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Abstract

Coupling of TiO, nanotube arrays (NTAs) with narrow band gap materials has been a promising strategy to extend the absorption of
TiO, into visible light region. In this work, the fabrication of manganese doped TiO, nanotube arrays (Mn/TiO, NTASs) was carried out
by an electrodeposition method. The deposition time of Mn onto TiO, NTAs which was varied in the range of 1-5 minutes was found to
play an important role in controlling the formation and distribution of Mn nanoparticles onto TiO, NTAs. The films were characterized
by field emission scanning electron microscopy (FESEM), X-ray diffractometry (XRD), energy dispersive X-ray spectroscopy (EDX)
and UV-vis diffuse reflectance spectroscopy to determine their morphology, crystalline structure, and optical properties of the samples.
The results from FESEM showed that Mn nanoparticles were found to grow larger and cause blockage to the mouth of the nanotubes
with prolongs deposition time. On the other hand, Mn/TiO, NTAs synthesized with shorter deposition time exhibits significant enhance-
ments in the optical absorption and photocurrent density. In particular, the Mn/TiO, NTAs produced at 1minute deposition time exhibited
the highest photocurrent density compared to the others. The uniform distribution and quantity of the Mn could be the reason for this

performance, therefore, more light was absorbed and generating more electron-hole pairs then giving the highest photocurrent.
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1. Introduction

TiO, is a semiconductor material with low toxicity, good chemical
stability, environmentally friendly nature, low cost, and naturally
abundance [1-3]. During the last decade, it has been intensively
studied for many applications in the energy and environment field,
such as supercapacitors, photelectrochemical cells, gas sensors,
pollutant cleansers, and photocatalysts [4-5].

The morphology of materials has a considerable effect on their
chemical and photoelectrochemical properties [6]. TiO, nanotube
arrays (NTAs) synthesized via anodization technique, with high
surface areas and well-ordered structures is of improved or new
character in comparison to other different morphologies (nanorod,
nanoparticles, nanobelts). For instance, the TiO, NTAs exhibited
considerably superior light harvesting efficiencies and greater
charge collection efficiencies than TiO, nanoparticles [7]. Because
of the back contacted TiO, NTAs layers on the Ti substrate, thus it
can be used as supercapacitors [4, 8-9]. TiO, NTAs has been used
in a broader area of applications, for example, as photocatalyst
[10], in dye-sensitized solar cell [11], and photoelectrochemical
cells [12]. In order to improve the photoelectrochemical properties
of TiO, NTAs, many research efforts on modification of TiO,
NTAs have been carried out. Our previous studies on the modifi-
cation of TiO, NTAs included the deposition of CdS [13] and
CdSe [14] onto TiO, NTAs. Deposition of metal ions onto TiO,
NTAs is one of the effective methodologies to improve the
photoelectrochemical properties of TiO, NTAs as the absorption
into visible light region by TiO, could be extended via lowering
band gap energy effect of the metal dopant as Nb, Zr, Bi, and V
[15-17]. Doping is necessary to modify the intrinsic property of

semiconducting nanocrystals like Mn. One of the promising metal
dopant is Mn. Manganese is abundant in the earth and therefore,
low cost, and has newly attracted much interest as a visible light
sensitizer. To the best of our knowledge, there are little reports on
the photoelectrochemical properties of Mn deposited into TiO,
NTAs. In this study, Mn was deposited into TiO, NTAs via a two-
step electrodeposition anodization method and their crystal struc-
tures, morphologies, and photoelectrochemical properties were
examined. Moreover, as a comparison, the TiO, NTAs were also
synthesized using the same procedure and were characterized
accordingly.

