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1 Introduction

ABSTRACT

Aligned carbon nanotube films coated with amorphous carbon were developed
into novel templates by atomic layer deposition. Freestanding macroscopic
metal-oxide nanotube films were then successfully synthesized by using these
templates. The reactive amorphous carbon layer greatly improved the nuclei
density, which ensured the high quality of the films and allowed for precise control
of the wall thickness of the nanotubes. Using template-synthesized alumina
nanotube films, we demonstrate a humidity sensor with a high response speed,
a transmission electron microscopy (TEM) grid, and a catalyst support. The cross-
stacked assembly, ultrathin thickness, chemical inertness, and high thermal
stability of the alumina nanotube films contributed to the excellent performance
of these devices. In addition, it is expected that the metal-oxide nanotube films
would have significant potential owing to their material richness, macroscopic
appearance, flexibility, compatibility with the semiconducting technologies, and
the feasibility of mass production.

The template-assisted atomic layer deposition (ALD)
technique is one of the most attractive methods for

Metal-oxide nanotubes have attracted much attention
owing to their potential applications in environmental
protection [1], green energy [2—4], sensors [5, 6], and
so on. Various approaches have been developed for
preparing metal-oxide nanotubes, such as the hydro-
thermal method [7], chemical vapor deposition [8],
physical vapor deposition [9], the anodic oxidation
method [10, 11], etc.

fabricating metal-oxide nanotubes. One-dimensional
nanomaterials are used as templates for the further
core-shell ALD processes. The ALD shells become
the metal-oxide nanotubes after the nanoscale cores
are removed. This method is attractive owing to the
merits of ALD, including its wide application in
synthesizing various metal oxides, the ability to control
the deposition thickness, and conformal coating [12-14].
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Therefore, a variety of metal-oxide nanotubes such as
TiO,, ALOs, ZrO,, etc. have been synthesized to take
advantage of the conformal coating feature of ALD
[15-21]. However, because the templates and resulting
as-fabricated raw materials are disordered networks,
obstacles remain on how to assemble the metal-oxide
nanotubes together to meet the requirements of actual
devices [22, 23]. Also, powders and such materials
are not compatible with conventional thin-film pro-
cesses. Therefore, it is still necessary to explore new
templates in order to realize the preparation of ordered
metal-oxide nanotube films.

Here we show that freestanding aligned carbon
nanotube (CNT) films drawn from CNT arrays can
serve as potential ALD templates for metal-oxide
nanotube preparation. High-quality macroscopic,
flexible, and aligned metal-oxide nanotube films (ALO;,
TiO,, HfO,, etc.) were successfully fabricated using
amorphous carbon (AC)-coated cross-stacked CNT
films as templates because the amorphous carbon
effectively improves the nuclei density of the ALD
process. Using ALLO; nanotube freestanding films, we
demonstrate a humidity sensor with a high response
speed, a grid for transmission electron microscopy
(TEM) observation, and a catalyst support. Furthermore,
additional applications of metal-oxide freestanding
films are expected owing to the macroscopic, flexible,
and aligned morphology of the metal-oxide films and
their rich functionality.
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Figure 1 (a) Photograph of a cross-stacked CNT film. (

2025

2 Results and discussion

The aligned CNT films were drawn from super-aligned
CNT (SACNT) arrays grown on 8 in. Si wafers. Two
layers of CNT films were cross stacked on 24 mm x
24 mm metal frames (Fig. 1(a)) [24]. The cross-stacked
structure of the aligned CNT films is shown in Fig. 1(b).
An amorphous carbon (AC) layer, 2 nm in thickness,
was then coated on the cross-stacked CNT film to
serve as a reactive nuclei layer for the ALD process.
Figure 1(f) shows a conformal AC sheath surrounding
a CNT (AC-CNT). Metal-oxide layers were then
deposited on the AC-CNT films by ALD. Figure 1(c)
shows an alumina-coated CNT film after 210 ALD
cycles. The obvious changes in the transparency and
color of the film show successful alumina deposition.
Further experiments revealed that the alumina layers
coaxially coated on the AC-CNTs were uniform and
had smooth surfaces, as shown in Fig. 1(e). Thus it can
be concluded an ideal core-shell structure, as sketched
in Fig. 1(d), was made. Freestanding alumina nanotube
(ANT) films were successfully fabricated after the car-
bon cores were removed from the core—shell structures
by annealing in air at 650 °C for 1h, as shown in
Figs. 1(g)-1(j). The SEM image (Fig. 1(h)) shows that
the ANT film cloned the cross-stacked structure from
the templates. Figure 1(j) shows the TEM image of an
ANT in the as-fabricated film and selected-area electron
diffraction (SAED) shows that the alumina of the
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b) SEM image of a cross-stacked CNT film. (¢) An AC-CNT film after coating

