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Metal oxide nanotubes (NTs) semiconductors prepared by anodization are promising materials due to

their expected unique optical and electric properties. However, most of the work reported to date did

not find photoelectrochemical devices with higher efficiency than those assembled with nanoparticles.

Moreover, this behavior is due to the difficulty of having non-defective crystalline structures and the

disruption of the tubular shape during thermal treatment while trying to reduce oxygen vacancies. This

work describes in detail the local atomic configuration, surface area and morphology properties of Ta2O5

NTs prepared by anodization as a function of the temperature and the crystallization time by using X-ray

diffraction (XRD) and X-ray absorption spectroscopy (XAS). The crystallization process of adhered and

freestanding Ta2O5 NTs is discussed. Adhered NTs crystallized at 550 °C due to the oxidation of the Ta

metal during annealing in the air atmosphere and not the NT array itself. Freestanding Ta2O5 NTs

crystallized after annealing at 800 °C. Rietveld refinements were performed to investigate the effects of

the temperature and the annealing time on the grain size and microstrain and obtain information about

Ta–O interatomic distances. The local structure of amorphous and crystalline Ta2O5 NTs was investigated

with EXAFS. Low coordination numbers were found in the as-anodized samples as well as the samples

annealed for 30 min at 800 °C. The coordination number increased when annealing was performed

above 800 °C or when the annealing time was longer than 30 min. Moreover, the decrease of defects

was followed by an increase in the crystal size and collapse of the tubular shape due to the increase in

internal stress generated by the increase in the crystallinity of the tubes and the orthorhombic Ta2O5

crystal size.
1 Introduction

One-dimensional (1D) semiconductor nanostructures such as
nanotubes (NTs), nanowires and nanorods are promising
materials for next-generation electronic, photoelectronic,
electrochemical and photoelectrochemical devices.1 Most
applications for 1D nanomaterials are related to their unique
optical2–4 and electrical properties.5 Moreover, these proper-
ties can be tuned not only by choosing the chemical
composition of the nanostructure but also by tailoring its
specific geometry.6

For example, TiO2 NTs prepared by anodization are prom-
ising alternatives for technological applications such as
photocatalysis7 and photoelectrochemical cells (Grätzel solar
cells).8–10 The main advantages of using such materials seem
to be due to directed charge transport, high light-harvesting
and slower recombination rates through the length of the
aligned and vertically oriented NTs.11

Synthesis of anodic NTs semiconductors was first reported
by Gong et al. in 200112 and is one of the easiest approaches
for preparing 1D materials. Due to the simplicity and versatility
of the process, several authors have obtained vertically aligned
oxide NTs with this methodology, including a wide range of
materials such as Ta2O5,

13,14 Fe2O3,
15 ZrO2

16 and TiO2.
17–19

Recently, some reports have suggested that the morphology
of anodic semiconductor oxide NTs offers unique advantages
providing a direct and rapid pathway for transporting elec-
trons, which increases the electron lifetimes in semiconductor
mm, 2014, 16, 797–804 | 797
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electrodes.10,20–23 However, the electron transport constants
of TiO2 NTs and interconnected nanoparticles (NPs) in
dye-sensitized solar cells (DSSCs) lies at the same time scale.24

There is no plausible explanation for why electron transport is
not significantly faster in NTs than in the NPs oxide elec-
trodes,11 since the recombination times in the nanotubular
semiconductor structure is approximately 1 order of time
higher than in NP films.24 A very interesting work published by
Richter and Schmuttenmaer provided insights that try to
explain the slow charge diffusion through TiO2 NTs.25 Richter
and Schmuttenmaer observed with time-resolved terahertz
spectroscopy that the trapping sites in TiO2 NTs have an
exciton-like character due to the Ti3+ sites. If these defects
are decreased, then the conductivity in TiO2 NTs can be
increased. The Ti3+ sites may be due to the presence of F− impu-
rities and/or oxygen vacancies from the anodization process.

