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Abstract

Layered LiMng 4Nip4Coy,0, with the a-NaFeO, structure was synthesized by the “mixed hydroxide” method, followed by a high temperature
calcination at 800 °C giving a single phase material of surface area 5m? g~!. A combined X-ray/neutron diffraction Rietveld refinement showed
that the transition metals in the 3b layer are randomly distributed at room temperature, and that only nickel migrates to the lithium layer and
in this case 4.4%. Addition of excess lithium reduces the amount of nickel on the lithium sites. The magnetic susceptibilities of the compounds
LiMn,Ni,Co;_»,0, (y=0.5, 0.4, 0.333) follow the Curie—Weiss law above 100K and are consistent with the presence of Ni**, Mn* and Co**
cations; their magnetization curves, measured at 5 K and showing a pronounced hysteresis, are also consistent with the nickel content on the lithium
sites increasing with decreasing cobalt content. This material shows a stable capacity of 140-170mAh g~ for more than 90 cycles within the
voltage window of 2.5-4.4 V. The layered rhombohedral structure is maintained as lithium is removed down to at least a lithium content of 0.05;
the total volume change on cycling is under 2%. The nickel ions pin the lattice so that MO, slab sliding to form the 1T structure cannot readily
occur. The capability of aqueous acids to leach lithium from the lattice decreases with increasing nickel content in the lithium layer; however, the

thermal stability of the delithiated compounds increases with cobalt content.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Layered materials have been extensively studied as the cath-
ode of lithium batteries since the original work on TiS; [1,2]
and LiCoO; [3.,4]. The latter dominates the present commercial
lithium batteries [5], but the scarcity of cobalt ores in nature
results in a high price that will restrict its use in large-scale bat-
teries such as might be used in hybrid electric vehicles. LiNiOy
is iso-structural with LiCoO; but cannot be used in the pure state
because of the high oxygen partial pressure at low lithium con-
tents. It has been stabilized by the addition of some cobalt and
by the incorporation of some trivalent ions such as aluminum,
which prevents the total removal of all of the lithium [6]. Nickel
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and cobalt form a complete solid solution for 0 <y <1 in
LiNiyCo1-,0O3 [7-9]. There has been much interest in the lower
cost manganese oxides, which exist in many structural forms
with the alkali metals. However, LiMnO, cannot be formed with
the R3m structure under normal reaction conditions, because it
is unstable at the high temperatures used. It can be synthesized
hydrothermally followed by lithium intercalation, or by the
ion exchange of the sodium analog NaMnO, [10,11], as may
also the mixed compound LiMnyCo;_,O, [12-14]. LiNiO,
and LiMnO; also form a solid solution up to 50% manganese
[15,16]. It was recognized [17-20] that based on the binary
mixed metal oxides, that the ternary LiMnyNi,Coj_y ;02
ought to exist. The breadth of the LiMnyNi,Co;_y ;0
solid solution is presented in Fig. 1; the solid solution can be
extended toward higher manganese contents using soft synthesis
approaches as described above. The solid points represent the
known compounds synthesized with the R3m structure [16-32].
Much effort has been focused on the compounds containing
equal amounts of Ni and Mn, LiMn,Ni,Co;_2,05, (center line
perpendicular to the Ni side), and on compounds containing
less Co with the goal of finding the optimum electrochemical
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Fig. 1. Composition diagram of the LiMnyNi,Co;_,—,O> solid solution.

composition combined with high stability and low cost [33].
Among these compounds, most research has emphasized either
LiNio.sMn0.502 [16,21—23] or LiMn1/3Ni1/3C01/302 with equal
amount of the three metals [19,29,34-37]. The presence of cobalt
plays a critical role in minimizing the transition metal content in
the lithium layer, and perhaps also in enhancing the electronic
conductivity; however, it is in limited supply and therefore more
costly than nickel or manganese. Here, we present a study of an
intermediate cobalt content compound LiMng 4Nig 4Co0020>.

2. Experimental

The LiMnyNi,Co; 2,0, (y=1/3, 0.4, 0.5) compounds were
synthesized by the mixed hydroxide method [17], followed
by high temperature solid-state heating as in our previ-
ous work [27]. Stoichiometric amounts of Mn(OAc);-4H,O
(994+%, Aldrich), Ni(NO3),-6H,O (98%, Aldrich), and
Co(OAc);,-4H, 0 (Aldrich) were dissolved in distilled water and
dripped into a LIOH-H,O (98+%, Aldrich) solution with three
times the molar amount of the sum of the metal salts. The precip-
itates of MnyNiyCo1_2,(OH),-nH;0 were filtered and washed
thoroughly with distilled water; they were dried overnite at
60-70°C. The resulting powder was mixed with 1.05 moles
of LiOH-H,O, made into pellets and heated first at 450 °C for
12h and then at 800 °C for 8 h. The samples were ground and
repelletized between the two heatings, and then removed from
the oven giving a rapid cooling.

The electrochemical properties of the LiMng 4Nig4Cog 202
were examined using both bag cells and coin cells containing
pure lithium as the anode at room temperature in a helium
filled glove box. The bag cell cathodes were made by mix-
ing 80 wt.% of the oxide with 10 wt.% of acetylene black and
10wt.% of Teflon™ as the binder, and pressing into a stain-
less Exmet™ screen at 5 tonnes pressure and 180 °C for 2h.
The coin cell cathode paste was made by mixing 80 wt.% of
LiMng 4Nig.4Cog 207 with 10 wt.% of PVDF [poly(vinylidene
fluoride)], and 10 wt.% of acetylene black in NMP (1-methyl-
2-pyrrolidinone). The paste was laminated on aluminum foil
and vacuum dried at 70 °C before use. The electrolyte was 1 M
LiPFg (lithium hexafluorophosphate) dissolved in a 1:1 volume
ratio solution of EC (ethylene carbonate) and DMC (dimethyl

carbonate) (Merck). Cells were cycled galvanostatically using
a MacPile II cycler, or a VMP2 Multi-potentiostat (Princeton
Applied Research).

X-ray powder diffraction data were collected on a Scintag
XDS2000 6-8 powder diffractometer equipped with a Ge(Li)
solid state detector and Cu Ka sealed tube (A = 1.54178 A). Data
were measured over the range of 15-90° 26 with a step size of
0.02° and exposure of 5 s for routine characterization and over
the range of 15-120° 20 with a step size of 0.02° and expo-
sure of 10s for structure refinement; the samples were rotated.
Neutron powder diffraction data were collected using the BT-1
32 detector neutron powder diffractometer at the NIST Cen-
ter for Neutron Research, NBSR. A Cu (3 1 1) monochromator
with a 90° take-off angle, A = 1.5402(2) A, and in-pile collima-
tion of 15 min of arc were used. Data were collected over the
range of 3—168° 26 with a step size of 0.05°. The sample was
loaded in a vanadium can sample container of length 50 mm
and diameter 6 mm. Data were collected under ambient con-
ditions. The Rietveld refinement used both the individual and
combined X-ray and neutron powder diffraction patterns using
the GSAS/EXPGUI package [38,39].

