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Abstract 

The electrochemical insertion of divalent magnesium cations into orthorhombic molybdenum(VI) oxide was studied with 
regard to their use as electroactive species in ion-transfer battery systems and compared to the insertion of Li ÷ and Na +. 
Specific charges of up to 300 and 240 Ah kg-I were,obtained in organic, propylene carbonate-based electrolytes for the lithium 
and sodium insertion, respectively, in the first reduction half-cycle. Reversible Mg 2÷ insertion could be demonstrated in a 
room temperature molten salt electrolyte consisting of 3 wt.% MgCi2, 41 wt.% 1-ethyl-3-methylimidazolium chloride, and 
56 wt.% AICI3. Specific charges of up to 160 Ah kg -1 were obtained with MoO3 in the first reduction half-cycle. The Mg 2÷ 
insertion process can be enhanced using an organic electrolyte with traces of H20. In 1 M Mg(CIO4)2/acetonitrile with 
3 mol% of H20, specific charges of up to 210 Ah kg-~ were measured in the first reduction. 
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I. Introduction 

Unlike the cases of lithium and sodium, the chemical 
and electrochemical insertion of divalent cations in 
transition metal oxides and sulfides has been studied 
only in a limited number of investigations. Especially 
the insertion of magnesium is of particular theoretical 
and practical interest, both because of the similar ion 
size of monovalent lithium and divalent magnesium 
cations, which may lead, from a steric point of  view, 
to an analogous insertion electrochemistry, and because 
of a prospective application in ion-transfer battery 
systems. The equivalent weight of magnesium (12 g 
per Faraday) is not much higher than that of lithium 
(7 g per Faraday) but significantly lower than that of  
sodium (23 g per Faraday). Moreover, in ion-transfer 
batteries, magnesium might be advantageous to lithium 
due to its natural abundance, relatively low price, and 
higher expected safety. However, the insertion chemistry 
and electrochemistry of magnesium show some special 
features [1-9], and their understanding seems to be 
still in the beginning stages. 

Orthorhombic molybdenum trioxide is known to be 
a typical host for many monovalent and multivalent 
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cations that are inserted chemically or electrochemically. 
Since the electrochemical insertion of lithium in MoO3 
is reversible, the application of this material in secondary 
lithium batteries and electrochromic devices has been 
suggested [10-13]. 

The redox mechanism for the lithium insertion in 
MoO 3 seems to be well understood [14]. The insertion 
suitability of M003 is derived from its unique layer 
structure that is shown in Fig. 1 [15]. Edge- and corner- 
sharing [M006] octahedra build up double layers. These 

Fig. I. Crystal structure of orthorhombic MoO3 [15]. 
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layer planes characterizecl by strong c~alent  bonds are 
held together by weak van der Waals attraction forces. 
The interlayer distance has been determined to be 
6.929/~ [15]. The reversible electrochemical behaviour 
of the M o O  3 electrodes can be explained on the grounds 
of topotactic redox phenomena. The transition metal 
oxide layers are retaine, d as two-dimensional matrix 
units during the insertion and de-insertion process. The 
electrode process could be described according to: 

MoO3+xLi + + x e -  "- ~ Li, MoO3 (1) 

Relatively low specific ,energies of the Li/MoO3 couple 
and poor cycling stability of the oxide are recognized 
drawbacks of M003 as an electrode material in lithium 
ion-transfer batteries. Nevertheless, its host properties 
could be conveniently used for electrochemical insertion 
experiments of divalent magnesium cations from non- 
aqueous electrolytes. G:regory et al. [4] listed molyb- 
denum trioxide as one of the oxides being capable of 
Mg 2+ insertion. From c h e m i c a l  insertion tests .in a 
solution of dibutylmagnesium in heptane as insertion 
reagent, a specific charge of about 140 Ah kg -1 cor- 
responding to a stoichiometry of Mgo.sMoO3 was es- 
timated [4]. However, another group measured a much 
lower magnesium content after chemical insertion, also 
using the dibutylmagnesium/heptane solution, namely 
Mgo.osMoO3 [1]. The aira of this paper is to investigate 
the e l e c t r o c h e m i c a l  insertion of magnesium in MoO3 
from non-aqueous electrolytes; the Mg2÷-insertion pro- 
cess and the specific charges attained in electrochemical 
experiments are compared with data from the appro- 
priate lithium and sodium systems. 

