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The corrodability of  anodic oxide films formed on molybdenum in NaOH solutions was studied using 
impedance and potential measurements. The corrosion rate was found to increase with increase of  
alkali concentration, film thickness and temperature and was nearly independent of the rate of  oxide 
formation. The dissolution process was found to involve a valency change from Mo(IV) to Mo(VI) 
where it seemed, from cathodic polarization, that  no electron transfer through the oxide film to/from 
the metal surface was involved during the dissolution process. In concentrated NaOH solutions 
([OH-] ~> 9 M), the dissolution process appeared to follow zero-order kinetics. 

1. Introduction 

Most of the previous electrochemical studies on 
molybdenum showed that the metal is passivated by 
an insulating film composed mainly of MoO2 [1-6] 
and the end product of the metal and the metal oxide 
dissolution is Mo(VI) [1-11]. True insulating and 
capacitive films were produced on the metal surface 
in aqueous solutions by galvanostatic anodization 
[12, 13]. A recent preliminary study on the stability of 
anodic oxide films on molybdenum highlighted the 
stability of the films in aqueous solutions [14]. A series 
of publications on the kinetics of the dissolution of 
anodic oxide films on W [15], Ti [16], Hf [17], Zr [18], 
A1 [19], Sb [20] and Nb [21] has been made from our 
laboratory. Information about the corrodability and 
the dissolution kinetics of molybdenum oxide films in 
alkali solutions has not been reported so far. 

2. Experimental details 

Molybdenum disc electrodes of apparent surface area, 
ca O. 125 cm 2, were cut from spec. pure molybdenum 
rod (Johnson-Matthey, London). The electrode prep- 
aration, the electrolytic cell, the electrical circuit 
and details of the experimental procedure have been 
described previously [22, 23]. All solutions were 
prepared from AnalaR grade chemicals and triply 
distilled water. The electrode potential was measured 
against saturated calomel electrode (SCE) and both 
capacitance, Cm, and resistance, Rm, were measured at 
1 kHz. The normal working temperature was 30 ~ C. 

After anodization of molybdenum at constant 
current density in 0.005 M H2SO4 acid solution to the 
specified formation voltage, the electrode was rinsed 
with triply distilled water and immersed immediately 
in the test solution where the corrosion potential, E~ .... 
Cm and Rm were traced with time at suitable intervals. 
Taking into consideration the insulating and dielectric 
properties of the oxide film; the increase of Cm, 

decrease of R m and shift of Eco~r with time were 
correlated to the oxide film thinning [15-22, 24]. 

3. Results and discussion 

3.1. Effect of NaOH concentration on the 
dissolution behaviour 

The dissolution behaviour of anodic oxide films on 
molybdenum in NaOH solutions of various concen- 
trations (0.05-12 M) at 30 ~ C is shown in Fig. 1. As can 
be seen, Cm ~ decreases with time in all cases and 
generally, the rate of decrease in C~ ~ increases with 
increase of alkali concentration. The corresponding 
variation of Ecorr is shown in Fig. 2. As can be seen, 
there is no remarkable variation in Ecorr for 
[OH-] < 8, but for higher concentrations the vari- 
ation is clear. Such variation in Ecorr is attributed to the 
direct attack of the films at higher alkali concentrations. 
The variations of both Cm 1 and E~o~ with time are 
consistent. The decrease of Cm 1 and the shift of Eoorr 
towards more negative values are attributed to oxide 
film thinning [15-21, 24]. At the steady state (a) the 
recorded values of Cm 1, R m and Ecor~ are almost the 
same as those of the abraded electrode in the corre- 
sponding alkali solution; (b) the electrode surface 
acquired a mirror-bright surface like that before the 
anodization process. Both Figs 1 and 2 confirm the 
dissolution of the film formed by anodization. The 
resistance measurements were consistent with those of 
Cm i and Ec .... i.e. R m was found to decrease with time. 

3.2. Effect of film thickness 

Fig. 3A shows the variation in Cm ~ of anodized Mo 
electrodes to 50, 100, 150 and 200V against SCE with 
time in 12M NaOH solution. As can be seen, the 
dissolution rate increases with increase of film thick- 
ness (formation voltage increase). After complete dis- 
solution of the film, Cm ~ values for all formation 
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Fig. 1. Variation of  open-circuit C2, I of 
anodized molybdenum electrodes with 
time in NaOH solutions of  concentrations 
of: (A) 0.05; (rq) 1; (v) 4; ( + )  7; (O) 8; 
(o) 9 and (x) 10M; formation voltage = 
50V; anodizing cd = 8mAcro  -2 and 
temperature = 30 ~ 

voltages are the same. The increase of the dissolution 
rate of many anodic oxide films with increase of 
formation voltage was reported previously [17-19, 25] 
and attributed most probably to the increase of the 
surface area exposed to the dissolving solution. 
Furthermore, increase of  the film thickness is usually 
accompanied by an increase of  defect concentration 
[17-19] which in turn increases the rate of  attack and 
dissolution. Fig. 3B shows the linear variation of the 
initial film thickness, in terms of 1/C ~ , with the 
formation voltage increase. 