alumina with 210 ALD cycles. (d) Sketch of the alumina-coated AC-CNT. (¢) TEM image of an AC-CNT coated with 210-ALD-cycle
alumina coaxially. (f) TEM image of an AC-CNT. (g) ANT-210 film after removing the CNTs. (h) SEM image of an ANT-210 film.
(1) ANT-210 film detached from the metal frame. (j) TEM image of the ANT in the ANT-210 film.
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nanotube was amorphous (Fig. S1 in the Electronic
Supplementary Material (ESM)). The ANT film was
robust, such that it could be detached from the frame,
and it was also flexible, as shown in Fig. 1(i).

Coating the CNT films with amorphous carbon is
necessary for preparing a high-quality metal-oxide
nanotube film. Figures 2(a)-2(c) show TEM images of
pristine SACNTs coated by 70, 140, and 210 ALD cycles
of alumina, respectively. In the case of 70 ALD cycles,
isolated alumina nanoparticles grew on the CNTs.
Increasing the number of ALD cycles to 140 and 210
resulted in larger alumina nanoparticles that coales-
ced gradually. Only rough alumina layers could be
synthesized on the pristine CNTs, even with multiple
ALD cycles, and the resulting alumina shells retained
that rough morphology (Figs. 2(e)-2(g)). Marichy et
al. [25] reported that metal oxides prefer to grow on
defects on CNT surfaces. When the surfaces have a high
defect density, the metal oxide can be coated onto the
CNTs conformally. Otherwise, the metal oxide grows
on the CNTs as islands. Therefore, on the basis of our
experiments and the fact that SACNTs have clean
surfaces without dangling bonds [26], pristine SACNTs
present an unreactive surface for ALD precursors,
resulting in the island growth mode [25,27], as
schematically illustrated in Fig. 2(d). Alumina can only
nucleate at a few defects on the SACNTs initially. The
size of the nuclei increases with increasing ALD cycles.
Neighboring alumina nanoparticles begin to overlap,
eventually reducing the surface roughness. An amor-
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phous carbon layer was thus introduced to increase
the nuclei density and improve the quality of the
metal-oxide nanotubes. We also note that many
methods, including covalent and non-covalent surface
functionalization, have been developed to realize
coaxial coating of metal oxides on CNTs by ALD
[28-32]. However, amorphous carbon decoration
introduced by magnetron sputtering is a satisfactory
choice for SACNT films because it is compatible
with conventional thin-film processes and can avoid
destruction of the freestanding SACNT films.

The number of defects and functional groups on
the SACNT films significantly increased after the
introduction of the amorphous carbon. Figure 3(a)
shows the Raman spectra of pristine CNTs and
AC-CNTs. The ratios of I to Ig are 0.83 and 1.15,
respectively, which is indicative of an apparent increase
in the number of defects. Fourier transform infrared
spectroscopy (FTIR) was performed to further identify
functional groups introduced by the amorphous
carbon. After the amorphous carbon-coating process,
the peak at 1,160 cm™ (C-O bond [33]) is significantly
enhanced and the peak at 1,724 cm™ (C=O bond [33])
is sharper. Therefore, the newly introduced defects, i.e.,
the C-O and C=0 bonds, contributed to improving the
nuclei density on the ALD templates and thus played
an important role during the alumina nucleation.

