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LiNiosMn; 504 as 4.7 V-class cathode materials were prepared with our self-reaction method at 650, 700, and 750°C calcination
temperatures respectively, and their electrochemical properties and crystal structures were studied. The sample at 700°C was
assigned to the space groBg,32 in the X-ray diffraction analysis. On the contrary, the space group of the sample calcined at 650

or 750°C fell intoFd3m because diffraction peaks froR¥;32 were missing. The sample at 700°C showed a one-step profile in

the charge/discharge curve and this contrasted with the other samples showing two-step ones. In spite of their different structures,
these three samples had the same initial capacities of about 123 mAh/g. They gave similarly good cycle performance as well, but
the sample at 650 or 750°C maintained a little higher capacity after 50 cycles of charge/discharge than the sample at 700°C. From
the analysis of transformation of the crystal structure of Li#NIn, O, during charging, it was found that LipliMn, O,

underwent the electrochemical reactions at three stages unlike,OMnith two stages.
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Lithium secondary batteries show great promise as powerdustries, Ltd.), 0.05 mol of Ni(N§),-6H,O (98%, Wako Pure
sources for portable electronic devices because of their high outpUghemical Industries, Lid and 0.15 mol of Mn(NG), - 6H,0

voltages, high specific energy densities, and excellent cycle perforiggg, \wako Pure Chemical Industries, Ltdiere dissolved together
mances. However, there is a further demand for even higher specifi 20 mL distilled water to form a mixed aqueous solution. Into the

energy density for use in large power devices such as electric ve- . o o
hicles etc. One plausible solution to such a higher specific energ mixture was added 16, 24, 32, and 40 g of 20% poly-vinyl alcohol

v, : . .
I : h ; - PVA), Wako Pure Chemical Industries, Ltdaqueous solution.
nsity is to prepar th materials with higher workin vIt-( - .
ggez y is o prepare cathode materials gher working vo Then each solution was heated to 150°C to cause a reaction among
Déhn and his group first prepared the 5 V class cathode ofthem. The black powders obtained were ground and then calcined in
LINIVO , with an inverse spinel structufeSpinel type of lithium &N alumina crucible at 650, 700, and 750°€5c in a conventional

manganese oxides substituted with other transition metals for Mnglectric furnace. For comparison, Li¥Mn; (O, was also prepared
Li[M Mn,_,]JO, (M = Ni, Cr, Co, and Fe), also showed reversible at 700°C.

lithium extraction-insertion at near 5 Ws. metal Li%>®° The 1:2 solvent mixture of ethylenecarbonéiC) to dimethyl-
LiNi,Mn,_,0, has a voltage plateau around 4.%¥.lithium metal ~ carbonate(DMC) with 1 M LiPFg dissolved was donated by the
whose voltage is about 0.3 V lower than those for 5 V-cathodeMitsui Chemical CompanyTokyo, Japanpgnd contained less than
materials of other spinels. In spite of this disadvantage, 10 ppm of HO. The 2:1 mixture(CB-2) of acetylene black binder
LiNiggMn; €0, has been one of the most interesting materials be-to poly(tetrafluoroethylene(PTFE) was made available from Soei
cause of its phase stability and low electrolyte decomposition at theTsusho CompanyOsaka, Japan).

voltage, and in addition because of the high theoretical capacity at
4.7 V regiont®1! Measurements.—Elemental analyses of the samples were done

Papers related to LilygMn, O, have been published by Terada With an inductively coupled plasm@CP) spectrophotometric tech-
et al. 12 Oomset al. 13 and Myunget al* (After the submission and nique (Seiko Instruments Industry,_Ltd. SPS-400Cyclic voltam-_
during processing of this paper, Yoshét alls also published a mograms(CVs) were measured with a BTSlOOB_ electrochemical
report about the cycle performance of LidMn, {O,). However, z_inf_:llyzer at a scan ra_te of 0.1 mV/s. The working electrode was
their electrochemical and structural behavior have been examinedithium manganese oxide and both the counter and reference elec-
well. trodes were lithium foil.

