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Abstract

Aligned TiO, nanotube array through anodization method often comes with a surface aggregation layer of
TiO, nanowires. To achieve high photoelectrochemical(PEC) performance, aggregation must be avoided
during synthesis or removed via post-processing methods. We present here an efficient method of evaluating
the extent of surface aggregation on TiO, nanotube arrays through water contact angle measurement. Our
results indicate that water contact angle on a clean TiO, nanotube array is almost negligible, with a good
correlation between aggregate coverage ratio and contact angles as the aggregation layer increases. This
enables a convenient and reliable procedure for quantitatively characterize the surface aggregate level on a
macroscopic scale.
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1. Introduction

Ordered TiO, nanotube arrays (NTAs) with high surface-to-volume ratio possess outstanding properties like
superior charge transportation, making them suitable candidates for a variety of advanced applications such as
hydrogen generation from water splitting[ 1], dye-sensitized solar cell[2-6], gas sensor[7], and biomedicine[8].
In recent years, there have been many reports on the synthesis strategies of nanotubular TiO, film structures,
such as template-based method[9], hydrothermal process[10] and anodic oxidation of titanium[11, 12].
Among these methods, anodic oxidation is one of the most widely used methods to synthesize nanotube TiO,
as its dimensions can be precisely controlled. However, one of the challenges is to remove the surface
aggregation covering the NTAs’ surface which frequently forms during the synthesis process. Lim and Choi
[13] have built a “bamboo splitting” model to explain the reason of aggregation formation. They pointed out
that in high potential, the electrolysis occurs not only at the tip but also on the whole surface of NTAs, and the
result of coverage on the surface will induce stress among tubes, thus impelling the production of the
nanowires. Zhu et al. [14] suggested two ways of producing pure TiO, without aggregation. One is to directly
fabricate pure TiO, in secondary reaction electrolyte of NH4F and H,O in ethylene glycol; the other is to
remove aggregation by ultrasonic cleaning in ethyl alcohol and then rinsing in double distilled water. The
experimental condition of ultrasonic method have been intensively studied to remove the aggregation[15].
Moreover, other method like forming a protected layer on TiO, NTAs has also been tried to prevent the
aggregation and avoid the tube corrosion[16]. Removing aggregation is essential for improving sunlight
absorbing capability, enhancing ionic diffusion through the channels and charge transportation along the tube.

To ensure complete removal of surface aggregation, SEM analysis is widely used to characterize the surface
morphology of TiO, NTAs. However, it is destructive to the sample and only probes a local area. Herein, we
present an alternative and efficient method that complements the traditional SEM analysis. We utilize the
water contact angle to evaluate the extent of surface aggregation of TiO, NTAs. Our results show that
aggregation is composed of TiO, nanowires and ultrasonic in water is an effective way of removing it. Also,
water contact angle shows good correlation to the extent of aggregation on the NTA surface.

2 Experiments
2.1. Fabrication of TiO, NTAs

Pure titanium foil (thickness is about 0.5 mm and purity >99%) with working area reaching 1.0 cm’® -7.0
cm’ is firstly polished with a silicon carbide paper (from 400 to 1200 grade), then rinsed with acetone, and
finally rinsed with deionized (DI) water. The anodization is performed using a two-electrode cell, in which
titanium foil is used as the working electrode and Pt as the counter electrode with a distance of 3 ¢cm at room
temperature (approximately 28°C). The titanium foil is immersed in a solution of 0.3wt% NHF and 3vol%
H,O in ethylene glycol for 10 h at the voltage of 58 V. Afterwards, the samples are immersed in ethanol for
30min, dried in an oven at 100 °C, and then ultrasonic cleaned in DI water. At last, the samples are annealed at
300 ‘C for 2h with a heating and cooling rate of 2°C/min.

2.2. Removal of surface aggregation by sonication

In the process of sonication, Ti is hung up in the solution of water instead of leaving in the beaker in order to
avoid breaking NTAs into pieces. 40 KHz is found to be a suitable frequency as higher frequencies may do
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damage to the NTAs. 5-10 min is a balancing point at which aggregation is removed while NTAs keeps its
geometrical features.

