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Summary. — The aim of this work is to analyze the efficiency of titania nanotubes
acting as anode for lithium-ion batteries. The titania nanotubes has been obtained
using an anodization process in a ethylene glycol solution, containing ammonium
fluoride and a small quantity of water. After a heat treatment, needed to crystallize
the material in the anatase form, the nanotubes has been analyzed in their perfor-
mance as anode in a Li-ion battery. Structural and morphologic characterization
of the titania nanotubes have been studied using XRD and SEM analysis, while
the galvanostatic cycles has been collected in order to examine the electrochemical
performance as electrodic material. Finally, a comparison of the electrochemical
performance between our samples and commercial nanostructured titanium oxide,
has been made, obtaining that the TiO2 nanotube electrodes treatmen reduces the
overall cell voltage and provides good retention capacity on cycling and higher ca-
pacity at all used C-rate.

PACS 82.47.Aa — Battery Lithium-Ion.
PACS 81.97.De — Fabrication composite material.
PACS 82.80.Fk — Electrochemical analysis.

1. — Introduction

In the future, nanomaterials will become more and more important for many industrial
and technological applications like photovoltaics, electrochemical energy storage systems,
catalytic devices and sensors. Obviously, one of the most important request from the
industrial world for a quick development and commercialization of these nanomateri-
als is a simple and easy to replicate chemical preparation is fundamental. From this
point of view, the work of Gong et al. [1] has represented a turning point for the titania
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nanotubes, because this new synthesis permits to obtain these nanostructures through a
simple anodic oxidation of a titanium foil in fluoride-based solutions, overtaking previous
complex techniques like the sol-gel transcription [2] or the hydrothermal process [3], but
at the same time, opening the way to a new methodology able to combine a simplicity
of preparation of the material with a complete control of physical characteristics of the
nanosystem, such as morphology [4, 5], length and pore size [6], and wall thickness [7].
These features has been obtained by varying the three main parameters of the process:
1) the applied voltage [8,9]; 2) the anodization time [10,11]; 3) the components and
concentration of the electrolyte solutions [12,13]. The model of the nanotube array for-
mation has been exposed by Grimes et al. [14], and basically consists in a competition
between the chemical dissolution of the titanium dioxide by the acting of the fluoride, ac-
cording the reaction TiOs + 6F~ + 4H™ — Ting + 2H50, and the oxide growth at the
metal/oxide interface due to the presence of a small quantity of water in the anodiza-
tion bath. One of the most researched activities concerning this titania nanotubes is
the application as photo-anode in water-photoelectrolysis, which have proved that these
nanosystems [10, 15] provide elevated efficiency values of UV photoconversion. In the
meanwhile, a large range of different applications for this nanomaterial has been experi-
mented. In fact, it is reported that the electrical resistance of the titania nanotubes was
highly dependent to the chemisorbed hydrogen molecules [16,17], creating a new route
in the hydrogen sensing research field [18,19], while other similar examples of the wide
versatility in many different areas of the TiO2 nanotube arrays are available in literature,
from the dye-sensitized solar cells [20-23] to many biological and medical research fields,
as the osteoblast growth [24-27] or drug elution [28-31]. Instead, in this work we want
to analyze the behavior of this material working as anode for lithium-ion batteries [32],
because, Li-ion batteries are tempting power devices due to their high energy density.
The successful electrochemical and chemical insertion of lithium into titanium dioxides
has already been demonstrated [33,34]. TiOs has various polymorphs, such as anatase,
rutile, brookite or TiO2 (B), but the lithium insertion has been given satisfactory results
only for anatase [34-37] and TiOz (B) [38,39]. Besides, TiO2 anatase has been demon-
strated to be a promising electrode material for Li-ion batteries due to its good Li-storage
capacity (335 mAhg~! corresponding to the insertion of one Li per TiOs inducing a com-
plete reduction Ti** — Ti**), cycling stability and safety against overcharging [36]. In
addition, it is a non-toxic, cheap material The structure of the mesoporous nanotubes
was specifically designed to allow efficient transport of both lithium ions and electrons,
which are necessary for a high rate rechargeable battery [40]. From a practical viewpoint,
reversible insertion of Li into anatase is about 0.6 (i.e. 200 mAhg~!) at 1.78 V versus
Lit/Li [35,36]. But its electrochemical performance strongly depends on the size and
shape of particles [36,41,42]. In this article we analyze the good behavior of titania
nanotubes, grown by anodization process in glycol ethylene solution, acting as electrode
for lithium batteries.

