Journal of The Electrochemical Society49 (8) A1001-A1007(2002) A1001
0013-4651/2002/148)/A1001/7/$7.00 © The Electrochemical Society, Inc.

Nanostructured Lithium Manganese Oxide Cathodes Obtained
by Reducing Lithium Permanganate with Methanol
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Reduction of lithium permanganate with methanol in acetonitrile and acetonitrile-water media has been investigated to obtain
nanocrystalline lithium manganese oxides. The products have been characterized by wet-chemical analysis, Fourier transform
infrared spectroscopy, thermogravimetric analysis, X-ray diffraction, and transmission electron microscopy. The samples synthe-
sized in acetonitrile medium consist of a considerable amount of organic residue even after firing at 250°C in vacuum, which could
be lowered by introducing water into the synthesis and washing nfadeonitrile-water mixtune Additionally, introduction of

lithium hydroxide into the synthesis medium helps to increase the lithium content and Li/Mn ratio in the product and thereby to
improve the electrochemical performance. Optimum compositions synthesized in the acetonitrile-water medium exhibit capacities
of >200 mAh/g with good cyclability and charge efficiency.
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Layered lithium cobalt oxidéLiCoO,) is the dominant cathode —agents such as oxalic acid or its lithium <t lithium iodide,°

material for commercial lithium-ion cells. However, its high cost has fumaric acid or its lithium salt-13181%ycoset®2% ethanoF! and
restricted the use of lithium-ion batteries to small portable electronicborohydride have been investigated in this regard. Most of these
devices. Use of lithium-ion batteries for large high-power applica- reducing agents excepting lithium iodide have been invariably pur-
tions such as electric vehicles requires a considerable reduction igued in agueous medium, which can lead to products containing
their cost. In this regard, manganese oxides are attractive candidat&gater. The presence of water could degrade the cathode performance
as manganese is inexpensive compared to cobalt. Additionally, manduring long-term cycling. To overcome this difficulty, our group
ganese is environmentally benign compared to cobalt and thereforgecently pursued the reduction of sodium permanganate with lithium
manganese oxides will be a better choice for future lithium-ion bat-iodide in acetonitrile mediurfi® Although the product obtained by

teries as they become more broadly available. such a process exhibited excellent electrochemical performance, it
Among the various manganese oxides, both spinelwas found to contain Nalfas a byproduct.
LiMnZO4l*2 and layered LiMan'S are the most widely investigated With an objective of obtaining cleaner products, we focus in this

cathodes. Unfortunately, the spinel LiM®, exhibits limited capac- ~ Paper on the synthesis of lithium manganese oxides by a reduction
ity and capacity fade due to lattice distortions and manganese disef lithium permanganate with methanol and on their chemical and
solution. On the other hand, the layered LiMn@nds to transform electrochemical characterization. By employing lithium permangan-
to spinel-like phases during electrochemical cycling. As a way to@t€: Which has not been frequently used as a precursor for manga-

