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LiNi,Cugs_,Mny 504 (0 = x = 0.5) spinel materials that are of interest as electrodes for lithium-ion batteries have been studied
by crystallographic and electrochemica methods. Electrochemical results show that the inclusion of Ni into the Cu-modified spinel
increases the overall reversible capacity from 72 mAh/g with LiCuygMny 504 (x = 0) at 4.95V to 120 mAh/g with LiNigsMn, 5O,
(x = 0.5) at 4.6 V. The Cu-rich spinels in the LiNi,Cuys_,Mn; 50, system show enhanced stability upon cycling. These spinel
products are difficult to prepare in single-phase form. Neutron diffraction data show that the end members LiNigsMn,; 50, and
LiCugsMn, 50,4 contain small amounts of lithium-nickel-oxide and lithium-copper-oxide impurity phases, respectively; these
impurities affect the composition of the spinel component. The composition of the spinel component in LiNiggMn, 50, was deter-
mined from a combined X-ray and neutron diffraction profile refinement to be Lig g7Nig4oMny §104.
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Over the last 30 years, transition metal oxides and chal cogenides
have been used as cathode (positive eletrode) materials in primary
and rechargeable Li batteries® The shift in the emphasis of
research and development to “Li-ion” batteries (that use host struc-
tures for Li at both the anode and cathode) has occurred because of
the inability of a pure Li electrode to offer safe operation and long
cycle life. In order to achieve a high energy density in Li-ion cells,
it has been necessary to use cathode materials such as LiMO, (M =
Ni, Co)*° or LiMn,O, & (0 = x = 1), which provide potentials of
approximately 4V vs. metallic Li. Currently, LiCoO, is the cathode
material of choice for lithium-ion batteries; this cathode was com-
mercialized first by Sony Corporation.”

During the past four years, several research groups have aimed
their work at the development of cathode materials with “ultrahigh”
potential, typically those that offer avoltage between 4 and 5.1V vs.
Li.%12 For example, Guyomard and co-workers® showed that lithium
extraction from a Cr-substituted spinel, LiCr,Mn,_,0O, occurs by a
two-step process at 4 and 4.9 V. These reactions were attributed to
the oxidation of Mn and Cr ions, respectively. Gao et al.1 discov-
ered that lithium extraction from LiNiggMn; sO, occurs at a poten-
tial of 4.6-4.7 V. They attributed this reaction to the oxidation of
Ni2* to Ni**. Recently we reported the electrochemical behavior of
Cu-substituted spinels, LiCuMn,_,0, (0.1 = x = 0.5).1112 These
materials show areversible electrochemical reaction at 4.95V, attrib-
uted to the oxidation/reduction of Cu*/Cus*. 13

In this paper we report the synthesis of spinel electrodes in the
LiNi,Cugs_,Mn; 50, system (0 = x = 0.5), as well as their struc-
tural and electrochemical evaluation. Although LiNigsMn; 50,
(x = 0.5) offers a high capacity (up to 120 mAh/g, similar to the
practical capacity obtained from unmodified Mn spinel cathode
material) at high potential (4.6-4.7 V),1° it shows limited stability
upon cycling; on the other hand, LiCug sMn; 50,4 (x = 0) offersarel-
atively stable cyclelife but islimited by alow reversible capacity of
approximately 70 mAh/g. 1112 Our intention was to synthesize a
group of materials that would have synergetic features of both end
members. For that purpose we aimed this research at the synthesis of
novel cathode materials within the composition range 0 =< x = 0.5
in the LiNi,Cugs_,Mn, 5O, system. We also examined in detail the
structure of the LiNigsMny 50, end member by X-ray and neutron
diffraction analysis, as we did previously with LiCugsMn, sO,. *2
The data provide a much better understanding of the electrochemi-

* Electrochemical Society Active Member.
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cal behavior of LiNigsMn, 50, than reported previously.'© Structur-
a features are used to explain the electrochemical behavior of
LiNiggMn, 50, electrodes.