In the present study, we characterize electrochemically and struc- Identification and analysis of the crystal structure of the obtained
turally properties of LiNj sMn, O, prepared our own self-reaction powders were performed by a powder X-ray diffracti®tRD) us-
method*® The self-reaction method is one of the suitable preparativeing a diffractometefRigaku Electric Industry, Ltd. Rint-200br by
methods for complex metal oxide powders and we already appliedise of the SPring8the synchrotron radiation source in Harima,
this method for the preparations of a 4 V class cathode materialHyogo, Japanjor a further analysis.

LiMn,O, and Al-substituted LiMpO,, with good cycle perfor-
mances, and a 3 V class cathode materiajMrni;O;,, with an
initial capacity of 160 mAh/g, which was difficult to prepare with
conventional methods.

Electrochemical cells and cycle performance test§he mixture
of 2/3 lithium nickel-manganese oxide powder and 1/3 conductor,
CB-2, was pressed carefully at 200 kgfctm make it into a disc for
a positive electrode of a cell and the disc was then dried at 150°C for
6 h. Cycle performance tests in charge/discharge were done on a
coin-type cell(CR-2032)assembled with Li metal/the electrolyte
Materials.—LiNip gMn; €0, was prepared using the self-reaction (EC/DMC = 1/2 with 1 M LiPF;)/the positive electrode. Charge/
method!® First, 0.1 mol of LING, (99%, Wako Pure Chemical In- discharge curves were recorded galvanostatically with a Nagano
BTS-2004. The current rate was 0.5 mAfcwith cutoff voltages of
3.5 and 4.3 to 4.9 \vs.Li/Li 7). A cyclic voltammogram was mea-
2 E-mail: sano@info.human.nagoya-u.ac.jp sured at a sweep rate of 1p0V/min between 3.5 and 5.1 V of the

Experimental
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Figure 1. XRD profiles of the products reacted using each amount of PVA Figure 2. XRD profiles of the products reacted using 32 g of PVA solution
solution and calcined at 650°Crf& h in air. and calcined at 650, 700, or 750°Qr® h in air.

N . . . Crystal structures of the calcined sampled-igure 2 shows the
potential limits. All the processes of assembling and dismantling thediffraction profiles of the products starting from 32 g of PVA solu-
Zfrl:]so‘év;rzgrgagfdg;ltifg]r;;gon atmosphere in a glove (dacuum tion used as the optimum amounts and calcined at 650, 700, or 750,
S for 5 hin the air. Every product looks to have more or less a single-
The positive electrode compounds at charged states were prepihase spinel structure. Diffractions in each profile of all the products

ﬁ%ﬁﬁﬂ]fﬂgctfj_mgﬁsgain;:néx?(;exngﬁzrfgfgvi;;h:mrﬁﬁgg? Oéég’ after the calcination shift slightly to higher angles than those before
9 P ’ 'the calcination. In addition, as calcination temperatures are raised,

was pressed carefully at 300 kg/eto Al mesh(200 meshand the diffraction intensities apparently increase. This implies that a calci-

positive electrode was charged at each charged state at 0.5 C in g_.. : ; .
three-electrode cell. After being charged, the cathode was kept a&r;lstigll?r:gcstieat a higher temperature achieves a product of a higher

gﬁn(i/he cg)gftz;_r;teﬂo;fwgag Ts%rt linhp%Tfemslse;aek?Sbgu;AZ tgﬁe(r:eelzlbgutthi Lattice parameters were refined with a least square method and
day, its XF.{D was measured he resulting lattice parameters are also shown in Fig. 2. T_hey hgve
’ ) almost the same lattice constants; 0.817 A. However, additional tiny

) ) diffractions are found in the sample calcined at 700°C. For further

Results and Discussion confirmation of the differences, we took finer profiles of powder