By introducing the amorphous carbon reactive layer,
we were able to fabricate freestanding ANT films with
thinner walls. Figures 3(c)-3(f) show the morphologies

- |(d)
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Figure 2 Morphologies of alumina-coated pristine CNTs by (a) 70, (b) 140, and (c) 210 ALD cycles. (d) Sketch of the metal-oxide
deposition with low nuclei density. Morphologies of alumina shells obtained by (e) 70, (f) 140, and (g) 210 ALD cycles after removing

CNT cores.
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Figure 3 (a) Raman spectra of the pristine CNT film and the AC-CNT film. (b) FTIR spectra of the pristine CNT film and the AC-CNT
film. Alumina coated on AC-CNTs by (c) 21, (d) 35, (e) 70, and (f) 140 ALD cycles. The insets are the corresponding ANTs after

removing the AC-CNT cores.

of the alumina shells on AC-CNTs deposited by 21,
35, 70, and 140 ALD cycles, respectively. The corres-
ponding ANTs with different wall thickness are
shown in the insets. The thinnest ANT wall was 3 nm
(21 ALD cycles). The wall thickness versus the number
of ALD cycles is plotted in Fig. 4(a). The slope of the
curve gives an approximate growth rate of 0.13 nm
per ALD cycle. These results indicate that the wall
thickness of ANTs can be controlled precisely by the
controlling the number of ALD cycles.

The physical properties of the ANT films can be
regulated by controlling the wall thickness. We studied
the wall-thickness-dependent transmittances and
mechanical properties. The optical transmittances of
the ANT-35, ANT-70, ANT-140, and ANT-210 films at

550 nm, shown in Fig. 4(b), are 99%, 91%, 67%, and 41%,
respectively (the numbers in the specimen names
indicate the corresponding number of ALD cycles).
Because of the high transparency of the ANT-35 and
the ANT-70 films, Chinese characters under them
can be seen very clearly (inset of Fig. 4(b)). Weaker
scattering and absorbability from ANT films with
smaller-diameter NTs (i.e., thinner walls) possibly
contributed to the higher transparencies. By increasing
the tube diameter, the ANT films became more robust.
The maximum tensile loads that 6-mm-wide films
could sustain were 14,43, and 61 mN for ANT-70,
ANT-140, and ANT-210, respectively (Fig. 4(c)).
However, the maximum tensile load afforded by the
ANT film derived from the 210-ALD-cycle alumina on
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Figure 4 (a) ALD-cycle-dependent wall thickness. (b) Optical tranimittances and (c) mechanical properties of different ANT films.
The insets in (b) are photographs of ANT-35 and ANT-70, respectively. The inset in (c) is a TEM image of the breakpoint in the

ANT-210-P film after tensile test.
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the pristine CNT film (ANT-210-P) was only 29 mN,
which is 2.3 times lower than that of ANT-210. In the
ANT-210-P film, even though the tubular structure
of alumina was formed, the coalescence of alumina
nanoparticles could still be traced on the ANTs. The
junctions of alumina nanoparticles are marked in
Fig. 2(g). These junctions serve as weak joints, and
thus significantly affect the mechanical strength. We
examined the fracture properties of the ANT-210-P
film by TEM after the tensile test. Many breakpoints
were found at the junctions of ANTs (inset of
Fig. 4(c)), which supports this hypothesis. Moreover,
the mechanical experiments further validated the
importance of the amorphous carbon reactive layer
deposited on the SACNT films for obtaining robust
metal-oxide films.

The technique can possibly be developed to mass
produce a variety of metal-oxide nanotube films. Besides
ANT films, we also fabricated TiO, and HfO, nanotube
films. Figures 5(a) and 5(c) show the freestanding and
flexible TiO, and HfO, nanotube films, respectively.
The corresponding TEM images of the nanotubes are
shown in Figs. 5(b) and 5(d), respectively. It is also
possible to fabricate other types of metal-oxide nano-
tube films because conventional ALD is a powerful
technique for metal-oxide film deposition. Moreover,
the production of SACNT arrays and aligned CNT
films has been industrialized [34]. It is thus possible
to mass produce metal-oxide nanotube films by using
AC-CNT templates. These advantages provide a good
foundation for further applications.

