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their photocatalytic properties for Rhodamine B degradation
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In this research Ag,Mn;O,, nanocrystals/TiO, nanotubes, photoelectrodes were successfully prepared through
anodization and annihilation steps, followed by electrodeposition of MnO, and Ag in a three electrodes cell.
The obtained photoelectrodes were dried, then annealed for crystallization, the morphology and structure of the
fabricated electrodes were characterized via scanning electron microscopy (SEM), X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS). The light absorption and harvesting properties were investigated through
UV-visible diffuse reflectance spectrum (DRS), photocatalytic performances were evaluated by degradation of
50 mL of Rhodamine B (5 mg L) under Xenon light irradiation for 2 h. Results illustrated that the fabricated
photoelectrodes show remarkable photo-degradation properties of organic pollutants in aqueous mediums.
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INTRODUCTION

In the past decades the technology of one dimensional
Titanium dioxide (TiO,) nano-material structures, such as
nanotubes, nanoflakes, nanorods and nanowires'™ have
attracted significant attention due to their remarkable
advantages such as nontoxicity, high stability, natural
power resources, photo-catalytic capabilities, and also
because of the high cost of noble metal oxide catalysts™°.
TiO, has been studied as a cheap alternative metal oxide
catalyst for water oxidation that can be used to degra-
de various types of water pollutants. It is considered
revolutionary since the discovery of water splitting on
the TiO, surface due to its remarkable photo-catalytic
capabilities6. However, the tubular structure caught
attention due to its superior light harvesting properties
and large internal surface area’”. From this point,
a number of semiconductors, such as Pd, Ru, Cd, etc.,
were found to enhance the Titanium dioxide nanotube
arrays catalytic performancel(. These electrochemical
capacitors with their high power density, long cycling life
time, and fulfilling the power and energy gap between
traditional dielectric capacitors and batteries'" %, showed
MnO, to be a promising pseudocapacitive material with
high theoretical specific capacitance — in the order of
1400 F g”'. A previous report has shown that MnO, can
improve the absorption of visible-light and facilitate the
separation of the electron-hole pairs, because of its low
charge transfer resistance and multitudinous defects'®",
which can show considerably enhanced oxygen evolution
reaction (OER) activity as a non-noble catalyst. Several
studies on MnO, itself, as a catalyst for OER of water,
have been performed'® '7.Nanoscale MnO, was prepared
and incorporated into electrically conductive frameworks,
which has been well proven to be an effective and
promising strategy. Developing nanostructured current
collectors with the high surface area and enhanced
conductivity is also mandatory for supercapacitor ma-
terials'®?, however, more enhancement is required to
achieve the remarkable photocatalytic properties of the
MnO/TiO, photoelectrodes®’. There have been quite
a few types of research researcher concerning Ag-TiO,

nanocomposites used as photoactive materials**?* in

many photoactive applications due to their localized
surface plasmon resonance characteristics. Moreover,
Ag exhibited the lowest sheet resistance (30 Q sq)
and highest transmittance (90%) in the 500-700 nm
region®?’. Silver deposits on TiO, have been shown to
enhance the mineralization of mono-, di-poly-carboxylic
acids, and the removal of 2-propanol, chloroform, and
urea®®>!, Herein, we report the fabrication of Ag-MnO,/
TiO, NTs photoelectrodes which led to formatting
Ag,MngO,, NCs/TiO, NTs via annihilation and then we
investigated their photocatalytic performance. The experi-
mental results show that the nanocrystals show excellent
photocatalytic properties for degradation of toxic organic
and textile dyes, however, electrocatalytic activity is not
investigated due to the effect of the electric current
on the stability of the deposited materials structure.
MATERIALS AND METHODS

Material

All chemicals used in this study were analytical grade
and were employed without further purification. Ti-
tanium sheets were purchased from Baoji and Baoye
Titanium-Nickel Manufacturing Co., Ltd. Sodium sulfate
(Na,SO,), Ammonium Fluoride (NH,F), acetone, abso-
lute ethanol, potassium permanganate (KMnO,), Silver
nitrate (AgNO;), Rhodamine B(RhB), Power supply 0
to 30 V electric potential and 0 to 5A electric current.
Magnetic agitators, 35 W xenon light source, 50 x 60 x
40 cm light isolation metal box.

