CrystEngComm

Accepted Manuscript

s s e This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

.. ‘w Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

CrysttngComm

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

Q?@ﬁgggﬁ; apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WwWw.rsc.org/crystengcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 9]0111’1’1211 Name CrystengComm Dynamic Article Links »

Cite this: DOI: 10.1039/c0xx00000x

WWW.I'SC.Org/XXXXXX ART'CLE TYPE

Microstructure of epitaxial film of anatase nanotubes obtained at high
voltage and mechanism of its electrochemical reaction with sodium

José R. Gonzalez, Ricardo Alcantara*, Francisco Nacimiento, Gregorio F. Ortiz and José L. Tirado

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
DOI: 10.1039/b000000x

o

Titania nanotubes (nt-TiO,) with high aspect ratio and amorphous character have been prepared by Ti
anodization at high voltage (100 V). After annealing, the nanotubes crystallize to anatase phase and the
XRD patterns and TEM images show that self-organized anatase nt-TiO, are composed of
crystallographically oriented nanocrystalline domains on Ti substrate. The contribution of faradic and
10 pseudocapacitive processes is studied for anatase nt-TiO, in Na cells obtaining the b-parameter from
cyclic voltammetry experiments. The reaction between anatase nt-TiO, and Na is dominated by redox
surface processes (pseudocapacitance) in the region over ca. 0.5 V and by irreversible faradic processes
below ca. 0.3 V. The cycling performance of anatase nt-TiO, in sodium cell is very strongly affected by
the imposed electrochemical conditions. Reversible capacity values of about 150-200 mAh g™ and good

o

cycling behaviour are found for 2.6-0.5 V of potential limits. Impedance spectra and *Na MAS NMR
spectra are also used to study the reactions mechanisms. In addition, it is found that using variable voltage
during the anodization of titanium, the resulting electrode exhibits excellent cycling behaviour (ca. 190
mAh g after ca. 800 cycles). These results are the best cycling behaviour reported to date for anatase in
the form of self-organized nanotubes for sodium ion microbatteries.

TiO, (/4,/amd) — LiysTiO, (Imma) — LiTiO, (I4,/amd)

2 1. Introduction The occurrence of the gamma phase (LiTiO,, s.g. I4;/amd) is
only observed in the case of nanosized titania. Besides lithium
insertion capacity (faradic process), TiO, in the form of

so nanocrystals and mesoporous particles also has capacitive surface
storage  (involving both faradic and non-faradic or
pseudocapacitive processes).>'

Sodium may be an alternative to lithium for non-aqueous
batteries.*''"* However, the mechanisms of the reactions

ss between TiO, and Na have been little explored in the literature.
Xiong et al. found that anatase-type TiO, cannot support sodium
insertion while only amorphous nanotubes with inner diameter
larger than 80 nm can support electrochemical cycling with
sodium ions."" We have reported recently the electrochemical
reaction between amorphous nt-TiO, and Na and found that the
optimization of the electrochemical behaviour depends more
critically in sodium cell than in lithium cells on both the
experimental conditions for electrochemical cycling (e.g. lower
potential limit, current density and electrolyte composition) and
¢s nanotube microstructure (e.g. length and diameter).*

In this work we study the electrochemical reaction with Na of
self-organized anatase nt-TiO, of high aspect ratio and, for this
purpose, galvanostatic cycling, cyclic voltammetry, XRD, NMR
and impedance spectra are used. To obtain long nanotubes with a

70 wide central cavity, high potential (100 V) voltages were used for
the anodization process. The microstructure of the anatase
nanotubes is examined by using XRD, SEM and TEM. The
faradic and psedocapacitive contribution of the battery are

