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Abstract

An LiMn,0y electrode was prepared based on mixed-metals (gold—titanium) codeposition method. By this method, titanium oxide
is also incorporated into the electroactive film formed on substrate electrode. Formation of titanium oxide on the spinel surface avoids
dissolution of Mn from the spinel at elevated temperatures, Téh act as a bridge between the spinel particles to reduce the interparticle
resistance and as a good material for the Li intercalation/deintercalation. Thus, electrochemical performance of,tbg 4pMel can
be improved by the surface modification with Birhis action improves cyclability for lithium battery performance and reduces capacity
fades of LiMnO4 at elevated temperatures.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction laser depositiorf13], chemical vapor depositiofi4], etc.
have been proposed for the deposition of thin films of
LiMn 204 is a promising candidate cathode material for LiMn,O4 suitable for the practical use. The main advan-
lithium secondary battery applications due to its noticeable tage of these methods is the ability to add doping cations
advantages such as nontoxicity, inexpensivity, etc. How- which modifies the capacity fading of LiM@s. A low
ever, its significant capacity fade at elevated temperaturescapacity fade is, in fact, the most important requirement for
is the greatest obstacle in the commercialization of this commercial applications. As the above-mentioned meth-
valuable cathode material. This phenomenon can be at-ods are based on high-technology, high-energy techniques,
tributed to different reasons such as manganese dissolutiorproposing simple methods for the deposition of cathode
[1,2], formation of oxygen deficiencig8], electrolyte de- materials is very interesting for the development of lithium
composition[4], Jahn-Teller distortiori5], cation mixing secondary batteries. In previous workkb,16], we have
between lithium and mangan€l§} and loss of crystallinity  successfully used gold-codeposition metHdd] for the
during cycling[7]. This disadvantage can be reduced by fabrication of LiMnpO4 cathodes. The simplicity of this
surface modification of LiMpO4 with LiCoO» to avoid Mn method is the interesting advantage in comparison with
dissolution and other responsible phenoma]. More available high-technology methods. In this work, we show
recently, Kannan and Manthirafi0] have reported that that the unique advantage of the high technology methods,
metal oxides can also be used for the surface modificationi.e. the addition of the modifiers to LiMi©4 films, is also
of LiMn,04 as well as LiCo®@ and other modifiers. The achieved by the simple gold-codeposition method. In addi-
surface modification can be carried out by mixing the mod- tion, a new modifier to improve the cyclability of LiM@®,
ifier with LiMn 204 spinel before the deposition process. particularly at elevated temperature is introduced.
Another important subject of research in studies of
LiMn 204 as cathode material is the investigation of different
deposition methods. Various methods such as electron-beanp. Experimental
evaporation[11], RF magnetron sputterinffl2], pulsed
Nanostructured LiMpO4 spinel was synthesized sim-
ilar to the previous work18]. Detailed characterization
* Tel.: +98-21-204-2549; fax:+98-21-205-7621. of the synthesized LiMgO, spinel has been reported in
E-mail address: eftekhari@elchem.org (A. Eftekhari). the literature[19]. Small particles (smaller than 100 nm)
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have been used for the present study, as large particles are As the amount of titanium ions in the plating bath (and
not suitable for codeposition method. The deposition of consequently the amount of titanium oxide incorporated into
LiMn,0O4 was carried out during deposition of gold and the deposits) is very small, there is no significant differ-
codeposition of gold-titanium on a Pt substrate. The elec- ence in the mass and thickness of the films deposited by
troactive material (LiMaOg) is deposited onto the substrate gold-codeposition and mixed-metals (gold—titanium) code-
surface as the result of occlusion between the gold parti- position methods. Indeed, the amount of LiMDy attached
cles deposited. The presence of gold in the deposit doesto the substrate surface wasid@+ 0.2 and the film thick-

not cause any problem in the electrode performance, sinceness estimated by S.E.M. was about 222 for the cath-
gold does not provide any electrochemical reaction in the odes prepared with and without titanium oxide modifier.
potential range of our experiments. However, the presence of Ti hydroxide should not make

The deposition process was performed using a solu- any problem in our investigation, as metal hydroxides are
tion containing 15 g/l of potassium gold cyanide, 80 g/l of also responsible for the surface modification of LN
monopotassium phosphate, 70 g/l of potassium citrate and[10].