2. Experimental

2.1. Preparation of TiO, NTA and Mn/TiO,; NTAs

Anodization technique was executed by a program controlled DC
source. The anodization set-up consists of a two-electrode electro-
chemical configuration with a Ti foil acts as the anodic electrode
and a high-density graphite as the cathodic electrode. The electro-
Iyte used in this procedure was 95% volume ratio of ethylene gly-
col solution containing 0.5 wt% NH4F and 5% volume ratio of
water. The anodization process was conducted at 40 V for 1 hour.
After the anodization, the sample was rinsed with DI water, air-
dried, and subjected to further annealing at 500 °C for 2 h with
2°C/ min rate of heating. A heat treatment is necessary to induce
crystallinity in the TiO, NTAs. To deposit Mn into TiO, NTAs,
electrodeposition technique was carried out with a two-electrode
electrochemical cell containing 5mM of Mn(NOs),. H,O electro-
Iyte. The prepared TiO, NTAs was placed at the cathode and the
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graphite acts as the anode. Electrodeposition of Mn was executed
at 4V for various times of deposition (1, 2, 3, 4, and 5) min. Then,
DI water was used to rinse the sample and subsequently they were
dried in air and subjected for further characterization.

2.2. Characterization methods of TiO, NTAs and Mn/
TiO, NTAs

The morphological of TiO, NTAs and Mn/ TiO, NTAs were stud-
ied via Field Emission Scanning Electron Microscope (FESEM,
JSM-7600F, JOEL, Japan) while Energy Dispersive X-Ray (EDX)
spectrophotometer coupled with FESEM was used to analyze the
elemental composition of the sample. The X-Ray Diffractometer
(Panalytical X, Pert Pro MPD with CuKa radiation, k = 1.5406
A°) working at 40 kV and 40 mA was used to determine the crys-
tal structures and crystallinity of the samples. UV-Vis diffuse
reflectance spectrophotometer (Cary 300, USA) was used to
measure the optical absorption of the samples. Finally, a three
electrode  photoelectrochemical (PEC) cell connected to
potentiostat was used to evaluate the photoelectrochemical proper-
ties of the sample. In the PEC cell, the Mn/TiO, NTAs as the
working electrode, a Pt wire as the counter electrode, and an
Ag/AQCI as the reference electrode, was used to evaluate photo-
current response of the prepared samples. The measurements of
current were executed in 0.01 M Na,S under intermittent illumina-
tion from a halogen lamp (300 W) where both the photocurrent
and dark current were recorded in a single experiment. The photo-
current was recorded by (Autolab PGSTAT204/FRA32 M mod-
ule) with a scan rate of 20 mV/ s™.

3. Results and discussion

The FESEM images of blank and modified TiO, NTAs are dis-
played in Fig.1. Upon anodization, well-ordered TiO, NTAs were
formed and was used as the substrate for subsequent deposition of
Mn. The diameter of TiO, NTAs is about 60-90 nm as shown in
Fig. 1a. Fig. (1b-1f) displays that the morphology of Mn nanopar-
ticles different greatly with the alteration of deposition time. Fig
1b displays the uniform distribution of spherical liked Mn
nanoparticles on the TiO, NTAs. As expected, with increasing
deposition time of Mn onto TiO,, the particles size of Mn was
increased and eventually covered the tubes opening as shown in
Fig (1c- 1f). The wall of nanotubes was seen to be thickening as a
result of the deposition of Mn. At 4 mins, the opening of the nano-
tubes’ mouth still can be observed and the blockage of the mouth
is quite severe at 5 mins deposition time.

Fig. 1: Top view FSEM images of (a) TiO, NTAs and Mn deposited into
TiO, NTAs at different deposition time: (b) 1, (c) 2, (d) 3, (e) 4and (f) 5
mins

XRD analysis of TiO, NTAs and Mn/TiO, NTAs samples were
conducted and the results are displayed in Fig.2. TiO, NTAs
shows sharp anatase peaks at 20 = 25.7°, 37.5° 48.5°, 54.0° and
55.0° respectively (JCPDS: 21-1272). The intense and sharp
peaks indicate that the sample is highly crystalline. Moreover,
there were peaks which attributed to the titanium phase at 26 =
35.45°, 38.8°% 40.5° and 53.4° respectively. Furthermore, a small
peak at 20 = 31.8° was attributed to Mn phase (JCPDS No. 00-
001-1234). From this result, XRD analysis confirmed the presence
of Mn into TiO, NTAs.
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Fig. 2: XRD patterns of: (a) TiO, NTAs, (b) Mn/TiO, prepared at 1 min
deposition time.