One way to remove the vacancies and impurities is to
anneal the samples in oxygen-rich environments.26,27 In an
ideal scenario, the annealing would also increase the crystal-
linity of the semiconductor, and increase its conductivity.
However, in practice, long times and high temperatures are
needed for crystallization in conventional muffle furnaces,
which causes the tubular structure to collapse.20,23,28

Usually, the NTs are prepared by anodizing pure metal
foils, and the semiconductor array stands over the metal foil.
Crystallization of the NTs over the metal substrate drives the
premature growth of crystal phases and/or grains, which
induces morphological changes on the 1D structure.20,23,28–31

Moreover, almost all studies reported to date dealt with the
crystallization behavior of TiO2 NTs obtained by anodization
in fluoride electrolytes. Thus, we should investigate how NT
arrays from another semiconductor oxide crystallize under
various annealing temperatures, since we might learn how to
control the crystallization of TiO2 NTs for photoelectrochemical
applications. In particular, there are no detailed reports on the
crystallization behavior of high-aspect-ratio Ta2O5 nanotube
arrays obtained by anodization of tantalum foils in sulfuric
acid, hydrofluoric acid and water electrolyte.13,14,32,33

In a previous work, we developed an easy method for fab-
ricating adhered and freestanding Ta2O5 NTs simply by con-
trolling the anodization parameters.34 With this methodology,
we can investigate the crystallization behavior of Ta2O5 NTs
adhered on the Ta substrate and freestanding Ta2O5 NTs.
Herein, the structural properties, local atomic configuration,
surface area and morphology properties of Ta2O5 NTs and
their dependence on the temperature and the annealing time
were studied in detail with X-ray diffraction (XRD) and X-ray
absorption spectroscopy (XAS).

2 Experimental
2.1 Materials

Tantalum foil (99.99% purity, Goodfellow), sulfuric acid
(98%, Synth), hydrofluoric acid (40%, Nuclear), ethanol
(EtOH, 95%, Fmaia) and acetone (Synth) were used
as received.
798 | CrystEngComm, 2014, 16, 797–804
2.2 Anodization process

The tantalum foils used in the anodization experiments were
cleaned ultrasonically in an acetone bath for 20 min, rinsed
with distilled water (DI) and further dried in a nitrogen
stream. Anodization was performed in a H2SO4 + 1 vol% HF
+ 4 vol% DI electrolyte at 20 °C and 50 °C, as reported in our
previous work.34 The samples were annealed in a muffle
furnace under atmospheric air at different temperatures, with
a heating rate of 5 °C min−1.

2.3 Microscopy analysis and crystalline structure

The morphologies of the Ta2O5 NTs were characterized with
field emission scanning electron microscopy (FESEM) using
an FEI Inspect F50 operated at 10–30 kV. X-ray diffraction
(XRD) of the adhered and freestanding Ta2O5 NTs was
recorded with a Philips X'PERT diffractometer with Cu Kα

radiation (λ = 1.54 Å) at 2θ = 5–100° with a 0.02° step size
and a measuring time of 5 s per step. The crystal structure of
the Ta2O5 NTs after thermal treatment for Rietveld profile
refinement was performed with Fullprof software.35 The
degree of crystallinity (XC) of the NTs, annealed at different
temperatures, was determined from the ratio of the integral
intensity of the crystalline contribution to the total intensity.36

2.4 Specific surface area

The specific surface area (SBET) was measured according to
the Brunauer–Emmett–Teller method (BET) using nitrogen
absorption isotherms obtained in a Micromeritics TriStar II
3020 apparatus. Samples were degassed at 150 °C overnight
in vacuum before nitrogen adsorption was measured.

2.5 X-ray absorption spectroscopy

Extended X-ray absorption fine structure (EXAFS) was mea-
sured to probe the short-range order and structure around
the Ta atoms. The X-ray absorption spectra were recorded
in transmission mode at the Brazilian Synchrotron Light
Laboratory (LNLS) at the XAFS1 beamline (proposal XAFS1-
12826). The samples were treated at different temperatures
and times and then analysed with ex situ EXAFS measure-
ments at room temperature. The spectra were collected at the
Ta L3 edge (9881 eV) using a channel-cut Si (111) crystal and
three ionization chambers. To calibrate the measurements, a
Ta foil was used in the third ionization chamber. EXAFS data
were analysed in accordance with the standard procedure for
data reduction, using ATHENA and ARTEMIS code from the
IFEFFIT software package.37 FEFF 8.0 was used to obtain the
phase shift and amplitudes.38 The EXAFS signal χ(k) was
extracted and Fourier transformed (FT) using a Kaiser–Bessel
window with a k-range from 2.6 to 11.1 Å−1 (Δk-range of 8.5 Å−1).

