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Abstract
Lithium manganese oxides substituted with nickel or cobalt were characterized

electrochemically in lithium cell configurations. The compounds studied were either
single-phase layered structures with either primarily O2 or O3 stacking arrangements, or
02/03 intergrowths, prepared from P2, P3 and P2/P3 sodium-containing precursors,
respectively. The stacking arrangements are extremely sensitive to the Na/T. M. (T. M. =
transition metal) ratios and the level of substitution. Phase diagrams showing the stability
regions of the various arrangements for the Na-Ni-Mn-O system are presented. A
possible correlation between vacancies and electrochemical performance is suggested.
For high levels of substitution with Ni, fewer defects are possible for materials containing
more O3 component and higher discharge capacities can be achieved, but spinel
conversion upon cycling also occurs more rapidly as the O3 content increases.
Intergrowths show intermediate behavior and represent a potential route towards
designing stable, high capacity electrodes.

I. Introduction

Layered manganese oxides are of interest as positive electrode materials for lithium
batteries because of their high theoretical capacities and the potential for enhanced Li ion
diffusion through the two-dimensional van der Waal’s gaps." However, orthorhombic
LiMnO,,> * which has a corrugated structure, and monoclinic LiMnO  , prepared from
a-NaMnO,* ° convert to spinel upon cycling in lithium cells. Phyllomanganates such as

9, 10
>or

birnessite® ’ or ranceite,® which occur naturally or may be prepared hydrothermally
by other soft chemical techniques,'" also undergo phase conversion.'> The oxygen arrays

in these layered structures are nearly cubic close-packed (ccp) like that of spinel,



requiring only re-arrangement of cations for transformation to occur. First principles
calculations based on density functional theory (DFT) indicate that Mn®" ions can diffuse
through tetrahedral sites into the octahedral sites located in the lithium layers readily."

Mn”" ions are produced through charge disproportionation according to equation (1).

2Mn’" (oct) =Mn’*" (tet) + Mn*" (oct) tet=tetrahedral, oct=octahedral (1)

Migration requires the simultaneous presence of Mn®* ions and vacancies in the lithium
layers; phase conversion can be suppressed by partial substitution with ions subvalent to
manganese (increasing the average oxidation state of the remaining manganese) or with

415 For example, Li[Lio2Cro4Mng4]0,,"

electronegative multivalent ions.
Li[Nio_sMno_s]OZ,17 and Li[Ni 1/3Mn1/3C01/3]0218 all cycle stably. In each case, Mn is in
the +4 oxidation state in the as-made compounds and is not redox active'” ° during
normal cell operation. Therefore, it may not be strictly correct to consider these materials
substituted manganese oxides, but rather manganese substituted Cr, Ni, or Ni-Co
oxides.”' More importantly, drawbacks associated with Cr (toxicity), Ni (poor abuse
tolerance), and Co (cost) are still present with these materials, albeit to a lesser degree
than in the unsubstituted analogs.

Another approach towards stabilization of layered manganese oxide electrodes is
to employ structures that do not have ccp arrays of oxygen. O2-LixMnO;, (x=0.7,
7z>0.05, space group P6smc), prepared from P2-NagsMnO,,, has an oxygen stacking

2,23
|

sequence of ACAB and cycles without transforming to spine Recent investigations

of substituted variants of this compound®* 2 indicated that some are actually



intergrowths of P6smc and R3m phases (i.e., O2 and O3) where the latter has ABC
stacking (i.e., ccp oxygen arrays) like that of monoclinic LiMnO.. In spite of this, spinel
conversion appears to be inhibited in the intergrowths, perhaps due to “pinning” by
surrounding O2 layers, which may prevent the long-range ordering needed for complete
transformation. Furthermore, the presence of an O3 component appears to be associated
with higher capacity and/or better rate capability®® of the electrodes. Intergrowths may
represent an acceptable compromise between the phase stability of the O2 structure and
the better electrochemical properties of O3, but little is currently known about them. To
tailor high capacity, stable electrodes, more information is needed about the conditions
under which they form. To this end, we have synthesized and characterized several Ni,
Co, or Al-substituted manganese oxides and studied their electrochemical behavior. In
Part 1, we describe results with the Ni and Co-substituted variants, and in Part 2, our
work on Al-substituted materials.

