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bstract

Usefulness of W substitution for improvement of battery performance of LiMn2O4 cathode was investigated. Small amounts of tungsten were
ncorporated into LiMn2O4 spinel instead of available Mn. For this purpose, two sources of tungsten (metallic W or WO3) were examined. W
oncentration and source have significant influence on both morphology and electrochemical behavior of W-substituted LiMn2O4 spinels. W
ubstitution of LiMn2O4 spinel can lead to the formation of uniform spinel particles and improved battery performance. Cyclic voltammetric

ehaviors of the samples were examined in an aqueous solution, and Li diffusion process was investigated for different cases. The best case was
he LiW0.01Mn1.99O4 spinel prepared from metallic W powder, as exhibits excellent rate capability, but better cycleability was observed for the
iW0.01Mn1.99O4 spinel prepared from WO3. This means that because of significant influence of the dopant source, this parameter should be chosen

n respect with the desire improvement.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Valuable advantages of LiMn2O4 as a potential candidate for
athodes of lithium batteries are well-known. However, further
dvancement is needed to overcome common problems of this
athode material. One of the most efficient approaches in this
ontext is metal substitution of Mn in LiMn2O4 spinel [1–7].
his can reduce the amount of Mn3+, which is the general goal
f Mn substitution, and strengthen the structural stability of the
pinel. As it has been found that metal substitution of LiMn2O4
an lead to the appearance of 5 V redox systems [8–15], this
pproach has recently reached a considerable attention.

Various transition metals have been employed for this pur-
ose, but less attention had been paid to tungsten, though it is a
ommon transition metal in electrochemical systems. This fail-

re can be attributed to apparent disadvantage of this action, as
xidation state of W is higher than Mn and metal substitution
ay reduce Mn valence which is unfavorable. However, recent
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eport of Chitrakar et al. [16] regarding usefulness of substi-
ution of Mn in LiMn2O4 by pentavalent antimony provides a
ew opportunity. On the other hand, it will be discussed that
he problem of reduction of Mn valence is not important for
he case of W substitution (as the amount of dopant is low).
n the present study, we would like to examine usefulness of W
ubstitution for improvement of electrochemical performance of
iMn2O4. As we have emphasized before, it is more appropriate

o investigate preliminary electrochemical studies of new cath-
de materials in aqueous media rather than non-aqueous media
17,18]. In fact, aqueous electrolytes contain simple components
nd the exact electrochemical performance of cathode material
an be detected. Whereas, additional process can be occurred
n non-aqueous electrolytes, leading to different electrochemi-
al performances. For instance, a considerable attention has been
aid to the instability of electrolytes in lithium batteries [19–21].
hus, it cannot be concluded that the improvements observed are
ue to better cathode material or better electrolyte stability on

he electrode surface. On the other hand, aqueous media are also
otential candidates to replace conventional non-aqueous media
f lithium batteries and considerable attention has been recently
aid to them [22–25].

mailto:eftekhari@merc.ac.ir
dx.doi.org/10.1016/j.electacta.2006.02.049
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Fig. 1. Typical cyclic voltammograms of LiMn2O4 spinels synthesized from
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. Experimental

Cathode materials were synthesized by conventional solid-
tate reaction. Stoichiometric amounts of raw materials were
ompletely mixed by ball milling. Appropriate amounts of tung-
ten were added from the sources of tungsten oxide or metallic

fine powder. For solid-state synthesis, the furnace temper-
ture was slowly increased with the rate of 1 ◦C/min to reach
he temperature of 800 ◦C. Slow heating provides an appropri-
te opportunity for preliminary decomposition of raw materials
uch as carbonates. The temperature was fixed at 800 ◦C for 40 h
nd then the furnace was slowly cooled to room temperature. The
omposite electrodes for electrochemical studies were prepared
rom mixture of active material and acetylene black in the ratio
f 1:1. For casting the composite, a drop of melted paraffin was
dded.

