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Electrode characteristics of Li>TizO;-ramsdellite
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The effect of mechanical grinding on the electrochemical properties of Li,TizO; regarding
lithium insertion is studied. X-ray diffraction experiments of milling compounds showed a
progressively amorphization of the crystalline material due to both crystalline size
decreasing and internal strain increasing. These structural modifications are reflected in the
electrochemical behavior of Li»TisO7, when it is used as the positive electrode in lithium
cells. As a function of milling time a higher specific capacity is obtained during the first
discharge of the cell, but when charging an increasing in the irreversible capacity is
observed. The most promising Li, TizO7 based electrode has been achieved, under our
experimental conditions, for 13 hours milling that produces a compound with crystallite
size of approximately 20 nm. © 2002 Kluwer Academic Publishers

1. Introduction

Insertion compounds are presently being used as elec-
trodes in some battery systems. In these compounds,
metallic ions can be reversibly inserted into and ex-
tracted from a host structure. The inserted cations are
located into a vacant network while the corresponding
electrons are donated to the available electronic states
of the host. Among the oxides pointed out as candidates
to lithium insertion electrode, the compound Li; Tiz O
was recently proposed by M.E. Arroyo y de Dompablo
et al. [1]. It adopts a ramsdellite type-structure, which
framework presents both vacancies in the tunnel of the
structure and Ti** ions capable of being reduced. These
facts allow lithium insertion in a reversible mode [2, 3]
being the maximum lithium inserted of 2.24 ions per
formula [1]. Furthermore, this material presents good
cyclability and low polarization, which besides to both
the relatively high specific capacity (235 Ah kg~!) and
the low average insertion voltage (1.5 V), make this
compound a promising material as negative electrode
for rechargeable lithium ion batteries.

It is well known that for most type of materials Me-
chanical Grinding (MG) leads to materials in fine par-
ticle form. This process could result in the modifica-
tion of the quantity of lithium involved in insertion and
de-insertion reactions. In this sense, MG has been suc-
cessfully used for producing amorphous materials (typ-
ically alloys) which absorb and release electrochemi-
cally large amounts of hydrogen at room temperature
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[4-8]. In the field of lithium batteries, previous stud-
ies have shown that mechanical grinding improves the
electrochemical performance of some electrode ma-
terials [9, 10]. Regarding the possible application of
Li; TizO7 as anode material, we have analyzed the elec-
trode characteristics of Li; Ti3O7 processed by mechan-
ical grinding. We already know that the reversibility of
the insertion process in this ramsdellite is good, but in
comparison with other anode materials the capacity is
lower. The aim of this study was the improvement of the
specific capacity of the mentioned material and there-
fore we have investigated the influence of MG in the
specific capacity of cells cycled out of the equilibrium
conditions.

2. Experimental

The active material, Li;TizO7, was prepared by solid
state reaction of the stoichiometric amount of Li,COj;
and TiO, as previously described [1]. Mechanical
grinding (MG) was carried out in a centrifugal ball mill
(Fritsch, Pulverisette n° 7). This mill generates a high
shear interaction as the result of the ball rolling on the
wall of the grinding vial [11]. Two sets of experiments
were performed using a container (250 cm?) and grind-
ing balls made from either agate or austenite stainless
steel (ASS). In all the experiments the balls-to-powder
ratio was 10: 1 with a powder mass of 25 and 7 g for
agate and ASS vial respectively. The rotation speed of
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the plate was 500 r.p.m. and the turn way was inverted
every 5 minutes approximately.

Structural changes of the MG powder were analyzed
by X-ray Diffraction (XRD) using a Philips X’Pert
powder automatic diffractometer with Cu Ko radiation
(A =1.5418 A) operating at 40 kV and 50 mA. For the
starting material data were recorded between 26 = 10
and 70° with 0.02° step size and 10 s counting time.
From these data, unit cell parameters were obtained by
a full pattern matching refinement using FULLPROF
Program [12]. In the case of milled materials the count-
ing time was reduced to 2 s. For every peak, defined by
it Bragg angle, the width (B.xp) was measured as the full
width at half maximum (FWHM) and the instrumental
broadening (Bi,st) was removed according to

2 2 2
lgsample = IBexp - ﬂinst

where Bgample is the broadening due to the sample it-
self. Instrumental broadening was determined from a
polycrystalline NIST silicon standard.

