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A metal film of Cu or Sn was vacuum-deposited on the surface of mesoporous anatase TiO, electrodes, and
the Li insertion/extraction behaviour was investigated by cyclic voltammetry and galvanostatic cycling.
The morphological and structural characterization of metal-coated electrodes showed that the metal-
lic layers do not alter the structure of anatase. The electrode surface modification made by thin-film
deposition improves the kinetics of Li insertion/extraction and remarkably enhances the electrochemical

performances in terms of capacity and stability, especially at high charge/discharge rates.
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1. Introduction

Many efforts have been directed towards improving Li-ion bat-
teries especially in terms of energy and power content, lifetime, cost
and safety. Many problems of the current configuration are related
to the use of graphite-based anode, that present poor performances
under some particular operating conditions, i.e. low temperatures
and high charge/discharge rates, and high irreversible capacity in
the first cycle due to the solid electrolyte interface (SEI) forma-
tion. Therefore there is an increasing interest in the development
of alternative anode materials with enhanced kinetic and high rate
capability. Anodic materials based on titanium oxides (e.g. TiO, or
Li4Ti5013) are promising candidates as alternative materials to car-
bonaceous anodes, due to their important advantages in terms of
cheapness, safety and toxicity with respect to other potential anodic
materials. TiO, presents very interesting properties in the anatase
structural type, with fast Li insertion/extraction reactions and high
insertion capacity. The electrochemical Li insertion/extraction pro-
cess has been extensively studied [1-5]. The theoretical capacity
is 335mAhg-! corresponding to the insertion of 1Li per mol of
TiO,. Practically about 0.5Li at 1.78V vs. Li/Li* (i.e. 168 mAhg~1)
can be reversibly inserted. Satisfactory results have been obtained
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by using nanosized anatase, which can be beneficial to both power
rate and cycle life [6-9]. Indeed, nanosized anatase electrodes pro-
vide shorter pathway for both electronic and Li* transport, higher
electrode-electrolyte contact area, and better accommodation of
the strain of Li insertion/extraction. Mesoporous materials have
received particular attention since they are effective in increas-
ing the electrode stability and the Li insertion capacity especially
at high charge/discharge rates [10-13]. The electronic conductiv-
ity can be increased by doping the active material with foreign
atoms or by adding conductive phases [14-19]. In this context, we
prepared mesoporous anatase electrodes modified by coating with
an evaporated thin metal layer of Cu or Sn. The surface modifica-
tion by thin film deposition of a metal layer presents important
advantages in terms of easiness and cheapness when compared
with other proposed optimization methods [14-16]. Electrode sur-
face modification by metal layer deposition has been proven to be
very effective in improving the charge/discharge rate of graphite-
based systems and in protecting the electrode against solvent
co-intercalation into the graphene layers [20-23].

In this study, the cycling behaviour of metal-coated electrodes
has been compared with that of the unmodified mesoporous
anatase electrodes in different experimental conditions, e.g. dif-
ferent potential ranges and several charge/discharge rates. The new
metal/mesoporous anatase electrodes show excellent electrochem-
ical performances in terms of capacity, cyclability, stability and
reversibility, especially at high charge/discharge rates.
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Fig. 1. TEM images of mesoporous TiO,.

2. Experimental
2.1. Synthesis and characterization of mesoporous TiO,

The synthesis of mesoporous anatase sample has been previ-
ously described in Ref. [13]. It has been prepared via a sol-gel
method by precipitating bis(2-hydroxyethyl)titanate (EGMT) in
acidic (pH 2) media in the presence of a non-ionic surfactant
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Fig. 2. X-rays diffractograms of the uncoated, Cu- and Sn-coated electrodes.

(Brij56, M~ 682 gmol~1, Aldrich), followed by a thermal treatment
at 400°C under air.

Specific surface area of the mesoporous samples was calculated
with aNOVA 4000e and Autosorp MP1 instrument (Quantachrome)
analyzer based on the Brunauer-Emmet-Teller (BET) equation in
the relative pressure (p/po) range of 0.05-0.3. The pore size distri-
bution was determined according to Barrett, Joyner and Halenda
(BJH) from the desorption branch of the isotherms.

