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In this work, an interesting phenomenon of lateral-to-vertical growth transition occurred
in the TiO, nanorod array (TNA) hydrothermal process is reported. At the initial stage of
TNA growth, the TiO, nanorods (TNs) grew nearly in the lateral direction on the fluorine
doped tin oxide coated glass (FTO-glass) substrate. After a period of hydrothermal reac-
tion, the growth direction of TNs was transformed from lateral to vertical direction. In
addition, the transition times of lateral-to-vertical growth decreased with increasing hy-
drothermal temperatures. The transition times of lateral-to-vertical growth are about 4, 3,
and 2 h for TNs grown at hydrothermal temperatures of 155, 175, and 195 °C, respectively.
It is suggested that this discovery is useful to help the controlling the TNA morphologies
for different applications and the similar phenomenon is probably occurred in growing
other materials by hydrothermal process.
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1. Introduction

Titanium dioxide (TiO,) is a multi-functional semiconductor of wide bandgap (~3.0 — 3.2
eV). It has been extensively applied to fabrications of electronic and optoelectronic devices such
as ultraviolet (UV) photodetectors [1,2], lithium-ion batteries [3,4], dye-sensitized solar cells
[5,6], and gas sensors [7,8]. Besides, it has also been used as photocatalysts for pollution
decomposition [9,10], anti-bacteria [11,12], and water splitting [13,14].

Recently, TiO, nanomaterials such as hollow TiO, nanospheres [15], TiO, nanowires [16],
TiO, nanotubes [17], and TiO, nanorods [18], are widely investigated because its nanostructure
owns large surface area, which can efficiently improve the device performance. Among these
TiO, nanostructures, the TiO, nanorod arrays (TNASs) grown by hydrothermal process revealed a
single crystal structure in each TiO, nanorod [19]. This single crystal structure can greatly
enhance the device performance due to high carrier mobility and direct pathway for
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photogenerated carriers transporting in TiO, nanorods (TNs) [20].

The hydrothermal process is a low-cost, vacuum-free, and simple technique for TNA
growth on fluorine doped tin oxide (FTO) coated glass substrate that does not need any seed
layers due to the same crystalline structure and low lattice-mismatch between TiO, and FTO
[21,22]. The previous studies reported that TNA grown by hydrothermal process are nearly
vertical to the FTO-glass substrate [18,19,23]. However, we found that TNs are not vertically
grown in overall hydrothermal process. It is noted that understanding the growing behavior and
mechanism of TNs is crucial importance for controlling the different morphologies and
microstructures of TNA to meet the requirements of various applications.

In this study, an interesting phenomenon, a lateral-to-vertical growth transition of TNs,
occurred in the growing process of TNA grown on FTO-glass substrate by hydrothermal process
is discovered. In the initial stage of TNA growth, the TNs exhibit a lateral growing behavior. As
the growing process continued, the direction of TNs growth converts to vertical one. Furthermore,
the transition times of lateral-to-vertical growth decrease with increasing process temperatures,
which are about 4, 3, and 2 h for TNs grown at process temperature of 155, 175, and 195 °C,
respectively.

2. Experimental procedure

In this work, fluorine doped tin oxide (FTO) coated glasses were used as substrates for
TiO, nanorod array (TNA) grown by hydrothermal process. Before the growth of TNA, the
FTO-glass substrates were cleaned by ultrasonic bath in acetone and methanol, followed by
rinsing with de-ionized (DI) water and drying in a nitrogen flow. The hydrothermal process of
TNA grown on FTO-glass is similar with previous study [24]. A mixture solution contained 30
mL of DI-water, 30 mL of hydrochloric acid (36 wt%, J.T. Baker), and 1 mL of titanium butoxide
(97 wt%, Aldrich) was used as precursor for TNA growth. The FTO-glass substrates and
precursor solution were placed in a sealed Teflon autoclave, which was then transferred into an
electrical oven. The hydrothermal process was carried out in the oven at 155, 175, and 195 °C for
1-9,1-4, and 1 -4 h, respectively. After the hydrothermal reaction, the autoclave was cooled
to room temperature. Finally, the samples were taken out, washed with DI-water and dried in a
nitrogen flow for subsequent analysis.