3 Results
3.1 Ta2O5 NTs formation

Ta2O5 NTs were obtained after the Ta metal was anodized for
20 min in H2SO4-based electrolytes at two temperatures:
This journal is © The Royal Society of Chemistry 2014

https://doi.org/10.1039/c3ce42043d


CrystEngComm Paper

Pu
bl

is
he

d 
on

 0
1 

N
ov

em
be

r 
20

13
. D

ow
nl

oa
de

d 
by

 P
on

tif
íc

ia
 U

ni
ve

rs
id

ad
e 

C
at

ol
ic

a 
do

 R
io

 G
ra

nd
e 

do
 S

ul
 o

n 
3/

23
/2

02
2 

6:
17

:3
9 

PM
. 

View Article Online
20 and 50 °C.34 The Ta2O5 NTs prepared at 20 °C were
well-adhered to the Ta substrate, while the NTs produced at
50 °C were detached from the substrate to form Ta2O5 free-
standing NTs.34 The NTs formed at these two electrolyte tem-
peratures, 20 and 50 °C, were 2.0 and 4.3 μm long, respectively.
For more details, the reader is encouraged to see ref. 34.

3.2 Structural analysis

Crystalline structure of adhered Ta2O5 NTs. Fig. 1 shows a
comparison of the XRD patterns obtained for the Ta2O5 NTs
after different processes: as-anodized NTs and adhered NTs,
bare Ta substrate and only freestanding Ta2O5 NTs, after heat
treatment at 550 °C. The XRD patterns of the adhered
as-prepared NTs (Fig. 1a) showed only the metallic phase of
Ta (JPCDS file 4-788), which suggests that the as-prepared
Ta2O5 NTs were amorphous. However, after annealing at
550 °C, the adhered Ta2O5 NTs diffraction pattern presented
a crystalline phase that was identified as orthorhombic
(JPCDS file 25-922) by the agreement of the diffraction peaks
(Fig. 1b).

To investigate whether this orthorhombic phase is due to
the crystallization of the NTs, and not substrate oxidation, a
bare Ta foil was annealed at 550 °C. The diffraction patterns
were the same as those observed for the adhered NTs
(Fig. 1c). However, at these anodization conditions (50 °C),
the NTs were removed from the metallic substrate with only
a slight stream of distilled water. The freestanding Ta2O5

NTs membranes were submitted to the same annealing
conditions (550 °C for 30 min), and the XRD results showed
amorphous characteristics (Fig. 1d).
Fig. 1 XRD patterns of various samples prepared with anodization at
20 °C. (a) Adhered Ta2O5 NTs as-prepared, (b) adhered Ta2O5 NTs
annealed at 550 °C for 30 min, (c) Ta metal substrate annealed at
550 °C for 30 min and (d) freestanding Ta2O5 NTs heated at 550 °C for
30 min.

This journal is © The Royal Society of Chemistry 2014
Crystalline structure of freestanding Ta2O5 NTs. To study
the crystallization of the freestanding NTs, the Ta2O5

membranes were annealed at 800 °C for various times and at
900 and 1000 °C for 30 min. The XRD pattern of the sample
treated at 800 °C for 30 min showed good agreement with
the orthorhombic phase (JPCDS file 25-922), Fig. 2. However,
large amorphous content still existed in the NTs, indicating
that some NTs still were amorphous34 or small grains of the
orthorhombic phase were distributed in an amorphous
matrix.34 A further increase in the annealing time or
temperature greatly decreased the amorphous content, as
can be seen in Fig. 2 and Fig. S1.† Table 1 shows the
crystallinity degree (Xc) calculated with the area ratio
method.36,39 Xc increased from 11% to 68% when the
crystallization time at 800 °C increased from 30 min to
600 min and from 11% to 63% when the heat treatment
temperature was raised from 800 to 1000 °C. Moreover, to
investigate the effects on the main grain size, Rietveld
refinements were performed (Fig. 2 and Fig. S1†). The results
are presented in Table 1. The refinements start parameters
for Ta2O5 included the space group P2mm by using the CIF
information card (no. 9112). As shown in Table 1, the refined
interatomic Ta–O distances are characteristic of TaO6

octahedral and TaO7 pentagonal bipyramid units and are
consistent with results reported in the literature.40 The fit
quality was available by the R and χ2 factors, which are in
good agreement with the expected values.41 The local
structure of amorphous and crystalline Ta2O5 NTs was
investigated with EXAFS, and details are presented.
Fig. 2 Rietveld refinement for freestanding Ta2O5 NTs heat treated at
800, 900 and 1000 °C for 30 min each.