2.2. Electrode preparation

The electrodes have been manufactured by prepar-
ing a slurry with the following composition: TiO,:Super
P:PVdF=76:12:12wt.%. The slurry was coated onto an Al foil
as current collector using “doctor blade” technique (thickness
150 wm) and dried at 40°C/1 h. The metal evaporation procedure
was the same as described in [23]. The metal was allowed to evap-
orate onto the electrode surface applying a suitable current. The
rate of the evaporation and the thickness (50 A) of the deposited
film were controlled by monitoring the deposited weight with a
quartz crystal microbalance placed next to the sample. Circular
electrodes were cut from the foil, pressed for better contact of the
coated material and aluminum current collector and dried (130°C)
under vacuum overnight.
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Fig. 3. EDX spectra of the Cu-coated (a) and Sn-coated (b) electrodes.
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Fig. 4. Comparison between cyclic voltammograms (third cycle) of uncoated (a),
Cu-coated (b), and Sn-coated (c) mesoporous TiO; at a scan rate v=0.1mVs~!.

2.3. Structural and morphological characterization

Energy dispersive X-ray analysis (EDX) was performed on
uncoated, Cu- and Sn-coated mesoporous TiO, samples on a LEO
1530 VP. Transmission electron microscopy (TEM) was performed
on mesoporous TiO, on a Titan 80-300 at 80 kV. XRD measurements
were performed using Cu-Ka radiation (A =0.154 nm) on a Siemens
D5000.

2.4. Electrochemical characterization

The electrochemical measurements were performed using
three-electrodes cells assembled in an argon-filled glove box
(MBRAUN). Metallic lithium was used as reference and counter
electrodes, glass microfiber (Whatman, GF/A) as separator and
1M solution of LiPF6 in EC:DMC (1:1 by wt.%) (UBE Industry,
Japan) as electrolyte. The maximum x in LixTiO, is assumed to be
0.5 (168 mAhg~!) and thus, the charging rates in this measure-
ments were based on the following relationship: 1C=0.168 Ag~1.
All the measurements were carried out at room temperature using
a VMP2/Z electrochemical workstation by PAR. All potentials are
given vs. Li/Li*.

3. Results
3.1. Material characterization

Mesoporous anatase TiO, sample with a BET specific surface
area of 92m?2 g~! and a rather monomodal pore diameter close to
5nm was used for anodes fabrication. The average crystallite size
of the material, determined from diffraction peaks using the Scher-
rer’s formula, is 9nm which is in good agreement with the TEM
image shown in Fig. 1. The good electrochemical behaviour of this
material has been ascribed to its morphology, i.e. the high surface
area and the mesoporosity [13].

3.2. Electrode characterization

The XRD characterization (Fig. 2) of the uncoated and of metal-
coated electrodes showed a pure anatase phase with calculated cell
parameters of a=3.785 A and c=9.514 A. The X-rays diffractograms
of the different samples show the same peak position and shape,
this indicating that the metal coating does not cause any modifi-
cation in the anatase lattice parameters and in the crystallite size.
As expected, no peaks due to either Cu or Sn are detected on the
diffractograms due to the low quantity of metal deposited.

The presence of metal has been revealed by EDX analysis. The
EDX spectrum (Fig. 3a) for the Cu-coated TiO, electrode shows the
Cu-Ka and La peaks at 8.040 and 0.920 keV, respectively, corre-
sponding to the deposited Cu. The EDX spectrum for the Sn-coated
electrode (Fig. 3b) shows the peaks in the 3.400-4.100 keV range,
corresponding to the deposited Sn. The metal content as deter-
mined by EDX analysis is less than 1wt.% for both elements. The

Table 1
Summary of cycling data for uncoated, Cu- and Sn-coated anatase electrodes in different potential ranges (1.34 Ag~' charge/discharge rate).

