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Abstract: Net-like titanate nanowire films can be grown on Ti substrates by non-hydrothermal treatment
of Ti foils in alkali-H2O2 aqueous solutions with a low alkali concentration of 2 M at 60-80°C. The growth
mechanism of such films has been investigated by identifying the role of both H2O2 and alkali in the nanowire
formation and capturing the film morphology at early growth stages. It is found that the presence of H2O> is
necessary for the nanowire growth, and sufficient amount of H2O> is needed to produce well-shaped nanowires.
The nanowire growth is also strongly dependant on the alkali used, and nanowire films are formed only when
metal hydroxides which can react with TiOs to form layer-structured titanates are chosen. Our results have
also revealed that the heterogeneous deposition of titanate on Ti substrate results in the growth of titanate
sheets, and the nanowire formation is via a splitting process by which each titanate sheet gradually evolves
into nanowire thin layer. Based on the experimental results, a detailed mechanism is proposed for the growth

of titanate nanowire films in alkali-H2O2 aqueous solutions at low temperature.
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Introduction

Owing to their high length-to-diameter ratio and
large specific surface area, one-dimensional (1D) ma-
terials, e.g., nanotubes and nanowires, exhibit unique
mechanical, physical, or chemical properties and have
found applications in many fields, such as electron-
ics, catalysis, and sensors. 1D titanate nanostruc-
tures are of great scientific and technical interest be-
cause of their photocatalytic activities and interesting
ion-exchange/intercalation properties [1-4]. They have
shown promising applications in photocatalytic degra-
dation of organic pollutants [1,2], adsorption for ra-
dioactive or heavy metal ions [4], solar energy con-
version [5], electrochromism [6], and gas sensing [7].

Since the properties of titanate nanostructures are of-
ten related to their morphology, the synthesis of ti-
tanate nanostructures with desired 1D shape is key to
improve their applications. As one of the most effec-
tive methods for preparation of 1D titanate nanostruc-
tures, the method of hydrothermal treatment of TiO,
in concentrated alkali solutions has gained great at-
tention [8-13] since the pioneering work of Kasuga et
al. [14]. In general, under relatively lower tempera-
ture (e.g. <160°C) and lower alkali concentration (e.g.
5-10 M) nanotubes are formed whereas higher temper-
ature (e.g. 200°C) and higher alkali concentration (e.g.
15 M) or using a rotating autoclave [9] favors the for-
mation of nanowires. In recent years, the extension
of such hydrothermal method to treatment of Ti foils
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for fabricating titanate nanotube or nanowire films on
Ti substrates has also been aroused increasing inter-
est [15-22] because the formed films can be directly
used as photoanodes for photocathodic protection for
stainless steel [22] or converted to TiOg films for wa-
ter splitting [20] and decomposition of harmful com-
pounds [21]. For example, Yada et al. have reported
that titanate nanotube films can be formed on Ti sub-
strates by hydrothermal treatment of Ti foils in 10 M
NaOH solutions at 160°C [16,17]. Similar studies on the
formation of titanate nanotube films via hydrothermal
treatment method have also been reported by a number
of other research groups [15,18-22]. Recently, Hu et al.
have treated Ti foils in 10 M NaOH solutions at 180°C
in the presence of oxidative organic compounds and
found that titanate nanowire films, rather than nan-
otube films, are formed [21].