circumvent some of these difficulties, amorphous or nanocrystallind€S€ 0xides, we avoid the incorporation of other alkali metal ions
manganese oxides have been pursued recently and some of thefHCh as Na and K" into the products; the other cations could in-
exhibit high capacity with good cyclabilif** It is believed that the terfere with the extraction/insertion of lithium during the electro-
lattice distortions caused by Jahn-Teller distortion can be accommo¢hemical charge/discharge process. Methanol was selected as a re-
dated more smoothly in disordered materidls. ducing agent with an aim to minimize the residue effect since
However, the amorphous or nanocrystalline oxides are generally"€thanol is one of the smallest organic molecules.
prepared by soft chemistry procedures and three important issues
need to be considered in dealing with theginthe high surface area,
(i) the presence of residues that might not have been completely Lithium permanganaté iMnO,) was supplied by Carus Chemi-
removed by washing, an@i) the presence of lattice water originat- cal Company. Since LiMn@is a strong oxidizer and is highly re-
ing from the aqueous synthesis media. The high surface area cagctive, care was taken in storing and handling; it was stored in a
increase the rate of unwanted reactions such as the electrolyte dgacuum desiccator in a small quantity. All other chemicals were
composition. The presence of residues in manganese oxides preeagent grade and were used without further purification. The
pared by soft chemistry procedures has been noticed by severgithium manganese oxides were synthesized by adding a predeter-
groups in the literature. For example, during the reduction of per-mined quantity of methanol to a solution of lithium permanganate in
manganate with glucose, Chireg al® proposed the formation of ejther acetonitrile or a mixture of acetonitrile and wat&able 1),
reaction intermediates in which MnQetrahedral units are cross- stirring the mixture for 20 h, filtering the product, and washing it
linked with organic molecules. Leroux and NeZzaeported an in-  thoroughly with the solvent used for the synthesis unless otherwise
crease in polarization with increasing amounts of the reducing agentspecified. In some cases, lithium hydroxide was added to the lithium
oxalic acid, used. Passeriei al!? reported the detection of carbon permanganate solution before adding methanol with an aim of in-
by elemental analysis in the product obtained by the reduction ofcreasing the lithium content in the reaction product. The lithium
lithium permanganate with lithium fumarate. Furthermore, a seriesmanganese oxides thus obtained were fired at 250°C in vacuum for
of organometallic compounds reported recently show that a chemi4 day and stored in a vacuum desiccator before further chemical and
cal bond between a transition metal ion and an organic molecule caelectrochemical characterization.
be intact up to 345°C% Since most of the amorphous or poorly Elemental analysis was carried out with a Perkin-Elmer 1100
crystalline oxides for batteries are prepared under 300°C, they caatomic absorption spectrophotometdAS). The average oxidation
be prone to the presence of organic residues. state of manganese was determined with a redox titration employing
Reduction of permanganates is a popular soft chemistry route taodium oxalate. Fourier transform infraréeTIR) spectra were re-
obtain manganese oxid&SVarious organic and inorganic reducing corded with pellets made with KBr and the sample using a Nicolet
AVATAR 360 FTIR spectrometer. Thermogravimetric analysis
(TGA) was carried out with a Perkin-Elmer Series 7 thermogravi-
* Electrochemical Society Active Member. metric analyzer with a heating rate of 2°C/min in flowing &0
2 E-mail: rmanth@mail.utexas.edu mL/min). The products obtained after the TGA experiments were

Experimental
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Table I. Synthesis conditions and characterization datdof lithium manganese oxides.

Synthesis conditions Chemical composition BET
Oxidation Dry surface  Density?

Sample ID Reactants Solvents Weight fractio(i) state of Mn compositio ared (m?/g)  (kg/L)

LiMnO, CH;OH LIOH CH;CN H,O

(mmol) (mL) (mmol) (mL) (mL) Li Mn O° Uncharacterized ma$s
Al 10 40 0 360 0 6.2 48.6 26.9 18.3 2.80 Li; oMNO; g9 18.2 3.32
A2 10 4¢ 0 360 0 3.9 312 187 N/A 3.13 LiggMnO,0s  N/A N/A
B1 10 40 0 320 40 52 528 31.2 10.7 3.27 Lig7gMN0, g3 99.0 4,53
B2 10 40 0 200 160 24 619 314 04.3 3.19 LigsMnO; 74 121 4.40
C1l 10 40 25 200 160 6.6 509 34.7 07.9 3.66 Liy gdVINO, 54 110 4.20
c2 10 40 50 200 160 8.3 47.4 338 10.5 3.52 Li;sMn0O, s 197 3.58
C3 10 40 75 200 160 8.2 47.9 36.4 07.5 3.91 Li;sMnO,q 190 3.75
C4 10 40 100 200 160 8.0 47.5 36.6 07.8 3.86 Li;3MNnOyes 219 3.51
D 10 40 50 200 160 11.00 43.3 37.2 08.5 3.97 LijoMnO,e 174 3.53

aCharacterization data were obtained after firing at 250°C in vacuum for a day.

b 1-Hexanol was used for this sample instead of methanol.