CrystEngComm, 2014, 16, 797–804 | 799
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Table 1 Rietveld refinement data for the Ta2O5 NTs sample annealed at various temperatures and for various times

T (°C) 800 900 1000

t (min) 30 60 120 300 600 30 30
Ta–O (Å) 2.07 2.06 2.06 2.07 2.07 2.06 2.07
RE 6.55 4.81 6.09 6.17 6.15 6.60 6.67
Rp 5.13 5.69 6.07 7.01 7.43 8.34 12.00
Rwp 6.60 7.39 8.09 9.23 9.88 11.0 16.50
χ2 1.01 2.36 1.77 2.24 2.58 2.78 5.94
V (Å3) 968.7 970.2 969.5 969.8 970.4 971.8 971.7
Density (g cm−3) 8.32 8.36 8.33 8.31 8.30 8.31 8.33
Size (nm) 15.4 15.5 25.0 26.0 32.0 31.9 52.4
ε × 10−4 (%) 24.82 42.12 47.11 39.46 35.86 19.28 19.35
Xc (%) 11 (ref. 34) 34 (ref. 34) 40 53 68 54 63
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In Table 1, the average grain size of the Ta2O5 crystallites
increases at higher temperatures. The crystal size increased
from 15.4 nm to 52.4 nm when the heat treatment tempera-
ture was raised from 800 to 1000 °C. The Rietveld refinement
of the set of samples prepared at 800 °C for 60, 120, 300 and
600 min (Fig. S1†), reveals that the average grain size
remained constant from 30 to 60 min, about 15 nm, and after
this period slowly increased from 25 to 32 nm by raising the
samples annealing time at 800 °C from 120 to 600 min,
Table 1.

In addition to the grain size and Xc, information about
the microstrain (ε) through Rietveld refinements was
obtained, Table 1. The increase in annealing time had an
interesting behaviour over the ε value. The microstrain
initially increased from 24.82 × 10−4 to 47.11 × 10−4% when
the annealing time increased from 30 min to 120 min at
800 °C. Extending the sample exposure to heat to 600 min
gradually diminished the strain to 35.86 × 10−4%. Moreover,
as expected, the increase in the annealing temperature
greatly relaxed the crystalline microstrain, Table 1, which
attained a minimum value of approximately 19 × 10−4% at
1000 °C.

FESEM analysis of freestanding NTs. The morphological
changes in the Ta2O5 NTs as a function of temperature and
annealing time were monitored with FESEM. As-anodized
NTs have continuous smooth walls and are open at the top
Fig. 3 (a) FESEM images of the top view and cross-section freestanding T
evolution of heat treatment at 800 °C.

800 | CrystEngComm, 2014, 16, 797–804
and closed at the bottom. There were no significant morpho-
logical differences between the as-anodized Ta2O5 NTs and
the NTs annealed up to 800 °C for 30 min (for more details,
see ESI S2†). Fig. 3a shows FESEM images of the as-anodized
freestanding Ta2O5 NTs and those annealed at 800, 900 and
1000 °C. The results show that the freestanding Ta2O5 NTs
annealed at 800 °C for 30 min did not experience any type of
collapse or structure deformation, and maintained the initial
nanotubular morphology with 30 nm thick smooth walls.34

However, the NTs walls begin to deform at 900 °C where
small crystals of approximately 30 nm appeared forming
holes in the structure. Further increasing the temperature to
1000 °C completely destroyed the tubular structure. At this
temperature the NT walls were converted into interconnected
nanoparticles with an average size of 100 nm.

Fig. 3b show morphology details as a function of
annealing time at 800 °C. Small holes and grains are
observed in the tube wall after 60 and 120 min. However, the
tubular structure was not yet affected. After 300 min at
800 °C, the NT walls were similar to those of the sample
annealed at 900 °C for 30 min (Fig. 3a). Holes and small
grains were distributed throughout the structure. Moreover,
after 600 min at 800 °C, the morphology was completely lost,
and the tubes were converted into interconnected
nanoparticles, similarly to NTs annealed at 1000 °C for
30 min.
a2O5 NTs heated for 30 min at 800, 900 and 1000 °C and (b) the time

