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A b s t r a c t  

New layered oxtdes, Li=( Ru~ ,Fe, )O~ and Li2IrO~, were synthesized and characterized by X-ray diffractometry, Mossbauer spec- 
troscopy and electrochemical measurements. In the Ll_,( Ru~ ,Fe, )O~ system, symmetry change from a monochnic to a rhombohedral 
structure was observed near v = 0.4 with increasing iron content, v, from 0 to 0.5. The rhombohedral monophase obtained at v = 0.5 has 
the composition of Li~ ,Rur~ 6Feo 6Oa wtth the layered or-NaFeO2-type structure. L121rO~ has rhombohedral symmetry with the LL, RuOa- 
related structure. Lithium cells using Ll~Ruo~,Feo~O~ and LieIrO~ cathodes showed cycling capacitms of 100 and 120 mAh/g, 
respectively. © 1997 Published by Elsevier Scmnce S.A 
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1. I n t r o d u c t i o n  

Layered  oxides Li2MO3 ( M = Mn, Ti, Ru, Sn, Mo ) have 
cubic-c lose  packed oxide- ion lattices with basal planes of  
octahedral  interst ices filled al ternately by Li ~ only and by 
1/3Li  +, 2 / 3 M  4+ [ 1-9] .  Of  these metal  components ,  the 
Ru s+/4+ and Mo 5+/4+ couples permit  l i thium extract ion 

from the host structure [ 1 ,9-13] .  Recently,  we studied the 
structural changes with del i thiat ion and e lec t rochemical  
behavior  in the Li~ ,RuO3 system and found that the de- 
intercalat ion proceeded from x = 0 . 0  to 1.3 and the L i /  
Li=RuO3 cells showed excel lent  revers ibi l i ty  in the voltage 
range, 3 .0-4 .0  V, with an energy densi ty of  160 m A h / g  
[12,13] .  

Fig. 1 shows relat ionship between the ionic radii of  
metal ions and the lattice symmetry  of  Li2MO3. Rhombo-  
hedral phases are reported for M = P t  and Mo with 
0.63 < r < 0.65 A. The structure of Li2MoO3 has a ca t iomc 
ordering that I / 3  Li and 2 /3  Mo distr ibutes randomly in 
the LiMo2 layers [9] .  The monocl inic  Li2MO3 (M = Ru, 
Sn, Zr)  have different  stacking of  cation layers along the 
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Fig. 1. Relauon~hlp between iomc radms I'M) and lamcc symmetry of 
Li2MO~ R represents rhombohedral symmetry. 

c-axis [ 1,7,8 ] ; in Li2RuO3, the R u  4+ hexagonal  networks 
in successive LiRu2 layers are d isplaced by (0, 1/2. 1/2)  
in lattice coordinates .  Difference in the symmetry  is related 
to the cationic ordering of  Li and M ions, which ts 
expla ined either by the electronic structure [ 1 ] or the size 
factors of  M 4+ ions [7] .  To date, Li=lrO3 has not been 
reported where the ionic radius of  Ir 4+ ( r = 0 . 6 3  ,~) is 
equal to that of  Pt 4+ ( r = 0 . 6 3  A)  [ 14]. We are interested 
in the synthesis  and character izat ion of  Li2IrO 3. If a layered 
phase LizlrO3 exists,  the structure might  give us a useful 
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information on the factor  which determines  the structural 
variet ies in LieMO~ compounds .  Another  approach to clar- 
ify the structural differences is that of  a substi tution of  
different  cat ions into the structure, for example ,  a substi-  
tution of  Ru for Fe in Li2RuO 3. Furthermore,  the charge /  
discharge cycle  performance might give us information on 
the diffusion of  Li ion in Li2MO3 compounds .  

In the present  study, we synthesized the 
Lie(Ru~ ,Fe , )O3 system and clarified the new layered 
phase. Li~ sRu. 6Feo ~,O3. We also synthesized a new lay- 
ered oxide Li_drO~. Elect rochemical  propert ies  of  
Li~ sRu.  6Feo60~ and LielrO3 were invest igated and the 
relat ionship between the structures and the e lec t rochemical  
propert ies  is discussed.  

were carr ied out at room temperature  after standing 
overnight  under zero current flow. Cell propert ies  were 
measured galvanosta t ica l ly .  

