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Abstract

A new route to obtain metal oxide nanotubes is presented: an inorganic coordination complex precursor containing the metal ions and

impregnated into alumina membrane templates yield hollow tubular nanostructures of LaNiO3 by calcination at 600 8C as characterized by

powder X-ray diffraction (XRD). Scanning electron microscopy (SEM) shows that the resulting nanotubes have 200 nm in diameter in good

agreement with the template pore. Transmission electron microscopy (TEM) and dark field transmission electron microscopy (DF-TEM) show

that the nanotubes with 10–20 nm walls and internal separations are composed of 3–5 nm crystals.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Low dimensional nanostructured materials have attracted

considerable scientific attention due to their unique properties

and possible applications. In particular nanoparticles (NPs),

nanowires (NWs) and nanotubes (NTs) of carbon [1], metals,

oxides, semiconductors [2,3] and polymers have been

reported. In these materials the nanostructure optimizes the

surface/volume ratio, an essential feature in applications such

as catalysis.

The synthesis of inorganic perovskite oxide tubular

nanostructures has recently been reported [4–8] which widens

the opportunities to improve the catalytic activity and the

possibility of use in fuel cells [9]. The synthesis of rare-earth

manganese oxide NTs with 800 nm external diameter has been

reported recently using a pore wetting technique [4] as well as

the hydrothermal synthesis of single-crystal La0.5Sr0.5MnO3

nanowires [10] and single crystal nanocubes of La1KxBaxMnO3

[11]. LaNiO3 is a perovskite with metal conductity and Pauli

paramagnetism [12,13]. Note that in the homologous series of
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rare earth mixed oxides, LanC1NinO3nC1 [14], LaNiO3 contains

nickel in the trivalent state while the tetragonal La2NiO4 phase is

the lowest oxidized with Ni(II). Films of this La–Ni oxide

prepared by different routes have found broad applications in

electrocatalysis: i.e. in oxygen evolution and reduction [15], as

anode in alkaline water electrolysis [16]. More recently, this

material has also been applied in non-conventional Si

electronics as a good candidate for metallic electrodes, due to

its good metallic behavior at room temperature and the matching

lattice parameters to deposit other ferroelectric perovskites

[17,18], magnetoresistive manganites and superconductors with

high critical temperature [19].

Several low temperature methods for the preparation of

LaNiO3 have been reported with advantages over the reaction

of NiO and La2O3 in a molten carbonate flux at 800 8C [20].

These milder techniques include (i) decomposition of mixed

oxalates [21], nitrates or carbonates [22], (ii) sol–gel [23], (iii)

liquid-mix technique [24], (iv) decomposition of metalorganic

[25,26] or metalo-inorganic precursors [27,28]. The synthesis

of nanosized lanthanum nickel oxide powder has been reported

by thermal decomposition (600–700 8C) of an amorphous La–

Ni diethylene–triaminepentaacetic acid complex [29].

C.P. Tavares reported the preparation of LaNiO3 by low

temperature thermal decomposition of the inorganic precursor,

NH4La[Ni(NO2)6]$xH2O [27]. The synthesis, characterization

and thermal decomposition of nickel nitro complexes including
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Fig. 1. FTIR spectra of NH4La[Ni(NO2)6]$xH2O in KBr pellet.

Fig. 2. Thermogravimetric (TGA) analysis of the NH4La[Ni(NO2)6]$xH2O

precursor.
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the related KLa[Ni(NO2)6]$xH2O that yields LaNiO3 upon

heating at 500–700 8C, has been recently reported [28].

In this communication, a new strategy is presented to obtain

LaNiO3 nanotubes by thermal decomposition of the soluble

inorganic precursor NH4La[Ni(NO2)6]$xH2O impregnated into

Al2O3 template nanopores. Relative low temperature decompo-

sition yields the desired Ni(III) mixed oxide in an oxidizing

environment with La and Ni distributed in the solid precursor at the

nanometer scale, thus avoiding the slow inter-diffusion of ceramic

methods. Dissolution of the Al2O3 membrane in alkali produces

free standing LaNiO3 NTs. It is suggested that the bigger the cation

the easier is its incorporation in the nickel nitro complex crystalline

structure; thus NHC
4 with almost the same size of KC is expected to

favor the formation of the desired precursor from a lanthanum

nitrate solution containing excess ammonium ions.

