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a  b  s  t  r  a  c  t

This  study  aimed  at synthesizing  one-dimensional  (1D)  nanostructures  of  TiO2 using  atomic  layer  depo-
sition  (ALD)  on  anodic  aluminum  oxide  (AAO)  templates  and  carbon  nanotubes  (CNTs).  The precursors
used  are  titanium  tetraisopropoxide  (TTIP,  Ti(OCH(CH3)2)4) and  deionized  water.  It was  found  that  the
morphologies  and  structural  phases  of  as-deposited  TiO2 are  controllable  through  adjusting  cycling  num-
bers of ALD  and  growth  temperatures.  Commonly,  a  low  temperature  (150 ◦C)  produced  amorphous  TiO2

while  a high  temperature  (250 ◦C)  led to  crystalline  anatase  TiO2 on  both  AAO  and  CNTs.  In addition,  it
was  revealed  that  the  deposition  of  TiO2 is also  subject  to  the  influences  of  the  applied  substrates.  The
work  well  demonstrated  that  ALD  is a precise  route  to synthesize  1D  nanostructures  of  TiO2. The  resul-
tant  nanostructured  TiO2 can  be important  candidates  in many  applications,  such  as  water  splitting,  solar
cells, lithium-ion  batteries,  and  gas  sensors.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Since the delivery of carbon nanotubes (CNTs) in 1991 [1],  there
has been an ever-increasing amount of new nanoscale materials
reported and they have shown exceptional physicochemical prop-
erties over their bulk counterparts as well. As a return, currently
the quest on nanostructured substances for numerous applications
is extraordinarily intensive. Among various nanostructures (e.g.,
nanoparticles, nanotubes, nanowires, nanorods, and nanofilms),
tubular materials feature hollow entities and high surface-to-
volume ratios of materials. This often leads to many unexpected
benefits in applications. Besides CNTs, non-carbon nanotubes are
also important for many areas. For example, nanotubular metal
oxides are superior to other forms of nanomaterials including CNTs
in sensing ability, photo catalytic activity, water photolysis effi-
ciency, and photovoltaic behavior [2].  Thus, nanotubes of metal
oxides attracted much attention over the past decade.

Among transition metal oxides, TiO2 is one of the most investi-
gated compounds in contemporary materials science [3],  ascribed
to its desirable properties. First of all, TiO2 is distinguished by its
chemical stability, corrosion-resistance, non-toxicity, abundance,
and cheapness [4].  Furthermore, TiO2 is functionally versatile as
well, accounting for its extensive use in photocatalysis, water
splitting, solar cells, lithium-ion batteries, fuel cells, gas sensors
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and self-cleaning units. As a consequence, there is an account of
thousands of papers about nanostructured TiO2 in literature. In the
case of TiO2 nanotubes, their synthesis and applications have drawn
great effort in earlier studies, as well documented by many reviews
[3,5–17]. In general, anodization is the most widely used route for
fabricating TiO2 nanotubes, first reported in 2001 by Grimes and
co-workers [18]. In a later time, Grimes et al. made a comprehen-
sive review [5] on anodized TiO2 nanotubes. Two other widely
used methods are hydrothermal and template-assisted chemi-
cal approaches [6].  Besides the aforementioned methods, more
recently there was an increasing awareness of atomic layer depo-
sition (ALD), a vapor-phase deposition technique, for developing
TiO2 nanotubes [19–26].

ALD is a gas-solid thin film process credited to Suntola and
co-workers [27]. Relying on two sequentially cyclic self-limiting
half-reactions, ALD enables films to develop in a layer-by-layer
mode on a substrate surface. Therefore, ALD can precisely con-
trol film deposition at the atomic level and provide films with
excellent uniformity and conformality. Another remarkable ben-
efit of ALD is its low deposition temperature (generally lower than
400 ◦C, even down to room temperature) compared to chemical
vapor deposition, rendering ALD applicable for heat-sensitive sub-
strates (such as polymer, and biomaterials). These characteristics
distinguish ALD from solution-based and other vapor-phase routes
(e.g., chemical and physical vapor deposition) and make ALD a facile
but versatile tool for fabrication of various nanostructures. In the
past decade, ALD gradually went into a fashion for nanotechnol-
ogy, owing to its aforementioned superiorities. Currently ALD has
expanded its uses from two-dimensional (2D) planar films to a
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variety of nanostructured materials, as recently reviewed [28–31].
Using ALD as the deposition tool, earlier researchers developed
not only the aforementioned 1D nanotubes [19–26] but 2D pla-
nar films [32–40],  0D composite nanoparticles [41,42], and other
complicated nanostructures [43,44] of TiO2 as well. There are many
precursors exposed in the previous studies of ALD-TiO2. TiCl4 and
titanium tetra-isopropoxide (TTIP, Ti(OCH(CH3)2)4) are two  widely
used titanium sources, and water is the most common oxygen
source. In comparison, TTIP is more beneficial than TiCl4, for the
induced ALD process has no release of the corrosive by-product
HCl and no chlorine residues in the film [32,35].