While the method of hydrothermal treatment in con-
centrated alkali solution is routinely used to produce
titanate nanotube or nanowire films on Ti substrates,
little attention has been paid into another approach,
namely non-hydrothermal (or low-temperature) treat-
ment in alkali-HyOy mixed solutions [23,24]. Wu et al.
first reported that titanate nanowires could be synthe-
sized by treating Ti foils in a 1:1 (v/v) mixture of 10 M
NaOH and 30% (v/v) HoO2 at a temperature of 80°C
[23]. More recently, we have studied the effect of alkali
concentration on the formation of titanate nanowire
films by treatment of Ti foils in NaOH-H3O2 mixed
solutions with a HaOy concentration of 15% (v/v) at
80°C and found that a mixed solution with a much low
NaOH concentration (namely 2 M) can be used to pro-
duce well-shaped net-like titanate nanowire films [24].
Despite these limited efforts, however, the key issue,
namely the formation mechanism of the nanowire film,
is still not clear. Wu et al. have assumed that the for-
mation of nanowires is a result of decrease in the surface
energy via crystallization of amorphous titanate sheets
along one direction [23], but there is no direct evidence
for this assumption. In the present work we report the
clear observation of the growth of titanate sheets on Ti
substrate via heterogeneous deposition and the conver-
sion of each titanate sheet to nanowire layer via a “split-
ting” process. By identifying the role of both HyOs
and alkali in the nanowire formation, a detailed growth
mechanism is proposed for low-temperature growth (60-
80°C) of titanate nanowire films in alkali-HsO4 solutions
of low alkali concentration (2 M).

Experiment

Ti pieces of 4.80x1.30x 0.4 mm? in size were polished
with abrasive paper, degreased in a mixed solution of
NaOH and NayCOg (the ratio of NaOH:NasCO3:H2O
by weight is 5:2:100, respectively) at 85°C for 1.5 h, and
then washed with deionized water. The degreased Ti
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piece was etched in a HF aqueous solution at room tem-
perature for about 20 s, followed by washing with deion-
ized water. The pretreated Ti piece was immersed into
an aqueous solution containing both HoO2 and NaOH
in a Teflon-lined autoclave, where the concentration of
H;04 was in the range from 0 to 15% (v/v) and that of
NaOH is fixed at 2 M. The sealed autoclave was then
kept in an oven at a given temperature ranging from
40 to 120°C for a time period of 0.5 to 6 h. In order to
investigate the effect of the alkali type on the growth of
TiO2 nanowire thin films, NaOH can be replaced with
other alkalis. After treatment, the specimen was re-
moved from the aqueous solution, washed thoroughly
with deionized water to remove the alkali, and finally
dried in air.

The surface morphology of the films was examined
using a scanning electron microscope (SEM, Hitachi S-
4700) operating at 15 kV. The chemical composition of
the film was characterized by energy-dispersive x-ray
spectra (EDS). The energy-dispersive x-ray spectrom-
eter was attached to SEM and operated at a low volt-
age of 8 kV. The phase composition of the films was
analyzed by x-ray diffraction (XRD), which was per-
formed on a Thermo ARL XTRA x-ray diffractometer
using Cu Ka X-ray source. The microstructure investi-
gations were performed with a Tecnai G2 F30 S-Twin
transmission electron microscopy (TEM) operating at
300 kV.

Results and discussion

Effect of H,O5 concentration, temperature, and
alkali type on the growth of titanate nanowire
films

Figure 1 shows the SEM images of the films formed at
80°C for 6 h in NaOH (2 M)-H5O5 solutions with differ-
ent HyO9 concentrations. As shown in Fig. 1(a), in the
absence of HoO2, chemical etching of Ti by 2 M NaOH
only leads to the generation of a porous film. The
porous layer contains large amount of oxygen compared
to the pretreated Ti substrate (see Fig. 2(a)), but the
observation of negligible amount of Na demonstrates
that the film is titanium oxide. The atomic ratio of Ti:O
calculated is about 2:1, much higher than the value of
1:2 for TiO4 or 2:3 for Tiz O3, suggesting that the film
is very thin and the signal of underlying Ti substrate is
also collected during EDS measurement. When H50
(7.5% v/v) is added, one-dimensional nanostructures
appear (Fig. 1(b)) although they are not totally sepa-
rated from each other. With the rise in HoO5 concen-
tration, the shape of these one-dimensional nanostruc-
tures become more defined (Fig. 1(c)), and well-shaped
one-dimensional nanostructures are observed when
the HyO5 concentration reaches 15% v/v (Fig. 1(d)).
The investigation by TEM confirms that these
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Fig. 1 SEM images of the films formed by treating Ti foils at 80°C for 6 h in HoO2-NaOH (2M) mixed solutions with different
H202 concentrations. (a) 0, (b) 7.5% v/v, (c) 11.25% v/v, and (d) 15% v/v. Inset of Fig. 2(d) is the corresponding TEM

image of the nanowires.
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(a) EDS spectra of pretreated Ti substrate, porous film formed in NaOH solution, and nanowire film formed in H20Oo-

