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Fabrication of ultralong perovskite structure
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Fabrication of high quality nanotubes with thin walls, long length, and uniform diameter is challenging,

especially in complex structure oxides, such as perovskites. In this paper, we elucidate a facile method

for the preparation of perovskite manganite nanotubes by a sacrificial template assisted pulsed laser

deposition technique. Morphological analysis reveals a typical hollow tubular nanostructure of the
nanotubes with lengths up to tens of micrometers and the average diameter of 160 nm. The nanotubes

are composed of perovskite crystallites with a granular size of 5-10 nm, and show superparamagnetism
behavior. The kinetic energy of the plume is crucial for the nanotube formation, which could be tuned
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by the laser energy density, the pressure of deposition and the target—substrate distance. This sacrificial

template method illustrated here does not only propose a universal technique for high quality inorganic

DOI: 10.1039/c7ral0684j

rsc.li/rsc-advances and devices.

1. Introduction

The design, fabrication and modification of low dimensional
materials can not only provide new materials for practical
applications, but also be fundamental to understanding the
basic relationship among structure, defects, valence and spin in
low dimensional solid science. Low dimensional nano-
materials have attracted considerable attention due to their
unusual size-dependent properties and promising applications
compared to their bulk counterparts.>® Nanotubes (NTs) with
hollow 1D nanostructure are the smallest dimension that can
provide passageways for effective transfer of electrons and large
specific area for chemical reactions.*® Besides the most famous
carbon nanotubes, other widely studied nanotube materials
include TiO,,” MnO,,® Ta;Ns,” and CulnSe,.'° The hollow inner
space makes it easy for matter transportation and energy
transfer, which improves the performance in accumulation of
photogenerated current,'* water splitting under visible light,***
supercapacitor electrodes,” lithium batteries,® and biosen-
sors." However, only a few perovskite materials have been re-
ported for the formation of nanotube morphology, with
superior properties in ferroelectric memory,* catalysts'® and
magnetoelectric sensors.”” Most of these perovskite nanotubes
are Ti-based materials, such as BaTiOj3,"® PbTiOj; (ref. 19) and
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nanotube material fabrication, but also provides a promising route to new one-dimensional materials

PbZr, ,Ti, 03.%° In contrast, Mn-based perovskite NTs have been
rarely reported, regardless of their fascinating physical and
chemical properties in the formation of bulks, films and
nanoparticles.*"**

Several strategies have been developed for the synthesis of
perovskite nanotubes, such as hydrothermal growth,* electro-
spinning'® and template-assisted sol-gel technique.'**7?*?
However, only several compounds have been reported as tubular
morphology with hydrothermal method, such as PbTiO;,*
SrTiO; and BaTiO;.>%*” Although the nanotubes prepared via
electrospinning method hold a tubular structure, they are
usually composed of nanoscale particles without a rigid wall to
keep an uniform one-dimensional hollow structure.'®*® Among
these fabricating techniques, template-assistant method is the
most popular and effective approach. The general procedure of
this method is (i) preparing relevant polymeric precursors, and
then (ii) filling the precursors into the porous templates, (iii)
heat treating for the crystallization of perovskites, (iv) finally
etching the template to obtain nanotubes. Although those
chemical solution processes show significant advantages in size
control and large amount synthesis, complicated operation
steps and extremely toxic and unstable organometallic precur-
sors are inevitable.” Pulsed laser deposition (PLD) is a versatile
physical vapor deposition technique for fabricating multi-
component oxide films with controllable stoichiometry.*
2-Dimensional mesh-like thin films and high-density nanodot
arrays have been directly prepared by PLD utilizing anodic
aluminium oxide (AAO) as masks.**** Template-assisted PLD
has been only reported in PbZrO; nanotube preparation,®
however, the high quality nanotube fabrication process and
growing kinetics still need further investigation.
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In previous work, we reported the utilization of PLD for high
quality epitaxy films of perovskite structure manganites and
ferrites on SrTiO; substrate.>**” Recently, free-standing single-
crystal perovskite films have been fabricated by etching the
sacrificial water-soluble layers via PLD epitaxy technique,®
which indicates the advantages of template sacrificial
method in low dimensional materials fabrication. In this paper,
Lay 75Ca025Mn0; (LCMO) is selected as a model compound to
illustrate a preparation route for ultrathin and long nanotubes
via template-assisted PLD. The morphology analysis shows its
tubular feature with the thickness of 20 nm and the average
length of 50 um. The structural and superparamagnetic results
indicates that the nanotubes are composed of well crystallized
perovskite nanoparticles. The growth kinetics and formation
mechanism of those nanotubes is proposed. This method
illustrated here can be possibly applied for most of inorganic
tubular nanostructure preparations.