Thanks to its inherent advantages, ALD profits the resultant
nanostructures in many ways. In our recent work [44–47] it was
demonstrated that ALD has the capability to control crystallinity
of deposited metal oxides from amorphous to crystalline phase
while it dominates film growth per cycle (GPC) and morphology.
These intriguing characteristics of ALD make it possible to design
nanomaterials with the desirable morphology as well as struc-
tural phase for specific applications. In this way, earlier studies
posed a good example with ALD-V2O5. It was disclosed that ALD-
induced amorphous V2O5 showed better performance than widely
used crystalline V2O5 when they were used as cathode materials in
lithium-ion batteries [48]. It was also revealed that ALD could fur-
ther optimize V2O5 cathodes by precisely controlling the deposited
film thickness [48].

Stimulated by tremendous advantages of both 1D nanotubular
structures and ALD, as discussed above, we attempted the synthe-
sis of TiO2 nanotubes by ALD using TTIP and water as precursors.
The surface chemistry of ALD-TiO2 has previously been investigated
and the two half-reactions [34] induced by TTIP and water were
described as follows:

2||-OH + Ti(OCH(CH3)2)4(g) → ||-O2-Ti(OCH(CH3)2)2

+ 2(CH3)2CHOH (g) (1A)

||-O2-Ti(OCH(CH3)2)2

+ 2H2O (g) → ||-O2-Ti(OH)2 + 2(CH3)2CHOH(g) (1B)

In spite of the work [19–26,32–44] conducted previously with
ALD-TiO2, our work features in two ways. First of all, two  dif-
ferent substrates were used, i.e., porous anodic aluminum oxide
(AAO) templates and CNTs. As a consequence, two different nano-
structures were produced, i.e., pure TiO2 nanotubes and CNT-TiO2
coaxial tubular hybrids. In addition, another distinctive contribu-
tion is that the synthesized nanostructures showed structurally
temperature-dependent crystallinity from amorphous to crys-
talline phase as well as tunable morphology. The synthesized
TiO2-related nanostructures are potentially important candidates
for many applications, as stated above.

2. Experimental

2.1. ALD-TiO2

In ALD-TiO2 processes, commercial AAO (Whatman, Anodisc,
60 �m in thickness and 13 mm in diameter) and multi-walled CNTs
(MWCNTs, Shenzhen Nanotech Port Co., Ltd., China) were first
loaded into a commercial ALD reactor (Savannah 100, Cambridge
Nanotechnology Inc., USA) preheated to a certain temperature.
Then, TTIP (98%, Sigma-Aldrich) and deionized water (DI H2O)
were introduced into the ALD reactor in an alternating sequence
to perform ALD-TiO2. TTIP was heated to 70 ◦C while water was
kept at room temperature in order to provide sufficient vapors for
ALD-TiO2 processes. Additionally, the delivery lines were heated

Fig. 1. (a) XRD patterns induced by ALD-TiO2 on AAO at 150 (A) and 250 ◦C (B). (b)
EDS  spectrum of ALD-TiO2 on AAO at 150 ◦C. (c) Raman spectra of ALD-TiO2 on AAO
at  150 (A) and 250 ◦C (B).
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Fig. 2. Template-directed ALD-TiO2 at 150 ◦C. SEM images showing AAO templates deposited with (a) 500- and (b) 600-cycle ALD-TiO2, and SEM images showing the received
nanotubes arrays after (c) 500- and (d) 600-cycle ALD-TiO2. (e) TEM image of the received nanotubes (inset: SAED pattern). (f) HR-TEM image of a local area as marked with
“f”  in (e).

