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The Effects of Ni Doping on the Performance of O3-Lithium Manganese Oxide Material

Ki Soo Park, Myung Hun Cho, Sung Jang Jin, Chi Hoon Song and K ee Suk Nahm'

School of Chemical Engineering and Technology, College of Engineering,
Chonbuk National University, Chonju 561-756, Korea
(Received 2 March 2004 « accepted 29 April 2004)

Abstract—Lig,[LisMngs) O, and Lig[Liy,Niy,Mnge O, powders were synthesized by a sol-gel method. The powders
had a typicaly rhombohedra layered O3 structure. Both the samples were nanometer-sized powders and the size of
Lig[Liy1Niy,Mnge O, was smdler than that of Lig,[LiyMng]O,. The discharge curve shape of both the sample dec-
trodes was dmost equal to that of the layered structure. However, the electrode materials were transferred from layered
to spinel structures with increasing the cycle number. Li/Li,-[LiyMngs] O, and Liy,[Liy,Niy,Mng O, cels initialy
delivered a discharge capacity of 261 and 238 mAh/g, respectively. The capacities of Li/Liy,[LiysMnse O, and Li,-
[LiyNiy,Mng O, after the 45th cycle were 174 and 221 mAh/g, respectively, corresponding to the retentions of 67%
and 93%. The nanostructure of the synthesized powders seems to result in high initid discharge capacity as well as
in the suppression of the discharge capacity fading by providing high surface area needed for Li ion reaction. In Ni
doped-Lig[Liy,Niy,Mng O,, the capacity fading was reduced by suppressing the oxidation state of Mn from 4° to

3" dueto therole of Ni ion doped.
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INTRODUCTION

Layered oxide matearids such asLiCoO, [Kang & d., 1999; Holza
pd et d., 2001], LiNiO, [Park et d., 2001, 2002], and LiMnO,
[Davidson et d., 1995; Crohuennec et d., 1997], have been sudied
as cathode materids for Li-ion batteries. The layered oxide materi-
dswith LIMO, formula derived high discharge capacity. However,
these materids have the disadvantages of high cost and toxicity for
LiCaoO, [Armgrong et d., 1998], of thermd ingability and nongto-
ichiometric synthesis for LiNiO, [Lee & d., 1999], and of dragtic
cgpecity fading due to phase trangtion for LIMNO, [Paulsen et d.,
2000]. Therefore, many researchers have attempted to develop new
meaterids that are environmentd benign, low cog, and have high
discharge capacity. Although capecity fading of LiMnO, repidly pro-
gresses, the LIMNO, is a proper materid for this demand. Many
researchers have sudied cation doping of Cr [Davidson et d., 1999,
Al [Ammundsen et d., 1996], Co [Bruceet d., 1999], and Ni [Arm-
drong et d., 2002] for Mn Ste to suppress the cgpacity fading of
LiMnO,. These efforts showed a decrease of the capacity fading,
but any invedigation to reved the reason why these metds sup-
press the cgpacity fading is ill insufficient. The synthesis of layered
Li,MnO, with an O2 gructure has been studied by Dahn's group
usng a solid-gate reaction [Paulsen et a., 1999, 2000; Lu et 4.,
2000]. They firg prepared layered Nay,[M:Mn,:] O, with goichi-
omeric amounts of Mn,O;, Li,CO,, and Na,CO, usng asolid date-
reaction, and then ion-exchanged the prepared P2-Na,[M ;M| O,
in a boiling solution of 5M lithium bromide dissolved in hexanol
to form the layered O2 structure. They observed that the O2 sruc-
ture showed the best discherge cgpacity of about 170 mAhg [Paulsen
et d., 2000]. They dso reported the doping effects of Li, Ni, and
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Co. However, the charge/discharge curve differed from exigting lay-
ered LiNiO,, LiCoO,, etc. The curve shape had two plateausas shown
in spind gructure. On the other hand, Bruce et d. [1999] asserted
that the charge/discharge cycdling of the synthesized powdersinduces
the formation of nanogructured grain in the partides, which sup-
presses capacity loss, even though there is expanson/contraction
of the lattice and phase trandtions during the cycle. There are il
some debates on the mechanism of capacity fading inhibition by
cation doping.