II. Experimental Procedures

Sodium containing layered substituted manganese oxides, Na,MyMn;.,O,:, were
prepared by glycine-nitrate combustion synthesis®’ as previously described. > *® In brief,
sodium and transition metal nitrates in the desired ratios were co-dissolved with glycine
(glycine:nitrate ratio 1:2) in de-ionized water and heated until combustion took place.
The resultant powder was heated at 800°C for four hours to remove any organic residue
and to ensure homogeneity. For ion exchange, materials were refluxed in a solution of
LiBr in ethanol (9-fold excess of Li) for 2 days. The products were washed carefully with

ethanol to remove salts and dried for at least 1 day at 150°C.



Inductively coupled plasma (ICP) analyses were carried out on selected samples
(Desert Analytics Laboratory Tucson, AZ) to determine compositions. For convenience
sake, we most commonly refer to the nominal compositions, unless otherwise noted.

X-ray diffraction (XRD) patterns were obtained on both the sodium-containing
precursors and the ion-exchanged products using either a Siemens D5000 or a Philips
X’Pert diffractometer (monochromatized Cu Ka radiation). Powdercell 2.4 by W. Kraus
and G. Nolze was used to produce the theoretical patterns in the Figures and unit cell
parameters were determined by full pattern matching refinement using the
WinPLOTR/Fullprof suite.”® P2/P3 ratios were determined from Rietveld refinements.

Positive electrodes containing 80% active material, 6% acetylene black, 6% SFG-6
graphite (Timrex Timcal) and 8% polyvinylidene fluoride (PVdF) were prepared and
dried as previously described.”® Loadings were typically 10-15 mg/cm? active material.
Coin cells were assembled in an inert atmosphere glovebox by sandwiching together
positive electrodes, Celgard 3401 separators and lithium anodes, using 1M LiPFg
dissolved in ethylene carbonate-dimethyl carbonate (EC-DMC) as the electrolytic
solution. Cells were subjected to galvanostatic cycling at 0.055 mA/cm® between 2.0 and
4.5V at 21-22°C using a MacPile II (Bio-Logic, SA, Claix, France) or an Arbin BT/HSP-
2043 cycler.

ITI.  Results and Discussion

Structural Characterization

Figure 1 shows XRD patterns of a series of Ni-substituted manganese oxides with
nominal compositions, Nag7;NiyMn;_yO»+, (y=0.05-0.4). At high Ni content (y>0.3), NiO

is present as an impurity phase but all the other patterns can be indexed to space groups



P63;/mmc (P2 in layer notation) and R3m (P3). Figure 2 shows the effect of varying the
Na/T.M. ratio (where T.M. stands for transition metal) for two representative series,
NaxNig 11Mng 902+, (top) and NaxNig,Mng3O»+, (bottom). Intergrowths or pure P2 and
P3 phases form only within a narrow range of Na/T.M. (~0.7<x<0.8). Outside these
limits, impurity phases related to the tunnel compound, Nag 44MnO,, or to a-NaMnO, co-
exist with P2/P3 compounds, for low and high Na contents, respectively. Close to these
Na/T.M. and Ni/(Ni+Mn) limits, nearly 100% P2 (e.g., Nag7Nig0sMng 9502+,) or P3 (e.g,
Nay 7Nig25Mng 75021,) phases are formed, with only traces of the secondary component.
In general, higher P3 contents are found when either the Ni content is raised or the Na
content is lowered and vice versa. Figure 3 shows the approximate nominal composition
ranges for layered P2/P3 intergrowths in the Na-Ni-Mn-O system. In practice, actual
compositions (in particular, sodium contents) differ somewhat from the nominal ones, as
shown in Table 1 for several samples analyzed by ICP. Sodium is lost during combustion
and calcination at elevated temperatures.

