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ABSTRACT

Spinel LiFe Co, O4 samples with 0.25<x<1 were synthesized by the sol-gel Pechini method at 300°C in order to study the impact on their structural and
electrochemical properties due to the substitution of Co by Fe. The specific capacity for lithium insertion into the electrode materials depend on lithium diffusion
coefficient DLi which in turn depends on the Fe**/(Fe**+Co’" +Co*") octahedral cationic ratio.
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1.INTRODUCTION

Li-ion batteries possess high energy density compared with Ni-Cd, NiMH,
LiAl-FeS2 batteries, they are currently the most popular type of battery for
portable electronic devices and they are growing in popularity for defense,
automotive (EV,HEV,PHEV), storage systems using solar or wind powers and
aerospace applications.

Recently published reviews about Li-ion batteries and lithium-air batteries
[1-6] emphasize that the energy densities of the current lithium-ion batteries are
limited mainly by the inherent low energy density of the available conventional
cathode materials. Transition metal oxides consisting of highly oxidized
redox couples (Co**, Ni**#* Mn*"#") have been studied as cathode materials,
particularly LiCoO2, LiNiO2 and LiMn204. Besides, other transition
metal oxides with layered and spinel structures, including polyanion based
compounds, such as LiFePO4, have also been studied [7,8]. In these structures
the lithium ions can easily be inserted reversibly during the insertion/extraction
process. The ability of the cathode materials to intercalate Li-ions is closely
related to its structure and both electrical and ionic conduction. Oxide spinels
with different valence states of the metal ions, particularly M* ions, enhance
the ionic conductivity by lowering the local Li* ion diffusion activation barriers
[9]. In principle, it appears that the phase spinel, whose cubic structure ensures
three dimensional diffusion paths, could deliver high power.

Spinel LiM204 is characterized as a close cubic packing (S.G. Fd 3m
with 8 LiM204 units per unit cell), in which lithium ions are located at 8a
tetrahedral sites, M ions at 16d octahedral sites, and oxygen ions at 32¢ sites.
Since this unit cell has 64 tetrahedral and 32 octahedral holes, there are 56
empty tetrahedral and 16c empty octahedral sites. In spinel compounds it is
well known that the lithium ions can be placed in 8a sites and in 16c¢ sites, with
the 16d sites being the empty ones. It has been shown that in the case of the
Lil+xTi204 spinel the lithium insertion occurs in 16c¢ sites for a wide range of
x and the spinel becomes more stable. Whereas, when lithium moves from 8a
sites to 16c, the process can take place only for the same x compositions [10].
Usually the charge/discharge process affects the capacity that can be measured
during different constant discharge currents. It is well known that cell capacity
decreases as the discharge current increases. A lower capacity higher discharge
rate is related with high cell polarization [11].

The overall lithium insertion-extraction process involves the diffusion of
Li+ ions from the anode towards the cathode surface, then a charge transfer
process and solid-state diffusion of Li* into de cathode. The insertion-
extraction process into host materials must occur with minimum structural
modifications. On the other hand, there is an agreement within the battery
community that lithium solid state diffusion is one of the key processes limiting
the power of Li-ion batteries. The Li-ion diffusion coefficient determined in
transition mixed oxide electrodes range from 102 to 10® cm?s! depending
on the technique used [12-18]. The Li-ion diffusion in spinels depends on the
chemical composition and the degree of substitution by metals according to our
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recent report [19]. From a practical point of view, the spinel compound that has
been the most studied is LiMn204 exhibiting lithium diffusion coefficient in
the range 0.5<DLi 10 <4.9 cm?s! [20-22].

Literature reviwed had allowed to establish that the main trend in the battery
research field is search an electrode materials which can introduce innovative
reaction routes improvinge electrochemical properties, such as specific energy
storage capacity, high current charge/discharge ability, cycle stability and
high Li-ion diffusion coefficients [23-25]. However, little attention has been
focalized to establish the relationships between the ionic oxide structural
properties and its the electrochemical properties of spinel cathodes.

In this work, the lithium insertion process on the spinel LiFexCo2-xO4
(0.25<x<1) and its relationship with the cationic valence distribution in order
to increase the knowledge about both the structural and the electrochemical
parameters have been studied.