Mossbauer  spectra was measured at room temperature  
by using M6ssbauer  spect roscopy apparatus ( E L S I N T ) .  
The veloci ty was corrected by pure Fe as the standard 
materials.  The data were computer-f i t ted assuming a 
hyperfine component  made of absorpt ion peaks of  the 
Lorentzian line shape. 

3. Results and discussion 

3.1. Li_,(Rul ,Fe,.)03 

2. Experimental 

The quaternary oxides  Lie(Ruj  ,.Fe,)O3 and ternary 
oxide Li_drO3 were prepared by heating appropria te  molar  
ratios of  LieCO~, RuO> DOe, and Fe304 (Li2CO~ and 
Fe~O4: Nakarai  Chemicals ,  > 99.0% purity; RuO> IrO2: 
Furuuchi Chemicals ,  >99.99¢c pur i ty) .  These samples  
were predried,  mixed and pel le t ized;  Lie(Ru~ ,Fe , )O3 
was fired in air or under oxygen gas flow at 1073-1373 K 
for 24 -64  h, and L12IrO3 was fired in air  at 923-1323  K for 
24-48  h. 

X-ray diffract ion ( X R D )  patterns of  the powdered  sam- 
ples were obtained with an X-ray d i f f rac tometer  ( Rigaku 
RAD-C)  with Cu K a  radiation.  The XRD data were col- 
lected for 3 -6  s at each 0.04 ° step width over  a 20 range 
from 15 to 120 °. The structural parameters  were refined by 
Rietveld analysis  using the computer  program RIETAN 
[15] .  

Elect rochemical  intercalat ion and de- intercala t ion were 
carried out using l i thium cells.  The working electrode con- 
sisted of  a mixture of  50-100  mg samples,  10-20 nag acet- 
ylene black and 0.3 mg Teflon powder  pressed into a tablet 
of  13 mm diameter  under a pressure of  9 MPa. The cells 
used for the e lect rochemical  tests were constructed in a 
stainless-steel  2016 coin- type configurat ion (20 mm out- 
side d iameter  and 1.6 mm thickness) .  The counter  
e lectrode was a 15 mm diameter  and 0.24 mm thickness 
disk of  l i thium metal foil. The separator  employed  was a 
microporous  po lypropylene  sheet. Two typical  e lectrolytes  
( Mitsubishi  Petrochemical  Company,  battery grade ) were 
used in these cells: ( i ) I M solutions of  L i C 1 0  4 in a 50:50 
mixture of  propylene  carbonate (PC)  and 1,2 d imethoxy-  
ethane I D M E )  by volume, and ( i i )  1 M solutions of  
LiCIOa in a 50:50 mixture of  PC and 1,2 d imethoxycar -  
bonate I D M C ) .  The PC:DME electrolyte  was used for 
cells  w~th a cell voltage of  lower than 4.4 V and the 
PC:DMC electrolyte  was used for cells  with a cell  voltage 
of  lower than 4.8 V. The cells were constructed in an argon- 
filled g love-box.  The current  densi ty was calcula ted based 
on the cathode area. The e lect rochemical  measurements  

3.1.1. Synthesis 
Fig. 2 shows the XRD patterns for Li_~(Ru~ ,.Fe~.)O3 

synthesized under an oxygen gas flow at 1273 K for 24 h. 
Nominal  composi t ions  are indicated in the figure. The 
XRD peaks of  35 ° < 2 0 < 3 9  ° and 19 ° < 2 0 <  23 ° are shown 
in Fig. 2 ( b )  and ( c ) ,  respect ively.  The peaks in Fig. 2 ( b )  
shift cont inuously  with increasing Fe content.  The peaks 
indexed as 020 and 111 reflections,  which are character is t ic  
for the monocl in ic  phase shift at 0 < y  < 0.3. However ,  the 
intensity of  these peaks decreased at y =  0.4 and disap-  
peared at 3' = 0.5. At v = 0.5, all the XRD peaks could be 
indexed by a pseudo-hexagonal  latt ice s imilar  to that of  a -  
NaFeOe. In order  to dis t inguish the two-phase and single- 
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Fig. 2. XRD patterns tot Li2( Ru~ _ ,Fe, )Ot synthesized under an oxygen gas 
flow at 1273 K for 24 h. Nominal composmons are indicated m the figure. 
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Table 1 
Lattice parameters for Ll,( Ru~ ~e ,  )O3; lattice parameters were refined using single-phase model for 0 < y < 0.3 and y = 0.5, and using two-phase model for 
).=0.4. Monoclimc and pseudo-hexagonal cells were represented by 'm" and 'h' ,  respecttvely 