Similar trends are seen for Na,Co,Mn;_,O»+, compounds, although the composition
ranges are somewhat different than those found for NayNi;Mn,.,O,+, (Figure 4).

Table 2 lists fractions of P2 components and P2 and P3 lattice parameters determined
for Na,MyMn;_,O,+, compositions that do not contain other phases. Partial replacement of
Mn with subvalent ions should reduce the overall unit cell volumes in proportion to the
degree of substitution (Vegard’s law)* because larger Mn *" ions are replaced by smaller
Mn*" ones (r(Mn’")=0.645 A, r(Mn*")=0.53 A)** provided that the substituting ions are
similar in size to Mn®". Cell volumes shrink with a greater degree of substitution in

Na,CoyMn;,O»+, suggesting that the Co*" ion, rather than the larger Co*"



(1(Co®MH=0.61A, r(Co*"=0.745 A), is present (Figure 5a). In contrast, the unit cell
volumes expand up to about y=0.2 when M=Ni, after which point they become smaller.
Thus, it is likely that Ni substitutes as the larger +2 ion, rather than as +3 (r(Ni*")= 0.69
A, r(Ni*") = 0.60 A), which partially counteracts the effect of increasing amounts of Mn**
until substitution levels are high. This also provides an explanation for the rather low y
composition limit in the Nag7NiyMn;.,O,+, series because high values would require an
unlikely average oxidation state above +4 for Mn, These examples are similar to the
situation with LiNi;;3C013Mn;30,, in which the predominant oxidation states have been
determined by X-ray photoelectron spectroscopy to be +2 for Ni and +3 for Co.* It is
interesting to note that roughly similar trends are observed for both the P2 and P3
components, although there is some scatter in the data. This suggests that the substituents
are distributed fairly evenly between the two stacking arrangements rather than being
segregated into two components as in the composite materials, xLi,MnOse(1-
x)LiMng sNigsO5. %

Varying the Na content has only a minor impact on the unit cell volumes for the three
series NaxNig11Mng 9Oz, NaxNigo2MngsO:,, and NayCop2MngsO,+, shown in Figure
5b. Instead, this affects the relative amounts of P2 and P3 in the intergrowths (Table 2),
suggesting that the sodium contents of each are somewhat different and are fixed for each
phase within a very narrow range.

The existence of P2/P3 intergrowths for several quaternary Na-M-Mn-O systems
within certain composition ranges suggests similar energetics for formation of these two
different stacking arrangements. In the Na-Mn-O system, the hexagonal P2 phase

commonly forms when vacancies are present in both the sodium and transition metal



layers; z in unsubstituted P2-Na7MnO,, is normally between 0.05 and 0.25 for
materials prepared below 600°C.* This has the effect of raising the average Mn oxidation
state, thus, minimizing the number of Jahn-Teller Mn** ions. Above 600°C,
B-Nag7MnO,, (z<0.05) with an orthorhombically or monoclinically3 4 distorted structure
forms, and can be designated P’2. This phase is stable only at elevated temperatures and
reversibly oxidizes to form the P2 phase during slow cooling in air.**

The number of cationic. deficiencies in the T. M. layers is dependent upon the
temperature and oxygen partial pressure used during synthesis, and x in NayMnO,, is
fixed near 0.7, but the exact value can also vary depending upon the synthetic conditions
(For example, elemental analysis and density measurements give Nags3MnO, g, as the
composition for a 100% P2 material made under the same conditions as in this study).*
P2-Nag 7MnO,+, may more accurately be written as Nag 7(2/2+2)Mn/2+,0O2, indicating the
presence of vacancies, rather than implying an oxygen excess.”® Figure 6a shows the
effect of varying z on the average Mn oxidation state for the idealized P’2 or P2
compound, Nag7MnO»+, or Nag 7(2/2+2)Mn/2+20O2, (heavy dark line).

