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Abstract

Usefulness of W substitution for improvement of battery performance of LiMn,0O,4 cathode was investigated. Small amounts of tungsten were
incorporated into LiMn, Oy spinel instead of available Mn. For this purpose, two sources of tungsten (metallic W or WO3) were examined. W
concentration and source have significant influence on both morphology and electrochemical behavior of W-substituted LiMn,O, spinels. W
substitution of LiMn,O4 spinel can lead to the formation of uniform spinel particles and improved battery performance. Cyclic voltammetric
behaviors of the samples were examined in an aqueous solution, and Li diffusion process was investigated for different cases. The best case was
the LiWg o;Mn; 99O, spinel prepared from metallic W powder, as exhibits excellent rate capability, but better cycleability was observed for the
LiWg 01 Mn, 99O, spinel prepared from WOj3. This means that because of significant influence of the dopant source, this parameter should be chosen

in respect with the desire improvement.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Valuable advantages of LiMn,O4 as a potential candidate for
cathodes of lithium batteries are well-known. However, further
advancement is needed to overcome common problems of this
cathode material. One of the most efficient approaches in this
context is metal substitution of Mn in LiMn;O4 spinel [1-7].
This can reduce the amount of Mn**, which is the general goal
of Mn substitution, and strengthen the structural stability of the
spinel. As it has been found that metal substitution of LiMn,O4
can lead to the appearance of 5V redox systems [8—15], this
approach has recently reached a considerable attention.

Various transition metals have been employed for this pur-
pose, but less attention had been paid to tungsten, though it is a
common transition metal in electrochemical systems. This fail-
ure can be attributed to apparent disadvantage of this action, as
oxidation state of W is higher than Mn and metal substitution
may reduce Mn valence which is unfavorable. However, recent
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report of Chitrakar et al. [16] regarding usefulness of substi-
tution of Mn in LiMnyOy4 by pentavalent antimony provides a
new opportunity. On the other hand, it will be discussed that
the problem of reduction of Mn valence is not important for
the case of W substitution (as the amount of dopant is low).
In the present study, we would like to examine usefulness of W
substitution for improvement of electrochemical performance of
LiMn;O4. As we have emphasized before, it is more appropriate
to investigate preliminary electrochemical studies of new cath-
ode materials in aqueous media rather than non-aqueous media
[17,18]. In fact, aqueous electrolytes contain simple components
and the exact electrochemical performance of cathode material
can be detected. Whereas, additional process can be occurred
in non-aqueous electrolytes, leading to different electrochemi-
cal performances. For instance, a considerable attention has been
paid to the instability of electrolytes in lithium batteries [19-21].
Thus, it cannot be concluded that the improvements observed are
due to better cathode material or better electrolyte stability on
the electrode surface. On the other hand, aqueous media are also
potential candidates to replace conventional non-aqueous media
of lithium batteries and considerable attention has been recently
paid to them [22-25].
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2. Experimental

Cathode materials were synthesized by conventional solid-
state reaction. Stoichiometric amounts of raw materials were
completely mixed by ball milling. Appropriate amounts of tung-
sten were added from the sources of tungsten oxide or metallic
W fine powder. For solid-state synthesis, the furnace temper-
ature was slowly increased with the rate of 1°C/min to reach
the temperature of 800 °C. Slow heating provides an appropri-
ate opportunity for preliminary decomposition of raw materials
such as carbonates. The temperature was fixed at 800 °C for 40 h
and then the furnace was slowly cooled to room temperature. The
composite electrodes for electrochemical studies were prepared
from mixture of active material and acetylene black in the ratio
of 1:1. For casting the composite, a drop of melted paraffin was
added.

Cyclic voltammetric studies were performed using a
Metrohm 746 VA potentiostat.

