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ARTICLE INFO ABSTRACT

Titanium dioxide (TiO,) nanorods are widely used in many fields such as self-cleaning surfaces, photocatalytic
lithography and pollutant control, owing to their outstanding physical, chemical and optical properties.
Traditional methods for synthesizing TiO, nanorods are mostly tedious with high cost and tremendous energy
consumption. In this work, TiO, nanorods with excellent optical, electrochemical, and hydrophilic properties
were rapidly synthesized on titanium alloy (TC4) by using inductively coupled plasma (ICP) with strong che-
mical reactivity and high temperature characteristic. XRD patterns and SEM images confirm the conversion of
TC4 into rutile TiO, nanorods after irradiated by ICP at 800 W for only one pass, and the nanorods tend to grow
longitudinally under prolonged ICP processing. Moreover, the well-developed single-crystalline feature of TiO,
nanorod is affirmed by TEM test. To reveal the growth mechanism of TiO, nanorods, three types of substrates
(polished TC4 by electrochemical polishing (ECP), polished TA2 by ECP and oxidized TC4 by anodizing) were
used to grow TiO, nanorods. However, TiO, nanorods with good morphology were only formed on the first type
of substrate due to the existence of 3 phase Ti, which could suppress thermal transmission between grains. In
addition, the results of UV-Vis absorption spectrum, electrochemical test, and static water contact angle of the
treated TC4 samples show that TiO, nanorods synthesized by ICP possess excellent optical, electrochemical, and
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1. Introduction

Titanium dioxide (TiO,) is a multifunctional ceramic material,
seeking the attention of researchers because of its chemical stability,
non-toxicity and superior photocatalytic activity [1,2]. In addition,
TiO, being a wide band gap (3.0-3.2 eV) semiconductor material has
been used in various fields such as photolysis of water for hydrogen
production [3], dye-sensitized solar cell [4], photocatalytic degradation
of pollutants [5], gas-sensitive sensors [6], electrodes for electro-
chemical characterization [7] and so forth. As often described, there are
three types of TiO, crystal structure: rutile, anatase and brookite [8].
Among them, brookite is an unstable phase of TiO,, thus only a few
researches have been reported on it. Besides, rutile is a stable phase of
TiO, at high temperature (> 400 °C) with better performance in terms
of chemical stability and higher refractive index than anatase TiOo,
which is stable at relatively low temperature [9]. As compared with
bulk TiO, with flat surface, TiO, with nano-ordered structure is pre-
ferred by researchers because of its unique properties such as photo-
catalysis and wetting property [10,11]. Till now, different array struc-
tures have been reported such as nanorods [2,4], nanobelts [12],
nanowires [13] and nanotubes [14], where each type of nanostructures
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significantly affect their properties and consequently the applications. It
has also been demonstrated that the ordered nanostructured TiO, ar-
rays can effectively improve their optical properties and photocatalytic
activities [15].

Recently different approaches, for instance, sol-gel method, oxida-
tion method, hydrothermal method, chemical vapor deposition (CVD)
and magnetron sputtering, have been used to synthesize various TiO5
nanostructures [1,2]. Based on sol-gel method, Xu et al. [13] success-
fully obtained radially aligned TiO, nanowires and single crystal rutile
phase nanorods together with some unchanged titanate nanobelts on
polyester fabrics. Owing to uniquely mixed one-dimensional (1D) na-
nostructures, phase junctions, abundant surface hydroxyl groups and
narrowed band gap, polyester fabrics exhibited excellent photocatalytic
and antibacterial performances. Peng and Chen [11] prepared the
highly dense and well-aligned rutile phase TiO, nanorods on the tita-
nium substrate by thermal oxidation with acetone as the oxygen source,
and the measurement of water contact angle on the TiO, film declared
it a highly hydrophilic surface. Kim et al. [4] reported a highly efficient
solar cell based on submicron (~ 0.6 um) rutile TiO, nanorods syn-
thesized by hydrothermal method, and discovered that the length of
rutile nanorods, on which photovoltaic performance was markedly
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dependent, varied with the reaction time. Wen et al. [16] adopted the
room temperature alkaline-free wet chemistry strategy and synthesized
ultrathin nanobelts of anatase TiO,, which could be used for lithium
storage. Taking Ti(O-i-Pr),(thd), as the growth solid precursor and the
mixture He-N, as the working gas, Kment et al. [17] obtained anatase
phase TiO, thin films by CVD. Although a variety of nanostructured
TiO, have been synthesized using traditional methods, however, these
methods are not only tedious with high cost and tremendous energy
consumption but also difficult to scale up. Therefore, the development
of a simple, economical and environment friendly method for the
synthesis of nanostructured TiO, is strongly desired.