Substitution with ions subvalent to Mn increases the average oxidation state.
Assuming an oxidation state of +2 for Ni, composition lines for Nag;NiyMn;_yO»+,
(shown for y=0.1, 0.2 and 0.3 as light black lines) can be drawn running roughly parallel
to the one for P2-Naj;MnO,., but shifted upward. Above about y=0.07, the
compositional lines fall outside the expected region for P’2, where the average Mn
oxidation state is below 3.4, shown as a dark gray area in the graph. This is in accord
with experimental evidence showing that P’2 phases do not form for Nag7NiyMn;.,O»+,

compounds with high y.**



Compositions that fall on these parallels are expected to form pure P2 structures,
particularly in the light gray shaded area in Figure 6a indicating easily obtainable Mn
oxidation states and numbers of vacancies. For high levels of substitution, lines may fall
completely above the shaded region implying that P2 phases without such defects can
form (e.g., NaysNi;3Mny30; in reference 37).

When the actual Na/T.M. ratio is not 0.7 (for the idealized case), P3 structures, P2/P3
intergrowths or phase mixtures occur. Pure P3 structures also appear to behave as line
phases and exist when the true Na/T.M. ratio is close to 0.5 (with the exact value again

depending upon details of the synthesis and substitution),* **

while intergrowths form in
the approximate range 0.5<Na/T.M.<0.7. A graph similar to the one in 6a can be
constructed for Nag sNiyMn;_,O,, and shows that lines for lower substitution levels (e.g.,
y =~0.2) fall within the “low vacancy” zone above the shaded area. Figure 6b summarizes
the effect of changing x, y, and z in the Na,Ni;Mn;.;O»+, system upon the Mn oxidation
state and shows that z=0 for P3 phases at high Ni substitution levels, but can be nonzero
for P2 or intergrowths, because x is increased. The situation is less clear-cut for lower
values of y or substitution with +3 ions like Co or Al,*® where it is theoretically possible
for P3 phases to have vacancies as well.

Upon exchange of Na for Li, P2 and P3 stacking arrangements convert to O2 and O3,
respectively. Transition metal layers need only to glide to change the alkali metal
environment from prismatic to octahedral coordination, which better accommodates the

smaller Li" ion. Conversion of P2 to O3, or P3 to O2 requires substantial rearrangement

of the lattice and will not occur under the mild conditions used for exchange in this study.



Thus, we can assume that the O2/03 ratios in the ion-exchanged products remain the
same as the P2/P3 ratios in the corresponding sodium-containing precursors.

Figure 7 shows XRD powder patterns of ion-exchanged materials made from the
series with nominal compositions of NayNip>2MnosO,, and Table 1 lists their true
compositions determined by ICP. As the O2/03 ratio increases, more residual sodium is
found in the products and weak reflections attributable to a second layered phase with
larger unit cell parameters are observed in the XRD patterns. This is most likely a phase
containing primarily sodium, although it is also possible for sodium ions to be present in
lithiated phases and vice versa. These ions are likely to be segregated into different layers
because of size differences, causing O2/P2 stacking faults. Both O2/P2 and 02/03 faults
result in line broadening, readily observable particularly in the top pattern in Figure 7.
Note that line broadening is also seen in patterns of the P2/P3 intergrowths (Figures 1,2,
and 4).