Field-emission scanning electron microscopy (FESEM, Hitachi SU8000) was used for
morphological examination of the samples. The growth density, diameter, and thickness of the
TNA were analyzed from FESEM images. The crystal structure of the samples was examined by
X-ray diffraction (XRD, Rigaku D/MAX2500) with Cu Ka radiation (A = 1.5406 A) from 20° to
80°at a scanning speed of 4° min™.
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3. Results and discussion

Figure 1 shows XRD patterns of TNAs grown on FTO-glass substrates. It can be clearly
seen that the TNAs grown on FTO-glass substrates at 155 — 195 °C have the same crystalline
structure of rutile TiO, [see Fig. 1(a)]. According to JCPDS card (No. 88-1175), diffraction peaks
at 20 of 36.4, 41.7, 63.2, 70.1, and 70.4 ° are corresponded to rutile TiO, (101), (111), (002) (301)
and (112) planes, respectively. Figure 1(b) shows the XRD patterns of TNAs grown on FTO-glass
substrate by hydrothermal process at 195 °C for 1 — 4 h. When the hydrothermal reaction time is
below 1.5 h, there are no TiO, peaks appeared in the XRD patterns and only the diffraction peaks
from substrate are detected. From SEM images [Fig. 4(a) and 4(b)], it can be seen obviously that
the TNAs appear during the initial growth stage. The TNs are sparsely grown on the FTO surfac-
es that resulting in the FTO surfaces are not fully covered with TNs. Therefore there are no TiO,
peaks detected when the hydrothermal reaction time is below 1.5 h since the signal of TNs are not

strong enough to meet the detection limit of XRD.
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Fig. 1. XRD patterns of TNAs grown on FTO-glass substrates: (a) at indicated temperatures
for 4 h, and (b) at 195 °C for 1 — 4 h.

The (101) peak of rutile TiO, starts to appear in the XRD pattern after 1.5 h of hydro-
thermal process. Moreover, the (101) peak gradually increases with increasing hydrothermal re-
action time and becomes the strongest peak that can be attributed to the increased thickness of
TNA.

Fig. 2 shows the SEM images of TNAs grown on FTO-glass substrates by hydrothermal
process at 155 °C with the reaction time varied from 2 to 4 h. It can be clearly seen that the
average diameters of TNs and thicknesses of the TNAs increase with increasing reaction time.
When the reaction time is 2 h, only textured FTO grains can be observed on the substrate at low
magnification. However, it is found that a few tiny TNs start to grow from FTO grain boundaries
due to the early nucleation and growth at the grain boundaries [see the insert of Fig. 2(a)]. When
the reaction time prolongs to 3 h, these tiny TNs continue to grow laterally from FTO grain
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boundaries. Besides, it is noticed that numerous FTO grains remain smooth surfaces where no
TNs are found during this initial growth stage. Because the grain boundaries have higher defect
densities comparing with the grain faces of FTO, this causes priority nucleation on the grain
boundaries.

500 nm
—

Fig. 2. SEM images of TNAs grown on FTO-glass substrates by hydrothermal process at
155 °C for (a) 2, (b) 3, (c) 3.5, and (d) 4 h. (a) — (d) show the top-view images (the en-
largements of selected area are inserted) and (al) — (d1) are the corresponding

cross-sectional images.

For hydrothermal reaction time between 3 and 3.5 h, an interesting phenomenon of
lateral-to-vertical transition of TNs growth is observed. It is noticed that the thickness of TNA is
difficult to be identified when the reaction time is below 3.5 h due to the laterally grown TNs and
the incompletely covered FTO surface. When the reaction time is increased to 3.5 h, some TNs
have transformed to vertical growth on the FTO surface. The cross-sectional image shows the
TNs are nearly perpendicular to the FTO surface. After 4 h of growing, the vertical TNs grow
densely and uniformly over the entire FTO surface, and the average thickness of TNASs increases
from 302 nm to 409 nm with increasing reaction time varied from 3.5 to 4 h. The growth
transition of TNs can be described as follows: Because the surface of the FTO has a textural
morphology woven by the FTO grains, therefore, the TNs will grow in a fashion with some
angles to the FTO surface instead of being perpendicular it. Besides, the density of the grown
TNs increases with increasing reaction times at the initial stage of TNA growth. The high TNs
density at initial stage is a result of a situation that the space for lateral growth of the germinated
TNs is insufficient, thus, only the nearly perpendicular TNs can grow in such condition.

