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Abstract Self-standing La0.7Sr0.3MnO3 nanotubes with

outer diameter ranging from 100 to 200 nm have been

successfully synthesized by template assisted chemical

solution deposition using nanoporous anodized alumina

membranes of varying pore size. This template synthetic

strategy provides rather monodisperse size distributed

nanotubes. A sol–gel based polymer precursor route was

used to fill the porous membranes and a subsequent heat

treatment (700–1,000 �C) enabled the phase formation and

crystallization of the nanotubes. A good control over vis-

cosity, stoichiometry and stability of the precursor solution

were identified as crucial parameters for the template aided

synthesis. The synthesized La0.7Sr0.3MnO3 nanotubes are

polycrystalline and ferromagnetic with a Curie temperature

of 350 K. Control over the nanowall thickness is attained

by varying template filling time which is corroborated by

magnetic moment results.

Keywords Nanotubes � Functional oxides � Chemical

solution deposition � Ferromagnetism � Templating �
La0.7Sr0.3MnO3

1 Introduction

Owing to their unusual electronic and magnetic properties,

manganese based perovskites with general formulae R1-x

AxMnO3 (where R is a trivalent rare earth cation and A is a

divalent alkaline earth cation) have received significant

research attention from the scientific and engineering

communities because of their enormous potential in tech-

nological applications. This class of perovskites is rich in

functional properties exhibiting numerous fundamentally

interesting phenomena as colossal magnetoresistance

(CMR), charge ordering (CO), orbital ordering, etc. [1–4].

Recently, increasing efforts have been made to synthesize

and understand the growth of one-dimensional nanostruc-

tures, such as nanotubes and nanowires of these materials

due to their promising potential applications in spintronics,

transducers or sensors in future nanoscale devices while

retaining unique properties due to size confinement in the

radial direction [5–13].

Shape triggered synthesis of homogeneous nanoarchi-

tectures is crucial to realize the effect of dimensional

confinement in functional properties of smart-materials.

One simple and reliable method to produce 1D nano-

structures of oxides is to infiltrate a sol or aqueous solution

into a negative and sacrificing template such as porous

alumina (also named anodic aluminum oxide, AAO) or

track-etched polymer exhibiting 1D pores or channels [14].

By a following heat treatment, the solvent evaporates, and

the material starts to crystallize at the surfaces of the

template channels producing nanotubes (NTs) or
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nanowires. Compared with nanowires, metal oxide tubular

nanostructures have attracted significant research interest

because of their large specific surface areas, very narrow

inner pores, and enhanced surface catalytic properties.

Furthermore, 1D NTs have showed improved performance

in gas sensors, field-emission, photovoltaics, and batteries

[15–19]. In this work, we demonstrate that self standing

La0.7Sr0.3MnO3 NTs with diameters ranging from 100 to

200 nm can be successfully synthesized by template

assisted chemical solution deposition using AAO mem-

branes of varying pore size. The nanotubes were chemi-

cally, structurally and magnetically characterized.

2 Experimental

La0.7Sr0.3MnO3 (LSMO) nanotubes were prepared from a

precursor solution containing 0.5 mol/L of stoichiometric

lanthanum, strontium and manganese nitrates in water.

0.5 M LSMO precursor solution was then concentrated by

heating the solution in a heating plate at 150 �C with

constant stirring thus, reaching a maximum concentration

of 1 M. Finally, water volume lost during the evaporation

process was replaced with ethylene glycol (EG) to obtain a

final concentration of 0.5 M. The 0.5 M LSMO precursor

solution with EG was then heated at 100 �C to promote the

polymerization of the EG and to reach the optimum vis-

cosity required for the filling of the alumina template. The

desired viscosity was obtained after an exhaustive control

of the La, Sr and Mn sol’s viscosity during the polymeri-

zation process by real-time measurements. The analysis

was carried out using a Rheostress 600 rheometre (thermo

Scientific, Thermo Fisher Scientific Inc.). It is important to

notice that obtained solutions were stable for many months.