Herein, we proposed a nonaqueous method to synthesize TiO, na-
norods by using inductively coupled plasma (ICP). It has been de-
monstrated that atmospheric pressure ICP can achieve not only high
radical density (10'°-10'” em™3) but also high temperature
(5000-7000 K) [18]. In our approach, strong chemical reactivity of ICP
oxidized titanium alloy to form TiO, nanofilm, while high-temperature
characteristic of the discharge crystallized TiO, nanofilm to grow na-
norods. Compared with the previously stated traditional approaches,
our method has three distinct advantages; (i) it is a nonaqueous process
eliminating solutions as well as gaseous precursors; (ii) one-step
synthesis from titanium alloy to TiO, nanorods makes it very simple
approach; and (iii) due to the atmospheric operation, it is feasible to
prepare TiO, nanorods on a large scale. In addition, we have also in-
vestigated the growth mechanism of TiO, nanorods on Ti-6Al-4V ti-
tanium alloy substrate by ICP irradiation and evaluated the optical,
electrochemical, and hydrophilic properties.

2. Experimental details
2.1. Materials

Commercially available Ti-6Al-4V titanium alloy (TC4) and pure
titanium (TA2, purity = 99.85%) were used in this study. All the
samples were sliced into a disc shape with a diameter of 15.0 mm and a
thickness of 3.0 mm, and then lapped with sandpapers (from No. 400 to
No. 1000) to smooth and flatten their surfaces. Before ICP treatment, all
samples were rinsed with 75% alcohol by ultrasonic cleaning and fi-
nally dried with nitrogen gas. The TC4 and TA2 samples after these
processes are defined as the as-received TC4 and TA2 samples respec-
tively in this study. Electrochemical polishing (ECP) and anodizing
were conducted to obtain samples with different surface morphologies
and compositions in order to investigate the growth mechanism of TiO,
nanorods using ICP. For ECP, 10 wt% methanol-based sulfuric acid
(H,SO,4) was used as the electrolyte and the lapped sample was polished
at 30 V for 60 s. For anodization, 1 wt% water-based sodium hydroxide
(NaOH) solution was taken as the electrolyte and lapped sample was
anodized at 60 V for 60 s.

2.2. Setup of ICP

Fig. 1(a) shows the schematic of ICP equipment used in this study.
The ICP torch fabricated by quartz (di, 14.2 mm and
dowt = 16.0 mm) and the copper inductive coil wrapped around were
mounted on a three-dimensional precision translational stage. Argon
with flow rate of 1.5 SLM (standard liter per minute) and oxygen with
flow rate of 20.0 SCCM (standard cubic centimeter per minute) were
used as the supporting and the reaction gas of plasma, respectively, and
the cooling gas was also argon with flow rate of 13.0 SLM. The distance
between the outlet of the ICP torch and the surface of the sample was
30.0 mm. Fig. 1(b) shows a live moment in the experiment, in which the
sample shown in Fig. 1(d) would move along the path depicted in
Fig. 1(c) at a speed of 200 mm/min. After ICP irradiation, the surface of
the sample was uniformly modified.
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2.3. Characterizations

During ICP treatment, optical emission spectrometer (Ocean Optics
USB4000) with the resolution of 0.2 nm was used to record the emis-
sion of ICP in the range of 200 to 1000 nm, and an infrared imager
(FLIR T660) was utilized to measure the temperature of the TC4 sur-
face. For the different crystal phases of TiO,, X-ray diffraction (XRD,
Rigaku Smartlab) was conducted to detect the as-received and treated
TC4 samples, respectively. The radiation source used was CuKa, and
the scan range was set to 10-80° with a step angle of 0.02°.
Consequently, the phases from the XRD patterns were identified,
compared with standard JCPDS database. Moreover, the surface mor-
phology of all the samples was characterized by a field emission scan-
ning electron microscope (FE-SEM, ZEISS Merlin) and an atomic force
microscope (AFM, Bruker Dimension Edge) operating in tapping mode,
and the crystal structure of the treated TC4 was studied using a trans-
mission electron microscope (TEM, FEI F30) under 300 kV.

