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Layered LiNbsMnosxTixO. was prepared by

an emulsion drying method. Solid solution of

LiNiosMnos5«TixO2 (R3m, space group) was formed xo< 0.3, and wherx > 0.3, the layered structure
transformed to the simple cubic structure. Rietveld refinement of X-ray diffraction data clearly showed
that a small amount of Ti doping into LipiMng sO, structure resulted in reduced cation mixing in the

Li layer, and the stronger FHO bond relative to the MO one would stabilize the crystal structure.
Consequently, chargalischarge capacity and t.chemical diffusion of Li/LiNpsMngs-TixO- cells were
enhanced by the improvement of physical properties in the oxide matrix. For a higher level of Ti doping,
the obtained capacity decreased because a large amount of electro-inattiye‘idepressed the
conduction of electrons in the oxide. The cyclability of Li/LdMnos—«TixO2 (x = 0—0.3) cells was

also dependent on the amount of Ti because of a different degree of cation mixing. In situ XRD observation
confirmed that the variation io-axis was different by increasing the Ti doping amount. That is, the Ti
doping resulted in a smaller variation in tleeaxis, which would be ascribed to the improvement of
structural integrity by the stronger bond of70O in the oxide matrix, compared to the Ti-free one. The
Ti-doped LiNi sMng 5«TixO, materials also have good thermal safety characteristics at a highly oxidized
state, as confirmed by differential scanning calorimetry.

Introduction

Lithiated cobalt oxide, LiCog) is one of the most popular
positive electrode materials in Li-ion secondary battery
systems. Fundamentally, the LiCogshows a high capacity
with good reversibility when it is cycled between 2.0 and
4.3 V. Due to the dissolution of Co ingredient into the

hand, the tetravalent Mn provides significant structural
stability during electrochemical cycling even at the high
voltage cutoff limit, 4.6 V.

Kobayashi et at?!! reported that LiNjsMngsO, also
shows cation mixing of about 10% due to the similarity of
ionic radius between Liand N#*. Kang et ak? and our

electrolyte accompanied by releasing oxygen from the host groug? showed that discharge capacity of LilVing O, was
structure at a highly oxidized state, this material has a limited increased by 1830% of its initial discharge capacity by

upper voltage cutoff to 4.3 V versus Ef.
LiCoO; is still relatively expensive and toxic. Therefore,
it is likely that the better way is direct preparation of

doping with other elements, such as Al and Ti, and the
cycling stability as well. However, the Al doping resulted
in a significant increase in resistance of the oxide as measured

electrochemically stable positive electrode material such asby area specific impedance. Kim and Amifi€also reported

LiNi"sMn'V50,.4° This material adopts a hexagonal unit
cell like LiCoO, and LiNiOG,. In addition, it shows the
superior characteristics of a larger capacity than Li®In
and better thermal stability than LiN®7 Recently, it was
experimentally demonstrated that divalent Ni is oxidized to
4+ while tetravalent Mn remains inacti$€.0On the other
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that an appropriate amount of Ti doping in LiNi@nhances
structural integrity, and it, in turn, provided improvement in
cyclability. In some cases, though a small amount of Ti was
introduced into LiNiQ, the corresponding structural integrity
and cyclability were even worsé1’ It is thought that such
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a difference may be caused by an inappropriate synthetic
method. Noguchi’s group recently suggested that a favorable
way to prepare Ti-doped cathode material is to use the P
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solution method instead of the conventional solid-state
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In this work, layered LiNj sMnosxTixO2 (x = 0—0.3) was

successfully synthesized via an emulsion drying method,
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We report on our investigation of Ti doping effects on

structure and electrochemical properties of kiNNg s« TixOx. f

Experimental Section 10
LiNigsMngs-xTixO, powders were prepared by the emulsion
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Cu Ka 26
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drying method. We previously reported details of the emulsion Figure 1. XRD patterns of LiN.sMnos-xTixO calcined at 950C for 12

drying metho?~23 Starting materials used for the synthesis of
LiNi 9. gMngs«TixO, were LING; (Kanto), Mn(NQ),-6H,0 (Kanto),
Ni(NO3),*6H,0 (Kanto), and Ti[OCH(CH);]4 (Aldrich). In the
starting emulsion, the atomic ratio of Li/(I#Mn+Ti) and Ni/

(f) x = 0.5.

hinair: (a)x =0, (b)x=0.05, (c)x=10.1, (d)x= 0.2, (e)x= 0.3, and

Table 1. Chemical Compositions of LiNpsMnos-xTixO2 Calcined at
950°C for 12 h in Air Measured by AAS

