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Abstract 

The heat treatment of molybdenum oxide dihydrate resulting from the acidification of NazMoO, solution leads to various molybdenum 
trioxides MOO,. Electrochemical Li insertion into these compounds varies depending on the temperature required for drying the MOO,. 2Hz0 
(250,400 and 500 “C) . The lower the temperature of the heat treatment, the better is the electrochemical performance. The lowest temperature 
2.50 “C induced the formation of a long-range disordered oxide characterized by a high surface area exhibiting the best performance both in 
terms of specific capacity ( = 2F/MoO,) and cycling efficiency, which were found to he significantly higher than that usually obtained for 
the conventional crystalline or amorphous Moo3 or for the heat-treated form at 500 “C ( = 1 .SF/MoO,) . For example, when galvanostatic 
cycling experiments are performed at a C/10 discharge-charge rate within cycling limits 3.8/2 V, - 300 Ah kg - ’ oxide were still recovered 
after 10 cycles. 
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1. Introduction 

Orthorhombic molybdenum trioxide, MOO,, constitutes an 
interesting host lattice particularly suitable for Li insertion 
reaction and its application in secondary lithium batteries and 

electrochromic devices has been suggested [ l-61. Indeed, 

this oxide exhibits a unique layered structure in which each 

MO atom is surrounded by a distorted octahedron of oxygen 

atoms. Two layers of MOO, octahedra sharing all equatorial 
corners are joined together and stacked one over the other. 

However, a relative low specific energy of the Li/MoO, 

couple and a poor cycling behaviour are usually reported to 
be the drawbacks of MOO, as a cathodic material. 

Recently, some of us outlined interesting features obtained 
in terms of discharge capacity with molybdenum trioxide 

hydrates and the molybdic acid C phase prepared through 
acidification reactions of an aqueous sodium molybdate solu- 
tion. Depending on the precipitation conditions (concentra- 
tion of the strong acid, temperature, the presence of cationic 
species etc.) different phases occur [7,8]. Although high 
discharge capacities ( ~400 Ah kg-‘), about twice that 
observed for the classical compound were found [ 6,7], only 
low recharge efficiencies which never exceeded 50% were 
obtained due to important structural changes during cycling. 
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In the case of tungsten trioxide, we previously demon- 
strated the interest of using a moderate heat treatment to 
overcome the instability of the corresponding hydrated com- 
pounds and C phase [ 9,101. For instance, a considerable 
improvement both in terms of specific capacity and charge- 

discharge efficiency was reached by using the hexagonal type 
oxidex(A,O).WO, (A=NaC,K+,NH,+;x=0.05X).14) 
prepared at 350 “C as well as a monoclinic W03 with a low 
degree crystallinity stemming from a drying procedure of 
H2W04 at 250 “C. 

These examples show how much the Li intercalation proc- 
ess depends on the preparation conditions of the host material. 
Therefore, we have selected a method for producing MOO, 
in order to improve its electrochemical performance. In the 
present work, we report electrochemical lithium intercalation 
in orthorhombic molybdenum trioxides obtained from an 

appropriate heat treatment of MOO, dihydrates. 

2. Experimental 

Molybdenum trioxide dihydrate was prepared according 
to the method of Freedman [ 111. Acidification of a 1 M 
Na,MoO, aqueous solution with 3 N HCl at 100 “C leads to 
a yellow powder Mo03. 2H,O. Thereafter, a temperature 
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treatment of Mo03. 2H20 at 250,400 and 5W “C was carried 
out in air for 3 h to give Mo03. 

X-ray experiments were performed with an Inel diffrac- 
tometer using Cu Ka, radiation and the thermal analysis 
measurements were performed in air at heating rates of 10 
“C/min using a Netszch STA 409 analyzer with the simul- 

taneous recording of weight losses (GTA) and temperature 
variations (DSC) . 

2.1. Electrochemical measurements 

Propylene carbonate (PC) twice distilled (Fluka) was 
used as received. Anhydrous lithium perchlorate was dried 
under vacuum at 200 “C for 12 h. The electrolytes were 
prepared under a purified argon atmosphere. The working 
electrode consisted of a stainless steel grid with a geometric 

area of 1 cm2 on which MOO, mixed with graphite (90% by 
weight graphite) was pressed. Lithium was used as the ref- 

erence and auxiliary electrode in a flooded cell under an argon 

atmosphere. 

