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Abstract

A study of the effect of synthesis techniques and conditions on the electrochemical, structural and physical properties of solution phases
of Li,MnO; and LiNi;_xCo,0; is reported. In this system, the formal oxidation state of the manganese is +4, while that of the nickel
and cobalt is +3. These materials were produced from a variety of precursors and chelating agents. Modifications in the synthesis were
found to affect the microstructure of the products and their electrochemical performance. It is demonstrated that, with good compositional
and microstructural control, solution phases ofMinO; and LiNi;_,Ca,0, can have stable discharge capacities as high as 240 mAh g
Furthermore, it has been found that a solution phaseMhO; and LiNi;_,Co,0,, having no nickel content, LbMng 4Cy 40,, can produce
very high discharge capacities 235 mAh g) when charged to voltages greater than 4.3V, despite an apparent theoretical capacity of only
125mAhgt.
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1. Introduction solutions of LpMnOs—LiNi;_xCoO»>. However, even for
LioMnOs it has been shown that charging to voltages greater
Solid solutions of LJMnO3 and LiMng sNig 502 [1-3] than 4.3-4.4V induces an unexpected reversible capacity
have received much attention recently as potential high ca-[6].
pacity cathodes for lithium ion cells. These materials were  As a general trend, developments in lithium battery cath-
found to exhibit anomalously high reversible capacities af- ode materials have resulted in the requirement to synthesize

ter charging to voltages greater than 4.81V4]. The addi- increasingly complex materials. The production of single-
tion of LiCoQOs to solutions of LiMnOsz and LiMng sNig 502 phase ternary, quaternary and even more complex systems
was found to reduce the cell impedanpy. More re- is a major challenge for conventional solid-state synthesis.

cently, it was showed that similar results can be obtained Increasingly, solution-based techniques such as sol-gel and
with solid solutions of LiMnO3-LiCoO, [5] and that the co-precipitation are being applied to ensure adequate mixing
Ni2*—Ni** redox couple is not a requirement. Further per- of ions on a molecular level. This paper examines an alter-
formance enhancements were found for more complex solu-native sucrose-based, Pechini-like method that has proven
tion phases of LIMnOs—LiNi1_xCoO> [5]. These materi-  effective in producing single-phase complex oxides. The su-
als contain Ni in the formal oxidation state of +3 rather than crose method was originally developed to produce nanopar-
+2 as in the previous reports of anomalously high capac- ticulate oxides, but is attractive in that it combines aspects of
ity materials. The discharge capacities obtained, as high aschelation, dispersion and combustion methods in a simple,
240 mAh g1, were much greater than expected for 1:1 solid hotplate-based technique. The technique has been demon-
strated to be flexible and to allow for the synthesis of very
* Corresponding author. Tel.: +1 613 990 0347; fax: +1 613 991 2384.  COMPplex, five cation compositions as single-phase materials
E-mail addressisobel.davidson@nrc.ca (I.J. Davidson).
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2. Experimental Table 1
Refined pseudo-hexagonal cell parameters and size (LVol-IB) information

The synthetic technique used was a slight variation on for the different materials obtained by full pattern fitting

that described for the production of nanocrystalline ox- Preparation a(d) c(A) Size
ides[7,8]. Metal ions were added in the form of nitrates, Et\é?)'"B)
water-soluble oxalate salts, acetates or a mixture of lithium

formate + transition metal (TM) acetates in the required

Li1.2Mng.4Nig 3C0p 102, 800°C
Li formate + acetates (sucrose) 2.8532(1) 14.2101(1) 92(5)

stoichiometries. Sucrose was added in a 4:1 molar ratio, acetates (sucrose) 2.8537(1) 14.2112(10)  74(4)
yielding a chelate:cation ratio of 8:1 after the hydrolysis of  oxalates (sucrose) 2.8549(2) 14.1923(17)  39(2)
sucrose to saccaric acid. An alternative chelating agent, Nitrates pL-malic acid) 2.8509(1) 14.2030(10)  100(5)

malic acid was also studied, at a molar ratio of 8:1 versus Nitrates (sucrose) 2.8519(1) 14.2077(8)  66(4)
cations. After dissolution of the solids in de-ionized water, Li; 2Mng 4Nig2Co 202, 800°C

concentrated nitric acid was added until the pH of the solu- Nitrates (sucrose) 2.8462(1) 14.1912(8) 66(7)
tion was below 1. The solution was then heated on a hot- Li; ;Mng 4Nig.1Coo.302, 900°C

plate to evaporate the water. Once the solution started to Nitrates (sucrose) 2.8386(1) 14.1893(5) 164(16)
become viscous, the heat was increased to decompose thej; ,Mng 4Cop 405, 900°C

salts, and eventually, char the mixture. This process produces Nitrates (sucrose) 2.8294(1) 14.1662(7) 134(17)

a lot of gas and, with sucrose, the viscous mixture foams
up considerably. However, very little foaming was observed

whenpL-malic acid was used as the chelating agent. Heat- . . . . -
g ag LioMnO3 and LiMng 5Nig 502, lattice parameters were re-

ing was continued until the char dried out and eventually fined using the related pseudo-hexagddahm -type unit cell

combusted. Combustion is slow in this process as oppose . . . :
to the rapid process that occurs with glscine for exe?r?]ple OIThelattlce parameters, providediiable 1 varied predictably
K - with Ni/Co ratio but showed little change with variations in