(Mn+Ti) were 1.25 and 1, respectively. The obtained powder xin LiNigsMngs xTixO2 chemical compositions color
precursors were preliminarily annealed at 4@ for 6 h in air, 0 Liz.odNio.4gMno 56002 black
and then they were calcined at 980 for 12 h in air. 0.05 Lir.0iNio.4gMNg 4sTio0d0,  black

X-ray diffractometry (XRD, Rigaku Rint 2200) and transmission 0.1 Liz.oNi0.4gMNo.aoTi01d02  black
electron microscopy equipped with energy-dispersive spectroscopic 85 Hl-oﬂo-“g\ﬂwzo-?"’ﬂo-lgz gg:t E:gaz
(EDX) elemental mapping (TEM; 200 kV, Hitachi, H-800) were 05 099704810207 10.26-2 yellow green

employed to characterize the prepared powders. XRD data were

obtained 2 = 10 to 100, with a step size of 0.03and a count  peaks were fitted with a psuedo-Voigt or Lorentz function, and
time of_ 5s.The c_ollected intensity data of XRD wire analyzed by typically 10 or 12 peak positions were inputted to minimize the
the Rietveld refinement progranfullprof 20004 Chemical least-squares difference between the calculated and measured peak

compositions of the resulting powders were analyzed by atomic positions by adjusting the lattice constant and the vertical displace-
absorption spectroscopy (Analyst 300, Perkin-Elmer). ment of the sample.

For fabrication of working electrodes, the prepared powders were  por differential scanning calorimetry (DSC) experiments, the cells
mixed with acetylene black and polyvinylidene fluoride (80:15:5 \yere finally charged to 4.6 V and opened in the Ar-filled drybox.
in weight) inN-methylpyrrolidinon. The slurry thus obtained was  after the cell was carefully opened in the Ar-filled drybox, the
coated onto Al foil and dried at 80C for 1 day for roll-pressing  extra electrolyte was removed from the surface of the electrode,
(500 kg cn1?). The cathode loading was about 10 mg onto the Al ang the electrode materials were recovered from the current
disk after punching (16 mm in diameter). The electrodes were dried co|lector. A stainless steel-sealed pan with a gold-plated copper
again at 120C for 4 days in a vacuum state prior to use. A 2032 geq| (which can withstand 150 atm of pressure before rupturing
type of coin cell consisted of the cathode, lithium foil as an anode, and has a capacity of 30.) was used to collect-35 mg samples.
and 1 M LiPFs in ethylene carbonatediethyl carbonate (2:1 in - The measurements were carried out in a Pyris 1 differential scanning
volume) as an electrolyte. The cells were charged and dischargedcalorimeter (Perkin-Elmer) using a temperature scan rate°af 1
between 2.7 and 4.6 V vs Li by applying a current density of 20 min-1, The weight was constant in all cases, indicating that there
mA g+ at 25°C. For galvanostatic intermittent titration technique  \yere no leaks during the experiments.

(GITT) measurement, a constant current flux was applied for a given
time followed by open circuit for 10 h.

In situ XRD data were obtained using a Rigaku Rint 2200
diffractometer from 2 = 10 to 70, with a step size of 0.03and Figure 1 shows XRD patterns of LipiMngs—xTixO»

a count time of 7 s. The in situ cell and attachment were fabricated (x = 0—0.5), obtained by calcining the emulsion-dried
by Rigaku, Inc., with a polypropylene film window fitted in the  powders at 950C for 12 h in air. The starting ratio of Li/
base of the cell to avoid the corrosion of a conventional beryllium [Ni+Mn] was decided to be 1.25 because a small amount
window at higher potentials. The cell was charged and discharged of lithium evaporation was observed at higher temperature:
with a current density of 20 mA'g. The lattice parameters were furthermore, prolonged heat treatment at that temperature
calculated by the following method: the positions of the individual resulted in r’nuch more evaporation of lithid#Therefore
calcination of the emulsion-dried powder (Li/[NMn-+Ti]

= 1.25) at 950C for 12 h in air brought about stoichiometric
compositions as analyzed by atomic absorption spectroscopy
(AAS), as shown in Table 1. The diffraction patterns can be
identified as a hexagonal-NaFeQ structure with space
group R3m up tox = 0.3 in LiNigsMngs«TixO.. Forx =

0.5 in LiNig.sMng s« TixO, the structure changed to a simple
cubic structure (Figure 1f) because of the disappearance of

Results and Discussion
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Figure 2. Rietveld refinement result of XRD pattern of LifNMng 4Ti0.102
calcined at 950C for 12 h in air.

the (003) peak. A clearer splitting of (108) and (110) is seen
for LiNigsMngs—«TixO2 (x = 0—0.3) in Figure 1, which

indicates that the layered structure is developed well. Colors

of the prepared powders were also dependent on the T

substitution amount, as described in Table 1. A small amount

of Ti substitution for Mn resulted in black color. However,
a higher level of Ti replacement gave dark brown or green
color, which is indicative of its low electronic conductivity
as the similarity was reported by Tsuda et€l.

