
















































































































































































































































































































































































































occurring over a single curve (e.g. as observed for C0304, in Figure 5.19). Quenches 

made, of any sample, from temperatures above that of the TG inflexion gave mixtures 

of spinel and disordered rock salt. It is likely that the presence of this inflexion in TG 

data is indicative of the decomposition ofLi2Mn03. 

Figures 5.31 - 5.36 show the decrease in compositional extent of the cubic spineJ solid 

solution area as temperature increases; note that these limits are interpreted from TG 

data, i.e. a single phase cubic spinel may continue to exist at higher temperatures than 

indicated here, but that TG data indicate that weight loss is occurring (i.e. samples are 

likely to be oxygen-deficient). The black dotted lines indicate the probable boundary of 

the cubic spinel solid solution area. 

These data essentially show a minimum in thermal stability centred at - LiCoMn04. 

This presents grave difficulties in the preparation of this composition as a single phase 

by high temperature solid state reaction routes. The assumption that the as-prepared 

samples were fully oxygenated, i.e. that LiCoMn04 has formed as opposed to 

LiCoMn04-o, must be taken with some caution. It is strongly recommended that future 

research seek a viable low temperature synthesis route. 

Figure 5.31 - Extent of oxygen-stoichiometric cubic spine/ at 550 CC. The green dotted line indicates the 

Mn-rich end of the 12 - CoNn04 cubic spinel solid solution reported by West et al. 12 
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Figure 5.32 - Extent oJ oxygen-stoichiometric cubic spinel at 600 "C. 
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Figure 5.33 - Extent oJ oxygen-stoichiometric cubic spinel at 700 "C. 
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Figure 5.34 - Extent of oxygen-stoichiometric cubic spineJ at 800 CC. 
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Figure 5.35 - Extent of oxygen-stoichiometric cubic spineJ at 900 CC. 
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5.6.3 

Figure 5.36 - Extent of oxygen-stoichiometric cubic spine/ at 1000 'C. 
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Effect of temperature on rock salt solid solution area 

The rock salt obtained as a single phase at the lowest temperature was CoO, at 950°C. 

As the treatment temperature increased further, single phase rock salts could be isolated 

at other compositions, forming a rock salt solid solution area. The extent of this rock 

salt solid solution area at 1000 DC, 1150 °C and 1350 °C is shown in Figures 5.37 - 5.39. 

As the temperature increases, the extent of the solid solution area also Increases, 

extending further out from CoO. 

This rock salt solid solution area also overlaps part of the lower temperature cubic 

spinet solid solution area, and is likely to be more extensive at temperatures above 1350 

DC; studies at such high temperatures were limited due to the risk of damage to 

equipment from Li, Co and/or Mn volatilization. 
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Figure 5.37 - Extent of single phase rock salt at J 000 "C. 
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Figure 5.38 - Extent of single phase rock salt at J 150 "C. 
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Figure 5.39 - Extent of single phase rock salt at 1350 OC. 
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Figure 5.40 - Lattice parameters (in if) for various cubic spinel compositions annealed at 500 OC. Red 

contour lines indicate compositions of equal lattice parameter. 
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Figure 5.41 - Lattice parameters (in A) for various high temperature rock salt composition . Red 

contour lines indicate compositions of equal lattice parameter. 
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Figure 6.3 - Calculated activation energies for Li I-xCO l+214n I -xO.,. 
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The modest levels of semiconductivity observed for compositions with 0.00 ::s x ~ 1.00 

are consistent with an electron hopping mechanism in a material containing mixed 

valence transition metal cations. The reason for the apparent random variation in bulk 

conductivity and activation energy with composition, however, is unclear. It is possible 

that the compositions of the samples have been altered during the sintering process, and 

not re-obtained during the annealing step at 500°C; i.e. they are no longer single phase 

spinels but instead may also contain an amount of the disordered rock salt or LhMn03 

phases. 
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The modest levels of semiconductivity observed for compositions with 0.00 S x S 1.00 

are consistent with an electron hopping mechanism in a material containing mixed 

vaJence transition metaJ cations. The reason for the pattern observed here in the 

conductivity and activation energy data is unclear; the conductivity maxima coincident 

with the end-members may suggest some special stability for compositions with x = 