Cyclic voltammetric studies were performed using a
etrohm 746 VA potentiostat.
Electrolyte was aqueous solution of saturated lithium nitrate.

otentiostatic experiments were performed using a Princeton
pplied Research potentiostat/galvanostat model 173 (PAR
73) equipped with a model 175 universal programmer in con-
unction with CorrView software. In the experimental measure-

ents, all potentials were referenced to a saturated calomel
lectrode (SCE), but the potentials were calculated in reference
o conventional Li/Li+. Scanning electron microscopic (SEM)
nvestigations were carried out using a Cambridge scanning elec-
ron microscope model Steroscan 360. Powder Xray diffractions
XRD) were recorded using a Phillips PW 1371 diffractometer
ased on Cu K� radiation.

. Results and discussion

It is known that the source of lithium in solid-state synthe-
is has a significant influence on the battery performance of
iMn2O4 spinel [26], as lithium should be extracted and inserted

rom/into the spinel structure in the course of cycling. The best
ase is lithium carbonate, which decomposes at smaller temper-
tures before the occurrence of the main solid-state reaction. Of
ourse, this also depends on manganese raw material, which for
he present study was MnCO3. Another alternative is lithium
ydroxide, but as its decomposition is not as well as lithium
arbonate, LiMn2O4 spinel prepared from LiOH has not well-
efined electrochemical behavior as well as that prepared from
i2CO3 (Fig. 1). Of course, this does not mean that LiMn2O4
repared from LiOH is not applicable for battery performance.
ote that the cyclic voltammetric behaviors presented in Fig. 1

re related to a relatively fast scan (for the case of lithium
atteries), and the LiMn2O4 prepared from LiOH displays a
ell-defined behavior at slower scans. In fact, we use this crit-

cal condition to inspect the difference of two cases. Of course,
his is a tricky reason, but the main reason for this choice is
hat LiOH is a cheaper source for synthesis of LiMn2O4. In

ther words, it is of commercial interest to improve synthesis of
iMn2O4 from LiOH because of cost reason.

In other words, these studies reveal rate capability of the cath-
de materials, similar to conventional galvanostatic studies of

d
s
f
s

aw materials of (a) Li2CO3, and (b) LiOH. Electrolyte was a saturated solution
f LiNO3 and scan rate 0.5 mV/s.

attery performance of cathode materials at different C rates
24,27–29]. Here, we aim to inspect the rate capabilities of the

-substituted LiMn2O4 cathode materials using cyclic voltam-
etric studies in aqueous media (this issue will be described

urther). We will continue this strategy to inspect the influence
f W substation on electrochemical behavior of LiMn2O4. In
ther words, the W-substituted LiMn2O4 spinels were synthe-
ized from LiOH and their electrochemical behaviors should
e compared with Fig. 1b (of course, W-substituted LiMn2O4
pinels were also synthesized from Li2CO3, but the results were
ot distinguishable like the present case).

Not only the source of lithium raw material, but also the
ource of substituting metal has a significant influence on the
aterial properties of LiMn2O4 spinel. The sources of substi-

uting metals are usually their oxides. However, when the dopant
oncentration is low (e.g. the case of noble metal substitution),
t is possible to use metallic powders [30]. At the condition of
igh-temperature solid-state synthesis under air atmosphere, the
etallic powders will be completely oxidized, and no significant

ifference is expected. Since the amount of W in LiMn2O4 is

mall, we will examine two afore-mentioned sources of tungsten
or metal substitution of LiMn2O4. The results will be reported
eparately and compared later.
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Fig. 2. XRD patterns of W-substituted LiMn2O4 spinels prepared from raw
material of metallic W powder, as the amounts of W in LiWxMn2−xO4 were (a)
x = 0, (b) x = 0.01, (c) x = 0.05, and (d) x = 0.1. (a)–(d) patterns are from bottom
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Table 1
Lattice constants of W-substituted LiMn2O4 spinels

Sample Raw material Lattice constant(Å)

LiMn2O4 N/A 8.234 ± 0.001
LiW0.01Mn1.99O4 Metallic W 8.230 ± 0.001
LiW0.05Mn1.95O4 Metallic W 8.224 ± 0.001
LiW0.1Mn1.9O4 Metallic W 8.212 ± 0.001
LiW0.01Mn1.99O4 WO3 8.233 ± 0.001
LiW0.05Mn1.95O4 WO3 8.229 ± 0.001
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o top, respectively. The impurity peaks corresponding to unsuccessful doping
f W are indicated by asterisks.