Electrochemical Characterization

Lithium cells containing the layered ion-exchanged materials typically have open
circuit potentials of about 3.3V, and may either be partially discharged or charged
initially. Figure 8 shows a partial charge and subsequent discharge at low current
densities of three lithium cells containing the exchanged products of the compounds with
nominal compositions of NayNip>2MngsO,, whose XRD powder patterns are shown in
Figure 7 and whose true compositions are listed in Table 1. Less lithium can be extracted
upon charge for the compound that is mostly O2, reducing the available capacity during
the following discharge. The impedance also appears to be greater for this cell, judging

from the separation between charge and discharge traces, which suggests there are



transport limitations associated with the large O2 component in this cathode material.
The inability to exchange this compound completely and to charge it fully in cells
indicate that some of the alkali metal ions in the van der Waal’s gaps are immobile. The
immobility is due to the presence of vacancies, which act as effective negative charges in
the transition metal layers and trap ions.*® Because the number of vacancies for the O3
components of compounds in this series is very low, ion exchange is more complete and
more capacity is obtained during electrochemical cycling.

Nearly all of the lithium can be extracted from the compound containing the most O3
component (Figure 8, bottom). When x is approximately 0.35 in LixNig2Mng30O,, all of
the Mn is in the +4 state, so that oxidation past this point requires participation of Ni. The
high discharge capacity (>200 mAh/g) is only possible, however, if Mn is also
electroactive. Thus, although LiNigsMngsO, has the same structure as O3-
LixNip2Mny 303, the electrochemistry is quite different, because only Ni is redox active in
the first compound.

Materials with O3 stacking arrangements can be expected to undergo conversion to
the spinel phase upon cycling. Armstrong et al.** have shown that partial substitution
does not prevent this phase-transition in compounds structurally related to the ones in this
study, although it may delay it. Spinel formation also occurs in intergrowths with a large
fraction of O3 component, although the rate progressively slows as the O2 content
increases. A two-plateau potential profile, characteristic of spinel, develops after about
20 cycles for the material containing about 5% O2 (Figure 9, bottom) but still has not
evolved completely after 30 cycles for the one containing 52% O2 (Figure 9, top).

Capacity near 4V is evident on the first cycle, particularly in the differential capacity

10



plots, but is attributable to redox processes of Ni, rather than phase transformation, as the
voltage profile is still sloping. Sharpening of the peaks below 3V in the dQ/dV data,
(particularly evident in the plot at the bottom of Figure 9), is an indication of conversion
and corresponds to the development of the two spinel plateaus.

Because of this strong tendency to undergo phase transformation, compounds with
high O3 content (corresponding to low P2 content materials listed in Table 2) were
omitted from further study. The electrochemistry of compounds substituted with 11% Co
or Ni has also been described in reference 25 and is not repeated here. Discharge profiles
of the remaining exchanged compounds are presented in Figure 10. These compounds are
all primarily O2 and do not undergo spinel conversion upon cycling. (Compare, for
example, Figure 9 with Figure 10e, for the entire 20% Ni-substituted series with varying
O2 content). Capacities are significantly lower than theoretical, however, and fading
occurs rapidly upon cycling, as is typical for many compounds with primarily O2
stacking arrangements. Optimization of the relative amounts and the arrangements of O2
and O3 components in intergrowths will be necessary to design stable, high capacity,
layered manganese oxide cathodes. Additionally, some consideration needs to be given to
the effect of substitution and synthetic conditions on the numbers of vacancies and their
role in determining the electrochemical characteristics. It is interesting to note that
compounds derived from P2-Na,;Ni;;3sMny30,, which is vacancy-free, perform well
electrochemically.”’

While partial replacement of Mn with Ni or Co allows formation of intergrowths,
poor abuse tolerance, in the case of Ni, and cost considerations, in the case of Co, make

materials containing these metals undesirable for electric or hybrid vehicle applications.
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Reference 25 indicates that intergrowths also form when Al, Li, or Fe are used as
substituents. Complete removal of lithium from layered manganese oxide structures
containing some Al is unlikely to occur, preventing irreversible and potentially dangerous
side-reactions associated with high states-of-charge, such as electrolyte oxidation or loss
of oxygen from the cathode. The potential for improved abuse-tolerance as well as low
cost and low toxicity makes Al substituted manganese oxides an attractive option for a
systematic analysis of intergrowth electrodes. In part 2 of this study, we describe recent

work on single phase and intergrowth electrodes in the LixAlyMn;_.yO»:, system.