0.00 and 1.00, where the structures are possibly more ordered, i.e.: 

Litel[COO.sMnI.5]oct04 

COtet[COO.7MnIJ]oct04 
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Figure 6. 7 - Potential profile for cell with LiCoMn04 (x = 0.00) as active material, cycled in range 3.0 -

5.1 V at CIIO rate. 
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Fl1Jure 6.8 - Discharge (Li insertion) profiles for LiCoMnO .. (x = 0.00) for first 5 cycles, in the range 

0.25 - 2.5 V at CI5 rate. 
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Figure 6.9 - Potential profile for cell containing Lio.4r;Co:;.o:i4n0.4IfJ4 (x = 0.51) as the active material, 

cycled in the range 3.0 - 5.1 V at Cl 1 0 rate. 
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Figure 6.10 - Discharge (Li insertion) profiles for Li0.4r;C01.oNn0.4IfJ4 (x = 0.51) for first 5 cycles, in the 

range 0.25 - 2.5 V at C/5 rate. 
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Figure 6.13 - Specific charge capacity at - 5.0 or - 4.5 V after J 0 cycles for cells with active material of 

composition O.OO:Sx:s 1.00 (Li/_xCo/ +2xMn/_xO,). cycled over range 3.0 - 5.1 Vat CI IO rale. 
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Figure 6.14 - Variation in discharge capacity (y Li) with composition (O.OO:Sx:S 1.00 in 

Li/_.nyCo/ ;zxMn/ _xO,) after J and 10 cycles. 
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Figure 6.15 - Theoretical specific capacity for insertion of J Li into Li1_xryCo l+alvfnl",04 

(where 0.00 ~x ~ 1.00, Y = J Li). 
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Figure 6.16 - Potential profile for cell with Li2CoMn308 (x = 0.00) as active material, cycled in range 3.0 

- 5.1 Vat Cl10 rate. 
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Figure 6.17 - Discharge (Li insertion) profiles for Li2CoMn/J8 (x = 0.00) for first 5 cycles, in the range 

0.25 - 2.5 V atCI5 rate. 
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Figure 6.18 - Potential profile for cell containing Lio.5Co J.JMn ).40 4 (x = 0. 50) as the active material, 

cycled in the range 3.0 - 5. J V at Cl J 0 rate. 
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Figure 6.19 - Discharge (Li insertion) profiles for Lio.5Cou Mn ).404 (x = 0.50) for first 5 cycles, in the 

range 0.25 - 2.5 V at C/5 rate. 
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Figure 6.20 - Variation in dischargelcharge specijic capacity of plateau centred on - J. 0 V upon cycling 

for Li;CoMnJOa (x = 0.00). 
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Figure 6.21 - Variation in dischargelcharge pecijic capacity of plateau centred on - 1.0 V upon cycling 

for Lio.sCou Mn l .• O. (x = 0.50). 
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Figure 6.22 - Specific charge capacity at - 5.0 or - 4.5 V after 10 cycles for cells with active material of 

composition 0.00 5X 5 1.00 (Lil .. ~Coll2+6x/}vfn3/Z .. x/sO.J, cycled over range 3.0 - 5.1 Vat C/ 10 rate. 
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Figure 6.24 - Theoretical specific capacity for insertion of J Li into LiJ-x+yCoJI2+6x/}.1n3l2-x1J04 

(where 0.00 ~x ~ 1.00. y = J) . 
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Figure 7.2 - TG and DTA datafor LiMn,O'l-
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amplcs from this compositionaJ range were quenched into mercury from elevated 

temperatures and studied by XRD. For all compo ilions, the cubic 'tru 'lUr' wus 

retained in samples quenched up to 846 0C; an incfl:asc in lattice pammeter \\-us noted 

for aJl compositions as quench temperature in reased (Figure 7.3). 