Experimental

LiNi,Cug5_yMn; 50, cathode materials were prepared by a sol-
gel processin which stoichiometric amounts of CH;COOL.i (Acros),
Ni(OOCHg), (Alfa), Cu(OOCHj), (Alfa), and Mn(OOCHs),
(Aldrich) were dissolved in amixture of deionized water and ethanol
(2:1 v/v). The mixtures were stirred with gentle heating (80°C) for
4 h, and NH,OH (28-30%, J. T. Baker) was added to the mixture
until agel was formed. The mixtures were then heated to dryness on
arotary evaporator and, thereafter, were ground into a powder. The
powdered precursors were heated for 12 h in air at 500°C, subse-
quently refired at 650°C (12 h), and finally calcined at 750°C for
another 12 h. Elemental analysis, undertaken by Laboratory Testing
(Dublin, PA), confirmed the composition of the final products.

Rigaku DMAX/2200V (Cu Ka) and Philips 1840 diffractometers
(Fe Ka) were used to obtain powder X-ray diffraction patterns to
characterize the samples. For the detailed structura analysis of
LiNigsMny 50,4, X-ray diffraction data were collected on an auto-
mated Siemens D5000 diffractometer with Cu K radiation. Neutron
datawere collected on the General Purpose Powder Diffractometer at
the Intense Pulsed Neutron Source at Argonne National Laboratory.

Cyclic voltammograms of LiNi,Cug 5_,Mn, O, electrodes were
obtained and recorded at a slow sweep rate of 15 wV/s (EG&G/
Princeton Applied Research potentiostat, model 263A). Lithium
metal served as both counter and reference electrodes.

Cycling data were collected on Starbuck multichannel cyclers.
LiNi,Cuy5_,Mn, 50, cathode materials were studied in cells with a
Li foil anode (10 mil, Cyprus Foote Mineral) separated by Whatman
BS-65 glass microfibersin a1 cm? parallel-plate configuration. Cath-
ode films were prepared from durries of LiCu,Nigs_,Mn; 0, with
10% polyvinylidene difluoride (PVDF, Atochem, North America) and
10% (w/w) carbon black (super S) dissolved in N-methyl-2-pyrrolidi-
none (NMP, Aldrich). The mixtures were cast (doctor-bladed) onto Al
fail, dried at 120°C under vacuum for 2 h, then roll-compressed at 100
atm, resulting in the formation of cathode films containing 5-6 mg/
cm? of active material. Cell assembly was carried out under an Ar
amosphere. For cycle-life tests, cells were cycled between potential
limitsof 3.3and 5.1V at a current density of 250 wA/cm?.

The electrolyte composition was 1 M LiPFg (Hashimoto Chemi-
cals) in a mixture of ethylene carbonate (EC, EM Industries) and
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ethyl methyl carbonate (EMC, Covalent Associates, Inc.) in a vol-
ume ratio of 1 EC:3 EMC. Cells were charged and discharged gal-
vanostatically at a current density of 0.25 mA/cm? within the poten-
tial limits of 3.3-5.1 V.

Results and Discussion

Structural Characterization.—X-ray diffraction patterns of
LiNi,Cugs_yMn; 50, samples—The X-ray diffraction patterns of
LiNig »5Cug 25M Ny 50, prepared via the described sol-gel method are
shown in Fig. 1. Refiring at 650°C resulted in the incorporation of
most of the unreacted manganese oxides into the spinel structure.
However, a final 750°C soak was needed in order to complete the
reaction; only traces of MnO, impurities are present in the diffraction
patterns, as shown in Fig. 1. Figure 2 shows the XRD patterns of
LiNi,Cug5_,Mn; 50, samples for x = 0 (pattern A), x = 0.25 (pat-
tern B), and x = 0.5 (pattern C). All the cathode materials exhibit a
cubic spinel structure. Whereas pattern A (LiCugsMny s0,4) shows no
detectable impurity, patterns B (LiCugsNigosMn;s0,) and C
(LiNigsMny 50,) show evidence of small, but significant, impurities.
These impurities were attributed to trace amounts of MnO, (also ob-
servable in Fig. 1), Li,MnO3, and a lithium-nickel-oxide phase. On
the basis of the XRD patterns, we believe that incorporation of Ni
into the spinel lattice is more difficult to accomplish than the incor-
poration of copper. The XRD patterns also indicate that as the Ni con-
tent in LiNi,Cugs_,Mn; 5O, increases, the pesk positions shift to a
higher scattering angle, indicating a decrease in the | attice parameter
of the cubic unit cell. Figure 3 shows the variation in unit cell dimen-
sion as afunction of x in LiNi,Cuys_,Mn; sO,. The lattice parame-
ter of the LiNi,Cug 5_,Mn, 5O, structure increases with decreasing x,
from 8.1551(1) for x = 0.5 through 8.1635(1) for x = 0.25 to
8.1967(1) for x = 0.

