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Zusammenfassung  

Es wird fiber den Einbau von Lithium in MgTiOa, Mg2TiO4 und die Spinelle MMn204 
(M~ Mn, Mg, Ni) sowie MgNiMnO4 durch Umsetzung mit n-BuLi in Heptan berichtet. 
Die Bedingungen zur Erreichung definierter Endstufen der Reaktion werden am Beispiel 
des Systems Li~MnaO4 ermittelt. Nur die Verwendung hoch disperser Pulver ergibt ffir 
MgTiOa und Mg2TiO4 eine Umsetzung. Die erhaltenen Verbindungen LiTi4Mg4012 und 
LiMg, Ti20 a sind unbestfindig an Luft. Sie werden r6ntgenographisch und dutch magnetische 
Messungen charakterisiert. Die Befunde an den Mn-Spinellen werden im Vergleich mit 
Angaben der Literatur diskutiert. 

Abstract  

Lithium insertion reactions are reported utilizing n-BuLi dissolved in heptane applied to 
MgTiOa, Mg2TiO4 and to the spinel-type compounds MMn204 (M-=Mn, Mg, Ni) and 
MgNiMnO4. The system LizMn304 is studied as an example in order to reveal the optimum 
conditions for achieving definite final product stages. The lithium insertion reaction of 
MgTiO3 and Mg2TiO4 is bound to the application of highly disperse powders as a prerequisite. 
The compounds LiTi4Mg40,2 and LiMg4Ti20a are unstable in air. Characterization has 
been accomplished by X-ray diffraction and magnetic measurements. The results observed 
for the spinels MMn204 (M~Mn, Mg, Li) and MgNiMn04 are discussed in comparison 
with data reported in the literature. 

1. Introduct ion 

Topotac t ic  lithium insert ion and extract ion at low t empera tu res  in a 
variety of  spinel phases  including Fe304 [ 1 ], Mn304 [ 2 ], Co304 [3, 4 ], LiMn204 
[2, 3, 5, 6] MUFe204 (MU-Mn,  Fe, Co, Ni, Cu, Zn, Cd) [7], ZnB204 (Bm-_Co, 
Cr, F e - M n )  [8] and LiFesO8, Li2FeMnaOs and Li2ZnMnaOs [9] have dem- 
ons t ra ted  fast  Li + ion diffusion. The ease o f  the reducibili ty of  the transi t ion 
metal  cat ions  was  shown to be an impor tan t  fac tor  in the extent  of  lithium 
insert ion react ions  of  spinels. On the o ther  hand, LiTi204 is also able to 
become  intercalated as a result  of  interact ion with n-BuLi [10]. Relations 
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between the structure and Li + ion mobility of lithium insertion compounds 
have been reviewed by several authors [11-14]. 

Comparatively little information has been reported on the preparation 
conditions where the lithium insertion is considered as kinetically dependent 
on time. Different final stages seem to be achieved, influenced by the reactivity 
of the solid component taking part in the insertion reaction• Appropriate 
mixtures of 2-ethoxi-ethoxides of magnesium and titanium were shown to 
yield MgTiO3 and Mg2TiO4 in a highly disperse state with increased sintering 
activity [ 15 ]. Substitution of magnesium for lithium in the series Mg~ Li, _x Ti204 
was studied in an earlier paper [16]. In order to evaluate the ability of 
MgTiO3 and Mg2TiQ to become reduced by lithium insertion the behaviour 
of Mn304 in contact with n-BuLi has also been studied. Moreover, the 
investigations are extended to MgMn204, NiMn204 and MgNiMnO4. 

2. Exper imenta l  detai ls  

2.1. Preparation 
M n 3 0 4  prepared from MnCO3 by ignition at 970 °C in air yielding a 

specific surface area of 0.4 m 2 g-1 has been brought into contact with a 
solution of n-BuLi in heptane (about 0.3 mol l - ' )  utilizing a molar ratio 
Mn304:n-BuLi = 1:2. The solution of n-BuLl which has to be free of LiC1 was 
obtained following the preparation route as described in ref. 17. The progress 
of the reaction 

MnnMn["04 +xLiC4H9 • II I l l  X 
) LlxMn,+xMn2-x04 + ~ CsH,8 (1) 

was controlled for different conditions: (a) shaking the suspension at room 
temperature in a closed vessel; (b) shaking it at room temperature together 
with vitreous spheres in order to remove the product layer coveting the 
surface; (c) keeping it at 70 °C without stirring; and (d) applying ultrasound 
(40 kHz, about 0.15 W cm -2) at 45 °C. 