2.3. Contact angle and PEC test

Contact angle measurement is conducted at a temperature of 22°C with a commercial contact angle analyzer
(USA Kino Industry Co., Ltd). The droplet amount used for the measurements is 2 pL. Water droplets are
placed at five different positions on each sample and the average value is adopted as the contact angle.

Photoelectrochemical (PEC) performance measurement is conducted by using TiO, nanotube photoanode as
the working electrode, Pt foil as counter electrode, and Ag/AgCl as reference electrode. The solution in PEC is
1 M Na,S, which is an electron capturer. Voltage and current are recorded by a computer controlled
electrochemical analyzer (Correst 310). The simulated sunlight is from a full-spectrum 500 W Solar
Simulater (CHF-XM500, Trusttech), with an illumination intensity of 100 mW/cm? as measured by a Solar
Power Detector (TES 1333). The photocurrent voltage range is -1.2~1.5 V (versus Ag/AgCl) with a rate of
10mV/s under illumination. Photoconversion efficiency of light energy to chemical energy in the presence of
an external applied potential is calculated using the following expression:

(%)=, | (B, -
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where E’ equals 1.23 V and represents the potential corresponding to the Gibbs free energy change per

rev

photon in the water splitting reaction. E,p,=Ecans Eaoc, Where the term Ecans 1S the electrode potential (vs.
Ag/AgCl) of the working electrode and E,, is the electrode potential (vs. Ag/AgCl) of the same working
electrode at open-circuit condition under same illumination and in the same electrolyte solution. j, is the

photocurrent density, and I is the intensity of incident light.
3 Results & Discussion
3.1. Surface characterization of the synthesized TiO, NTAs by SEM

Fig. 1 shows SEM images of the TiO, NTAs sample grown from a 0.3% NH4F + 3vol% H,O in ethylene
glycol for 10 h at 58 V. Among all the images, Fig .la-b show the morphology of TiO, before ultrasonic
treatment, while Fig. lc (low magnification) and its inset (high magnification) are those of TiO, after
ultrasonic treatment. As can be seen from Fig. 1a, the whole length of the tube is about 40um, with nanotubes
splitting into nanowires at tip regions (~ Spum). On the top surface, the nanowires twine together, resulting in
the aggregation layer clogging the holes of NTAs (Fig. 1b). Due to the existence of the surface aggregation
layer, the photocatalytic performance may be degraded owing to less reactant into large inner pores. In order
to improve photocatalytic performance, finding an efficient way to characterize and remove aggregation is of
great practical importance. Ultrasonic cleaning is believed to be one of the effective ways to get ordered TiO,
NTAs. In the process of ultrasonic treatment, some white sediment can be observed to drop out from TiO,
nanotubes array, indicating that breakdown and removal of aggregates. The nanotubes obtained from
ultrasonic treatment with standard processing time do not suffer from aggregation, and present open and
unclogged pores with a diameter of 100 nm and a wall thickness of about 20-30nm, as shown in Fig.1c and
Fig.1d.
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Fig. 1. FE-SEM images of a TiO, NTAs sample grown from a 0.3% NH4F + 3vol% H,O in ethylene glycol for 10 h at 58 V before
ultrasonic: (a) side-view image, (b) top-view image, (c) SEM image with an inset after ultrasonic for 5 min.

3.2. Surface characterization of the synthesized TiO, NTAs by water contact angle

As displayed in Fig. 2a-c, aggregations are rapidly decreasing under ultrasonic treatment at different stages,
ranging from large area of nanowires covering the surface to partly covered surface, and then to a clean
surface. After analyzing the SEM images (using software Image J), we estimate that the coverage ratio f* is
100%, 42%, 0 for Fig. 2a, Fig. 2b and Fig. 2c, respectively. While the corresponding the measured contact
angles images are shown in their insets. The water contact angle gradually decreases from 40° to 32° as
shown in insets of Fig. 2a and Fig. 2b. On a clean TiO, NTA surface, the contact angle is close to 0° and the
2uL. water spreads and permeates instantly (around 0.5s) when dropped onto the surface, indicating the super-
hydrophilic nature of the clean surface(inset of Fig. 2¢). Therefore, we conclude that there exists a correlation
between the aggregation coverage ratio and the water contact angle. The relationship is shown in Fig. 2d.
From the figure, water contact angle is not sensitive to coverage when it is below the critical angle 0, (6,=24 °),
in part due to the intrinsic limitation of water contact measurement at low angles. Nevertheless, with surface
aggregation increases, the water contact angle show appreciable change from 24 ° to 40 °, and roughly in a
linear proportion. Equation (2) empirically fits the relationship between contact angle and coverage ratio
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where f, 0 and k are coverage ratio, contact angle and coefficient ratio, respectively. It should be noticed that
the aggregate coverage ratio on NTA surface is gradually decreasing with the increase of ultrasonic time at the
first 5 minutes in our experiment. Beyond this time, the aggregation on the NTA surface is totally removed
and coverage ratio measured by water contact angle is nearly zero, that is, ultrasonic time would not affect
aggregate coverage ratio after that time. However, too much ultrasonic time may destroy the TiO, nanotubes
into pieces.