X-ray diffraction analysis of LiNigsMn; s0,—A combined X-ray and
neutron-diffraction study of a product with the composition of the end
member LiCugsMn, 5O, (x = 0) has been reported previously.'? The
refinement showed that the product had two phases and that the
composition of the spinel component was Liq o;Cug3,Mny 6704.
Therefore, in this study we have concentrated our efforts on refining
the other end member of the LiNi,Cuys ,Mn;50, namely,
L|N|05M n1.504 (X = 05)

The initial structure refinement of the spinel component with
XRD datareflected theideal composition, Li[NigsMn; 5]O,, despite
the presence of asmall amount of alithium nickel oxide (Li,Ni;_,O)
impurity in the sample. Because Mn and Ni have similar X-ray scat-
tering factors, these ions could not be distinguished on the B sites of
the structure. Because it was unlikely that Mnions would occupy the
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Figure 1. XRD patterns of LiNig»5Cug2sMny 50,4 prepared via the sol-gel

method with calcining temperature of 500°C, followed by refiring at 650 and
750°C.
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Figure 2. XRD patterns of LiNi,Cugg_,Mn, 5O, prepared via the sol-gel
method. Pattern A, x = 0; pattern B, x = 0.25; pattern C, x = 0.5.

tetrahedral sites, a subsequent refinement was carried out to deter-
mine whether there was any Ni on the A sites. The occupancy of the
A site was refined to accommodate both Li and Ni, and the sum of
the Li and Ni ions on each A site was constrained to unity. This
refinement showed that the A sites contained 2.7% Ni. The final R
and Rw factors for this refinement were 9.5 and 14.5, respectively.
The results of the X-ray refinement of the spinel phase are provided
in Table I. A semiquantitative analysis of the XRD pattern showed
that the percentage of the lithium nickel oxide impurity phase was
1.9%. The impurity phase could be indexed to a hexagonal (rhom-
bohedral) unit cell with lattice constants a = 2.935(7) and ¢ =
7.982(7), or dternatively, to a pseudocubic unit cell with a =
4.1516(7). Because pure NiO has a hexagonal (rhombohedral) unit
cell with lattice constants a = 2.95, ¢ = 7.75 (or a pseudocubic lat-
tice constant a = 4.172), we concluded that the impurity belonged
to the LiyNi; O solid-solution system with x = 0.05 (based on the
1.9% impurity-phase content). This is consistent with data reported
by Johnston and co-workers.1

Neutron diffraction analysis of LiNigsMn; §0,—The neutron dif-
fraction pattern of a sample with nominal composition
LiNigsMn, 50, showed three distinct phases: (i) a dominant spinel
phase, (ii) a rock-salt Li,Ni;_,O phase, and (iii) an unidentified
phase. Refining the A sites of the spinel component with only lithi-
um showed a large isotropic temperature factor (B =~ 2.5 2), indicat-
ing the possihility that some nickel might occupy the A-sites. In sub-
sequent refinements, both Li and Ni were allowed to occupy the A
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Figure 3. Cubic cell dimension for LiNi,Cugs_,Mn; 50, as a function of x
(x=105,0.35,0.25,0.15, 0).
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Table . Crystallographic parameters of the spinel component in LiMn, gNigsO, from X-ray data. [Space group Fd3m, a = 8.1633(3) A;

vol = 544.01(4) A3]