2. Experimental section

Double-pass AAO membranes (Shangmu Tech., pore size ~
300 nm, thickness ~ 100 pm) were used as the templates for the
growth of LCMO nanotubes array by laser induced plasma
filling. The AAO template was processed by ultrasonic cleaning
in sequence of acetone, ethanol and deionized water, and finally
dried in high-purified N, ambient. Then the template was
mounted closely on a metal heater plate by silver paint and was
transferred into the PLD chamber. The chamber base pressure
is 3 x 10~ Torr. The oblique incidence laser (KrF, 248 nm) with
repetition rate of 5 Hz and energy fluence of 2.0 ] cm > ablated
the LCMO target (KJMTI Co., Ltd) and the plume filled the pores
which faced perpendicularly to the target surface. The distance
from the target to the substrate was 45 mm. The pulse number
was 30 000. The depositions were carried out in the flowing
oxygen of 50 mTorr with the template temperature fixed at
973 K. Finally, the filled template was annealed iz situ at 1023 K
in 400 Torr oxygen for half an hour to form the crystalline
structure before cooling to room temperature with a rate of
10 K min ™.

During the deposition process, the evaporated materials
from the target were deposited on the surface boundaries of the
porous template and also filled the pores. To obtain pure
tubular materials, the surface of the deposited template was
polished mechanically by abrasive paper (Starcke, P2500), and
then the filled templates with polished surface were immersing
in 1 wt% NaOH solution for 12 h to etch the Al,O; template. At
last, the perovskite NTs were separated by carefully rinsing and
drying.

A schematic of the template-assisted pulsed laser deposition
set-up used in this work is shown in Fig. 1(a), the AAO template
replaces the smooth substrate which is usually used in films
deposition. The typical procedure for NTs fabrication can be
simply divided into two steps: filling the AAO template by PLD
(Fig. 1(b and c)) and the template removal by liquid etching
(Fig. 1(c and d)).

The structure was determined by X-ray diffraction (XRD,
Rigaku D/Max2550) with Ko radiation from 10° to 90° at a step
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Fig. 1 Schematic illustrations of NT fabrication process: (a) a sche-
matic diagram illustrating the PLD chamber setup for nanotubes
fabrication; (b) AAO template; (c) nanotubes grown in AAO; (d)
nanotube array after template removal.

width of 0.02°. The morphology, composition analysis and
cross-sectional lamella sample preparation were taken on an
electron/focused ion dual beam system (FIB, FEI Helios 600i)
equipped with an energy dispersive X-ray spectrometer (EDS,
EDAX Apollo X). The microstructure and element distribution
mapping graphs were characterized by transmission electron
microscope (TEM, FEI Tecnai F20). The magnetic properties
were performed on a superconducting quantum interference
device-vibrating sample magnetometer vibrating sample
magnetometer (SQUIDS-VSM, Quantum Design).

3. Results and discussion

The structure of the NTs was characterized by powder X-ray
diffraction, shown in Fig. 2. All the diffraction peaks can be
indexed perfectly to the standard monoclinic perovskite struc-
ture of bulk LajgCa,,MnO; both in diffraction angle and
intensity (JCPDS no. 44-1040), and there is no detectable second
phase, indicating that the well-crystallized perovskite-type
phase was successfully transferred from the target to the NTs

LCMO NTs
{—— PDF#44-1040

Intensity (a.u.)

4 O
Energy (keV)

= ©

La:Ca=074:026

Intensity (a.u.)

e

Intensity (a.u.)

L . " . " . "
20 30 40 50 60 70 80
26 (degree) 2

0 o
Energy (ko)

Fig.2 (a) X-ray diffraction pattern of LCMO NTs and its corresponding
peak positions and intensity in JCPDS card no. 44-1040 of
Lap.gCap 2MnO3; EDX analysis of La : Ca ratio in (b) LCMO target and (c)
as-prepared nanotube material.

This journal is © The Royal Society of Chemistry 2018
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by the PLD method. The composition of the as-prepared LCMO
NTs was evaluated by EDX analysis technique, and the result is
well consistent with the target (Fig. 2(b and c)). The element
concentrations of Al and P result from the template.