Membrane template-directed synthesis has been employed

to grow nanowires [30] and nanotubes [31] of a variety of

materials such as metals, semiconductors [2,3], oxides,

polymers, using alumina or polycarbonate membranes, with

vertically oriented pore arrays. The combination of soluble

NH4La[Ni(NO2)6]$xH2O with the desired metal atom ratio and

the low temperature decomposition of the precursor filling the

pores of the alumina template provides a unique new method

for the synthesis of hollow oxide nanostructures with very

small crystals forming the walls.

2. Experimental

For the synthesis of NH4LaNi(NO3)6$xH2O; stoichiometric

quantities of La(NO3)3$6H2O, Ni(NO3)3$6H2O and NH4NO3

were dissolved in the minimum amount of warm water; NaNO2

was dissolved in cold water to prevent nitrite decomposition

and both solutions were mixed cooling in an ice-bath with

continuous stirring. The resulting green solution was stored at

0 8C for 2 days and a light orange precipitate was collected.

After filtering the precipitate, it was washed successively with

ice-cold water and acetone and dried in air and afterwards it

was further characterized by elemental analysis and FTIR.

In order to fill the pores of the hydrophilic alumina template,

a saturated solution of the NH4La[Ni(NO2)6]$xH2O precursor

was filtered through the Al2O3 membrane (Anaporew What-

manw of 60 mm thickness and nominal 200 nm pore diameter

with 109 pores cmK2) or filled by capillarity and the excess

solution was removed from the membrane faces. After drying

the membrane in oven at 60 8C for half an hour an orange color

becomes apparent and after calcination at 600 8C for 24 h the

ceramic template turns black. The membranes were dissolved in

2 M KOH and the free standing LaNiO3 NTs were purified by

three successive centrifugation–washing steps.

Fourier transform infrared spectra (FTIR) of the precursor

complex was recorded in KBr pellet using a Nicolet 510P

spectrometer provided with a DTGS detector and a Balston 75-

45 purge gas generator. Thermogravimetry was performed on a

Shimadzu TGA-51 instrument, under air flow. The XRD

patterns were recorded with Siemens 5000 difractometer using

Cu Ka1 radiation. SEM and TEM images were obtained with a

SEM Phillips XL30 CP and with a Philips CM 200 TEM
microscope equipped with and ultratwin objective lens and

acceleration potential was 200 keV, respectively.

3. Results and discussion

Fig. 1 shows the infrared spectra of NH4LaNi(NO3)6$xH2O.

The four peaks in the region of 1200–1400 cmK1 could be

assigned to the symmetric and anti-symmetric stretching of

nitro and nitrite groups [32]; a band at 832 cmK1 could be

assigned to ONO deformation and the broad band at 3200–

3400 cmK1 is observed in the region where ammonium N–H

and water O–H stretching modes are expected.

The elemental chemical analysis of the precursor showed

always a small defect in lanthanum with respect to nickel

probably due to contamination with M4[Ni(NO3)6] (where MZ
NaC, NHC

4 ) in spite of the expected preferential incorporation of

large cations like La3C and NHC
4 in the crystalline structure [27].

This might cause sodium contamination, which unlike volatile

ammonium remains trapped in the solid affecting the La:Ni ratio.

The thermogravimetry of NH4LaNi(NO3)6$xH2O precursor

in Fig. 2 shows that the largest mass loss occurs at lower



Fig. 4. XRD pattern of LaNiO3 powder obtained at 600 8C (a); crushed alumina

membrane containing LaNiO3 nanotubes (b) and blank of crushed alumina

template (c). Asterisks indicate peaks due to NiO.
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temperature than K4Ni(NO2)6, ca. 100–150 8C [28], loosing

water, ammonia and nitrogen oxides and continues up to

550–600 8C where the perovskite phase is obtained. The

observed mass loss of 56.2% at 600 8C is in good agreement

with a value of xZ4 (calculated mass loss: 56.4%). Previous

studies on related complexes [28] have shown a mass gain in air

around 500 8C which was indentified as an oxidation reaction of

nitrites. This gain was not observed for NH4La[Ni(NO2)6]-

xH2O, probably due to fast decomposition of ammonium nitrite.