Figure 7.3 Cubic spine//affice parameters/or quenched Li, ,Aln , ,0,. 

8.26 
• -< • 8.25 .. • Q) • ... • Q) 8.24 

E 
I • X :::I 000 1 cu .t. • .. 8.23 cu 

c. .t.x = OO4 
Q) 8.22 . x - 008 (.) • E x · 012 cu 8.21 ...J 

8.2 L -
500 600 700 800 900 

Quench temperature / °C 

A mixture of Li2MnOJ and a pinel pha e wa quenched from 900 

- 962 ° . In samples quenched abo e 962 ° ,a mi ture of LiMn 2 and tl spind phns' 

was observed. No single pha e materials \ ere b. rvcd in mplc qu n h 'u fr)111 )\I.!r 

900 ° . Annealing these quenched ample fl;- btained the ingl phas 'ubi spine!. 

Quenches from as high as 1400 0 h ved ery poor qunlit RD patt ms, \"ith p 'a"­

broadening and loss of inten ity. ugge ling that lithia I ' tI es 'ur t signili antI} 

higher temperatures than studied by Tha kera- . 

The mechani m proposed by Thackera ,when; a high tc.;mperatur;' 'LiooMn~ I( " spmd 

pha e was suggested, requires ignifi ant lithia 10 s t \.:\ id n \.: f r 

ignificant loss below 1200 0 ha been {i und in the data pn.: enh;J here, and n) high 

temperature spinel phase wa obs rved. 



Figure 7.7 - Schematic diagram indicaJing the large hy lere is effect In fi - r pi/a;. e transitIon in 
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7.3.3b 

DSC data were recorded on heating for x = 0.04, 0.08 and 0.12 after initially cooling to -

60 and -180°C. A single DSC peak was observed for all compositions on cooling to -

60°C. The intensity, and temperature, of this peak decreased as x increased (i. e. as 

Mn3+ content decreased). A simple phase diagram for the Li1+xMn2-x04 binary join 

cooled to -60°C is presented in Figure 7.8. 

Figure 7.8 - DSC peak maxima f or LiJ+,/IIfnlfl4 binary join cooled to -60 "C. 

50 -

0 25 a.-li1+xMn2.x0 4 0 

~ -e 
::s - 0 e 
Cl) 
0-
E 

-25 
~-li 1 +xM n2-X0 4 

Cl) ..... 

-50 

0.00 0.04 0.08 0.12 0.16 

X in U1+xM "2-x04 

When the initial cooling was conducted to -180°C, a similar pattern was observed 

(Figure 7.9). Only a single peak was observed for x = 0.04 and 0 . 08 ~ i.e. no transition to 

a y-phase occurred in Li1+xMn2-x04 for x 2: 0.04. It is possible that a limited range of 

compositions could show the ~ -+ Y transition as suggested in Figure 7.9. 

It is not understood why no peak was observed for x = 0.12 after cooling to -180°C, 

though any cooperative Jahn-Teller distortions may be limited by the low Mn3+ content 

at this composition. 
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7.3.3c 

Figure 7.9 - DSC peak maxima for LiJ+,/v!nl_x04 binary join cooled to -180 "C. 
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Samples with composition x = 0.00, 0.04, 0.08 and 0.12 were quenched from 692°C 

and 846 °C. DSC data were then recorded on heating after initially cooling to -180°C. 

The TG data showed that minimal oxygen loss occurred in samples with x ~ 0.08 

quenched from 692°C. A small oxygen loss was recorded for x = 0.12 at 692°C, 

suggesting a stoichiometry of Li1.l2Mn1.8803.98 at this temperature. However, all 

samples were shown to have begun losing weight by - 800°C; calculated 

stoichiometries for the materials quenched from 846 °C are presented in Table 7.4. 