2. — Experimental

2'1. Synthesis of titania nanotube arrays. — Thin sheets of commercially pure grade-
3 titanium (Titania, Italy) have been used as substrate for the nanotube growth. The
samples have dimensions of 55 mm x 15 mm with a thickness of 0.5 mm, and were arranged
to show an active area of 1 cm?. After 3min of pickling in a solution made dissolving HF
(Carlo Erba) / HNOj3 (Carlo Erba) (volumetric ratio of 1:3) in deionised water up to a
final volume of to 100 ml, all the titanium sheets have been placed in a three-electrode cell
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Fig. 1. — Comparison of XRD patterns of the samples at different temperature. Each peak
attributed to TiO2 anatase phase is indicated with an asterisk.

containing a 1 M KOH solution (Carlo Erba) and subjected to a prefixed and optimized
density current (1 mA /cm?) generated by a potentiostat/galvanostat (Solartron 1286) for
3min, so to generate a fixed oxide layer [43]. The counter-electrode is a platinum sheet,
while the reference is a standard calomel electrode (SCE). The growth of the nanotube
arrays has been operated in the system described in our previous work [43], using a
glycol ethylene solution with 1 %wt. HoO and 0.20 %wt. NHyF for 3h at 60 V. After
the anodization, all the samples were washed in glycol ethylene and left overnight in a
dry room. In order to transform amorphous TiO5 nanotubes obtained by anodic growth
into the crystalline phase of the anatase, all the samples have been placed in a tubular
furnace (Lenton) for 1h in air, at different temperatures, using a slope of 1°C/min.

2°2. Characterization of titania nanotube arrays. — The samples crystallized at 500,
540 and 580 °C, respectively, are characterized performing XRD analysis in order to
identify the crystalline structure of TiOs nanotubes. The results confirmed the presence
of the anatase, together with other crystalline phases. All samples give XRD diffraction
patterns having both the peaks related to the Ti support and the peaks related to TiO,
anatase phase, observed at 35°, 40°, 57° and 77°.

Looking at fig. 1, the anatase phase formation starts at 500 °C, while the increasing
of the temperature causes the decrease of the peaks related to metallic Ti while increases
the ones of the titania because of the transition from amorphous to crystalline structure
of TiOy covering layer. The presence of TiOs rutile phase is not observed, because the
characteristic peak at 23° is absent. Despite the diverse temperature treatments, any dif-
ference in crystalline structure and chemical composition of the prepared nanostructured
titanium oxides has been observed. From the FESEM images it is possible to obtain the
TiO2 nanotube geometric parameters such as the average length and the average exter-
nal and internal diameters, that are around 20 nm (fig. 2a), 200 nm (fig. 2b) and 100 nm
(fig. 2c), respectively. The nanotube surface is smooth, but it is not shiny (fig. 2d).

2'3. Synthesis and characterization of titania-nanotube—based anodes. — A powder,
containing the titania nanotubes, is obtained scratching the surface of the sheet and
grinded into an agate mortar, in order to obtain their breaking up without causing an
excessive trituration, together with the binder and the electronic conductive material for
preparing the electrode for lithium batteries. The composite material has the following
composition: powder containing titania nanotubes 60% wt., Teflon 15% wt. and SuperP
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Fig. 2. — FESEM images of TiO2 nanotubes at various magnifications: a) 4.3 kX, b) 15 kX,
¢) 100 kX, d) 200 kX.

carbon black 25% wt. respectively. This solid mixture undergoes a calendering processes
which produces a tape, from which the disk-shape anode is acquired. Figure 3 shows
the top-view FESEM images of the surface of the obtained anode, that is composed of
fragmented single and agglomerated nanotubes, homogeneously mixed with Teflon and
SuperP carbon black.