2.EXPERIMENTAL

The individual polycrystalline spinels of the LiFexCo02-xO4 series (x =
0.25, 0.5, 0.75 and 1) were synthesized via a modified Pechini method [26] at
300°C, which involves the dissolution of the nitrate precursors of the respective
metals in a 1:4 v/v mixture of 1 mol dm? of citric acid and ethylenglycol.
Upon heating, esterification takes place (140°C) and, after drying in vacuum
at 190°C, polymerization occurs with elimination of excess ethylenglycol.
Upon gradually increasing the temperature at 2°C mn™' from 200°C to 300°C in
an oxygen atmosphere, a polycrystalline and ultra fine powder (150 nm) was
obtained after 48h of treatment. The products showed a brownish black colour.
All the reagents, Fe (NO3)3 9H20, Co (NO3)2 6H20, LiNO3, ethylene glycol,
citric acid, nitric acid, and hydrochloric acid were of analytical grade (Merck
Chem. Co.) and were used without further purification. The metal cation
concentrations were controlled by chemical analysis (AAS, Perkin Elmer
403) and inductive coupled plasma atomic emission spectrometry (ICP-AES).
Sample quality was checked by the X-ray powder diffraction technique (XRD),
using a Siemens D-5000 diffractometer at room temperature with CuKo (A
= 0.154056 nm) in Bragg-Brentano geometry, over the range 5<2q<90, with
a sweep rate of 0.02° 20/step. The voltage and intensity current were set to
40 kV and 30 mA, respectively. The a-cell parameters, obtained using the
Lattice program [27], were similar to those obtained using the Rietveld’s
method [28]. The oxidation power was determined by chemical reduction of
the oxide cations M™ with n>3 to n=2 using a VOSO4 sulfuric solution as
soft reducing agent and standard KMnO4 solution to evaluate the excess of
vanadyl sulfate. In order to corroborate the average cation valence and oxygen
stoichiometry observed using VOSO4, an iodometric method that use KI and
K.S,0, solutions was employed [29].

Transmission “’Fe Mossbauer measurements were carried out at room
temperature with a conventional spectrometer equipped with a ’Co in an Rh
matrix of 25mCi initial activity as y- ray source. An Austin S-600 motor and an
autonomous control system [30] were used in the constant acceleration mode to
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vary the source velocity between + 10 mms™'. A pulse height analyzer was used
to record signals, and the velocity distributions were folded and calibrated using
the magnetic sextuplet spectrum of a high purity standard iron foil absorber
(Wissel). Using the computer program “Recoil” [31] the velocity distributions
were analyzed. We then obtained the isomer shift (3), quadrupole splitting (A)
and line width (T). The values of isomer shift were calibrated with respect to
the centroid of the spectrum of o-Fe at RT. For the experiments, pellets of
grounded solid samples were used. Low temperature Mossbauer spectroscopy
was not available to us.

X-ray photoelectron spectroscopic (XPS) analyses were collected in an
Escalab 2201-XL spectrometer under high vacuum (1 x 107® torr) using Mg Ka
radiation (hv=1253.6 eV). All the spectra were recorded at take off angles of
90°. XPS data analysis involved nonlinear background subtraction, and curve
fitting using pseudo Voight line profiles. All binding energy (BE) values were
charge-corrected to the C 1s signal which was set at BE = 284.6 eV. All the
spectra were computer-fitted using a program based on procedures described
in the literature [32]

The electrochemical measurements of the LiFexCo02-xO4 electrodes were
performed in a Swagelock type cell [22] using oxide pellets (10 mm diameter,
1 mm thickness) prepared by pressing in a stainless steel grid, mixing 85wt%
active oxides, 10wt% acetylene black as conductivity additive and Swt% Teflon
as mechanic additive. As anode and reference electrode a metallic Li-wire
was used. The electrolyte was a 1M anhydrous LiPF6 solution in a 1:1(w/w)
mixture of EC: DMC. The electrochemical cell was assembled in a globe box
(Labconco) under an Ar-atmosphere. The studies of EIS were obtained using
a 301 Voltalab PGZ Radiometer (Copenhagen). We have used an alternating
perturbation of 200mV and a frequency (®) between 10 kHz and 1 MHz. The
galvanostatic lithium insertion was studied imposing a current of 42 pA during
60 min, then 15 min in open circuit and so on. The insertion curve was obtained
from the open circuit potential to 1.7 V then the reaction was stopped.

3.RESULTS AND DISCUSSION

3.1Structural and Characterization.

The XRD spectra of the samples LiFexCo2-xO4 were indexed in the
normal spinel cubic structure with Fd3m space group. Figure 1 is shown as
example of the diffraction pattern of LiFe0.5 Col.504. The locations and
intensities of the main diffraction lines (111), (220), (311), (400) and (440) are
almost the same for the other compositions.
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Fig 1. Diffraction pattern of LiFe ,Co O, oxide.