Fig. 2 presents XRD patterns of W-substituted LiMn2O4
pinels with different W concentrations. As expected such small
mounts of substituting metal do not affect the spinel structure,
nd even for the highest concentration a well-defined structure
f cubic spinel with space group of Fd3m which is related to
tructure of LiMn2O4 is detectable. Of course, there are some
mpurity peaks, independent of the W added (even for the vir-
in LiMn2O4) in addition to original peaks of LiMn2O4 spinel.
hese impurity peaks which constantly exist for all cases are due

o low crystallinity of LiMn2O4 spinel prepared from Li source
f LiOH. This is indeed a failure of LiOH in comparison with
i2CO3 which is easily decomposed to generate pure LiMn2O4
pinel. In any case, some tiny peaks are appeared as a result of W
oping. These are indeed impurity peaks appearing for higher
mounts of W dopant. The place of impurity peaks indicated
n the XRD patterns can be indexed to common W oxides. For
nstance, three close impurity peaks indicated in Fig. 2d recalls
hree characteristic peaks of WO3 with space group of P21/n
JCPDS 43-1035). In other words, W doping is restricted by a
imit of ca. 0.01 in LiWxMn2−xO4. Comparison of two XRD pat-
erns corresponding to virgin LiMn2O4 and LiW0.01Mn1.99O4
pinels by means of Rietveld refinement indicates that W (at
east in low amounts) has occupied the Mn sites. This conclu-
ion cannot be made for the spinels prepared by higher amounts
f dopant due to poor fitting.

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

a
o
i

iW0.1Mn1.9O4 WO3 8.225 ± 0.001

Fig. 3 illustrates a series of SEM images of W-substituted
iMn2O4 spinels with different amounts of W. Higher atomic

adius of W in comparison with Mn may induce such an idea
hat W can not be substituted in LiMn2O4 structure during the
hermal treatment and it just coats the LiMn2O4 surface. How-
ver, paying more attention to SEM images refuses this idea
ecause W substitution highly affected the powder morphol-
gy of LiMn2O4 spinel, and appearance of such morphological
hanges by thermal treatment in the absence of W substitution
s unlikely. More concentrating on SEM images reveals that
he conventional LiMn2O4 spinel has crystalline particles but
ith a large range of particle size distribution (Fig. 3a). W sub-

titution leads to the formation of uniform particles (Fig. 3b).
mong these uniform rectangular particles, some spherical par-

icles are also formed. For higher W concentrations, the amount
f such spherical particles increases and the particles unifor-
ity disappears (Fig. 3c and d). For the LiW0.1Mn1.9O4 sample,

he conventional rectangular particles of LiMn2O4 spinel are
pproximately absent (Fig. 3d).

Cyclic voltammetric measurements of different
iWxMn2−xO4 cathode materials (Fig. 4) indicate that W
ubstitution may lead to better electrochemical performance,
ut this is highly concentration-dependent. When x = 0.01 in
iWxMn2−xO4, the electrochemical performance is improved
nd the rate capability is enhanced (as comparing Fig. 4a with
ig. 1b). For higher concentrations, the two characteristic peaks
f LiMn2O4 are overlapped. This does not mean that actual
edox system of the LiWxMn2−xO4 is changed (in comparison
ith well-defined redox systems of LiMn2O4), but this indicates

hat the cathode material has not appropriate rate capability to
isplay the well-defined redox system at this relatively high
can rate, however, the well-defined redox system can once
gain be detected at slower scans.