There are some striking features in the XRD patterns in
Figure 1. First, the diffraction peaks are shifting to a lower
angle with increasing amount of Ti, which indicates a gra-

dual increase in lattice parameters. Second, the integrated

intensity of the (003) peak is gradually decreased by
increasing Ti doping amount (Figure 1a). The intensity
becomes smaller than that of the (104) peak fsom0.2 in

LiNi ¢ sMnos-xTixO2. In fact, the amount of the Li element is
close to 1 as confirmed by AAS (Table 1). However, a small
amount of the tetravalent Ti, whose valence is equivalent to
that of Mn, resulted in such a decrease in (003) intensity, as
shown in Figure 1. Third, full-width at half-maximum
(fwhm) of the (104) peak decreased with increasing Ti
doping amount.

To understand the influence of the Ti doping on the
structure, Rietveld refinements were carried out for all
compositions by assuming the space groug@f. For the
refinements, it was supposed tha?Nliocated at the 3a sites
can be exchanged with Lioccupied at the 3b site due to
similarity of their ionic radii (Li": 0.70 A; N#+: 0.76 A27).

For Ti** (0.60 A) and Mri* (0.54 A) the ionic radii are much
smaller than that of Ui so that the possibility of T and
Mn#t incorporation into the Li layer is excluded for the

refinement. The resultant refinement pattern and parameters

are shown in Figure 2 and Tables 2 and 3, respectively. The

Chem. Mater., Vol. 17, No. 9, 20529

Table 2. Structural Parameters Obtained from Rietveld Refinement
of XRD Data of LiNi gsMng4Tio.102 Calcined at 950°C for 12 h in
Air (Starting Ratio of Li/lM = 1.25)

formula LiNio_NﬂoATio_lOz

crystal system hexagonal

space group R3m
atom site X y z g

Li 3a 0 0 Y, 0.933(5)
Ni 3a 0 0 Y, 0.062(5)
Li 3b 0 0 0 0.062

Ni 3b 0 0 0 0.436(4)
Mn 3b 0 0 0 0.394(4)
Ti 3b 0 0 0 0.098(4)
(0] 6¢C 0 0 0.2574(20) 1

Table 3. Metal—Oxygen Distances of LiNysMn s 4TixO, Calcined
at 950 °C for 12 h in Air @

Xxin Li—O M-0O MO2 M-M Ry
LiNi 0.sMno5-xTixO2 A G)) A A %)

0 2.1045(11) 1.9812(11) 2.3143 4.7621 13.5
i 0.05 2.1084(18) 1.9880(16) 2.1581 4.7666 4.70

. 2.1111(18) 1.9936(16) 2.1869 4.7709 5.83

0.2 2.1185(15) 1.9998(24) 2.1987 4.7777 6.14

0.3 2.1256(21) 2.0097(15) 2.2169 4.7843 14.7

2 The distances were calculated by Rietveld refinement. (Averag®Li
and M—O0 distances, thickness of the MG@lab layer and metal to metal
(M—M) interlayer distances.) M donates Ni, Co, and Mn. MO (%3 — 2
X Zoxygen X C. M—M = ¢/3.
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Figure 3. Variation of lattice parameters of LibliMnosxTixOz (x =
0—0.3) calculated by Rietveld refinements.

the ionic radius of M (0.54 A) and T#* (0.60 A). These

refinements resulted in a good agreement between theresults clearly confirm that Ti substitution for Mn sites was

observed and calculated patterns, shown in Figure 2. Thesuccessful and the single-phase solid solution was formed
lattice parameters were also calculated by the refinement asup tox = 0.3 in LiNigsMngs-xTixOx.

shown in Figure 3. Tha- andc-axes increased linearly with

Ti substitution, suggesting that Ti was substituted for the
Mn, obeying Vegard’'s law. The reason for the increase in
the structural parameter is primarily due to the difference in

(26) Tsuda, M.; Arai, H.; Ohtsuka, H.; Sakurai, Electrochem. Solid-
State Lett2004 7, A343.