NaOH mixed solution, and (b) XRD pattern of the nanowire film formed by treating Ti foils in H2O2(15%v/v)-NaOH(2M)

mixed solutions for 6 h at 80°C.

one-dimensional nanostructures are nanowires (see in-
set of Fig. 1(d)). In addition, in compared with the
film formed in the absence of HyOs, the nanowire film
contains large amount of Na (see Fig. 2(a)), indicating
that the nanowires formed might be mainly in the form
of titanate. The atomic ratio of Na:Ti:O calculated
from the EDS spectrum is about 0.38:1:2.52. Since
the atomic ratios of Na:Ti:O are, respectively, 2:1:3 for
NayTiOg, 1:1:3 for NaHTiOs3, 2:1:2.3 for NasTizO7, and
1:1:2.3 for NaHTi307, we speculate that the nanowires
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formed are mainly in the form of Na,Ho «Ti3O7 where
Na is lacking. The excess of O observed might be re-
lated to the contamination of oxygen-containing com-
pounds on the film surface. The formation of titanate
nanowire film is also confirmed by XRD measurement
(see Fig. 2(b)). Besides the characteristic peaks of Ti
substrate, some broad peaks at 26 of about 9.1°, 24.4°
28.1°, and 48.2° (indicated by stars), which can be at-
tributed to trititanate [9,11], are also be observed in the
XRD pattern of the nanowire film.
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The above experimental results suggest that the
presence of HsOs is mnecessary for the formation of
nanowire-like materials and sufficient amount of HyO5
is needed to produce well-shaped nanowires. It is
well known that the exposure of Ti foil to HyOo so-
lution will lead to the formation of titanium perox-
ide gel Ti(OH)202 on Ti substrate [25]. Such a Ti-
peroxy gel can be decomposed into amorphous hy-
drate titania TiOg - nHyO layer [25,26]. In the ab-
sence of HoO4, the reaction between Ti and HoO can
also lead to the formation of a very thin passivation
layer: Ti+3H,O=TiO5-H;O+2H;. Under alkaline en-
vironment, the hydrated titania layer may react with
NaOH to form NaHTiO3. The formed NaHTiOj3 is then
expected to be transformed into Na-lacking titanate via
the following condensation reaction: 3NaHTiOsz+(1-
x)Ha0=NayHs « Ti3O7+(3-x)NaOH. Since the solubil-
ity of titanate in water is very low, titanate may grow on
the Ti surface via heterogeneous deposition. However,
the observation of titanium oxide film in the absence of
H>0O5 demonstrates that the dissolution of the passiva-
tion layer by NaOH does not result in the deposition
of titanate on the Ti surface. We speculate that the
occurrence of the condensation reaction might need a
higher concentration of NaHTiO3 in the solution. It is
possible that in the absence of HoO4 the dissolution of
the very thin passivation layer by NaOH cannot pro-
duce a NaHTiOgs solution with its concentration high
enough for the formation of NayHo Ti3O7. In contrast,
the presence of HoO5 can produce sufficient amount of