Titanium dioxide is among the materials regarded as very
promising candidates to replace carbon as negative electrode of
lithium ion batteries.'™ Titanium dioxide can be prepared
amorphous or in crystalline forms. The relevant polymorphic
forms of TiO, for lithium batteries are rutile, anatase, brookite
and TiO,(B). Anatase possesses relatively high capacity for
lithium insertion into its structure (theoretically up to
stoichiometry LiTiO,). The lithium ions can be inserted without
largely distorting the anatase structure. The nanosizing of
30 titanium dioxide, for example in the form of nanotubes prepared
by anodization of Ti,™> can increase its capacity to store lithium.
This feature may be related to shorter diffusion path length of
lithium ions, increase of the electronic conductivity and storage
of lithium ions in the titania nanoparticle surface. On the other
hand, the theoretical maximum volumetric capacity (LiTiO,, for
anatase 1297 mAh cm™ and 1440 for rutile, 1307 mAh cm™) is
higher than that of graphite (837 mAh c¢m™ for LiCg).®

Bonino et al.” and Ohzuku et al.® first reported ex-situ XRD
data of anatase electrochemically reduced in lithium cell where
firstly the reflections of anatase are preserved and after further
lithium insertion the tetragonal lattice is transformed into a
orthorhombic unit cell. Several diffraction, XPS, Li NMR, X-ray
absorption spectrocopy and Raman spectroscopy studies have
confirmed that the mechanism of lithium insertion/removal into
45 anatase follows a reversible two-phase transition process:’
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unfolded.

2. Experimental
2.1 Synthesis and preparation of materials

Self-organized titania nanotubes (nt-TiO,) were prepared by
s anodization at 100 V of a Ti foil with 0.127 mm of thickness and
using different anodization times (60 or 120 min). The electrolyte
solution was ethylene glycol/water (92/8 vol.) mixture containing
0.3 wt % of NH,F. The counter electrode was a platinum wire.
To obtain anatase phase nanotubes (anatase nt-TiO,), the
10 previously obtained amorphous nt-TiO, were annealed at 550°C
in air atmosphere during 2 h.

2.2 Structural and morphological characterization

X-ray diffraction (XRD) patterns were recorded in a Siemens
D5000 instrument with CuKo radiation and indexed using the
15 Celref V3 program. Scanning electron microscopy (SEM) images
were obtained using a JSM6300 instrument with a secondary
electron detector. Transmission electron microscopy (TEM) was
performed using a JEOL model JEM2010. To prepare the
specimens for TEM examination, the titania nanotube film was
20 scraped from the titanium substrate, the obtained powder was
dispersed in ethanol by sonication, and the resulting dispersion
was dripped onto the Formvar grid.
The magic angle nuclear magnetic (MAS NMR) spectra of Na-
23 were recorded in a Bruker Avance 400 WB instrument at
s room temperature, using 13 kHz of spin rate, and applying a
single pulse sequence of 1.1 ps and a relaxation time of 1 s. The
reference was a NaCl aqueous solution (6= 0 ppm). Prior to
record the spectra, the electrodes were recuperated from sodium
electrochemical cells, washed with diethylcarbonate solvent in
s0 the dry box and dried under dynamic vacuum, to avoid
irreversible reactions with air and moisture.

2.3 Electrochemical tests

The electrochemical experiments were carried out in Swagelok-
type cells using a VMP instrument. The electrochemical
35 behaviour in sodium cells was studied using a piece of Na like
negative electrode and the electrolyte solution was 1 M NaPFy in
ethylenecarbonate: diethylcarbonate =1:1, also containing a small
amount (1 wt%) of vinylene carbonate. The positive electrode
was a piece of anodized titanium, involving self-organized nt-
40 TiO, film supported on the Ti substrate. Binder was not used. The
capacity values are referred to the geometrical area of the
electrode (in mAh cm™ units) or to the mass of titania (mAh g
units). To determine the mass of the electrode (about 0.30 mg),
the nanotubes were mechanically scraped from the substrate and
45 weighed.
The ac impedance spectra were recorded using three-electrode
cell with T-configuration in the VMP instrument.

