/Co,O, nanocomposite.
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Fig. 10. Photocatalyst type and its effect on the photocatalytic
destruction of MB dye, where the photocatalyst is (A) P,
Degussa; (B) Co,0, using 3 M NaOH; (C) Co,0, using 6 M
NaOH; (D) Co,0, using 12 M NaOH; (E) Co,0, using 9 M NaOH
and (F) F/ Co,0O, nanocomposite.

Table 2

Rate constants of reaction kinetics for photocatalyst type and
its effect on the photocatalytic destruction of MB dye, where
the photocatalyst is P,; Degussa; Co,O, using 3 M NaOH; Co,0,
using 6 M NaOH; Co,0O, using 12 M NaOH; Co,0, using 9 M
NaOH and F/Co,0, nanocomposite

Sample k %107, min!
P, Degussa 40
Co,0, using 3 M NaOH 50
Co,0, using 6 M NaOH 80
Co,0, using 9 M NaOH 120
Co,0, using 12 M NaOH 110
F/Co,0, nanocomposite 2,000
100 F =05 gl v B
: 10 S/I| e /*/"/’ °
® —4—15 gl - _—
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=
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Fig. 11. Effect of F/Co,0, dose on the photocatalytic degradation
of MB dye.

reaction time. The results reveal that increasing photocata-
lyst dose from 0.5 to 1.0 g leads to an increase in the pho-
tocatalytic activity from 86% to 92% after 60 min. In addi-
tion, increasing photocatalyst dose from 1.0 to 1.5 g leads to

Table 3
Rate constants of reaction kinetics for effect of catalyst amount
on degradation of MB dye

Sample, g/L k x 1075, min™!
0.5 2,000
1.0 4,500
1.5 6,020
2.0 6,300
2.5 4,000

X
g 100-
©
[aa]
=
5 804
c
S
g w
2
©
o 44
>
IS
§
°
=
o
0

= 2 3@ 4" 5"
Number of runs

Fig. 12. Recycle of the F/Co,0, nanocomposite for the
photocatalytic degradation of MB dye.

an increase in the photocatalytic activity from 92% to 100%
and a decrease in the photocatalytic reaction time from 60 to
40 min. On the other hand, increasing photocatalyst dose from
1.5 to 2.0 g leads to a decrease in the photocatalytic reaction
time from 40 to 30 min. On contradiction, increasing photo-
catalyst dose from 2.0 to 2.5 g leads to an increase in the pho-
tocatalytic reaction time from 30 to 60 min. These findings
may be attributed to the hindering of the light penetration
during photocatalysis and decreasing the available active
sites for the photocatalytic reaction as a result of the large
weight of the photocatalyst, which, by its role, leads to a
decreased overall photocatalytic activity. Table 3 summarizes
the rate constant of reaction kinetics for each sample type.

3.3.3. Recycling of the photocatalyst

Fig. 12 illustrates recycling and reusing of the F/Co,O,
nanocomposite for the photocatalytic degradation of MB dye.
The results reveal that photocatalytic activity of F/Co,0O, nano-
composite is almost unchanged after being reused five times.

4. Conclusions
The main conclusions derived from this study are:

* Sodium hydroxide concentration plays an important role
on controlling the shape, bandgap and BET surface area
of the Co,O, photocatalyst.

¢ All Co,0, and F/Co,0O, samples absorb in the visible
region, whereas their absorption edges are different.
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Doping of fluorine has no significant effect on either the
shape or XRD pattern of Co,0O, photocatalyst, whereas it
affects its bandgap, surface area and PI peak intensity.
Sodium hydroxide concentration plays an important role on
the photocatalytic activity of Co,O, for degradation of MB dye.
Increasing F/Co,0O, dose from 0.5 to 2 g increases its pho-
tocatalytic activity of the photocatalyst for degradation
of MB dye, whereas further increase in the photocatalyst
dose decreases its photocatalytic activity.
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