Table 7.4 - Oxygen contents calculatedfrom TG datafor LiJ+Jv!nl.",P4_6 samples quenchedfrom 8-16 CC; 

Mn oxidation state calculated with assumption that phases had Lil+,/v!nl .... 04 stoichiometry before heating 

and that all weight loss is due to oxygen vo/atilisation. 

x 8 Stoichiometry Calculated Mn oxidation state 

0.00 0.03 LiMn20 3.97 3.47 

0.04 0.07 Li l .OMnl.9603.93 3.48 

0.08 0.12 Li 1.0gMn 1.9203.88 3.48 

0.12 0.14 Li 1.12Mn 1.8803.86 3.51 

In samples ofx = 0.00 and 0.04 quenched from 692°C, two peaks were observed in the 

DSC data on heating. Only one peak was observed in data for x = 0.08 and 0.12. From 
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these data it was possible to construct a low temperature phase diagram for Lit+xMn2-

x04 quenched at 692°C and cooled to -180°C (Figure 7.10). 

Figure 7.10 - Low temperature phase diagram/or Lir+J..1n2_~4 quenchedfrom 692 CC 

and cooled to -180 °C. 
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Both the intensity and temperature of the DSC peaks decrease with decreasing Mn 

content. 

Samples from the whole composition range studied (x = 0.00 to 0.12) showed two DSC 

peaks when quenched from 846°C. Both DSC peaks moved to lower temperatures 

(Figure 7.11) and became less intense as Mn content decreased. 

Figure 7.11 - Low temperature phase diagram/or LiJ+)..1n2_~4 quenchedfrom 846 CC 

and cooled to -180 CC. 
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The decrease in DSC peak intensity and temperature observed for samples quenched 

from 692 and 846 °C can be related to the Mn content in the samples; the distortion 

effectively decreases as the LilMn ratio increases, i.e. as there is less Mn present. The 

average oxidation state of Mn in these samples quenched from 846 °C, calculated from 

TG data (Table 7.4), remains constant with x, and hence all compositions show the two 

transitions. 

From these data, it can be seen that two phase transitions occur for LiMn204, and that 

these phase transitions can also be stabilised in lithium-excess materials in the Li1+xMn2-

x04 solid solution. This stabilisation can be achieved by quenching in oxygen 

vacancies, thereby increasing the overall Mn3+ concentration. As the average Mn 

oxidation state approaches Mn3
.
s+ it becomes more likely that cooperative Jahn-Teller 

distortions will occur. Since both of the low temperature phase transitions in the 

Lh +xMn2-x04 materials show a strong dependence on the Mn3+ content, it can be 

concluded that both are related to the Jahn-Teller effect. It is therefore likely that the 

higher temperature a. !:; J3 transition involves partial charge ordering, and that further 

charge ordering occurs on further cooling to enable the J3 !:; y transition. It also appears 

that a critical average manganese valence of - Mn3
.
S+ must be reached for the J3 !:; y to 

occur. Low temperature diffraction studies are needed to enable identification of the 

symmetry of the J3- and y-Lil+xMn2-x04 phases. 

The large hysteresis observed for the y -+ J3 transition suggests that this is not a first 

order transition. It may be that this is a more displacive second order. martensitic 

transition. This would be consistent with a gradual increase in charge ordering. 

Only one other group has reported two sub-ambient phase transitions occurring in 

LiMn204; Takada et al. S,10,12 reported a cubic -+ orthorhombic transition at - 10 OC. 

with an orthorhombic -+ tetragonal phase transition occurring at - -200 OC. It is 

possible that the J3 and y phases reported in this work may have orthorhombic and 

tetragonal symmetry, respectively. No other authors have reported more than one low 

temperature polymorph ofLiMn204. 
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7.4 Conclusion 

Compositions were prepared on the Lh+xMn2-x04 solid solution, where Li replaces Mn3
1 

as x increases. These materials had the cubic spinel structure at room temperature. 

The cubic spinel structure was retained for 0.00 ~ x ~ 0.12 in samples quenched from up 

to 846°C; TG-DT A data showed these quenched materials to be oxygen-deficient at 

this temperature, resulting in a decrease in the overall Mn oxidation state as Mn3
+ 

content increased. 