Aliquots have been taken away at definite times, carefully avoiding access 
of moisture or oxygen, to determine the content of unconsumed n-BuLi 
acidimetrically. Decreasing the noBuLi concentration in the solution gives a 
measure for the increasing lithiazation of the solid compound at the bottom 
of the closed vessel. Within the first few hours the dark-red colour of Mn304 
changes to black. After about 40 h application of ultrasound at the conditions 
labelled (d) above a final value o f x  was achieved with sufficient reproducibility 
according to eqn. (1). 

No visible reaction is observed between n-BuLi dissolved in heptane and 
MgTiO3 or Mg2TiO4 resulting from conventional preparation: high temperature 
treatment of MgO--TiO2 or 2MgO-TiO2 pellets at 1400 °C, grinding and 
repeating the procedure. The powders do not show any reactivity in contact 
with n-BuLi. On the other hand, hydrolyses of mixtures of Mg(OCH2CHeOCeHs)2 
and Ti(OCH2CH2OC2Hs)4 in the molar ratio 1:1 or 2:1 dissolved in 2-ethoxy- 
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ethanol provides highly disperse powders. After evaporation and calcination 
of the residue by heating to 700 °C (3 h), specific surface areas of 16 m 2 
g-  ' for MgTiO~ and of 43 m 2 g -  ' for Mg2TiO4 are obtained [ 15]. The powders 
still show a small ignition loss of 1.3%. Starting from these powder states 
the reactions 

MgTiO~ + xLiC4H9 , Li:~_MgTi~'Ti~_~O3 + ~ C8H,8 (2) 

x 
Mg2TiO4 +xLiC4H9 , Li, Mg2Ti!~"Ti~ _~O4 + ~- C8H~8 (3) 

take place relatively fast if ultrasound and increased temperature are applied. 
A blue colour appears immediately after covering the powders with the 
solution of heptane containing n-BuLi in sufficient excess. Keeping the vessel 
closed during the whole reaction time, final x values were achieved after 
40 -70  h ultrasound treatment at 70 °C. Presumably, because of lowering 
of the specific surface area to 2 m e g-1, the reactivity is lost when the 
powders are heated to 1100 °C for 1 h. Even after prolonged reaction times 
x values of only 0.01 have been obtained. 

NiMn2Q was prepared following the oxalate precursor  route as described 
earlier [18]. Starting from oxalate mixed crystals MgNiMnO4 has been also 
successfully prepared [ 19 ]. MgMn204 was obtained by calcination of a mixture 
of manganese carbonate with MgO (mole ratio 1:2) at 600 °C, pelletization 
of the powder and keeping it at 1000 °C for 24 h. Insertion experiments 
have been accomplished utilizing a 2.5 M solution of n-BuLi in heptane with 
application of ultrasound at 45 °C for various times: 

NiMn204 +xLiC4H9 ~ Li=~NiMn~Mn~_xQ 

MgNiMnO4 +xLiC4H9 , Li:~MgNiMn~IMn~V_xo4 

LiMgNiMnmO4 +xLiC4H9 , Li, +~MgNiMn~Mn~_~04 

MgMn204 +xLiC4H9 ~ Li~MgMn~Mnm_xO4 

(4) 

(5a) 

(5b) 

(6) 

2.2. Analyses 
In order  to elaborate the optimum conditions for lithium insertion the 

reaction of eqn. (1) has been studied by taking away aliquots of the n-BuLi 
solution for acidimetric lithium titration after definite times. The difference 
from the initial concentrat ion of n-BuLi has to be equal to the lithium content  
absorbed by the weighing-out loss of Mn304. The values Xac determined were 
found to be in accordance with lithium analyses of the solids carried out 
by atomic absorption spectrometrie (AAS). Different reaction times without 
intermediate opening of the vessel have been applied for the reactions (2) - (6)  
in order to avoid falsification by uncontrolled access of traces of moisture, 
oxygen or carbon dioxide. 