In thiswork, therefore, we synthesized Li;[LiyMnye O, and Lig;
[Liy,Niy,Mng] O, usng asol-gd method to investigate the mech-
anism of capecity fading suppresson. Sodium manganese bronze
precursors were firgt synthesized by a sol-gel method, and then the
lithium manganese oxides were prepared by an ion exchange of Li
for Nain the sodium manganese bronze precursors. Structurd prop-
erties of the prepared materids were characterized by usng XRD,
SEM, and partide sze andyzer. The dectrochemica properties of
the materids were dso investigated to observe the effect of cation
doping and grain size

EXPERIMENT

Na,-[LiyeMnge] O, precursor was synthesized by using a sol-gel
method as previoudy reported [Sun et d., 1993, 1999, 2002; Park &
d., 2002]. Sodium acetate (CH,CO,Na, Aldrich), lithium acetate (Li
(CH,CO0)- 2H,0), and manganese acetate (Mn(CH,CO0)-4H,0)
were employed as sarting materias. Stoichiometric amounts of the
sodium, lithium, and manganese acetate sdts were dissolved in DI
water with a cationic ratio of Na: Li : Mn=0.7: 1/6 : 5/6. The dis-
0lved solution was added dropwise into continuoudy agjitating ague-
ous adipic acid. The molar ratio of chelding agent to totd metal
ions wes fixed a unity. The prepared solution was evaporated &
70-80°C for 5hrs until a trangoarent sol was obtained. As water
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evaporated further, the sol turned into a viscous trangparent gel. The
resulting gel precursors were hegted with a ramping rate of 1°C/
min and decomposed a 450 °C for 10 hrsin air to diminete organic
components. Thus obtained powders were cacined a 700°C in a
flow of ar for 10 hrs. After the cadination process the powders were
suddenly quenched in liquid nitrogen. In the case of Nay,[Liy,Niyq
Mn,]O, precursor preparaion, dl the process was the same except
that nickd acetate (Ni(CH,COOQ),-4H,0) and lithium acetate (Li
(CH,CO0)-2H,0) were usd ingtead of employing lithium acetate
(Li(CH,COO)- 2H,0) only. Stoichiometric amount of sodium, lith-
iumn, nickd acetate, and manganee acetate sdtswas Na: Li : Ni :
Mn=0.7:1/12:1/12: 5/6.

The prepared precursor powders (5 g) were introduced into amix-
ed solution of hexanol (150 ml) and lithium bromide (LiBr; 55 g).
Theion exchange of Li for Nain Na,-[Li,,sMnge] O, and Na,;[Liy1,
Ni,,Mng] O, was carried out a 160 °C for 3 hrsunder ar environ-
ment in abatch reactor equipped with areflux condenser. After the
reaction, the solution was filtered by using an aspirator under vac-
uum, and the remaining powders were washed with methyl acohal.
The washed powders were dried & 180 °C for 10 hrsin a vacuum
oven. After the synthesis, the structure of the prepared powders was
characterized by usng powder X-ray diffraction (XRD, D/Max-3A,
Rigaku) with a Cu-K a radidion. The particdle Sze of the prepared
sample powders was measured by a Particle and Pore Size Andy-
g5 Sysem (Particle Sze Andyzer : UPA-150).