Composition a b c fl R~v R~ 

a) single-phase model 
y=0 .0  (m) 4.9230(3) 8.7746(5) 9.8776(6) 100.073(4) From Ref. [121 

y = 0  1 (m) 4.9692(2) 8.7843(5) 9.8667(5) 100.024{4) 18.91 6.07 

y = 0.2 ( m ) 5.0168( 3 ) 8.7594(6) 9.8491 (6) 99.900C 51 17.88 5.85 

y = 0 3 (m) 5 0569(5) 8 7712(7) 9.8491 (6) 99.832(9) 17 61 6.84 

b) two-phase model 

y =0.4 (m) 5.0706(8) 8.7758(12) 9.8429(14) 

3'=0.4 (h) 2 9194(2) 14.4769(12) 

c) single-phase model 
3 ̀= 0.5 (h) 2.9302(15) 14.540(5) 

99.794(14) 11.69 6.69 

11.59 6.36 

phase regions in 0 < y < 0 . 5 ,  the lattice parameters were 
refined using XRD data. At y = 0.4, the refinement using a 
single-phase model led to a slightly higher R value. Table 1 
lists final R factor and lattice parameters, and their esti- 
mated standard deviations. Fig. 3 shows the composition 
dependence of the lattice parameters for Li2 (Ru~ _ ,,Fe,.) 03. 
Lattice parameters of the monoclinic phases are trans- 
formed to a pseudo-hexagonal unit cell with the relation as 
follows: ah~(1/V~)a,n, bn~(1/3)bm, and c h ~ [ ( 3 / 2 )  
sin/3] × Cm, where the subscripts, 'h '  and 'm' ,  are used to 
represent the pseudo-hexagonal and monoclinic cells, 
respectively. In the monoclinic phases, the a-axis param- 
eter increases and the b- and c- axis parameters decrease 
with increasing y from 0.0 to 0.3. No significant difference 
was observed between the a-xis and b-axis parameters at 
y=0 .4 .  At y=0 .5 ,  relative peak intensity ratios •(003) 
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Fig. 3. Composition dependence of the lattice parameters for LJ2- 
(Rul ,Fe,)O~. 

against the other peaks in the pseudo-hexagonal unit cell 
increased with increasing synthesis temperature from 1123 
to 1273 K and remained constant between 1273 and 1323 
K. The samples started to decompose above 1373 K and 
decomposed completely at 1473 K. The new phase at 
v = 0.5 in Li=(RUl_ ~.Fe,.)03, was thus synthesized in air at 
a reaction temperature of 1323 K for 48 h. 

The Li:Ru:Fe ratio of the new phase was determined by 
inductively coupled plasma (ICP) emission spectrometry. 
Alkali fusion method was used as pre-treatment for the 
samples. The ratio was determined to be 2.78:1.0:1.0. 
M6ssbauer spectra measurement showed that the profile 
shape of the spectra and the parameter for the isomer shift 
(0.350 mm/s)  are both characteristic for Fe 3~ ions in the 
oxides. We analyzed the composition of this compound by 
ICP emission spectrometry and M6ssbauer spectroscopy. 
These results suggested the composition Li~ 7 4 R H o 6 3  - 

Feo 6303 when no defect in the cation/anion site exist; the 
error limit of our chemical analysis might be 0.03. Here 
the valence state of Ru ion included partially Ru 3+ 
Because Ru 3+ was a slightly unusual valence state, we 
indicated in the manuscript that the valence state of Ru ion 
was Ru 4+. Therefore, the composition was determined to 
be Li~ 8Ruo 6Feo 603 where Ru and Fe ions are in 4 + and 
3 + valence states, respectively. 