3. Results and discussion

3.1 Structure and morphology

so The anodization process of titanium foil to produce titania
nanotubes involves that the reflections of metallic Ti (s.g.
P63/mmc) gradually disappear. For 60 min of anodization, the

reflections of the metallic Ti substrate and anatase coexist (not
shown). Prior to annealing, the titania nanotubes obtained by
anodization of titanium are XRD-amorphous (not shown). After
annealing at 550°C the titania nanotubes crystallize to the anatase
structure (JCPDS reference card number. 21-1272) (Fig. 1). The
average grain size of anatase nt-TiO, is Lc=18 nm, obtained from
the broadening of the Bragg reflections and the Scherrer equation
(Le=(0.941)/(Bcosh)).

In order to study the preferred orientation of anatase nt-TiO,,
XRD patterns were recorded (Fig. 1) for (a) self-organized nt-
TiO, with the nanotube axis oriented perpendicularly to the XRD
sample-holder surface and (b) powdered nt-TiO, previously
os scratched from the Ti substrate and mixed with silicone grease to

avoid any preferred orientation. The results clearly show that the

oriented anatase nt-TiO, film exhibits a more intense (004)

reflection. Thus, the nanotube preferentially runs

perpendicular to the (004) plane. These results are in good

70 agreement with the calculations about the structure and strain
energies of anatase nanotube obtained by Ferrari et al, that found
that an anatase (001) layer would stabilize the rolling of the
corresponding nanotube.'”> Brezensinski et al. also found
crystallographically orientated nanocrystals in mesoporous

7s anatase thin films using WAXD.” Since the anatase nanotubes are
self-organized and form a thin film with a certain crystalline
orientation on the Ti substrate, this material is analogous to an
epitaxial film.
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Fig.1 XRD patterns of anatase nanotubes (100 V-120 min-550°C) for (a)
self-organized nt-TiO, film with the nanotube axis oriented perpendicular

95 to the Ti substrate and (b) non-oriented nt-TiO, (powder freed from the Ti
substrate and mixed with silicone grease to avoid preferred orientation).
The Miller indexes are indicated.

On the other hand, the preferred orientation of nt-TiO, can
influence on the diffusion of alkali metals into the empty zigzag
10 channels of the anatase framework, the surface properties and the
resulting capacity (insertion and surface capacity) in lithium and
sodium cells.'
The morphology and microstructure was studied using TEM
and SEM (Fig. 2). According to the SEM results, the average
10s length of the nanotubes obtained at 100 V is ca. 38 um after 60
min and ca. 67 um after 120 min. The length of the nanotubes
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may be optimum to achieve high areal capacity in batteries.
A

40

Fig.2 Selected SEM (A) and TEM (B-D) micrographs for anatase nt-TiO,
obtained by anodization of titanium at 100 V.
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The self-arrangement of amorphous nt-TiO, retains its
morphology and the pores do not fuse and remain open after
crystallization to anatase phase, according to the TEM images
(Fig. 2). As due the high anodization voltage, the inner diameter
(or pore size) is about 92 nm and the wall thickness is about 30
nm. The walls of the nanotubes are composed of grains with size
of around 10-30 nm, which is good agreement with the average
grain size obtained from the XRD line broadening. Fringes can be
observed in the HRTM image. It is worth to note that the thin
walls can more easily accommodate expansion or contraction
during the alkali metal insertion/deinsertion process.'”

3.6 Electrochemical reaction of anatase nt-TiO, with Na

s On the contrary to lithium, the electrochemical reaction of

anatase nt-TiO, with sodium does not give any extended and
reversible plateau in the potential-capacity curve (Figs. 3 and 4).
Only a pseudoplateu is observed at about 1.4-1.2 V in the
discharge process and about 1.6-2.0 V in the charge process (Fig.
3A). Consequently, first-order structural transitions do not
happen reversibly for anatase in sodium cell, on the contrary to
lithium.” In addition, the XRD reflections of anatase are observed
after its reaction with sodium (not shown) and, consequently, we
can conclude that the structure of self-organized nt-TiO, is

s preserved even at 0.0 V vs. Na"/Na. However, the XRD results

cannot discard a partial reduction of the titanium ions, for
example due to accommodation of sodium in the surface of the
anatase nanotubes.