Chemical analysis of the samples were done by Direct
Current Plasma spectroscopy (ARL SS-7). Scanning electron
microscopy images were obtained using an Electron Scan instru-
ment at a magnification of 5000x and 25,000 x. Thermogravi-
metric analysis (TGA) was carried out with a TA Instruments
2950, with a 5°C min~! heating rate under nitrogen. The spe-
cific surface area of the LiMng4Nip4Cop,0O; was determined
by nitrogen absorption experiment using the BET method at
77K with a Micromeritics ASAP2020 Surface Area Porosity
Analyzer. The magnetic measurements were performed using
a SQUID magnetometer (Quantum Design MPMS XL-5). The
temperature dependences of the magnetic susceptibility were
obtained from 298 to 2 K in a magnetic field of 0.1 T. The mag-
netization curves were measured at 5 K in magnetic fields up to
5T. Samples with reduced lithium content were obtained elec-
trochemically by coulometric titration at a rate of 0.1 mA cm ™2
followed by a 10 h relaxation. These samples were then X-rayed
after electrolyte removal by drying with a tissue. The acid leach-
ing was conducted by mixing 1.2 molar CH3 COOH, H3PO4, HF,
HCI, or H>SO4, with the active material LiMnyNiyCo1_2,0>
(y=0.33,0.4, 0.5) in the ratio of H*/LiMO, = 5:1. The mixtures
were stirred at room temperature for 5 h, filtered, washed with
acetone, and dried at 100 °C.

3. Results and discussion
3.1. Chemical analysis

Chemical analysis of the “LiMng4Nig4Cop20>” synthe-
sized at 800 °C indicated essentially the perfect composition,
Li; oMng 49Nig.49C00.2002, when 5% excess lithium is used in
the reaction; using the stoichiometric amount of lithium in the
reaction medium resulted in a final lithium content around 0.95.
Fig. 2 shows the scanning electron microscopy (SEM) image of
this material. The particles are uniform in size and under 1 pm;
they have defined edges in agreement with the high crystallinity



M. Ma et al. / Journal of Power Sources 165 (2007) 517-534 519

20.kV
IEEC/TPAF

1844202 TIF 84,83

1844201 . TIF a4 /¢

Fig. 2. SEM images of LiMng 4Nip4Cop20, at a magnification of (a) 5000x
and (b) 25,000 x.

resulting from the high temperature heating, which was also indi-
cated by the sharper X-ray diffraction reflections. The BET sur-
face area of LiMng 4Nig 4Cog 205 was found to be 5.14 m? g_1 R
which based on the XRD density of 4.725 gcm™3 (Table 1) is
consistent with plate-like particles 0.5 wm on a side and 0.12 pm
thick as observed in Fig. 2(b). Extended mechanical grinding
gave hardly any increase in the surface area, thus the surface
area and particle size are primarily determined by the synthe-
sis temperature. This surface area is higher than that reported
for Lij+;(Mn13Ni13Co01/3)1—;02 synthesized at 900 °C, which
ranged from 0.4 to 0.8 m?> g~! [40]. The optimum surface area
will depend on the application, and the desired safety margins;
high rate applications will require either higher lithium diffusion
coefficients or higher surface areas [41]. However, lower surface
areas minimize side-reactions with the electrolyte, improve the
thermal stability [42] and enhance the safety of the system, but

are likely to lead to lower power capabilities. In addition, they
minimize the amount of SEI needed and the dissolution of the
oxide into the electrolyte [43].

3.2. Thermogravimetric analyses of transition metal
hydroxides and the layered compound LiMng 4Nig.4C09.202

The thermal stabilities of the hydroxide precursors and of the
oxide itself were determined, and are shown in Fig. 3. The copre-
cipitates Mng4Nig4Cop2(OH); and Mnj/3Nij;3Co13(OH),
lose 21.28 and 19.76 wt.%, respectively, upon heating in nitro-
gen with water loss and transition metal oxide formation. The
weight loss, besides that due to surface water (about 5 wt.%), is
close to the formation of M304 [44], where M =Mn + Ni + Co.
We found that the protons could also be removed in an electro-
chemical cell forming the oxide MO;, where M =Mn + Ni + Co,
in a similar manner to the formation of &-VOPO4 from
VPO4.H;0 [45]; this work will be published elsewhere. Fig. 3(b)
shows the weight loss of LiMng4Nip4Co020, when heated
in nitrogen at a rate of 5°Cmin~! up to 600°C. The weight
loss of LiMng 4Nig 4Cog 207 was less than 0.05%, showing the
excellent thermal stability of the fully lithiated compound; and
the absence of any surface impurities like hydroxide or car-
bonate. For a pure layered lithium transition metal oxide, any
deficit of lithium would have led to a reduction of some tran-
sition metal and oxygen loss [46] as will be discussed later in
this paper.
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Fig. 3. Thermogravimetric analyses of (a) Mng4Nip4Cop2(OH)2, Mnj;3
Nij3Coy/3(OH), and (b) LiMng 4Nip4Co 20> in nitrogen at a heating rate of
5°Cmin~! to 600°C.
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3.3. Structure and nickel disorder in LiMng 4Nig4C0020:

The LiMng 4Nig.4Cop 20> compound crystallizes in the trig-
onal system (space group R3m) that belongs to the a-NaFeO,
structure type shown in Fig. 4. Some transition metal is invari-
ably found in the lithium layer (3a site) displacing that lithium
to the transition metal layer (3b site). These transition metal
ions pin the MO, oxide blocks, potentially reducing the electro-
chemical capacity and the ultimate rate capability; they may
also play a key positive role in preventing structural change
and chemical reactivity. A full Rietveld refinement of the X-ray
diffraction pattern of LiMng 4Nig4Cog 20, compound was per-
formed to determine the degree of cation mixing. The resulting
data are shown in Table 1 and Fig. 4(a). The ¢/3a ratio of 1.658
shows a high-layered character [27], and the Rietveld refinement
indicates 4.4(1) at.% transition metal content in the Li layer.
However, the X-ray powder data cannot differentiate between
the Mn, Ni and Co because they have similar X-ray scattering
factors, nor can we be certain from the X-ray analysis of the
lithium content in the transition metal layer because of its low
scattering factor except through a chemical analysis. A complete
chemical analysis indicated the following chemical composition
for this sample: Lij oMng 40Nig 40C00.2002. Thus, we can safely
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Fig. 4. Rietveld refinement of (a) X-ray (the a-NaFeO,-type structure (R3m) of
LiMng 4Nig 4Cog 0, are shown in the center; the lithium and transition metals
are in the centers of edge-sharing octahedra) and (b) neutron diffraction patterns
for LiMng 4Nip4Cop202. The position of the lines and the difference plot are
shown below the patterns.

Table 1
Crystal data, experimental and refinement details for LiMng 4Nip 4Co00 202

Crystal data

Chemical formula (Lij—xNi,)(Mng 4Nig 4—,LiyCo02)O07, x=0.0438(7)

M; (a.m.u.) 96.18
Cell setting Trigonal
Space group R3m
a(d) 2.86616(2)
c(A) 14.2542(2)
vV (A?%) 101.408(2)
z 3
D, (gecm™?) 4.725
Temperature (K) 298
Diffractometer Scintag XDS2000 BT-132
Experimental details
Radiation Cu Ka Neutrons
Wavelength (A) 1.54178 1.53992(2)
Data collection method Step scan Step scan
26 range (°) 15-120 3-168
26 step size (°) 0.02 0.05
Exposure/step (s) 10 -
Refinement details
Method Full profile (Rietveld)
Number of reflections 32 39
Rprof® 0.0321 0.0333
W Rprof* 0.0408 0.0408
Rexp? 0.0355 0.0302
RBragg” 0.0431 0.0473

a _ n obs calc n obs.
Rprot = Ei:llYi -y VZi:lYi ’

1/2
2 2
prmf = [Z:’lei(ylpbs _ yl_caIC) /Z;l:lwi(yi()bs) ] :

12
g1 2
Rexp = [(n = /> wiYe™) } ;
RBragg — Z:':l |I:i20bs _ F,'zcaICVZ?:] IinobS.

make the assumption that there is one cation in the lithium layer
and one cation in the transition metal layer, so that the layer
composition must be Lig 96Mg 04[Lig 04Mq.96]O2, where M is at
least one of Mn, Ni, and Co.