hydrated titania for the formation of NayHs Ti3O7.
From a kinetic point of view, the rise in HoO2 concen-
tration may increase the formation rate of the hydrated
titania layer, and thus for a given time period more
hydrated titania can be provided for the formation of
titanate. Accordingly, the presence of HoOs with high
concentration favors the formation of titanate films.
Since the treatment temperature may influence all
the processes involved in the formation of titanate
nanowires, the temperature effect on the formation of
nanowire films has also been investigated. Figure 3
shows the SEM images of the films formed in a mixed
solution of NaOH (2 M) and H302 (15% v/v) for 6 h at
different temperatures. At a temperature of 40°C, only
a compact layer which is composed of nanoparticles is
observed (Fig. 3(a)). When the temperature is raised
to 60°C, however, large amount of nanowires are clearly
seen (Fig. 3(b)), suggesting that the nanowire growth
can occur at a temperature as low as 60°C. With a fur-
ther rise in temperature, the size of the nanowires in-
creases gradually. For example, the average diameter
of the nanowires increases from ~ 30 nm at 60°C to
~ 70 nm at 100°C (see Fig. 3(c)). It should be pointed
out that, however, when the temperature reaches 100°C
or above, the surface of the nanowires becomes very
unsmooth, especially under the hydrothermal condi-
tions (namely 120°C). The shape of the nanostructures
formed at 120°C is more similar to short nanobelts than
nanowires (Fig. 3(d)), hinting that in NaOH-H2O3 solu-
tions with a low NaOH concentration the hydrothermal

Fig. 3 SEM images of the films formed by treating Ti foils in HoO2(15%v/v)-NaOH(2M) mixed solutions for 6 h at different

temperatures: (a) 40°C, (b) 60°C, (c) 100°C, and (d) 120°C.
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treatment is not favorable for the formation of nanowire
film.

To gain inside into the formation mechanism of ti-
tanate nanowires film, we have further clarified the role
of NaOH in the formation of nanowire film by replac-
ing NaOH with NaCl, NH3-H50O, a mixture of NH3-H2O
and NaCl, KOH, or Ba(OH)2. As shown in Fig. 4(a),
after treating Ti foil in the NaCl-HyO5 solution, we can
only find short rod-like materials on the Ti substrate.
The observed morphology is a little similar to that of
the film obtained in the case where only HyO2 aqueous
solution is used (see Fig. 4(b)). If the Ti foil is treated
in a HoO2-NH3-H5 O mixture, a compact film comprised
of nanoparticles will grow (see Fig. 4(c)). These results
indicate that only the existence of Na™ or OH™ in the
solution cannot lead to the formation of nanowire film.
However, we have found that even though the Ti foil is
treated in a NaCl-HoO5-NH3-HoO mixture, nanopar-
ticle film rather than nanowire film is formed (see
Fig. 4(d)), hinting that in order to produce nanowire
film the alkali might exist in the form of hydroxide. Fur-
ther investigation shows that nanowire film can grow in
a KOH-H204 mixed solution (Fig. 4(e)) whereas dense
nanoparticle film is produced in a Ba(OH)2-HoOy mix-
ture (Fig. 4(f)). Since both NaOH and KOH are alkali
metal hydroxides which can react with TiOs to form a
layer-structured alkali metal titanate, it is inferred that
the formation of nanowire film is strongly dependant on
the structure of the titanate formed, and titanate with
a layered structure favors the nanowire growth.

Formation process and growth mechanism of ti-
tanate nanowire films

To substantially understand the formation process of
titanate nanowire, we have examined the morphology of
the films formed at different growth stages. After chem-
ically etched in a HF aqueous solution, the surface of Ti
is not flat, but at small scale we can observe a relatively
smooth surface (Fig. 5(a)). When the Ti foil is treated
in a NaOH-H5045 mixed solution for 0.5 h, an interest-
ing terraces-like morphology appears (Fig. 5(b)). The
terraces are obviously built by many sheet-like materi-
als which are actually comprised of nanoparticles (see
inset of Fig. 5(b)). We find that the sizes of these sheet-
like materials may increase with growth time. As shown
in Fig. 5(c), when the treatment duration is prolonged
to 1 h, the sizes of the sheet-like materials are much
larger than those observed in Fig. 5(b). Furthermore,
the sizes of the nanoparticles within the sheets also be-
come larger (see inset of Fig. 5(c)). The observation
of these sheet-like materials might be related to the
fact that alkali metal titanate has a layered structure
and thus favors the formation of sheet-like materials.