The precursor solution was characterized using different

chemical analysis techniques, which provided valuable

information of the stoichiometry, composition, and the

decomposition process of the solution. Inductively coupled

plasma (ICP) measurements allowed quantifying the stoi-

chiometry of the different metallic cations. The concen-

trations of the metals La, Sr, and Mn found in the precursor

sol were in good agreement with the targeted stoichiometry

0.7:0.3:1, respectively. The stoichiometry ratio of different

cations was determined with an optical inductive spec-

trometer Elementary Thermos (Intrepid II XLS, Franklyn,

MA, USA).

Thermogravimetry analysis (TGA) was undertaken to

determine the different stages in the decomposition process

of LSMO precursor by using a TGA 851LF (Mettler-

Toledo International Inc.) thermobalance with a maximum

sensibility of 1 lg. In addition, Infrared spectroscopy

analysis (IR) was performed with a Perkin-Elmer Spectrum

One FT-IR spectrometer (PerkinElmer Inc.) to follow the

precursor decomposition as a function of temperature. Data

were acquired in the 400–4,000 cm-1 range and with a

resolution of 4 cm-1.

We used commercially available (Whatman�, pore

diameter from 100 to 200 nm [20]) AAO membranes

templates. They were immersed in the precursor solution at

room temperature for different holding times ranging from

1 to 56 h, while the holes of the AAO templates were filled

with the solution by capillary action. Subsequently, the

templates containing the precursor gel were heated at high

temperatures by using a tubular furnace in oxygen atmo-

sphere in order to induce phase formation and crystalliza-

tion of the LSMO phase. Varying the process temperature

(from 700 to 1,000 �C), with a holding time of 5 h, enabled

us to systematically study the processing effects on the

crystallinity and microstructure of the grown nanotubes. In

order to release the NTs, the anodic alumina templates

were dissolved in a 2 M NaOH solution assisted by ultra-

sonic vibration. The nanotubes were recovered after

filtration.

Structural characterisation of LSMO nanotubes was

undertaken by X-ray diffraction analysis. Structural ana-

lysis of the directly synthesised LSMO powder and LSMO

nanotubes powder was carried out on a Brucker GADDS

D8 X-ray diffractometer with CuKa1 (k = 1.54052 Å).

The experimental data were analyzed with a Rietveld

refinement using the FULLPROF software and Pseudo-

Voigt function [21, 22].

In addition, Synchrotron X-ray diffraction measure-

ments were performed at BM25A beamline at the Euro-

pean Synchrotron Radiation Facility (ESRF, Grenoble,

France). With the pseudo channel-cut type monochromator

we selected k = 0.74015(12) Å coinciding with the max-

imum intensity of the bending magnet source. Samples

were putted in capillaries of 0.3 mm in diameter to avoid

absorption, that were rotated during data collection for a

good powder averaging. In order to determine the instru-

mental resolution function we collected a pattern of LaB6

in the same measuring conditions.

The morphology and the nanostructure of NTs were

characterized by scanning electron microscopy (SEM),

transmission electron microscopy (TEM) and high resolu-

tion transmission electron microscopy (HRTEM). Low

magnification TEM images and electron diffraction pat-

terns were acquired with a 200 kV Jeol JEM-2011 micro-

scope. High resolution TEM images were performed using

a Jeol 2010 FEG electron microscope operated at 200 kV.

TEM samples were prepared by dispersion of the synthe-

sized nanotubes in methanol by ultrasonic vibration and,

finally dropping the solution in carbon films on copper

grids. The nominal La0.7Sr0.3MnO3 compositions were

checked by EDX microanalysis and it was maintained for

all the NTs.

J Sol-Gel Sci Technol (2015) 73:620–627 621

123

Author's personal copy



The magnetic measurements of the directly synthesised

LSMO powder and LSMO nanotubes were carried out by

using a Quantum Design superconducting quantum inter-

ference device (SQUID) magnetometer. Importantly,

LSMO nanotubes were also measured after crystallization

within the alumina template cut in 5 9 5 mm2 sections.