(27) Shannon, R. DActa Crystallogr., Sect. A: Found. Crystallog976
32, 751.

Cation mixing of the final products was greatly dependent
on Ti amount (Figure 4). The Ti-free sample showed a high
cation mixing ratio of about 10%, which usually appears in
the literaturel®!! As was reported previously by Chang et
al.'s a small amount of Ti substitution for Ni in the LiN{O
system usually brought about a severe cation mixing. On the
other hand, the cation mixing abruptly decreased by a small
amount of Ti doping in the LiNisMngsO, structure in our
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5 0.2 ———T— LiNiosMng 2Tig 30,. The observed particle size was about 1
£ - um in diameter. Clearly, Ni, Mn, and Ti were uniformly
= 020 - distributed throughout the crystalline oxide, which coincides
9 with the Rietveld refinement of XRD data. This indicated
E 015} - that the emulsion drying method made it possible and easy
7:' to form the solid solution oxides.
'..E. 010} - Figure 6 illustrates the cell voltage versus capacity curves
3 \ I for the first charge and discharge of Li/LiNMng s—xTixO>
£ 005} - . (x = 0-0.3) cells between 2.7 and 4.6 V. The cathodes are
& first galvanostatically charged and subsequently discharged
Z o000l . by application of a current density of 20 mA‘gat 25°C.
0.00 )‘m ‘;_‘I‘;‘:”fw‘:f" °-T2.533° 035 The Ti-free LiNipgMnos «Ti,O, had the initial discharge
0" Mosx | 1x2 capacity of 154 mA h @', showing a Coulombic efficiency
Figure 4. Ni amount in Li layer of LiNbsMnosTixOz (x = 0-0.3) of 72%. However, the cathode doped with 0.05 mol of Ti

obtained by Rietveld refinements. . . . . .
per formula unit delivered an increased discharge capacity

experiment (Figure 4). Whexn= 0.3 in LiNiosMnos-xTi,Ox, of 175 mA h g?, of which the efficiency corresponds to
the cation mixing increased drastically again up to 23% 77% (Figure 6). Whex = 0.3 in LiNigsMnos«TixO,, the
probably due to the formation of solid solution of LiTiO initial discharge capacity was only 88 mA h'gand the
that showsed ooyl 104y = 0.628 However, one can clearly ~ efficiency between charge and discharge capacity was only
observe the disappearance of the (003) peak fer0.5 in about 44%. Such a large irreversible capacity is probably
LiNi 0.sMno s »TixOz in Figure 1f, which shows simple cubic ~ due to the greater cation mixing into the Li layer at a higher
structure. In this case, the average oxidation state of Ti is level of Ti substitution; similar phenomena were observed
4+. This suggests the difficulty of the formation of rock- by Delmas’ groug?*! Furthermore, the polarization esti-
salt-structured LiTi@ in the final product, whose valence ~mated between charge and discharge potentials was decreas-
of Ti is 3+. As mentioned in Figure 1, Ti doping slightly ing for x = 0.05 and 0.1 in LiNjsMnos«TixO,, but the
lowers the integrated peak intensity of (003) peak. Nonethe- polarization became higher by further increasing the Ti
less, the cation mixing is still lower untd = 0.2 than that ~ doping amount (in Figure 6). Such behaviors from the
of x = 0 in LiNiosMnos-Ti,O. (Figure 2). As can be seen obtained capacity and polarization would be related to the
in Figure 1, the full-width at half-maximum of the (104) peak cation mixing as is seen in Figure 4. If the divalent Ni ion
is clearly decreasing with incorporation of Ti into the L is located at the 3b site (Li layer), it consequently disturbs
Mno 5O, structure (Figure 3). It is more likely that the cation the Li* diffusion in the interslab space with larger polariza-
mixing would be related to bonding strength between metal tion. Therefore, LiNgsMnos«TixO2 (x = 0.05-0.1), pos-
ion and oxygen in this case because the amount of divalentsessing the lower cation mixing, exhibited lower polarization
Ni remains unchanged for all compositions as shown in Tableto enhance the electrochemical properties. Similar results
1, and the tetravalent Ti was partly substituted for the were also seen in the same system, as reported by Noguchi’s
equivalent Mn. If the cation mixing occurs preferably group3
depending on the ionic radius, the occurrence of the cation To observe the detailed difference by Ti substitution, the
mixing should be much favored by Ti doping in the LiMi initial charge and discharge curves were differentiated as
Mng sO; structure because the ionic radius of'Tis closer shown in Figure 7. The Ti doping up t& = 0.1 in
to LiT, compared to Mft". However, the result clearly  LiNigsMngs 4TixO- slightly increased the charge and dis-
indicates that the degree of cation mixing was reduced by acharge voltage. Higher level of Ti doping brought about an
small amount of Ti substitution (Figure 4). Though a direct increase in the operation voltage (Figure 7). Goodenough'’s
comparison is impossible due to the lack of information about group®® explained a similar phenomenon using oxide and
the bonding strength, it is able to deduce by employing the sulfide. We also explained a similar result for the oxide
Gibbs free energy of the formation at 298 K,.j.81nO, system LiALMn,_,04.2* In these cases, the stronger bonding
(—465.14 kJ mot?) and TiQ, (—889.5 kJ mot?).° Hence, resulted in an increase in redox energy. As mentioned above
Ti*" substitution for MA™ indirectly means that the bonding in Figure 4, Ti-O bonding would be stronger than that of
strength of the oxide matrix by Ti doping is stronger than Mn—O so that the stronger bonding, in turn, would raise
that of Ti-free LiNb sMnoO,. That is, the structural integrity ~ the redox potential of Ni’4* (Figure 7).
of the oxide would be influenced by introduction of the Figure 8 depicts the continuous charge and discharge
strong bonding of O into the crystal structure. From the curves of the Li/LiNpsMnos«TixO, (x = 0-—0.3) cells
above results, it is suggested that a small amount of Ti dopingbetween 2.7 and 4.6 V by application of a current density
is significantly effective in stabilizing the LiNEMng s-«TixO2 of 20 mA gt at 25°C. The Ti-free sample showed the initial
structure.