1.5 g/l of titanium chloride with near-neutral pH, as the de-  The LiMn,O4 electrodes prepared using gold-codepo-
position electrolyte. The solution contains Ti hydroxide as sition method are referred to as unmodified electrodes, as
a result of the hydrolysis of titanium chloride in waf&0]. LiMn204 was simply attached to the substrate surface. The

Due to the small amount of the titanium oxide modi- electrodes prepared using the mixed-metals (gold—titanium)
fier incorporated into the LiMgO4 film, the exact form codeposition approach are referred to as modified electrodes,
(whether crystalline or composition) of the electroactive as titanium oxide generated during the Ti electrodeposition
material cannot be determined by XRD to understand if the can act as a surface modifier of the LipMDy spinel. The
modification of the LiMROy4 spinel was physical (surface two different types of electrodes were investigated and com-
covering of the spinel particles) or chemical (e.g. forma- pared to understand the advantages of the modifier material
tion of LiTi,Mny_,04). As the electroactive material is and the deposition approach proposed. The reproducibility
incorporated within the gold film deposited, it is difficult to  of the results obtained was verified by fabricating several
inspect the presence of Tin the spinel particles. Even similar electrodes (by gold-codeposition or mixed-metals
sequential At -ion sputtering and XPS analysis, which is a (gold—titanium) codeposition methods). The electrochemi-
common way for depth analysis of electroactive materials to cal measurements were performed in a conventional cell
inspect the distribution of the modifier, was not successful containing a lithium metal anode and the prepared cathodes
for the present case. Nevertheless, we have found that theof LiMn,0O,4 electrodes as cathodes. The electrolyte solu-
dissolution of the deposit in acidic medium for elemental tion was 1M LiPF in ethylene carbonate (EC) and diethyl
analysis is a reliable way to estimate the Ti content. The carbonate (DEC).
results obtained from the elemental analysis of Ti showed
that the amount of titanium oxide (or hydroxide) in the elec-
troactive material deposited is about 4wt.%. The amount 3. Results and discussion
of gold deposited is about 50-60 wt.% of the total deposit.

A small amount of LiMRO4 (ca. 40ug) was also added to Addition of a small amount of titanium oxide does not
the deposition electrolyte solution (plating bath). The elec- make significant change in the electrochemical behavior and
trolyte solution was stirred for a few minutes before the de- the spectroscopic characteristics of Lip@y, which were
position process to reach a well-conditioned suspension. Theapproximately similar to those reported for the LijMDy
deposition process was carried out by applying a cathodic prepared by the gold-codepositifi6,17].

current of 4.0mA in a warm bath (5C). The electrode Fig. 1 shows the discharge characteristics of both un-
was washed thoroughly to remove any potassium ion from modified and modified LiMpO, electrodes. While the
its surface, and heated at 20D for 1 h to remove water. discharge profiles are similar, it is evident that the modifi-

The amount of the deposit was determined by weighing cation of LiMn,O4 by the incorporation of titanium oxide
the electrode before and after the deposition process. Thisgreatly enhances the electrode capacity, as shown by the
is related to the overall mass of the deposit including the higher capacity delivered in the first cycle by the modified
Au and also the titanium oxide codeposited. The amount LiMn,0, electrode in comparison with the unmodified
of LiMn,0O4 deposited onto the substrate surface was also LiMn 04 electrode. It should be taken into account that the
checked by weighing the insoluble LiM@®, added to the  specific capacity is calculated in accordance with the net
plating bath before and after the deposition process. Indeedweight of LiMnyO4 spinel included into the deposits.
weighing the amount of spinel in the plating bath before and  This can be due to the fact that metal oxides can act as
after the deposition process is for one experience the bestLi intercalating materials and most of them have higher
approach. However, the use of both approaches is desirablgheoretical capacity for this process in comparison with
to obtain a reliable value for the amount of electroactive LiMn>04. For example, LiCo@modified LiMnO4 has
material used for the preparation of the cathode and to knowhigher capacity than unmodified LiM®,. Of course, inter-
the Au/spinel ratio of the deposit. calation of Li into TiQy is not the only possible reason for
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Fig. 1. Discharge characteristic of (a) the unmodified Li@p electrode and (b) the modified LiM@®, electrode prepared by the incorporation of
titanium oxide recorded at the rate of C/5.