The dectrochemica cheracterization was carried out by using
CR2032 coin-type cdls. The test cdlls were assembled by the fol-
lowing method: the cathode was fabricated with an accuratdy weigh-
ed active materia (20 mg) and conductive binder (13 mg). It was
pressed on 25 mn gainless sted mesh used as the current collec-
tor a 300 kg/o? and dried at 200°C for 5 hrsin an oven. The cell
was composed of a cathode and alithium metd anode (Cyprus Foote
Minerd Co.) separated by a porous polypropylene film (Cedgard
3401). The dectrolyte was a mixed solution of 1 M LiPF:-ethylene
carbonate (EC)/dimethyl carbonate (DMC) (1 : 2 by volume). The
cdls were assembled in an argon-filled dry box and tested a room
temperature. The cell was charged and discharged a a current den-
sty of 0.8 mA/envin the voltagerange of 20-4.6V (vs. Li/Li*).

RESULT AND DISCUSSION

Fig. 1(8) and (b) show the XRD petterns of Na,-[LiysMng O,
and Na,;[Liy,Niy,Mn] O, powders, respectively, synthesized a
700°C using adipic acid. Bath the samples show dmogt Smilar XRD
spectra. The synthesized materials are considered to have a sym-
metric P3 gructure partialy mingled with P2 phase. All the sam-
ples show a (002) plane a 26=16°, which results from Naion and
indexed P2 sructure with a symmetric hexagona space group sruc-
ture (P6,/mnc) The gpectrashow someimpurity related pesks, shown
with an agterisk. The characteridtic pegks gpectraof the P3 structure
are obsrved a 26=365, 375, 455, 53, and 57 with other smdl
pesks & 26=32, 64, 67, and 74, wheress a typica XRD spectrum
of P2 structure includes (012), (013) and (014) planes a 26=39.5,
24, and 49, respectivey, as characterigtic peeks with other low inten-
sty pesks observed at 26=32, 36, 62, 65, 67, 74. Accordingly, it
becomes gpparent that our synthesized Na,[Li,cMnss] O, and Na,,
[Liy52Niy,Mnge) O, have P3 sructure partialy mingled with P2 phase
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Fig. 1. XRD spectrafor (a) Nay;[Liy,Mng]O, and (b) Na-[Liyq,
Niy,MngO, powders synthesized at 700°C using adipic
acid.
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Fig. 2. XRD spectrafor (a) Liy,[Li,Mngs O, and (0) Lig [LiyuNiye,
Mng] O, prepared by ion exchange of Nay;[Li,6Mns O, and
Nao.7[LiJJ12NiJJ12M nS/G]OZ! reSPGCtiny-

Shownin Fg. 2(8) and (b) arethe XRD pattens of Liy[LiyMny
O, and Lig;[Liy,Niy,Mng]O,, regpectively, prepared by ion ex-
me of Nan[l—iueMnS/s]Oz and Na17[|—i1/12NiszrE/6]oz- A per-
fect ion exchange was accomplished for both the samples without
the formation of impurities. The pegk (26=16°) resulting form Na
ion thoroughly disappears, wheress the pesk (26=18°) from Li ion
gopearsfrom the XRD spedtra Thisindicates thet theion exchange of
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Li for Nain the sodium manganese bronzes is successfully achieved
in thiswork. As-prepared samples show typica rhombohedrd O3
layered gtructure. XRD patterns of the Lig;[LiyeMngg] O, and Liy;
[LiyNiy,Mnge| O, are smilar to those of Li(Mn,_,Co,)O, synthe-
Szed by Bruce et d. [1999]. The patterns are dso andogousto that
of gpind dructure. Lu et d. [Lu and Dahn, 2002], Theckeray [1997],
and Choi et d. [Choi and Manthiram, 2002] reported thet O3 lay-
ered and spind dructures have a Smilarity in XRD pesk positions
and rdlative intengties. The O3 gtructure shows the splitting of a
pesk & 26=37 into (006) and (102) aswd asthat e 26=64° into
(018) and (110), wheress the pesks (002) and (440), respectively,
a 26=37° and 66° presant only one pesk a each position for spingl
gructure. When we compare the results of above literatures with
XRD datain Fig. 2, it is conddered that our prepared samples are
O3 dructure.