Figure 5 shows the STEM elemental analysis image and (30) Pouillerie, C.; Croguennec, L.; Biensan, Ph.; Willmann, P.; Delmas,

the corresponding EDS maps of Ni, Mn, and Ti for the C. J. Electrochem. So@00q 147, 2061.
(31) Gulimard, M.; Croguennec, L.; Delmas, L Electrochem. So2003
150, A1287.
(28) Joint Committee on Powder Diffraction Standaréde No. 40-1053. (32) Li, D.; Muta, T.; Noguchi, HJ. Power Source2004 135 262.

(29) Samsonov, G. VThe Oxide Handbogk2nd ed.; IFI/Plenum Inc., (33) Manthiram, A.; Goodenough, J. B. Solid State Chenl987, 71,
USA, 1982; pp 44-48. 349.
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2 um

Figure 5. (a) STEM image of LiNé sMno 2Tio 30, calcined at 950C for 12 h in air; EDS mappings of (b) Ni, (c) Mn, and (d) Ti elements.
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Figure 6. Initial charge and discharge curves of Li/LN¥MngsxTixOz (X
=0-0.3) cells. A constant current density of 20 mAlgvas applied across Voltage / V

the cathode between 2.7 and 4.6 V at"Z5 Figure 7. Differential capacity versus voltage of the initial charge and

discharge of about 154 mA h-§and retained its original discharge curves for LiLiNiMNo - TiOz (x = 0-0.3) cels.

capacity of 90% at the 50th cycle (in Figure 8a). As the Ti be surrounded by octahedral sites containinty Td°) and
content increased up 0= 0.1, Li/LiNigsMngsTixO> cells Mn#t (d®). The large amount of i (d°) would block the
exhibited some increased discharge capacities and capacitgurrent path, hence, the increased electronic resistance of
retention, compared to those of LNMno0,. Especially, the LiNipsMngs«TixO2 resulting in the lower capacity. As
whenx = 0.1, the capacity retention at the 50th was close described in Table 1, the poor electronic conductivity would
to 99% of its initial discharge capacity. Further Ti doping be one reason for this insufficient performance. From this
lowers the obtained discharge capacity in Figure 8d,e. This consideration, the lower capacity of LiNMnos«TixO; cells
behavior can be understood by the following supposition: might be ascribed to the blocking of the electron conduction
electrons produced by the oxidation reaction?(Ni> Ni** through the octahedral sites occupied by* Tiduring

+ 2e7) probably migrate through the d orbital in the tran- electrochemical Li de/-intercalation, especially under higher
sition metal layer. The octahedral site containingNiould Ti concentration. The difficulty of the electron transport
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Figure 8. Continuous charge and discharge curves of Li/b#Ning s«

TixOz2 (x=0 — 0.3) cells; (a)x =0, (b)x = 0.05, (c)x = 0.1, (d)x=0.2,

and (e)x = 0.3. A constant current density of 20 mA\gwas applied
across the cathode between 2.7 and 4.6 V at@5

consequently led to the large resistance as seen in Figures 6°€

and 7; similar phenomena were previously observed in the
spinel LiNigsMn; s xTixO4 system?* Accordingly, it was
found that a small amount of Ti doping o= 0.1 enhanced
the obtainable discharge capacity because of the improvemen
in structural integrity, but higher Ti contents deteriorated the
capacity due to the structural disorder by cation mixing and
blocking of electron transport by an electro-inactive Ti
ingredient.