2.4. Performance tests

To evaluate the performance of the synthesized TiO, nanorods, their
optical absorption, electrochemical, and hydrophilic properties were
studied respectively. The UV-Vis diffuse reflectance spectra (UV-Vis
DRS) of the treated samples were recorded by a spectrometer
(PerkinElmer, Lambda 750s) equipped with an integrating sphere de-
vice to detect solid samples. The scanning range was set to 200-800 nm,
and the scanning speed was 266.75 nm/min. All electrochemical
measurements were investigated by an electrochemical workstation
(CHI660E, Shanghai). A standard three-electrode system, with the
sample as the working electrode, saturated Ag/AgCl as the reference
electrode, and platinum foil (2 x 2 cm?) as the counter electrode, was
adopted. A 1.0 M NaOH water solution was considered as the electro-
lyte. The hydrophilicity of the as-received and treated TC4 samples was
evaluated using a contact angle instrument (KRUSS DSA25E). Specially,
1 uL volume of deionized water droplets were dropped at 5 different
positions on the surface of each sample to conduct measurements, and
the mean value and variance of water contact angle were calculated
from the acquired data.

3. Results and discussion
3.1. ICP diagnostics and temperature characterization

As described in Section 1, ICP can not only oxidize TC4 to TiO,
nanofilm but also crystallize TiO, nanofilm to TiO, nanorods owing to
its strong chemical reactivity and high temperature in theory. Thus, in
order to confirm the chemical reactivity, the optical emission spectro-
scopy (OES) of ICP was measured. OES can determine the nature of
species and quantify the concentrations of active particles in ICP. The
typical emission spectrum of ICP with power input of 800 W
(P;n, = 800 W), which was recorded at 30 mm from the ICP torch outlet,
is shown in Fig. 2(a). It is clearly seen that the major excited species in
ICP are atomic oxygen (777 and 844 nm) and argon (750, 811 and
912 nm) [19]. The atomic oxygen mainly generated by the collision of
energetic electrons with oxygen atoms/molecules (e + O — O* + e,
e + O, — O* + O + e) leads to the high oxidation potential of ICP.
Therefore, using ICP to oxidize TC4 is practically feasible. Furthermore,
some nitrogen peaks resulting from the ambient air during ICP opera-
tion can also be observed in the emission spectrum [20].

Fig. 2(b) indicates that the temperature of the sample surface would
rise almost linearly with the increasing P;, of ICP. Generally, TC4
consists of @ and f3 phase Ti, where a phase Ti can spontaneously con-
vert to f3 phase Ti under the condition of high temperature. As for TiO,,
once the temperature reaches about 160 °C, TC4 are oxidized to TiO,.
And anatase phase TiO, would transform into rutile phase TiO, at high
temperature (400-800 °C) [21]. At P;, = 300 W, the temperature of the
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Fig. 1. (a) Schematic diagram of the ICP equipment. (b) Snapshot of the ICP treatment experiment. (c) Displacement path of the sample. (d) Photograph of the as-

received TC4 sample.

2T B
61 Kl Ar(811nm)
~ ] 4 O (844nm)
g Ar (912nm) r (4p=4)
é 2 . . N (BI~A%)
£ 2N, C’n~B'n)
200 400 Wavelea:;)th o) 800 1000
(b) 1200
1000 4 I NN
‘%600- S § § §
£ 400 § \ § \
®ce
300 W 600Wl 900 W
100 1200°C]

Fig. 2. (a) OES of ICP at P;;, = 800 W. (b) Relation between the ICP power input
and the temperature of the TC4 surface. (c) Temperature calibration of the TC4
surface treated by ICP at 300, 600 and 900 W.
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sample surface was below 200 °C and the oxidation degree of TC4 was
relatively weak. When the Py, increased to 500 W, the corresponding
temperature raised to 600 °C, which was favorable for the formation of
rutile phase TiO,. While P;, = 800 W (~1000 °C) or P;;, = 900 W
(~1050 °C), TC4 surface would be oxidized deeply due to the extremely
elevated temperature. Fig. 2(c) shows the temperature calibration for
the treated TC4 samples by ICP irradiation at P;, = 300, 600, and
900 W. As the atom binding force of titanium-oxygen is greater than
that of aluminum-oxygen and vanadium-oxygen [22], the titanium
atoms would preferentially react with oxygen atoms to form TiO,.
However, it should be considered that the TiO, film might crack and
even peel off because of the intense oxidation at high Py,.