As a first step, the evolution of the crystallite size
(in 10%) was calculated from the Scherrer formula

L = KA/ Bsample COS 6

where L is the coherent scattering length (“crystalline
size”), K is a constant depending on both the apparatus
and the studied sample (0.9 < K < 1), A is the X-Ray
wavelength (in /o\), Bsample is the integral width of the
sample (in radians) and 6 is the diffraction angle. In a
second step, and due to that in some cases the Scherrer
equation may under-evaluates the crystallite size, we
have used the Hall-Williamson formula [13],

,Bsample cos 0 = K)\'/L +2esin 6

Finally, X ray data were also analyzed using Maud Pro-
gram [14] that it is a multiple line profile software.
The morphology and the contamination of the sam-
ples were evaluated by means of Philips XL-30 scan-
ning electron microscope operating at 20 kV and
doted with an Energy Dispersive Spectroscopy detector
(EDAX DX4i). All the EDS analyses were registered
at the same conditions of voltage (20 kV), working dis-
tance, take-off angle and live time (60 sec.).
Electrochemical lithium insertion was carried out us-
ing Swagelok-type cells [15] bearing metallic lithium
as the negative electrode. For the positive electrode a
mixture of the corresponding milled Li; TizO7, carbon
black, and a copolymer of vinyldiene fluoride with hex-
afluoropropylene (PVDF-HFP) in an 85:10: 5 weight
ratio was conformed in a 5 mm-diameter pellet. A 1 M
solution of LiPF¢ in a mixture of ethylene carbonate
(EC) and dimethylcarbonate (DMC), 1:1 by volume
was used as the electrolyte. After assembling the cells
in an argon filled glove box, they were connected to a
multichannel galvanostatic-potentiostatic system of the
MacPile type [16]. In the galvanostatic mode cell were
run under a constant current density of 0.25 mA/cm?
and at a rate of ¢/40 (1 Li in 40 hours). From both the
elapsed time and the amount of current, the quantity
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of intercalated lithium, x, in Li, Ti3O; was deduced. In
some other cases, cells were discharged under poten-
tiostatic step conditions with a scan rate of 20 mV/h.

3. Results and discussion

3.1. Characterization of MG Li,TizO7

The X-ray diffraction pattern of the Li;TizO starting
material is shown in Fig. 1. All diffraction peaks are
indexed according to an orthorhombic (S.G.=Pbnm)
unit cell with parameters a =5.0164(4) A, b=
9.54202(8) A and ¢ =2.9469(2) A, which are close
to previously reported values [1, 17]. In Fig. 2, XRD
patterns of the powders, after various milling times into
the agate container, are presented together with that
of the fresh material (r =0). It can be observed that
the milling process makes that both Bragg peaks be-
come much broader and their intensities decrease, in
particular those at high diffraction angles. This phe-
nomenon is most noticeable during the first 20 hours.
After 32 hours of milling a diffuse halo typical of amor-
phous materials is observed close to the most intense
peak. Another important aspect, is the absence of extra
peaks for long milling times, indicating that at least,
this material is stable since it does not decompose into
other crystalline oxides, as it occurs in other systems
[18, 19].
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Figure 1 X-Ray diffraction patterns of the starting Li» Ti3O7 powders.
The crosses correspond to the observed data, and the continous line
the least-squares (Pattern Matching Analysis) fit obtained, assuming the
Pbnm Space Group. Vertical bars below the pattern represent the calcu-
lated peak position.
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Figure 2 X-Ray diffraction patterns of Li, Ti3O7 powders after mechan-
ically grinding for selected times indicated in hours and using an agate
container. No extra peaks appear, indicating the absence of decomposi-
tion of the powders during the milling process.
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Figure 3 Variation of (a) Si and (b) Fe contamination from both con-
tainer and balls, with the milling time. Data were determined by EDS
analysis.

During the grinding process the powders are in inti-
mate physical contact with the impacting balls as well
as with the container chamber walls. This may lead to
contamination of the surface that may not be detectable
by XRD. Fig. 3 shows the silicon content determined
by EDS analysis on the powders obtained after different
milling times and using both container and balls made
from agate. It can be seen that this silicon content is
negligible, if we take into account the detection limit
of this technique, however it seems that progressively
increases with the milling time. On the other hand, con-
sidering that contamination process affects mainly to
crystals surface, and EDS is a superficial technique,
the amount of Si is clearly being over-estimated. Since
no displacement of the diffraction peaks has been ob-
served, the incorporation of silicon atoms to the struc-
ture has been discarded.