In situ XRD measurements were carried out to understand
structural changes of the active materials and their depen-

dence on Ti contents. The first charge and discharge curves ~
g g parameters were calculated based on hexagonal leiRBos) (

are given, and the measurements were done at the circle
marked points in Figures 9a, 10a, and 11a. Diffraction peaks
of stainless ex-met (revealed as S) are used as the intern

9b, 10b, and 11b.

As Lit deintercalated from the host structure, |jgfeaks
were gradually shifted toward a lower angle u#tik 0.6 in
Li;—sNigsMng sO, (Figure 9b). Then the peaks were moved
to a higher angle in the first charge stage (Figure 9b). On
the other hand, all other peaks were shifted smoothly toward
a higher angle in 2 during the first charge without any peaks
of secondary phases in the XRD pattern. The reversible
behaviors were seen during discharge. Wideis 0.4 in
Li;—sNigsMngsO,, one can see minor changes in the dif-
fraction pattern, that the (006) peak is merged with the (102)

(34) Kim, J.-H.; Myung, S.-T.; Yoon, C. S.; Oh, I.-H.; Sun, Y.-K.
Electrochem. So2004 151, A1911.

a
standard and the corresponding patterns are shown in FigureQ

Myung et al.
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Figure 9. (a) Charge and discharge curves of the initial cycle for Li/kiNi
Mno 50, cell. In situ XRD measurements were carried out at the position
marked by the circles. (b) In situ XRD patterns of LjNiosMnosO; as a

function of Li content during the first cycle. S donates a stainless ex-met
for loading active materials, and the ex-met was used as the internal standard
for calibration.

ak on charge (Figure 9b). For;LjNigsMng4sTio.050z,
similar behavior was observed at= 0.5 in Li;—sNig s

Mng 4sTi0.050, on charge (Figure 10b), similar toLisNig s

Mng s0O,. Meanwhile, overlapping of (102) and (006) peaks
yas hardly observed for LisNigsMng2Tio 30, (Figure 11b),
which means that single-phase reaction occurred topotacti-
cally during Li* de-/intercalation.

From in situ XRD patterns in Figures—41, lattice
parameters were calculated by the least-squares method and
the results are shown in Figure 12. Differences inghand
c-axes and unit volumeA@a, Ac, andAV, respectively) during
the first cycle were used for comparison. The lattice

As Li" ions were extracted from the host structuaeaxis
gecreased monotonically, which corresponds to the reduction
f the metat-metal interslab distance, because the ionic radii
of Ni3t and Ni** formed during charge are smaller than that
of Ni?*. This, therefore, leads to a decrease of metalygen
distance and increase in covalency, especially at the highly
delithiated state. The reverse variations in #axis were
seen upon the intercalation process. Thaxis constant
increased until 0.5 mol of Lliper formula unit was extracted,
and then the value of-axis parameter decreased abruptly
in the following deintercalation for LisNipsMngs—xTixOz

(x =10, 0.05). The increase in tleeaxis parameter is due to
the increase in the Coulombic (electrostatic) repulsion force
between the oxygernoxygen layers by the ionicity of MO
bonding. And the decrease in tb@xis parameter in a highly
oxidized stated > 0.5) is probably due to less electrostatic
repulsion between the oxygeoxygen layers resulting from
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Figure 10. (a) Charge and discharge curves of the initial cycle for Li/
LiNi 9.sMno sO2 cell and (b) in situ XRD patterns of LisNig sMng.45Tig.0602
as a function of Li content during the first cycle.
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Figure 11. (a) Charge and discharge curves of the initial cycle for Li/

LiNi g sMng 502 cell and (b) in situ XRD patterns of LisNigsMng 2Tip 302
as a function of Li content during the first cycle.

the increase in covalency between transition metal and
oxygen bond. Similar variations were also observed in

layered O3 type LiC&sNips02,% LiNii— MO, (M = Mn,
Mg),%6:37 and LiMn,Cr;—40,.23

(35) Ohzuku, T.; Ueda, AJ. Electrochem. Sod994 141, 2010.
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Figure 12. Variation in Iattlce parameters and unit cell volume of
Li1—sNio.sMnos—TixO2 (x = 0, 0.05, and 0.3).