These measurements enabled us to systematically study the

evolution of LSMO nanotubes magnetic moment versus

template filling conditions.

3 Results and discussion

The characterization of the LSMO precursor solution and

its decomposition evolution provided valuable information

on the stoichiometry, solution rheological properties, and

the decomposition process of the LSMO precursor solution

required to ensure an optimal filling of the alumina tem-

plates and the further nucleation and crystallization process

of LSMO nanotubes.

Infrared analysis enabled us to follow the decomposition

as function of temperature. In the initial stage it provided

the absorption bands for the chemical groups that compose

the precursor solution. The evaporation of the hydroxil

groups of water within the precursor solution took place up

to 250 �C and was the first band to disappear. Above

300 �C, the loss of the methyl groups of the PEG promoted

the disappearance of the polymer. Above 350 �C the

intensity of the IR-bands associated to the nitro and car-

bonyl groups (1,200–1,700 cm-1, see Fig. 1a), responsible

for the formation of oxycarbonates and other binary oxides

strongly decreased yielding to the final formation of the

LSMO manganite above 700 �C.

Figure 1b displays the TGA analysis performed to track

the decomposition processes of the precursor solution as a

function of time and temperature, until the final crystalli-

zation of the LSMO nanotubes is reached. The schematic

representation of Fig. 2 shows the filling process of the

AAO nanopores by capillary action and the evolution of

LSMO nanotubes during the confined nucleation and

crystallization within alumina nanopores above 750 �C.

This experiment was performed with a heating ramp of

3 �C/min until a maximum temperature of 900 �C was

reached and kept there for 3 h to promote a proper crys-

tallization of the LSMO phase.

The weight loss of the precursor solution as a function of

temperature has four different stages. First stage expanding

from room temperature up to 160 �C, corresponds to the

loss of water. Second stage (between 160 and 350 �C)

indicates the loss of weight as a consequence of the PEG

decomposition. Third stage (from 350 up to 700 �C) cor-

responds to the decomposition of the different metals salts

yielding to the first binary oxides and oxycarbonates that

will be the precursors of the LSMO phase. Fourth stage

signals that above 750 �C the crystallization of the LSMO

phase takes place, as deduced from the small lost in weight

observed in the graph. The results acquired in this study are

consistent with those obtained from IR transmission data.

The viscosity of the LSMO precursor solution was a

fundamental parameter for the final synthesis of LSMO

nanotubes assisted by AAO nanoporous templates. This

parameter was controlled by obtaining an ideal colloidal

sol as described in the experimental section. We observed

that the capability of the LSMO precursor solution to

infiltrate into the AAO template’s nanoporous was depen-

dent of the contact angle and the solution wettability. We

observed that higher values of viscosity and then high

contact angle gave a low wettability of the template surface

while lower values of viscosity promoted a high wettability

that completely extended the precursor solution into the

template surface. Thus, an optimal viscosity value of

32 ± 0.50 mPa s was set to ensure the filling of the alu-

mina template by controlling the La, Sr and Mn sol’s

viscosity during the polymerization process in a real-time

measurements (see Fig. 1c).

Fig. 1 a IR spectra of the LSMO precursor solution in the nitro and

carbonyl groups spectral range (1,200–2,000 cm-1) obtained at

different temperatures. b Thermogravimetric analysis of the precursor

solution, heating ramp 3 �C/min until a maximum temperature of

900 �C was reached. Schematic representation of AAO nanopores

filling process and posterior nanotubes formation at elevated temper-

atures is described, c evolution of the precursor solution’s viscosity

against time obtained during the polymerization process of the

precursor solution
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The LSMO powder directly obtained after the precursor

sol’s calcination confirmed the absence of impurity phases

and allowed to determine the optimal crystallization tem-

perature of the LSMO phase. For that purpose, LSMO

precursor solution was calcinated during 5 h at 800 �C in a

muffle furnace with a constant flow of 0.4 l of O2/min,

yielding a LSMO crystallized powder. The crystallographic

structure of LSMO powder was analyzed using X-ray dif-

fraction, providing the rhombohedral R�3c crystallographic

phase [JCPDS card No.: 00-040-1100] characteristic for

this kind of compounds. Rietveld refinement confirmed the

expected crystal structure and demonstrated the existence

of a well crystallized LSMO phase already at 800 �C

without any impurity and secondary phases (see Fig. 2a).