In contrast to X-ray scattering, the neutron scattering factors
for Mn, Ni, and Co are very different (Mn —0.373, Co 0.249, Ni
1.03, and Li —0.190). Therefore, the neutron powder diffraction
pattern was collected and used in a combined Rietveld refine-
ment with the X-ray data. Despite the substantial difference in
the neutron scattering factors, the presence of four (including
Li) metals that can occupy the same site can make the deter-
mination of the metal distribution hard or even impossible, for
example, a mixture of 55% of Mn and 45% of Ni will show
the same neutron scattering as 100% of Co. However, the X-ray
data, showing that 4.4(1)% transition metal interchanges with
Li, agrees with the neutron data only if this transition metal
has the highest neutron scattering factor, which is Ni. Absence
of additional diffraction peaks in the neutron powder pattern
shows that there is no long-range ordering in the distribution
of the transition metals and they randomly occupy the 3b site
except for the small fraction of Ni exchanged with Li from 3a
site. In the final structural refinement the occupation factors of
Mn and Co were set to 0.4 and 0.2, respectively, and not refined.
The total content of Li and Ni were set as 1 and 0.4, respec-
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Table 2

Atomic parameters and constrains for LiMng 4Nip 4Cog 202

Atoms Site X, V, 2 Occupation (G)*

Lil, Nil 3a 0,0,0 0.9562(7)Li + 0.0438(7)Ni®

Mn2, Co2, Ni2, Li2 3b 0,0,1/2 0.4Mn + 0.2Co + 0.3562(7)Ni + 0.0438(7)Li
(0] 6¢ 0,0, 0.24147(3)°

& Constrains: Gni1 =GLip =1 — GLij1 =0.4 — Gni2; Gy =0.4; Geor =0.2; Grit + Griz =1 — Gy — Geor =0.4.

b Refined parameter.

tively, but their distribution between 3a (Lil, Nil) and 3b (Li2,
Ni2) sites was refined so that Gy ;1 + Gni1 =1, GLi2 + Gni2 =0.4
and Gpi1 +GLi2 =1, Gni1 + Gniz =0.4. The only refined coor-
dinate was z of oxygen atoms residing in the 6c¢ site (0, 0, z).
The combined Rietveld refinement using X-ray and neutron
shows good agreement as can be seen from Table 1 and Fig. 4.
The final atomic coordinates and distribution of transition met-
als and Li are shown in Table 2. Thus, the final composition
is (Lig.956,Nio.044)(Mng.4,Ni.356,Li0.044,C00.2)O2, which corre-
sponds to the total composition Li(Mng 4,Nig.4,C002)O0, with
0.0438(7) Li exchanged for Ni. The resulting bond distances are:
for the metal in the 3a site d(Lil-O) is 2.1102(6) A and for 3b
site 3(Mn2-0) is 1.9686(2) A. Both sites have slightly distorted
octahedral coordination with O-Li1-O angles of 85.55(1)° and
94.45(1)° and O-Mn2-0 angles of 86.56(1)° and 93.44(1)°.

3.4. The impact of excess lithium on the structure

In the last few years there has been an increasing interest in
materials containing excess lithium, Li(Li,M;_;)O,, where M
is at least one element selected from Mn, Ni, and Co. Stud-
ies by Zhang et al. [47] and Shin et al. [48] showed that
though the average oxidation state of the transition metals
increases, which means the amount of the electrochemically
active transition metal decreases, to compensate the increas-
ing amount of lithium, Li-Mn-Ni—O compounds with excess
lithium delivered much higher capacity than that of the sto-
ichiometric LiMng sNig50;, due probably to the achievement
of structural stabilization by solid solution formation between
LiMng 5Nig 50, and LioMnO3, in which Mn ions are tetrava-
lent and cannot be easily oxidized. Here we explored structural
changes and the effect on cation ordering when the lithium
amount in the layered Li;;[Mng 4Nip4Cog2]1—;02 compound
varies.

Due to the increasing amount of lithium in the layered com-
pound Lij;,[Mng 4Nig.4Cog2]1—,05, the average oxidation state
of the transition metals has to increase to balance the whole

Table 3

chemical formula. This increase could be provided by either the
oxidation of Ni** to Ni**, or Co** to Co**. Our magnetic studies,
discussed later, are consistent with the former and in agreement
with the proposal of Tran et al. [49]. If we assume that all the
Ni?* is replaced by Ni**, then the maximum lithium content
is z=1.167 in Li1+Z(Mn0.44+Ni()‘43+C00~23+)2_Z02, without the
formation of a second phase such as Li;MnO3.
Li14;[Mng4Nip4Cop2]1-;,0> oxides with different Li/M
molar ratios x (M =Mng4Nig4Copr, 0.9<1+7<1.25) were
synthesized by varying the mixed Li/M molar ratios after the
mixed hydroxides were obtained. The nominal Li/M molar ratios
and actual values from chemical analyses are listed in Table 3,
where M =Mng 402Nig 395C00.203 from the DCP measurement.
The morphologies of all samples were characterized by SEM
and are shown in Fig. 5. The particle size decreased as the molar
ratio of Li/M increased resulting in higher surface areas for the
compounds with more lithium. This is contrary to what might be
expected, with excess lithium impeding the sintering of the par-
ticles, and might signify the formation of an intergrowth of two
phases. X-ray diffraction showed (Fig. 6(a)) that the extra lithium
was incorporated into a ‘“‘single-phase” compound of space
group R3m. The larger particle size observed in the SEM images
for the lower value Li/M ratio was also reflected in a greater
crystallinity in the XRD pattern. The diffraction patterns of the
excess-lithium compounds shift toward higher angles compared
to the lithium deficient and stoichiometric compounds, as can be
seen clearly in the enlargement of the XRD patterns of Fig. 6(b),
showing that the unit cell decreases with increasing lithium. The
cell parameters and degree of cation disorder, obtained from the
Rietveld refinement, are listed in Table 3. This unit cell size
decrease may be associated with both the smaller ionic radius of
the nickel ions due to their average increased oxidation state,
and possibly because of the reduced cation mixing. Table 3
shows that the ¢/3a ratio increases as the amount of lithium
increases in Lij;(Mng.4Nip.4Co02)1—;02, indicating increased
deviation from the value of 1.633 and a more layered-like lat-
tice [27]. The electrochemical behavior of the excess lithium

Measured lithium content from DCP, and cell parameters and cation mixing from the Rietveld refinement of Lij.[Mng4Nig4Co02]1-:02 (0.9<1+z<1.25)