Wyckoff B Site
Atom notation X y z (X100) occupancy, n
Li (1) 8a 0.125 0.125 0.125 0.6 (5) 0.973 (5)
Ni (1) 8a 0.125 0.125 0.125 0.6 (5) 0.027 (5)
Mn (1) 16d 05 0.5 0.5 0.97 (4) 0.764 (3)
Ni (2) 16d 05 05 05 0.97 (4) 0.236 (3)
0 32e 0.2623 (3) 0.2623 (3) 0.2623 (3) 13(1) 1

Tablell. Crystallographic parameters of the spinel component in LiMn, gNig0, from X-ray and neutron data. (Space group Fd3m,

a = 8.1632(4) A; vol = 544.59(4) A3)

Wyckoff B Site
Atom notation X y z (X100) occupancy, n
Li (1) 8a 0.125 0.125 0.125 05(2) 0.973
Ni (1) 8a 0.125 0.125 0.125 05 (2) 0.027
Mn (1) 16d 0.5 0.5 0.5 0.3(3) 0.806 (4)
Ni (2) 16d 05 05 05 03(3) 0.194 (4)
0(2 32e 0.2623 (3) 0.2623 (3) 0.2623 (3) 0.47 (4) 1

sites while constraining the total occupancy to unity. The results
indicated asmall amount of Ni on these sites, thereby confirming the
X-ray refinement. For the final neutron-diffraction refinements, the
amount of Ni on the A sites of the spinel phase was fixed at 2.7%,
the value obtained from the X-ray data. These refinements yielded a
meaningful value for the thermal parameter of the A-site Li/Ni ions
(0.5 9). Because Ni is a strong (negative) scatterer of neutrons
(1.03 X 10712 cm), and because Mn has a neutron scattering length
of opposite sign (—0.37 X 10~ 12 cm), it was possible to obtain a
good estimation of the relative amounts of these ions on the octahe-
dral B sites of the spinel structure. The refinements yielded a Mn:Ni
ratio on the B sites of approximately 80:20, similar to the ratio
obtained for the Mn:Cu ratio in the refinement of the copper ana-
logue.1? Because of the difficulties associated with refining more
than two atom types on one crystallographically independent site,
we could not estimate the amount of lithium on the B sites; never-
theless, from the similarity of the XRD patterns of the nickel and
copper spinel phasesin LiNigsMn; s04 and LiCug sMn, 5O, materi-
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als, we believe that the amount of Li on the B sites of the Ni spinel
phase would be small (<5%) and, if present, would only marginally
change the composition of the spinel phase. On this basis, the over-
al composition of the spinel phase in the LiNigsMn, 50, sample
was determined to be Ligg7Nig4oMny ;0,4 Or in spinel notation
(Ligg7Nio03)gal My 61Nig 30] 16404 (TablE ).

A quantitative analysis of the sample showed that the concentra-
tion of the Li,Ni;_,O rock-salt phase was approximately 2.1%, in
excellent agreement with the results from the X-ray refinement. The
lattice parameters of the Li,Ni;_,O phase refined were indexed to a
hexagonal (rhombohedral) unit cell with lattice constants a =
2.932(1) and ¢ = 7.972(6), adso in excellent agreement with the
X-ray data. The final R and Rw values were 6.06 and 8.32, respec-
tively. If the third phase was subtracted from the pattern, the refine-
ment yielded R values that were approximately 2% lower.

Assuming that al the Ni ions present in the spinel phase
Ligg7Nig4oMny 610, are divalent, which would be consistent with
earlier studies of LiNiggMn, £0, samples,’®1° the oxidation state

Li/LiNi,Cup 5.xMn4 504 Cell- Discharge Step
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Figure 4. The potential vs. capacity curves obtained from LiNi,Cug s ,Mny 504 (x = 0.5, 0.25, 0) in the (a) third charge and (b) third discharge. Lithium metal served

as acounter electrodein 1 M LiPFg/ EMC(3):EC(1) electrolyte.
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Table I11. Specific capacities from Li/LiNi,Cugs_yMn; 50, célls.