XRD patterns using the synchrotron radiation source from SPring8.
They are shown in Fig. 3. On the profile of the sample calcined at

'700°C, diffractions denoted by asterisk9 are additional ones to

The preparation ofiNiysMn, 0,4 by the self-reaction.—Figure
1 shows the diffraction profiles of the samples which correspond

respectively, to 16, 24, 32, or 40 g of 20 wt % PVA solution as a he diffracti din th | ith Pa3
starting material and calcined at 650°C foh in the air. In the case € difiractions expected in the crystal structure wit m

of 32 g of PVA solution, only the spinel phase is observed with space group, which is an ordinary one for a spinel structure. These
rather sharp diffractions, and for 16 and 24 g, the new diffractionsdiffractions cannot be refined to tifed3m space group, but to the
corresponding to NiO also appear in addition to diffractions from a P4s32. If a quarter of 16d sites in Mn are substituted with such an
spinel phase. The NiO impurity has been identified ag\Li O  €lementas Niin LiNjsMn, sO, and these elements dispose in order,
with 0 < x < 0.33. For the product of the 40 g PVA solution, no it could happen that the space group falls if;32."" Therefore
diffractions from impurities are observed and the diffractions from the product at 700°C could belong to tRé;32 space group due to
the spinel phase are a little broader than those of other sampledhe ordering of the substituted nickel ions.
These results suggest that 32 g of 20 wt % PVA solution would be ~ Oomset al*®have reported X-ray and neutron diffraction studies
best to synthesize 0.1 mol LijiMn; O, successfully. about LiNip sMn1 §0, prepared from a combination of a sol-gel syn-
Table | summarizes the result of the elemental analyses of théhesis and solid-state processing. Although they have not observed
reaction products. As seen from the Table, the Li/Ni/Mn ratios of all any XRDs refined with th&4;32 space group, they concluded that
the samples were almost the same as the theoretical ratios. Thée neutron diffraction data could be fitted with this space group.
carbon and nitrogen contents detected are impurities in the reaction For the present study, because the sample calcined at 700°C
product, which originate from the PVA and nitrate ions used. showed XRDs refined with th®4,32 space group, the sample is

Table |. Elemental analyses of the reaction products.

Li Ni Mn C N
Sample (mass %) (mass %) (mass %) Li:Ni:Mn (mass %) (mass %)
As-reacted 3.34 13.71 39.52 1.00:0.49:1.49 1.34 0.82
Calcined at 650°C 3.81 15.69 45.12 1.00:0.49:1.50 <0.1 <0.1
Calcined at 700°C 3.84 15.81 45.40 1.00:0.49:1.50 <0.1 <0.1
Calcined at 750°C 3.84 15.80 45.35 1.00:0.49:1.49 <0.1 <0.1
Theoretical 3.80 16.07 45.11 1.00:0.50:1.50 — —
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. (11|1) T " ' mlll) “ " @ | larly to the above LiNj sMn; O, is also shown for comparison. The
(331) sample prepared at 650 or 700°C had only one plateau around 4.7 V
(222) on the charge-discharge curve, while the sample at 750°C showed a
AN faint 4 V region plateau in addition to a 4.7 V region plateau. The
” 4.7 V plateau of the sample at 650 or 750°C has a two-step profile.
Mj u On the other hand, the sample at 700°C shows a one-step profile.
The discharge capacities of all the samples are almost the same
values of about 130 mAh/g when the cutoff voltages are fixed be-
*satellite peak tween 3.5 and 4.9 V.

i

Intensity (arb.unit)

§§ 588 8 Electrochemical reactions of Liln,_,O, are expressed as
;o | ¥ e follows:>1°
LIENi(11)  Mn(1l1) 1—2,Mn(1V) 1.4x]O4 — Lig [ Ni(11),Mn(IV) 5_,]O4
+ (1 —2x)Li" + (1 — 2x)e (4 V region [1]
) . , . ) Nl Li,, [ Ni(1H),Mn(1V) ,_,]O4 — O[Ni(IV) Mn(IV) ,_,]O, + 2xLi™"
5 10 15 2 25