Electrolyte was aqueous solution of saturated lithium nitrate.
Potentiostatic experiments were performed using a Princeton
Applied Research potentiostat/galvanostat model 173 (PAR
173) equipped with a model 175 universal programmer in con-
junction with CorrView software. In the experimental measure-
ments, all potentials were referenced to a saturated calomel
electrode (SCE), but the potentials were calculated in reference
to conventional Li/Li*. Scanning electron microscopic (SEM)
investigations were carried out using a Cambridge scanning elec-
tron microscope model Steroscan 360. Powder Xray diffractions
(XRD) were recorded using a Phillips PW 1371 diffractometer
based on Cu Ka radiation.

3. Results and discussion

It is known that the source of lithium in solid-state synthe-
sis has a significant influence on the battery performance of
LiMn; Oy spinel [26], as lithium should be extracted and inserted
from/into the spinel structure in the course of cycling. The best
case is lithium carbonate, which decomposes at smaller temper-
atures before the occurrence of the main solid-state reaction. Of
course, this also depends on manganese raw material, which for
the present study was MnCO3. Another alternative is lithium
hydroxide, but as its decomposition is not as well as lithium
carbonate, LiMn;Oy4 spinel prepared from LiOH has not well-
defined electrochemical behavior as well as that prepared from
Li,CO3 (Fig. 1). Of course, this does not mean that LiMn;O4
prepared from LiOH is not applicable for battery performance.
Note that the cyclic voltammetric behaviors presented in Fig. 1
are related to a relatively fast scan (for the case of lithium
batteries), and the LiMn,O4 prepared from LiOH displays a
well-defined behavior at slower scans. In fact, we use this crit-
ical condition to inspect the difference of two cases. Of course,
this is a tricky reason, but the main reason for this choice is
that LiOH is a cheaper source for synthesis of LiMn;QO4. In
other words, it is of commercial interest to improve synthesis of
LiMn,O4 from LiOH because of cost reason.

In other words, these studies reveal rate capability of the cath-
ode materials, similar to conventional galvanostatic studies of
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Fig. 1. Typical cyclic voltammograms of LiMn,Oy4 spinels synthesized from
raw materials of (a) Li;COz, and (b) LiOH. Electrolyte was a saturated solution
of LiNOj3 and scan rate 0.5 mV/s.

battery performance of cathode materials at different C rates
[24,27-29]. Here, we aim to inspect the rate capabilities of the
W-substituted LiMn,O4 cathode materials using cyclic voltam-
metric studies in aqueous media (this issue will be described
further). We will continue this strategy to inspect the influence
of W substation on electrochemical behavior of LiMn,Oy4. In
other words, the W-substituted LiMn,O4 spinels were synthe-
sized from LiOH and their electrochemical behaviors should
be compared with Fig. 1b (of course, W-substituted LiMn,Oy4
spinels were also synthesized from Li» COg3, but the results were
not distinguishable like the present case).

Not only the source of lithium raw material, but also the
source of substituting metal has a significant influence on the
material properties of LiMnyOy4 spinel. The sources of substi-
tuting metals are usually their oxides. However, when the dopant
concentration is low (e.g. the case of noble metal substitution),
it is possible to use metallic powders [30]. At the condition of
high-temperature solid-state synthesis under air atmosphere, the
metallic powders will be completely oxidized, and no significant
difference is expected. Since the amount of W in LiMn,Oy is
small, we will examine two afore-mentioned sources of tungsten
for metal substitution of LiMn>QO4. The results will be reported
separately and compared later.
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Fig. 2. XRD patterns of W-substituted LiMn,O4 spinels prepared from raw
material of metallic W powder, as the amounts of W in LiW,Mn;_,04 were (a)
x=0, (b) x=0.01, (c) x=0.05, and (d) x=0.1. (a)—(d) patterns are from bottom
to top, respectively. The impurity peaks corresponding to unsuccessful doping
of W are indicated by asterisks.