In general, all cases of W substitution improves electrochem-
cal performance of the LiMn2O4 cathode material (note that the
esults should be compared with Fig. 1b, not Fig. 1a), but the
ase of LiW0.01Mn1.99O4 is the best. It is worth noting that W
ubstitution (particularly when x = 0.01) in the case of Li2CO3
aw material also improves the electrochemical performance
f the LiMn2O4 cathode material in comparison with Fig. 1a,
ut as the virgin LiMn2O4 has well-defined redox system in
his case (Fig. 1a), this difference is not obviously distinguish-

ble unless using higher scan rates as the well-defined redox
f conventional LiMn2O4 begins to disappear. After investigat-
ng W substitution from metallic W powder as raw material
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Fig. 3. SEM images of

Figs. 2–4), it is appropriate to investigate W substitution from
ommon raw material of metal oxide, i.e., WO3. XRD patterns
f LiWxMn2−xO4 spinels synthesized from WO3 are presented
n Fig. 5. It is obvious that the patterns are similar to those
btained from metallic W powder as raw material, and the
rguments mentioned above are completely justified here. Of
ourse, it seems that the impurity peaks corresponding to W
xide is weaker in this case, as the three characteristic peaks
f WO3 quoted above is no longer distinguishable in Fig. 5d.
n any case, there is a significant difference in the degree of
ecrease in the lattice constant. This is more obvious from the
ata summarized in Table 1. In fact, the lattice constant is less
ffected when WO3 is employed as the source of W dopant.
lthough formation of strong W–O bonds is more likely during

n situ oxidation of metallic W (Fig. 2d), the incorporation of W
opant when it is already oxidized (the source of WO3) is easier
Fig. 5d).

Morphological changes of the LiWxMn2−xO4 spinels when
ynthesized from WO3 are different from those prepared from
etallic W powder. As shown in Fig. 6a, for the case of
iW0.01Mn1.99O4 synthesized from WO3, the particles uni-

ormity detected for the case of metallic W raw material (as
llustrated in Fig. 3a) is not obvious. In this case, there is a ten-

ency for the formation of long rod-like particles (Fig. 6a). For
he case of LiW0.05Mn1.95O4, no tendency for the formation of
pherical particles is observed (Fig. 6b). Although the shape of
he LiW0.1Mn1.9O4 spinel synthesized from WO3 is different

p
e
e
s

mples (a)–(d) in Fig. 2.

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

Electrochemical behaviors of the LiWxMn2−xO4 cathode
aterials synthesized from WO3 raw material are similar to

hose prepared from metallic W raw material (as comparing
ig. 4 and Fig. 7), but not as well as those. In other words,

substitution from WO3 also improves the rate capability of
iMn2O4 (Fig. 7) but not as much as W substitution from metal-

ic W powder (Fig. 4).
The results reported above suggest that the best W concentra-

ion is x = 0.01. This means that W substitution is optimized for
he case of LiW0.01Mn1.99O4, whether using metallic W powder
r WO3 as raw materials. Of course, using metallic W pow-
er leads to better results (Fig. 4a). Therefore, we concentrate
n this optimum case (i.e. LiW0.01Mn1.99O4 spinel) for further
nvestigations. It seems that W substitution from metallic W raw

aterial leads to the appearance of well-defined redox system of
iMn2O4 (Fig. 4a); whereas, using WO3 raw material is accom-
anied by partial loss of the well-defined redox system as the two
edox couples tend to merge together (Fig. 7a). Once again, we
mphasize that this is just due to the difference of rate capabil-
ties, not change in the origin of redox systems. Comparison of
yclic voltammograms of two different LiW0.01Mn1.99O4 sam-

les at a sufficiently slow scan reveals this issue (Fig. 8). The
lectrohemical behaviors are similar and no significant differ-
nce can be distinguished. Similar behaviors (such well-defined
hape of cyclic voltammograms) can be detected for other cases
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Fig. 4. Cyclic voltammetric behaviors of the W-substituted LiMn2O4 spinels
prepared from raw material of metallic W powder, as the amounts of W in
L
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Fig. 5. XRD patterns of W-substituted LiMn2O4 spinels prepared from raw
material of tungsten oxide (WO3), as the amounts of W in LiWxMn2−xO4 were
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substitution is to improve this failure of LiMn2O4 spinel. Here,
iWxMn2−xO4 were (a) x = 0.01, (b) x = 0.05, and (c) x = 0.1. The electrolyte
olution was saturated lithium nitrate. Scan rate 0.5 mV/s.