to 150 ◦C in order to prevent the precursors from condensation.
Nitrogen was used as the carrier gas with a flow rate of 20 sccm
and the ALD reactor was sustained at a low level of pressure (typ-
ically 0.4 Torr) with a vacuum pump (Pascal 2005 I, Adixon). The
ALD procedures were set as follows: (1) a 1.0-s supply of TTIP; (2)
a 3.0-s extended exposure of TTIP to AAO and CNTs; (3) a 10.0-s
purge of oversupplied TTIP and any by-products; (4) a 2.0-s sup-
ply of water vapor; (5) a 3.0-s extended exposure of water vapor to
AAO and CNTs; (6) a 10.0-s purge of oversupplied water and any by-
products. The aforementioned six-step sequence constituted one
ALD-TiO2 cycle and the ALD processes could be adjustable with
different cycling numbers and growth temperatures. In this study,
two growth temperatures were employed for ALD-TiO2 processes,
i.e., 150 and 250 ◦C.

2.2. Functionalization of substrates

As is well-known, any ALD process requires functional groups
with substrates in order to initiate the first deposition of target
materials. Of the two substrates (AAO and CNTs), AAO as an oxide
is generally covered by various functional groups (e.g., -OH) [49,50]
and it has successfully been used in our previous work [47].

In contrast, CNTs are typically free of reactive sites due to their
structural perfectness [51]. A general strategy for oxidization is

refluxing CNTs in nitric acid [52], and thereby functional groups
(e.g., -OH) are created. In this study, the oxidization of CNTs was
fulfilled using concentrated nitric acid (70% HNO3) in which CNTs
were refluxed for 1–2 h at 100 ◦C. When the dispersions cooled
down to room temperature, they were vacuum-filtered through a
0.2 �m membrane. The received CNTs were then washed by deion-
ized water until a neutral pH value of the filtrate was received. The
oxidized CNTs were dried in an oven at 100 ◦C overnight.

2.3. Strategies and resultant nanostructures

The commercial AAO is with numerous nanopores of nominal
200 nm while CNTs are nominally 60 nm in diameter. However,
observation of using a field emission scanning electron microscope
(FE-SEM, Hitachi 4800S) disclosed that the CNTs range widely from
around 10 to over 100 nm,  as shown by figure SI-1(a) and (b) in
Supporting Information. In addition, it was found that acid treat-
ment produced no observable change on the morphologies of CNTs
(figure SI-1(c)-(f)).

Based on the two substrates, there are two  different strategies
induced by ALD and thereby the resultant TiO2 shows different
nanostructures. First of all, AAO-directed ALD-TiO2 proceeds on
the inner surfaces of AAO pores and therefore forms tubular films.
Through dissolving AAO with 0.5 M sodium hydroxide (NaOH),
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Fig. 3. Template-directed ALD-TiO2 at 250 ◦C. SEM images showing AAO templates deposited with (a) 200- (b) 300-, and (c) 500-cycle ALD-TiO2. The received nanotubes
shown by (d) SEM, (e) TEM (inset: SAED pattern), and (f) HR-TEM image (inset: the position for the piece examined by HR-TEM).

tubular films in nanopores of AAO are then released in forms of
nanotubes. In comparison, CNT-based ALD-TiO2 deposits films on
the outer surfaces of CNTs. As a consequence, the outer films of
TiO2 construct coaxial tubular nanostructures with CNTs. In other
words, the former strategy produces pure TiO2 nanotubes while
the latter yields CNT-TiO2 coaxial tubular hybrids.

2.4. Characterization

To characterize the morphologies, structures, and composi-
tions of deposited materials, we used a FE-SEM (Hitachi 4800S)
coupled with energy dispersive spectroscopy (EDS), transmis-
sion electron microscope (TEM, Hitachi 7000), high-resolution
TEM (HR-TEM, JEOL 2010 FEG), X-ray diffractometer (XRD, Inel
multi-purpose diffractometer), and Raman spectroscopy (HORIBA
Scientific LabRAM HR).