1-3V 1.2-3V 1.5-3V

TiO, TiO,-Cu TiO2-Sn TiO, TiO,-Cu TiO,-Sn TiO, TiO,-Cu TiO,-Sn
Qqey (initial) (mAhg-1) 158.6 191.0 195.6 142.2 173.8 178.0 108.9 139.1 141.2
Qrev (50 cycles) (mAhg1) 1324 156.8 156.8 128.6 156.6 157.0 112.8 135.7 137.5
Cap. ret. (%) 84 82 80 90 90 88 952 98 97
ICL (mAhg!) 30.5 319 273 19.7 14.0 15.2 10.9 8.5 6.2

2 The maximum value of capacity (118.5 mAh g~') was reached after 13 cycles.
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Fig. 5. Variation of reversible capacity of uncoated, Cu- and Sn-coated TiO, elec-
trodes as function of charge/discharge rate. Potential range 1.2-3 V.

presence of the Al peak in both spectra is due to the Al foil used as
current collector for the electrodes.

3.3. Cyclic voltammetry

Cyclic voltammetry has been carried out between 1 and 3V on
the uncoated, the Cu-and the Sn-coated electrodes at a scan rate of
0.1 mVs~!. The comparison between the voltammograms is shown
in Fig. 4. All three voltammograms present two peaks at about
1.75V (cathodic) and 2.0V (anodic) corresponding to the faradaic
insertion and extraction of lithium into anatase TiO, [24].

Upon Li insertion, the anatase converts to a two-phase product,
including the Li-poor Lig g5TiO, (space group I41/amd) phase with
tetragonal symmetry, and the Li-rich Lig 5TiO, (space group Imma)
phase with orthorhombic symmetry. The Li ions are randomly
distributed over half of the available interstitial octahedral sites,
leading to a Li storage capacity of 0.5 (168 mAhg~1). Beside this
faradaic process, taking place at about 1.78 V, other type of surface
storage mechanisms, connected with pseudo-capacities, have been
studied. These capacitive effects appear to be strictly connected
with the dimensions, the porosity, and the surface areas of the
material [6-8,25]. The voltammograms of metal-coated electrodes
show higher and sharper current peaks and less peak separation
than the uncoated one, suggesting better kinetics for metal-coated
electrodes.

3.4. Galvanostatic experiments

It is known that the operating potential window has a large
influence upon cyclability [13]. At potentials below 1.7V, after all
available interstitial sites in the bulk are occupied; the applied
potential forces an additional topotactic Li insertion into sur-
face layers. This further insertion mechanism leads to repulsive
interactions between inserted Li with partial irreversible forma-
tion of short, covalent-type Li-O bonds and consequent strain in
the lattice [5]. This Li storage process has been ascribed to the
pseudo-capacitive contributions above described and is charac-
terized by a progressive potential decrease below the plateau.
Therefore it can be limited by controlling the operating potential
window.

The electrochemical performances of the metal-coated meso-
porous anatase electrodes have been evaluated by cycling in three