Initial ratio of Li/M a c c/3a Measured Li/M ratio from DCP Occupancy of Ni on Li-site from
GSAS refinement (%)
0.90 2.874 14.280 1.656 0.884 4.50
0.97 2.870 14.265 1.657 0.932 4.59
1.04 2.865 14.245 1.657 1.026 4.14
1.11 2.861 14.238 1.659 1.111 3.78
1.18 2.857 14.225 1.659 1.193 2.29
1.25 2.854 14.211 1.660 1.256 0.96
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Fig. 5. SEM images of Lij4+;[Mng4Nip4Cop2]1—;02 mixed oxides with different Li/metal ratios: (a) 1 +z=0.9; (b) 1 +z=0.97; (c) 1 +z=1.04: (d) 1 +z=1.11; (e)
1+z=1.18; (f) 1 +z=1.25.
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Fig. 6. (a) XRD patterns of Li (Mng4Nip4Co02);—;02 with different Li/M
ratios (M=Mng4Nip4Cop2, 0.9<z<1.25). (b) Enlargements of the (003)
and (006)/(012) reflections. The composition of the samples are given in
the format, 100—442, where the first number represents the Li/M ratio x 100
and the second number the ratio of the transition metals; for 100-442 this is
LiMng 4Nig 4Co20;.

layered compounds is of great interest since recent work sug-
gests excess lithium on the layered LiMng sNigsO> [50] and
LiMn;3Nij3Co130, [40,51,52] may give rise to an enhanced
structural stability, resulting in high capacity, good cyclability,
reduced resistance, and perhaps faster Li* diffusion.

3.5. Magnetic properties of stoichiometric
LiMnyNiyCo;_2,0; (y=0.5, 0.4, 0.33)

Determination of the magnetic behavior of these layered
transition metal oxides can give us information both about the
oxidation states and location of the transition metal ions in the
crystal lattice. The temperature dependences of the magnetic
susceptibility of LiMnyNi,Coj_2,02 (y=0.5, 0.4, 0.33) indi-
cate Curie—Weiss behavior for all the compounds above 100 K
(Fig.7(a)). The values of the effective magnetic moment per tran-
sition metal ion . and the Curie—Weiss temperatures @ obtained
from the fit of the high-temperature data to the Curie—Weiss
law x =Nu2/3kB(T— ®) (see the straight lines in Fig. 7(a)) are
presented in Table 4. The values of w are in good agreement
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Fig. 7. Magnetic behavior of LiMnyNi,Co; 2,02 (y=0.5, 0.4, 0.33): (a) recip-
rocal magnetic susceptibility and its fit to the Curie—Weiss law (straight lines)
at high temperatures, and (b) magnetization curves measured at 5 K.

with those calculated assuming Mn** (spin § =3/2, u =3.87up),
Ni%* (S=1, u=2.83up), and low-spin Co>* with zero magnetic
moment (see Table 4). The Curie—Weiss temperatures are neg-
ative for all the compounds, indicating the antiferromagnetic
character of the main magnetic interactions. With increasing
Co content, the effective magnetic moment p and the absolute
value of the Curie—Weiss temperature both decrease as a result
of dilution with non-magnetic Co** ions. At lower tempera-
tures, a rapid increase of the magnetic susceptibility occurs. For
y=0.5, the fastest increase determined as an inflection point,

Table 4
Magnetic properties of stoichiometric LiMnyNi,Co;_2,0; (y=0.5, 0.4, 0.33)
and hydrofluoric acid leached Li;MnyNi,Co;-2,0; (y=0.5, 0.4)

Compound “(UB)  Healculated (1B) O (K) Ting (K)
LiMn 5Nig 50, 3.12 3.39 —68.6(4) 36
Lig.94Mng 5Nip 502 3.11 3.35 —66.5(1) -
LiMn 4Nig 4Co0 20, 291 3.03 —61.6(2) 14
Lip47Mng4Nig4Cop20,  2.34 2.59 —46.2(2) -
LiMl’]|/3Ni|/3CO]/302 2.59 2.77 —407(1) 8
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d? )(/dT2 =0, is observed at Ti, =36 K; at 15 K the susceptibil-
ity attains its maximum, y =0.23 emumol ™!, and then slightly
decreases. In the Co-containing compounds the increase of sus-
ceptibility is less pronounced, a trend to saturation is observed
instead of a maximum, and Tiys shifts to lower temperatures with
increasing Co content (Table 4).

The magnetization curves of the Co-containing compounds
also differ significantly from that of LiMng 5Nig 50, (Fig. 7(b)).
For y = 1/3, the magnetization curve in low fields is close to lin-
ear, there is minimal hysteresis; for y=0.4 a small hysteresis
is observed with a remanent magnetization M, 2~ 4 emu mol !
and a coercive field H; &~ 70 Oe; for LiNipsMng 50, the hys-
teresis loop is significantly larger with M; ~ 140 emu mol ~! and
H:~11000e. All compounds show no saturation of magneti-
zation in the highest investigated field of 5 T, which is consistent
with a domination of antiferromagnetic exchange. Thus, the
variation of the Co content has a pronounced effect on the mag-
netic properties of the LiMnyNi;Co; 2,0, materials. The role
of cobalt ions in this effect is twofold: first, the increase of Co
content leads to a dilution of the magnetic transition-metal lay-
ers with non-magnetic Co3* ions; and second, cobalt is known
to reduce the migration of Ni ions to the lithium sites, which
leads to a better separation of the magnetic layers by reducing
the number of the exchange pathways introduced by magnetic
Ni ions between the layers. Therefore, the LiMn/3Ni3C01302
compound exhibits mostly paramagnetic behavior with prevail-
ing antiferromagnetic exchange. In LiMng 4Nig4Co0020;, the
signs of ferrimagnetic behavior appear, as evidenced by the
small hysteresis of magnetization. The overall magnetic behav-
ior of this compound is not much different from the previous
one, but the increased Ni content on the Li sites leads to the
formation of ferrimagnetic clusters that may include several
magnetic ions in two different transition metal layers and the
Ni ion on the Li site between them [53-57]. These clusters have
a net magnetic moment leading to the ferromagnetic-like prop-
erties. In LiNigsMng 5O, the ferrimagnetic behavior becomes
dominating as follows from the strong increase of the suscepti-
bility and large hysteresis loop resulting from the formation of
the net magnetic moment. However, the absence of magnetiza-
tion saturation and the negative ® imply mostly antiferromag-
netic exchange, which indicates that atleast one of Mn**-Mn**
(d3-d3), NiZ*-Ni2* (d®-d®), Mn**-Ni** (d3—d®) interactions
is antiferromagnetic. The Goodenough—Kanamori—Anderson
rules [58-60] predict ferromagnetic 90° d*~d* superexchange
experimentally found in Li;MnOj3, ferromagnetic d®-d® and
antiferromagnetic d3-d® superexchanges. These predictions
should not be taken as granted for LiMn,Ni,Co;_2,02 com-
pounds because they are derived considering relative strength of
several superexchange mechanisms sensitive to the M—O bond
length and the neighbors of intervening oxygen ligands to the
extent that the exchange sign may become opposite [61].