This journal is © The Royal Society of Chemistry 2014
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Extended X-ray absorption fine structure. EXAFS experi-
ments were conducted to investigate the local structure of
the amorphous and crystalline freestanding Ta2O5 NTs
membranes. Fig. 4 shows the k3-weighted EXAFS signal χ(k)
and the corresponding Fourier transforms (FTs) for the set of
samples studied. In Fig. 4(a) and (c), the samples subjected
to thermal treatments at various temperatures are compared.
Fig. 4(b) and (d) show the time evolution for the samples
subjected to thermal treatments at a fixed temperature of
800 °C. The χ(k) curves (Fig. 4(a) and (b)) show clearly
changes in the oscillations as the temperature or annealing
time increased. For the as-anodized samples annealed at
800 °C for 30 min, there was damping on the χ(k) oscillations,
which is typical for systems with a decreased size and/or
low degree of crystallinity. As can be observed, the damping
vanished for annealing times longer than 60 min at 800 °C
or temperatures higher than 800 °C for 30 min. This obser-
vation corroborates previously discussed XRD results and
indicates high amorphous content in the as-anodized free-
standing Ta2O5 NT membranes as well as in those annealed
at 800 °C for less than 60 min.

The FT patterns (Fig. 4(c) and (d)) show one well-defined
peak at around 1.5 Å (uncorrected for the phase shift), which
corresponds to the Ta–O scattering contribution at the coor-
dination shell. The doublet peak around 4 Å in the FT
patterns correspond well to the crystallinity of NTs (sample
with temperature or annealing time increases).42 These peaks
can be associated with the increase in the crystallinity
obtained by XRD measurements. Only single scattering
events were considered in the fitting procedure, and the FT
was fitted to obtain the local structural information.
Fig. 4 (a, b) k3-weighted Ta L3 EXAFS signal and (c, d) the
corresponding Fourier transform magnitude. Red lines represent the
best fits obtained.

This journal is © The Royal Society of Chemistry 2014
The red lines represent the best-fitting curve of the data.
The unit cell of Ta2O5 has 45 atoms grouped in TaO6 octahe-
dral and pentagonal TaO7 bipyramid units.43,44 To simplify
the EXAFS analysis, a TaO6 octahedral unit in the fitting
procedure of the coordination shell was considered, and the
Ta–O coordination number was allowed to vary up to a
maximum value of 7. The procedure of considering TaO6

octahedral units in the EXAFS analysis has been used in the
literature, including recent work.45 The full data set was
adjusted, and excellent agreement between the data and the
theoretical structure was found with the low R factor
(≤0.03%). The amplitude reduction term (S0

2) value used was
0.9. The quantitative analysis extracted from the EXAFS data
is shown in Table 2.

Due to the low degree of crystallinity, the as-anodized
samples and the samples annealed for 30 min at 800 °C were
adjusted for cumulant expansion parameters around 10−4. As
a result, the Ta–O coordination number increased when
annealing was performed above 800 °C or when the
annealing time at 800 °C was longer than 30 min. This
corresponds to the cases with higher Xc as shown in the
Rietveld refinement.

The Ta–O distance shown is the average of the five closest
distances of the coordination shell. The Fourier transform
comparison presented in Fig. 4(c) shows a slight shift in the
first peak position as the annealing temperature increases.
However, it is not significant, as shown in the R values in
Table 2, considering the error associated with the fitting
procedure.

Surface area. To evaluate the surface area of the NTs
with annealing, BET was measured. Fig. 5 shows the
evolution of the surface area of the as-anodized samples
and the samples annealed at 800, 900 and 1000 °C for
30 min, as well as those annealed at 800 °C for 60, 120, 300
and 600 min.

As can be seen, the surface area of the Ta2O5 NTs follows
the temperature evolution trend: as-anodized < 800 < 900 <

1000 °C. However, the specific surface area dependence on
the annealing time at 800 °C first increased to 19.8 m2 g−1

until 60 min and then started decreasing to around 11 m2 g−1

after 600 min of annealing.
Table 2 EXAFS fitting parameters

Sample Scattering R (Å)a Nb σ2 (10−2 Å2)c

As anodized Ta–O 1.91 ± 0.05 4.7 ± 0.1 1.04 ± 0.04
800 °C Ta–O 1.92 ± 0.05 4.8 ± 0.1 1.19 ± 0.04
900 °C Ta–O 2.0 ± 0.1 5.9 ± 0.4 1.2 ± 0.1
1000 °C Ta–O 2.0 ± 0.2 6.5 ± 0.7 1.3 ± 0.1
60 min Ta–O 2.0 ± 0.2 6.0 ± 0.5 1.2 ± 0.1
120 min Ta–O 2.0 ± 0.1 6.1 ± 0.5 1.2 ± 0.1
300 min Ta–O 2.0 ± 0.2 6.1 ± 0.5 1.2 ± 0.1
600 min Ta–O 2.0 ± 0.2 5.7 ± 0.6 1.0 ± 0.1

a Bond length (Å); b coordination numbers (N); c Debye–Waller factor
(σ2) for Ta2O5 samples.