different potential windows: 1-3, 1.2-3 and 1.5-3 V. The cycling
stability has been evaluated under continuous insertion/extraction
conditions at the 8C rate and the results for 50 cycles are sum-
marized in Table 1. In all investigated potential ranges, the
metal/anatase composite electrodes show higher capacity than the
uncoated one. Nevertheless, the capacity and the stability depend
on the applied cut off potential. If the potential is maintained at
above 1.5V, the further Li insertion after the faradaic process is lim-
ited, and a good stability of the material is obtained. In this potential
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Fig. 6. Galvanostatic Li insertion/extraction curves at increasing current from 4C to
30C for the uncoated, the Cu- and the Sn-coated electrodes. Potential range 1.2-3 V.
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range Li insertion/extraction is mostly controlled by the faradaic
mechanism. At lower potentials a higher capacity is observed since
both faradaic and capacitive contributions are involved. On the
other hand, the capacity retention is lower due to a lower sta-
bility of the material. The effect of the capacitive contributions
becomes more evident when the cut off is lowered from 1.2V to
1V.Asexpected, in the potential range 1-3 V all the electrodes show
higher capacities but also lower stability. All the electrodes show
similar values of capacity retention of about 80%, 90% and 98% in
the potential windows 1-3, 1.2-3 and 1.5-3 V, respectively. The best
compromise in terms of both cycling stability and high capacity is
obtained by cycling between 1.2 and 3 V. The long-term stability
upon cycling in this potential range has been evaluated. The capac-
ity after 200 cycles is 123, 147 and 142 mAhg-! for the uncoated,
the Cu- and the Sn-coated anatase electrode, respectively, with
capacity retention of about 80% for all electrodes. The applied cut
off potential also influences the values of the irreversible capac-
ity loss (ICL) during the first cycle, which decreases by decreasing
the potential window. Nevertheless, the metal-coated electrodes
show in general a lower ICL that the uncoated ones. The enhanced
electrochemical behaviour of metal-coated electrodes is more evi-
dent when higher rates are used. The high rate performances of
the electrodes have been studied by cycling at increasing current
rates from 8C to 30C (Fig. 5). At the faster charge/discharge rate
(30C, 5A g 1) the delivered capacities are 94, 132 and 143 mAh g~
for the uncoated, the Cu- and the Sn-coated anatase electrodes,
respectively.

Fig. 6 shows a comparison between galvanostatic Li inser-
tion/extraction curves at increasing current from 4C to 30C. As
expected, the increased polarization due to the increased charging
rate leads to a shorter plateau associated with the biphasic region.
By comparing the galvanostatic curves of the different electrodes
we can observe two main effects related to the presence of the
metal layer. The reversible capacities associated with faradaic pro-
cess at the metal-coated electrodes are much higher than that of
the pristine ones whichever the charging rate. The faradaic process
is a solid-state mechanism, and thus it is highly dependent on the
diffusion time. At 30C rate, the plateau of the uncoated electrode is
very short and sloped, indicating losses in capacity, while those of
the metal-coated electrodes are very well defined.

Moreover, the metal coating provides a lower polarization of
the electrodes, this indicating faster kinetics of the electrochemical
processes.

4. Discussion

The metal-coated electrodes showed better electrochemical
performances than the pristine one. Any modification on the Li
insertion/extraction mechanism due to the metallic layer was
revealed neither by cyclic voltammetry nor by galvanostatic experi-
ments. In every applied potential range the metal-coated electrodes
show a capacity gain of about 30 mAh g~! whichever the potential
cut off, this suggesting that the metal coating effect is mostly related
to the faradaic mechanism.

At present, the effect of the metal is not completely understood.
Comparable results have been obtained in the case of metal-coated
graphite-based electrodes [23] where the improved kinetics has
been attributed mainly on a catalytic effect of the metal in accelerat-
ing the desolvation rate of lithium ions. However, anatase TiO; and
graphite represent completely different systems based on two dis-
tinct Li storage mechanisms. For instance, in the case of Sn-coated
graphite electrodes the intercalation is believed to occur through
intermediate formation of Li-Sn alloy. This type of mechanism can-
not take place in the present case since the potential range of Li-Sn
alloys formation is never reached.

The presence of the metal is also associated with a lower capac-
ity loss during the first cycle, which is generally attributed to
irreversible surface reactions depending on the ionic and electronic
conductivity of involved phases [8,15]. Therefore, the metal layer
could influence surface reactions by improving the conductivity at
electrolyte/active material interface. Other effects due to the metal,
such as a decrease of the overall resistance cannot be excluded.
These are at the moment under investigation and will be subject of
a later communication.

5. Conclusion

The metal-coated electrodes show excellent electrochemical
performances, especially in terms of fast insertion/extraction
capacity.

The improved electrochemical behaviour is due to the combined
effects of mesopores and of the electronically conductive metal
layer.

The present study suggests that thin metal coating could be a
very promising method in the development of high rate electrode
materials for lithium-ion batteries.
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