Discharge capacity

Potential (mAh/g)

M Lower Upper

Cathode material Lower Upper Total potential potential
LiCugsMny 504 415 49 47 24
LiNigsCUgasMn, O, 41 48 75 25 50
LiCugpsNigssMm O, 41 475 100 21 79
LiNiggsCUgsMn 0, 41 47 104 17 87
LiNigsMn; sO4 41 46 117 12 105

of the Mn ionsis 3.87. This value is dlightly higher than the value
of 3.80 in the spinel component Lij;Cugs,Mny g0, Of a
LiCugsMn, 50, sample.r2

Electrochemical studies—Figure 4 shows the potential vs. capac-
ity profiles obtained from the third charge (Fig. 4a) and subsequent
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discharge (Fig. 4b) of Li/LiNi,Cugs_,Mn; 50, cells (x = 0.5, 0.25,
0). The potentia limits for the electrochemical cycling were 3.3-5.1
V; the current density was 0.25 mA/cm?. Table |1l summarizes the
relative capacities obtained from LiNi,Cuys_,Mny 50, €electrodes
(x = 0.5, 0.35, 0.25, 0.15, 0) in the high-potential region (4.5-5.1V)
and the low-potential region (3.3-4.5 V). Figure 5 shows the cyclic
voltammograms of LiNi,Cug s, Mn, 50, electrodes obtained against
ametallic Li reference electrode. Figure 5a shows voltammograms
for the low-potential range (3.3-4.5 V), whereas Fig. 5b shows vol-
tammograms for the high-potential region (4.5-5.2V).

The overdl picture that emerges from these studies is the following

1. Theinclusion of Ni in LiNi,Cuqs_,Mn; 50, spinel electrodes
lowers the potential of the high-voltage plateau in LiCuysMny 50,.
That is, the one-electron reaction that is associated with the oxida-
tion reaction Cu?™ — Cu®" in LiCuygMn; 50, occurs at a potential
of 4.95 V, whereas the assumed two-electron process in the Ni2™ —
Ni4* transition occurs at a potential of 4.6 V. Electrodes that fall
within the LiNi,Cuy5_,Mn; 50, solid solution (0 < x < 0.5) exhibit
intermediate potentials, 4.7-4.8V, as can be seen clearly inthe cyclic
voltammograms of Fig. 5b.
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Figure 5. Cyclic voltammograms obtained from LiNi,Cu05_,Mn; 50, [x = (A) 0.5, (B) 0.35, (C) 0.15, and (D) 0] cycled within the potential limits of (&)
3.3-4.5V and (b) 4.5-5.2 V. Lithium metal served both as counter and reference electrodesin 1 M LiPFg/EMC(3):EC(1) electrolyte. Scan rate = 15 wV/s.
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Figure 6. The potentia vs. capacity profiles obtained from cycling of
LiNi,Cugs_,Mn; 50,4 cells (x = 0.5, 0.35, 0.25, 0.15, 0). Lithium metal
served as counter electrodein 1 M LiPFg/EMC(3):EC(1) electrolyte.

2. Increasing the Ni content in the spinel structure reduces the
capacity of the low-potential plateau (3.3-4.5 V) and increases the
capacity of the high-voltage plateau (4.5-5.2 V) (Fig. 6, Table Il1).
However, the capacity obtained at the lower voltage range, which is
related to the reversible reaction of Mn3™ — Mn*", is not totally
eliminated. The electrochemical results for the spinel electrode with
the highest Ni content are consistent with the composition of the
spinel component in the LiNigsMn, 5O, sample, in which the aver-
age oxidation state of the manganese ions is 3.87. These data show
that not al the Mnionsin “LiNiggMn; sO,” samples are tetravalent,
in contrast to data on similar materials reported previously by Amine
et al.’® and Gao et a.1°