Figure 3 shows the SEM images of TNAs grown on FTO-glass substrate by hydrothermal
process at 175 °C with the reaction time varied from 1 to 4 h. It is clearly observed that the
average diameters of TNs and thicknesses of TNAs increase with increasing reaction times. When
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the reaction time is 1 h, the FTO surface reveals many FTO grains and the TNs cannot be
observed obviously at low magnification. However, it is found that few papilla-like nanoparticles
and some tiny TNs begin to grow from grain boundaries on the FTO surface [see insert of Fig.
3(a)]. When the reaction time prolongs to 2 h, the TNs have passed the lateral growth stage and
became a vertical one on the FTO surface, suggesting that increasing process temperature not
only speeds up the hydrothermal reaction but also shrinks the transition time of the
lateral-to-vertical growth. Nevertheless, the cross-sectional image [see Fig. 3(b1)] shows the TNs
have a poor growth orientation. When the reaction time increases to 3 h, the TNs are grown
densely and almost vertically on the substrate. The result indicates that the growth orientation of
TNs can be improved to be vertical by increasing reaction times [see Fig. 3(cl)]. After 4 h, the
nearly vertical TNs are grown uniformly on the substrate. The average thicknesses of TNAs are
elongated from 210 nm to 918 nm when the reaction time lengthens from 2 to 4 h.
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Fig. 3. SEM images of TNAs grown on FTO-glass substrates by hydrothermal process at

175°C for (a) 1, (b) 2, (c) 3, and (d) 4 h. (a) — (d) show the top-view images (the en-

largements of selected area are inserted) and (al) — (d1) are the corresponding
cross-sectional images.

Figure 4 shows the SEM images of TNAs grown on FTO-glass substrate by hydrothermal
process at 195°C with the reaction time varied from 1 to 3 h. It can be seen that the
lateral-to-vertical growth transition of TNs grown at 195 °C appears early at reaction time about
1.5 h comparing to about 3.5 h and 2 h for TNAs grown at 155 and 175 °C. In addition, some TNs
are grown at a small angle to the substrate [see Fig. 4(al)]. For 1.5 h, the cross-sectional image
shows that grown TNs are partially lateral and partially vertical on the substrate [see Fig. 4(b1)].
When the reaction time is increased to 3 h, the TNs display a uniform coverage on the FTO
surface. In addition, the average thicknesses of TNAs increase from 395 to 1095 nm when the
reaction time is changed from 1.5 to 3 h.
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Fig. 4. SEM images of TNAs grown on FTO-glass substrates by hydrothermal process at

195 °C for (a) 1, (b) 1.5, (c) 2, and (d) 3 h. (a) — (d) show the top-view images (the en-

largements of selected area are inserted) and (al) — (d1) are the corresponding
cross-sectional images.

The average thicknesses of TNAs measured from cross-sectional SEM images are shown
in Fig. 5(a). The average thicknesses of TNAs grown at 155, 175, and 195 °C for 3.5-9, 24, and
1.5—4 h are about 302 — 1038, 210 — 918, and 395 — 1566 nm, respectively. The results show that
the average thicknesses of TNAs increase with increasing reaction times due to faster reaction-rate
for higher reaction temperature.
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Fig. 5. (a) thickness, (b) diameter, and (c) growth density variations of the TNAs grown

on FTO-glass substrates at 155, 175, and 195 °C for the reaction times of 1 -9, 1 — 4,
and 1 — 4 h, respectively.