In order to check if the processed materials can be
prepared in an industrial scale, we have performed the
milling in a cheap and suitable vessel, as it is an austen-
ite stainless steels (ASS) container. The XRD study
made on prepared samples showed that the evolution
is similar to that found when agate container was used.
However, the contamination problem, in this case with
Fe, is slightly higher (see Fig. 3) probably due to dif-
ference of hardness and wear behavior between both
containers. For this reason we have performed the elec-
trochemical study on the samples prepared in the agate
vessel and the results showed here in correspond to the
samples processed in this sort of container.

Major sources for line broadening observed in MG
specimens are believed to be (1) small coherent do-
mains (crystalline size) and (2) distortion within the
coherent domains (microstrain). The size of the coher-
ent domains, also called crystallites, can be estimated
from the well known Scherrer equation [20]. In Fig. 4
the apparent crystalline size, L, versus milling time de-
duced from the Scherrer formula for three characteris-
tic diffraction peaks is shown. For all of them the same
trend is observed: a decreasing of L with the milling
time. However, small difference can be observed espe-
cially for unmilled powder where crystalline size varies
from 70 to 130 nm depending of the diffraction peaks
used. As we have mention before in the experimental
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Figure 4 Mean average crystalline size, determined by the Scherrer
formula, as a function of milling time.

part, the crystalline size determined by this method is
under-evaluated due to the Scherrer formula does not
include the internal strain contribution to peak broad-
ening. In this sense, separation of size and strain com-
ponents of line broadening can be accomplished using
the Hall-Williamson plot [13]: average crystallite size
from the intercept on the 8 axis at 6 =0 and internal
strain from the slope of the 8 cos 6 — sin 6 plot. Fig. 5
shows an example of these plots for MG powder during
0, 3 and 20 hours. The intercept of the fitted line with the
y-axis corresponds to § cos 6 ~(0.00099, 0.00143 and
0.00499° and confirms a fine particle size of about 140,
97 and 28 nm respectively. No correlation for family
of crystallographic planes is found, indicating the lack
of anisotropic internal strains usually found in metal-
lic samples [21]. Moreover, the fact of 8 values do not
rapidly increase with 6 confirms that internal strain is
not so important as metallic samples.

Intensities of the crystalline peaks in the XRD pat-
terns (Fig. 2) quickly decrease with milling time and
for values higher than 32 hours only the most intense
lines, corresponding to (110) planes, can be resolved
sufficiently to collect accurate line width data. There-
fore, we could use the Williamson-Hall method only
for milling time smaller than 32 hours. It can be seen
that the results are slightly higher than in the Scherrer
calculation mainly due to the fact that internal strain
contribution is not considered in the calculation.

Finally we have determined the crystalline size and
internal strain with a multiple line profile software,
Maud Program (Fig. 6). For grinding times less than
20hours, crystalline size decreases rapidly to ananome-
ter scale, while the atomic level strain increases with
grinding time. This behavior is explained as formation
of defects such as dislocations and/or stacking faults
during the process [22, 23]. For grinding times higher
than 20 hours the crystalline size also decrease, but at
lower rates. This could be interpreted as dislocation
movement process is more impeded due to the bond-
ing nature. This behavior departs from that observed
for metallic powders where after low milling times a
constant value of crystalline size is reached. This fact
is explained as a competition of work hardening and
recovery process [22-24]. In these terms is explained
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Figure 5 Hall-Williamsom plot showing X-Ray peaks broadening () as a function of the Bragg angle (6) for starting powders and powder milled

during 3 and 20 hours.
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Figure 6 Evolution of crystalline size and internal strain with the milling
time obtained from Maud Program for samples processed in the agate
vessel.

the behavior of internal strain, where the dislocations
are not lost in grain boundaries and the microstrain
continuously increases.

3.2. Electrochemical study of MG materials

Fig. 7 shows the first discharge and subsequent
charge/discharges cycles at a rate of C/40 (1 Li in
40 hours) for cells using crystalline and milled Li; Tiz O
materials as the positive electrode. Several differences
can be noted in the voltage-composition curves depend-
ing on the milling time. A smoothing of the V-x slope
changes is observed for materials with smaller sizes.
This is likely related to the progressive amorphiza-
tion of Li,Ti3O7 detected by X-ray diffraction exper-
iments. To better understand this, one could examine
the voltage-intensity representations shown in Fig. 8. In
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this representation, every intensity minima correspond
to a reduction process in which some crystallographic
positions are filled with lithium ions. When the energy
of these crystallographic sites is well defined, the V-I
peaks are sharp, whereas the absence of a fine structure
in the cyclic voltammogram means that site energies
have gradual and broad energy changes [25]. So, in the
studied Li,Ti3O7 the shape evolution in both kind of
representations, I-V and V-x, could be attached to the
fact that amorphous materials present a large spread in
the energy of sites in contrast with crystalline materials
where the vacant sites are well defined structurally and
energetically [26, 27].