3.3. Effect of formation rate 

The variation of both C~, 1 and Ecorr with time for 
anodized Mo electrodes at two different current den- 
sities during dissolution in 9 M NaOH solution are 
shown in Figs 4A and 4B. The rate of  dissolution 
seems to be unaffected by variation of the formation 
rate. Under similar conditions, the rate of  dissolution 
of  anodic oxide films on zirconium in 1.0 M NaOH 
solution was found to increase with increase in for- 
mation current density [15]. Usually, the films formed 
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Fig. 2. Variation of  E~o, of anodized Mo 
electrodes with time in NaOH solutions of 
various concentrations, details as in Fig. I. 
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Fig. 3. (A) Variation of open-circuit Cm ~ of  anodized Mo electrodes 
in 12 M NaOH solution; formation voltages were ( + )  20; (A) 50; (X) 
100 and (e)  200V; anodizing cd = 8 mAcro = and temperature = 
30 ~ C. (B) Zero-time reciprocal capacitance, 1/C ~  versus formation 
voltage. 

at high current densities are of more defective struc- 
ture than those formed at lower ones [26] and it seems 
that the dissolution kinetics of Mo oxide films do not 
show this effect. 

3.4. Effect of stirring 

Figs 5A and 5B show the variations of both Cm 1 and 
R m of anodized Mo electrodes in stirred and stagnant 
solutions of 9 M NaOH. As can be seen, the dis- 
solution rate in the stirred solution is higher than that 
in the stagnant one, indicating the significance of 
species transport from/to the film surface in the dis- 
solution process. 

3.5. Effect of temperature 

As expected for a chemical process such as the dis- 

solution of anodic oxide films, the rate of dissolution, 
in terms of d Cm'/dt, increases with temperature as can 
be seen in Fig. 6A. The activation energy of dissolution 
of Mo oxide films in 9 M NaOH solution, Ea, was 
estimated from the Arrhenius plot shown in Fig. 6B 
where [19, 27]: 

O In (8Cml/Ot) 
8(l/T) 

= AESIR (1) 

The value of AEa was found to be 83.1 kJmol 1. 

3.6. Impedance behaviour 

Assuming that the electrical model representing the 
impedance behaviour of the anodized electrode con- 
sists of a parallel connection of a condenser and a 
resistor in series with the solution resistance; the series 
equivalent impedance, Zm, and the phase shift, 0, were 
calculated from the equations: 

Zrn = (P~2 m Jr- (2 / ' cFCm) -2 )  t/2 (2)  

0 = tan t(2nFCmRm) ' (3) 

The impedance diagram of anodized Mo electrodes 
to different formation voltages after 1 h immersion in 
5 M NaOH solution is shown in Fig. 7. The dashed 
lines in Fig. 7 refer to the behaviour after complete 
dissolution where the recorded values in Fig. 7 were 
the mean values obtained at the steady state dissolution 
of anodized Mo electrodes to 1, 5, 10, 15 and 20V. 
Even after complete dissolution it seems, within the 
frequency range used, that the impedance behaviour 
of the electrode confirms the assumed model [28, 29]. 

3.7. Mechanism of the dissolution 

Although the general behaviour of dissolution of Mo 
oxide films is somewhat similar to that of many valve 
metals [15-21, 24], the mechanism of its currentless 
dissolution is still not fully understood. The dis- 
solution of MoO= in alkaline solutions may be as 
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Fig. 4. Variation of open-circuit Cm L 
(A) and Ecor, (B) of anodized Mo elec- 
trodes with time in 9M NaOH solution; 
formation voltage = 50V; anodizing cds 
were (O) 0.8 and (x) 8 m A c m  -2 and 
temperature = 30 ~ 
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All views indicate the oxidation o f  M o O  2 to soluble 
molybdate  together with the occurrence o f  cathodic 
processes such as hydrogen evolution, The interesting 
question arising is whether the oxidation of  MoO2 
involves electron transfer through the oxide film to/  
from the metal. To  answer this question, an anodized 
M o  electrode was cathodically polarized in 0 .05M 
N a O H  solution and the exchange current density, to, 
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Fig. 6. (A)  Varia t ion  o f  open-circuit Cm 1 o f  anod ized  M o  electrodes  
with  t ime in 9 M N a O H  solut ion  at temperatures  of: ( �9  24; (x) 30; 
(A)  40 a n d  ( + )  5 3 ~  f o r m a t i o n  vo l tage  = 5 0 V  and a n o d i z i n g  cd 
was 8 m A  cm -2 . (B) N atura l  l ogar i thm o f  the d isso lut ion  rate versus 
the reciprocal  o f  the absolute  temperature .  