3.1.2. Structure 
The XRD pattern was indexed by a pseudo-hexagonal 

cell with a=2 .9302(6 )  ,~. c =  14.5395(4) A. The struc- 
ture was refined with space group R3m using a structural 
model of LizMoO3 [9], Ru at 3b (0.0, 0.0, 0.5), Fe(1) at 
3b (0.0, 0.0, 0.5), Li( 1 ) at 3b (0.0, 0.0, 0.5), Fe(2) at 3a 
(0.0, 0.0, 0.0), Li(2) at 3a (0.0, 0.0, 0.0), O at 6c (0.0, 
0.0, z) with z = ~ 0.25. Disordered arrangements of Ru, 
Fe ( l )  and Li(1) at the 3b sites and Fe(2) and Li(2) at 
the 3a sites were considered with the constraint that the 
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Table 2 

Structural parameters  for  L h ~Ru 0 ,,Fe 0 oO~ in R,3m 

a = 2 930216)  ,~, c = 14 5395 ( 41 A, B = 0.8 ( 3 ) A-~, R,~ v = 11 59 %, R~ = 6.37%, R~ = 4.60 '~ 

Atom S~te g ~ ) = 

Ru 3b 0.4 0.0 0 0 0.5 

Fe( l ) 3b 0.362( 17~ 0 0  0 0  0 5  

L~I 1) 3h (/.238 0 0  0.0 0 5  

Fe( 2 ) 3a  0 038 0.0 0.0 0 0 

L~( 2 ) 3a  0.962 0 0 0.0 0.0 

O 6~ 1.0 0 0 0.0 0 2446( 17 ) 

total occupancy is unity at each sites. The site occupat ion 
parameters ,  g, of  F e ( 1 ) ,  F e ( 2 ) ,  Lil  1), and L i ( 2 )  sites 
were refined. The refinement using a structural model  that 
the Fe ions exist  in the 3a site led to a sl ightly lower  R 
value. The B 's  for all sites were constra ined to be the 
same value. No correct ion was made for preferred orien- 
tation. Table  2 lists final R factor, lattice and structural 
parameters ,  and their es t imated standard deviat ions.  The 
composi t ions  of  Li2MoO~ and Lij sRuo6Feu603 could 
be expressed as ( Li )3,( Moo ~,67Li0 333 ) 3t, O 2  and ( Li ,  ,~,2- 
Feu o3s ) 3,,( Ruu 4Feo 3,2Lio _,3~ ) 3~,O2, respectively.  The struc- 
tural difference in the both structures is the cation arrange- 
ment at 3a site: the octahedral  3a sites are occupied  by Li + 
only in Li2MoO~, while these sites are occupied  by both 
Lt + and a small amount  of  Fe ~ + in Lil sRuo ~,Fe,~ 60~. 

3.1.3. Electrochemical  properties 
De-intercala t ion exper iments  were carr ied out using the 

cells Li /Li~xRuo~Feo603 with PC:DME electrolytes .  
Fig. 4 shows the constant  charge curves of  the cells as a 
functmn o f x  in Li~ ~ ,Ruo6Feu603. The current densi t ies  
are shown in the figure. The extract ion of  l i thium from 
Lil ~Ruu~Feo~O~ proceeded from x = 0  to x =  1.3 with a 
s ingle-phase reaction which is indicated by the continu- 
ously increased discharge curve from 3.5 to 4.3 V. The 
curve showed a slope change around x = 0.4, which sug- 
gests a change in the de- intercalat ion mechanism.  The 
charge capaci ty  decreased with increasing current density.  

Revers ib i l i ty  of  the Li /Li~Ruo~Feu~,O3 cells was 
examined in the vol tage range, 2 .0-4.3 V, with a current 
densi ty of  0.1 m A / c m  2. Fig. 5 shows the charge and dis- 
charge curves.  The charge capaci ty  for the first cycle  was 
240 m A h / g ,  and 120 m A h / g  for the second cycle.  Capaci ty  
loss was observed after the first cycle,  and then no degra- 
dation was found with cycling.  The loss could be caused 
by a decompost t ion  of  the PC:DME electrolytes  or a 
decomposi t ion  of  the layered structure ofLi~ ~Ruo oFeo ~O3 
after the first charge cycle.  To examine  the effect of  elec- 
trolyte,  de- intercalat ion exper iments  were carried out 
using cells Li/Li~ ~Ruo6Fet. 603 with PC:DMC electro-  
lytes. However ,  no significant difference was found when 
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Fig. 4. The constant  charge  curves of  the cell, LI/  LI I ~Ruo~,Fe,~,O~, with a 
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Fig 5. Charge  and discharge curves of  the cell, LI /Li l  sRuo.Feo ~O~, with a 
current  density of  0.1 r n A / c m  2 and cut-off voltages of  2 0 and 4 3 V 

the PC:DME and PC:DMC electrolyte  were used for the 
cells. 