2. Experimental 

Insertion experiment:; were carried out in gas-tight 
sealed laboratory cells with a three-electrode arrange- 
ment in which the working and counter electrodes were 
slightly mechanically pressed together against a glass- 
fibre separator soaked with an electrolyte solution. The 
working electrodes had a geometrical area of 1.3 cm 2 
and contained approximately 10 mg of orthorhombic 
MoO3 (puriss., >99.5%, Fluka, Buchs, Switzerland). 
The oxide was mixed with an equal weight of teflonized 
carbon black (25 wt.% polytetrafluoroethylene (PTFE) 
and 75 wt.% acetylene black) and the mixture was 
pressed onto a platinum current collector. 

Room temperature liquid molten salt electrolyte con- 
sisting of 56 wt.% A1CI3, 41 wt.% 1-ethyl-3-methylim- 
idazolium chloride (EMIC), and 3 wt.% MgCI2 was 
used at 80 °C for the Mg 2÷ insertion. The EMIC and 
AICIa were made and purified as described in Refs. 
[16,17]. Further insertion experiments were carried out 
at room temperature in a 'wet' Mg2÷-containing elec- 
trolyte of 1 M Mg(CIO4)2 in acetonitrile (AN) with 

3 m01% H~O. Background-current measurements for 
this electrolyte system were performed with a mag- 
nesium-free electrolyte using 1 M tetrabutylammonium 
perchlorate (TBAC104) in AN with 3 mol% of H20. 
As Li ÷-containing organic electrolyte, a solution of 0.5 
M LiC104 in propylene carbonate (PC) was used. The 
organic Na ÷ electrolyte was a solution of 0.5 M NaCIO4 
in PC. Both the Li ÷ and the Na ÷ electrolyte had a 
water content of less than 10 ppm as verified with a 
Metrohm Model 684 Karl Fischer coulombmeter. 

I n  the organic electrolyte systems, metallic lithium, 
sodium or magnesium served as counter electrodes, 
respectively. The Li/Li ÷, Na/Na + (+0.22 V versus Li/ 
Li+), and Ag/Ag ÷ (+3.57 V versus Li/Li +) couples 
were used as references in the corresponding electro- 
lytes. Metallic aluminium was used as counter electrode 
in the molten salt system; the AI/A13÷ couple (about 
+ 1.4 V versus Li/Li +) was taken as reference potential 
therein. 

The preparation of the electrolytes, as well as the 
cell assembly, was carried out in argon-filled glove boxes 
with less than 5 ppm of water and oxygen. 

The electrochemical measurements were performed 
with standard instrumentation. For cyclic voltammetry 
scan rates between 10 and 100 /zV s-1 were typically 
used. Galvanostatic cycling was accomplished with cur- 
rent densities between 0.075 and 0.15 mA cm -2. 

For ex situ X-ray photoelectronspectroscopy (XPS) 
analyses, the working electrode stabilized at the desired 
potential was removed from the cell under argon at- 
mosphere, rinsed thoroughly with dry deoxygenated 
acetonitrile overnight, and then dried in the glove-box 
atmosphere for several days. Parts of the electrode 
were then fixed on a platinum sample holder with a 
conducting silver paste. The XPS measurements were 
performed using Mg Ka radiation (1253.6 eV) on a 
Kratos ES 300 electron spectrometer. The fixed analyser 
transmission (FAT) mode was chosen. The vacuum in 
the analysis chamber was always better than 2× 10 - 9  

torr. Depth profiles were obtained by sputtering with 
argon ions (4 keV, 12 mA cm -2, angle of incidence 
45°). 

3. Results and discussion 

It is possible to insert Li ÷ and Na ÷ ions in MoO3 
from dry organic electrolytes. Fig. 2 shows typical cyclic 
voltammetric curves obtained for the lithium insertion 
from the 0.5 M LiCIOJPC electrolyte. The depicted 
current is normalized to the mass of the electroactive 
oxide for sake of easy comparison with other Figures. 
The voltammogram in Fig. 2 shows a reversible insertion/ 
de-insertion process in a potential range between about 
2.0 and 2.3 V versus Li/Li+. An additional reduction 
process occurs only in the first cycle with a peak potential 
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Fig. 2. Cyclic voltammogram of MoO3 in 0.5 M LiCIO4/PC at 
50 /zV s-I. 

\ 
of about 2.7 V versus Li/Li +. The shape of the peaks 
in the voltammogram changes with the increasing cycle 
number indicating a gradual structural change of the 
host material. A reduction charge of about 280 
Ah kg-1 of the oxide is obtained in the first cycle. 

The characteristics of molybdenum(VI) oxide as in- 
sertion electrode material in secondary, organic elec- 
trolyte lithium batteries concerning morphology, struc- 
tural changes during cycling, and transport properties, 
have been well investigated [18,19]. During the initial 
reduction, a part of the inserted lithium is irreversibly 
trapped in the oxide, and Liz+xMoO3 is formed. In the 
following re-oxidation only x moles of lithium are de- 
inserted and subsequently cycled. A complete lithium 
extraction seems to be hindered. The kinetically ac- 
cessible stoichiometric range of the reversible lithium 
insertion/de-insertion is reported to be 0.1 <x < 1.5 for 
LixMoO3 [18]. Higher lithium uptake could only be 
achieved by serious structural rearrangements of the 
oxide which could not be observed on the experimental 
timescale at room temperature. 