3.2. Identification of TiO phase and study of the growth conditions of TiO,
nanorods

The common crystal structures of TiO, are rutile and anatase phase,
while high temperature conditions are more favorable for the formation
of rutile phase. XRD patterns of the as-received TC4 and the treated TC4
by ICP irradiation at different conditions are shown in Fig. 3. For the as-
received TC4, typical diffraction peaks for Ti were observed, which was
the same with the sample processed by ICP at P;,, = 500 W for only one
pass. However, when the Py, increased to 800 W, XRD peaks of rutile
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Fig. 3. Comparison of the XRD patterns of as-received and treated TC4 with the
standard rutile card of JCPDS 21-1276.
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were detected even for the one pass irradiation by ICP, as identified by
comparing with the standard rutile card of JCPDS 21-1276. In addition,
the existing diffraction peaks became sharper and their intensities got
stronger due to the prolongated ICP processing time to ten passes,
which reveals the constant crystal form and the continuously
strengthening crystallinity of treated TC4 samples. Moreover, the
average crystallite size (L) of TiO, based on the XRD pattern was esti-
mated by the Scherrer formula [23]:

_ K
Bcos 6’

where K is a constant related to crystallite shape (generally taken as
0.9); A is the wavelength of X-ray; B is the half-height width of the
diffraction peak; and 0 is the diffraction angle. Thus, the crystallite size
of rutile on TC4 substrate irradiated at 800 W for one pass was esti-
mated to be 40 nm. In conclusion, rutile can grow on TC4 substrate
after being irradiated by ICP at enough high P;, even for a short reac-
tion time, and longer reaction time contributes better crystal quality.

Actually, the high concentration of active atomic oxygens in ICP is
responsible for the synthesis of rutile TiO, nanofilm on TC4 substrate,
as explained by the following reaction pathway [24]:

Ti + O, — TiO, AG = —181.5 kcal/mol

When the temperature rises to an appropriate level, TiO, nanofilm
would crystallize to form TiO, nanorods. As shown in Fig. 4, the surface
morphology of TC4 samples changed in different degrees after the ir-
radiation using ICP at different P;,. Scratches could be observed on the
control sample (Fig. 4(a)), and the oxidation of TC4 only occurred
around these scratches when the P;, varied from 300 W to 500 W
(Fig. 4(b)-4(d)). However, at higher P;, (600-700 W), both the tem-
perature and chemical reactivity of ICP were enhanced, consequently
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oxidizing whole surface of TC4 to TiO,. Notably, TiO, evenly covered
the sample surface in the form of nanoparticles at first under that
condition, while these TiO, nanoparticles grew bigger at P;;, = 800 W
and TiO, nanorods were formed preliminarily at P;, = 900 W. Con-
cretely speaking, the lengths of TiO, nanorods are around 500 nm and
their diameters change from 10 to 100 nm at P;, = 800 W, which are
consistent with the values estimated by the Scherrer formula. At
P;, = 900 W, thicker nanorods were synthesized. Thus, it seems that
the improved temperature is beneficial to the transverse growth of TiO,
nanorods.

Besides, more details of the sample surface can be recognized from
the inserted AFM images. However, at P;; = 700 W, the surface of
samples is too rough to be measured by AFM, and thus no corre-
sponding AFM images are provided here. Fig. 4(i) shows the change in
color of sample (a) to sample (h). Essentially, pure TiO, should be
white, however varying atomic ratio of titanium and oxygen during the
experiment may tune different colors of the sample [25]. In this study,
the color of sample surface changed from faint yellow to dark blue and
eventually turned black with the increasing P;, of ICP, which also de-
pends on the increase of thickness of the TiO, nanofilm.