Fig. 5. Variation of open-circuit C~I 1 (A) 
and R m (B) of anodized Mo electrodes with 
time in 9 M NaOH solution: (x) stagnant; 
(O) stirred; formation voltage = 50V; 
anodized cd = 8mAcm -2 and tempera- 
ture = 30 ~ 

was determined from the Tafel plot shown in Fig. 8; 
i0 = 1.2 x 10 - 1 1 A c m  -2. From Fig. 1, the dissolution 
rate in 0 .05M N a O H  solution was determined in 
terms of  current density as 

zF  
Dissolut ion rate ( A c m  -2) aA (d(wt)/dt) (4a) 

and [21, 24, 31] 

Da 
dx/dt  - 

47c 

zF  
aA @a(dx/dt) (4b )  

- - - x  1.11 x lO-6(dCm~/dt) (5) 

where a is the electrode area; d(wt)/dt is the rate o f  
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Fig. 7. Impedance diagram of anodized Mo electrode under open- 
circuit conditions after one hour immersion in 5 M NaOH solution; 
anodizing cd = 0.4mAcm-2; temperature = 30~ and the dashed 
lines referred to the electrode behaviour after complete dissolution. 
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Fig. 8. Cathodic polarization of anodized 
Mo electrodes to 50V in 0.05M NaOH 
solution at 30 ~ C. 

dissolution in g sec-1; x the film thickness; z F  the 
number  o f  Faradays  involved and A, ~ and D are the 
molecular  weight, density and dimensionless dielectric 
constant  o f  the oxide film, respectively. Taking  
AMoo2 = 127.9, z = 2, ~o = 6.4 [32], D = 29.4 [33] 
and d C m l / d t - - 4 . 1  x 10-4/ tF  -1 sec -I  then f rom 
equat ions (4) and (5) the dissolution current  density is 
1.6 x 10 5 A c m - 2 .  Compar ing  the dissolution c d  

with i 0 obtained f rom cathodic  polar izat ion shows that  
the dissolution c d  is much higher than i0 indicating 
that  no electron transfer through the oxide film to/ 
f rom the metal surface is involved in the dissolution 

process. 
It should be ment ioned that  up to ~> 90% decrease 

in bo th  Cm ~ and Rm, the interference colours and the 
general appearance o f  the film remained unchanged 
during the dissolution process. But after longer times 
the film disappeared completely. The decrease in Cm t 
and R m with time cannot  be at tr ibuted to the film 
thinning but  mos t  probably  is at tr ibuted to loss o f  the 
insulating properties o f  the film before its dissolution. 
The dielectric properties o f  the films could no t  be 
returned by immersion of  the electrode in electrolytes 
in which the oxide is stable, i.e. the loss o f  insulat- 
ing properties by ion incorpora t ion  inside the films 
may  be disregarded. The loss m a y  be at tr ibuted to 
chemical interactions between MoO2 and O H -  ions, 

e.g. (3): 

MoO2 + 2 O H -  = MoO2(OH)2 + 2e (d) 

or  hydra t ion  of  MoO2 [4, 34] 

MoO~ + H~O = MoO(OH)2 + H20  

= S o ( O H ) 4  (e) 

In N a O H  solutions o f  concentrated ( [OH-  ] ~> 9 M), 
the kinetics o f  dissolution appeared to follow zero- 
order kinetics with respect to film thickness, i.e. 
d C m l / d t  = constant.  Since the dissolution o f  solid 
inorganic materials such as oxide films is largely 
governed by the solid state properties [35, 36], e.g. 
a tomic disorder and also by the medium aggressive- 
ness [37], it seems f rom our  results that  the medium 
aggressiveness is the main factor  determining the dis- 

solution behaviour  of  Mo  oxide films and not  the solid 
state properties o f  the oxide film. Generally, the stable 
oxide films in the c o m m o n  reagents follow zero-order  
kinetics with respect to the film thickness during 
dissolution [14, 21, 37]. 
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