3. Results and discussions

3.1. Results

3.1.1. AAO-directed 1D TiO2 nanotubes
Fig. 1(a) shows the XRD patterns from two AAO templates coated

with 500 ALD cycles under 150 (as marked with “A”) and 250 ◦C (as

marked with “B”). Apparently, the one at 150 ◦C displays no XRD
peaks while the one at 250 ◦C exhibits many sharp XRD peaks which
are consistent to the reference values for the crystalline anatase
TiO2 (JCPDS PDF No. 21-1272). The XRD patterns imply that growth
temperature took effect on the ALD-TiO2. To confirm the success of
ALD-TiO2 at 150 ◦C, EDS was employed to probe elemental compo-
sitions of an ALD-coated AAO template which was  partially etched
by NaOH, as shown in Fig. 1(b). It was revealed that there is plenty
of Ti, as well as O, Na, and Al. Besides Ti due to ALD-TiO2, the oxy-
gen element can be ascribed to some remained AAO as well as
ALD-induced coatings at 150 ◦C. Al is due to the sample holder of
aluminum and AAO, while Na should be incurred by the etching
of NaOH. Obviously, temperatures played critical roles in the ALD-
TiO2, and the low temperature of 150 ◦C might have contributed to
the growth of amorphous TiO2. In Fig. 1(c), Raman spectra of the
two  samples are shown. The sample A at 150 ◦C displays some weak
features comprising two  very broad and weak bands in the vicinity
of 170 and 610 cm−1. These features have been previously observed
and assigned to the amorphous phase of TiO2 [53]. In contrast, the
sample B at 250 ◦C shows a very strong peak around 144 cm−1 and
some weak peaks at 399, 519, and 639 cm−1 as well. These peaks
are typically assigned to the anatase TiO2 [53–55].

To further address the growth characteristics induced by dif-
ferent temperatures, the coated AAO samples were examined by
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SEM and TEM. Fig. 2(a) and (b) shows SEM images for the cross
sections of 500- and 600-cycle coated AAO at 150 ◦C, respectively.
Each of them reveals a smooth and uniform layer deposited in AAO
nanopores, accounting for 16.7 and 20.5 nm in thickness, respec-
tively. Through etching AAO with a 0.5 M NaOH solution, nanotube
arrays were received for each case, i.e. 500- (Fig. 2(c)) and 600-cycle
(Fig. 2(d)) ALD-TiO2, respectively. It was noticed that the received
nanotubes exhibit fluffy structures in their inner surfaces, as signi-
fied by red arrows in Fig. 2(d) and inset of Fig. 2(d). We  postulated
that it might be due to the amorphous nature of the nanotubes vul-
nerable to the NaOH solution, leading to the deposited material to
partially peal off in the forms of thin strips. Fig. 2(e) shows the TEM
image of received nanotubes after 500 ALD cycles and shows some
fluctuation in wall thickness along the tubes. It further confirms
that the amorphous phase of TiO2 is easily subject to the influence
of NaOH etching processes. The inset of Fig. 2(e) shows the selected
area electron diffraction (SAED) patterns which discloses a disor-
dered nature of the deposited material. This is consistent to the
XRD data in Fig. 1. The HR-TEM image in Fig. 2(f) also discloses the
amorphous nature of a local area (as denoted in Fig. 2(e) with “f”).

Fig. 3 shows the growth characteristics of ALD-TiO2 at 250 ◦C.
Fig. 3(a)–(c) jointly disclose that the wall thickness increases from
8.7 to 17.9 and 35.3 nm with ALD-cycles increased from 200
(Fig. 3(a)), to 300 (Fig. 3(b)) and 500 (Fig. 3(c)). It was noticed
that the inner surfaces of the received nanotubes are smooth and
free of fluffy structures as observed in Fig. 2. Fig. 3(d) presents
the SEM image of some bunches of the received nanotubes. In
Fig. 3(e), the received nanotubes are displayed by a TEM image and
the SAED pattern in the inset reveals their polycrystalline nature.
Fig. 3(f) unveils the structural characteristics of the nanotube walls
(the inset indicates the examined location of the nanotube) with
a HR-TEM image, clearly showing the lattices of anatase TiO2. The
inter-plane distances of 0.352 and 0.243 nm correspond to the char-
acteristic planes of (101) and (104) of anatase TiO2, respectively.