CrystEngComm, 2014, 16, 797–804 | 801
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Fig. 5 BET specific surface area evolution of the Ta2O5 NTs: (a) as-anodized
and annealed at 800, 900 and 1000 °C for 30 min and (b) annealed at
800 °C for 60, 120, 300 and 600 min.
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4 Discussion

As published earlier, as-anodized freestanding Ta2O5 NTs are
amorphous and start to crystallize at 750 °C.34 Nevertheless,
when the tubes were crystallized over the Ta foil from which
they were grown, the orthorhombic phase was observed at
much lower temperatures, 550 °C, Fig. 1b. However, the
crystalline phase observed at this temperature is probably
due to the Ta metal oxidation in oxygen-rich atmosphere,
Fig. 1c. The crystals formed at the interface of the Ta2O5

NTs/Ta metal can also induce tube crystallization, similarly
to that observed in the TiO2 NTs rutile crystallization induced
with barrier layer rutile crystals.20,23,28 This discussion shows
that care must be taken to avoid misinterpreting the results
of the crystallization process by annealing Ta2O5 NTs prepared
trough anodization of the Ta metallic substrate.13,14,20,31,46

However, the crystallization of freestanding Ta2O5 can
be investigated without the influence of the substrate
oxidation-induced changes in tubes structure and mor-
phology. As can be seen in Tables 1 and 2, the amorphous
content dominates the nanotube structure and morpho-
logical properties. The crystallinity of the Ta2O5 increased by
augmenting the temperature and the annealing time,
and the mean Ta–O distances are comparable to the bulk
crystalline value of 2.06 Å, Table 2 (this value was obtained
from the atomic position table in reference data47). The
mean Ta–O distance in the amorphous material obtained
with EXAFS is 1.91 Å, shorter than the value of the crystalline
material. High amorphous content, 89%, also dominated
802 | CrystEngComm, 2014, 16, 797–804
the sample annealed for 30 min at 800 °C, showing the
same mean distance as the as-anodized sample. However,
the EXAFS curve fitting for the NTs with more than 30%
orthorhombic phase content gives a Ta–O distance similar
to the standard crystalline phase, Table 2. Moreover, as
expected, all mean Ta–O distances obtained with Rietveld
refinements of the XRD data, Table 1, were similar to the
crystalline bulk, about 2.06 Å, since the diffraction signals
were due only to the Ta2O5 orthorhombic phase.

The coordination number increased as the amorphous
content decreased until about 34%, Tables 1 and 2, showing
that annealing in oxygen-rich atmosphere increased the coor-
dination number. Considering the uncertainties of EXAFS
fittings, the samples annealed for more than 30 min and
temperatures higher than 800 °C possess the same coordina-
tion number. However, in all samples, except the sample
annealed at 1000 °C, the N value is below 7, the theoretical
value for the orthorhombic cell of Ta2O5. The different values
of the theoretical expected to N may be due to the presence
of the amorphous phase or to the fact that all Ta atoms were
assumed to have octahedral geometry to obtain the approxi-
mation of the EXAFS signal.

The increase in NTs crystallinity by increasing the thermal
treatment time showed an trend in the microstrain and the
morphology of Ta2O5, Table 1 and Fig. 3. The microstrain
increased to 47 × 10−4 until 120 min of annealing and then
suddenly started to diminish. The strain decrease was
followed by the appearance of holes in the tube walls, Fig. 3.
An additional increase in annealing time to 10 h decreased
the tube microstrain even more and completely destroyed the
tube walls. The increase in the thermal treatment time
obviously increased the crystalline content in the nanotubes,
and the Ta2O5 grains grew. However, in the case of the Ta2O5