As a second method for analytical characterization of the products  the 
content of Mn m and Mn TM has been determined by dissolution of a weighing- 
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out loss of the substances in diluted hydrochloric acid containing a definite 
concentration of Fe ~I and titration with 0.1 M Ce TM solution. The procedure 
already described in detail earlier [20] allows us to determine the remaining 
content of oxidation equivalents of manganese, which is related to the inserted 
lithium as indicated by the formulas of eqns. (1) and (4)-(6) .  The method 
is also applicable to the Tim-containing compounds,  because the Fe ~ formed 
by the reduction of Fem may be determined by titration with the 0.1 Ce w 
solution. Besides, the reaction 

6Tim+Cr2OZ7 - +14H + . " 6Ti rv+2Crm+7H20 (7) 

was applied for measuring the reduction equivalents formed in MgTiO3 and 
Mg2TiO4 as a result of lithium insertion according to eqns. (2) and (3). The 
independent determination of the compositional parameter  Xox by redox 
titration allows comparison with the values xa¢ obtained acidimetrically. 

Finally, the total content of manganese or titanium has been separately 
determined. The results allow comparison with the data calculated from the 
formulae which are deduced from the average values x. 

2.3. X-ray diffraction measurements  
The products  of preparation were found to be unstable in air. Therefore 

X-ray diffraction measurements required careful transfer into the capillary 
tube; Cu Ka irradiation has been applied. Generally, the reflexes appear  
broadened. Obviously, because of the action of ultrasound, particle size 
becomes significantly decreased. Drastic decrease of the average particle 
size of inorganic solids without achieving amorphization is shown to be 
generated by the action of high intensity ultrasound (20 kHz, 20 W cm-2)  
within comparatively short times (about 2 h) [21]. In spite of the longer 
treatment the very much lower ultrasound intensity applied in the investigations 
presented allows us to assume that the main part of the substance is still 
in the crystalline state. 

2.4. Magnetic measurements  
The magnetic properties of the Tim-containing compounds (paramagnetic 

at room temperature,  yielding /Xexp) have been obtained by measuring the 
magnetic susceptibility with the Gouy method. The data were compared with 
the values/ze~ calculated utilizing the magnetic moment  for Ti m (]zen = 1.7-1.8 
/zB) from data in the literature [22]. (/ZB denotes the Bohr magneton.)  

3.  R e s u l t s  a n d  d i s c u s s i o n  

The results of acidimetric titration concerning the lithium insertion 
reaction of Mn304 based on eqn. (1) are shown in Fig. 1. The analytical 
data of the final composition are collected in Table 1. The low reproducibility 
for application of the conditions labelled (a) above is indicated. Obviously, 
the conditions (b) involving the presence of vitreous spheres during shaking 
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Fig. 1. Acid imet r ica l ly  d e t e r m i n e d  inse r t ion  o f  l i th ium in MnaO 4 in c o n t a c t  wi th  n -BuLi  d i sso lved  
in h e p t a n e  u n d e r  v a r i o u s  condi t ions :  a, s h a k i n g  at r o o m  t e m p e r a t u r e ;  cu rve s  b, s h a k i n g  at  
r o o m  t e m p e r a t u r e  t o g e t h e r  wi th  v i t r eous  s p h e r e s ;  curve  c, keep ing  at 70 °C; curve  d, app ly ing  
u l t r a sound  at  45  °C. 