The insertion of lithium causes an increase of the 
interlayer distance because of the repulsion forces of 
the inserted cations. The interplanar distance is related 
to the lithium mobility and has a maximum for x=0.5 
[19]. This lattice expansion leads to cracking of the 
MoO3 crystals during insertion and, thus, to a decrease 
in particle size [18]. As a result MoO 3 is cycled in a 
quasi-amorphous state. This explains why the voltam- 
metric peaks change shape with increasing cycle number, 
whereas the specific charges obtained during cycling 
do not change dramatically. We obtained specific charges 
in these voltammetric measurements that are still 
250 Ah kg-1 after 12 cycles. The significant decrease 
of the specific charge below 200 Ah kg- ~ after 20 cycles 
can be interpreted as the crystallization of the elec- 

tronically and ionically insulating Li2Mo04 phase from 
the quasi-amorphous electrode material that may lead 
to a partial passivation of the electrode, as suggested 
in Ref. [18]. 

Galvanostatic experiments, of which the first three 
cycles are shown in Fig. 3, lead to the same conclusions 
as the potentiodynamic measurements. The first dis- 
charge curve looks different from those following. At 
least two potential plateaus can be identified. The first 
plateau, observed at about 2.8 V versus Li/Li +, cor- 
responds to the generation of the lithium bronze 
LizMoO3 with 0<z<0.3.  The subsequent reversible 
lithium insertion/de-insertion corresponds to the second 
plateau which appears at about 2.4 V versus Li/Li +. 
The first galvanostatic cycle also verifies that LixMoO3 
cannot be regarded as a simple solid solution in the 
whole interval of 0 <x < 1.5. At least two single phases 
exist in this stoichiometric range. An initial specific 
charge of about 300 Ah kg -1 could be obtained for 
the lithium insertion in the galvanostatic experiments 
with a current density of 0.15 mA cm -2. This specific 
charge remains greater than 250 Ah kg-1 for 15 cycles 
and then decreases to 150 Ah kg-1 after 30 cycles as 
shown in Fig. 4. 

The electrochemical insertion of sodium shows some 
similarities to that of lithium. A very sharp reduction 
peak found in the cyclic voltammogram at a potential 
of about 2.4 V versus Na/Na + in the first cycle (Fig. 
5) indicates the formation of a sodium bronze, NazMoO 3. 
It is further reduced to Naz+xMoO3. Subsequently, 
x moles of sodium are cycled rather reversibly. The 
shape of the reduction peaks changes dramatically after 
the first cycle indicating a significant structural damage 
of the rather inflexible layered oxide, caused by the 
insertion of the much larger Na ÷ cation. The increased 
ionic radius might also be the reason for the observed 
much slower insertion kinetics when compared to the 
Li + case. The galvanostatic experiments shown in Fig. 
6 suggest the formation of the sodium bronze, NazMoO3, 
with 0<z<0.4  at a potential plateau of 2.5 V versus 
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Fig. 3. Galvanostatic reduction and re-oxidation of MoO3 in 0.5 M 
LiCIO4/PC at 0.15 mA em -2 (first three cycles). 
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Fig. 5. Cyclic voltammogram of  M o O ,  in 0.5 M N a C I O , / P C  at 
20 /~mV s-~ .  

Na/Na +. A second plateau can be observed at about 
1.8 V versus Na/Na +. A maximum sodium uptake of 
about 1.5 moles is obtained at a potential limit of 
1 V versus Na/Na ÷. The re-oxidation to the sodium- 
free MoO3 cannot be achieved; even more sodium is 
trapped in the oxide with subsequent cycling for kinetic 
reasons and, therefore, the available specific charge 
decreases. The initial specific charge for the Na ÷ in- 
sertion from the galvanostatic experiments is about 240 
Ah kg -1. The available charge decreases rapidly and 
falls below 100 Ah kg-1 after three cycles (Fig. 4). 

A significant electrochemical insertion of magnesium 
from dry, PC-based electrolytes was not observed. How- 
ever, magnesium insertion could be achieved in room 
temperature liquid molten salt mixtures based on AICI3. 
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Fig. 6. Galvanostatic reduction and re-oxidation of  MoO3 in 0.5 M 
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Fig. 7. Cyclic voltammogram of  MoO3 in 3 wt .% MgCI2/41 wt .% 

E M I C / 5 6  wt .% AICIa at  10 t tV  s - t  (first cycle). 