NTs, the crystal diameter was limited to the thickness of the
tube walls, considering no preferential orientation and
growth of the crystals. The tube walls studied in this article
were 30 nm thick,34 and thus, a maximum size of 30 nm was
expected for the oxide crystal. Moreover, owing to the intrin-
sic curvature of the tubes, tensile forces should appear when
crystals close to the size of the wall thickness are present in
the tubes. These tensile forces tend to disrupt the tubular
shape to form interconnected nanocrystals. In the present
work, the size of the orthorhombic crystals slowly increased
until 120 min, but the strain increased dramatically, Table 1.
The size of the crystals formed until 120 min of annealing at
800 °C was 25 nm, less than 30 nm. However, due to the
curvature of the tubes, the intercrystal tension doubled,
making the tubular structure collapse. As can be seen in
Table 1, after 300 min of annealing at 800 °C, the crystals
further increased to 26 nm, and the microtension diminished
because holes formed in the tube walls, Fig. 3b. Annealing
for longer periods, 600 min, further increased the crystal size
to 32 nm and decreased the amorphous content and the
microstrain due to the complete collapse of the NTs. Similar
reasoning can be done for the increase in the thermal treat-
ment temperature. However, the strain evolution in the
This journal is © The Royal Society of Chemistry 2014
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temperature variation study was not followed. The samples
annealed at 900 °C already had broken walls, Fig. 3a, and the
microstrain was much lower than all NTs treated at 800 °C.
Moreover, the crystal at 900 °C was 31.9 nm, bigger than
possible with tubes with 30 nm-thick walls. The collapse of
the tubes observed for annealing at 1000 °C was even more
drastic. Obviously, the strain and amorphous content were
the lowest found in the work.

The specific area results can be ascribed to the coales-
cence, collapse and retention of the macroporous structure
after crystallization of the NT walls, which is in good agree-
ment with FESEM images and crystal growth from XRD and
Rietveld refinements. Increasing the annealing temperature
made the crystals grow, which deformed the NT walls and
reduced the surface area. However, for the 60 min thermal
treatments at 800 °C, the surface area increased. This
increase is attributed to the formation of crystallites around
15 nm on the NT walls resulting in microporous formation,
as shown in the FESEM image.

The findings described herein bring up an impor-
tant question. Is it possible to obtain low-defective and
high-crystalline Ta2O5 NTs? The present work shows that it is
just possible to obtain low-crystallinity NTs with an annealing
procedure in conventional muffle furnaces. Even when the
tubular morphology is completely lost, at 1000 °C, there is
almost 40% amorphous Ta2O5. In fact, crystallization of the
orthorhombic tantalum(V) oxide seems difficult, since its
unit cell has 45 atoms, 12 Ta and 33 O, and the several Ta
centers possess different coordination, (octahedral, pentagonal
bipyramid and hexagonal bipyramid) hampering the atom
accommodation inside the unit cell. Moreover, the minimum
size of a Ta2O5 crystal has to be bigger than 4 nm, since the
orthorhombic unit cell has a b parameter of 40.07 Å. Thus,
the thin walls of the NTs can barely stand the smallest Ta2O5

crystal, preventing crystallization of the nanotubes and
enhancing the internal stress.

Conclusions

Studies on the crystallization of adhered and freestanding
Ta2O5 NTs have shown that care must be taken when
interpreting the crystallization behaviour of NT arrays
obtained by anodizing metal foils. Freestanding Ta2O5 NTs
are amorphous until 800 °C, and the crystalline phase
observed at 550 °C in the NTs over Ta foil is due to metal
oxidation, not NT crystallization. This is not the first example
of the influence of the interface of metal/oxide NTs on
crystallization of the oxide, since TiO2 anatase to rutile was
described earlier. Moreover, the combination of XRD, XAS
and FESEM is a powerful methodology for explaining the
changes in the structural and morphological properties of
Ta2O5 NTs. The coordination number, microstrain and
morphological changes are all related to the amorphous
content and the crystal size of the oxide. The coordination
number increased as the crystalline content increased.
However, as the amorphous content decreased and the
This journal is © The Royal Society of Chemistry 2014
crystals subsequently increased in size, the intercrystal
microstrain increased, due to the small size of the tube wall.
Moreover, the high strain induced a break in the tubular
structure to diminish the tensile forces formed, as observed
in the collapse of the tubes observed for annealing above
900 °C and 120 min of treatment at 800 °C. The trends
and findings of the present work can help to develop future
strategies for preparing high-crystalline semiconductor NTs
with a low concentration of defects.
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