From Figs. 3 and 4, it can be concluded that ICP at high P;, can be
used to synthesize rutile TiO, nanorods on the surface of TC4 substrate.
Moreover, increasing P;, enhances the sample surface temperature;
consequently, nanorods tend to grow faster in transverse direction.
Thus, the transverse growth of TiO, nanorods is mainly determined by
temperature. However, only rising temperature is not enough to obtain
nanorods with good morphological characteristics.

To further reveal the growth process of TiO, nanorods on TC4
substrate using ICP, we firstly irradiated the stationary TC4 samples for
different time at P;,, = 800 W. Fig. 5 shows that after being irradiated
for a short time (< 30s), countless TiO, nanoparticles grew evenly on

Fig. 4. Images of as-received TC4 and treated TC4 by ICP at different P;, for one pass. (a) As-received TC4. Treated TC4 at 300 W (b), 400 W (c), 500 W (d), 600 W
(e), 700 W (f), 800 W (g) and 900 W (h). (i) Photograph of the sample (a)-(h). The insets in (a)-(e) are the corresponding AFM images.

8618



H. Liu, et al.

Ceramics International 46 (2020) 8615-8624

Fig. 5. SEM images of the growth trend of TiO, nanorod at 800 W. (a)-(h) show the morphologies of TC4 samples irradiated by ICP for 5s, 10s, 15s, 20s, 30s, 40s, 50s,

60s, respectively.

TC4 surface at first; with the extension of reaction time, these nano-
particles evolved into nanorods eventually. According to the results
shown in Figs. 4 and 5, it seems that TiO, nanorods with good mor-
phology are more likely to be synthesized directly and rapidly on TC4
substrate by ICP under the condition of P;, = 800 W.

By increasing the number of pass that plasma swept over TC4 sub-
strate at P;, = 800 W, we successfully prepared lathy TiO, nanorods. As
shown in Fig. 6, the size of the nanorods along the longitudinal direc-
tion has obviously increased under multiple irradiation passes of
plasma, compared with the result of one pass in Fig. 4(g). When the
plasma flame swept over the surface of TC4, TiO, nanoparticles grew
rapidly at the site of spontaneous nucleation. With enhanced plasma
processing time, TiO, nanoparticles self-assembled to rod-like struc-
tures. It has reported that the most stable face with the lowest surface
energy would dominates the shape of TiO, nanorods, while the crystal
face with the highest surface energy may not exist in the equilibrium
shape at all [26]. Besides, these one-dimensional nanorods always tend
to come together to form spheres or arrays by sharing the low surface
energy crystal face in order to maintain less overall free energy [27]. At
the same time, high temperature and phase transformation could lead
to twins, thus forming uniform rutile TiO5 branch-like nanostructures
[24].

TEM test was completed to further study the crystal structure of
TiO, grown by ICP irradiation. Fig. 7(a) shows a cross-sectional view of
the sample in Fig. 4(c). It is clearly seen that a layer of TiO, with a
thickness of about 20 nm was formed on the TC4 substrate only irra-
diated by ICP for one pass at P;, = 400 W. High resolution TEM
(HRTEM) image in Fig. 7(b) indicates that the oxide layer was made up
of polycrystalline TiO,. The selected-area electron diffraction (SAED)
pattern in Fig. 7(c) was recorded in a square area with side length
greater than 100 nm, in which the boundary between TiO, layer and
the substrate was included. Because the TiO, layer is too thin, Fig. 7(c)
mainly represents the crystal structure of TC4. A TiO5 nanorod with the
length of about 650 nm and the width of 200 nm, which was formed

under the condition of P;, = 800 W and five passes, is presented in
Fig. 7(d). The corresponding HRTEM image (Fig. 7(e)) illustrates that
the TiO, nanorod is well-crystallized, and clear spacings of 0.250 and
0.227 nm agree with the (101) and (111) spacing of rutile phase re-
spectively. Additionally, the accordingly well-developed single-crys-
talline in nature is also displayed in Fig. 7(f).

3.3. Growth mechanism of TiO. nanorods

To further explore the growth mechanism of TiO, nanorods, we
have studied the growth status of nanorods on the surface of the fol-
lowing three types of substrate under the conditions of P;,, = 800 W and
one pass: (i) polished TC4 sample by ECP; (ii) polished TA2 sample by
ECP; and (iii) oxidized TC4 sample by anodizing.