It has also been observed that the ammonium solid complex is

less stable than the potassium one decomposing in a few days.

In a series of related complexes of general formula

K2M(Ni(NO2)6) with MZBa, Pb and Sr, Takagi et al. [33]

reported cubic structures. Based on these results, Bolibar et al.

[28] indexed KLa[Ni(NO2)6] as a cubic unit cell with lattice

parameter 10.571 Å. Since, the ionic radius of KC and NHC
4 are

very similar, it is expected that our precursor NH4

La[Ni(NO2)6] has similar lattice parameters. Therefore, the

La–Ni and Ni–O distances in the precursor should be about 5.3

and 2.9 Å, respectively, close to the final values in the LaNiO3

perovskite, ca. 3.34 and 1.93, respectively. The La–Ni

crystalline precursor avoids the need for long diffusion

distances characteristic of ceramic methods.

Fig. 3 shows an SEM image of LaNiO3 nanotubes in a

partially dissolved Al2O3 membrane with a typical diameter of

200 nm. The inset shows a top view of the membrane showing an

excellent agreement between nanotube and pore diameters. The

template method yields more homogeneous diameter distribution

as compared to the hydrothermal synthesis. Dispersive X-ray

energy (EDX) analysis on a spot over a nanotube confirms the

presence of Ni and La, unlike areas not covered by NTs.

A powder X-ray diffraction (XRD) pattern of the NTs inside

the alumina membrane is compared in Fig. 4 to the diffraction

pattern of the bulk LaNiO3 oxide prepared by thermal

decomposition at 600 8C of the same precursor. The XRD

patterns show characteristic reflections of the perovskite

structure with a low fraction of segregated NiO (* indicates

peaks due to NiO) associated to the slight excess in the Ni:La
Fig. 3. Typical SEM micrograph of LaNiO3 nanostructures grown in alumina

template by thermal decomposition of NH4La[Ni(NO2)6]$xH2O at 600 8C. The

inset shows a top view of the alumina template.
ratio. However, it should be emphasized the lower NiO

proportion with respect to higher temperature synthesis [20].

In Fig. 5, typical TEM images of template-free LaNiO3

hollow nanostructures with internal separations can be seen with

average diameters around 200 nm and a low size dispersion, ca.

G50 nm. The diameters are in close agreement with the alumina

membrane nominal pore size (0.2 mm) and the SEM images in

the inset of Fig. 3. To the best knowledge of the authors, these

bamboo-like tubular nanostructures with internal separations

have not been reported before for template-built NTs. It is

supposed that these structures arise from de-wetting of the

precursor solution on the hydrophilic alumina pore walls and

also from the exhaust of gases during thermal decomposition.

An important observation in the TEM images is the very

thin external walls of only 10–20 nm, with crystals randomly
Fig. 5. TEM micrograph of LaNiO3 hollow tubular nanostructures with

bamboo-like internal partitions.



Fig. 6. TEM dark field micrograph of LaNiO3 NTs showing small nanocrystals

(3–5 nm) in the nanotube wall.
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oriented and with typical 3–5 nm average length (dark field in

Fig. 6). These are much smaller than previously reported

nanosized LaNiO3 crystals, ca. R12 nm [29].

The novel feature in these nanostructures is that only a few

unit cells are contained in each 3–5 nm crystallite since

LaNiO3 has the rhombohedral distorted cubic perovskite

structure [20,34–35] with unit cell parameters of 0.5456 and

1.3122 nm. This brings about the possibility to observe size

confinement effects that would result in size dependent

electronic and magnetic properties which are being investi-

gated at present.

The LaNiO3 tubular nanostructures reported in this

communication resemble the metal nanoparticle-nanotubes

described by Lahav and Rubinstein [36].

4. Conclusions

The combination of (i) a soluble inorganic Ni complex

precursor with NOK
2 oxidant ligands with the appropriate La–Ni

ratio and (ii) a porous template impregnated with the liquid

solution of this precursor results in LaNiO3 nanotubes upon

relatively low temperature calcination, which has been

characterized by SEM, TEM, DF-TEM and XRD. The as-

prepared nanotubes show 200 nm in diameter and 10–20 nm

walls comprised of very small crystals of about 3–5 nm. These

results would not be possible by employing ceramic or sol–gel

classical methods.
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