3.1.2. CNT-based 1D TiO2 coaxial nanotubes
In the above section, we demonstrated the growth characteris-

tics of AAO template-directed ALD-TiO2. In another route, ALD-TiO2
was deposited on oxidized CNTs and the following section discusses
the results based on the CNTs of 1 h oxidation. Fig. 4(a) shows the
XRD patterns for CNTs (as marked with “A”), ALD-coated CNTs at
150 ◦C (as marked with “B”), and the ones at 250 ◦C (as marked
with “C”). Compared to the XRD pattern (A) of CNTs, the pattern
of ALD-TiO2 coated CNTs at 150 ◦C (B) shows no changes, implying
the amorphous nature of the deposited TiO2. In contrast, the XRD
pattern for ALD-coated CNTs at 250 ◦C (C) displays many peaks as
marked and they are consistent to the reference values for the crys-
talline anatase TiO2 (JCPDS PDF No. 21-1272). Fig. 4(b) shows the
Raman spectra of the three samples. The sample A disclosed the fea-
tures of CNTs comprising G (1580 cm−1) and D (1330 cm−1) band
[56]. Besides the features of CNTs, the sample B and C revealed the
amorphous and anatase TiO2 phase (as discussed in the above case
of AAO), respectively. Again, it is confirmed that growth tempera-
tures took part in determining the growth of ALD-TiO2, as revealed
in the section 3.1.1.

To further examine the growth characteristics of TiO2 on CNTs,
both SEM and TEM were applied. The ALD-TiO2 on CNTs at 150 ◦C is
shown in Fig. 5. After 100 cycles, SEM (Fig. 5(a)) and TEM (Fig. 5(b))
image jointly show that some tiny particles of less than 10 nm were
deposited on CNTs. Increasing the cycling number to 200 cycles,
SEM (Fig. 5(c)) and TEM (Fig. 5(d)) image combine to reveal that
a very thin layer of around 4.5 nm was deposited on CNTs. Fur-
ther increasing the cycling number to 300 cycles, it was found that
the deposited film became thicker. As shown by the SEM image
of Fig. 5(e), the broken part (as circled by a yellow dashed line)
exposed that a uniform film covers CNTs. TEM image of Fig. 5(f)

Fig. 4. (a) XRD patterns of (A) pristine CNTs, and 300-cycle ALD-TiO2 on CNTs at (B)
150 and (C) 250 ◦C. (b) Raman spectra of (A) pristine CNTs, and 300-cycle ALD-TiO2

on CNTs at (B) 150 and (C) 250 ◦C.

shows that the film thickness is 8.6 nm.  Furthermore, a CNT sample
coated with 100-cycle TiO2 was examined by HR-TEM, as shown
in Fig. 5(g). It clearly shows the graphitic lattices of CNT walls,
accounting for an inter-plane distance of 0.34 nm. In addition, as
surrounded by yellow dashed lines, the disordered nature of the
deposited material is displayed.

Fig. 6 illustrates the growth characteristics of ALD-TiO2 on CNTs
at 250 ◦C. The morphological changes due to 100-, 200-, and 300-
cycle ALD-TiO2 are shown by SEM images in Fig. 6(a), (c), and (e),
respectively. They jointly reveal that the surfaces of coated CNTs
are rough. Fig. 6(b) exposes that there are numerous nanoparticles
of around 10 nm deposited on CNTs, which were going to coalesce.
The inset of Fig. 6(b) further reveals that the nanoparticles are crys-
talline with identified lattices, as marked for the planes of (200).
Upon the finishing of 200 cycles, Fig. 6(d) shows that nanoparticles
coalesced into an average 7.7 nm thick film. As shown by Fig. 6(f),
the films grew thickened to 12.1 nm after 300 cycles.

3.2. Discussions

In the above sections, experimental results clearly demon-
strated that ALD resulted in two  distinct nanostructres of TiO2,
i.e., pure TiO2 nanotubes and CNTs-TiO2 coaxial tubular hybrids,
ascribed to the two distinct substrates of AAO and CNTs. In addi-
tion, it is also easy to conclude that the resultant TiO2 is subject
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Fig. 5. ALD-TiO2 on CNTs at 150 ◦C. SEM images of (a) 100, (c) 200, and (e) 300 cycles of ALD-TiO2. TEM images of (b) 100, (d) 200, and (f) 300 cycles of ALD-TiO2. (g) HR-TEM
image  of 100-cycle ALD-TiO2.

to the influences of both temperatures and substrates, leading to
controllable structural phases and tunable morphologies. To clarify
these facts, we make further discussions in the following sections,
especially based on effects of temperatures and substrates.