3.6. Magnetic properties of lithium-rich
Lij:[Mno4Nig4Cog2]1—;02 (0.9< 1 +z<1.25)

A deficit or an excess of lithium changes both the oxidation
states of the transition metals as well as the cation disorder in the

layered structure as noted above, and therefore will influence
their magnetic properties. The temperature dependences of
the magnetic susceptibility of Lij4;[Mng4Nig4Cop2]1-;02
(0.9<1+2z<1.25) are given in Fig. 8(a). The reciprocal mag-
netic susceptibility and representative fit of 1+z=0.9 and 1.25
to the Curie—Weiss law (straight lines) at high temperatures
are given in Fig. 8(b). Curie~Weiss behavior is observed for
all compounds above 100K except the most lithium deficient
one of 1+z=0.9, where linear behavior is observed only
above 125K. The values of the effective magnetic moment
per transition metal ion u and the Curie—Weiss temperatures
O in x=Nu?/3kg(T — ©) are summarized in Table 5. The
Curie—Weiss temperatures are negative for all the compounds,
indicating the antiferromagnetic character of the main magnetic
interactions. As the Li content increases, the effective magnetic
moment u and the absolute value of the Curie—Weiss tem-
perature both decrease, suggesting the decrease of individual
magnetic moment by changing of the oxidation state. The
details of the calculation of the theoretical magnetic moment
and the final calculated p are given in Table 5. For the first two
compounds with deficient lithium in Table 5, Lig9aM 0602
and LipoeM1.0402, where M =Mng4Nig4Cop 2, the average
oxidation state can be reduced by either a mixed valence of
Mn*/Mn**, or Co**/Co?*. The experimental increase of the
magnetic moment relative to the stoichiometric compound is
consistent with the reduction of Co’* (S=0) to Co** (§=1/2,
w=1.73up); the reduction of Mn*" (S=3/2, u=3.87ug) to
Mn** (§=2, u=4.9up) would result in a larger magnetic
moment increase than that observed. For the lithium rich
compounds the lower value of the measured magnetic moment
than for the stoichiometric compound is consistent with a mixed
valence of Ni**(spin S=1, wu=2.83up)/Ni**(spin S=1/2,
nw=173ug).

The magnetization versus magnetic field curves for
Li1+Z[Mn0,4Ni0,4COO,2]1,ZOZ where 0.9<1+z<1.25 are
shown in Fig. 8(c). There are significant differences between
the lithium-rich and lithium-poor compounds, particularly at
low fields. The lithium excess compounds show essentially
linear behavior with minimal hysteresis loops. In contrast,
Lip9[Mng4Nip4Cop2]1.102 has a significant hysteresis loop
with a remanent magnetization M;~ 180emumol~! and a
coercive field HC ~ 600 Oe. Li0.97[Mn0.4Ni0.4C00.2]1_0302
also exhibits a hysteresis loop but much smaller than
that of Lipg9[Mng4Nig4Co02]1.102: M;~40emu molfl,
H.~3500e. All compounds show no saturation of magnetiza-
tion in the highest investigated field of 5 T, which is consistent
with a dominance of antiferromagnetic exchange. This magnetic
behavior supports the hypothesis that an increased lithium
content reduces the nickel content in the lithium layers.

3.7. Structural changes during lithium removal by
electrochemical deintercalation

A series of samples with reduced lithium content were
obtained by coulometric titration of the lithium from the sto-
ichiometric Li,Mng4Nig4Co9>0,, where x=1, in an electro-
chemical cell; each composition required a separate experiment.
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Fig. 9. First charge curves of deintercalated phases of Li,Mng 4Nip4Cop 20> at
0.lmAcm2.

The smooth charge curves shown in Fig. 9 suggest a single phase
behavior of this compound unlike that observed for LiCoO;.
The reproducibility of the experiments can be observed by the
superimposing of all the charge curves. The actual x-values
were calculated by using the theoretical specific capacity of
278.6mAhg~!. The X-ray diffraction patterns are shown in
Fig. 10(a), together with magnified views for the critical 26 sec-
tions of 17-21° and 60-68° in Fig. 10(b). These two regions in
Fig. 10(b) show the (0 0 3) reflection and the (1 0 8)/(1 1 0) reflec-
tions. The (00 3) reflection measures the interlayer spacing and
shows an initial increase on lithium removal due to the increased
interslab electrostatic repulsion of the oxygen layers. Eventually
the separation decreases possibly due to an increasing covalent
lattice. The separation of the (1 08)/(1 1 0) peaks shows an ini-
tial increase followed by a decrease, which indicates that the
in-plane a-lattice parameter first decreases and then increases as
the lithium content decreases; just the opposite of the c-lattice
parameter. The refined lattice parameters are shown in Fig. 11
together with the cell volume as a function of the lithium con-
tent. The lattice parameters changes above x=0.4 can be readily
explained on bonding grounds. As the lithium content increases
in this range, the positively charged lithium ions pull the MO,
layers closer thus reducing the interlayer spacing; at the same
time the electron density on the oxygen ions increases, thus
increasing their effective ionic size and the a-lattice parameter,
which is equal to the diameter of the oxygen ion in this close-
packed lattice. The unit cell volume changes by only about 2.0%
in the usual cycling regime of x=0.1-0.9, which should lead
to minimal grain breaking during cycling. At lithium contents
below x = 0.3, the cell parameters were force-fitted to the hexag-
onal lattice and their absolute values have greater errors, but only
at the lowest lithium content of x =0.05 is there any trace of the
one-block hexagonal close packed 1T structure; however, these
hexagonal lattices may be distorted at low lithium contents lead-
ing to the line broadening. This is possibly a result of the nickel
pinning, resulting in a metastable structure at low lithium con-
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Fig. 10. X-ray diffraction patterns of the phase Li,Mng 4Nip 4Co020; as a func-
tion of lithium content: (a) full pattern, (b) 17-21° and 60-68° 26 region. The
cathode materials were removed from the electrochemical cells prior to X-ray
analysis.

tents. The c/3aratio of the hexagonal lattice increases from 1.658
forx=1.0to 1.712 for x=0.31, then dropped to 1.664 as most of
the lithium was removed. To confirm these structures, in situ syn-
chrotron experiments were performed on LiMng 4Nip4Cop 202
as well as on LiMn;3Nij3Co1/30; cells as a comparison; they
are consistent with the above data and will be published else-
where [62]. We are also presently studying the above lattice
changes after extensive cycling to see if there any permanent
changes after the first cycle. In addition, we are determining the
change in the interlayer spacing, that is the oxygen to oxygen
distance across the lithium layer, as lithium is removed, as this
spacing might impact the diffusion coefficient of the lithium.

3.8. Chemical delithation of LiMnyNi,Co;_2,0> by acid
leaching

Hydrofluoric acid, HF, is formed if moisture is present in
any of the battery components when using fluorine containing
electrolyte salts, such as LiPFg. This may cause the oxidation
of the cathode material by an acid leaching effect. We stud-
ied the reactivity of a series of acids, including hydrofluoric
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Fig. 11. Variation of (a) d@hex, (b) Chex, and (c) Vhex Vs. lithium content in
LiMng 4Nip4Cog 20, obtained from the electrochemical deintercalation.

acid, to determine their leaching effect on the layered compound
LiMnyNiyCo1-2,02 (y=0.33, 0.4, 0.5). An added complication
of these reactions is the possible exchange of lithium ions for
protons.