¢ Oxygen fraction was calculated using charge neutrality principle based on the manganese content and the oxidation state of manganese.
4 Uncharacterized mass was calculatedvasight loss observed in TGQA (weight loss corresponding to oxygen

¢ Dry composition refers to the composition without uncharacterized mass.

f Before BET measurement, each sample was reheated at 150°C in vacuum to remove adsorbed gases.

9 Density was measured at room temperature by pycnometry with helium as filling gas.

also analyzed by AAS and titration. The chemical compositionsproducts in vacuum at 250°C. Samples Al and A2 that were ob-
were determined based on the wet-chemical analysis data as deained without any water in the reaction medium have an Li/Mn
scribed elsewher®?? Structural characterization was carried out ratio of 1 as in the precursor, lithium permanganate, indicating that
with X-ray powder diffraction. Microstructural characterization was no lithium is lost into the filtrate or during washing; any lithium
carried out with a JEOL 2010 transmission electron microscopecompound that might be formed as an intermediate appears to be
(TEM). Surface area measurements were carried out with a Quanmsoluble in acetonitrile. On the other hand, samples B1 and B2
tachrome Autosorb-1 Brunauer-Emmett-TelBET) analyzer using  obtained in a mixture of acetonitrile and water in the absence of
nitrogen gas as adsorbate. Density measurements were carried Ojthium hydroxide have an Li/Mn ratio o1 indicating that some

with a Micromeritics AccuPyc 1330 pycnometer. lithium is lost into the filtrate. However, the samples C1-C4 and D

Electrochemical evaluation of the samples after firing in vacuumgpyained in a mixture of acetonitrile and water in the presence of
at_250 C was carried out with coin-type _cells. Abou_t 120 mg of lithium hydroxide have an Li/Mn ratio of-1 indicating that lithium
oxide sample(70 wt %) was ballmilled with conductive carbon

black (25 wt %) for 10 min and then mixed with polytetrafluoroeth- hy(ﬁﬁxt'ﬁe also ?cts_ aiabll'th;u? source d.L]f.r Ing tsynthes;s. ¢ h
ylene(PTFE)binder(5 wt %) with a mortar and pestle. The mixture ' (ne samples n fable | have a significant amount of unchar-
was then rolled and cut into circular cathodes of Zarea. The acterized mas@ to 18 wt % apart from the LiMnG, compositions
weight of each cathode was typically around 20 mg. Coin cells Werethat were obtalned_ based on the manganese and I!thlu_m contents
fabricated with the cathodes thus obtained, metallic lithium foil an- ©Ptained from atomic absorption spectroscopy, the oxidation state of
ode, and 1 M LiCIQ in ethylene carbonate/dimethyl carbonétel manganese before and after th2e TGA experiment, and the weight
vIv) as electrolyte. Cells were cycled between 1.5 and 4.0 V with al0SS during the TGA experimefit? In order to have a better under-
current density of 0.1 mA/cfa To compensate for the loss arising standing of the uncharacterized mass, the residues obtained after the
from polarization, when the charge voltage reached 4.0 V, the charg] GA experiments were analyzed by FTIR spectroscopy.

ing mode was changed from constant current to constant voltage and Requction in acetonitrile medium-Figures 1 and 2 show, re-

the constant-voltage mode was continued gntil the current becam@pectively, the TGA plots and FTIR spectra of some of the samples.
less than 0.02 mA/cfnor the charge capacity exceeded 105% of The ahsorbance value in each IR spectrum has been normalized

discharge capacity in order to prevent extensive overcharge. according to a procedure described by Potter and Ros&an.