Fig. 3 shows the morphological investigation of the as-
prepared LCMO NTs by SEM and HRTEM. The panoramic
SEM image of LCMO nanotube arrays in Fig. 3(a) reveals an
uniform fluffy feature with an average length of 50 pm. A higher
magnification SEM image in Fig. 3(b) illustrates that the central
part of each nanostructure is distinct in contrast to its edges,
indicating the obvious feature of tubular morphology. The
average outer diameter of the NTs is about 160 nm, which is
smaller than the pore size of the template. The diminution of
the diameter is attributed to the perovskite crystallization and
densification during the post-annealing and cooling
processes.**** The wall of the NTs is translucent even the SEM
working at 5 kV accelerating voltage, which reflects the thick-
ness is thin enough that the electron beam can pass through
easily. Based on this approach, the thickness of the NTs
decreases with the increase of the pore depth to the surface, the
maximum observed thickness is about 20 nm examined by
cross-section TEM (experimental details and results about cross
section sample shown in Fig. S1 and S2t). This thin-walled
feature determines the poor mechanical strength of the NTs,
hence the ultrasonic processing was avoided during the NTs
dispersion. This indicates that the length of the NTs can be
controlled by the amount of deposition from several to tens of
micrometers. It is worthy to mention that the nanowire-like

Fig. 3 Low (a) and high (b) magnification of SEM images of as-
prepared LCMO nanotubes. (c) Typical LCMO morphology of TEM
image, (d) TEM microstructure image and (e) HRTEM image of the
LCMO NTs prepared by template-assisted PLD method. Well-crys-
tallized microstructure of the wall in LCMO NTs is circled with red
dotted lines. Crystal lattice stripes in {004} planes are marked with
white notations. Scale bars in (a), (b) and (c) are 10 um, 5 pm and
200 nm, respectively.
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structure with the diameter of ca. 10 nm is observed in TEM
graphs, which may originate from either the broken walls of
nanotubes or the curl of NTs in annealing process (Fig. 3(c)).
HRTEM graphs of LCMO NTs are shown to investigate the
morphology and microstructure of the as-prepared NT samples,
Fig. 3(c-e). The nanotubes are grown with ultra-thin walls as can
be clearly seen in Fig. 3(c). Apparently, the nanotubes are
consist of the nanoparticles with the grain size of 5-10 nm, as
indicated in Fig. 3(d). And the well crystallized part is mainly in
the outer side of the nanotubes, ie. adjacent to the AAO
template inner walls. This is because the relatively higher
crystal growth temperature and richest oxide plasma stocks in
primary deposition steps at the inner sides of AAO templates.
The marked fringes with lattice spacing of 1.94 A are in
consistent with the {004} planes of LCMO with monoclinic
perovskite structure (Fig. 3(e)).

To further investigate the elemental distribution in the
nanotubes, a single LCMO nanotube was selected for EDX
element mapping by high angle annular dark field scanning
TEM (HAADF-STEM). The HAADF image and its corresponding
signals of La-L, Ca-K, Mn-L and O-K are shown in Fig. 4. We
observe that all elements are uniformly distributed in the wall of
this individual nanotube. It is clearly to discriminate that the
signal of element distribution is more intense in the side parts
(wall) than that in the center, indicating a typical hollow
structure of the prepared nanotubes with the wall thickness of
about 20 nm (Fig. S27).

The fabricated LCMO NTs stacked by nanoparticles is also
clarified by the magnetism analysis. As shown in Fig. 5(a),
temperature dependent magnetization curves was measured by
increasing the temperature under a field of 0.05 T in the field-
cooling (FC) and zero-field-cooling (ZFC) modes, respectively.
The magnetization of the NTs undergoes a wide temperature
range decreasing with the rise of the temperature in FC mode.
The ZFC magnetization shows the maximum at 55 K and begins
to diverge from FC at 210 K. The inverse susceptibility showing a
linear relation to temperature can be related to the Curie-Weiss

Fig. 4 Typical STEM (a), HADDF (b) and EDX elemental mapping
graphs of Lag 75Cag 25MnOs nanotubes: La (c), Ca (d), Mn (e) and O (f),
respectively. It is obvious that the intensity distribution with the
maxima located in the edge part, while the minima in the center. The
scale bar in (a) is 500 nm.