The elemental composition of the Mn decorated with TiO, NTAs
was additionally measured via EDX as presented in Fig. 3. The
featured characteristic peaks in the spectrum of EDX are associ-
ated with Mn, Ti, and O, confirming the deposition of Mn onto
TiO, NTAs was a successful one. No other impurities were de-
tected.
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Fig. 3: EDX spectra of Mn/TiO, NTAs prepared at 1 min deposition time

Fig. 4 shows the UV-DRS absorbance spectra of TiO, NTAs and
Mn/TiO, NTAs in the range of 350 to 700 nm. In this work, the
absorption edge of TiO, NTAs was detected less than 400 nm
ascribed to the fundamental inter-band transition absorption of
TiO, NTAs. The low absorption of pure TiO, NTAs in the visible
area can be attributed to the presence of cracks or pores and oxy-
gen vacancies in TiO, NTAs is responsible for the light scattering
[18-19]. It is observed that all Mn/TiO, NTAs samples display a
high absorption in the wavelengths between 400 to 700 nm, com-
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pared to the bare TiO, NTAs, which confirmed the ability of
Mn/TiO, NTAs samples to absorb the visible light. The absorption
edge clearly has been shifted to the visible area (red-shift). This
possibly attributed to the incorporation of Mn onto TiO, NTAs
has well narrowed down band gap of Mn/TiO, NTAs as shown in

Table 1. The optical bandgap was calculated by using the equation:

Eg (eV) = 1240/(wavelength in nm).
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Fig. 4: UV-Vis absorption curves: TiO, NTAs and Mn/TiO, NTAs pre-
pared at various deposition times
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Table 1: Absorption edge and band gap energy values of Mn/TiO, NTAs
prepared at different deposition time

Thin film Absorption edge Observed
(nm) band gap
values (eV)

TiO; NTAs 382 3.24
Mn/TiO; NTAs at 507 2.44

1 min deposition time
Mn/TiO, NTAs at 511 2.42

2 min deposition time
Mn/TiO, NTAs at 521 2.38

3 min deposition time
Mn/TiO, NTAs at 529 2.34

4 min deposition time
Mn/TiO, NTAs at 536 231

5 min deposition time

Fig. 5 shows the photoelectrochemical response of bare TiO,
NTAs and Mn/TiO, NTAs photoelectrodes using a three-electrode
electrochemical cell with a Pt wire electrode as a counter and satu-
rated Ag/AgCl electrode as reference, under halogen light irradia-
tion. The photocurrent measurements were carried out ina 0.1 M
Na,S as electrolyte. As a consequence, TiO, NTAs has absorbed a
few parts of the photons to the generation of a photocurrent [20]
[21]. Thus, it is substantial to take the photocurrent/voltage feature
for further realization of the photoelectrochemical properties of
Mn/TiO, NTAs. The photocurrent density of Mn/TiO, NTAs pho-
toelectrode is higher than that of a bare TiO, NTAs photoelectrode
at all bias potential because of a decrease recombination of photo-
generated holes and electrons after Mn has been deposited into
TiO, NTAs. Hence Mn doping may cause the electrons to get
trapped and screen them from charge recombination with holes,
leading to the improvement of charge collection efficiency. The

highest photocurrent generated by Mn deposited into TiO, NTAs
at 1 min deposition time due to enhanced optical absorption and
improved in the crystallinity caused by Mn deposited into TiO,
NTAs [20]. The results confirm that the Mn deposited into TiO,
NTAs are sensitive to the visible light and can produce a sustain-
able regular photocurrent under halogen (visible) light irradiation.
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Fig. 5: Photocurrent density, |-V curve in 0.01 M NaS: TiO, NTAs and
Mn/TiO, NTAs prepared at various deposition time

4. Conclusion

In this paper, TiO, NTAs were successfully doped with manga-
nese using an electrodeposition method. Depositing manganese
extended the absorption of TiO, NTAs films into the visible light
region. Under visible light (halogen lamp) irradiation, the Mn/
TiO, NTAs films displayed higher photocurrent response than the
undoped TiO, NTAs films. These amended properties can be im-
puted to the increased absorption of visible light, the improved
surface defects and the photogenerated electrons/hole separation
generated by Mn depositing into TiO, NTAs.
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