The acid leached products Li,Mng 4Nig4Co0p207 (0<x<1)
had a range of lithium contents depending on acid and
its strength. For 1.2M solutions the degree of delithiation
was in the order: acetic acid <hydrofluoric acid < phosphoric
acid < hydrochloric acid < sulfuric acid. The solution was light
pink, implying that a trace of the transition metal ions was
leached into solution, as well as lithium ions. The XRD patterns
of some chemical delithiated Li,Mng 4Nig4Cop20; (0<x<1)
phases are shown in Fig. 12, along with that of the starting sto-
ichiometric LiMng 4Nig4Cog20>. Changes are clearly observ-
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Fig. 12. XRD patterns of the original, acetic acid, hydrofluoric acid, and phos-
phoric acid leached LiMng 4Nip4C0p202 (0<x<1).

able in the (003), (006), and (108 )/(110) reflections, which
are consistent with the loss of lithium ions, as described above.
They are also consistent with hydrofluoric acid and phosphoric
acid removing more lithium than the acetic acid.

The calculated cell parameter values from XRD, deduced
lithium amount from XRD, and the actual chemical composi-
tion of cations from DCP measurements are shown in Table 6.
All delithiated compounds had a smaller a and a larger ¢ than the
fully lithiated compound. This agrees with the trends of the cell
parameter changes observed in the electrochemically deinterca-
lated Li,Mng4Nig4Co20, for 0.4<x<1, where a decreases
and c increases (Fig. 11). Thus, for both the electrochemical and
chemical deintercalation of lithium ions from this layered com-
pound, the same trends of cell parameter changes were observed.
From these observations, the unknown lithium value x can first be
deduced by fitting the calculated cell parameters to the electro-
chemical deintercalation a and c¢ curves (Fig. 11). Compared to
the x value obtained from the DCP measurement, most deduced
values were in good agreement with the actual values. As the
strength of the acid increased, more lithium was deintercalated

Table 6

Chemical delithiation of LiMn,Ni;Co; 2,0 by acid leaching (y=0.5, 0.4, 0.33)

Samples Acid (1.2 mol/l) Cell parameters x from XRD DCP results Cation

- - mixing (%)
a c c/3a Li Mn Ni Co
LiMng sNip 50, - 2.8761(4) 14.276(2) 1.655 1 1.06 0.495 0.505 - 7.29
. . HF 2.8689(4) 14.293(2) 1.661 - 0.936 0.487 0.513 - -

LiMno;sNio50; HCl 2.8586(4) 14.324(2) 1670 - 0755 0487 0513 - -

LiMng 4Nig 4Co0 207 - 2.8689(2) 14.267(1) 1.658 1 0.97 0.405 0.380 0.215 4.22
CH3COOH 2.86382(8) 14.2799(5) 1.662 0.9 0.893 0.404 0.380 0.216 -
H3POy4 2.8321(3) 14.464(3) 1.702 0.57 0.558 0.401 0.383 0.216 -

Li, Mng 4Nig 4Co0 207 HF 2.8277(3) 14.489(3) 1.708 0.43 0.473 0.398 0.384 0.219 -
HCl1 2.8339(2) 14.426(1) 1.697 0.4 0.401 0.384 0.402 0.213 -
H,S04 2.8347(7) 14.391(5) 1.692 0.35 0.362 0.383 0.407 0.210 -

LiMn;3Nij;3Co1/30; - 2.8534(1) 14.2222(7) 1.661 1 1.03 0.325 0.33 0.345 1.45

Li,Mn;/3Ni;3Co1/30, HF - - - - 0.512 0.319 0.332 0.349 -
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from the layered structure. With the moderate concentration that
had been used in this experiment (1.2 M), the maximum amount
of lithium that can be deintercalated from the compound by the
relatively strongest acid, which is sulfuric acid, was about 64%.
For LiNiO3, all the lithium could be removed when a high con-
centration of sulfuric acid was employed [63]. The DCP results
showed that there had been minimal change, <1.4% in the tran-
sition metal ratio during the leaching.

The slight discrepancy between the lattice parameters in
Fig. 11 and Table 6 is probably due to the ion exchange of a quan-
tity of protons into the lattice, so that the effective oxidation state
of the transition metals is lower than would be expected purely
from the lithium content; this results in the lattice parameters
being slightly different than expected. Only at low tempera-
tures, such as 0 °C, as shown by Alcantara et al. [64] is proton
ion-exchange minimized.

The SEM images of LiMng4Nip4Cop 20, before and after
acid leaching by hydrofluoric acid, shown in Fig. 13, indicate no

(b)

Fig. 13. SEM images of LiMn 4Nig 4Co¢ 2O, before (a) and after (b) acid leach-
ing for 5 h with hydrofluoric acid.
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Fig. 14. TGA of (a) hydrofluoric acid delithiated LiH,MnyNi,Co; 2,02
(y=0.33,0.4,0.5) and (b) hydrochloric acid delithiated Li,H,MnyNi,Co{_2,0>
(y=0.4, 0.5) in nitrogen at 5°Cmin~! heating rate. The samples are iden-
tified by their transition metal content: 442 is Li,Mng4Nip4Co 202, 550 is
LixMng5Nig 50,.

significant changes in the particle sizes. However, the agglomer-
ated particles in the original compound were more broken down
into their individual grains after leaching.

Table 6 also shows the effect of cobalt content on acid leach-
ing using HF and HCI. For both acids, lithium deintercalation
increases with increased cobalt content. Up to 50% of the lithium
was deintercalated from the LiMny;3Nij;3Co1302 compound
and less than 10% from the cobalt-free compound after 5h of
acid leaching. This is possibly due to the increased lithium dif-
fusion when the concentration of pinning nickel is decreased, as
increasing cobalt reduces nickel disorder.

The thermal stability of these reduced lithium content com-
pounds, Li;H,MnyNi,Co; 2,0, (y=0.33, 0.4, 0.5) is shown
in Fig. 14(a) and (b) for the HF and HCI delithiated samples,
respectively. Two weight loss plateaus were observed for all
compounds. The first weight loss corresponds to the release of
water associated with the hydrogen in the structure, and the sec-
ond with the reduction of the transition metals and the related
loss of oxygen [65]. Increasing the cobalt content raised the
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Fig. 15. In situ XRD patterns of HF delithiated Li,Mng 4Nip4Co020, when
heated in air to 600 °C.

temperature at which initial oxygen evolution is observed, even
though the lithium content is lower. Thus, for the HF leached
samples the beginning of oxygen loss is around 400, 450 °C and
over 500 °C for cobalt contents of 0, 0.2 and 0.33, respectively,
and where the lithium contents were 0.94, 0.47 and 0.51. Even
though they had a lower lithium content, the cobalt containing
compounds showed better thermal stability. This is similar to
the behavior reported for the manganese free compounds [66].
In the case of the HCI leaching where more lithium is removed,
Lig.75H,Mng 5Nig 507, and Lig4H,; Mg 4Nig4Cop20; the loss
of oxygen begins at lower temperatures just as expected, but
the same trends remain. Thus, the structural change from the
layered starting material to a spinel-like product with the con-
comitant reduction of the Ni**/Ni** to Ni?*, and some of the
Mn** to Mn?* is inhibited by the addition of cobalt. Depending
on the precise structure and the oxygen partial pressure, Mn**
can be stable to above 800 °C as for example in the compound
NiMnO3H [67].