the enhanced capacity of the cathode, as the dispersed partiearried out at 60C. Fig. 3 clearly shows that the capacity
cles may provide easier diffusion of Liions to reach or leave fade of LiMn,O4 at elevated temperatures can be signifi-
the spinel particles upon insertion and extraction. Also, the cantly reduced by the incorporation of titanium oxide into
TiOy particles may act as contact bridges between the spinelthe LiMnO4 film. Although the influence of temperature
particles reducing the interparticle resistance, thus facilitat- to increase the initial capacity is stronger for unmodified
ing the insertion—extraction process across the electroactiveLiMn 204 [10], the initial capacity of the modified LiMiO4
material mass. Of course, the specific capacity of the mod- electrode is still higher than that of the unmodified Lip@y
ified electrode is still lower than the theoretical capacity electrode. The XRD pattern in the discharged state after cy-
of LiMn 204. cling at 60°C for over 100 cycles displays significant peak

From Fig. 1, it is obvious that the cell voltage of broadening, which indicates structural degradation and a de-
the TiG;-modified LiMnpO4 cathode is higher than the crease of crystallinity of the LiMgO, electrode prepared
TiO,-free cathode. This behavior cannot be attributed to by the gold codeposition method. Whereas, such behavior
the presence of Tig) which is known to intercalate Li at is not shown in the LiMpO, electrode prepared by the
significantly lower voltages in comparison with Lig@4 mixed-metals (gold-titanium) codeposition method.
[21-24] Also, it should not be related to the modification Similar results were also obtained for storage at elevated
method employed, since it has been reported that the modi-temperaturesTable 1shows the capacity loss of both elec-
fication of LiMn2O4 with similar metal oxide (cobalt oxide)  trodes stored at 7GC for 48 h. The values of capacity fading
by using mixed-metals codeposition had no effect on the percentage (CFP) of the electrodes indicate the ratio of the
cell voltage[16]. Such increase in the intercalating voltage difference in discharge capacity before and after the storage
of LiMn204 may be due to the chemical modification of divided by the discharge capacity before the storage. The
the spinel to form LiTiMny_,QOq4, though, it is not very amount of Mn dissolved during the storage was estimated
probable, since chemical modification of LiMD4 usually by the measurement of the amount of Mn dissolved in 10 m|
occurs at high temperature (e.g. 6@) which were not of the supporting electrolyte used for the storage. The re-
used here. The exact reaction for the observed increased celsults obviously suggest that the approach proposed for the
voltage of TiG-included LiMnp,O4 cathode is not still clear.  surface modification of LiMpO,4 spinel with TiQ, is use-

The evolution of capacity during cycling in the potential ful to reduce capacity fading of LiMiO,4 stored at elevated
range of 3.0-4.3V at C/5 rate and room temperature of the temperatures.
modified and unmodified LiMgO, electrodes is compared For further investigation of the improvement achieved by
in Fig. 2 The results indicate that the incorporation of tita- the modification approach proposed, effects of both storage
nium oxide within the LiMRO4 film deposited, significantly  temperature and time on the capacity fading and the Mn
reduces the capacity fade of LiM@j. dissolution at fully charged state were examined in detail.

As the main problem for the use of LiM@, is the capac-  As expected, Mn dissolution and consequently the capacity
ity fade at elevated temperatures, the experiments were alsdoss of the cathode material increase by increasing storage
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Fig. 2. The variations of the capacity for the cells with the modified LiRn (CJ) and the unmodified LiMgO,4 cathodes ©) during charge—discharge
cycling at room temperature (28).
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Fig. 3. The variations of the capacity for the cells with the unmodified Li®In(C]) and the modified LiMpO,4 (O) cathodes during the charge—discharge
cycling at the elevated temperature of &0