Photoelectrode Preparation

The size of the strip titanium sheet is 90 mm X 10 mm
X 0.5 mm. The effective work area is 40 mm X 10 mm
X 0.5 mm, the titanium foils were cleaned by immersing
them in a mixture of acetone and absolute ethanol, then
in an ultrasonic water bath for 30 minutes, the foils
were left to dry for 1 hour at 80°C in a vacuum oven.
After completely drying the foils, they were immersed
in a mixture of (HF: HNO;: H,O = 1:4:5 in volume)
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for 30 seconds, followed by rinsing with D.I water, then
drying in a vacuum oven for 4 hours at 70°C.

The polished titanium foils were anodized at a constant
potential of 20 V in a mixture of 1M Sodium sulfate
(Na,SO,), containing 0.5%wt Ammonium Fluoride
(NH,F) solution, at 40°C for 2 h in a two-electrode
configuration with a platinum cathode, After anodic
oxidation, the samples were rinsed with deionized water
and dried in air, the resulting amorphous TiO, NTs were
annealed at 500°C for 2 h with heating and cooling rates
of 2°C min~! in air to crystallize the tubes.

Preparation of Ag,Mn,O,, NC/TiO, NTAs Photo-electrode

The Ag,Mn4O,, NC/TiO, nanotube arrays photo-elec-
trodes were prepared via two steps of electro deposition.
At first MnO, particles were deposited onto the surface
of previously prepared bare TiO, NTAs; the deposition
of the MnO, process was conducted in the solution of
KMnO, (0.2 mol/L) for 8 min. The electrochemical de-
position was performed using a two-electrode system with
the prepared TiO, NTAs foil as electrode and platinum
foil as the counter electrode. The electro-depositions were
carried out at a constant current of 10 mA for 10 to 15
minutes at room temperature. The deposition solution
was constantly stirred at 150 rpm during the process.
MnO,/TiO, NTs photoelectrodes were obtained after
natural drying and annealing at 500 C for 1 hour, and
afterwards the Ag particles were electro-deposited onto
the surface of the prepared MnO,/TiO,-NTs electrodes by
the galvanostatic method, using a three-electrode system
with the MnO,/TiO, NTs as the working electrode, a Pt
counter electrode, and Ag/AgCl (3 M KCl) reference
electrode. The galvanostatic deposition was carried out at
0.3 mA for 10 minutes in an aqueous solution containing
0.75 mM AgNO,. After the electro-deposition process,
the Photo-clectrodes were washed with distilled water
and then dried in a vacuum oven at 80°C for 4 hours.

RESULTS AND DISCUSSIONS

Photoelectrodes Characterization

SEM Analysis

An SEM test was performed on as-prepared, bare-TiO,
nanotubes sample and the Ag,MngO,, nanocrystals/
TiO, nanotubes Photoelectrode. The results shown in
Figure 1A illustrated the typical tubular structure with
an average diameter of 100 nm and an average wall
thickness of 20 nm, while scanning samples, obtained
after 1~2 minutes of the second electrodeposition pro-
cess, showed the crystalline formation in and onto the
surface of TiO, nanotubes, as shown in Figure 1B. The
SEM scanning results of the final product showed that
the modified TiO, nanotubes were completely covered
with nanocrystals. The obtained field emission scanning
electron microscope images showed a hexagonal prismatic
crystalline structure, Figure 1C.Which corresponds to
the well-known hollandite crystals structure®*, where
the obtained crystals possess an average diameter of 30
nm and length over 200 nm.