RSC Adv., 2018, 8, 367-373 | 369
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Fig. 5 (a) The FC-ZFC curves for as-prepared LCMO NTs under an
applied magnetic field of 0.05 T. Inverse susceptibility vs. temperature
is shown in the inset. (b) The magnetic hysteresis loops of the LCMO
NTs measured at 10 K and 300 K, low field data is enlarged as an inset.

relation with the Curie temperature of 260 K as shown in the
inset in Fig. 5(a). Those features reveal that the super-
paramagnetism (SPM) existing in the NTs is caused by the size
reduction of the manganites, which is consistent with the
results of Lay gCao,MnO; nanoparticles with the size of 17 nm
prepared by sol-gel method.* The SPM behavior is an essential
feature of most manganites when their particle size is decreased
to nanometer-scale,” and it is also witnessed by the unsaturated
hysteresis cycle measured at 10 K with the applied field up to
3 T. The M-H loops and the enlargement of the low field data
(inset) are shown in Fig. 5(b), with a sign of pure para-
magnetism at 300 K.

The formation of perovskite nanotube array is dependent on
the geometry structure of AAO template. In the honeycomb-like
AAO templates, ridge morphology forms on the wall of hexag-
onal cells at the surface of electrochemically-etched AAO
template. Besides, the diameter of the pore at the surface is
larger than that at inner parts. Hence, an inclined plane formed
at each side of the ridge.*”* When the plume particles with
random moving path arrived at the surface of the template
during the deposition, they will either settle down to the
inclined plane or be injected to the sidewall of the pores. The
growing speed on the inclined plane of the ridge is much higher
than that on the sidewall of AAO pores. With the increase of the
deposited substances migrating on the incline plane, particles
injected to the pores are getting decreased simultaneously.
Fig. 6(a and b) show the top-view and cross-section morphology
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of the nanotube array in AAO template. The deposited
substances remain a tubular structure with spherical hat at the
surface nearly sealing the pores. Conversely, the sidewalls are
not filled up. To further expound the reason why this prepara-
tion method prefers to produce nanotubes instead of nano-
wires, a thin layer of PMMA was prepared on the deposited
template by spin-coating, and then the AAO was removed by
chemical etching without polishing. As shown in Fig. 6(c),
tubular arrays arrange exactly under the spherical nano-
structure. Besides, nanowires are also found at the terminal of
the nanotube arrays (Fig. 6(d)), which may result from the curl
of NTs (red circle) and the broken walls (blue circle) during the
annealing process, which is also found in TEM in Fig. 3(c).
Mishina et al. has reported that the ejected species can not
penetrate into the pores by RF magnetron sputtering,** which
may be explained by the kinetic energy (Ex) of particles
impinging onto the surface is much lower than that in PLD
method. In order to find out whether the particle's kinetic
energy is the critical factor of NTs fabrication, a series of
comparative experiments were carried out for the growth
mechanism exploration. The fabrication of perovskite manga-
nite nanotube arrays depends on four main factors: (i) energy
density of the laser acting on the target, (ii) distance from the
AAO template to the target, (iii) oxygen pressure of the chamber
and (iv) geometrical morphology of AAO template. When the
energy density of the laser is lowered to 1.5 ] cm ™ (a half value
of that in Fig. 3(a)), the length of the nanotube is reduced to ca.
20 um (Fig. 7(a)). If the distance from target to AAO is fixed at
65 mm, short tubular fluffy manganite arrays are formed
(Fig. 7(b)). No nanotube formation is observed when the oxygen
pressure higher than 200 mTorr (Fig. 7(c)). In the similar oxygen
partial pressure of 2.5 x 10" mbar (190 mTorr), Liu et al.
lowered the energy density of the laser (1.5 J em™?) and only

Fig. 6 SEM images of top (a) and cross-section (b) view of the
deposited nanotube in AAO template, (c) PMMA stabilized LCMO
nanotube array, (d) TEM image of LCMO nanotubes and nanowires
that was curled over from broken nanotubes. Scale bars in (a—c) and (d)
are 2 um and 1 um, respectively.

