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The formation and stability of  anodic oxide films on molybdenum in chloride solutions was tested 
using impedance and polarization measurements. The efficiency of  oxide formation increases as the 
acidity of  the formation medium increases. The film is highly stable' and resistive to attack and 
dissolution regardless of  the chloride concentration, pH or film thickness. The corrosion potential did 
not vary with variation of  immersion time, solution composition or film thickness and recorded 
- 0.000 V vs SCE indicating the high insulating properties of the film. Polarization measurements on 
previously anodized molybdenum electrode showed that the electrode is ideally polarized over a 
potential region not less than 2 V. The magnitude of  that potential region increases as the film thick- 
ness increases. The anodic film cannot  be reduced or removed by galvanostatic cathodic polarization~ 
The impedance behaviour of  the anodized molybdenum electrode was found to be purely capacitive 
and the oxide film may be treated approximately as a perfect dielectric material. 

1. Introduction 

Previous work on the electrochemical behaviour of 
pure molybdenum indicated that the metal passivated 
easily and that the end product of its electrochemical 
oxidation is hexavalent molybdenum [1-9]. In aqueous 
media, the passivation film consists mainly of MoO2 
[8-13]. Hull [14, 15] studied the anodic dissolution of 
molybdenum in H2SO 4 and KOH solutions using linear 
sweep voltammetry. He identified three different fihns 
in alkaline solutions (MOO2, M o O  3 and Mo(OH)3 ) 
and two films in acid solutions (MOO2 and MOO3). 
Johnson et aL [16, 17] also proposed a mechanism for 
the anodic dissolution of molybdenum in chloride and 
sulphate solutions of different pHs involving the further 
oxidation of the passivation film, Mo205, to MoO3 
which hydrolyses and dissolves. 

Studies on the kinetics of open-circuit oxide film 
formation on molybdenum in HC1, NaOH [18] and 
salt solutions [19] were reported. Quite recently, the 
galvanostatic anodization of molybdenum and the 
electrical breakdown of the formed oxide were investi- 
gated in detail [20-22]. The aim of this work is to 
investigate the nature and the stability of anodic oxide 
film formed on molybdenum in chloride solutions. 

2. Experimental details 

Details of the experimental method employed here 
have been given elsewhere [23, 24]. The electrode was 
cut from a spectroscopically pure molybdenum rod 
(Johnson-Matthey, London). The molybdenum was 
fitted in a suitable glass tube using an epoxy resin, with 
a small copper wire for electrical contact. The exposed 
surface area was 0.125cm 2. All chemicals were 
AnalaR grade or chemically pure. Triply distilled 
water was used for preparation of all solutions. The 
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electrode potential was measured against a saturated 
calomel electrode (SCE). The normal working fre- 
quency was 1 kHz. The measurements were carried 
out in an air thermostat at 30 + 0.2 ~ C. 

2.1. Procedure 

Before each experiment, the electrode was mechanically 
polished using successively finer grades of metallo- 
graphic emery papers down to 4/0 until silvery bright 
surfaces were obtained, then rubbed with a soft cloth 
and rinsed with triply distilled water before immersion 
in the formation medium. The galvanostatic polariz- 
ations were started after about I h at a constant cur- 
rent density of 0.8 mA cm -2 until the desired formation 
voltage (FV). The current was then interrupted and 
the electrode was transferred to the test solution after 
being washed quickly and gently with triply distilled 
water, where the measurements were carried out 
immediately. The polarization measurements were 
carried out after about 5h immersion in the test 
solution. 

3. Results and discussion 

3.1. Anodic oxide film formation 

The molybdenum electrode was anodized in various 
electrolytes at different constant current densities; 
some potential-time curves were selected and are illus- 
trated in Fig. 1. Generally, polarization curves are 
similar to those reported in the anodization of valve 
metals; each curve consists of a gradual potential rise 
followed by a potential arrest. The arrest is followed 
by another potential rise (not observed in highly acidic 
solutions). 

The first potential rise is connected mainly with 
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Fig. 1. Anodic polarization curves of  molybdenum 
in various naturally aerated solutions. - -  HC1 
solutions, c.d. = 0 .2mAcro-2 ;  - -  IN  NaOH,  
c.d. = 2 .0mAcro  2; . - -  1N Na2SO 4, c.d. = 
0.8 m A c m  -2. 

oxide film formation and thickening [25, 26]. The 
efficiency of  oxide formation decreases with time 
where other anodic processes occur. The arrest is 
connected mainly with 02 evolution and halogen may 
also be liberated [27]. After the arrest the metal surface 
becomes reactive towards oxide formation, again 
probably due to oxidation of the metal surface during 
the arrest [28] or oxide film crystallization [29]. The 
results show that the efficiency of oxide film formation 
increases with increase of formation medium acidity 
(see Appendix 1). 