As the treatment duration is raised to 1.5 h, these ti-
tanate sheets begin to evolve into nanowire-like materi-
als (Fig. 5(d)). The high-magnification image (see inset
of Fig. 5(d)) where clear boundaries (some boundaries
are indicated by arrows) between elongated particles (or
nanowire-like materials) are observed provides a clue to
the evolution of titanate sheets into nanowires.

We

Fig. 4 SEM images of the films formed by treating Ti foils at 80°C for 6 h in different solutions with the concentration of HoO2
being fixed at 15%v/v: (a) NaCl(2M)-H202, (b) H202, (c) NH3-H20(18.5%v/v)-H202, (d) NaCl(2M)-NH3-H20(18.5%v /v)-

HQOQ, (e) KOH(?M)—HQOQ, and (f) Ba(OH)2(1.5M)-H202.
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Fig. 5

LT ST
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SEM images of the films formed by treating Ti foils in H2O2(15%v/v)-NaOH(2M) mixed solution at 80°C for

different durations: (a) 0, (b) 0.5 h, (¢) 1 h, (d) 1.5 h, (e) 2 h, and (f) 4 h. Insets of Fig. 5(b), 5(c), 5(d) and 5(e) are the

high magnification images of corresponding materials.
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Fig. 6 A scheme for the formation of titanate nanowires films in NaOH-H2O2 aqueous solutions.

infer from these images (namely insets of Fig. 5(b), 5(c),
and 5(d)) that the nanoparticles within the sheets self-
assembly into elongated particles (or nanowire-like ma-
terials) and then a “splitting” process along the bound-
aries between elongated particles (or nanowire-like ma-
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terials) leads to the formation of nanowires. As the
growth time increases to 2 h (see Fig. 5(e) and its inset
with some boundaries being indicated by arrows), the
splitting process continues and thus the diameter of the
nanowire becomes smaller and smaller, with the shape
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of the nanowire being more defined. When the duration
is raised to 4 h, well-structured nanowire film is formed
(Fig. 5(f)).

Based on our above experimental results, we pro-
pose a possible mechanism for growth of titanate
nanowire film in NaOH-H;0, mixed solution at
low temperature (Fig.6).  Firstly, when the Ti
foil is immersed into in NaOH-H5O, mixed solu-
tion, the growth of hydrated titania layer will oc-
cur mainly through the following reactions (step (a)
n Flg 6)7 namely T1+H202+2HQO:T1(OH)202+H2
and Ti(OH)202 —Ti(OH)O—Ti(OH)x —TiO3 - nH2O
[25,26]. Secondly, the presence of NaOH in the mixed
solution may dissolve the hydrated titania layer to form
NaHTiO3 which is then converted to titanate via a con-
densation reaction (step (b) in Fig.6). Thirdly, the
low solubility of titanate in water makes it possible for
titanate to precipitate on the Ti surface via heteroge-
neous deposition. Since titanate possesses a layered
structure, it tends to form sheet-like structure upon
its deposition on the Ti substrate. As the heteroge-
neous deposition of titanate continues, the successively
grown titanate sheets will stack one upon another and
thus exhibits a terraces-like morphology (steps (c) and
(d) in Fig. 6). Finally, the titanate sheets formed un-
der our experimental conditions do not evolve into nan-
otubes by rolling up themselves. Instead, each titanate
sheet is split into nanaowires and thus forms a thin
nanowire layer. All these nanowire layers finally con-
struct a nanowire film with net-like structure (step (e)
in Fig. 6).

Conclusion

We have presented a study on the synthesis and
growth mechanism of titanate nanowire films in alkali-
H505 aqueous solutions with an alkali concentration of
2 M at low temperature. It is shown that the role of
H>Os is to provide sufficient amount of hydrated tita-
nia for the formation of NasTizO7 and the deposition
of titanate sheets is through heterogeneous deposition.
The nanowire growth is strongly dependant on the al-
kali used, and its formation is via a splitting mechanism,
by which each of the formed titanate sheets is converted
into a thin nanowire layer.
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