IV.  Conclusions

Layered lithium-containing substituted manganese oxides can be prepared from
sodium-containing precursors, Na,MyMn.yO»:, (M=Ni, Co). XRD data suggests that Ni
substitutes in the +2 oxidation state, while Co is present as the +3 ion. The stacking
arrangements obtained are very sensitive to the values of x and y in the above formula.
P2 and P3 structures appear to be line phases, which form when x is close to 0.7 and 0.5,
respectively, whereas P2/P3 intergrowths form at intermediate values of x. lon-exchange
causes sliding of the transition metal layers, converting P2 to O2 and P3 to O3 stacking
arrangements. Initial discharge capacities over 200 mAh/g are obtained for cells
containing a 20% Ni substituted cathode with a primarily O3 structure, but conversion to
spinel is rapid. Capacities decrease for intergrowths containing more O2 component, but
spinel conversion is slower or does not occur. A possible role for vacancies in

determining the electrochemical behavior is suggested.
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Table 1. Nominal and actual compositions of selected Ni-substituted phases.

Nominal Composition Compositions determined by ICP
Before ion-exchange After ion-exchange
Nay 7Nig2Mng 5O Nayg.49Nig.1sMn 5205+, Lio.64Nag.01Nig.18Mng 8202+,
Nay.75Nip2Mng 3O, Nayg.50Ni.19Mny 8102+, Lig.6sNag.02Nig.19Mng 8102+,
Nag gNig2Mng 5O Nayg 62Nip.19Mno 8102+, Lio.73Nag.05Nig.19Mng 8102+,
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Table 2. Unit cell parameters of Na,MyMn,_.;O»+, (M=Ni, Co): space groups P63/mmc

(P2) and R3m (P3).
Nominal composition % P2 P2 lattice parameters” P3 lattice parameters
a(A) c(A) a(A) c(A)
Nayg 7Nip.0sMng 9502 >95  2.872(1) 11.192(26) 2.862(4) 16.796(15)
Nayg 7Nip.11Mng 8902 ~65 2.871(1) 11.209(15) 2.867(2) 16.831(16)
Nayg 75Nig11Mng 90> ~90  2.871(1) 11.194(7)  2.874(6) 16.752(19)
Nayg 7Nip. 1sMng 8502 ~35 2.872(1) 11.219(15) 2.868(1) 16.881(14)
Nayg 7Nip2Mng 30, <5 2.874(1) 11.308(30) 2.873(3) 16.943(18)
Nayg 75Nip2Mng 30, 52 2.875(1) 11.223(10) 2.877(1) 16.785(10)
Nayg sNip>2Mng 30, 84 2.871(1) 11.196(6)  2.880(6) 16.768(30)
Nayg 7Nig25Mng 7502 <5 2.875(1) 11.23921) 2.874(2) 16.864(10)
Nayg 7C00.0sMng 950, >95  2.860(1) 11.146(8)  2.848(10) 16.914(24)
Nag 7C00.11Mng 005" ~94  2.8524(3) 11.161(3) 2.85 16.72
Nay 7C09.1sMng 350, ~82  2.845(1) 11.185(11) 2.838(2) 16.781(15)
Nag 6C092Mng 30> trace 2.847(2) 11.256(42) 2.846(3) 16.912(24)
Nayg 65C002Mng 30, <5 2.847(2) 11.274(36) 2.848(3) 16.877(21)
Nay 7C092Mng 30> ~80  2.845(1) 11.188(11) 2.837(2) 16.787(16)
a) Estimated values are in italics (e.g., for minority (<5%) phases).
b) From reference 25.
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Figure Captions
Figure 1. XRD powder patterns of Nag 7NiyMn;_yO»+, (z=0-0.05) compositions, where y
is varied. The expected approximate peak positions for pure P2 and P3 phases are shown
as gray bars (actual positions are expected to vary somewhat with degree of Ni

substitution). Peaks attributed to a NiO impurity are marked with a *.