Once combustion finished, the ashes were collected and fired" . -
in flowing air at temperatures ranging from 800 to 9QD precursors or chelating agents. There was some variation,
for 6 h however, in the size parameter, volume-weighted column

length from integral breadth (LVol-IB)10], with composi-
tion, and with variations in precursors and chelating agents.
Suchvariations can be due to differences in the dispersion and
combustion stages of the process that result from variability
in foaming and quantities of available fuel. Furthermore, the
requirement for human intervention to control the combus-
tion may have contributed to the variability.

The discharge capacities, for the first 50 cycles, for
cells containing 1:1 solution phases of,MnO3 and
LiNi 1_xCosO2 are shown inFig. 1 Electrochemical per-

For comparison with prior studies on solution phases of

Characterization by powder X-ray diffraction was carried
out a Bruker D8 diffractometer equipped with doublét®l
mirror, parallel-beam optics. Samples were mounted on zero
background holders and analysed using Guridiation be-
tween 10 and 100 in 26. Unit cell parameters and size in-
formation were obtained by full-pattern fitting using TOPAS
V2.1 softward9]. High resolution scanning and transmission
electron microscope images were obtained using a Hitachi
S4800 instrument on uncoated samples.

Electrochemical testing was carried out in coin cells (size
2325) constructed in an argon-filled glove box. The cath-
odes were prepared by casting slurries containing 80 wt% 250

active material, 14 wt% carbon and 6 wt% binder in a fugi-
tive solvent, onto aluminium foil. The individual electrodes, 5 '
. = :
of 12.5mm diameter, were pressed under a pressure of < 200124 uieA e
0.5tonnes. The cells were completed with lithium metal an- s
odes, polypropylene separators (Celgard) andl7f 1 M S Lij Mn, Ni; , ,C0,0,, Bhrs in air
9 150
LiPFgin 1:1 EC/DMC electrolyte solution. Galvanostatic cy- g —@— x=0.1, Liformate + acetates (sucrose), 800°C
. . Q —— x = 0.1, acetates (sucrose), 800°C
cling was carried out at a rate of 10 mAbetween 2.0 and =2 A% =01, avalates (SUAase). 600G
4.6V. E —4— x = 0.1, nitrates (malic acid), 800°C
8 100 —7— x = 0.1, nitrates (sucrose), 800°C
o —&— x = 0.2, nitrates (sucrose), 800°C
—— x = 0.3, nitrates (sucrose), 900°C
. . —C— x = 0.4, nitrates (sucrose), 900°C
3. Results and discussion 50 . ; ‘ :
0 10 20 30 40 50
All of the compositions were confirmed to be single- Cycle number

phase by X-ray diffraction, with patterns consistent with a

Li ,MnO3-type C2/m monoclinic unit cell. The smooth evolu-  F19- 1. Capacity vs. cycle number fordiMno.aNio.4 xCo0z withx=0.1

. . . L for Li formate + TM acetates, acetates, oxalates and nitrate precursors using
t'?” of unl_t C?" parameter_s with C(_)mpos_ltlon al(_)ng the phase sucrose chelating agent, and nitrates withmalic acid as a chelating agent.
diagram tie line was consistent with solid-solution behaviour aiso shown are discharge capacities for the serie8.1-0.4 produced using

[5]. nitrates with sucrose chelating agent.
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formance was evaluated as a function of Ni:Co ratio, us- been attributed to oxygen loss through simultaneous extrac-
ing nitrate salts and sucrose, and as a function of the choicetion of Li and O from the materials. The similarities in the
of precursors and chelating agents at a fixed composition,voltage curves iffrig. 2with those for solutions of LIMnO3
Li1.2Mng 4Nig.3C0p.102. Li1.2Mng 4Nig 3C0 102 was pre- and LiNip sMng 502 suggest that the same process is occur-
pared at 800C, but compositions with greater cobalt content ring. Taper charging of LioMng 4Cop 4O, produced a first
required a higher firing temperature (9Q0) to obtain sta- charge capacity of 345 mAHhg. Attributing the excess ca-
ble electrochemical performance. The variation in discharge pacity on the first charge to simultaneous loss of Li and O,
capacities as a function of Ni:Co ratio is surprisingly small. this would be consistent with the following:

In particular, Li 2Mng.4C0p.402 (at x=0.4) produced dis- _ 125 mAhg? .