One of the classification methods to digtinguish O3 from spind
dructure is in comparison with lettice congtants of the meterids. It
has been reported that a materia with c/aratio of 4.9 in rhombohe-
drd symmetry is equivdent to a cubic cdl. If ¢/a>4.9, the materid
is not the cubic cdl [Bruce et d., 1999; Armdrong et d., 1999]. We
meesured |attice congtants of as-prepared samples by using Rietveld
method. Lattice parameters, a and ¢, were 2.88 and 14.47, respec-
tively, for Lig[LiyeMngs] O, and were 2.91 and 14.99, repectively,
for Lig-[Liy,NiyMng]O,. The claratios of Lig-[LiyMng]O, and
LigALiyNiy,Mng O, were 5.02 and 5.15, repectively. The c/a
ratios of as-prepared samples are higher than that of cubic spinel
dructure. This means thet our prepared samples are O3 sructure,
but not spind sructure. The XRD patterns of Fig. 2 dso show the
broad characterigtic pesks with low intensties which seemsto be
originated from stacking faultsin the synthesized materids. Paulsen
et d. reported thet the broad characterigtic pesks with low intensi-
ties are ascribed to layer gliding effect occurred in the layered struc-
ture when the structure changes from P2 to O2 during ion exchange
[Paulsen et d., 1999, 2000]. Meanwhile, Rovertson et d. explained
that the broad pesks reflect the presence of the nanogtructure within
the particles [Robertson et d., 2001]. They suggested thet the in-
creese of the pegk broadening is dueto undear demarcation between
ordered and disordered vacancies or different form of layered stack-
ing. Therefore, it is thought that the XRD peek broadening of as-
prepared samplesis due to the presence of nanostructure within the
partides and the different form of layered stacking.

Fg. 3(a) and (b) show SEM images for Li,[LiyMny]O, and
Lig7[LiyNiy,Mng] O, powders. Both the samples show the nano-
meter-gzed powders. It is thought that the synthesis of nanometer-
szed powdersis achieved a relaively lower temperature by usng
asol-gd method, which is easy to control the size down to atomic
leve. It was reported that the sol-gd method is effective to control
the partide Sze down to atomic leve [Lee et d., 1999]. The paticle
Sze of Lig[LiyNiy,Mnge O, ismore amal (300 nm) and uniformly
dispersed than thet of Liy[LiyMnge O, (500 nm). We peculated
that the difference in particle Sze between the two samples could
be explained by using the differences of binding energy and ion-
radii of dements condituting the materids. The binding energy dif-
ference of Ni and Mn (115.2 €V) is larger than that of Li and Mn
(101.9eV) [Lide, 1997]. A gtrong binding energy might shrink the
patide Sze, resuiting in the formetion of smaller Lig[Li,,Niy,Mnyg]
O, powders. However, ionic radius of Li+ and Ni 2+ are 068 A

Fig. 3. SEM imagesfor (a) Liy/[LiygMngO, and (b) Lig-[LiypNiyw,
Mng]O, powders.

and 0.69 A [Lide, 1997, respectivdy, which is not a big differ-
encein the radius Therefore, we speculate that the particle size of
the samplesis not serioudy affected by ionic radius, but is greatly
influenced by the binding energy difference of the condtituting ee-
ments.