For the nanotubes with average length L= 38 um, and using
1.0 V or 0.5 V of lower potential limit (Fig. 3), the resulting areal
capacity values are not very high (around 0.10-0.25 mAh cm?).
The cycling stability is good (Fig. 3B). The decrease of the
potential limit from 1.0 to 0.5 V involves the decrease of the
initial coulombic efficiency. In other words, more irreversible
reactions are taking place for the first cycle to 0.5 V than 1.0 V.

The longer nanotubes (obtained by anodization during 120 min
and length L=67 um) exhibit higher areal capacity values (Fig.
4). For these electrode materials, it was possible to scrap the nt-
TiO, film form the Ti substrate, to weigh the active material mass
and then to give the gravimetric capacity values. In addition, we
have tested the cycling behaviour at different kinetics. At slow
kinetics (0.05 mA cm™ of current density) the reversible capacity
is around 100-200 mAh g'. At very high kinetics (5 mA cm™)
the reversible capacity is only about 15 mAh g™', but the capacity
is recuperated when the current density is decreased again (125
mAh g or 1.I mAh cm™ after 100 cycles). For the sake of
comparison with other electrode materials, we can note that
Rudola et al. reported values of about 70-180 mAh/g for
Na,Ti;05,” and Xiong et al found around 80-140 mAh g for
amorphous nt-TiO, in sodium cells during the first fifteen
cycles." Tt is worth recalling that here we are using self-organized
anatase nanotubes with certain preferred orientation and this fact
can affect to the lithium diffusivity and reactivity of TiO,.

In order to achieve higher capacity values, we have studied the
electrochemical behaviour using lower values of potential limit.
However, if we decrease the lower potential limit, an irreversible
and much extended plateau is observed at around 0.17 V (Fig.
5A). For galvanostatic experiments at low current density (0.05
mA cm?) the plateau at ca. 0.17 V was apparently endless and,
consequently, it was limited by the imposed time. This
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irreversible low-voltage plateau only is observed for anatase nt-
TiO, in sodium cell, neither for amorphous nt-TiO, nor for
lithium cell, and is ascribed to irreversible reactions such as
extended electrolyte solution decomposition in the surface of
anatase nt-TiO,. More probably, the crystallites orientation in the
anatase nanotubes can contribute to enhance its reactivity vs.
sodium electrolyte solution. Apparently, the surface exposing the
crystallographic planes perpendicular to the (004) plane (those
with with 1=0) would be more reactive. On the other hand, the
decomposition of water trapped in the longer nanotubes (120 min
of anodization) also may contribute to the irreversible faradic
reactions. Consequently, to decrease irreversibility and for
effective using anatase nt-TiO, in sodium ion batteries, the length
of the anatase nanotubes and the lower potential limit should be
limited.
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Fig. 3 Electrochemical results for the reaction between anatase nt-TiO,
(100 V-60 min-550°C) and sodium. (A) Potential-capacity curves for the
first three cycles in the range of 2.6-1.0 V. (B) Discharge capacity as a
function of cycle number for two different lower potential limits (0.5 and
1.0 V). Imposed current density= 0.1 mA cm™.

In a try to further optimize the electrochemical cycling,
we have found that higher areal capacity values are achieved
when the anatase is discharged to about 0.5 V of potential limit
during the first few cycles and after further cycles the cut-off

potential is decreased to 0.20 V, in comparison with directly
o cycling to 0.25 V of limit (Fig. 5). In this case, the observed
reversible capacity values are very high (up to 400 mAh g') but
the capacity retention is poor.
As a conclusion, the values of gravimetric and areal capacity
are strongly affected by the experimental cycling conditions, and
es particularly the lower potential limit should be over ca. 0.3 V to
avoid extended irreversible reactions and low coulombic

efficiency.
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Fig. 4 Electrochemical results for the reaction between anatase nt-TiO,
(100 V-120 min-550°C) and sodium in the potential range of 2.6-0.5 V.
(A) Potential-capacity curves for the first three cycles and using 0.05 mA

10s cm™ of current density. (B) Discharge capacity as a function of cycle
number for variable current density.