The low temperature phase diagram of LiMn204 was investigated by DSC; two low 

temperature phase transitions were observed. One, at - 23°C on heating, has been 

widely reported, though the symmetry changes involved are not yet satisfactorily 

understood. The second transition occurred at - -140°C on cooling, and - 15°C on 

heating; this significant hysteresis suggests that the transition may be second-order, 

possibly martensitic in nature; this is consistent with an increase in charge ordering in 

the f3 -+ Y transition. 

The 'a. -+ f3' transition at room temperature was also observed for compositions with 

0.04 ~ x ~ 0.12. The second, 'f3 -+ y' transition was absent for untreated samples, 

consistent with a decrease in Mn3+ content. When steps were taken to increase Mn3+ 

content such that the average manganese oxidation state fell to Mn3.S+, i.e. when 

oxygen-deficient samples were prepared by quenching from elevated temperatures, the 

'f3 -+ y' transition was observed for the whole range of compositions studied, 0 ~ x ~ 

0.12. This second transition has not been clearly identified in the literature, and has not 

been studied by DSC previously. Previous studies have only considered magnetic 

ordering at ~ 60 K; no structural changes are reported to accompany this. 

The likely cause for both transitions is the distortions caused by Jahn-Teller active Mn3
+ 

cations, and charge ordering occurring on cooling. These data may be consistent with 

the findings of Takada et al., S,lO,12 i.e. the 'a. -+ f3' and 'f3 -+ y' transitions reported here 

may correspond to cubic -+ orthorhombic and orthorhombic -+ tetragonal transitions 

respectively. 
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Chapter 8 

Conclusions and Further Work 

8.1 Conclusions 

The C03-xMnx04 phase diagram (with 0.00 ~ x ~ 3.00) has been studied. A cubic spinel 

solid solution was found at 500°C for compositions in the range of 0.00 < x < 1.30. 

This extended across the whole compositional range of the phase diagram at 

temperatures increasing with Mn content. Single phase spinel materials could be 

prepared with any Co:Mo ratio by simple heat treatments. 

Lithiation of samples of composition C03-xMnx04 has been successfully attempted. 

though cycling likely proceeds via (de)lithiation of the individual rock salts: 

3-x Co + x Mo + 3 LhO !:; 3-x CoO + x MoO + 6 Li+ + 6 e-

6 Li+ + 6 e- ~ 6 Li 

3-x Co + x Mo + 3 LhO !:; 3-x CoO + x MoO + 6 Li 

The observed practical discharge capacities for Mo-doped materials were significantly 

lower (- 475 mAh.g- l
) than for C030 4 (- 800 mAh.g-I), but in good agreement with the 

proposed mechanism. Manganese doping led to cells with impressive performance in 

terms of cyclability, better specific capacity than the graphite anode materials currently 

used. low potential vs. Li (- 0.6 V for x = 2.60 vs. - 1.0 V for x = 0.00 (i.e. C<>30 .. », and 

cost / health benefits over the C0304 anodes currently attracting much interest in the 

literature. 

Three joins in the LhO-CoOx-MnOy phase diagram have been studied, extending from 

LiMn204 to LiCoMo04 (LiCoxMn2-xO .. ), LhCoMn)Os to C01.7Mn1.304 (Lh. 

xC01l2+6x1SMou-xlS04) and LiCoMo04 to C<>30 .. (Lh.xCOI+2xMoI.x04). In each case, a 

solid solution was identified for the compositionaJ range 0.00 $ x $ 1.00. 

These joins most likely form three sections through a solid solution area, i.e. an area of 

compositions that fonn single phase cubic spinels with variable lithium, cobalt and 

manganese ratios. It was found that all of these phases lost oxygen on heating; 
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compositions centred around LiCoMn04 and C0304 were found to lose - 1 oxygen and 

form disordered rock salts after heating to at least 1000 °C. The compositional extent of 

this high temperature rock salt solid solution area increased with temperature, 

overlapping the area of the LhO-CoOx-MnOy phase diagram covered by the cubic 

spinel solid solution area at 500 0c. 