On the basis of the current progress on ANT film
fabrication and the fact that the conductivity of the
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alumina films is sensitive to water vapor [23, 35], we
developed a humidity sensor using the as-prepared
ANT film as the functional material. The sensor
structure is sketched in the inset of Fig. 6(a). A piece
of ANT-210 film (12 mm x 12 mm) was sandwiched
between copper foil and a cross-stacked CNT film. A
5V DC bias was applied between the copper foil and
the CNT film. The electric current through the ANT
film depended on the humidity of the experiment
chamber, as shown in Fig. 6(a). The current increased
with increasing humidity, and it was more sensitive
when the humidity was higher than 45%. The humidity
response is due to the absorbance of water molecules
on the ANTs and the formation of conductive chan-
nels [23, 35]. The time-response performance of the
sensor was further studied by blowing the sensor with

J Ay

Figure 5 (a) Photograph of a TiO, nanotube film. (b) TEM image
of a typical TiO, nanotube made by 600 ALD cycles. (c) Photograph
of an HfO, nanotube film. (d) TEM image of an HfO, nanotube.
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Figure 6 (a) Dependence of current of the ANT humidity sensor on humidity. The inset is a schematic of the ANT humidity sensor.
(b) Response of the ANT humidity sensor and a commercial sensor to humid air flow. (c) The response of the ANT humidity sensor to a

single pulse of humid air flow.

'EN%IEI}SS%I'}EE?S @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2015, 8(6): 2024-2032

humidity-modulated air. More experimental details
can be found in the supporting materials (Fig. S2 in
the ESM). As shown in Fig. 6(b), the ANT humidity
sensor responded to the humid flow pulses with
sharp current responses, but the reference commercial
humidity sensor was much less sensitive. The response
and recovery time of the ANT humidity sensor were
approximately 0.5 and 2.5s, respectively (Fig. 6(c)).
The fast response of the ANT humidity sensor can be
attributed to the ultrathin walls and the high porosity
of the ANT films.

ANT films can also be applied as supporting films
for TEM observations because the films have numerous
nanosized holes, effective edges, and strong absor-
bability for nanoparticles. The fabrication process, SEM
image, and energy dispersive spectroscopy of ANT-
TEM grids can be found in the supporting materials
(Fig. S3 in the ESM). Au nanoparticles dispersed in
water were well dispersed on the ANTs (Fig.7(a))
owing to the hydrophilicity of alumina. The lattice
fringes of the Au nanoparticles are observed clearly
at high magnification, indicating that the cross-
stacked ANT films have good mechanical stability and
can be used to acquire high-resolution, high-quality
TEM images. Moreover, the ANT-TEM grids do not
contain carbon, and so they are suitable for analyzing
the carbon content in samples by energy dispersive
spectroscopy (Fig. S3 in the ESM).

The ANT film was further used as a catalyst support.
It is known that alumina ceramics are a widely used
catalyst support because of their chemical inertness
and high thermal stability [13, 36]. The as-prepared
ANT film is an ideal catalyst support as it has a large
surface area and good permeability as compared to
conventional supports. Moreover, the high transparency
of the ANT film could have special advantages in the
photoelectrochemical field. CNT growth catalyzed by
iron nanoparticles is taken as an example to prove the
advantage of ANT films as catalyst supports. Owing
to numerous nanosized holes and effective edges in
the ANT film, we were able to easily find and observe
iron nanoparticles on the ANTs under TEM. Figure 7(c)
shows many iron nanoparticle catalysts on the ANTs.
As seen in the enlarged image (inset in Fig. 7(c)), we
observed an iron catalyst surrounded by amorphous
carbon, resulting in failure of the iron nanoparticle to