; ; Sample A1, for example, shows no weight loss up to 300°C as it has
Resul D - - - - S
o esu t.s and Discussion ) ~ been previously fired at 250°C in vacuum, but it exhibits a sharp
Oxidation of alcohols with permanganates is one of the classicalyeight loss at 300-470°C followed by a gradual loss above 470°C.
organic chemistry reactions. While the oxidation products of variousthe FTIR spectra of sample Affired atT < 500°C)show a dou-

sorts of alcohol are well characteriz&the reduction products of blet around 1500 cit, which could be assigned to C-O stretching
permanganate have rarely been studied béfoiotwithstanding modes as accounted ,for by Barboetxal 2® in an FTIR spectrum of

the high reactivity of permanganate, we found the actual reaction _ .
rate with methanol to be so slow that it took more than 10 h for theag acetate Ere%urfsor Lor I|th|un;]_man?acn:eée c_>xuilest.) Gzngraflly, tge
deep purple color of permanganate to disappear regardless of the sorption an_ or the stretching of C- single bond IS foun
kind of solvent used. However, the reaction was found to proceec?round %%022 cm’ and that for C=0 double bond is found around
faster in the presence of lithium hydroxide and reach completion1700 cm=.“® Therefore, one can conclude that the doublet found in
within 10 min. The color of the as-prepared reduction product wasbetween these two values around 1500 rwould correspond to an
reddish or light brown in the absence of lithium hydroxide and dark average C-O bond order of about 1.5. It is possible that some car-
brown in the presence of lithium hydroxide. boxylate groups that are coordinated to manganese like a chelate
The synthetic conditions and characterization data are summaeould be present. This assertion is supported by the fact that the
rized in Table I. The compositional analysis, surface area, and denexidation product of methanol by permanganates in aqueous solu-
sity data given in Table | were obtained after firing the reduction tion is formic acid(HCOOH). Since sample Al was prepared in an
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Figure 1. TGA plots of samples Al, B1, and B2 in Table | after firing at
250°C in vacuum.

aprotic solvent, manganese or lithium formate could be formed in-

stead of its acid form. A sharp absorption band found near 860 cm

could not be assigned clearly, but it appears to be related to ar
organic molecule containing carboxyl group since its intensity varies

according to that of the doublet at 1500 tn

In order to understand the reaction mechanism further, a similar
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Figure 3. X-ray powder diffraction patterns of the various samples listed in
Table 1.

could be recognized in the spectrum of A2. The additional absorp-
tion bands indicate the presence of aliphatic hydrocarbons. Consid-
ering hexanoic acid is the oxidation product of 1-hexanol in aqueous
medium, it becomes clear that the reaction mechanism in acetonitrile
is similar to that in water excepting that a salt of carboxylic acid is
formed in the former case instead of a free acid.

Thermal stability of the organic residue in sample A1 was as-
sessed by recording the FTIR spectra of the residues obtained at
various stages of the TGA experiment. The sampling points are 380,
500, and 740°C as marked by asterisks in the TGA plot of sample
Al (Fig. 1) and as denoted in Fig. 2. Comparison of the TGA and
FTIR data confirms that the sharp weight loss starting at around
300°C is due to the decomposition of the organic species. The dou-
blet at~1500 cm! and the singlet at-860 cm* were found to
weaken gradually with increasing temperature and vanish com-
pletely at around 740°C. Surprisingly, weak absorption bands can
still be seen in the sample heated up to 500°C, indicating that the
carboxylates can still be present at those high temperatures. This
observation suggests that even the crystalline manganese oxides pre-
pared from acetate or similar precursorsTatl 500°C could con-
tain some organic residue.

Figure 3 shows the X-ray powder diffraction pattern of sample
Al after firing at 250°C in vacuum. The reflections are quite weak
and broad, but the presence of crystalline phases is apparent. In
addition to the obvious identification of hausmanniin;O,), a

Figure 2. FTIR spectra of samples A1, A2, B1, and B2 in Table | after firing Cubic close packed spinel-like phadé;,Mn,_,O,) or Li,MnO;
at 250°C in vacuum. For the residues obtained from TGA, the final heatingPhase is present in the X-ray pattern of sample Al. Additionally, the

temperature is indicated.

weak reflection present around 21° could be due to organic residue
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Figure 5. (a) First discharge profilesb) cyclability data, and(c) charge
efficiency of samples Al, B1, and B2 in Table | after firing at 250°C in
vacuum.