LiCoMn04 has great potential as a cathode material for the next generation of Li-ion 

batteries. Two plateaux are observed in the electrochemical data; at 4.0 V (the reason 

for this is unknown, but may be due to a Mn3+ !:; Mn 4+ redox couple) and at - 5.0 V 

(most likely due to the C03+ !:; C04+ redox couple). The results of the phase diagram 

studies suggest that oxygen non-stoichiometry may be problematic for LiCoMn04, and 

this may explain the persistence of the unexpected - 4 V plateau. The 5 V plateau is 

also observed to have an inflexion at about half-discharge; this may be related to the 

ordering of lithium ions over tetrahedral sites after 50 % of the lithium has been 

removed 

Compounds on the Lil-xCOI+2xMnI-x04 solid solution show significant capacities for 

lithium insertion. The best performance was observed for x = 0.51, where specific 

capacities of - 750 mAh g-I were obtained, with good capacity retention over the first 

five cycles. This offers a significant improvement over the graphite anodes used in the 

current generation of lithium-ion cells. 

On first discharge, insertion of over 8 Li into Lh-xCOII2+6x1SMn312-xlS04 samples was 

found to be possible. However, the capacity on subsequent cycles was found to be 

extremely limited; the reasons for the poor performance are not understood. 

No significant capacities were obtained for lithium extraction from any of the materials 

with x > 0.00 on either of the Lit-xCOI+2xMnI-x04 or Lh-xCOII2+6x1sMn312-xlS04 solid 

solutions. 

The sub-ambient phase diagram of LiMn204 has been studied. While numerous 

sources in the literature report a single sub-ambient phase transition for LiMD204, the 

DSC data presented here indicated two transitions. It is proposed that a P-LiMn204 

phase exists between 15°C and -140°C; a 'Y-LiMn204 phase exists below -140 OC. The 

structures of these phases have not yet been characterised but work on this is in 
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progress. These transitions were observed in Lh +xMn2-x04 when oxygen vacancies 

were introduced by quenching, and reducing the average Mn valence to below Mn3
.
S+. 

8.2 Further Work 

The following areas are considered by the author to be important for future study: 

The cobalt oxide-manganese oxide phase diagram: 

use different experimental conditions to try and obtain greater range of 

rock salt compositions. 

The application of cobalt manganese oxides as anodes 

Study of cells containing (Co,Mn)O rock salts as the active material, to 

eliminate issues regarding the capacity loss on first discharge observed 

for the spinel materials. 

Study other transition metal oxides, particularly those with spinel or rock 

salt structure. While countless examples are possible. this study should 

be limited to atoms of relatively low weight, e.g. the oxides of atoms up 

to, and including, those of the first row of the transition metals. 

The Li~-CoOx-MnOy phase diagram 

Research low temperature synthesis routes for LiCoMnO. (and, in 

general, spinels with compositions in the LhO-CoOx-MnOy phase 

diagram) to avoid issues of oxygen non-stoichiometry. Such routes may 

yield fully oxygenated phases with low particle size. with improved 

battery performance. 

Look for similar solid solution area phenomena and spinel = rock salt 

transitions in other spinel systems. 

Battery studies of interest as a result of the studies on lithium cobalt manganate spinels 

Study the effect of annealing conditions on the - 4 V capacity observed 

for LiCOMn04. 
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Further study of compounds on the solid solution between LhCoMn30S 

and C01.7Mn1.304 to determine why their electrochemical performance as 

anodes falls short of the theoretical capacities. 

Study rock salts with stoichiometry (LixC<>yMnz)O (where x + y + Z = 1) 

for possible anode materials. 

Study the join between LhCoMn30s and C030 4 for potential candidate 

cathode and anode materials. 

Look for possible anodic behaviour in related systems (e.g. replace Co 

with Fe) and look for other oxides (including those containing lithium) as 

possible anode materials. 

Further study the effects of cycle rate and other experimental conditions. 

Study the effect of particle size. 

The sub-ambient polymorphism of LiMn:z04 

Gather low temperature neutron diffraction data, and perform Rietveld 

refinement to fully characterise the structures of the possible low 

temperature poly morphs ofLiMn204. 
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