The magnetic hysteresis’ loops at 10 K for samples

consisting of LSMO powder grown at 700, 800, and

1,200 �C under fields up to 50 KOe were measured. We

observe that at 700 �C, the saturated magnetization was

below the expected value for LSMO bulk material (90 emu/

g) indicating an incomplete crystallization of the material.

Conversely, at 800 �C the LSMO powder reached an opti-

mum value for the saturation magnetization which was equal

to that of the powder synthesized at 1,200 �C. This con-

firmed that at 800 �C the LSMO phase is well crystallized an

oxygenated with any secondary phases (see Fig. 2b).

Therefore, we conclude that LSMO powder can be synthe-

sized by chemical solution deposition, displaying excellent

structural and magnetic properties at the rather mild tem-

perature of 800 �C. Importantly, this optimal growth con-

ditions obtained for LSMO powder will be further used to

perform the LSMO nanotubes synthesis and growth. Under

such conditions (i.e. 800 �C, 5 h), the alumina template is

not yet well crystallized into gamma-alumina enabling the

use of chemical agents to etch it away and set free the grown

nanotubes, as described in the experimental section [23].

These optimized grown conditions for LSMO powder

(800 �C for 5 h) were then used for the synthesis of

nanotubes by capillary driven infiltration of the precursor

solution into the AAO template during 5 h. The morphol-

ogy and nanostructure of the LSMO synthesized nanotubes

were investigated by electron microscopy. This study

corresponds to nanotubes obtained from AAO with 200 nm

nanopores, although similar results were obtained using

smaller pore diameters, for instance 100 nm nanopores.

Figure 3a shows a SEM image of vertically aligned LSMO

nanotubes after partial removal of the AAO template with

NaOH. Notice that LSMO nanotubes are hollow and have

an average diameter of *200 nm. We can assign the slight

variation in nanotubes diameter to the distribution of pore

diameters of the commercial AAO template.

Previous works [24, 25] have shown that two possible

regimes are attained during pore filling of high surface tension

templates such as nanoporous alumina. In the case of low

viscosity fluids, a very fast filling of the pore volume occurs

and upon thermal treatment nanorods are produced. Other-

wise, when the fluid is a polymer solution of high viscosity, a

wall wetting process occurs, giving rise to nanotubes forma-

tion upon solvent evaporation and crystallization at high

temperatures, as in the present system. However, we recently

showed that the same precursor solution may have a very

different wetting behaviour when filling track etched porous

polymer templates with low surface tension, there giving rise

to the formation of nanorods [11–13].

The structure of the obtained LSMO nanotubes was

further investigated by TEM. A TEM image of a single NT

is reported in Fig. 3b, showing that the diameter of the

nanotube is uniform throughout its length and keeps the

initial pore diameter of the alumina template. In addition,

this image reveals a polycrystalline nature of the nano-

wires, as confirmed by the selected area electron diffraction

(SAED) taken from a portion of the NT and from the 2D-

XRD pattern in Fig. 3d. The origin of the polycrystalline

nature of the nanotubes relies in the heterogeneous nucle-

ation of LSMO within the AAO pore walls [7]. Figure 3c

Fig. 2 a Diffractogram of the experimental X-ray (Yobs) (red dots)

and calculated X-ray (Ycalc) (black line) for the LSMO synthesized

powder at 800 �C. The difference between both diagrams (Yobs–

Ycalc) is depicted at the bottom of the figure (blue line). b Hysteresis’

loops measured at 10 K of the LSMO powder synthesized at 700 �C (in

green), 800 �C (in red), and 1,200 �C (in black) (Color figure online)
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shows a HRTEM image taken from the wall of an isolated

LSMO nanotube. This HRTEM image clearly shows that

the nanotubes wall is made up of a number of nanoparti-

cles, which are randomly aligned. The size of the nano-

particles in the wall was found to be in the range of 10–

15 nm for this growth temperature (800 �C). The distance

between parallel fringes is about 3.90 Å, corresponding to

the lattice d spacing of (111) atomic planes, which is in

agreement with the values found in the literature for the

rhombohedral R�3c perovskite structure of bulk LSMO.