Mossbauer  spectra  measured for Li~ ~_,Ruo6Feo603 
( x = 0 . 6 )  indicated the i somer  shift (0.308 r a m / s ) ,  which 
is character is t ics  for the Fe 3 + state; XRD patterns of the 
sample during the first charge process indicated a mono- 
phasic reaction, which corresponds to a change in oxida-  
tion state from Ru 4+ to Ru 6+. However ,  Ru ('+ is not a 
realist ic valence state of  ruthenium ions. It is therefore 
reasonable that the l i thium de- intercala t ion was caused by 
the valence change from Ru 4+ to Ru 5+. The amount  of  
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lithium extraction x = ~ 0.6 might be consistent with the 
reversible discharge/charge capacity of 120 mAh/g 
(0 < x  < 0.6). Further study based on chemical extraction 
might be necessary to clarify the mechanism of the first 
charge process. 

3.2. Li21rO~ 

V ( 1.2 < x < 1.41. Reversibility of the Li/Li2IrO3 cells was 
examined in the voltage range, 2.0-4.4 V, with the current 
density of 0.2 mA/cm 2. Fig. 7 shows the charge and dis- 
charge curves. No significant degradation was observed 
for the charge/discharge curves after the second cycle with 
energy densities of 120 mAh/g and a low overpotential for 
the electrode process. 

3.2.1. Synthesis 
Fig. 6 shows the XRD pattern for Li2IrO 3 synthesized in 

air at 1223 K for 48 h. The XRD patterns are different from 
those with orthorhombic symmetry reported by Gadzhiev 
and Shaplygin [16]. All of the XRD peaks could be 
indexed by a pseudo-hexagonal cell with a = 5.1687 (12) 
A, c = 14.461 (8) ,~. The XRD pattern of LizlrO3 shows 
characteristics peaks corresponding to these of Ru 4+ hex- 
agonal networks in LizRuO3. This suggests that Ir 4+ hex- 
agonal network exists in Lilr2 layers. Detailed structural 
analysis of the new phase is currently in progress. 

3.2.2. Electrochemical properties 
De-intercalation experiments were carried out using the 

cells Li/Li2IrO~ with PC:DME electrolytes. The extraction 
of lithium proceeded from x = 0 to x = 1.5 in Li2_ ,IrO~ 
with potential plateaus around 3.5 V ( 0 <x  < 0.8 ) and 4.2 
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Fig. 6. XRD pattern lor Ll21rO~ synthesized m air at 1223 K for 48 h. The 
hkl indexed by the pseudo-hexagonal latnce are Indicated m the figure. 
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Fig. 7 Charge and discharge curves of the cell, Ll/Li~IrO~, with a current 
density of 0.2 mA/cln-" and cut-off voltages of 2.0 and 4 4 V 

4. Conclusions 

In the present study, the new layered oxides, 
Lij 8Rui>6FeooO~ and Li2IrO3, were synthesized. Li~8- 
Ru,~6Fe0603 has the ce-NaFeO2 structure and Li2IrO3 
has rhombohedral symmetry with the Li2RuO3-related 
structure. The change from monoclinic (Li2RuO3) to 
rhombohedral (Li~ 8Ruu 6Feo 6031 was caused by the sub- 
stitution for R u  4+ of Fe 3+ ions, which indicated that the 
structures of Li2MO~ compounds are primarily dependent 
on the size factor of M cations. The new oxide 
Li~ 8RunoFeu60~ has rhombohedral ~ymmetry with the 
Li2MoO3-type. The average ionic radius of 0.6325 ,~ for 
(Ruu6Feo6) [Ru 4+ ( r = 0 . 6 2 A )  andFe 3+ ( r=0 .645 ,~ ) ]  
is situated in the region, 0.63 ,~ ( P t 4 + ) < r < 0 . 6 5  
( M o  4+ ), where the rhombohedral structure is stable (see 
Fig. 1 ). The lithium cells consisted ofLi/Li~ 8Ruo oFec, 60~ 
and Li/Lt2IrO3 couple showed reversibility in the voltage 
range, 2.0-4.3 V, and an energy density of 100 and 
120 mAh/g, respectively. 
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