Thus, X-ray diffraction and X-ray photoelectron spec-
troscopy tests were essential to clarify the properties

S X110k SE(M LA 500nm

Figure 1. (A) SEM image of bare TiO, NTAs, (B) Ag,Mn,O,,
NCs formation onto TiO, nanotubes (C) Ag,Mn,O,,
NCs/TiO, NTAs photoelectrodes

and the elemental composition of the formatted crystals
shown in the obtained SEM images.

XRD analysis

X-ray diffraction (XRD) was performed on a D8 Ad-
vance (Bruker) diffractometer with Cu K radiation. The
accelerating voltage and applied current were held at 40
kV and 30 mA, respectively. Ultraviolet-visible diffuse
reflectance spectroscopy (UV-vis DRS) was recorded on
a TU-1901 spectrophotometer equipped with an integrat-
ing sphere, in which BaSO, was used as the reflectance
sample. The XRD patterns of bare TiO, NTAs, MnO,/
TiO, NTAs, and Ag,M,;O,, NCs/TiO, NTAs samples were
performed and are shown in Figure 2. The diffraction
peaks are observed at 20 = 25.41°, 28.66°, 37.56°, 40.26°,
41.95°, 63.04°, 70.748° and 76.32° which correspond to
the (101), (310), (211), (101), (301), (102), (110), (103)
and (112) planes, respectively. Clearly, all the crystallite
phase could be indexed from their corresponding char-
acteristic peaks, The polymorphic modification of TiO,
at 500°C are indexed as (101) and (103) planes which



display the phase of anatase crystallization, while (110)
plane displays the rutile crystallization. After decoration
with the MnO, NCs/ TiO, NTAs and Ag,MngO,, NCs /
TiO, samples exhibited three additional diffraction peaks
located at 28.66° and 41.95°, corresponding to the trans-
formation of MnO, to hexagonal phase(310), and (301)
of Ag,MngO,; NCs, which are in coordination with the
peaks cited in the literature.
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Figure 2. XRD patterns of bare TiO, NTAs, MnO,/TiO, NTAs,
and Ag,MngO,, NCs/TiO, NTAs photoelectrodes

DRS analysis

In order to investigate the visible light absorption
capabilities of the fabricated Photoelectrode, UV-vis
DRS analysis was performed on both bare TiO, NTAs,
MnO,/TiO, NTAs and Ag,MnyO,, NCs/TiO, NTAs
photoelectrodes. Bare TiO, NTAs samples exhibited
typical UV and visible light absorption ratios, while the
light absorbance edge of Ag,Mn,O,, NCs/TiO, NTAs
photoelectrodes was significantly shifted to the visible
region, with the strongest peak located between 400
and 700 nm with a higher absorbance ratio, as shown
in Figure 3. Moreover, the mentioned photoelectrodes
samples exhibited a typical onset absorption edge, at
about 360 nm, corresponding to the electronic transi-
tion from O2— anti-bonding orbital to the lowest empty
orbital of Ti4+ (O2p — Ti3d)*.
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Figure 3. DRS analysis of bare TiO, NTAs, MnO,/TiO, NTAs
and Ag,MngO,, NCs/TiO, NTAs photoelectrodes
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Thus, the Ag,MnzO,, NCs/TiO, NTAs photoelectrodes
significant absorbance shift to visible light can only
be attributed to the coating of Ag,Mng4O,, hexagonal
nanocrystals, furthermore, the band gap of TiO, NTAs
could be calculated through the following Kubelka—Munk
equation®® ¥,
ahv= A(hv - E )"

Where v, a, Eg, and A are the absorption coefficient,
light frequency, band gap, and constant, respectively.
Among them, n depends on the characteristics of the tran-
sition in a semiconductor, such as direct transition where
n=1 or indirect transition where n=4. Thus, from the
results obtained in the DRS analysis, the photon energy
(hv) is estimated via the photon energy model equation,
hv = 1240/\ (the wavelength), while (ahv)* = (photon
energy (hv) x absorbance value)?.