On the other hand, a small amount of Ti substitution for
Mn sites gave rise to somewhat smaller variation inctaeis
(Ac = 0.05 A) for Liy—sNio sMng.4sTio.0s02 probably due to
the improved structural integrity by Ti doping in the crystal
structure, compared to LisNigsMng O, (Figure 12). There-
fore, LiNigsMnos«TixO, (x = 0.05 and 0.1) had the best
cyclability among the samples in Figure 8, which would be
ascribed to the reduced cation mixing of the host structure.
A higher level of Ti substitution, LiNisMng 2Tio 0., showed
a significantly suppressed variation in tb@xis during the
first charge and discharge. The change inakexis clearly
indicates that continuous oxidation of MNito Ni*" is
predominant in the first charge for LipiMng2Tip302; a
similar variation was observed for LipiMngs—xTixO2
(x=10, 0.05). In this case, it is possible that the severe cation
mixing affected the variation in theaxis. From these results,
it is reasonable to think that incorporation of Ti ingredient
into the host LiN$sMnos0, structure brings about the
improvement in structural integrity with the stronger bond
of Ti—O and it consequently influences theaxis variation
and rechargeable capacity during cycling.

Figure 13 shows chemical tidiffusion of Li;—sNigs
Mnos-xTixO2 (x = 0—0.3) as a function of Li amounts.
Chemical diffusivity was calculated fox = Li;—sNigs
Mnos-xTixO2 (x = 0—0.3). D+ was calculated according to
eq 1 derived by Huggin®,

d\2
2

Iode

< 4[Vm)? (dé)

DU*_E(FA) (ﬁ) fort<'g
2

dtl/

)

Li+

(36) Yoshio, M.; Todorov, Y.; Yamato, K.; Noguchi, H.; Itoh, J.; Okada,
M.; Mouri, T. J. Power Source4998 74, 46.

(37) Pouiillerie, C.; Croguennec, L.; Biensan, Ph.; Willmann, P.; Delmas,
C. J. Electrochem. So@00Q 147, 2061.

(38) Weppner, W.; Huggins, R. Al. Electrochem. S0d.977, 124 1569.
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Figure 13. Chemical diffusion coefficienfy;+, of Li1—sNigsMno s-xTixO>
(x =0, 0.05, 0.1, and 0.3) as a function of Li content.

whereVy, is the molar volumekF is the faraday constang

is the contact area between electrolyte and sanhpls the
applied constant electric currefle}/{dd} is the slope of
the coulometric titration curve whidde} /{ dt} 12 is the slope
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Figure 14. DSC traces of the Li/LiNjsMng5-xTixO2 (x = 0—0.3) cells at
46 V.

(or Li—O bond length) of LiN§ sMng s—«TixO2 (Table 3). On

the other hand, O3 type layered material always encounters
cation mixing, especially Ni-based layered material as
mentioned above. As a result, Nilocated at Li sites

of the short-time transient voltage charge. The equation is yeteriorates Li diffusion in the structure. As mentioned in

valid for time shorter than the diffusiong/@r)2/Dy;+, where
d is the average diameter of the grains. Thg+ values
derived from eq 1 are based on the following assumption:
the molar volumeV,) remains unchanged with the change

in Li content in the compounds, and a single-phase reaction

occurred. At first,Di+ decreased fromd = 0 to 0.2 or 0.4
in Li;—sNigsMngsTixO, (x = 0—0.3) as Li intercalation

proceeded for all compositions in Figure 13. The reason for

the slight decrease in diffusivity in this range is not clear at
present. The observed minimum in diffusivity coincides with
the plateau observed in the voltage profile during the first
charge in Figures 7, 9a, 10a, and 11a. A similar minimum
in the D+ versus voltage plots is commonly observed in

cathode materials which show a phase transition or some

order—disorder transition during Li de-/intercalatior#®4°
Then the diffusion coefficient began to increasé te 0.5—
0.65 in Lii—sNipsMngs—«TixO2 (x = 0—0.3), after which the
diffusion became slow again for all compositions in Figure
13. Changes in diffusion coefficients frofn= 0.3 or 0.4 in
Li;—sNigsMngs«TixO, (Figure 13) could relate to the varia-
tion in thec-axis in Figure 12. It is likely that the variation
in the diffusion coefficient would be influenced by the
changes inc-axis which corresponds to the “Lidiffusion
interlayer space.