3.2.1. Effects of substrates
In any ALD process, the behaviors of film growth are jointly

determined by three key parameters, i.e., precursors, temperatures,
and substrates [57]. It is apparent that, with the use of TTIP and
water in this study, temperatures and substrates are the two factors
responsible for the resultant ALD-TiO2.

As is well known, ALD is a surface-controlled process. Thus, the
initiation and the subsequent deposition of an ALD process are
closely related with the surface nature of applied substrates. It was

previously reported that, using TiCl4 and water as ALD precursors,
amorphous TiO2 films were grown on glasses while crystalline films
were deposited on crystalline substrates at the same conditions
[58]. Similarly, Schuisky et al. also demonstrated that substrates
could influence the structural phases of as-deposited TiO2 using
TiI4 and H2O2 as ALD precursors [59]. However, this study disclosed
no difference on structural phases of the resultant TiO2 when the
same temperature was  applied. Thus, it is reasonable to believe that
the substrates in this study are not the critical factors for the for-
mation of amorphous and crystalline anatase TiO2. Even so, we  did
observe some difference on GPC of ALD-TiO2. At 150 ◦C the aver-
age GPC of ALD-TiO2 is 0.34 and 0.29 Å/cycle for AAO and CNTs,
respectively. At 250 ◦C, the average GPC of ALD-TiO2 is 0.71 and
0.40 Å/cycle for AAO and CNTs, respectively. Obviously, the growth
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Fig. 6. ALD-TiO2 on CNTs at 250 ◦C. SEM images of (a) 100, (c) 200, and (e) 300 cycles of ALD-TiO2. TEM images of (b) 100 (inset: HR-TEM image of nanoparticles), (d) 200,
and  (f) 300 cycles of ALD-TiO2.

on AAO is higher than the one on CNTs. The reason is probably
due to the higher density of reactive sites with AAO in comparison
to CNTs. In this way, our previous studies well demonstrated that
AAO can be used directly for ALD processes [47] while CNTs need
pre-functionalization prior to an ALD process [51]. In addition, we
also compared the ALD-TiO2 based on 1 h (see Fig. 5 and 6) and
2 h (see Fig. SI-2) oxidized CNTs, and there is no evident difference
observed from the two treated CNTs. This might be ascribed to the
slow oxidization process via HNO3, which needs further investiga-
tion in future work. However, the island-growth mode of ALD-TiO2
(see Fig. 5(b) and 6(b)) exposes a low density of reactive sites.

3.2.2. Effects of temperatures
Besides substrates, temperatures can also play critical roles in

ALD processes. On the choice of temperatures, it is in essence deter-
mined by the fundamentals of ALD as well as the properties of
precursors. As a layer-by-layer deposition technique, ALD requires
that precursors will not decompose by themselves under a given
growth temperature [32,60]. Otherwise, the deposition will be a
process of chemical vapor deposition (CVD), and destroy the self-
limiting growth mechanism of ALD. Of the two precursors (TTIP
and water), water being an oxygen source has been used for ALD
under a temperature up to 600 ◦C [58] and could not be an issue. The
limit is mainly from TTIP. Some pioneered work conducted by Fin-
ish researchers [32–34] has disclosed that TTIP is only chemically

stable under a temperature of 250 ◦C or less. In other words, any
higher temperature would incur an increasing part of CVD growth
of TiO2 due to the decomposition of TTIP. In this work, it is obvious
that the two  temperatures of 150 and 250 ◦C are safe for ALD-TiO2.