The acidic molten salt mixture of 40 mol% EMIC and 
60 mol% AICI3 offers the possibility of overcoming 
essential problems related with magnesium-containing 
electrolyte solutions based on magnesium salts dissolved 
in pure organic solvents. The high polarization effect 
of the small and divalent Mg 2÷ cation causes poor 
solubility of many magnesium salts in organic solvents 
as well as a small degree of dissociation of the dissolved 
ion-pairs leading to a rather poor conductivity of the 
appropriate electrolytes. In the molten salt system up 
to 5 mol% MgCI2 can be dissolved. Thus, the salt melt 
delivers a rigorously dry environment for the electro- 
chemical Mg 2÷ insertion. 

The magnesium insertion at 80 °C from the MgCI2/ 
EMIC/AIC13 molten salt electrolyte system is demon- 
strated in the cyclic voltammogram shown in Fig. 7. 
Obviously, it is possible to electrochemically insert/de- 
insert Mg 2÷ in MoOa reversibly according to an overall 
electrode reaction scheme: 
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MoO3+xMg 2+ +2xe- , , Mg~Mo03 (2) 

The electrochemical cycling of MoO3 proceeds in the 
potential range from +0.7 to + 1.95 V v e r s u s  AI/A13+ 

In the first voltammetric reduction, specific charges of 
up to 160 Ah kg -1 of the oxide can be obtained with 
a scan rate of 10/~V s -L  The complex fine structure 
of both the potentiodynamic and the galvanostatic curves 
(Figs. 7 and 8) indicate complicated structural changes 
of the oxide. In the initial galvanostatic discharge curve 
a specific charge of about 150 Ah kg- 1 is reached which 
corresponds to about 0.76 electrons per one molyb- 
denum atom in the MOO3. However, the specific charge 
decreases gradually with the cycle nomber (Fig. 9) and 
falls below 100 Ah kg -~ after the fourth cycle. 

The Mg 2÷ insertion can be enhanced using a 'wet' 
electrolyte. A cyclic voltammogram of M003 in 1 M 
Mg(C104)2/AN with 3 mol% of H20 is shown in Fig. 
10. Specific charges of about 210 Ah kg- ~ were achieved 
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Fig. 8. Galvanostatic reduction and re-oxidation of MoOs in 3 wt.% 
MGCI2/41 wt.% EMIC/56 wt.% AICls at 0.08 m A c m  -2 (first three 
cycles). 
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Fig. 10. Cyclic voltammogram of MoOa in the 'wet' 1 M Mg(CIO4)2/ 
AN (3 tool% H20) electrolyte at 20 I~V s-t .  

with a scan rate of 20 /~V s-1. The results o n  M o O  3 

are consistent with those reported for the Mg 2+ insertion 
in V2Os and V6013 in which a strong dependence on 
the solvent and its water content was found [6,7]. One 
possible explanation for the effect of water could be 
the strong polarization effect of the small divalent Mg 2÷ 
cation which is strongly attenuated by solvating it with 
strong donor molecules such as H20. An enhancement 
effect on the magnesium-insertion process can also 
be observed if an electroactive material such as 
NaV3Os(H20)y contains the H20 molecules in the form 
of lattice water in the crystal structure i [20]. 

Of course, the possibility of inserting H ÷ parallel to 
Mg 2+ from 'wet' electrolytes cannot be excluded. Back- 
ground experiments have been attempted with the 
Mg2+-free electrolyte, 1 M TBACIO4 in AN with 3 
tool% H20, and a stainless-steel counter electrode. 
They gave a specific charge of about 300 Ah kg-1 for 
the first reduction cycle. However, XPS measurements 
of the N:Mo ratio showed that high amounts of 
tetrabutylammonium cations could be inserted. Our 
insertion experiments performed with V6013 showed 
that the number of inserted protons from the 'wet' 
Mg(C104)2/AN electrolyte did not exceed 20% of the 
total charge [7]. A similar contribution of H ÷ to the 
insertion process might also be expected for the case 
of the M o O 3 .  

4. C o n c l u s i o n s  

As a first step towards novel rechargeable magnesium 
battery systems we have demonstrated the feasibility 

I Results on the Mg 2÷ insertion in hydrated, layered vanadium 
bronzes, LiV3Os, NaVsOs, KVsOs, Mg(VsOs)2, and Ca(V~OB)2, are 
reported in another communication published in this volume [20]. 
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of the electrochemical reduction, re-oxidation, and cy- 
cling of molybdenum(VI) oxide in dry, Mg 2÷-containing 
electrolytes. 
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