As a way to understand the origin of the capacity when anatase

1o nt-TiO, reacts with sodium, the b-values were obtained from the
cyclic voltammograms recorded at several rates (Fig. 6), by first
time in this work, and using procedures described in the
literature.>'"'* The parameter b is directly determined from the
slope of the plot of log i versus log v, where v is the sweep rate
s and i is the current (i = av®). Generally, if the b equals one, a
surface redox reaction involving non-diffusion-controlled
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processes  is expected; meanwhile for the ideal diffusion-
controlled faradaic process, the slope b equals 0.5 and satisfies
Cottrell’s equation (i=av’).
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Fig. 5 Electrochemical results for the reaction between anatase nt-TiO,
(100 V- 120 min-550°C) and sodium under different cycling conditions,
particularly the lower potential limit. (A) Potential-capacity curves for the
cycle number 1, 2, 5, 6 and 7, and using different potential limits. (B)
Capacity as a function of cycle number obtained from (A). Current
density: 0.05 mA cm™.

In these experiments, during the first three discharge-charge
cycles, the cut-off potential limit was 0.5 V, and then was
decreased to 0.01 V. During the first discharge process the
resulting b-value is ranged between ca. 0.7 and 0.8. Since the b-
values obtained in the second and third cycles in the potential
range between 0.5 and 2.5 V are near 1.0, we assume that the
reaction is mainly due to reversible accommodation of sodium in
the surface of anatase nt-TiO, (surface pseudocapacitive process
or non-diffusion controlled process). Probably the increase of the
b-value from cycle one to three is due to decrease of the
contribution of electrolyte decomposition (faradic processes). The
b-values during the charge are also about 1.0. After the first three
cycles, the potential limit was decreased from 0.5 to 0.0 V and it
results that in the region about 0.1-0.3 V the b-value is near to 0.5
(faradic-type processes) for both discharge and charge processes.
According to the resulting b-values, both electrolyte
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Fig. 6 b-value for anatase nt-TiO, (100 V-120 min-550°C) in sodium
cell for discharge (A) and charge (B). For the cycle number one to three
each battery was discharged to 0.5 V, and for the cycle number four and
five the cut-off potential was 0.01 V.

decomposition and sodium insertion into TiO, may contribute to
the faradic processes that take place below ca. 0.3 V.
Consequently, it seems that in the first discharge certain
passivation processes take place and this passivation is effective
for cycling over ca. 0.3 V but nor for cycling at voltages below
ca. 0.3 V. The irreversible processes are not accompanied by passivation
and formation of stable films below ca. 0.3 V. These results are in quite
good agreement with the galvanostatic cycling results (Fig. 3 and 4).
Similarly, Xiong et al. found that the b-value for amorphous nt-Na,TiO,
tends to decreases from 1.4 V to 0.5 V.!!

The irreversible faradic processes below 0.25 V seem to be a
property enhanced for the self-organized anatase nanotubes due
to its crystallographic orientation and the reactivity of the
crystallites surface against the sodium-based electrolyte solution.

In comparison with the b-values corresponding to the
intercalation lithium into anatase reported by Brezkinski et al
lithium,? the true intercalation of sodium is discarded here.

This journal is © The Royal Society of Chemistry [year]
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3.6 Nuclear magnetic resonance