at r o o m  t e m p e r a t u r e  lead to r emova l  o f  the  su r faces  and  the re fo re  the  two 
curves  are  comi ng  c loser  together .  Inc reas ing  the t e m p e r a t u r e  acce l e r a t e s  
the reac t ion  ra te  significantly,  which  is shown by curves  c and  d. Satura t ion  
at  x = 1.25 is ach ieved  at  70 °C af te r  8 days  unde r  the  ac t ion  of  u l t rasound  
of  c o m p a r a t i v e l y  low intensity.  The c o m p o u n d  Li,.z~Mn304 or  LisMn,zO,e is 
obta ined.  T h a c k e r a y  et al. [2] ach ieved  a value x =  1.20 a f t e r  72 at 50 °C 
wi thout  appl ica t ion  of  u l t rasound.  The  X-ray diffract ion pa t t e rn  is in a c c o r d a n c e  
with da ta  pub l i shed  fo r  LiMnaO4 [2]. Because  o f  the  reduc t ion  of  one-ha l f  
of  Mn m and as a resul t  o f  a coope ra t ive  d i s p l a c e m e n t  of  the  A-site Mn lI ions 
to B s i tes  the  t e t r agona l ly  d i s to r ted  spinel  s t ruc tu re  of  Mn304 (c/a = 1.16) 
b e c o m e s  t r a n s f o r m e d  into a sod ium chloride type  of  s t ruc tu re  of  r educed  
t e t r agona l  d is tor t ion  (c /a= 1.05) [23]. LiMn304 is uns tab le  in air. The  cor-  
r e s p o n d i n g  cu rve  in Fig. 2 re fe rs  to  hydrolys is  and  con tamina t ion  by  water ,  
oxygen  and  c a r b o n  dioxide.  

The  r eac t ion  of  MgTiO3 with n-BuLi unde r  c o m p a r a b l e  condi t ions  p rov ides  
Lio.25MgTiOa or  LisMg,2Ti,203e (Table  1) respect ive ly ,  i.e. at  the  condi t ions  
app l ied  the  s ix- layer  i lmeni te - type  s t ruc tu re  with ao = 505 .3  pm,  Co = 1389.7  
p m  and  six MgTi03 fo rm u l a  uni ts  in the  e l emen ta ry  cell indicates  the  abili ty 
to c o n t a m i n a t e  wi th  p re fe rab ly  th ree  Li + ions in the  vo lume  of  two  cells. 
At the  s a m e  t ime  th ree  Ti m a t o m s  are  formed.  X-ray  diffract ion m e a s u r e m e n t s  
imply  an u n c h a n g e d  s t ruc ture .  The  behav iou r  of  the  ignited MgTiOa s a m p l e s  
with the  lower  specif ic  su r face  a r ea  shows  tha t  the  s ta te  of  highly reac t ive  
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TABLE 1 

Analytical data of the products of lithium insertion reactions of various spinels and MgTiOa" 

Compound x~¢ Xo~ • Mn, Ti(%) 

Calculated Experimental 

Lix Mn~'+~Mn~X_ ~O4 
(US, 45 °C, 50 h) b 

Li~ MgTi~Ti~_~Oa 0.24 
(US, 70 °C, 90 h) 

0.23 

Li~Mg2Ti~Ti~_ xO4 0.46 
(US, 70 °C, 90 h) 

0.44 

LixSiMn~Mn~l_~O4 1.19 
(US, 70 °C, 50 h) 

1.24 

(US, 45 °C, 120 h) 

Lix NiMgMnO4 
(US, 45 °C, 50 h) 

Li~ MgMn204 
(US, 45 °C, 120 h) 
(US, 45 °C, 180 h) 

1.25 1.30 1.25 69.4 68.6 
1.29 
1.19 
1 . 2 0  

0.26 0.25 39.3 39.3 
0.27 
0.26 0.25 39.3 39.1 
0.27 

0.44 0.45 29.3 29.3 
0.44 
0.43 0.44 29.3 29.3 
0.44 

1.17 1.18 45.6 - 
1.18 
1.19 
1.19 

- 2.00 2.00 44.6 - 
2.00 

- 1.21 1.19 26.1 - 

1 .21  

1.17 
1.17 

1.00 1.00 53.6 
1.00 
1.25 1.25 53.1 
1.25 

*Utilizing n-BuLi dissolved in heptane. 
bPreparation conditions; US, ultrasound. 