No extra diffraction lines were observed. It is relevant to remark that the
intensity of the (111) line is related to the amount of lithium occupying the
tetrahedral sites because all samples adopt the normal spinel structure. The
wide diffraction peaks indicate low crystallinity. The lattice a-parameter
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increases with x in agreement with Fe®* ions replacing Co®" ions in octahedral
sites in the spinel (Fig.2). The titration analysis was performed with the purpose
to evaluate the oxygen content on each sample using the electrical charge. On
the other hand, the a-cell parameter decreases to x = 0.5 and then increases with
the inverse of cobalt concentration,(Co**+Co*)", showing the effect of Co*
ions compensation (Fig 3)
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Fig 3. a-cell parameter vs. (Co®” + Co*)! ratio.

From the formula LiFexCo2-xO4-v, where v are vacancies, the oxygen
stoichiometry (4-v) was 3.95; 4.03; 4.0; 3.56 for x = 0.25; 0.5; 0.75 and 1,
respectively. From these values and considering the experimental errors, we
have considering oxygen nonstoichiometry only for x=1, LiFeCo03.6 [10.4.

RT Mossbauer spectra for the Fe-doped lithium cobaltite have shown the
presence of a doublet for all cases (0.25< Fe <1.0) (Fig. 4). The Mossbauer
parameters are show in Table 1. These values are indicative of the existence
of high-spin Fe* ion in octahedral coordination, a feature which had already



been observed in spectra of compounds of related compositions, analyzed at
room temperature [33-35].
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Fig. 4. Mossbauer spectra of the samples.

Table 1. “Fe Mossbauer hyperfine parameters of LiFe Co, O, derived
from the refined spectra shown in Figure 4.

X &/ mms’ D/mms’! '/ mms’!
0.25 0.339(24) 0.373(28) 0.248(24)
0.5 0.338(27) 0.388(25) 0.250(35)
0.75 0.318(62) 0.445(11) 0.267(12)
1.0 0.350(63) 0.391(11) 0.250(11)

A = isomer shift, D = splitting quadrupole, I' = line width

The Fe 2p XPS spectra recorded for all samples were very similar (not
shown) and indicated the presence of only the Fe** species (BE 2p3/2 = 712.1-
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712.2 eV, 2pl/2 = 725.6- 725.8¢V, and a small shake up peak at 718.7¢V)
[36, 37]. In regards to the Co 2p signal, the XPS spectra have shown a doublet
2p3/2 and 2p1/2. The first spin-orbit doublet, having a binding energy of the
2p3/2 level of 779.1-780.6 eV and A = 2p3/2 - 2p1/2 splitting of 15.1eV, is
characteristic of the octahedral Co®* component, in agreement with our previous
description for similar related oxides [38]. The peaks appearing at 780.3-780.5
eV with A splitting of 15.3 eV could be assigned to Co*" as reported in the
literature for mixed metal oxides [39, 40].

In order to propose the probable cationic distribution for each composition,
several crystallographic distributions were formulated on the basis of
experimental XRD, oxygen stoichiometry results, Mossbauer and XPS analysis
and, considering the cations energetic preference to occupy tetrahedral and
octahedral coordinations with the oxygen in the spinel [41], admitting the
following ionic formula Li*[Fe**xCo*" (1-x+2v) Co*" (1-2v)]O* (4-v).

To validate the proposed distribution as a function of x, we have compared
the experimental a-cell parameter value with the calculated a-cell parameter
of the oxides on the basis of the cation-oxygen length in different sites of the
spinel structure [42]. The following values were used [43] (Li+-O)eg = 1.97
A, (Fe**-O)t2g = 2.045 A, (Co*-O)t2g = 2.01 A, (Co**-O)t2g = 1.93 A. Table
2 shows the proposed distributions. A good agreement between the calculated
cell parameter values and the observed ones was found, despite the errors of
the measurements (see Fig 2).

For lithium insertion in mixed oxides, it is well known the fact that since the
octahedral sites in spinels are the outermost sites of the structure, the reactivity
increases due to the chemical nature of these sites. It is important then to study
the effect of the octahedral cations on the physicochemical parameters of the
Li-Fe-Co-O system, particularly in regards to their electrochemical behavior,
i.e. specific capacity vs spinel structure. The calculated a-cell parameter and the
observed presents a similar behavior with the cationic ratio Fe**/ (Fe** + Co*
+ Co*"), where x = 0.5 shows the minimum value (Fig.5).
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Fig 5. a-cell parameter (observed and calculated) vs. Fe¥*/(Fe** + Co**
+Co*") ratio