513

The average diameters of TNs measured from top-view SEM images are shown in Fig.
5(b). The average diameters of TNs grown at 155 °C for 2, 3, 3.5, 4, 5, 6, 7, 8, and 9 h are about
11, 28, 45, 54, 67, 78, 85, 89, and 93 nm, respectively. The average diameters of TNs grown at
175°Cfor 1, 2, 3, and 4 h are about 17, 44, 73, and 95 nm, respectively. The average diameters of
TNs grown at 195 °C for 1, 1.5, 2, 3, and 4 h are about 25, 42, 59, 97, and 115 nm, respectively.
The results show that the average diameters of TNs increase with increasing reaction times.
Furthermore, the diameters range from 41 to 70 nm, 50 to 117 nm, and 44 to 150 nm for the TNs
grown at 155, 175, and 195 °C with hydrothermal reaction times of 4 h, respectively. It can be
clearly seen that the TNs grown at 195 °C have the largest diameter and the broadest distribution
in diameter. Because the TNs grown at 195 °C have the fastest reaction-rate and the early
nucleated TNs experienced a longer reaction time than the later nucleated TNs, thus, the TNs
grown at 195 °C have the largest diameter and the broadest diameter distribution. It is also found
that the TNs have similar minimum diameters of about 41, 50, and 44 nm for TNs grown at 155,
175, and 195 °C for 4 h, respectively. Because these are later nucleated TNs, which suffered a
shorter reaction time and resulting in a small diameter.

The growth densities of TNs are calculated from top-view SEM images in 2 pm?® area
each. As shown in Fig. 5(c), the growth densities of TNs grown at 155 °C for 2, 3, 3.5, 4, 5, 6, 7, 8,
and 9 h are about 1.4 x 10°, 2.25 x 10°, 3.2 x 10®, 3.8 x 10°, 3.3 x 10®, 2.9 x 10°, 2.6 x 10°?,
2.3 x 107, and 2.1 x 10 rods/cm?, respectively. The growth densities of TNs grown at 175 °C for
1,2, 3, and 4 h are about 1.0 x 10®, 2.6 x 10®, 3.4 x 10”®, and 2.7 x 10 rods/cm?, respectively.
The growth densities of TNs grown at 195 °C for 1, 1.5, 2, 3, and 4 h are about 1.7 x 10°, 2.8 x
10° 3.5 x 10°, 2.4 x 10®, and 1.6 x 10 rods/cm?, respectively.

As shown in Fig. 5(c), the TNs grown at 155, 175, and 195 °C have the same trend in
growth density variation that two different stages for growth density variation are found. For the
first stage, the growth densities are increased with increasing hydrothermal reaction times. For the
second stage, the growth densities will reach the maximum after a period of reaction time and
then decrease with prolonged reaction times. Because the TNs have a laterally growing behavior
at the initial growth stage and the growth numbers of TNs are direct proportioned to the process
temperatures and reaction times that resulted in an existence of the first stage for growth density
variation. Following increased reaction times, the grown TNs reached the maximum density. At
the same time, the high density limited the lateral growing space of TNs and thus the TNs
growing direction changed from lateral to vertical. It can be clearly identified that the maximum
densities (the turning points of growth density variation) are 4, 3, and 2 h for TNs grown at 155,
175, and 195 °C, respectively. These figures correspond to the SEM analyzed results [according
to the Fig. 2(d), Fig. 3(c), and Fig. 4(c)], where the lateral-to-vertical growth transition times are 4,
3, and 2 h for TNs grown at 155, 175, and 195 °C, respectively. For the second stage of growth
density variation, the densities decrease with increasing reaction time that is due to the TNs with
enlarged dimension reduces the available spaces for TNs growth then causing density decrease.
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4. Conclusion

The TNAs grown on FTO-glass substrates at 155 — 195 °C by hydrothermal process are
investigated. Furthermore, an interesting phenomenon of lateral-to-vertical growth transition is
discovered that the TNs exhibit a lateral growing behavior in the initial growth stage and the
growing direction of TNs transformed to vertical one after a period of growth time. Furthermore,
the transition times of lateral-to-vertical growth decrease with increasing process temperatures be-
cause the growth rate and growth density are directly proportional to the process temperatures. The
transition times of lateral-to-vertical growth are about 4, 3, and 2 h for TNs grown at hydrothermal
temperatures of 155, 175, and 195 °C, respectively. In conclusion, the lateral-to-vertical growing
behavior of TNs by hydrothermal process has been discovered in this study. It is believed that this
discovery can be interested and useful to help the controlling of TNA morphologies for different
applications. It is also suggested the similar phenomenon of lateral-to-vertical growth is probably
occurred in growing other materials by hydrothermal process.
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