Fig. 2 presents XRD patterns of W-substituted LiMn;O4
spinels with different W concentrations. As expected such small
amounts of substituting metal do not affect the spinel structure,
and even for the highest concentration a well-defined structure
of cubic spinel with space group of Fd3m which is related to
structure of LiMnyQy is detectable. Of course, there are some
impurity peaks, independent of the W added (even for the vir-
gin LiMn,Oy4) in addition to original peaks of LiMn;Oy4 spinel.
These impurity peaks which constantly exist for all cases are due
to low crystallinity of LiMn,O4 spinel prepared from Li source
of LiOH. This is indeed a failure of LiOH in comparison with
LioCO3 which is easily decomposed to generate pure LiMn;O4
spinel. In any case, some tiny peaks are appeared as aresult of W
doping. These are indeed impurity peaks appearing for higher
amounts of W dopant. The place of impurity peaks indicated
in the XRD patterns can be indexed to common W oxides. For
instance, three close impurity peaks indicated in Fig. 2d recalls
three characteristic peaks of WO3 with space group of P21/n
(JCPDS 43-1035). In other words, W doping is restricted by a
limit of ca. 0.01 in LiW,Mn;_,O4. Comparison of two XRD pat-
terns corresponding to virgin LiMnyO4 and LiWg 91 Mnj 99Oy
spinels by means of Rietveld refinement indicates that W (at
least in low amounts) has occupied the Mn sites. This conclu-
sion cannot be made for the spinels prepared by higher amounts
of dopant due to poor fitting.

In any case, substitution slightly decreases the spinel lattice
constant. Since the general structure is cubic spinel for all cases,
it is useful to compare lattice structure of the spinels synthesized
to inspect the role of W dopant. This decrease is stronger for
higher W concentrations (Table 1). Although, the ionic radius
of W is higher than that of Mn, this behavior is ordinary as it
was also observed for other heavy transition metals [17,31]. The
reason for this behavior is stronger (and subsequently shorter)
bonds of such metals with oxygen in comparison with Mn-O
bond.

Table 1
Lattice constants of W-substituted LiMn,O4 spinels

Sample Raw material Lattice constant(A)
LiMn;04 N/A 8.234 £+ 0.001
LiWg 01 Mnj 9904 Metallic W 8.230 £ 0.001
LiWg05Mnj 9504 Metallic W 8.224 4+ 0.001
LiWg 1Mn; 904 Metallic W 8.212 £ 0.001
LiW040]Mn|49904 WO3 8.233 £+ 0.001
LiWg,05Mn 9504 WO3 8.229 £+ 0.001
LiWp 1Mnj 904 WO;3 8.225 + 0.001

Fig. 3 illustrates a series of SEM images of W-substituted
LiMn;O4 spinels with different amounts of W. Higher atomic
radius of W in comparison with Mn may induce such an idea
that W can not be substituted in LiMn,O4 structure during the
thermal treatment and it just coats the LiMn,O4 surface. How-
ever, paying more attention to SEM images refuses this idea
because W substitution highly affected the powder morphol-
ogy of LiMn,Oy4 spinel, and appearance of such morphological
changes by thermal treatment in the absence of W substitution
is unlikely. More concentrating on SEM images reveals that
the conventional LiMn,O4 spinel has crystalline particles but
with a large range of particle size distribution (Fig. 3a). W sub-
stitution leads to the formation of uniform particles (Fig. 3b).
Among these uniform rectangular particles, some spherical par-
ticles are also formed. For higher W concentrations, the amount
of such spherical particles increases and the particles unifor-
mity disappears (Fig. 3c and d). For the LiW Mn 9O4 sample,
the conventional rectangular particles of LiMn,O4 spinel are
approximately absent (Fig. 3d).

Cyclic  voltammetric = measurements of  different
LiW,Mn,_,04 cathode materials (Fig. 4) indicate that W
substitution may lead to better electrochemical performance,
but this is highly concentration-dependent. When x=0.01 in
LiW,Mn;,_,04, the electrochemical performance is improved
and the rate capability is enhanced (as comparing Fig. 4a with
Fig. 1b). For higher concentrations, the two characteristic peaks
of LiMnyO4 are overlapped. This does not mean that actual
redox system of the LiW,Mny_,O4 is changed (in comparison
with well-defined redox systems of LiMn;O4), but this indicates
that the cathode material has not appropriate rate capability to
display the well-defined redox system at this relatively high
scan rate, however, the well-defined redox system can once
again be detected at slower scans.