Figure 4. TEM images of(a) sample A1 andb) sample C2. by solution-based procedur&4! The lower capacity could be due to
the presence of a significant amount of organic residue and the pres-
ence of electrochemically inactive phases such as hausmannite.

. L . Nevertheless, the sample Al exhibits excellent capacity retention as
(see later). Figure 4a shows the transmission electron MICrosCop¥ident from Fig. 5b. The capacity fade in 40 cycles<i&%. The

(TEM) photographs .Of sample Al. The presence of weII-deveIopedCharge efficiency, which is a ratio of the discharge capacity to charge
fringe patterns confirms the nanocrystalline nature of the sample

The crystallite size was found 1o range from 5 to 50 nm. capacity at each given cycle, is shown in Fig. 5c. The charge effi-

. i IR ciency generally reflects the degree of side reactions and/or over-
The discharge voltage profile of sample Al during its first cycle charge, and therefore it could represent the effect of organic residue,

is shown in Fig. 5a. A continuous decrease in voltage from 4.0 10 1.8 aer “and surface area in the present set of materials. Although the
V excepting a small plateau around 2.8 V suggesits that the sample Bharge efficiency of sample Al is initially around 96%, it improves

predominantly composed of nanocrystalline/disordered material ; ; ; 0
Additionally, the change in slope at a few points suggests that the7cont|nu0usly with cycling and reaches 99% after about 30 cycles.

phase uniformity may not be good. The plateau found near 2.8 V, Reduction in acetonitrile-water mediumAlthough sample Al
though representing a very small fraction of the whole capacity, isexhibits good cycling features, it has limited capacity and energy
another indication of the presence of a small amount of the spinebensity due to the sloping voltage profile. With the objective for
phase. The initial capacity of about 150 mAh/g is quite low com- improving the capacity and energy density and for decreasing the
pared to that found for other amorphous manganese oxides prepareimount of residue, we turned to pursue the synthesis in a mixed
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Table Il. Theoretical density of selected crystalline manganese 102
oxides.
Mi ) . 1001 ¢
ineral name Space Theoretical density
Formula or structure group (kg/L)?
MnO, Pyrolusite P42/mnm 5.189 ~ %87
MnO, Ramsdellite Pnma 4.826 By
Mn;0; Bixbyite la3 5.035 § 96 4
Mn30O, Hausmannite 141/amd 4.840 <
LiMn,0, Spinel Fd3m 4.281 <
Li;MnsO;,  Spinel Fd3m 4.056 % 94 1
LiMnO, Layered Pm2m 4.220 = 1
Li,MnO, Rock salt-ike  C2/c 3.890 92 -
2Theoretical density of each sample was calculated according to the
crystallographic parameters given in JCPDS cards. 90

1 T T i T T T
0 100 200 300 400 500 600 700 800
acetonitrile-water medium consisting of 10-40% water to obtain o
samples B1 and B2 given in Table I. The introduction of water Temperature ("C)
causes significant changes in the composition of the product as seen
in Table I. Both the fraction of uncharacterized mass and the lithiumFigure 6. TGA plots of samples C1, C2, C3, C4, and D in Table | after firing
content(or Li/Mn ratio) decrease with increasing amount of water in at 250°C in vacuum.
the reaction medium. A decrease in both the lithium content and
uncharacterized mass on going from sample Al to samples B1 ang

L9 : harge efficiency, sample B1 exhibits good charge efficiency as
B2 suggests that part .Of .the lithium in the reduqtlon produpt could besamgle Al after gfew C)F/)cle(ﬁg. 5c). The %oor charg% efficiency )(;f
present as an organolithium compound, which is soluble in water bu

not in acetonitrile. Additionally, samples B1 and B2 prepared in thegample B2 could be due to the presence of a higher amount of water

s - . .. or hydroxyl groups as they can undergo redox reactions during the
acetonitrile-water medium have higher surface areas and densitie y y! group y 9 9