MgTiOa is a b s o l u t e l y  n e c e s s a r y  for  s u c c e s s f u l  l i t h i u m  i n s e r t i o n .  T h e  dark-  
b l u e  c o m p o u n d  is u n s t a b l e  in  c o n t a c t  wi th  air.  Effor ts  to  p r e p a r e  t a b l e t s  by  
p r e s s u r e  d e n s i f i c a t i o n  a n d  s i n t e r i n g  of  the  p o w d e r  fo r  c o n d u c t i v i t y  m e a -  
s u r e m e n t s  fai led.  

In  a c c o r d a n c e  w i t h  e x p e c t a t i o n  Lio.25MgTi~!25T~V.~5Oa is p a r a m a g n e t i c  
wi th  a s u s c e p t i b i l i t y  ofXmol = 2 0 . 1 2  × 1 0 -  8 c m  a m o l -  ~ a t  294  K. F o r  d i a m a g n e t i c  
c o r r e c t i o n  the  d a t a  in Tab l e  2 h a v e  b e e n  t a k e n  in to  a c c o u n t ,  y i e l d i n g  a 
c o r r e c t i o n  t e r m  o f  Xd~ = - 4 5 . 1 5  × 10 -6  c m  a t oo l -~ .  F r o m  t he  c a l c u l a t i o n  of  

/ze~ = 2 .84(Xmol-  X ~ )  1~ the  va lue  ~e~=  0 . 3 9 3  ~B is o b t a i n e d .  A s s u m i n g  sp in -  
o n l y  m a g n e t i c  b e h a v i o u r  t he  p r e s e n c e  of  x ~  = 0 . 2 3  e l e c t r o n s  is d e d u c e d ,  
w h i c h  is in  suf f ic ien t  a g r e e m e n t  w i th  t he  ana ly t i ca l  d a t a  of  T a b l e  1. The  
r e s u l t s  o f  m a g n e t i c  m e a s u r e m e n t s  c o n v i n c i n g l y  i m p l y  s ing le  e l e c t r o n s  loca l i zed  
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Fig. 2. Increase of the weight of samples in contact with air at room temperature, showing 
decomposition of the compounds. 

TABLE 2 

Corrections for diamagnetism 

Ion Correction (cm '~ mol-J) 

Li + -0 .6×10  6 
Mg H -3.0X 10 -6 
Ti m +9 X 1 0  - 6  

Ti re +5 X 1 0  - 6  

0 ~- +12×10 -6 

in the  form of  Ti m a t o m s  wi thou t  ind ica t ion  of  sp in  c o m p e n s a t i o n .  Thus  the  
conduc t iv i ty  is a s s u m e d  to be small .  On the  o the r  hand,  high conduc t iv i ty  
va lues  and  r e d u c e d  p a r a m a g n e t i s m  i n t e r p r e t e d  by spin  in te rac t ion  has  been  

• IV "Ill o b s e r v e d  in the  sol id  so lu t ion  se r ies  MgTiO3-Ti20a or  Mg~_~Tl~_xT12~O3 
r e s p e c t i v e l y  [ 2 4 - 2 6 ] .  

Lio 4sMg2Ti~!45Ti~sO4 as  the  final s t age  c o m p o s i t i o n  of  the  l i th ium inser t ion  
r e a c t i o n  of  Mg2TiO4 --  the  a p p r o a c h  is p r e s u m a b l y  v ia  Lio.sMg2TiO4 or  
LiMg4Ti2Os -- is a l so  a dark-v io le t  subs t ance .  The X-ray di f f ract ion pa t t e r n  
shows  tha t  the  s ca t t e r i ng  ref lexes  of  the  cub ic  s t ruc tu r e  of  the  inver ted  sp ine l  
Mg(MgTi)O4 ( a o  = 844 .09  pro)  wi th  r a n d o m  d i s t r ibu t ion  of  the  Mg n and  Ti ~v 
a t o m s  on the  B s i tes  r ema ins  unchanged .  Wi th in  a few days  the  c o m p o u n d  
b e c o m e s  d e c o m p o s e d  in c o n t a c t  wi th  a i r  (Fig.  2). The p a r a m a g n e t i c  sus-  
cep t ib i l i ty  at  294 K is g iven  by  Xmo~ = 100.15  c m  3 tool  -~, y i e l d i n g / % ~ =  0 .618  
/~, which  c o r r e s p o n d s  to  Xm~n = 0.36.  This  va lue  is a l i t t le  sma l l e r  t han  xac 
and  Xox of  Table  1. 