Fig. 1b, Fig. 4b,c, Fig. 7b,c) when recording cyclic voltam-
ograms at lower scan rates. This distinguishable change of the

hape of cyclic voltammograms was the reason for choosing this
ritical scan rate (i.e. 0.5 mV/s) for the present study.

Throughout the manuscript, we talked about the difference
n rate capabilities of different W-substituted LiMn2O4 cathode
aterials. It is well known that rate capability is related to the

iffusion of Li ion in the course of intercalation/ deintercalation
rocess. Thus, it is appropriate to inspect the diffusion coeffi-
ient of Li ions. The diffusion coefficients were measured at
ifferent potentials by means of chronoamperometric measure-
ents in accordance with the method described elsewhere [17].

t has been emphasized that diffusion process for such electro-
hemical systems is nonlinear and strongly potential dependent

32]. The general shape of the plot of diffusion coefficient versus
otential for LiMn2O4 is accompanied by two minimum peaks
t the potentials of the redox couples [33]. By this potentiostatic

w
f
t

a) x = 0, (b) x = 0.01, (c) x = 0.05, and (d) x = 0.1. (a)–(d) patterns are from bottom
o top, respectively. The impurity peaks corresponding to unsuccessful doping
f W are indicated by asterisks.

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

Fig. 9 shows the diffusion coefficients estimated at various
otentials for the LiW0.01Mn1.99O4 cathode materials prepared
rom different raw materials. It is obvious that both of them
re similar and indicate an inverse shape of the cyclic voltam-
ograms. Similar plots were also obtained for other cases

LiWxMn2−xO4 series). The important consequence of these
lots is not their shapes, but the diffusion coefficient values. The
iffusion coefficient for the case of LiW0.01Mn1.99O4 cathode
repared from metallic W powder is more than one order of
agnitude higher than that of original LiMn2O4. This enhance-
ent is slightly weaker for the case of LiW0.01Mn1.99O4 cathode
aterial prepared from WO3. In fact, the diffusion coefficients
ere proportional to the rate capabilities detected in cyclic
oltammetric measurements. It should be emphasized that such
ifferences in the diffusion coefficient are not related to the sam-
le morphology or particle size distribution, as the experiments
ave been performed at sufficiently slow rate to provide required
pportunity for the occurrence of solid-state diffusion. In other
ords, the electrochemical signal is mainly related to the dif-

usion process occurred inside the particles rather than on their
urfaces. On the other hand, although the morphological changes
f the samples are significant but this significance is in shape not
n size. This argument is valid for the voltammetric studies per-
ormed under low scan rate, and also the diffusion coefficients
eported in Fig. 9, as they were calculated under steady state
ondition by means of chronoamperometric measurements.

In addition to rate capability, the most important problem
ssociated with LiMn2O4 spinel is poor cycleability (particu-
arly at elevated temperatures). In fact, the main goal of metal
e do not aim to investigate such battery performances, as
alls out of the scope of the present manuscript, which aims
o introduce this novel cathode material by investigating its
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ig. 6. SEM images of (a) LiW0.01Mn1.99O4, (b) LiW0.05Mn1.95O4, and (c)
iW0.1Mn1.9O4 spinels prepared from WO3 raw material.

lectrochemical performance. However, it is useful to compare
ycleability of the W-substituted LiMn2O4 cathodes with the
irgin LiMn2O4 cathode to reveal the potential usefulness of

substitution for improvement of cycleability of LiMn2O4
athode.

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

It is obvious that W substitution significantly improves the
ycleability of LiMn2O4 (Fig. 10). This may be attributed to the

tronger W–O bond appearing in the LiMn2O4 structure, which
an strengthen the spinel structure. For such a small amount
f dopant (LiW0.01Mn1.99O4), changing the Mn valence is not
mportant. Even upon increase of the Mn valence by hexava-

o
m
f
p

ig. 7. Cyclic voltammograms of (a) LiW0.01Mn1.99O4, (b) LiW0.05Mn1.95O4,
nd (c) LiW0.1Mn1.9O4 samples (prepared from WO3 raw material) in aqueous
olution of saturated LiNO3. Scan rate 0.5 mV/s.

ent W, this is not a significant disadvantage. On the other hand,
ecrease of Mn valance is accompanied by increase of the lattice
onstant [35], but inverse behavior was observed for W substitu-
ion. It is well known that cycleability of LiMn2O4 is better for
maller lattice constants [36]. In fact, decrease of lattice constant
y W substitution is due to stabilized spinel structure owing to

distribution across the spinel structure forming strong W–O
onds.