3. Asxin LiNi,Cuggs_,Mn, 5O, increases (Table 1), the capac-
ity obtained at the low potentia (3.3-4.5V) reduces from 47 mAh/g
in Li(:uO5hﬂr115()4(X ::(» to 12|TV\h/gin Lipqi05hA|115()4(X ::0.5).
Conversely, the capacity obtained at the high-potential plateau (4.5-
5.1V) increases from 24 mAh/g in LiCuy sMn; 50, (x = 0), through
79 mAh/g in LiCug,sNigosMny 50, (x = 0.25), to 105 mAh/g in
LiNiQ5hﬂn15()4(X 230.5)

4. The overall capacity obtained from the Ni-rich spinel com-
pounds is higher than that observed from the Cu-rich spinels. The
increase in capacity can be attributed to two factors: (i) The two-
electron process, Ni2+ — Ni*", occurs at 4.6-4.7 V, 10 whereas
Cu-ion oxidation at 4.95 V (Cu?t — Cu3*) is a one-electron
process. (ii) Nickel is accommodated in the spinel structure, par-
ticularly on the B sites, in higher concentration than is Cu. The
structural analyses have shown that in the spinel component,
(Lio.g7Nig 03)salMNy 61Nig 30] 16404, Of the LiNigsMny 5O, sample,
19.5% of the Mn ions on the B sites are replaced by Ni ions. This
replacement is higher than the Cu substitution in the
LiCupsMn, 50, sample in which the spinel phase has the cation
arrangement (Lig gCug 1)ga[MNy 67CU0 2oL 1011116404, @nd reflects
only an 11% substitution of Mn by Cu. 12
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Figure 7. The cycle life behavior of LiNi,Cuys_,Mn; 50, cells (x = 0.5,
0.25, 0). Lithium metal served as a counter electrode in 1 M LiPFg/
EMC(3):EC(1) electrolyte.

Cyclelife stability.—Figure 6 shows the potential vs. capacity plots
obtained from LiNi,Cugy5_,Mn; 50,4 (x = 0.5, 0.35, 0.25, 0.15, 0) cells
for the first ten cycles. Figure 7 shows the cycle life behavior of three
LiNi,Cuys_Mny 5O, cdlls (x = 0.5, 0.25, 0). The results are surpris-
ing: adthough the Cu-rich spinels operate at higher voltage (4.95 V)
than the Ni-rich spinels (4.6-4.7 V) and are thus more highly oxidizing
materials, they are still significantly more stable to electrochemical
cycling than the nickel-rich electrodes. Figure 7 illustrates that the
coulombic efficiency of cells with Cu-rich electrodes, as reflected by
the relatively smdl difference in capacity between charge and dis-
charge cycles, issignificantly better than it isin cellswith Ni-rich elec-
trodes. The large capacity difference observed in cells with Ni-rich
electrodes is believed to be due to electrolyte oxidation, thus account-
ing for their relatively rapid capacity fade on cycling. The enhanced
stahility from the Cu-rich electrodes may aso be attributed to the fact
that they are not as deeply discharged as the Ni-rich electrodes.

Conclusions

Novel electroactive LiNi,Cugs_,Mn; 0, spinel electrodes have
been prepared and evaluated in Li cells. The data show that Li can
be extracted from the spinel structuresin two main potential regions:
3.9-4.3 and 4.6-5.1 V. The upper voltage is dependent on the value
of x; that is, as the Ni content increases, the potential plateau
decreases from 4.95t0 4.6 V. At the same time, the reversible capac-
ity increases from approximately 72 mAh/g (x = 0) to approximate-
ly 120 mAh/g (x = 0.5). However, the Cu-rich spinel electrodes are
significantly more stable to electrochemical cycling than the Ni-rich
electrodes. This work has emphasized the difficulty of completely
substituting manganese by other transition metalsin LiMn,_,M, 0,
spinel compounds. A structural analysis of a nickel-rich sample with
the nominal composition LiNiggMn; sO4 shows that the sample has
two phases and that the cation distribution in the spinel component,
Lig.g7Nig4oMny 6104, is complex but similar to that obtained previ-
ously from a structural analysis of the spinel component in a copper-
rich sample of nominal composition LiCug gsMny 50,.

In situ X-ray absorption near-edge spectroscopy (XANES) and
XRD analyses of these novel materials are in progress and will be
reported elsewhere.
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