Table 1
Specific capacity and capacity fading of both unmodified Lin electrode and Ti@modified LiMnp,O4 electrodes after storage at A0 for 48 h
Electrode Concentration of Specific discharge capacity (mAh/g) CF®o)
dissolved Mn (.g)
Before storage After storage
Unmodified LiMrpOa 2.55 115.3 65.7 43
Modified LiMn204 0.51 121.9 104.8 14

a8 CFP = [(discharge capacity before storagelischarge capacity after storagdischarge capacity before storage]L00.
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Table 2
Specific discharge capacity performances of the,Tiddified LiMmO4 electrode after storage at different temperatures for 48 h
Storage temperaturé @) Concentration of Specific discharge capacity (mA h/g) CFmno)

dissolved Mn (.g)

Before storage After storage

25 0.19 119.6 110.4 7.7
40 0.32 120.1 109.0 9.2
50 0.40 121.0 108.1 10.6
60 0.44 121.6 105.6 131
70 0.51 121.9 104.8 14.0
80 0.56 1225 102.2 16.6

a8 CFP = [(discharge capacity before storagelischarge capacity after storagdischarge capacity before storage]L00.

Table 3
Specific discharge capacity performance of the sFiibdified LiMn,O4 electrode stored at 7@ for different storage times
Storage time (h) Concentration of Specific discharge capacity (mA h/g) CFmo)
dissolved Mn (.g)
Before storage After storage

6 0.31 121.9 119.0 2.4
12 0.37 121.9 116.2 4.7
24 0.39 121.9 1135 6.9
36 0.45 121.9 109.8 9.9
48 0.51 121.9 104.8 14.0

a8 CFP = [(discharge capacity before storagelischarge capacity after storagdischarge capacity before storage] 00.

temperature or timel@bles 2 and B The results are indica-  electrodes, it is obvious that the surface modification of the

tive of the fact that capacity fading of the LiM@, cath- spinel with TiQ, significantly protects the Mn dissolution

ode is negligible for the Tiggmodified LiMnpO4 electrode as a result of reaction (1). In addition, the data presented in

fabricated with the mixed-metal codeposition method. This Tables 2 and 3uggest that although the capacity fading of

suggests that the cathode proposed is suitable for the practhe LiMn2O4 spinel (as a result of Mn dissolution) is signif-

tical application, as it overcomes the problem of capacity icantly reduced by the approach employed (surface modifi-

fading of LiMn,O4. The surface modification of LiMiD4 cation), however, Mn dissolution is still responsible for the

with titanium oxide proposed here can reduce the capacity (slight) capacity fading of the Ti@modified LiMrnpOg.

fade of LiMn,O4 during both cycling and storage at elevated

temperatures. This is also accompanied by the better battery

performance at room temperature. The improvement of the4. Conclusion

LiMn 204 cyclability achieved here is comparable with those

reported in the literatur8—10]. Furthermore, the present The results are indicative of the fact that the incorporation

material has another interesting feature due to the simplicity Of titanium oxide into the LiMpO4 film deposited based

of the fabrication method employed. on the gold—titanium codeposition method can be applied
To induce the chemically modification of LiM®a, the to improve capacity fade of LiMiD4, which is an impor-

modifier material is forced to diffuse into the spinel by heat- tant need for the practical performances of Lidn-based

ing [10], which is not appropriate for the procedure reported lithium battery cathodes. In addition, the simple and effi-

here. The metal oxide (Tiis just formed on the surface  cientapproach employed for the LiM@4 deposition can be

of the depositing LiMpO, particles, and the present pro- successfully used for the fabrication of LiM@, cathodes.

cess can be described as surface modification (even rathefndeed, the advantage of the ability to induce surface mod-

than physical modification). The surface modification of the ification of LiMn2O4 makes the method useful as well as

spinel can significantly avoid Mn dissolution, which is the usual high-technological methods. Further investigations of

main reason for capacity fading of LiM@x. It is described ~ different cases may lead to new opportunity for the fabrica-

that the instability of spinel in electrolyte solution at ele- tion of LiMn20, cathodes with improved properties based

vated temperatures is due to the formation of¥as the ~ ©n the simple method of gold-codeposition.

result of the following disproportionation reactif®b]:
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