Ti-free Liy—sNigsMng 50, exhibited a diffusion coefficient
of about 10'3~10"1* S cn1?, for which the diffusion rate
is quite lower than other transition metal oxides, such as
LiC00,,2%*°LiNi 15C013MN130,,** and LiMn,O4.42 However,
a small amount of Ti substitution LibliMnos—«TixOz (X =
0.05, 0.1) had a significantly improved chemical diffusivity
of about 101~10"12 S cnm'?t, compared to LiNjsMng 02
in Figure 13. The diffusion coefficient was still higher than
LiNi 0.sMng 50,, probably due to the larger interlayer distance

(39) Jang, Y.-I.; Neudecker, B. J.; Dudney, NElectrochem. Solid-State
Lett. 2001 4, A71.

(40) Levi, M. D.; Salitra, G.; Markovsky, B.; Teller, H.; Aurbach, D.;
Heider, U.; Heider, LJ. Electrochem. Sod999 146, 1279.

(41) Shaju, K. M.; Subba Rao, G. V.; Chowdari, B. V. R Electrochem.
Soc 2004 151, A1324.

(42) Bang, H. J.; Donepudi, V. S.; Prakashilectrochim. Act&2002 48,
443.

Figure 4, the Ti doping to LiNisMngsO; led to significant
lowering of the cation mixing. From this point of view, one
can clearly see that such a lower cation mixing in the host
structure brings about much highertldiffusion.

Figure 14 shows DSC results for electrodes qf kNio =
Mngs—«TixO2 (x = 0—0.3) charged to 4.6 V. The DSC
experiments were made in welded scaled stainless steel tubes
so that no leaking of pressurized electrolyte is possible. All
materials exhibited simple DSC curves with onset temper-
atures of exothermic reactions higher than 220 Thermal
stability of the charged cathode material in the electrolyte
increased gradually with increasing Ti doping amount. The
Lio24NigsMngs0, exhibited a large peak between 275 and
295°C, and it produced 1484 J §of heat. Though a larger
amount of Li" was extracted from LiNisMng4sTio 0502,
compared with that from Ti-free sample, the generated heat
was slightly decreased (1336 3yand the main exothermic
temperature was shifted toward higher temperature of about
15°C, which resulted from the improved structural integrity
by Ti doping. Lib.2dNigsMng2Tip 30, had a relatively small
peak between 310 and 32€; also it only produced 890 J
g! of heat. Hence, Ti substitution brought about the
depression of the significant exothermic activity and reduced
the heat generation at a highly delithiated state. ddMing 5O
is stable, but Ti incorporation into LibiMnysO, gives
further thermal stability at a highly oxidized state in an
electrolyte. Additionally, the present LipiMngs—TixO>
(x = 0—0.3) materials have better thermal safety character-
istics than LiNiQ-based cathode materi&l.

Figure 15 exhibits charge and discharge curves &5
The applied current density was 20 mAlg The higher
capacity of about 200 mA hg and its superior retention
during 50 cycles ¥ 98%) are also achieved even at elevated
temperature, which is due to the contribution of improved
structural stability by Ti doping. Compared with room-
temperature cycling in Figure 8b, the obtained capacity was
higher due to increased Limobility at 55°C.

(43) Cho, J.; Jung, H.; Park, Y.; Kim, G.; Lim, H. $. Electrochem. Soc
200Q 147, 15.
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T T T T T trochemical cycling of Li/LiNpsMngs—TixOz (X = 0—0.3)
5 ] cells were greatly dependent on the titanium doping. That
is, LiNigsMnos«TixO, (x = 0.05, 0.1) having a quite lower
> ok ] cation mixing delivered a higher capacity of about 175 mA
-~ h (g-oxide)* and the retention was as high as 98% of its
8 initial capacity at room temperature. The cycling results at
8 38 1 ] 55 °C showed a much higher capacity of about 200 mA h
§’ (g-oxide)* and good capacity retention98%). In situ XRD
sor ] studies also indicated that incorporation of Ti ingredient into
» the host LiNpsMnosO, structure brought about fewer
25, %0 00150 200 250 changes in the-axis during charge and discharge due to

Capacity / mAhg"

the structural stabilization by a stronger bond of-T0 and

it consequently influenced cycling performances and good
thermal safety characteristics at a highly oxidized state. The
improved physical properties also significantly enhanced
chemical diffusivity of Li" by a small amount of Ti doping.

Figure 15. Charge and discharge curves of Li/L¥Mng 4sTi0.050, cell.
A constant current density of 20 mA-§was applied across the cathode
between 2.7 and 4.6 V at 5%.

Conclusion
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