3.2. Anodic oxide film stability in chloride solutions 

3.2.1. Effect ofpH. As described in the experimental 
details the electrode was anodized in 1 N H2SOn sol- 
ution to 20 V vs SCE and then transferred to the test 
solution where potential, capacitance and resistance 
were traced for about 4h. The tested solutions were 
normal chloride solutions of different pHs; their com- 
positions were: 1N HC1 + x M H2SO4 (pH 0.7), 
1 N NaC1 + x M  Na2SO4 (pH 5.5) and 1 N NaC1 + 
xM Na2SO4 + 1N NaOH (pH 12.2), where x rep- 
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resents the number  of  moles required to make the 
ionic strength equal to 3. 

The corrosion potential did not vary with time and 
was independent of  the solution pH. The recorded 
potential values were ~-0.000V. Replacement of  the 
SCE by other reference electrodes did not affect the 
previous recorded value. This finding indicates the 
high insulating properties of  the oxide film [30]. 

The variation of reciprocal capacitance, Cm ~, and 
resistance, Rm, of the anodized molybdenum electrode 
with time is shown in Fig. 2. As can be seen, both Cm- 
and R~ behave similarly. Stable values of  both C~ ~ 
and R m were reached after about  2 h. The results show 
that the fihn is highly stable and does not suffer attack 
or dissolution. The slight decrease of  Cm ~ in the case 
of  pH 0.7 before attainment of  the stabilized value, 
about  15% decrease, may be attributed to an increase 
in the film conductivity [31] probably by the penetration 
of H + ions from the defects in the film. Also, the 
increase of  Cd~ ~ in the case o f p H  12.2 may be attributed 
to the film thickening as a result of  O H -  ion adsorp- 
tion onto the oxide film surface [32]. The resistance 
measurements support  the capacitance measurements 
as can be seen in Fig. 2. 
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Fig. 4. Variation of reciprocal capacitance of anodized molyb- 
denum electrodes (to l, 10, 20 and 30V) with time in 3N HC1 
solutions. 

3.2.2. Effect o(acid chloride concentration. The stability 
of  the anodic oxide film was tested in HC1 solutions of  
different concentrations up to 1I N. Here also, the 
corrosion potential was found to be independent of  
the solution composition and, as previously, was 
-~ 0.000 V. 

The variation of Cd ~ with time is shown in Fig. 3. 
The results show the high stability of" the anodic film 
in all cases. The slight decrease of  Cs ~ before the 
stabilization becomes less pronounced as the acid con- 
centration increases. 

3.2.3. Effect oJformation voltage. The variatio~ of C,~ 
of  the anodized electrode (to 1, 5, 10, 20 and 30V) 
with time in 3.0 N HC1 solution is illustrated in Fig. 4. 
As can be seen, Cm ~ does not vary with time and stable 
values are quite distinct. The initial slight decrease of  
Cm ~ can be observed only for thick films (high for- 
mation voltage). Extrapolation of C~7~ to zero time 
gives G~ 1 which corresponds to the oxide film thick- 
ness at the respective FV. As shown in Fig. 5, C ~ 
increases linearly with FV which indicates that C j  1 is 
directly proport ional  to the oxide thickness [33]. Also, 
the electrode resistance, R~ increases linearly with FV 
(cf Fig. 5). The corrosion potential of  the anodized 
electrode >/5 V was independent of  FV and did not 
vary with time and recorded a value of ~ 0.000 V. At 
FV < 5V, the electrode does not seem to have the 
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Fig. 5. Variation of initial reciprocal capacitance, C~- ~, and resist- 
ance, RIll, with formation voltage, FV. 
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Fig. 6. Potentiostatic polarization curves of  anodized 
molybdeuum electrodes (to 1, 10, 20 and 30V) in naturally 
aerated 1 N HC1 solutions. 

required oxide film thickness to cause the c o r r o s i o n  
potential to be independent of the solution com- 
position. 

3.3. Polarization measurements 

Potentiostatic i-E curves of the anodized molyb- 
denum electrode (to 1, 10, 20 and 30V) in 1N HC1 
solutions are illustrated in Fig. 6. As can be seen, the 
anodized electrode is ideally polarized over a potential 
region not less than 2V. The potential at which the 
cathodic processes (mainly H2 evolution and 02 
reduction) start to proceed with a measurable rate 
shifts towards more negative values with increase of 
FV. 

The measured Cm and R m before and after the cath- 
odic polarizations (potentiostatic and galvanostatic) 
were identical regardless of the duration time of polar- 
ization or the current densities used. This means that 
the anodic oxide film cannot be reduced or removed 
by cathodic polarization. 