Insets in Fig. 3c show the corresponding fast Fourier

transform (FFT) spectra indexed in the (quasi)cubic

approximation of the LSMO rhombohedral structure. Par-

ticle I is shown along the [-110] zone axis, and particle II

exhibits prominent (001) planes.

We further investigated the magnetic properties of the

grown LSMO nanotubes. Figure 4a shows the magnetization

as a function of the applied field (M/H) of a LSMO nanotubes

ensemble grown at 800 �C, after removal of the AAO tem-

plate by chemical etching. The hysteresis loop depicted in

the figure displays a soft ferromagnetic (FM) behavior.

However, notice that the magnetization does not saturate

even at H = 30 KOe. This is not unusual for nanomaterials

and it is often associated with surface spin canting and other

size related effects [26–28]. However, a paramagnetic con-

tribution from residual alumina powder cannot be either

discarded.

We measured then the field-cooled (FC) and zero field-

cooled (ZFC) temperature dependence of magnetization

(M/T) at a magnetic field of H = 50 Oe (see Fig. 4b). We

found that the paramagnetic to ferromagnetic transition

temperature (Tc) is close to 350 K, slightly lower com-

pared to bulk LSMO ceramics (TC = 370 K). Furthermore,

the M/T curve exhibits strong irreversibility between FC

and ZFC curves by the appearance of large bifurcation

between them. As observed from Fig. 4b, upon lowering

the temperature, the FC and ZFC magnetizations display

the same value above Tirr = 300 K. However, below

300 K one can observe a remarkable difference between

the ZFC curve and FC curve up to the minimum temper-

ature of measurement. Notice that the ZFC curve exhibits a

maximum at about T = Tmax (160 K), while the FC mag-

netization curve continues to increase with decreasing

temperature. This type of behavior indicates that very

likely there exists a coexistence of large volume grains

with small nanoparticles which indeed behave superpara-

magnetically and may even display some surface spin glass

effects [26, 27].

It is interesting to investigate the influence of the filling

time on the formation of nanotubes. Towards this end, we

performed magnetization loops measurements on samples

obtained at filling times ranging from 1 to 56 h, for a

200 nm AAO membrane. All samples were submitted to a

fixed thermal treatment of 800 �C for 5 h and the measured

Fig. 3 a Top view field emission SEM image of vertically aligned

nanotubes obtained using an AAO membrane with 200 nm pores size

(800 �C, 5 h) after partial removal of the AAO template. b TEM

image of an isolated LSMO nanotube, the inset shows the

corresponding selected area electron diffraction (SAED) pattern.

c High resolution TEM image taken on the wall of a LSMO nanotube.

d X-ray diffractogram of polycrystalline LSMO nanotubes after AAO

template removal grown at 800 �C, 5 h, recorded with a two

dimensional GADDs detector. The X-axis (in white) corresponds to

2h and rings correspond to v (in yellow) which varies with 2h.

Schematic below represents crystallization at high temperatures of

LSMO nanotubes (step 1). The LSMO nanotubes appear vertically

aligned after partial chemical etching of the alumina template with

NaOH solution (step 2) (Color figure online)

624 J Sol-Gel Sci Technol (2015) 73:620–627

123

Author's personal copy



area magnetization (in emu/cm2) was performed in samples

with the same size of 5 9 5 mm2 (see inset of Fig. 4d).

Figure 4c displays the field dependence of the magnetiza-

tion values measured at 10 K as a function of the applied

magnetic field up to H = 40 KOe for different filling times.