3. Results and discussion 
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The simultaneously recorded thermal analysis curves 
(GTA and DSC) of the Mo03. 2H20 powder are shown in 
Fig. 1. The total weight loss was near 20%, occurring in two 
successive steps. Thus, the two well defined endothermic 
peaks correspond to the loss of one water molecule around 
100 “C and to that of the more strongly bonded water at 170 
“C. No crystallization peak is revealed. Finally, on heating 
above 200 “C, the anhydrous molybdenum trioxide MOO, is 

obtained. 
Chronopotentiometric curves for the reduction at constant 

current density of Moos. 2H20 heat treated at different tem- 
peratures are reported in Fig. 2. A notable influence of the 
temperature treatment on the discharge capacity is shown. 
Indeed, the faradaic yield varies from 1.45 to about 2 Faraday 
per mole of oxide which corresponds to specific capacities in 
the range 270-370 Ah kg- ‘. In the case of the 500 “C heat- 
treated form, we find the usual electrochemical behaviour 
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Fig. 1. Simultaneous thermal analysis (TGA and DSC) or MOO, I 2H20. 
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Fig. 2. Comparison of the chronopotentiometric curves for the reduction at 

constant current ( 100 PA/cm’) of heat-treated MOO,. 2H,O oxides in 1 M 

LiClOJPC solution at 20 ‘C. 

reported for the conventional crystalline compounds 
described in the literature. A well defined reduction process 
located near 2.8 V, followed by a potential decrease precedes 
a second longer voltage plateau at 2.3 V. These two reduction 
steps correspond to a maximum Li uptake of 1.5 Lit /MO. 

However, as shown in Fig. 2, when lower heating tempera- 
tures are used, the insertion steps are less defined and give 
rise to sloping discharge curves around potentials slightly 
higher than that obtained for the ‘500 “C’ form. The shape of 
the reduction curve seems to be intermediate between that of 
crystalline and amorphous MOO, [ 1,2,5]. But, the main inter- 
est provided by the procedure involving the lowest temper- 
ature consists in the emergence of an additional insertion step 
at 2.2 V allowing a maximum specific capacity of about 2F/ 
mole of oxide to be reached, i.e. 370 against 280 Ah kg-’ 
for the 500 “C or a commercial sample. 

Our results are in accord with those obtained from a ther- 
modynamic investigation of Li insertion in MOO, [ 121 and 

which led to the possibility of attaining values greater than 
l.SLi/MoO,, in particular 2Li/Mo. A similar high faradaic 
yield for the reduction process has also been mentioned in 
the case of crystalline and amorphous porous molybdenum 
oxides synthesized by reaction of MOO, powder with an 
aqueous H,02 solution at 60 “C and dried in the temperature 

range 170-4OO”C [ 131. In addition, both the working poten- 
tial and the capacity are greatly improved even in respect to 
the amorphous phases MOO, (x,, = 1 for a cut off voltage 
of 2 V) synthesized via precipitation techniques involving 
the dissolution of the crystalline form in ammonia followed 
by an acid treatment using nitric acid [ 51. 

X-ray diffraction patterns in reflection geometry of the 
different heat-treated forms are summarized in Fig. 3. The 
lowest temperature ‘250 “C’ leads to a phase which seems to 
be amorphous, whereas the patterns of the 400 and 500 “C 
forms can be indexed on the basis of an orthorhombic struc- 
ture with the usual lattice parameters [ 141. X-ray diffraction 
patterns of MOO, prepared at 400 “C exhibit broader diffrac- 
tions peaks significant of a lower degree of crystallinity than 
in the case of the ‘500 “C’ oxide. However, the formation of 
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Fig. 3. Comparison of the X-ray diffraction patterns (Cu Ka,) of the molyb- 

denum oxides Moo9 obtained at 250,400 and 500 “C. 

a long range disordered phase at ‘250 “C’ rather than a really 
amorphous compound MOO, would be more consistent with 
its electrochemical behaviour characterized by defined steps 
and at the same time by a sloping discharge curve as also 
confirmed by voltammetric measurements (Fig. 4). This is 
significantly different from the S-shaped curves reported for 

a-Moo, [ 51. 
An additional information can be drawn from the voltam- 

metric curve of the ‘250 “C’ compound (Fig. 4). Even when 
the reduction curve seems to include different subsequent 
insertion processes due to the appearance of four cathodic 
peaks at 2.75,2.43,2.30 and 2.05 V, the coulombic efficiency 
for the oxidation reaction is high in the order of > 90%. 