éharge/discharge process.
compared to sample Al prepared in acetonitrile, possibly due to the : PP ., )
removal of the organic residue. The densities of samples B1 and B The relatively inferior cyclability of samples B1 and B2 com

| than th f f the bi id ared to that of sample Al could be due to the presence of water or
are lower than those of some of the binary manganese oxIdes SUC8H qroyps in them. However, the capacity of sample B1 continues

as B-MnO,, but higher than those of several crystalline lithium , fage even after the charge efficiency recovers. This observation

manganese oxides as seen in Table II. - , drew our attention to another important difference between samples
The weight loss observed below 100°C in the TGAli. 1) A1 and B1 or B2, viz. the difference in lithium content or Li/Mn

as well as the presence of a broad absorption H@rH stretching 4t Previous investigation in our laboratory of the reduction prod-
vibratior?®) between 3000 and 3500 chin the FTIR spectrdFig.  yct obtained with lithium iodide has indicated an optimum Li/Mn
2) indicates the presence of some adsorbed water or hydroxyl groupgtio of 2 to achieve good cyclabilif/Accordingly, we decided to

in samples B1 and B2. Since the samples were already fired ifocys next on increasing the Li/Mn ratio in the reduction products
vacuum at 250°C prior to the TGA experiment, the weight 10SS gptained with methanol.

below 100°C indicates that these samples synthesized in
acetonitrile-water medium are slightly hygroscopic. Both the  Reduction in acetonitrile-water medium in presence of LioH
samples B1 and B2 exhibit a slight weight gain around 300°C due toWith an objective of increasing the lithium content in the product,
the incorporation of oxygen into the lattice and a weight loss abovelithium hydroxide was incorporated into the synthesis medium
300°C due to the decomposition of the organic residue as found idacetonitrile-water as described in the Experimental section. The
the case of sample Al. However, the weight loss occurring aboveanalytical data given in Table I in fact illustrate the effectiveness of
300°C decreases with increasing amount of water in the reactiorihis strategy in increasing the Li/Mn ratio. The Li/Mn ratio increases
medium indicating a decrease in the amount of organic residue. Thénitially with increasing amount of lithium hydroxide, but becomes
decrease in the amount of organic residue is also supported by almost constant around 1.35 at higher amounts of lithium hydroxide.
decrease in the intensities of the absorption bands observed arourffiditionally, the surface area and the uncharacterized mass increase
1500 cmi! (doublet)and 860 cm® (Fig. 2). On the other hand, the while t_he density decreases with increasing amount of lithium
intensity of the O-H stretching absorption observed around 330chydroxide. ) )
cm™ L increases with increasing amount of water in the reaction me-  Figure 6 shows the TGA plots of the samples synthesized in the
dium indicating an increase in the amount of water or hydroxide inPresence of lithium hydroxide. The continuous weight loss from
the reaction product. ambient temperature suggests the presence of adsorbed water or

The X-ray diffraction (XRD) patterns of samples B1 and B2 hydroxyl groups. Although the samples were already fired in
(Fig. 3)indicate the presence of hausmannite and a spinel-like phas¥acuum at 250°C prior to the TGA experiments, the weight loss
as in the case of sample A1. But the amount of hausmannite appeafcurring below 250°C suggests that these samples synthesized in a
to be more in the case of sample B2 possibly due to the lower Li/MnMixture of acetonitrile and water are hygroscopic unlike sample Al
ratio. Additionally, the weak reflection observed around 21° van- (Fig- 1). Additionally, the FTIR spectra shown in Fig. 7 reveal the
ishes with increasing amount of water in the reaction medium con-Presence of water or hydroxyl groups as indicated by the absorption
firming that this reflection is due to the organic residue as suggeste@ands in the region 3000 to 3500 chand carboxylate groups as
earlier. indicated by the doublet around 1500 ¢hn