Figure 2. (a) XRD powder patterns of NayNigp;:Mngg9O,i, (top) and (b)
NaxNig2Mng 30+, (bottom) compositions, where x is varied. The expected approximate
peak positions for pure P2 and P3 phases are shown as gray bars (actual positions are
expected to vary somewhat with Na content). Peaks attributed to Nag4MnO, or

a-NaMnO, impurities are marked with a *.

Figure 3. Diagram showing approximate nominal composition range of layered P2/P3

intergrowths in the Na-Ni-Mn-O system.

Figure 4. (a) XRD powder patterns of Nag7CoyMn;_O,+, (z=0-0.05) compounds, where
y is varied (top) and (b) NayCop2Mng 3O+, compounds where x is varied (bottom). The
expected approximate peak positions for pure P2 and P3 phases are shown as gray bars
(actual positions are expected to vary somewhat with degree of Co substitution and Na

content).

Figure 5. (a) P2 and P3 unit cell volumes as a function of Ni or Co content in

Nag/MyMn;_yOs+, (M=Ni, Co) compounds: P2 values are shown as circles (estimated
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values as open circles) and P3 values as squares (estimated values as open squares). Data
for Ni substitution are shown in black and those for Co substitution in gray. Dashed lines
are meant as a guide to the eye only. Data for P2-Nag ;MnO,., is taken from reference 25.
(b) P2 and P3 unit cell volumes as a function of Na content in NayNig,Mng 3O, (black),
NaxNig 11Mng 3902+, (light gray), and NayCop>Mng 3O, (dark gray) compounds. Symbols

are the same as in (a) and dashed lines are provided as a guide to the eye.

Figure 6. (a) Average Mn oxidation state as a function of z (see text) of the defect line

phase P2-Nag7;MnO,+, and hypothetical P2 phases, Nag7NiyMn;yO,:, (—). Tie lines

representing constant values of X’ (----) in NaxNiy2+)Mn(1.y) 22202 (crystallographic
formula) are included. Compositions on lines falling within the dark gray shaded region
are expected to have distorted P’2 structures and those in the light gray shaded area have
P2 structures. (b) Average Mn oxidation state as a function of x, y, and z for the

NaxNiyMnj.yO»+, system.

Figure 7. XRD powder patterns of ion-exchanged compounds made from
Nag sNig2Mng 3O, (top), Nag75Nig2MngsO, (middle) and Nag7Nig2MnysO, (bottom).
(See Table 1 for actual compositions). The expected approximate peak positions for pure
02 and O3 phases are shown as gray bars. A Na-containing phase is marked with an *

and a hydrated phase with a e.

Figure 8. Initial charges and subsequent discharges, at 0.055 mA/cm?, of lithium cells

containing ion-exchanged compounds made from NaggNip2MnosO, (top),
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Nay75Nip2Mno 3O, (middle) and Nay7Nip2MnysO, (bottom). (See Table 1 for actual

compositions).

Figure 9. Discharges at 0.055 mA/cm’ of lithium cells containing (a)
LiossNago2Nig19Mngs102+,  made  from  NagsoNip1oMnosiO2+, and  (b)
Lig4Nag01Nig.18Mng 8202+, made from Naga9NigsMngg2021, (actual compositions).
Cycle numbers are labeled. Incremental capacity plots for the corresponding full cycles

are superimposed.

Figure 10. Discharges at 0.055 mA/cm? of lithium cells containing containing substituted
02/03 compounds: a) LixCog0sMng 9502, ~95% 02, b) LixCop.1sMng 3502, ~82% 02, c)
LixCoooMnpsO,, ~80% 02, d) LixNigosMngosO,, ~95% 02, and e)
Lig 73Nag 05Nig.19Mng 3102+, made from Nag 6:Nig 19Mng 5102+, (actual composition), ~84%

02. Cycle numbers are marked.
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