Fig. 4(a) and (b) present charge/discharge curves with their dis-
charge capaditiesfor Li/Liy-[LiyeMnge] O, and LifLigo[LiyNiy,Mnge]
O, cdls regpectively. The shape of discharge curve & initid cyde
for both the eectrodes is very amilar to that of layered structure.
However, the sructure of the electrode materids begins to transfer
from layered to spind gructures with incressing the cyde number.
For Liy[Li,eMn, ] O,, epedidly, the rapid capecity fading is observed
inthe 3V region. Similar capacity fading was observed in our pre-
viouswork [Park e d., 2002]. The Li/Li,/[LiyMny] O, call showed
the discharge curve shgpe Smilar to that observed from spind like
gructure after the 1% cydle. The typica spind sructure shows thet
the charge/discharge curve shepeinthe 3V region isdearly digtinct
from that in the 4V region [Thakeray, 1997]. This indicates that
Lio/[LiyeMnge] O, undergoes a phase trandformation from layered
to spind ructure during the cycling. Robertson et d. [2001] aso
observed the discharge capacity fading of LiMnO, layered struc-
ture due to the transformation of the structure from layered to spind
with cyding. However, Li-Liy:,Niy,Mng] O, shows eectrochem-
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Fig. 4. Charge-discharge curves for (a) Liy,[LisMngO, and (b)
LiorLiyNiypMngglO,.
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Fig. 5. Plots of specific discharge capacity versus cydic number
for (@) Lio/[LiysMnse]O, and (b) Lig [ LiysNiy:,M g O,.

icd characterigtics dightly different from Lig,[LiysMnsgO,. The
sample represents that the discharge curve initidly gppears asif the
meterid hasalayered sructure, but the sample transits from layered
to spind gtructures with cyding, as observed from Liy-[LigMnge O..
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However, the discharge capacity fading with the cycle number is
sgnificantly reduced in Lig,[Liy.,Niy,Mnge]O,. Thisis because the
discharge capacity inthe 3V region, which showed the rapid fading
in Lig [LiyeMnge]O,, dightly fades in Liyo[Liy,Niy,Mmng]O, with
increasing the cycde number.

Fig. 5 shows plots of the discharge capacity measured a room
temperature versus cycde number for the fabricated Li/LiPR-EC/
DMC (1: 2 by val)/Li/Liy[LiysMngg O, and Lig[Liy,Niy,Mngg O,
cdls The capadity was meeaured in the potentid renge of 20-4.6V
a room temperature. Li/Lio,[Li Mg O, and Lig[Liy,Niyp,Mng O,
cdlsinitidly deliver discharge cagpedities of 261 and 238 mAh/g, re-
ectively. However, the capecity of Lig,[LiysMnys] O, and Lig[Liy
Ni;;,,Mng] O, gradudly decreases with the cycdle number to be 174
and 221 mAh/g dter the 45th cyde, repectively. The cgpacity fading
ratio of Lig-[Liy,Niy,Mnye O, islower than that of Lig[Li Mg O..

It is seen from Fig. 4 thet the discharge capacity fading mostly
appearsin the 3V region. This charge/discharge behavior is Smi-
ler to that of Li,MnO, reported by Armstrong et d. [2002]. They
reported thet the insertion of lithium into regular spind a 3V forms
the tetragona phase and a cubic/tetragond phase boundary moves
in the partides. The formation of the tetragona phase generates a
volume expansion, goproximately 6% larger than the cubic phase,
and the expangion is anisotropic with a c/aratio for the tetragonal
phase, reaulting in the development of a grain in the crygdlites.
When layered lithium manganese oxides convert to a spind-like
phase, they generate a nanostructure within the particles. The origi-
nd particles remain larger intact and continue to be pulverized into
micrometer dimengonsindde. The partides contain amosaic or a
nanograin structure within them. The authors indsted thet the for-
mation of the nanograin structure by this way reduces discharge
capadity fading. A smilar sructure has been observed when orthor-
hombic LiMnO, convertsto spind with cydling [Armgrong et d.,
2002] and for duminum doped layered materids[Jang et d., 1999;
Chiang et d., 2001]. Studies have dso discussed the crystdlogra
phy of the transformetion. They detected thet, on insartion of lith-
ium into the spingl-like materid, the small grains, typically with
dimensions of around 60 A, can distort phases with the strain of
the trandformation being accommodated by dippage a the grain
wall boundaries. As a result, the reduction of the discharge capac-
ity is conddered to be due to the formation of nanogtructuresin the
origind particles by the firg-order phase transformation between
undistorted and Jehn-Teller ditorted materias.