The thermal decomposition of the low lithium content mixed
transition metal layered oxides leads initially to spinel-like struc-
tures. Fig. 15 shows the structural changes occurring when the
HF delithiated Li,Mng4Nig4Cop20O; was heated in air on the
X-ray stage. The broadening of the (003) reflection and the
merging of the (10 8)/(1 1 0) reflections indicate that the change
to a spinel-like structure started at 350 °C, corresponding to the
first plateau on the TGA curve shown in Fig. 14(a). By 550 °C,
the spinel structure was clearly characterized by the appearance
of the (22 0) reflection around 26 =31°, as reflected in the sec-
ond plateau on the TGA curve. Whether a disordered rock-salt
structure was formed at the highest temperatures cannot be con-
firmed or dismissed, as those diffraction lines overlap with the
spinel or aluminum holder lines.

The magnetic susceptibilities of the unreacted and the HF
delithiated Li,Mng5Nigs50, are compared in Fig. 16. These
results are consistent with the oxidation of Ni** to Ni** and
Ni** on lithium removal. The experimental and calculated
effective magnetic moment per transition metal ion w, and
the Curie—Weiss temperatures for Li,MnyNi,Co; 2,02 (y=0.4,
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Fig. 16. Magnetic susceptibility of Li,Mng5Nip 50, reacted with HF and its

reciprocal magnetic susceptibility with fit to the Curie—Weiss law (straight lines)
at high temperatures.

0.5) before and after HF leaching are compared in Table 4.
The calculated values of the effective magnetic moment are
based on the assumption that the original oxidation states are
Mn**, Ni%*, and Co**, and the oxidation state after leaching are
Mn**, a mixture of Ni%* and Ni>* for Lig 94Mng 5Nig 502, Mn**,
Co**, a mixture of Ni** and Ni** for Lip.47Mng 4Nig 4C00205.
Thus, for LiggsMngsNigs50,, it follows /,LZ 20.5/,L§/[n4+ +
04412 5, +0.0647 5, and p=335up; ©=2.59up for
Lig.47Mng 4Nip4Co920>. The antiferromagnetic character of
the main magnetic interactions remained after leaching and
with the oxidation of Ni** (S=1, u=2.83ug) to Ni3* (§=1/2,
wu=1.73ug), or further to Ni** with no magnetic moment, the
effective magnetic moment w and the absolute value of the
Curie—Weiss temperature both decreased.

3.9. Electrochemistry of LiMny 4Nip4Co0.20>

The electrochemical behavior of LiMng 4Nig4Cog>0O; was
evaluated in both bag and button cells with lithium foil as
the anode. We evaluated their discharge capacity, not only as
a function of charge/discharge rate, but also as a function of
charge cut-off voltage and temperature. Fig. 17(a) shows the
charge/discharge curves as a function of current (0.1, 0.5, 1.0,
1.5, and 2.OmAcrn_2) between 2.5 and 4.4V at room temper-
ature in bag cells; the charge and discharge rates were equal
to each other. The initial open circuit voltage of the freshly
assembled cells was around 3.2V. On applying a constant
current, the cell voltage rapidly increased to 3.7V and then
gradually increased until it reaches the top limit of 4.4V for
all current densities. The first-charge capacities fall between
180 and 200mAhg~!. The cell polarization and irreversible
capacity increased as the current density increased. The irre-
versible capacity increases from 15 mAhg~! for 0.1 mA cm™>
to 35mAhg~! for 2.0mA cm™2. The origin of this first cycle
loss is not yet understood, but could be related to some irre-
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Fig. 17. (a) First three cycles of a Li/LiMng 4Nip4Co0 20> bag cell at current
densities of 0.1-2.0mA cm~2 between 2.5 and 4.4V and (b) the differential
capacity vs. potential.

versible structural changes, such as cation migration, in addition
to slow lithium in-diffusion for the last lithium insertion. The
cycling curves obtained at 0.1 mA cm™2 are very close to the
open circuit values, whereas the difference between the charge
and discharge potentials increases to 0.3 V at a current density
of 2.0mA cm™2. Fig. 17(b) shows the differential capacity ver-

sus potential over a range of current densities between 2.5 and
4.4 V. The peaks in dQ/dV correspond to the plateaus in the volt-
age profile of the charge and discharge curves in Fig. 17(a). A
single peak is observed, with most of the capacity between 3.5
and 4.25'V, for both the charge and discharge process, indica-
tive of the oxidation or reduction of the Ni**/Ni** redox couple.
The first charge can be differentiated from the subsequent ones
for all the curves except those cycled at 0.1 mA cm™2. The dif-
ference between the first charge curve and the subsequent ones
increases as the applied current density increased, indicating
the increasing irreversibility. Besides, the potential difference
AV between oxidation and reduction peaks also increases as
the current density increased. Though the first charge capacities
obtained at different current densities are close, difference in the
irreversible capacity and polarization resulted in the difference
of the first discharge capacity.

The first discharge capacity of bag cells over a range of cur-
rent densities from 0.1 to 2.0 mA cm™2 between 2.5 and 4.4V
are shown in Fig. 18. These capacities range from about 150 to
180mA hg~!. The extended cycling of the cell at 1.5 mA cm ™2
for the first 20 cycles is shown in Fig. 19. The first discharge
capacity was 160mAhg~! with an irreversible capacity loss
of 22mAhg~!, which corresponds to 0.08 lithium ions. This
irreversible capacity appears in all the layered oxide composi-
tions [33]. The capacity observed here is equivalent to cycling
70% of the nickel between Ni** and Ni**; the charging poten-
tial was insufficient to charge the cobalt. Subsequent charge and
discharge capacities plot on top of each other, indicating small
capacity loss and high efficiency during the following cycles. A
higher capacity was obtained by charging the cell to a higher
voltage or by topping up the charging by holding at 4.4 V.

The tests on the coin cells were performed at both 60 °C and
room temperature. Fig. 20 shows the cyclic voltammogram at
a sweep rate of 0.1 mV s~! and well-defined redox peaks are
observed. The main oxidation peak is observed at 3.94 V after
the first charge (all voltages mentioned are versus Li/Li*) with
a peak at 4.10 V only observed on the first charge, and the main
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Fig. 18. The discharge capacity of a Li/LiMng 4Nip4Co¢ 20, bag cell cycled at
0.1,0.5, 1.0, 1.5, and 2.0 mA cm~2 between 2.5 and 4.4 V.
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Fig. 19. The capacity for 20 cycles of a Li/LiMng 4Nip 4Cog 20 bag cell cycled
at 1.5 mA cm~2 between 2.5 and 4.4 V.

reduction peak is located at 3.68 V. The 3.94 and 3.68 redox
peaks are totally reproducible in subsequent cycles. The material
shows a smaller AV (0.25V) than LiNig75C09250, (0.34V)
[68], which indicates that LiMng 4Nig4Coo 20> has a smaller
polarization than LiNig75Co9250>. The lack of a peak around
3V shows that the manganese in our synthesized materials is
not in the 3+ oxidation state [69]. The loss of the 4.10 V peak
after the first charge might be related to a change in structure
associated with some reorganization of the nickel ions, or of
side reactions such as SEI formation. No further changes in the
voltammogram were observed after the first cycle, suggesting
that all major changes occurred in that first charge.