However, a peculiar phenomenon still exists regarding the
ifferences in lattice constant and consequently cycleabilities

f two LiW0.01Mn1.99O4 samples prepared from different raw
aterials. For the case of LiW0.01Mn1.99O4 spinel synthesized

rom metallic W powder, the lattice constant is smaller than that
repared from WO3. It seems that since oxidation of metallic
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Fig. 10. Cycleabilities of the LiW Mn O samples prepared from metallic
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ig. 8. Cyclic voltammograms of the LiW0.01Mn1.99O4 samples prepared from
a) metallic W powder, and (b) WO3 under quasi-steady state condition. Scan
ate 0.1 mV/s.

just occurs in situ across the spinel structure to form strong

–O bonds, there is a better dopant distribution and formation

f appropriate W–O bonds leads to more stable spinel structure.
ycleability of cathode materials depends on various parame-

ers such morphology, since it is known that cathode surface is

ig. 9. Plots of diffusion coefficient versus potential for LiMn2O4

�),LiW0.01Mn1.99O4 prepared from metallic W powder (�), LiW0.01Mn1.99O4

repared from WO3 (©).

a
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L
e
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h

0.01 1.99 4

powder (©), and WO3 (�), as detected from cyclic voltammetric measure-
ents with scan rate of 0.1 mV/s. Cycleability of the virgin LiMn2O4 cathode
aterial (�) was also presented for comparison.

ubject of severe structural changes [37]. It is well known that
article size strongly affects battery performance of LiMn2O4
athode [38,39]. This may provide different pathways for lithium
iffusion [40]. Even, metal oxide particles incorporated within
iMn2O4 particles (not into the LiMn2O4 lattice) may provide
ppropriate paths for Li diffusion, leading to better battery per-
ormance [41,42]. On the other hand, incorporation of dopant
ay significantly affect the morphology of LiMn2O4 spinel [43],

s it was also detected for the case of W incorporation. However,
hese are just speculations, and further experimental evidences
rom extensive investigations are needed to understand this dif-
erence. Nevertheless, the results are completely satisfactory
rom applied point of view, as it introduces a simple approach for
mprovement of LiMn2O4 cathode. As the final words, it should
e emphasized that the aim of the present paper is not to make
n exact conclusion about this typical case. Instead, we wish to
ttract the attention of researchers studying lithium batteries to
uch features from a different aspect. Cyclic voltammetry can
ffer a visual thinking about the phenomena occurring for sim-
lar cases in such comparative study, though charge/discharge
rofiles also confirmed the conclusions made here via a quanti-
ative analysis.

. Conclusion

Extensive investigation of W substitution for improvement
f battery performance of LiMn2O4 spinel was performed. In
his preliminary stage, the effects of W substitution from dif-
erent raw materials on spinel structure, powder morphology,
nd electrochemical performances of the cathode material were
nvestigated before deep investigations of battery performance
y means of conventional battery tests. It is obvious that tung-
ten is an appropriate transition metal for metal substitution in
iMn2O4 to improve its battery performance. According to the

xperimental results obtained for different W concentrations, it
an be concluded that the best case is LiW0.01Mn1.99O4. On
he other hand, it was found that the tungsten raw material also
as a significant influence on the material properties, and each
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ource leads to specified improvements. Therefore, it is very
mportant to choose an appropriate source in accordance with
he desire application. Since the amount of W substituted in
iMn2O4 spinel is very small, this approach is of practical inter-
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athode material (LiW0.01Mn1.99O4 synthesized from metallic

powder) will reveal its advantages for practical applications.
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