The r e su l t s  of  the  l i th ium inse r t ion  r e a c t i o n s  of  NiMnaO4 a re  a lso  
s u m m a r i z e d  in Table  1, ind ica t ing  tha t  ul l : rasound t r e a t m e n t  for  a r a t h e r  
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long p e r i o d  a l lows  us  to  a t ta in  the  c o m p o s i t i o n  Li2NiMnHO4. The X-ray 
di f f ract ion p a t t e r n  shows  only t h ree  sufficiently in tens ive  r a the r  b r o a d e n e d  
bu t  d i s t inc t  r e f l exes  a t  O =  17.3 °, 21 .05  ° and  31.2 °. They are  c o n s i s t e n t  with 
a cub ic  e l e m e n t a r y  cell  wi th  a0 = 429 ± 2 pm.  The la t t i ce  p a r a m e t e r  of  NiMnzO4 
is g iven  by  a 0 = 8 3 7 . 8  pm.  Both d i a g r a m s  a p p e a r  s u p e r i m p o s e d  in the  X- 
ray  d i f f rac t ion  p a t t e r n  o f  Lij 18NiMn204 ob t a ined  af te r  a r e d u c e d  r e a c t i o n  
t ime.  Chen e t  a l .  [8] a l so  s tud i ed  the  l i th ium inser t ion  r eac t i on  of  NiMn204 
ut i l iz ing n-BuLi  in h e p t a n e .  They  ob ta ined  Lil sNiMn2Q af ter  10 days  a t  
r o o m  t e m p e r a t u r e  w i thou t  the  inf luence of  u l t rasound .  The p r o d u c t  was  found  
to  be  a h e t e r o g e n e o u s  m i x e d  phase .  

The cubic  sp ine l  MgNiMnO4 (a0 = 833.2  pm)  [19] c o n t a m i n a t e s  l i th ium 
f rom n-BuLi  d i s so lved  in h e p t a n e  up  to  a b o u t  x = 1.2. Bes ides  the  o c c u r r e n c e  
o f  the  u n c h a n g e d  X-ray d i f f rac t ion  pa t t e rn  of  MgNiMnO4, six weak  re f lexes  
a re  add i t i ona l l y  o b s e r v e d  in the  pa t t e rn  of  Li~ .zMgNiMnzO4: 0 = 10.70 °, 15.99 °, 
16 .80  ° , 19.60 ° , 24 .60  ° and  33 .00  ° . Hi ther to  index ing  has  fai led.  

In c o n t a c t  wi th  d i s so lved  n-BuLl,  MgMn204 ex i s t ing  p r e d o m i n a n t l y  in 
a n o r m a l  sp ine l - t ype  c o n s t r u c t i o n  t akes  l i th ium inser t s  up  to  a s imi la r  d e g r e e  
to  MgNiMnO4 which  is of  the  inverse  type .  X-ray dif f ract ion m e a s u r e m e n t s  
r evea l  a c h a n g e  f rom a o = 8 1 0 . 1  p m  a n d  c 0 = 9 3 4 . 6  p m  for  MgMn204 (c /  

a = 1 . 1 5 4 )  [27] to  a o = 8 2 9 _ 8  p m  and  c 0 = 9 3 0 ± 1 0  p m  ( c / a = l . l l )  for  
LiLz~MgMn204. Obviously ,  as  for  L i x M n a Q  the  Li ÷ ions  a re  i n c o r p o r a t e d  on  
o c t a h e d r a l  s i t e s  a c c o m p a n i e d  by si te chang ing  of  Mg n o r  Mn n f rom the  A 
to  the  B s i tes  of  the  sp ine l  s t ruc tu re  (MnaO4: c / a  = 1.16; LiMn304: c / a =  1.05) 
[2, 23].  The r e su l t s  a re  in a c c o r d a n c e  with the  b e h a v i o u r  of  ZnMn204 and  
CdMn204 s u b m i t t e d  to  l i th ium inser t ion  as  shown in the  l i t e ra tu re  [8]. 
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