The effect of MG is also reflected in the cells polar-
ization, i.e., voltage differences between discharge and
charge curves. It can be seen in Fig. 7 that polarization
of the cells increases with milling time. Since the con-
figuration of the cathodic pellet as well as experimental
setting are the same, we should assume that this is due
to the milled grade of the active material. So, the grind-
ing process seems to cause a decrease in the electronic
conductivity of the electrode, as has been suggested for
other milled compounds [9].

From a technological point of view, one of the most
interesting features is the amount of inserted lithium
during the consecutive discharging cycles of the cells,
i.e., the specific capacity delivered by the cell. As it is
well known amorphous samples can intercalate more
lithium [28, 29] than the corresponding crystalline ma-
terials, therefore they can develop higher specific ca-
pacities. If so, an improvement in the performance of
Li; TizO7 should be expected with MG. According to
this, at a first view of Fig. 7, it seems that more lithium
is inserted under the experimental conditions in long
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Figure 8 Intensity—voltage curves obtained from a potentiostatic
discharge of a Li//Li; Ti3O7 cell. Scanning rate was 20 mV/h.

milled samples, passing from 1.7 during the first cy-
cle in the crystalline material to 2.3 in the sample of
Li;Ti3O7 grinding for 82 hours. Considering this in-
crease in the specific capacity in the first cycle, me-
chanical grinding would have a positive effect over the
electrochemical properties of materials, being therefore
the highly milled compounds the most promising elec-
trode materials.

However mechanical grinding is well known to pro-
duce a large amount of defects that could affect the
irreversible capacity, Axiy, [9, 30], which is the dif-
ference between inserted Li- deinserted Li in two sub-
sequent discharge-charge cycles of the cell. In Fig. 7,
it can be effectively observed that the amount of dein-
serted lithium ions, Axjy, is quite different for milled
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Figure 9 Irreversible capacity as a function of milling time. This
irreversible capacity corresponds to the difference of lithium inserted
in the first and second discharge of Li//Li; TizO7 cells.

materials in a same cycle number. This can be better
observed in Fig. 9 where the irreversible capacity Axiy
is plotted versus the milling time. Actually the irre-
versible capacity tends to increase with milling time
although a minimum is observed at 13 h. Since a high
irreversibly capacity supposes a negative characteristic
to any electrode material, longest milled compounds
are not desirable.

In order to balance the above commented “positive
and negative” effect of mechanical grinding in the appli-
cable electrochemical properties, one has to care about
the evolution of the reversible specific capacity. Fig. 10
shows the discharging specific capacity with the num-
ber of cycles for every cell. It can be seen that in the
first cycle the materials ground for long time display the
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highest capacity, as correspond to its higher amount of
intercalated lithium. However, for these compounds,
the capacity falls down very fast on cycling. Oppo-
site to this behavior, the compounds milled less than
13 hours presents a more constant value of capacity,
and among them the cell bearing the 13 hours milled
Li, Ti3O7 develops the highest value. This behavior can
be understood on the basis of a competition between
crystalline size and the internal strain. In general the
small grain size improve the diffusion and other su-
perficial process, in particular metallic nanostructured
materials, such as Pd [31] or Mg;Ni [32], show notable
hydriding properties in relation to crystalline materi-
als. However, the internal strain likely impede diffusion
processes due to the diffusion path inside the unit cell
could be dramatically modified. In our case, the crys-
talline size decreases considerably up to 13 hours of
milling time, afterwards it remains basically constant.
However above this milling time the internal strain in-
crease greatly (from 1% to 3%).

4. Conclusions

Mechanical grinding of crystalline Li, Ti3O7 is possible
without producing secondary phases, although slight
contamination from the grinding media is unavoidable.
The milling process progressively produces an amor-
phization of the crystalline materials due to both a de-
creasing of the crystalline size and an increasing of
the internal strain. The crystallite size, determined by
three different methods, quickly reach a nanometric
scale favoring the electrochemical properties, however
the evolution of internal strain have opposite behavior
and seems to yield electrodes with poor electrochemical
characteristics. In this way, MG improves the specify
capacity during the first discharge of the cell, but it also
increases the irreversible capacity. In this scenario, the
optimum compromise is achieved for low milling times
(13 h under experimental condition, 20 nm crystallite
size). These results demonstrate that MG is an adequate
and convenient route to enhance the electrochemical
applications of Li,Ti3O7 as electrode material.
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