+ 2xe” (4.7 V region 2]
20 (A=0.07011nm))
Then, the theoretical capacity of Lifn,_,O, can be calculated

Figure 3. XRD patterns for the samples of Fig. 3 using a diffractometer in from the following equations

the synchrotron radiation source from SPring8.
total capacity= 96500% {2x + (2 — X)

considered to have a highly Ni-ordering structure. On the contrary, X [4 = (7 = 20/(2 = x)]}/(3600% M)

the Ni-ordering in the samples at 650 and 700°C is not thought = 26.8M (Ah/g) [3]

completed well, presumably from the fact that they gave no XRDs _ _

due to theP4,32 space group. 4 V region capacity= 26.8X (1 — 2x)/M (Ah/g)  [4]
Electrochemical properties of the calcined sampleBigure 4 4.7 V region capacity= 26.8 X 2x/M (Ah/g) [5]

shows the charge/discharge curves at the second cycle and the cor-

responding cyclic voltammograms of the samples prepared at eaclyhereM denotes the molecular weight of LiMiin,_,O,. Thus, the

calcination temperature. The result of LiNMn, O, prepared simi-  theoretical capacity of LiNjsMn; 0, is estimated to be 146.6
mAh/g. Therefore, the observed charge capacities in the present
study are 92% of the theoretical capacity.

15— In the CVs of the samples at 650 and at 750°C, two peaks were
~ 1L observed as expected from two-step plateaus in their charge/
s f:/ os L 750°C discharge curves. On the contrary, only one broad band was ob-
% = '0 served for the sample at 700°C. For this sample, the potential gap
G § os between peaks would be narrower than those of the other samples
> S0 and as a result two peaks look like one broad peak. These differ-
T -1 ‘. o ] | ences correspond to those of XRD results; in the sample at 700°C,
T i E— the diffractions fromP4,32 were observed, and on the other hand
_ '1 R the samples at 650 and 750°C did not show such diffractions. It
S 5 os L 700°C suggests that the narrower potent_la}l gap has something to do with
S = . the extent of the ordering of the Ni ions in the structure.
£ g The LiNiy sMn; O, sample shown for comparison has two ordi-
ES Edi nary plateaus both in the 4.7 and in 4 V regions. The capacities of
e each voltage are 118 and 29 mAh/g, and their ratio corresponds to
3-; = b }: - el b L that calculated theoretically from the equation.
' Figure 5 shows the change of discharge capacities with cycles for
s g LiNi sMn; €0, and LiNiy,Mn; (O, when the cutoff voltages were
~ between 4.3 and 4.9 V. The initial discharge capacities of all
ié) 3 LiNiggMn, 50, samples were about 123 mAh/g, but that of
S 5 . LiNig 4Mn; (O, was lowered to 108 mAh/g. After 50 cycles, capaci-
T s ties of LiNiy sMn, O, calcined at 650, 700, and 750°C, respectively
o 13 got to 118, 116, and 118 mAh/g. As seen from this, the capacity
_ '1 [ losses of the LiNjsMn, 50, sample at 650 and 750°C were only 4%
& g 05 L LiNigaMn; 60, after 50 cycles and they are better in the cycle performance than the
" = sample at 700°C.
K E 0 %5 After the submission of the present paper, Yoskial!® pub-
° LiNig4Mn; 604 T lished the study of LiNjsMn, {0, synthesized with a composite
N T - —. i _carbonate process. The cathodt_a mgterlal showed good initial capac-
v50 %0 100 150 "1-35500 000 4500 5000 ity and cycle performance, and its discharge curve had a very small
Capacity (mAh/e) Potential (mV) 4.1V plateau. However, they had not observed XRDs deriving from