With growth temperature increased from 150 to 250 ◦C, the
ALD-TiO2 on both AAO and CNTs changed distinctively from the
amorphous to crystalline anatase phase. The two  substrates are
by nature structurally different. AAO is amorphous while CNTs
are crystalline. Thus, the results imply that growth temperatures
played dominant roles other than the substrates in determining the
structures of as-deposited TiO2. Similarly, Aarik et al. also revealed
that higher temperatures are preferable to the growth of crystalline
films on silicon substrates during ALD-TiO2 of using TiCl4 and water
as precursors [58]. Similarly, Liu et al. reported that, using TiCl4
and water as ALD-TiO2 precursors, a high temperature of 400 ◦C
resulted in anatase nanotubes while a low temperature of 100 ◦C
produced amorphous nanotubes [26]. In this study, temperature
could take effect by two ways. On one hand, a higher tempera-
ture (250 ◦C) should be kinetically favorable for the ordering of the
structure with minimum energy [58], for the intermediates might
be able to migrate easily and enable the Ti and/or O ions to occupy
the positions corresponding to the lowest free energy of the crystal.
On the other hand, temperature can influence GPC through chang-
ing the reactions between precursors and surface-reactive sites.
The potential mechanism may  lie in the improved reactivity due
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to the increased temperature. Aarik et al. [33] revealed that water
has a low reactivity toward TTIP in the ALD-TiO2, but an increase
on growth temperature could improve the reactivity of water,
activate some reactions, and thereby improve the growth rate of
ALD-TiO2. In comparison to the study of Li et al. [26], it is appar-
ent that the temperature of 250 ◦C in this study is much lower than
their temperature of 400 ◦C for crystalline anatase TiO2 nanotubes,
accounting for the influence of precursors. In other words, this
study provided a route to tune the crystallinity of TiO2 nanotubes
from amorphous to anatase phase with low growth temperatures
(below 250 ◦C). This is especially important for heat-sensitive sub-
strates such as polymer and biological materials.

To further address the transformation of TiO2 from amorphous
to crystalline phase with increased temperatures, we  investigated
the deposition on AAO at an intermediate temperature of 200 ◦C,
where a mixed growth of amorphous and crystalline TiO2 was
observed (see Fig. SI-3). As revealed by Fig. SI-3(a) and (b), the depo-
sition at 200 ◦C is nearly linear and the GPC is around 0.5 Å/cycle.
Fig. SI-3(c) shows the TEM image of 200-cycle TiO2 nanotubes. The
netlike walls were likely induced by the ultrasound used in the
sample preparation. We  did not use the ultrasound for the TEM
samples in Fig. 2, otherwise there were no samples survived for
TEM observation. It is worth noting that the SAED patterns in Fig.
SI-3(c) disclose some weak polycrystalline characteristic. HR-TEM
image in Fig. SI-3(d) further reveals that the walls are mostly amor-
phous while many small crystals (as red-cycled) have formed after
a 200-cycle ALD-TiO2 at 200 ◦C. Thus, there is a competitive growth
between amorphous and crystalline TiO2 at 200 ◦C. Fig. SI-3(e) com-
pares the XRD patterns of 500-cycle ALD-TiO2 on AAO, due to the
three temperatures (i.e., 150, 200, and 250 ◦C). It confirms that the
ALD-TiO2 at 200 ◦C shows some crystalline characteristics, but its
crystallinity is obviously much weaker than the one at 250 ◦C. These
temperature-dependent crystallinity and growth have also been
observed in our previous work [44–47],  and they have given more
detailed explanations.

In summary, this study worked on fabrication of ALD-TiO2 for
different 1D nanostructures using two different substrates. It is
found that both substrates and temperatures are important influ-
encing factors which make the deposited TiO2 controllable in both
structural phases and morphologies.

4. Conclusions

In this work, we attempted to fabricate 1D nanotubes and CNT-
based core-shell structures of TiO2. It was demonstrated that ALD is
a highly tunable technique in controlling the deposited TiO2 in dif-
ferent morphologies and phases. First, depending on the adopted
temperature, the ALD-TiO2 on both AAO and CNTs can be tuned
from the amorphous to crystalline anatase phase in the range of
150–250 ◦C. Furthermore, the deposited TiO2 can be morphologi-
cally controlled by adjusting cycling numbers. In addition, the two
substrates exhibited some influence on GPC of ALD-TiO2 due to
their difference on surface nature. The resultant nanostructured
TiO2 is useful for many applications such as water splitting, solar
cells, lithium-ion batteries, and gas sensors.
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