In general, all cases of W substitution improves electrochem-
ical performance of the LiMn,O4 cathode material (note that the
results should be compared with Fig. 1b, not Fig. 1a), but the
case of LiWg 01 Mnj.990y is the best. It is worth noting that W
substitution (particularly when x=0.01) in the case of Li;CO3
raw material also improves the electrochemical performance
of the LiMn;O4 cathode material in comparison with Fig. 1a,
but as the virgin LiMn,O4 has well-defined redox system in
this case (Fig. 1a), this difference is not obviously distinguish-
able unless using higher scan rates as the well-defined redox
of conventional LiMn,O4 begins to disappear. After investigat-
ing W substitution from metallic W powder as raw material
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Fig. 3. SEM images of the samples (a)—-(d) in Fig. 2.

(Figs. 2—4), it is appropriate to investigate W substitution from
common raw material of metal oxide, i.e., WO3. XRD patterns
of LiW,Mn;_,O4 spinels synthesized from WOj3 are presented
in Fig. 5. It is obvious that the patterns are similar to those
obtained from metallic W powder as raw material, and the
arguments mentioned above are completely justified here. Of
course, it seems that the impurity peaks corresponding to W
oxide is weaker in this case, as the three characteristic peaks
of WO3 quoted above is no longer distinguishable in Fig. 5d.
In any case, there is a significant difference in the degree of
decrease in the lattice constant. This is more obvious from the
data summarized in Table 1. In fact, the lattice constant is less
affected when WOj3 is employed as the source of W dopant.
Although formation of strong W—O bonds is more likely during
in situ oxidation of metallic W (Fig. 2d), the incorporation of W
dopant when it is already oxidized (the source of WO3) is easier
(Fig. 5d).

Morphological changes of the LiW,Mn,_,04 spinels when
synthesized from WO3 are different from those prepared from
metallic W powder. As shown in Fig. 6a, for the case of
LiWg,01Mnj 9904 synthesized from WO3, the particles uni-
formity detected for the case of metallic W raw material (as
illustrated in Fig. 3a) is not obvious. In this case, there is a ten-
dency for the formation of long rod-like particles (Fig. 6a). For
the case of LiWg 95Mnj 9504, no tendency for the formation of
spherical particles is observed (Fig. 6b). Although the shape of
the LiWg 1Mn; 9O4 spinel synthesized from WOs3 is different

from that prepared by metallic W raw material, the spherical
shape of particles again appears (Fig. 6c).

Electrochemical behaviors of the LiW,Mn;_,04 cathode
materials synthesized from WO3 raw material are similar to
those prepared from metallic W raw material (as comparing
Fig. 4 and Fig. 7), but not as well as those. In other words,
W substitution from WO3 also improves the rate capability of
LiMn;O4 (Fig. 7) but not as much as W substitution from metal-
lic W powder (Fig. 4).

The results reported above suggest that the best W concentra-
tion is x=0.01. This means that W substitution is optimized for
the case of LiW( 91 Mnj 9904, whether using metallic W powder
or WO3 as raw materials. Of course, using metallic W pow-
der leads to better results (Fig. 4a). Therefore, we concentrate
on this optimum case (i.e. LiWg 01 Mnj 9904 spinel) for further
investigations. It seems that W substitution from metallic W raw
material leads to the appearance of well-defined redox system of
LiMn;O4 (Fig. 4a); whereas, using WO3 raw material is accom-
panied by partial loss of the well-defined redox system as the two
redox couples tend to merge together (Fig. 7a). Once again, we
emphasize that this is just due to the difference of rate capabil-
ities, not change in the origin of redox systems. Comparison of
cyclic voltammograms of two different LiWg 91 Mnj.99O4 sam-
ples at a sufficiently slow scan reveals this issue (Fig. 8). The
electrohemical behaviors are similar and no significant differ-
ence can be distinguished. Similar behaviors (such well-defined
shape of cyclic voltammograms) can be detected for other cases
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Fig. 4. Cyclic voltammetric behaviors of the W-substituted LiMn,Oy4 spinels
prepared from raw material of metallic W powder, as the amounts of W in
LiW,Mn,_,04 were (a) x=0.01, (b) x=0.05, and (c) x=0.1. The electrolyte
solution was saturated lithium nitrate. Scan rate 0.5 mV/s.