The influence of the current density on the discharge- 
charge of MOO, synthesized at 250 “C is reported in Fig. 5. 
No significant effect on the working potential is shown. Only 
a low decrease of the faradaic yield is pointed out when the 
current density varies from 100 PA to 1 mA cm-‘. Secondly, 
MOO, ‘250 “C’ exhibits a highly rechargeable behaviour 
(90%) while a poor efficiency which never exceeds 60% 
is commonly reported for the usual crystalline MOO, 

(&l,X = 1.5) [2]. Nevertheless, a recent paper outlines the 
possibility of charging MOO, cathodes also with a high effi- 
ciency during the first ten cycles using a C/20 discharge- 
charge rate [ 15 J 

In agreement with a similar effect recently encountered in 
the case of W03 (91 and as indicated from BET measure- 
ments summarized in Table 1, the lower the temperature 
treatment, i.e. the lower the degree of crystallinity, the higher 
the active area and the specific capacity. 

Indeed, the smaller particles of the sample prepared at 250 

m’/g), by a factor of ten, to be obtained and then of the 

electrochemical surface area involved in the discharge- 
charge process. In this way, lithium overconcentrations at the 
surface of the material are probably minimized. 

Thus, the potential interest of the low temperature oxide 
characterized by a maximum specific capacity of 370 Ah 
kg-’ and the promising efficiency of the charge process 
prompted us to evaluate the cycling properties of this material 
in comparison with the other heat-treated solids. Fig. 6 shows 

the evolution of the mass capacity as a function of cycle 
number for three kinds of compounds. Whatever the dis- 
charge-charge rate, the ‘250 “C’ sample gave the best results. 
Lithium insertion in crystalline MOO, is known to induce 
important structural changes, Unlike in Li,TiS, or Li,MoS,, 

the lattice expansion in L&Moo, does not increase continu- 
ously with X: an important increase of the interplanar distance 
occurs and shows a maximum close to about x= 0.5 (5%), 
followed by a significant contraction ( - 10%) from x = 0.5 

Fig. 4. Voltammograms of an MOO, ‘250 “C’ electrode in 1 M LiCIOJPC 

at 20 “C. The scanning speed was 2 X 10m4 V s-l. 
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Fig. 5. Influence of the current density on the discharge-charge curves of 

MOO, synthesized at 250 “C. 

Table 1 
BET surface areas of various MOO, powders 

Materials Surface area 

(m’/g) 

‘250 “C’ MOO, 32.3 

‘400 “C’ MOO, 11.5 

‘500 “C’ MOO, 1.9 
“C allow a considerable enhancement of the active area (32 
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Fig. 6. Variation of the mass capacity as a function of cycle number for 

MOO, prepared at 250,400 and 500 “C: (a) 100, (b) 500 I.LA cm-’ (cycling 

limits 3.8/2 V). 

up to 1.4 [ 31. The peculiar shape of the ‘250 “C’ oxide 

showing a more regular, although stepped, discharge curve 

could indicate a less severe structural reorganization which 

would explain the better rechargeability of this compound. 

The disordered state of the material combined with the small 

grain size or a high porosity deduced from BET measure- 

ments, should make it easier for the material to accommodate 

important volume changes occurring in the L&Moo, phases. 

Starting from an initial value of about 340 Ah kg-’ 

obtained at a dischargexharge rate of C/10, the specific 

capacity continuously decreases with cycling (Fig. 6(a) ) . 

However, after the tenth cycle about 300 Ah kg-’ are still 

available against only 240 Ah kg-’ in the case of conven- 

tional MOO,. For a higher dischargexharge rate (C/2; Fig. 

6(b)), the main discrepancies between the compounds 

remain but are not so strongly pronounced. Indeed, the capac- 

ity of the ‘250 “C’ MOO, is more affected and significantly 

decreases to reach that of the classical compounds, which 
suggests the occurrence of structural modifications. 

Finally, Fig. 7 shows that at a lower discharge-charge rate 

C/20, the specific capacity slowly decreases to remain stable 
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Fig. 7. Evolution of the discharge curves of MOO, ‘250 “C’ during galva- 

nostatic cycling experiments (C/20 rate). 

for at least 10 cycles. Thus, as mass capacity of 300 Ah kg- I 
is still recovered after 15 cycles. 

Besides the favourable effect on the electrochemical 
behaviour afforded by the enhancement of the active surface 
area, other possible parameters like oxygen stoichiometry, or 
the presence of interstitial hydrogen or residual water could 

be also responsible for the observed differences, and cannot 
be discarded. Further work is still needed to elucidate the 
responsible mechanism. 
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