While XRD reveals information on the crystalline structure,
NMR can provides information on the local environment of the
studied nucleus.'” *° The observed *Na MAS NMR spectra for
anatase nt-Na,TiO, electrodes recuperated from sodium cells
(Fig. 7) are complicated by the second-order quadrupole
broadening and are quite similar to the spectra for mesoporous
titanium oxide reported by Lo et al.”® Besides the spinning side
bands, we can see that the spectra in the partially discharged (1.0
V), totally discharged (0.0 V) and recharged (2.6 V) states are
different. All the spectra exhibit a sharp peak at about 5 ppm and
a broadened resonance centered at about — 11 ppm. The narrow
peak placed 5 ppm has small quadrupolar interactions and most
probably is due to sodium ions with high mobility in compounds
formed by irreversible electrolyte decomposition at the surface of
anatase nt-TiO,. Tentatively, the broadened resonance centred at
about -11 ppm may be due to sodium ions with reduced mobility
that are placed in the surface of anatase nt-TiO, (or in other
words, in the walls of the nanotubes). Thus, the relative intensity
of the broadened resonance reversibly increases when the cell is
discharged (reaction with sodium). Since, the shift of the broader
resonance is not very large, a true insertion of the sodium ions
into the anatase framework is discarded because strong
paramagnetic interactions Na'/Ti*" ions would not be established.
Consequently, the electrochemical reaction to accommodate
sodium mainly would take place in the surface of nt-TiO,.

Investigations of Na NMR of sodium-reduced mesoporous
titanium oxide also found a sharp peak near 0 ppm and a
broadened resonace at about — 15 ppm.*°

The NMR results agree quite well with the b-values and
strongly suggest that the accommodation of sodium in anatase nt-
TiO, mainly takes place through pseudocapacitive behaviour
(surface processes). These results are in good agreement with the
conclusions reported by Xiong et al."'

BNa
(c) 1° dmharge-charge 2.6 MAS NMR
(b) 1 dlscharge, ooV
(a) 1 dlscharge, 1.0V
200 1 00 -1 00 -200

3, ppm

Fig. 7 ®Na MAS NMR spectra for anatase nt-TiO, (100 V, 120 min,
550°C) electrodes (a) at 1.0 V vs. sodium (partial first discharge), (b) at
0.01 V vs. sodium (whole first discharge) and (c) at 2.6 V vs. sodium
(first discharge-charge cycle).

3.6 Impedance spectroscopy

In order to further study the interface properties of anatase nt-
TiO, in sodium non-aqueous cells, ac impedance spectra were
o0 recorded (Fig. 8). During the the first discharge process from 2.8
V (initial open circuit voltage) to 0.01 V (whole discharge state),
a depressed semicircle emerges and its size increases when the
potential decreases (Fig. 8A). This fact is due to the surface film
formation (surface resistance at high frequencies) and reaction
os with sodium (charge transfer resistance at intermediate
frequencies). The depressed semicircles are typical of porous
samples.”’ The contribution of several depressed semicircles
cannot be separately distinguished at the initial voltage (2.8 V).
The sloped line at very low frequencies is due to sodium
70 diffusion. The spectrum obtained at the end of the first discharge
was fitted ~with the following equivalent circuit:
[Re(RgQsD(RW)Q]. The resulting surface layer resistance is
Ry= 6.3 Ohm, and the charge transfer resistance is R =76.5 Ohm.

200
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150 4
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=100
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—m—-238V
85 ~-9-05V
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—7—01V
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. /
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105 Z'\Q

Fig. 8 Impedance spectra for anatase nt-TiO, (100 V-120 min-550°C) in
sodium cell measured at selected states of the first discharge (A), and at
0.01V for the first and fith discharge (B). Imposed discharge current
density: 0.05 mA/cm®.

110

From the first to the fifth cycle (Fig. 8B), the size of the
depressed semicircles in the discharge state increases, the
spectrum becomes more complex, and the impedance rises (in the
s order of 1 kQ), as due to electrolyte decomposition processes.
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These results confirm our discussion about the obtained b-value
and NMR spectra and the occurrence of irreversible redox
processes near 0.0 V. Consequently, the composition of the
electrolyte solution should be further optimized. Another possible
solution may be the modification of the surface properties of
anatase nt-TiO, by making a protective coating or by
optimization of the anodization process and morphology of the
nanotubes.

3.6 Further improvement of the electrochemical performance

In order to improve the electrochemical performance of self-
organized anatase nt-TiO,, we have followed a new strategy: the
voltage for anodization of Ti was linearly changed with time
during the anodization process. Thus, after several tests, we have
found a net improvement of the electrochemical cycling when the
anodization voltage is increased from 20 to 100 V during 120 min
(AVaoa 20-100 V), while the anodization time and other
parameters are not changed in comparison with the anodization
process under fixed voltage.