(Fig. 1b, Fig. 4b,c, Fig. 7b,c) when recording cyclic voltam-
mograms at lower scan rates. This distinguishable change of the
shape of cyclic voltammograms was the reason for choosing this
critical scan rate (i.e. 0.5 mV/s) for the present study.
Throughout the manuscript, we talked about the difference
in rate capabilities of different W-substituted LiMn;O4 cathode
materials. It is well known that rate capability is related to the
diffusion of Li ion in the course of intercalation/ deintercalation
process. Thus, it is appropriate to inspect the diffusion coeffi-
cient of Li ions. The diffusion coefficients were measured at
different potentials by means of chronoamperometric measure-
ments in accordance with the method described elsewhere [17].
It has been emphasized that diffusion process for such electro-
chemical systems is nonlinear and strongly potential dependent
[32]. The general shape of the plot of diffusion coefficient versus
potential for LiMn,O4 is accompanied by two minimum peaks
at the potentials of the redox couples [33]. By this potentiostatic
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Fig. 5. XRD patterns of W-substituted LiMn,O4 spinels prepared from raw
material of tungsten oxide (WO3), as the amounts of W in LiW,Mn,_,O4 were
(a)x=0,(b)x=0.01, (c)x=0.05, and (d) x=0.1. (a)—(d) patterns are from bottom
to top, respectively. The impurity peaks corresponding to unsuccessful doping
of W are indicated by asterisks.

method, it is possible to monitor the potential dependency of
the diffusion coefficient even for systems involving sharp redox
peaks [34].

Fig. 9 shows the diffusion coefficients estimated at various
potentials for the LiWg o1 Mn{ 9904 cathode materials prepared
from different raw materials. It is obvious that both of them
are similar and indicate an inverse shape of the cyclic voltam-
mograms. Similar plots were also obtained for other cases
(LiW,Mn;_,04 series). The important consequence of these
plots is not their shapes, but the diffusion coefficient values. The
diffusion coefficient for the case of LiWg g1 Mnj.99O4 cathode
prepared from metallic W powder is more than one order of
magnitude higher than that of original LiMn,Oy4. This enhance-
ment is slightly weaker for the case of LiW( 01 Mny.99O4 cathode
material prepared from WOs3. In fact, the diffusion coefficients
were proportional to the rate capabilities detected in cyclic
voltammetric measurements. It should be emphasized that such
differences in the diffusion coefficient are not related to the sam-
ple morphology or particle size distribution, as the experiments
have been performed at sufficiently slow rate to provide required
opportunity for the occurrence of solid-state diffusion. In other
words, the electrochemical signal is mainly related to the dif-
fusion process occurred inside the particles rather than on their
surfaces. On the other hand, although the morphological changes
of the samples are significant but this significance is in shape not
in size. This argument is valid for the voltammetric studies per-
formed under low scan rate, and also the diffusion coefficients
reported in Fig. 9, as they were calculated under steady state
condition by means of chronoamperometric measurements.

In addition to rate capability, the most important problem
associated with LiMnyOy4 spinel is poor cycleability (particu-
larly at elevated temperatures). In fact, the main goal of metal
substitution is to improve this failure of LiMn;O4 spinel. Here,
we do not aim to investigate such battery performances, as
falls out of the scope of the present manuscript, which aims
to introduce this novel cathode material by investigating its
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Fig. 6. SEM images of (a) LiW,01Mnj 9904, (b) LiWg05Mn;9504, and (c)
LiWo,1Mn; 9Oy spinels prepared from WO3 raw material.

electrochemical performance. However, it is useful to compare
cycleability of the W-substituted LiMn,O4 cathodes with the
virgin LiMnO4 cathode to reveal the potential usefulness of
W substitution for improvement of cycleability of LiMnyOg4
cathode.