the P4332 space group.
Figure 4. Charge/discharge curves at the second cycle and the cyclic volta- 1 NiS Seems to correspond to our result that our sample calcined

mmograms of the samples prepared at 650, 700, or 750°C calcination temat 650 or 750°C and refined to tH®43;32 space group has better
perature. cycle performance than the sample at 700°C. Thus, it could be said
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Figure 5. Cycle performances of the discharge capacities for {.iMn, O,
prepared at 650, 700, or 750°C calcination temperature and for
LiNig4Mn,; (O, when the range of cutoff voltages is between 4.3 and 4.9 V.

that cathode materials, LipiMn,; O,, with the highly Ni-ordering
structure are worse in cycle performance than the other sample:
without the Ni-ordering structure.

Phase transitions of crystal structures during chargidn or-
der to study crystal structures at each charged state, XRDs wer:
measureax situfor Li;_,NigsMn; 0, (0 < x < 1) at each calci-
nation temperature. The results are shown in Fig. 6x At 0, the
diffractions of the cubic spinel structures were observed with the
lattice constant of 0.816 nm, though diffractions of Al mesh also
appeared at the same time. The new and additional diffractions ap
peared at higher angle as charging proceeded. They were still in
dexed to their cubic spinel structures but the their lattice parameters

were reduced to 0.809 and 0.800 nm, respectively. Each parameter
Figure 6. Ex situXRD profile at each charged state in LiMMn; sO, pre-

maintained a roughly constant value within the same stage.
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However, we did not find the new diffractions with the lattice pared at 650, 700, or 750°C calcination temperature.

constant 0.809 nm at = 0.33 in the sample at 650°C. This sug-

gests that the sample may have self-discharged during the measure-

ment ofex situXRD. Although there are some uncertainties in the

Conclusions

oy

measurements in the charged state of the samples, note that three

structures, as expected from the three stages of lattice constants, A 4.7 V class cathode material, Lij{iMn, :0,, was prepared
exist in charging, though this is different from the existence of with the self-reaction method and by successive calcination. The

double layers in LiMpO, in charging.

From the X-ray absorption study Terae&all? proposed that
Ni?" is first oxidized to the low-spin Ni and then Ni* is oxidized
to Ni** in electrochemical reaction of LilyiMn, £O,, as expressed

below.

Li[Ni(Il) o sMn(IV) ; 4O, — Liod Ni(lll ) sMn(1V) 1 §O4 + 0.5Li"

+ 0.5e

— O[Ni(IV)ogMn(IV) ; §O, + 0.5Li*

+ 0.5e

optimum amount of 20 wt% PVA solution used was found to be 32
g for the preparation of 0.1 mol LilyiMn, :0, .

The resulting sample at the calcinations temperature of 700°C
showed XRD peaks assigned to the space grBdg32. On the
contrary, the space group of the sample calcined at 650 or 750°C fell
into Fd3m in the XRD analysis because diffraction peaks from
P4,32 were missing.

The above sample at 700°C showed a one-step profile in the
charge/discharge curve and this was contrasted with the other
samples showing a two-step one. In spite of their different struc-
tures, these samples had the same initial capacities of about 123
mAh/g. Both of the samples gave similarly good cycle performance,
but the sample at 650 or 750°C maintained a little higher capacity
after 50 cycles of charge/discharge than the sample at 700°C.

Thus, according to these reactions, the three structures are consid- The XRD pattern in each charged state suggests the existence of

ered to correspond to LilyiMn; <0, with Ni?*, LiggNigsMn; §0,
with Ni®*, and NjsMn; O, with Ni**, respectively, and during
charging, LiNpsMn,; sO, would undergo a different electrochemical

reaction from LiMnO,.

three structures with different lattice parameters; 0.816, 0.809, and
0.800 nm.

Nagoya University assisted in meeting the publication costs of this ar-

ticle.
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