2029

catalyze CNT growth. Figure 7(d), on the other hand,

AL " e— T

Figure 7 (a) Au nanoparticles dispersed on the ANT-TEM grid.
(b) High-resolution TEM image of an Au nanoparticle. (c) Iron

catalysts on the ANTs. The insert is an iron particle. (d) A multi-
walled CNT grown from a catalyst.

shows a multiwalled CNT successfully grown from
the catalyst without damaging the ANT support. The
growth mode is bottom-growth because the catalyst
is still attached to the ANT support. This reveals the
good absorbability of the catalyst on the support, which
can effectively prevent catalyst aggregation and loss.
Thus the ANT films are potential catalyst supports.

3 Conclusions

In summary, we developed freestanding, flexible,
metal-oxide nanotube films with cross-stacked align-
ment by using AC-CNT films as ALD templates. The
reactive amorphous carbon layer greatly improved
the nuclei density, thus ensuring the fabrication of high
quality metal-oxide films. The as-fabricated ANT films
were applied as a humidity sensor with a high response
speed, a grid for TEM observations, and a catalyst
support for CNT growth. The performance of the films
in these applications can be attributed to the special
characteristics of the ANT films, such as the cross-
stacked assembly, ultrathin NT walls, chemical inertness,
high thermal stability, and so on. The metal-oxide
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nanotube films have significant potential because of
their rich functions, macroscopic flexible appearance,
compatibility with thin-film technologies, and the
feasibility of mass production.

4 Experimental

Fabrication of AC-CNT films: The preparation of
cross-stacked CNT films was the same as that described
in our previous work [24]. Briefly, an aligned CNT film
was drawn out from an SACNT array and coated on a
stainless steel frame. A second CNT film was stacked
on the first CNT film in a perpendicular direction.
Amorphous carbon deposition on the cross-stacked
CNT films was carried out in a magnetron sputtering
system with a background vacuum of 2.5 x 107 Pa.
The sputtering pressure, power, and time were 0.1 Pa,
80 W, and 5 min, respectively.

Coating metal-oxide shells on the templates by ALD:
Trimethylaluminium (TMA), titanium tetrachloride
(TTC), and tetrakis(ethylmethylamino)hafnium (TEMAH)
were used as metal precursors for the synthesis of ALO;,
TiO,, and HfO, layers on the SACNT films, respectively.
H,O and N, gas were used as the oxygen source and
the carrier gas, respectively, in all cases. Coating of
Al,O; was performed in a commercial ALD system
(NorthStar™, SVTA, USA) at a temperature of 120 °C.
One ALD cycle consisted of a 0.02 s exposure to TMA,
25 s of pumping, a 0.01 s exposure to H,O, and 50 s of
pumping. The flow rate of the carrier gas was main-
tained at 5 sccm. However, coating TiO, and HfO, were
performed in another ALD system (TFS200, Beneq)
at temperature of 200 °C. One ALD cycle for TiO,
consisted of a 0.25 s exposure to TTC, 1 s of pumping,
a 0.25s exposure to H,O, and 1s of pumping. The
flow rate of the carrier gas was maintained at 200 sccm.
One ALD cycle for HfO, consisted of a 0.5 s exposure
to TEMAH, 2 s of pumping, a 0.25 s exposure to H,O,
and 1s of pumping. The flow rate of the carrier gas
was maintained at 200 sccm.

Physical characterization: The as-prepared metal-
oxide films were observed by SEM (Sirion 200, FEI)
and TEM (Tecnai F20, FEI). The accelerating voltage
for TEM observation was 200 kV. Raman spectra and
FTIR spectra measurements were performed by a
Raman spectrometer (LabRAM HR800, Jobin Yvon)
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and FTIR spectrometer (VERTEX 70/70v, Bruker),
respectively. The optical and mechanical properties
of the ANT films were measured by the PerkinElmer
Lambda 950 (ultraviolet-visible-near infrared) spectro-
meter and the Instron 5848 MicroTester, respectively.
The size of the ANT films for the mechanical tests
was 10 mm in length and 6 mm in width.
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