The optical band gap of Ag,MniO,, NCs/TiO, can
be determined from the plot of (ahv)?® as a function of
hv by extrapolating the linear portion of the curve to
intersect the photon energy axis at zero absorption. The
plots: o. versus A (the wavelength), and (ahv)? versus hv,
as well as the extrapolated direct allowed band gap Eg
values are shown in Figure 4.
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Figure 4. Plots of (a-hv)? vs. hv of TiO, NTAs and Ag,Mn,O
/TiO, NTAs determined band gap energy (Eg)

The estimated Eg value of band gap of TiO, NTAs
and Ag,MngO,, /TiO, NTAs were found to be 3.18
and 3.20 eV, respectively. Accordingly, the fabricated
photo-electrodes can absorb and make use of both UV
(290-400 nm) and visible (400-700 nm) radiation to
enhance process efficiencies.
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XPS analysis

To investigate the existence of the electrodeposited
elements on the surface of the fabricated photoelectrode,
XPS analysis was made use of to survey the existence
of elements on the photoelectrode as a result of the
electrochemical process, as shown in Figure 5A, and
to characterize the chemical species of the discovered
elements.

The existence of Manganese elements can be deter-
mined by observing the Mn 2p peaks located between
640 eV and 660 eV. The results show Mn 2p1/2 and
Mn 2p3/2 peaks at 640.33 and 652.28 eV respectively,
as shown in Figure 5B, which attribute to the presence
of two Manganese (Mn) valances, Mn,O; and MnO,,
the oxidation state of manganese can be determined by
using the known oxidation state of oxygen and the overall
charge of the ion, the oxidation state in manganese(111)
oxide (Mn,0;) is Mn*? and the oxidation state in man-
ganese dioxide(MnO,) is Mn*2 Thus, from the obtained
results the oxidation state of manganese in Ag,MngO is
Mn** while the XPS spectra of Ag 3d is given. From
the literature, we know that there are two silver species,
metallic Ag, and Ag,O; each silver species showed two
peaks, owing to the Ag 3d5/2 and Ag 3d3/2 transition.
The Ag peaks are centered at 367.7 eV and 373.8 eV,
as shown in Figure 5C, which contributes to the presence
of Ag,0 as found in the literature® *, and in accordance
to the XRD results shown in Figure 2 and as a part of
the Ag,MngO,, structure.
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Rhodamine B degradation performance

Rhodamine B (RhB) has been widely employed as
a dye, especially for textile and industrial dyes. RhB
molecules were often chosen as a representative pollutant
to evaluate the PC performance of the as-synthesized
catalysts. Thus, in this research, the degradation of RhB
was used to evaluate the PC performances of the as-con-
structed Ag,Mn,O,, NCs/TiO, NTAs photoelectrodes.

Thus, the photodegradation efficiency (DE) was esti-
mated according to the following equation®:

Co— G

DE = x 100

0

The results of the photodegradation process have
shown a remarkable degradation efficiency superior to
the degradation by Ag/TiO, and MnO,, the degradation
ratios of the three photoelectrodes are ranged in this
order: Ag,MngO, NCs/TiO, NTs> Ag/TiO, NTs>MnO,
NTs, as illustrated in Figure 6.

Therefore, the high-efficiency ratio can only be at-
tributed to the formation of Ag,MnyO,, nanocrystals
onto the TiO, NTs photoelectrode, which contributed to
the photodegradation efficiency of RhB due to the high
production rate of -OH and-O2 radicals. The degradation
ratio of RhB was estimated via the pseudo-first-order ki-
netics function, according to the Langmuir-Hinshelwood
(L-H) model*:

The Kinetic linear fitting curves of photocatalytic
degradation, shown in Figure 7, illustrate the superior
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Figure 5. XPS spectra diagram of (A) survey spectra, (B) Mn 2p, (C) Ag 3d and (D) O 1s
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Figure 7. Kinetic linear fitting curves of photocatalytic degrada-
tion of RhB by Ag,MnO,; NCs/TiO, NTs, Ag/TiO,
NTs, and MnO,/TiO, NTs

photocatalytic performance of the Ag,Mn,O,, NCs/TiO,
NTs over the Ag/TiO, NTs and MnO, NTs. It can be
deduced that Ag,MngO,, NCs/TiO, NTs photoanode
displays PC activity with the rate constant of 0.0522
min~! under Xenon light irradiation.