3.2Lithium diffusion in the oxide network

To determine how easy it is to move the Li-ion from the surface to the
inside of the oxide electrode, the diffusion coefficient D ; must be measured.
Fig. 6 shows the Nyquist diagrams as a function of the oxide composition
determined using the EIS technique. It can be seen that in the case of x =
0.5, the charge region (Z’) is remarkably more important (56 kWcm?) than
for the other compositions, that are grouped below 23 kWem? Whereas for
the diffusion zone that is located in the linear part of the Warburg diagram
corresponding to the low frequency region, it can be observed the existence
of parallel straight lines. From the slope, s, of the straight lines of the ZW
vs. @ relationship (not shown), it was possible to determine DLi for each
composition using the expression: ¢ = cst RT (nF) 2[\2/D%Co] where cst =
RT(nF)= 25.393 10* AQ, Co = IM and F = 96485 [C/mol]. Table 3 shows
these results. It can be observed that DLi
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Table 2. Ionic distribution according to the formula Li[Fe ** Co™ ., Co* 10, v = vacancies.
X Li* Fe* Co* Co*' 4-v/O a /A a, /A
0.25 1 0.25 0.75 1 4 8.284 8.264+0.01
0.5 1 0.5 0.5 1 4 8.296 8.246+0.069
0.75 1 0.75 0.25 1 4 8.308 8.284+0.079
1 1 1 0.88 0.12 3.6 8.417 8.433+0.107
It is not possible to accept that the DLi depends only on the Co*" ions
because their concentration is constant. On the other hand, the concentration
20 of Co*" ions does not show a regular tendency (Fig 8). However, a similar
curve is obtained when plotting D vs. Fe?* /(Fe¥* + Co* + Co*) ratio showing
the influence of Fe’ ions which present the highest radius of the cations in the
spinel (Fig 8).
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Table 3. Lithium diffusion coefficient vs. oxide composition x Fig8. Dvs. Fe"/(Fe™ + Co™ +Co™) ratio and D vs. (Co™ + Co™) ratio
X 0.25 0.5 0.75 1 3.3 Specific capacity versus concentration of octahedral cations.
i i i i i In order to investigate rate capacity, the samples were discharged from
D em’s™ 5.9 10 4.0 10 25107 4310 open circuit voltage (Voc) to 1.7 V vs. Li/Li". The Voc decreases as a function

depends on the Fe concentration replacing Co. In fact, the lithium diffusion
coefficient decreases with x, showing a minimum for x = 0.5, and then increases

(Fig 7).
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of x, 1>0.75>0.5>0.25. As can be seen in the case of compositions x>0.5, that
the voltage decreases slowly until reaching 30 mAh/g, whereas for x = 0.25 it
appears the lowest voltage plateau but the highest specific capacity measured
at 2.3V (Fig 9).
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Fig 9. Discharge curves (5" cycle) vs. x (I =42 mA



Regarding the Fig 10, it is clear that the specific capacity depends on x.
It seems again that the octahedral cationic Fe*"/(Fe** +Co* +Co*") ratio can
explain the electrochemical reactivity shown by Fig. 11.
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Fig 10. Specific capacity vs. x (I =42pA)
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Fig 11. Specific capacity vs. Fe**/(Fe*" + Co** +Co*") ratio

Indeed, the linear relationship obtained for the lithium diffusion coefficient
DLi vs. specific capacity suggests that DLi is strongly correlated with the
electrochemical reactivity. Again, the Co concentration (2-x) by itself cannot
explain the tendency observed. Regarding Fig. 12, the maximum capacity
and maximum D appear when x = 0.25 where the cationic ratio is the lowest
(0.125). On the other hand, a minimal capacity is showed by x = 0.5 because
the D has the lowest value of the oxide series (4 x 108 cm? s') and the cationic
ratio is lower than the other compositions. For the compositions x = 0.5, 0.75
and 1 both D and C increase as the cationic ratio increases.
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CONCLUSIONS

The present study shows that it is possible to synthesize stable phases
having high oxidation states and exhibiting interesting physicochemical
properties using a soft chemical procedure. The specific capacity of electrodes
formed by lithium-iron cobaltites crystallizing in the spinel structure depends
on the metal ions placed in octahedral sites of the spinel, particularly the Fe¥*/
(Fe**+Co**+Co*") ratio which corresponds to half the concentration of cobalt
substituted for iron. The diffusion coefficient of lithium DLi changes in a
complicated way in the range of 102 to 10-'® cm’s”! under variations of the
electrode composition. DLi depends simultaneously on the Co**, Co*" and Fe**
oxide concentrations.
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