Notice that upon increasing the filling time from 1 to 15 h

the magnetization remarkably increases and saturates for

the higher filling times. This behaviour is more clearly seen

in Fig. 4d, showing the evolution of the magnetic moment

at saturation as a function of the nanopores filling time.

These observations imply that (1) this methodology allows

obtaining only LSMO nanotubes in the range of 15–40 nm

wall thickness as function of the filling time, as determined

from SEM observations and in good agreement with the

LSMO grain size determined below; and (2) that there is no

need to immerge the template in the precursor solution for

longer times, as the filling capability of the AAO mem-

brane for 200 nm nanopore diameter is finished after 15 h.

Finally, the structure and crystallinity of the synthesized

LSMO nanotubes as a function of the growth temperature

was also examined by synchrotron X-ray diffraction. This

technique provided information about the crystal size of

polycrystalline LSMO nanotubes with a high precision.

Synchrotron X-ray patterns were analyzed using the Riet-

veld method that allows refining the complete crystallo-

graphic structure of LSMO nanotube grown at different

temperatures. We used the microstructural analysis

implemented in FullProf software to find the average

crystallite size. We described the lines using a Pseudo-

Voigt function [21, 22] and took into account the instru-

mental contribution found by the measure of a LaB6 pat-

tern. From this structural analysis we found a good

agreement between the observed and calculated profiles.

Synchrotron x-ray diffraction patterns indexed with the

rhombohedral R�3c phase of the perovskite La0.7Sr0.3MnO3

exhibited a unit cell with lattice parameters of,

a = b = 5.469(4) Å and c = 13.48(2) Å. These parame-

ters are, in agreement with the ones extracted from TEM

analysis. The absence of any impurity peaks indicates the

purity of the final product. At the same time we observed

that the crystallinity increases with increasing temperature

and that a notable enlargement of the average crystallite

size from 12 nm at 700 �C up to 20 nm at 1,000 �C was

obtained (see Fig. 5c). At 1,000 �C the crystallite size

value practically reaches the average wall thickness of the

nanotubes.

Fig. 4 a Magnetic moment versus applied magnetic field (H) curve

measured at 5 K for LSMO nanotubes powder grown at 800 �C 5 h,

after being released from the alumina template. The inset displays an

enlarged view of the central part of the hysteresis loop that shows the

ferromagnetic behavior of polycrystalline LSMO nanotubes. b Tem-

perature dependence of FC and ZFC magnetic moment at 50 Oe for

the same sample. c Magnetic moment versus applied magnetic field

(H) curves measured at 10 K for samples filled by capillary forces at

different immersion times. These measures were done for LSMO

nanotubes within the alumina template (5 9 5 mm2) grown at 800 �C

during 5 h, pore size 200 nm. d Evolution of the magnetic moment at

saturation as a function of the template filling time. Inset image shows

a 5 9 5 mm2 sample of LSMO NTs within the alumina template

(Color figure online)
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4 Conclusions

We have prepared highly uniform La0.7Sr0.3MnO3 nano-

tubes of outer diameters close to 200 and 20–40 nm of

nanowall using a sol–gel approach and nanoporous anodic

alumina templates. Nanotubes of good structural and

magnetic properties could be synthesized at temperatures

as low as 800 �C. Detailed structural characterization show

that all NTs crystallize in the perovskite rhombohedral

structure with the space group R�3c. The walls of the

nanotubes are made up of randomly oriented nanoparticles

due to heterogeneous nucleation at the AAO pore walls.

The average grain size ranged from 12 to 20 nm increasing

with increasing growth temperature, as confirmed by

HRTEM and synchrotron X-ray diffraction analysis.

Investigation of the magnetic properties confirmed the

ferromagnetic behavior of the nanotubes with a Tc very

close to that of bulk LSMO. Although an increase in the

saturation magnetization value as a function of the

nanopores filling time indicated an increase of the nano-

tubes wall thickness, only NTs could be obtained using

AAO templates due to the rheological characteristics of the

present system.
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