The result shows that the photocatalytic degradation of
Rhodamine B of these samples can be described by the
first order kinetic model, as mentioned above. The linear
relationship with the irradiation time, the calculated rate
constants and the correlation coefficients corresponding
are as listed in Table 1.

The ability to reapply salvaged photoelectrodes is
important for their practical application. This was
determined via a stability test. The concentration and
stability of the solution of the designated organic pol-
lutant (Rhodamine B) were stored in the dark and
saved in black agar containers. Before administering
the photodegradation process, the mixture is agitated
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for 20 minutes inside an isolated metal box to reach
a state of adsorption-desorption equilibrium. Afterwards,
the Ag,MnyO,, NCs/TiO, NTs Photoelectrode is placed
inside a photoreactor filled with 50 mL of Rhodamine B
solution and illuminated for 2 h. The process was repeated
for seven successive-cycles and samples were collected
after 20, 40, 60 and 120 min of illumination and tested
within each cycle. The results show that the catalyst
exhibited catalytic performance without any significant
deactivation, revealing its high stability after multiple
scavenging processes. There is no significant difference
between the performance of the photoelectrode at the
first cycle and the last one, and the degradation ratio
deference is approximate — (0.2%-0.8%). The stability
results are shown in Figure 8.
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Figure 8. Photocatalyst stability test of prepared Ag,MnyO,,
NCs/TiO, NTAs photoelectrodes

CONCLUSION

Ag,Mn,O,, nanocrystals were formatted onto the sur-
face of the TiO, nanotubes photo-electrodes during the
attempt to fabricate Ag-MnO,/TiO, photo-electrodes.
The obtained electrodes were examined via several tests.
By means of Scanning Electron Microscopy (SEM) the
hexagonal prismatic shape of the crystals was viewed,
while an X-ray diffraction (XRD) test illustrated the
formatted crystals composition, and these crystals were
found to be Ag,MngO,, nanocrystals. A further XPS
scan was performed on the surface of the fabricated
photoelectrode to certify the existence of the deposited
elements. Ag,MngO,, nanocrystals are known for their
electro catalytic capabilities, especially in the field of
lithium-air batteries. In this research, the photocatalytic
capabilities of Ag,MnyO,, NCs/TiO, NTs were tested
by means of a DRS test and Rhodamine B photo de-
gradation. The obtained results have shown enhanced
photocatalytic properties in both tests, and the overall
photo-degradation ratio of Rhodamine B was found
satisfactory, and clarified that Ag,Mn,O,, NCs/TiO,

Table 1. Photoelectrocatalytic degradation kinetics of Rhodamine B using Ag,MngO,, NCs/TiO, NTs, Ag/TiO, NTs and MnO,/

TiO, NTs Photoelectrode

Samples First order reaction kinetics equation Apparent rate Correlation coefficient [RZ]
constants [k]

AgoMngO+6 NC/TiO, NTs y = 0.0522x + 0.0164 0.0522 0.9974

MnO,/TiO; NTs y =0.0091x + 0.0237 0.0091 0.9977

Ag/TiO, NTs y = 0.0305x + 0.0343 0.0305 0.9909
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nanotubes photoelectrodes are suitable candidates for
water organic pollutants’ degradation. In addition, it
is essential to mention that MnO,/TiO, NTs photo-
-electrodes exhibited poor photocatalytic properties in
comparison with noble elements, such as Cd, Pd, Au,
Ag, etc., therefore their photocatalytic performance was
neglected. However, when combined with a noble element
as one semiconductor, it improves the electron transfer,
which enhances the photodegradation performance of
the prepared photoelectrodes.
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