After ECP was carried out under the corresponding parameters de-
scribed in Section 2.1., two-phase structure (a and 8 phase) was ob-
tained on the surface of TC4, as shown in Fig. 8(a) and (a-1). The 8
phase plays an important role in the formation of TiO, nanorods by
inhibiting thermal transmission between grains during the surface
treatment by ICP at P, = 800 W. Hence, every grain in a phase would
stay in a high temperature state, which is beneficial for the growth of
TiO, nanorods. What's more, the growth directions of TiO, nanorods
are unlike for different grains in a phase, as shown in Fig. 8(b) and (b-
1).

For the as-received TA2 sample, scratches are obvious after lapping,
as shown in Fig. 9(a), while apparent crystal boundaries can be ob-
served on its surface after ECP, as shown in Fig. 9(b). The ECP para-
meters were also described in Section 2.1. Since 8 phase occupies only a
very small proportion in TA2, it can be inferred that no § phase among
these large-sized grains is present to suppress thermal transmission.
Therefore, all single grains observed in Fig. 9(b) actually stay in a re-
latively low temperature condition when irradiated by ICP. Fig. 9(c)
and (c-1) show that although nano-bulges grew on the periphery of
grains, no characteristic nanorods were synthesized.

Fig. 6. SEM image of TC4 samples irradiated by ICP at constant power input of 800 W with different passes: three passes (a), five passes (b) and ten passes (c).
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Fig. 7. TEM results and corresponding SAED patterns of TC4/TiO, and TiO, nanorods. (a) is a cross-sectional view of the treated TC4 (400 W, one pass) in Fig. 4(c).
(b) is the HRTEM of (a). (c) is the SAED pattern of TC4/TiO, in (a). (d) is a close-up view of a TiO, nanorod peeled off the TC4 (800 W, five passes) in Fig. 5(b). (e) is

the HRTEM of (d). (f) is the SAED pattern of the TiO, nanorod in (d).

Furthermore, we also investigated the growth of TiO, nanorods on
TC4 samples after anodizing. The parameters of anodizing were de-
scribed in Section 2.1. Fig. 10(a) and (a-1) show the surface mor-
phology of anodized TC4, on which a layer of TiO, nanofilm was
formed. The anodized sample was then irradiated by the ICP to induce
the growth of TiO, nanorods. Unfortunately, similar to that of polished
TA2, only short-length nano-bulges were obtained, as shown in
Fig. 10(b) and (b-1). In addition, after the formation of TiO, nanofilm
on TC4 substrate by anodizing, the blocking effect of § phase on

thermal transmission disappeared, thus preventing local enhancement
in temperature. Hence, TiO, nano-bulges could not grow into TiO,
nanorods.

3.4. Characterization of optical, electrochemical, and hydrophilic properties
of TiO2 nanorods

TiO, is a wide band gap transparent semiconductor oxide with
many outstanding properties [3]. In this paper, UV-Vis absorption

Fig. 8. Images of the TC4 samples processed by ECP and ICP (P;, = 800 W, one pass) successively. (a) SEM image of polished TC4 by ECP. (a-1) High magnification
SEM image of (a). (b) SEM image of TC4 in (a) after irradiated by ICP. (b-1) High magnification SEM image of (b).
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Fig. 9. Images of the TA2 sample processed by lapping, ECP and ICP (P;, = 800 W, one pass) successively. (a) SEM image of TA2 after lapping. (b) SEM image of TA2
in (a) after ECP. (c) SEM image of TA2 in (b) after irradiated by ICP. (c-1) High magnification SEM image of (c).

Fig. 10. Images of the TC4 sample processed by anodizing and ICP (P;, = 800 W, one pass) successively. (a) SEM image of TC4 after anodizing. (a-1) High
magnification SEM image of (a). (b) SEM image of TC4 in (a) after irradiated by ICP. (b-1) High magnification SEM image of (b).

spectrum, cyclic voltammetry curve, and water contact angle (WCA) of
TiO, nanorods were measured to characterize the optical, electro-
chemical, and hydrophilic properties, respectively.