This journal is © The Royal Society of Chemistry 2018
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Fig.7 SEM graphs of perovskite manganite nanotube arrays fabricated
with tunable factors: (a) deposited at the energy density of 1.5 J cm™,
(b) the distance of target-to-AAO fixed at 65 mm, (c) deposited at
flowing oxygen pressure of 200 mTorr, (d) ultrathin AAO template with
a thickness of 300 nm. Scale bars in (a) and (b—d) are 5 pm and 1 um,
respectively.

lateral mesoscopic patterned morphology was obtained.** If
a thin AAO template (thickness of 300 nm) is used, nanodot
array is deposited on the substrate without any tubular struc-
ture formation (Fig. 7(d)).

Kinetic energy of the primary ejected particles is the key for
ultralong nanotube growth inside of the pore of the template. As
we all know, the kinetic energy of the clusters at the moment of
reaching the substrate mainly depends on the energy density of
the laser, the oxygen pressure in the chamber and the target-
substrate distance during the deposition process.** The primary
ejected particles kinetic energy can be systematically enhanced
by increasing the laser fluence, and then the energy reduced by
scattering with the oxygen molecule and the collision proba-
bility will be further improved with the long distance towards
the template. With high primary ejected particles kinetic
energy, low oxygen pressure and short distance between
template and target, the clusters could reach the long depth
inside of AAO pores (Fig. 8).

The general growth progress of the NTs is proposed as
following. When a focused laser beam with large energy
density (1-5 J em™ ) and short duration (25 ns) is applied on
the polycrystalline target, the material evaporated in the form
of a dense plasma in the normal direction of the target surface.
The growth process is illustrated with schematic diagrams and
corresponding SEM images, Fig. 9. The plasma plume with
high kinetic energy, which contains neutral atoms, molecules,
ions, ionic clusters etc., deposits on the sidewalls and the
surface of the template simultaneously. The former particles
penetrate into the pores and settle down statistically along the
radial direction of the AAO template pores. The latter particles
adsorb on template surface and grow not only in vertical but
also in lateral direction, as shown in Fig. 9(b and c). With the

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Factors affecting particles energy in nanotube fabrication
process: pulsed laser energy density (¥), target—AAO (substrate)
distance (D), and oxygen pressure (P) in PLD chamber, the plume
shapes are indicated by blue lines. High ¥, short D, and low P of
oxygen lead to high aspect ratio nanotubes (left).

increase of the deposition time, the deposited substances
accumulate on the surface and the corresponding pore
diameter is shrinked, which prevents the following ingress of
plume clusters. After PLD growth, the filled template was
annealed to improve the NT's crystallinity. At last, the well-
fabricated NTs were obtained after chemical dissolving the
AAO template (Fig. 9(d)). The SEM images in Fig. 9(e-h) clearly
show the corresponding steps of the aforementioned process.
Due to the adsorption priority, the amount of particles occupy
on the sidewalls decreases with the increase of pore depth,
which leads to an inhomogeneous thickness of the NTs. Above
all, this method is very feasible to fabricate high quality
nanotubes with ultrathin and long nanotube arrays with
uniform diameter. The composition, final length, wall thick-
ness and diameter of the nanotubes could be well tailored by
the target, template's pore size and PLD deposition parame-
ters. Besides, the method proposed here builds a basic idea to
fabricate various functional and multicomponent oxide
nanotubes with desirable one-dimensional materials, which
can be used for new concept nano-device research, such as
single tube based chemical sensors and magnetoelectrical
transistors. Thus, we have performed an effective and facile
method for ultralong and ultrathin perovskite structure oxides
nanotube fabrication.

tEE B B & ¥ % | .
ng time growth

lilil NN i

Blank A.

||u|hiﬂi"iii“i Il

Fig. 9 Deposition process of manganite perovskite nanotubes and
corresponding SEM images for each step: (a and e) AAO template, (b
and f) 5000 pulses deposition, (c and g) 15 000 pulses deposition, and
(d and h) final nanotubes. All the scale bars in the SEM images are
500 nm.
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4. Conclusions

In summary, we have demonstrated an effective method for
fabrication of high quality inorganic nanotubes with ultrathin
and long morphology by template-assistant pulsed laser depo-
sition technique. The length, wall thickness and diameter of the
nanotube arrays can be well tailored by the deposition condi-
tions and the template. Structure, morphology and magnetism
of the La, ;5Cay ,5MnO; nanotubes have been investigated. The
kinetic energy of the laser produced plasma plays a pivotal role
in the formation of the nanotubes. The method illustrated here
shows potentials for other functional inorganic nanotubes
fabrication with promising applications.
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