charge capacities of as high as 235 mAft glespite the com-  Li1oMng.4*"Cop.s> 0, ""==" LiggMno4* Cap4* 0,

plete lack of nickel in the system and having a “theoretical”  220mAhg™? Li Mno 24 Con 410 0.35°0’
capacity of only 125mAhg!. Indeed, in a previous study — 0.095MiM0.4™ &00.47 D648+ O
on solid solutions of LiIMNO3 and LiCoQ in which cells Lio.09MnNg.4C0p.401.648 Would conventionally be de-

were cycled between 3.0 and 4.3V, the capacities decreasedcribed as Lg115MNg 486C0048602. Full re-lithiation

with increasing Mn contentl1]. Variations in precursors  to Lijg2gMNg.4g6C00.48602 on discharge would require

and chelating agents were found to affect the capacities and234 mAh g of the original Li.sMng4Cop40,. Conse-

capacity retention of Lio>Mng 4Nip 3Cp 102. The best per-  quently, the reversible capacity observed, 235mahg

forming material prepared from Li-formate and acetate salts indicates that the material formed in situ after charging to

of the transition metals yielded an ultimate discharge capac-high voltages can be almost fully-@0%) delithiated in a

ity of approximately 240 mAhg?, with very good capacity  reversible manner under favourable conditions.

retention. The effects of variations in the precursors and chelating
Charge—discharge voltage profiles are showriin 2 for agents on a fixed composition,;LdMng 4Nig.3C0p 102, can

1:1 solution phases of §MnOz and LiNi;_xCoxO, prepared be seen irFig. 2d—f. The material produced from Li for-

from nitrate salts and sucrose for a range of Ni:Co ratios, and mate + TM acetates with sucrodéd. ) showed the largest

for Liz.oMng4Nip3Con.1O, prepared from nitrate salts and  reversible capacity and a low internal resistance as is ev-

pL-malic acid and from Li-formate and TM acetate salts with ident at the end of charge. Similar behaviour was found

sucrose. Allmaterials in these series exhibited the irreversible using nitrates with sucroseFig. 2e), but the reversible

voltage plateau at 4.4-4.5V, characteristic of anomalous ca-capacities were lowerFig. 2e shows the performance of

pacities, on the first cycle. After completion of this forma- Li; 5Mng 4Nig 3Cag 102 produced using nitrates, but witin-

tion step, voltage profiles more characteristic of a layered malic acid instead of sucrose as the chelating agent. These

a-NaNiO,-type structure were established. cells exhibited significant cell polarisation, which decreased
In previous studies on solid solutions ofMnOz and the reversible capacity and prolonged the number of cycles

LiNi9.sMno 502 [2], the formation step on first charge has needed to complete the formation step (showRig 1).
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Fig. 2. Voltage curves for LisMng 4Nig 4-xC0cO, with x=0.4-0.1 produced using nitrates with sucrose chelating agent, axd @t using Li formate + TM
acetates with sucrose, and nitrates withmalic acid as chelating agents, respectively.
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Fig. 3. Scanning electron microscopy (SEM) images of electrode surfaceg fhj 4Nip 3C0p 102 prepared from (a) nitrates with sucrose, (b) nitrates with
pL-malic acid, (c) Li formate + TM acetates with sucrose and (d) acetates with sucrose, with SEMs of the correspgaiiing ANip 3Cay. 102 powders inset.

The variation in electrochemical performance of ma- in binding of the 3D network could be due to the speed and
terials with the same composition and structural features temperature of combustion. This in turn would be related to
suggested that microstructural characteristics were affect-the porosity of the carbonaceous foam before combustion.
ing the cell performance. Consequently, a SEM study of The foaming process could be tuned by the use of cross-
the Lip osMng 4Nig.4-xCoO, powders and the cast electrodes linking agents to increase the density of the polymerised
was undertakerf-ig. 3 shows the SEM micrographs of the matrix.
casts with an inset of the £pMng 4Nig.4-xC0xO2 powders
at higher magnificationfig. 3a and b show materials pro-
duced using nitrates with sucrose andmalic acid, respec- 4. Conclusions
tively. The material produced using.-malic acid has many
fused, large agglomerates, while the material produced us- This study has shown the versatility of a modified Pechini
ing sucrose produced more loosely bound, if still large ag- method for the preparation of complex solid solutions with
glomerates with intra-granular porosity. The cast produced controlled microstructure. Through judicious selection of
from these materials is also different. The cast produced chelating agents and precursors, itwas possible to tune the mi-
with sucrose contains large, but porous grains together with crostructure of solid solutions of $MnO3—LiNi1_xCocO2
some unusual, filament-like structures. The cast producedfor better dispersion in the electrodes. The optimal mi-
using pL-malic acid contains smaller, but dense, sintered crostructure has a loosely bound network structure of small,
spherical particles. This morphology affected the kinetics uniform particles. Such a structure is friable, and is eas-
of the formation process and led to the slow rise in dis- ily and uniformly dispersed throughout an electrode during
charge capacitiesrig. 3¢ and d show the materials pro- processing.
duced with sucrose using Li formate + TM acetates, andonly  In conclusion, nanoscale materials in the series
acetates, respectively. In both cases, an open, porous miLi>MnO3z—LiNi;_xCosO> can yield very high discharge ca-
crostructure is observed, althougtig. 3d shows a more  pacities (240 mAh g 1), but require careful microstructural
tightly bound 3D network. The increased porosity of these control to produce electrodes with good electrochemical per-
materials could in part be due to the additional carbona- formance. The presence ofis not required to produce the
ceous fuel supplied by the organic precursors. Differences anomalously high capacities that have been widely reported.
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