As discussad above, if the nanograin sructure, which decreases
discharge capecity fading, initidly forms, the cgpacity fading of the
samplemight be suppressed. In thiswork, we synthesized Lig[Liyq,
Niy,,Mny] O, powders condsted of nanograins usng asol-gd meth-
od. FHg. 6 shows the nanograinsin the Lig[Li;;,Niy,Mnge] O, pow-
ders. The nanograin structure is gpparently observed a magnified
SEM image of one particle. In the case of Liy/[Li,sMny]O,, the
same result was a0 obsarved. It ssemsthat the synthes's of nano-
gructured particles affords the formation of high surface area nec-
essay for Li ion reaction, resulting in that both the samples deliver
highinitid discharge capacity. However, the cgpacity fading repidly
progressed for Lio [ LiyeMnse|O,, but not for Lio [ LiyNiz,Mnsel O,
Ammundsen et d. [2001] reported that nanoparticles would pro-
duce a high surface areg, but they lead to capacity fade because of
the catdytic nature of the manganese oxide surface toward eectro-
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Fig. 6. Magnified SEM image of a Liy-[Liy1.Niy,Mnge O, partide.

chemicd oxidation. However, in the case of Liy[Liy,Niy,Mng O,
dthough the sample forms nanogtructure, capacity fading does not
sgnificantly appear. This can be explained with the change of man-
ganese oxidation gate with cycling. Liy-[LiysMnge O, cannot con-
trol the change of manganese oxidation sate from Mn™ to Mn*
during the insartion of Li because it indludes only Li whose oxida:
tion gate is +1. The progress of the charge/discharge processes in-
creases the populaion of M in the structure and the discharge
capecity rapidly fades due to Jahn-Tdler-distortion induced by the
phase trangtion. In the case of Ni-doped Liyo[Liy,Niy,Mngg O,
however, the trandtion of Mn™ to Mn®* will begin after dl Nid+
are totally reduced into Ni** during the charge process. This sup-
pressss the phase trangition from M to M, which generates
the Jahn-Teler-digtortion. This phenomenon is able to reduce the
rapid cgpacity fading induced during the charge/discharge processes.
Consequently, in thiswork, we were able to synthesze the Lig[Liy.,
Niy1,Mng,] O, powders congigting of various nanometer-szed nan-
ograins usng a 0l-gel method at low temperature and could sup-
press the change of Mn oxidation sate by Ni-doping. This enables
the Lio-[Liy,Niy,Mng O, to ddiver high initid discharge capac-
ity whileit retainslow capecity fading.

CONCLUSION

Lior{LiyeMng] O, and Lo Liy:Niy,Mnee] O, powders were syn-
thesized by using asol-ge method. The powders hed atypicd rhom-
bohedrd layered O3 dtructure, and the c ratios of Lig[LiyeMnge O,
and Lig-[LiyNiyp,Mng O, were 502 and 5.15, respectively. Both
the samples showed the nanograin structure observed & a magni-
fied SEM image of one partide. The particle sze of Lig[Liy,Niy,
Mnge] O, (300 nm) was smdler than that of Liy/[Liy,Mn, O, (500
nm). Li/Liy-[LiyeMngg O, and Liy[LiyNiy,Mng] O, cdlsinitidly
delivered discharge capacities of 261 and 238 mAN/g, respectively.
However, the cgpadities gradudly decreased with the cyde number
to be 174 and 221 mAh/g after the 45th cycle, respectively. It was
concluded which is hanometer sized nanograins and suppress the
change of Mn oxidation date by Ni-doping in Lig-[Liy1,Niy,Mng O,.
LioLiyNiy,Mny] O, ddivered highinitid discharge capacity while
retaining low capecity fading.
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