According to the coverage ratio based on the SEM characterizations, k is estimated to be 5.86 with an error
bar of 0.6. This indicates that a larger water contact angle corresponds to more severe aggregation in an

appropriate sense, serving as an efficient, non-destructive way of characterizing surface aggregation in TiO,
NTAs.
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Fig. 2. (a), (b) and (c) are SEM images of the synthesized TiO, with different ultrasonic treatment time, the insets show corresponding
contact angles measurement. (d) indicates the relationship between contact angle and coverage ratio of TiO, NTAs.

3.3. Water contact angle model

The trend of the water contact angle change as a function of surface coverage can be rationalized within the

framework of Wenzel’s theory (formula 3):

cos@ =rcosb, ©)

Where 0, is the contact angle for smooth surface and r is a roughness factor defined as a ratio of an actual
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rough surface area to the geometrically projected area. Assuming that the actual solid area equals the sum of
the geometrically projected area (S,) and the total surface area of the side-walls (S,,), the roughness factor r
can be estimated by r=(S,+ Sy)/S, . In our case, S, is the given area for each SEM image of surface
morphology, and S,, approximately equals to the sum of interior and exterior specific area which can be
calculated from Fig. 1. For our NTAs, the surface roughness r is calculated to range from 10 to 700, and the
cosine of water contact angle (cos0) is in proportion to roughness r.

It should be mentioned that opposite results have been previously reported for anodic aluminum oxide
(AAO)[17]. The reason lies primarily in the different nature of the surface aggregation: for AAO, the
nanowires dissolved by electrolyte are standing up on the surface and enlarge the diameter of the AAO pores,
thus making water infuse into the pores easily. Thus the surface layer has increased S,. In contrast, for
NTAs, the aggregation lying on surface blocks that water permeation, thus effectively diminish the area of
side walls S,. Since the roughness is equal to roXxfioyerage (ro means roughness of TiO, NTAs with clean
surface), the enhancement of fqyerage gives rise to the reduction of the roughness (shown as Fig. 3b). It can be
concluded that the morphology plays an important role in determining the differences of contact angle
behavior between AAO and TiO, NTAs.
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Fig.3. (a) water contact angles as a function of surface roughness factor for TiO,. (b) Schematic diagram on the roughness factor
impacting on the AAO and NTAs
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4. PEC performance

After removing aggregation from the surface, the photocurrent performance can be enhanced as evidenced
by amplified photocurrent. Fig.4. shows the relationship between coverage ratio and photoconversion
efficiency. When the water contact angle diminishes, photoconversion efficiency increases correspondingly.
The PEC can reach 1.48% when aggregation layer is removed from the NTA surface. The reason for the
photocatalytic performance improvement can be attributed to the removal of structural disorder from oriented
TiO, NTAs and the corresponding reduction in the dimensionality of transport and recombination rates of
electron and holes[18]. It is clear that a smooth surface morphology without surface aggregation shows better
PEC performance.
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Fig. 4. Relationship between contact angle and photoconversion efficiency
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5. Conclusions

We established a correlation between water contact angle and aggregate coverage ratio on NTA surface,
enabling a convenient and reliable screening procedure for the confirmation of surface aggregate removal on
the macroscopic scale. The reason for water contact angle change can be explained by Wenzel’s theory. Our
results show improved PEC performance after the removal of the aggregates on the surface.
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