The extended cycling of LiMng 4Nig4Cog 203 in coin cells
within the voltage range of 2.5-4.4 V at a constant current den-
sity of 0.12mA cm™?2 for a 100 cycles is shown in Fig. 21.
This material demonstrates an excellent cyclability with an
average capacity fading rate of 0.25mAhg~! per cycle. The
initial capacity was 170mAhg~! and this stabilized out at
150mAhg~! after 40 cycles. Capacity was maintained at
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Fig. 20. Cyclic voltammetry of Li/LiMng4Nip4Co0p 20> coin cell at a sweep
rate of 0.1 mV s~
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Fig. 21. The capacity over 100 cycles for a Li/LiMng 4Nip4Co 20> coin cell
cycled at 0.12mA cm~2 between 2.5 and 4.4 V.
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150mA hg™! between 40 and 80 cycles and another capacity
fading was observed after 80 cycles, with an overall capacity
retention of 86%. A contributor to this capacity loss might well
be the lithium foil which powders over such extended cycling,
so that the actual capacity retention of the cathode could be well
over 90%.

The rate capability of LiMng4Nip4Cop20> in coin cells,
cycled at C/10, C/5, C/2, C, and 2C between 2.5 and 4.6V
is shown in Fig. 22. The C-rate, for the cathode loadings of
8-10mg cm~2 used here, is equivalent to 2.5 mA cm™2. All cells
were first subjected to one charge—discharge cycle at a C/10 rate
between 2.5 and 4.6 V before switching to various C-rates in the
subsequent cycles. Fig. 22(a) shows the initial discharge curves
and Fig. 22(b) shows the discharge capacities for 50 cycles. The
discharge capacity decreased with increasing C-rate as expected;
at the 2C rate the electrode could only deliver a discharge capac-
ity of 72mAhg™!, just 26% of the theoretical capacity and
39% of the C/10 capacity (184 mA hg~"!). The cell polarization
also increased leading to a decreased average discharge potential
with increasing cycling rate. With the same cut-off voltage of
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and (b) the discharge capacity for 50 cycles.

200
180 _'h.’. = 60°C A
L ]
g%, e RT ]
160 f eaiNmgggg J
_ ll.:::'loo..oooo....o... 1
_p_ﬂ 140 k I....... !.'l..."
-é RLLIT
E 120} LR
= I L
5 100 f ]
<
g I ]
S 8o ]
. I J
=60 i}
@
g I J
40 - ]
20 - ]
ol ‘ : ' : [ ' ' —
0 10 20 30 40 0
(a) cycle number
140 _‘... = 60°C 7
®esee, ® RT
L0
i LT 4
120 . ‘..Oo...'.. .
& _. bbb JTTTT PYPRPPY
= 100 i
é []
= Sugy
(1]
g 80 - ...-.l T
] .
g II.....
6 i II.I--.... 4
;f':‘, llll-....
- n
g 40t )
S
W
20 - )
0 L . : : ' : '
0 10 20 30 40 0
(b) Cycle number

Fig. 24. Comparison of the cyclability of Li/LiMng4Nig4Co 20O cells cycled
at 60 °C and room temperature at (a) C/10 and (b) C/2 rate from 2.5 to 4.6 V.

2.5-4.6 'V, capacity retention for 50 cycles are 72—76% for C/2
to C/10 rate, 60% for C rate, and 45.8% for 2C rate. The maxi-
mum discharge capacity for C and 2C rate cycling is observed on
the third and the 10th cycle, respectively, which suggests some
electrode changes are occurring such as particle decrepitation.
The lower capacity obtained from C or 2C rate might also be
related to applying the same rate for charging process, which
is unfavorable for the lithium anode. Higher discharge capacity
would be expected if a slower C/10 charging rate had been used.

The effect of changing the charge cut-off voltage was also
investigated at a current density of 0.25mA cm~2 (C/10 rate)
is shown in Fig. 23 for voltage limits of 4.4, 4.5, 4.6, 4.7, and
4.8 V. Fig. 23(a) shows that the initial discharge capacities are
163.3, 175.6, 184.2, 199.3, and 202.6 mAhg_l at cut-off volt-
ages 4.4,4.5,4.6,4.7, and 4.8 V, respectively; the higher cut-off
voltage also gave a higher discharge plateaus. Fig. 23(b) shows
that, even though a higher cut-off voltage gives higher capaci-
ties for the first 10 cycles, the discharge capacities fade faster at
the higher cut-off voltages. The cell cycled within the smallest
voltage window of 2.5-4.4 V showed the best capacity retention
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of 87.7% after 50 cycles; in contrast, the 4.8 V cut-off voltage
showed the poorest capacity retention with the capacity falling to
130mA h g~ ! after 50 cycles. This high capacity fade is almost
certainly associated with the instability of the electrolyte used,
LiPFg in EC/DMC, at these high potentials [70]. Thus, a cut-off
voltage of around 4.4 V is probably optimum.

In large-scale applications, the cathode is likely to be sub-
jected to elevated temperature operation. Thus, to evaluate the
effect of temperature, coin cells were cycled at 60 °C at C/10
and C/2 rates between 2.5 and 4.6 V. Fig. 24(a) shows that cells
cycled at a C/10 rate have the same capacities for the first 20
cycles when cycled at room temperature or 60 °C. However,
beyond 20 cycles, the capacity retention is worse at 60 °C result-
ing in 25mAhg~! more capacity loss after 50 cycles. Even
greater losses were observed at the C/2 rate, suggesting that
resistive films were being formed from the decomposition of
the electrolyte [71,72] at the elevated temperatures (Fig. 24(b)).

4. Conclusions

The layered compound LiMng 4Nip4Co020> is a promis-
ing cathode material for lithium secondary batteries for
large-scale application such as hybrid electric vehicles.
LiMng 4Nig4Cop 20, has a well-defined layered a-NaFeO;
structure with the R3m space group. The Rietveld refinement
of the X-ray data shows that 4.4(1)% nickel is in the lithium
layer. LiMng4Nip.4Cop20> appears to be a single phase sys-
tem for all values of x down to around 0.05, so that single phase
behavior is expected within the normal cycling voltage ranges.
Addition of excess lithium into the Li,Mng 4Nig 4Cog 2O; phase
reduces the particle size and thus gives a higher surface area.
Magnetic measurements of the stoichiometric layered com-
pounds LiMnyNi,Co1_2,02 (y=0.33, 0.4, 0.5) confirm that
cobalt reduces the nickel content in the lithium layer. The nickel
ions in the lithium layer minimize the formation of the 1T
structure on lithium removal, so that the rhombohedral struc-
ture is maintained through cycling in contrast to LiCoO; and
LiMng 33Nig 33C00 3302, thus enhancing capacity retention. The
cell volume changes by less than 2% on cycling, minimizing the
likely of particle decrepitation.

Acid treatment causes lithium loss from the layered com-
pounds LiMnyNi;Co;_2,0, (y=0.33, 0.4, 0.5), and some pro-
tons are introduced. Cobalt enhances the lithium removal but
provides better thermal stability to the leached product. Phase
changes were observed upon heating of the delithiated lay-
ered compounds, which may lead to capacity loss of cells
when in use. Magnetic studies of the delithiated compounds
LixMnyNi;Coi_2,02 (y=0.33, 0.4, 0.5) showed that lithium
removal was accompanied by the oxidation of Ni** (S=1,
w=2.83up) to Ni** (S=1/2, u=1.73up).

Evaluation of the electrochemistry in both bag and coin cells
showed that LiMng 4Nig4Co020, has a discharge capacity of
more than 180 mA h g~! when the cell was cycled within a volt-
age window of 2.5-4.4V at 0.1 mA cm~2. The cyclability was
reduced with increased currents, larger cut-off voltage windows,
or elevated temperature.
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