Fig. 10 shows this feature. Cycleability data achieved
from integrated surface of each cycle in potentiodynamic
charge/discharge profiles.

It is obvious that W substitution significantly improves the
cycleability of LiMn;O4 (Fig. 10). This may be attributed to the
stronger W—O bond appearing in the LiMn;O4 structure, which
can strengthen the spinel structure. For such a small amount
of dopant (LiW 91 Mnj.9904), changing the Mn valence is not
important. Even upon increase of the Mn valence by hexava-
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lent W, this is not a significant disadvantage. On the other hand,
decrease of Mn valance is accompanied by increase of the lattice
constant [35], but inverse behavior was observed for W substitu-
tion. It is well known that cycleability of LiMn, Oy is better for
smaller lattice constants [36]. In fact, decrease of lattice constant
by W substitution is due to stabilized spinel structure owing to
W distribution across the spinel structure forming strong W-O
bonds.

However, a peculiar phenomenon still exists regarding the
differences in lattice constant and consequently cycleabilities
of two LiW( 01 Mnj 9904 samples prepared from different raw
materials. For the case of LiWg 91 Mnj.99O4 spinel synthesized
from metallic W powder, the lattice constant is smaller than that
prepared from WOs3. It seems that since oxidation of metallic
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W just occurs in situ across the spinel structure to form strong
W-0 bonds, there is a better dopant distribution and formation
of appropriate W—O bonds leads to more stable spinel structure.
Cycleability of cathode materials depends on various parame-
ters such morphology, since it is known that cathode surface is
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material (@) was also presented for comparison.

subject of severe structural changes [37]. It is well known that
particle size strongly affects battery performance of LiMnyOy4
cathode [38,39]. This may provide different pathways for lithium
diffusion [40]. Even, metal oxide particles incorporated within
LiMn,O4 particles (not into the LiMn, Oy lattice) may provide
appropriate paths for Li diffusion, leading to better battery per-
formance [41,42]. On the other hand, incorporation of dopant
may significantly affect the morphology of LiMn,O4 spinel [43],
as it was also detected for the case of W incorporation. However,
these are just speculations, and further experimental evidences
from extensive investigations are needed to understand this dif-
ference. Nevertheless, the results are completely satisfactory
from applied point of view, as it introduces a simple approach for
improvement of LiMn;O4 cathode. As the final words, it should
be emphasized that the aim of the present paper is not to make
an exact conclusion about this typical case. Instead, we wish to
attract the attention of researchers studying lithium batteries to
such features from a different aspect. Cyclic voltammetry can
offer a visual thinking about the phenomena occurring for sim-
ilar cases in such comparative study, though charge/discharge
profiles also confirmed the conclusions made here via a quanti-
tative analysis.

4. Conclusion

Extensive investigation of W substitution for improvement
of battery performance of LiMn;O4 spinel was performed. In
this preliminary stage, the effects of W substitution from dif-
ferent raw materials on spinel structure, powder morphology,
and electrochemical performances of the cathode material were
investigated before deep investigations of battery performance
by means of conventional battery tests. It is obvious that tung-
sten is an appropriate transition metal for metal substitution in
LiMn;O4 to improve its battery performance. According to the
experimental results obtained for different W concentrations, it
can be concluded that the best case is LiWgg;Mnj 9904. On
the other hand, it was found that the tungsten raw material also
has a significant influence on the material properties, and each
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source leads to specified improvements. Therefore, it is very
important to choose an appropriate source in accordance with
the desire application. Since the amount of W substituted in
LiMn; Oy spinel is very small, this approach is of practical inter-
est. Further investigations of battery performance of this novel
cathode material (LiW( 01Mnj 9904 synthesized from metallic
W powder) will reveal its advantages for practical applications.
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