The optical band gap (Eg) of TiO, nanofilm can be estimated by
extrapolating tangent method using Tauc formula, which is conducive
to understand the photoelectric property of materials [28]. The Tauc
formula relating absorption coefficient @ and E, of semiconductor ma-
terial is as follows:

ahv = A(hv — Ep)",

8621

where h is the Plank's constant; v is the frequency of light; A is a con-
stant factor determined by the transition probability; and n is a number
associated with the type of transition (e.g. n = 1/2, 2, 3/2, or 3 for
allowed direct, allowed indirect, forbidden direct and forbidden in-
direct electronic transitions, respectively) [28]. If a satisfies the fol-
lowing equation:

2.303A
a=
d

)
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Fig. 11. Characterization results of optical property of TiO,. (a) UV-Vis ab-
sorption spectrum of TiO, synthesized on TC4 and TA2 substrate by ICP
treatment and anodizing, respectively. (b) Relation between (Ahv)?> and the
photon energy (eV) of TiO, nanorods synthesized on TC4 substrate by ICP
treatment (P, = 800 W, one pass).

where d is the thickness of TiO, nanofilm. Then, we can get

(

thus, based on the above equation, the value of E; can be determined.

Fig. 11(a) shows the UV-Vis absorption spectrum of TiO, synthe-
sized by different methods such as ICP treated TC4 and TA2
(Pi, = 800 W, one pass), and anodizing treated TC4 and TA2. The re-
levant experimental details were mentioned in Section 2.1. Although,
all samples present an apparent absorption enhancement phenomenon,
ICP-TC4 sample, however, shows the strongest light absorption in-
tensity as compared with other samples (anodizing-TC4, anodizing-TA2
and ICP-TA2) having relatively lower but different absorption intensity
in the range of 200 to 800 nm. This significantly large absorbance arises
due to the good morphology and the high-crystallinity of TiO,, which
can only be achieved for TiO, nanorods synthesized on TC4 substrate
by ICP treatment. In visible light band, a large amount of oxygen va-
cancies can cause defect absorption, and neither mild anodizing for TC4
and TA2 nor violent ICP processing for TA2 would contribute to the
growth of well-crystallized TiO, nanorods. Additionally, according to
Fig. 11(b), the band gap of TiO, on ICP-TC4 sample estimated by ex-
trapolation is about 2.9-3.0 eV, which is in excellent agreement with
the band gap of rutile (3.0 eV) reported in literatures [14,29]. Thus,
combining XRD analysis in Section 3.2 and above results, it is con-
cluded that rutile phase TiO, nanorods with an absorption enhance-
ment of UV-Vis light can be efficiently synthesized on TC4 substrate by
ICP treatment under the condition of Py, = 800 W and one pass.

2.303

)2 X (Ahv)? = A(hv — E).
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Fig. 12.CV curves of TiO, synthesized on TC4 substrate by ICP

(P, = 300-900 W, one pass) over the voltage range of —0.8 to 0.8 V.

The electrochemical behavior of as-received TC4 and treated TC4
samples by ICP irradiation under different conditions was studied by
cyclic voltammetry (CV) at a scan speed 0.05 mV/s in a potential
window from —0.8 to 0.8 V (vs Ag/AgCl), as depicted in Fig. 12. No-
tably, with the increase of P;,, the intensity of reduction peak of TiO,
would become stronger and stronger, which indicates that TiO, na-
norods formed at high P;, possess better electrochemical property. In
addition, the CV curves hardly changed after five cycles of scanning.
Thus, it can be said that the electrochemical property of TiO5 nanorod is
relatively stable.