The capacity tends to increase from cycle number 25 (about
100-120 mAh g") to about 260 cycle number (220 mAh g™), and
after this is nearly stable (Fig. 9). After 800 cycles, the
gravimetric capacity is ca. 190 mAhg" (using a rate of 1C, or
about 1 h for one charge). The reason for such as great
improvement of the electrochemical properties is not still
completely elucidated. Irrespectively of the excellent cyclability
and high gravimetric capacity values, the resulting areal capacity
values (about 0.1 mAh cm?) are lower in comparison with
samples obtained at fixed voltage of anodization.

Probably, the resulting modification of the electrochemical
properties is due to changes of the morphology and surface
properties of the nanotubes. The preliminary results show that,
using a 20-100 V of anodization voltage, the inner diameter of the
nanotubes is increased (ca.130 nm) and their length is decreased
(ca. 6 pm). The total diameter of the nanotubes is also increased u
to around 200 nm. Thus, the larger nanotube diameter makes
easier the reaction with sodium, while the shorter nanotube length
decreases the areal capacity and probably improves the cycling
stability. Another possible effect of the variable anodization
potential may be that the initial low voltage (20 V) perhaps would
allow the formation of a more stable nanotube surface, while the
last high voltage (100 V) creates the wider nanotube mouth.

The average operation voltage is about 1.3-1.0 V, depending
on the cycle number (Fig. 9A). The high average voltage can be
an advantage to the safety of the battery. It is observed that the
shape of the potential-capacity curves is modified when the
electrochemical cycling progresses. The electrochemical results
strongly suggest that an activation process of the electrode
material is taking place during the first ca. 50 cycles. The
relaxation time periods that were imposed (Fig. 9) also may
contribute to create a more stable electrode.

The reason for such as good improvement of the
electrochemical behaviour of the anatase nanotubes in sodium
cells should be further studied in future studies. The excellent
cycling ability and the gravimetric capacity values that we report
here are rather comparable with the achievements very recently
published by Wu et al. using anatase nanopowder.? It is worth to
remember that in our case we are using a special type of electrode
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morphology (self-organized nanotubes which are free of binder
and carbon additives) which is particularly more useful for
microbatteries. In addition, our anatase nanotubes show preferred
crystallographic orientation. On the other hand, probably the
composition of the electrolyte solution also may be improved.
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Fig 9 Electrochemical results for the reaction between anatase nt-TiO,

(20 to 100 V- 120 min-550°C) and sodium. (A) Potential-capacity curves

for the cycle number 1, 2, 3, 100, 200 and 243. (B) Capacity as a function

of cycle number. Current density: 0.1 mA cm™. Potential limits: 0.0-2.6
V. The cell was allowed to relax after the cycle number 58 and 125.

4. Conclusions

The walls of self-arranged anatase nt-TiO, are composed of
nanocrystals with certain preferred orientation. The structure of
self-organized anatase nt-TiO, is preserved after its
electrochemical reaction with sodium. The values of the b-
parameter as function of potential for anatase nt-TiO, suggest that
the contribution of the accommodation of sodium in the surface
of anatase nt-TiO, in the potential range of 0.5-2.6 V is more
important in sodium cell than in lithium cell. At least two types of
sodium are found in the *Na NMR spectra for anatase nt-
Na,TiO,, and the reversible accommodation of sodium in anatase
surface (or nanotubes walls) is inferred from the spectra. It seems
that anatase nt-TiO, is suitable for cycling in sodium batteries
only in the region over ca. 0.3 V. This voltage can be suitable for
certain applications. Further optimization of the electrolyte,
surface properties and electrochemical cycling conditions may
render this electrode material more suitable for high-energy
sodium ion batteries.

The anodization under variable voltage renders nanotubes with
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Anatase nanotubes showing preferred orientation and high capacity versus sodium and during
many electrochemical cycles.
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