Figure 5a gives the first discharge profiles of samples B1 and B2. The XRD patterns given in Fig. 3 suggest that the samples pre-
The discharge profiles are smoother than that of sample Al suggespared in presence of lithium hydroxide consist of botiMmOzand
ing more phase uniformity. Also, the initial discharge capacities areLi,,Mn,_,O, wherex is close to 0.33. The amount of AINInO5
higher than those found for sample Al due to the lower amount ofappears to increase with increasing amount of lithium in the product.
organic residue. However, the capacity retention is inferior com-Figure 4b shows the TEM photograph of sample C2. It shows fringe
pared to that of sample AFig. 5b). While sample B2 exhibits poor patterns like sample AlFig. 4a)indicating the nanocrystalline na-
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ture of the sample. However, the crystallite size was found to be 901

much smalleraround 1 nm}han that of sample A15 to 50 nn), 0 10 20 30 40
which is consistent with the higher BET surface area of sample C2
compared to that of sample Al.

Figure 8a shows the discharge curves of the samples Synthe‘Sizel'qure 8. (a) First discharge profilesib) cyclability data, and(c) charge

in the presence of lithium hydroxide. The samples show a slopinGefficiency of samples C1, C2, C3, and C4 in Table | after firing at 250°C in
voltage profile excepting a small plateau around 2.8 V, which be-yacyum.

comes less pronounced with increasing lithium content in the prod-
uct due to the increasing amount o, MnOs;and a consequent de-
crease in the amount of the spinel phase. The initial capacities of
these samples are higher than those of samples B1 and B2. The&? that also has a higher amount of water or hydroxyl group.
samples also exhibit good cyclability as seen in Fig. 8b, in which the  Encouraged by the improved performance of the samples with
percent capacity retention after 40 cycles for each sample is given imigher Li/Mn ratio, we pursued another strategy to increase the
parenthesis. The capacity retention improves with increasing amouniti/Mn ratio further. Accordingly, sample D was prepared similarly
of lithium as anticipated in analogy with that found before for the to sample C2, but washed with only acetonitrile instead of a mixed
samples obtained with lithium iodide® acetonitrile-water solvent. As intended, compositional analysis
Moreover, the samples exhibit good charge efficieffelg. 8c) shows an increased Li/Mn ratio of 2.00 in samplgTable 1). Ac-
excepting sample C4, which was synthesized with the largestordingly, the XRD pattern in Fig. 3 indicates the presence of
amount of lithium hydroxide. Interestingly, charge efficiency mostly Li,MnOj;. Also, the TGA plot is intermediate between those
reaches its maximum value within a few cycles unlike the case ofobserved for sample Al and the C series of samples. The discharge
previous samples. The higher initial capacity, higher surface areaprofile with a continuous sloping voltag€&ig. 9a)without the pla-
and faster approach to the maximum in charge efficiency suggesieau around 2.8 V is consistent with the absence of spinel-like phase
that the materials may have more porous structure with smaller parin the XRD pattern. Although the capacity is slightly lower than that
ticle size compared to the other samples as suggested by the TEMf sample C2, sample D exhibits excellent cyclability with good
data (Fig. 4). The lower charge efficiency of sample C4 could be charge efficiencyFig. 9b and 9c).
understood to be due to the presence of the largest amount of water An analysis of the characterization and electrochemical data ob-
or hydroxyl groups as indicated by the significantly intense O-H tained for the various samples in Table | suggests that the Li/Mn
stretching band€3000-3500 cm?) of sample C4 in Fig. 7. This ratio is an important parameter for achieving good cyclability. Fig-
explanation is consistent with the low charge efficiency of sampleure 10 illustrates that the capacity retention increases with increas-
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charge efficiency could be achieved. The Li/Mn ratios in the
0 10 20 " 30 40 samples are found to play a critical role on the electrochemical
performance of the samples as has been found before with samples
Cycle Number obtained with lithium iodid€:®
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