The hydrophilic property of TiO, nanorods were determined by a
contact angle instrument, and the relevant test details were illustrated
in Section 2.4. The WCA between the deionized water droplet and the
sample surface is inversely proportional to the hydrophilicity of the
sample, which means that smaller WCA is a measure of the better hy-
drophilicity of the sample. Generally, a surface with WCA less than 15°
would present high fluidity feature, while the surfaces with WCA less
than 10° or 7° have the function of self-cleaning or anti-fogging [30]. In
this study, the WCA of as-received TC4 was 53.4°, which dropped
dramatically after irradiated by ICP at different P;, for one pass, as
shown in Fig. 13(a). Even for P;, = 300 W, the corresponding WCA
dropped to about half of the initial value. However, no significant
changes of WCA can be observed with increasing P;, from 500 to
900 W. Theoretically, infect TiO, being a photosensitive n-type semi-
conductor oxide would generate oxygen vacancies and electrons, when
exposed to UV light, consequently promoting the conversion of Ti**
into Ti®* [2]. Thus, the addition of water molecules on its surface
would occupy oxygen vacancies to form hydroxyl groups. Hence, the
interaction between TiO, surface and polar water molecules would
become stronger, eventually forming the hydrophilic microcells. Simi-
larly, ICP being a source of UV light immediately generates oxygen
vacancies on the surface of TiO, even at P;, = 300 or 400 W. The
oxygen vacancies play a decisive role in the value of WCA, thus at
P;, = 500 W with surface area being unchanged, the WCA reduced to
~10° and the oxygen vacancies became almost saturated. Although the
increasing P;, (600-900 W) did not significantly improve the oxygen
vacancies, large surface area of TiO, nanorods further promoted the
reduction of WCA slowly, as shown in Fig. 13(a). Therefore, a sample
with WCA less than 5° exhibiting super hydrophilic property and ex-
cellent anti-fog function was synthesized at P;,, = 900 W for one pass.
However, Plasma irradiation at P;, = 900 W would easily cause the
TiO, nanorod layer on the TC4 substrate to crack or even fall off.

Fig. 13(b) shows the variation in WCA of ICP (P;, = 800 W, one
pass) treated TC4 as a function of the time. It seems that the value of
WCA increased continuously and the hydrophilicity kept decreasing at
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Fig. 13. Characterization results of hydrophilic property of TiO,. (a) WCA of as-
received TC4 and ICP treated TC4 at P;, = 300-900 W for one pass. The two
insets show the WCA of as-received TC4 (53.2°) and ICP treated TC4 (5.4°) at
P;, = 800 W, respectively. (b) WCA variation as function of time for ICP treated
TC4 at P;,, = 800 W for one pass.

snail's pace. After exposure to ambient air for three days, the WCA of
the sample did not change much from its final value at the end of ICP
irradiation experiments. Even after twelve days, the WCA was still not
more than 28°. This trend of gradually increasing WCA can be attrib-
uted to the loss of oxygen vacancies and the accumulation of impurities
such as dust on the sample surface. After ICP irradiation, the oxygen
vacancies on the sample surface start capturing electrons or active
hydroxyl groups and keep losing their activity. Moreover, oxygen va-
cancies occupied by the hydroxyl groups that are formed due to the
absorbance of water molecules from ambient air, are once again gra-
dually occupied by the oxygen. Ultimately, it can be concluded that
TiO, nanorods synthesized by ICP on TC4 substrate exhibit excellent
hydrophilicity with extended durability, as compared with the reports
in different studies [11,31,32].

4. Conclusions

In this paper, rutile TiO, nanorods with excellent optical, electro-
chemical, and hydrophilic properties were synthesized on TC4 substrate
by ICP irradiation, and the corresponding growth mechanism was stu-
died. To summarize, the following conclusions can be drawn from the
experimental results:

(1) Based on the strong chemical reactivity and high temperature
characteristic of ICP at relatively high P;,, TiO5 nanorods can be
synthesized directly and rapidly on TC4 substrate.

(2) With ICP irradiation at constant P;,, longitudinal growth of TiO,
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nanorods is facilitated by prolonging the plasma processing time,

which is suitable to grow different sizes of TiO, nanorods by con-

trolling the processing time.
(3) The composition of substrate determines the quality of TiO, na-
norods synthesized by ICP irradiation. Specifically, f phase Ti,
which could suppress the thermal transmission between grains, is
an important factor in the formation of TiO, nanorods. Compared
with the polished TA2 by ECP and the oxidized TC4 by anodizing,
TiO, nanorods with improved morphology can only grow on the
polished TC4 by ECP due to the existing  phase Ti.
TiO, nanorods synthesized on TC4 substrate by ICP irradiation
show excellent optical, electrochemical, and hydrophilic properties,
thus having potential applications in many fields, for example,
photocatalysis and self-cleaning materials.
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