Fig. 3. — FESEM images of TiO2-nanotubes—based anode.
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Fig. 4. — Cell voltage vs. time/h for different galvanostatic cyclings for TiOz-nanotube-based
anode and P-25.

The electrochemical measurements are performed on the sample sintered at 580 °C and
compared with the commercial nanostructured titanium oxide P-25 (Degussa). T-shaped
cells are assembled as follows: working cathode (TiOy, Teflon, carbon) / electrolyte
(LiPF¢EC:DMC 1/1)/anode(lithium). Galvanostatic cycling experiments on T-shaped
cells were performed at various charge/discharge rates. The experimental procedure was
based on the following protocol: 1) five cycles of charge and discharge at C/10 rate;
2) five cycles of charge and discharge at C/5 rate; 3) five cycles of charge and discharge
at C/2; 4) five cycles of charge and discharge at C rate; 5) five cycles of charge and
discharge at 2C rate; 6) five cycles of charge and discharge at 3C rate. The results of
the experiments are showed in fig. 4 (cell voltage vs. time) and 5 (cell voltage vs. specific
capacity), for each charge/discharge rate.
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Fig. 5. — Galvanostatic cycling at C/10, C/5, C/2, C, 2C and 3C: a) cell voltages against specific
capacity; b) specific capacity against cycle number.
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Fig. 6. — Ragone Plot (power density/WKg™' ws. energy density/WhKg™') for titania-
nanotubes—based anode (o) and commercial TiOz (e).

Figure 4 demonstrates the improved performance of the cell using the electrode con-
taining the fragmented titania nanotubes, respect to the commercial titania powder for
the flatter shapes of the charge/discharge curves, also at high C rate. The better per-
formances of TiOs nanotubes rather than TiOs nanopowder are more evident in fig. 5a,
where the cell voltages are plotted against the specific capacity. In fact, from this graph,
it can be observed that this kind of electrodes allows full reversible intercalation/de-
intercalation processes, promoting high specific capacity also at high C rates (fig. 5b).
The difference in specific capacity at C/10 rate is minima even if the value 165 mAh/g
for TiO3 nanotubes is almost the same of the theoretical value (0.168 mAh/g). The dif-
ference between the specific capacity of TiOs nanotubes and TiO5 nanopowder becomes
significant with the charge/discharge rate increases. In particular, at 3C rate the specific
capacity of TiOy nanopowder is almost zero, while the specific capacity of TiOs nan-
otubes is around 70 mAh/g. In addition, TiOs nanotubes do not undergo any capacity
loss at every cycling rate, also at 3C rate, while TiO5 nanopowder undergoes a significant
capacity loss at low rate, such as C/5. Finally, the Ragone plot (fig. 6) [44], in which the
vertical axis describes how much energy is available, while the horizontal axis shows the
power per unit mass, gives another proof of the improved performance for our composite
electrode showing that it is possible to obtain the highest specific energy at the same
specific power.

3. — Conclusion

Titania nanotubes have been synthesized by the electrochemical anodization tech-
nique, sintered in the anatase crystalline phase and mixed together with carbon super S
and teflon, so to obtain the composite material that forms our anode. The electrochemical
performance in cells have showed a good reversibility of the electrode material, providing
a capacity of 165 mAh/g at C/10 and 70mAh/g at 3C. Comparing the electrochemical
performances of TiO2 nanotubes and commercial nanostructured TiOy (Degussa P25)
showed how the nanotubic morphology allows to obtain higher capacity. The best per-
formance of TiOs nanotubes are highly significant at high currents density. In fact,
Ragone plot shows that the energy density of TiO5 nanotubes and commercial TiO4 are
100 Wh/kg and 40 Wh/kg, respectively, at 1000 W /kg power density. We can therefore
conclude that the TiO, nanotubes are suitable to replace the graphite in lithium-ion
batteries for power applications.
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