Cathodic polarization curves of anodized molyb- 
denum electrodes in HC1 solutions are shown in 

Fig. 7. As can be seen, tws Tafel regions can be 
identified; the slope in the low polarization region 
(region I) is nearly double that of the high polarization 
region (region II). Corrosion potentials, Tafel slopes 
and exchange current densities calculated from Fig. 7 
are presented in Table 1. The previously reported 
Tafel slope values for cathodic polarization of molyb- 
denum in acid solutions, either aerated or deaerated, 
are close to those corresponding to region II [8, 17]. 

3.4. Impedance characteristics of the anodized 
electrode 

The effect of frequency on the impedance behaviour of 
the anodized electrode was studied when the values of 
Cm and R m w e r e  more or less constant. An impedance 
diagram of an anodized electrode for different FVs in 
3 N HCI solutions is shown in Fig. 8. As can be seen, 
0 is less than 90 ~ which means that the anodized 
metal/solution interface cannot be considered as a 
perfect capacitor [34]. The slopes d log Zm d log F are 
approximately equal to -- 1, confirming the assumed 
electrical model shown in Fig. 8. Although the increase 
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Fig. 7. Galvanostatic cathodic polarization 
curves of  anodized moIybdenum electrodes (to 
20V) in acid chloride solutions of  different 
concentrations. 
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Table 1. Corrosion potentiaLr, Tafel slopes and exchange current densities for polarization of anodized molybdenum in naturally aerated chloride 
solutions at 30 ~ C 

Electrolyte E~o~ (m V) Region I Region II 

b~ (mV) i 0 ( A  cm -2 )  b c ( r n V )  i 0 ( A  em -2 )  

1N HC1 + 0.TM H2SO 4 000 125 9.6 x 10 6 70 ].9 >: I0 i,~ 
3N HC1 000 124 15.2 x JO -6 65 t.2 • 10 -I'~ 
6N HCI 000 120 16.8 x 10 -~' 63 2.0 x 10 19 

l l N H C 1  000 110 18.4 x 10 6 58 3.3 z 10 -19 
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Fig. 8. Impedance diagram of  anodized molybdenum 
electrodes in 3 N HC1 solutions: (o) 30 V; (T) 20 V; (~) 
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Fig. 9. (a) Complex plane impe- 
dance of  anodized molybdenum 
electrodes (to 20 V) at the cor- 
rosion potential in acid chloride 
solutions. (b) Complex plane 
impedance plots of anodized 
molybdenum electrodes (to 
20 V) at different cathodic cur- 
rent densities: (e)  8.1)0mA 
cm- i ;  (X) 4.00mAcro--::; (A) 
2.00mAcro 2; (,,t) 1.00mA 
cm 2; ( + )  0 .80mAcm-- ' ;  (o)  
0.08 mAcro 2. 
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Table 2. Amount o f  electricity, Q (mCcm 2) necessary to form an 
oxide.film qf  a thickness 132,4 

Electrolyte Q (mC cm -2) 

1 l N HC1 48.0 
5 N HC1 57.6 
1 N HC1 69.6 
0.5 N HC1 84.0 
0.1N HC1 210.0 
I N Na2SO 4 450.0 
1 N NaOH 774.0 

of FV (i.e. film thickness increases) increases the elec- 
trode impedance, the phase shift, 0, does not vary 
noticeably. 

Representation of the electrode impedance in the 
complex plane yielded straight lines regardless of the 
solution composition or the film thickness; some 
results are shown in Fig. 9a. This behaviour has been 
reported previously for many passive metals [35-38]. 
The extension of the frequency range to lower values, 
or application of cathodic polarization, shows that the 
straight lines are, in fact, parts of large semicircles or 
arcs as can be seen in Fig. 9b. 
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Appendix I 

Although the efficiency of oxide film formation varies 
with time as can be seen in Fig. 1, we can compare, 
approximately, the efficiency of oxide formation in 
different electrolytes by calculating the amount of 
electricity (charge density) necessary to form an oxide 
film of a certain thickness. The thickness is determined 
by using capacitance measurements, assuming a 
dielectric constant of 29.4 [39]. From the relations 
between the thickness and charge density the following 
Table 2 is produced. 

References 

[11 W. Muthman and F. Fraunberger, Ber. Bayr. Akad. 34 
(1904) 201. 

[2] H. Kuessmer, Z. Elektrochem. 16 (1910) 756. 
[3] E. Becker and H. Hilberg, ibid. 31 (1925) 32. 
[4] A.A.  Pozdeev, E. I. Antonovskaya and A. M. Sukhotin, 

Corros. Sci. 6 (1966) 149. 

[51 

[6] 

[71 

[81 

[91 
[101 

[11] 

[121 
[131 

[141 
[15] 
[161 

[17] 

[18] 

[I91 

[20] 

[2I] 

[22] 

[231 

[24] 

[251 
[261 
[271 

[281 

[29] 
[301 
[31] 

[321 

[33] 

[341 F. 

[35] A. 

[361 A. 

[37] R. 

[38] L. 
[39] D. 

J. Beeson and G. Drautburg, Eh, ctrochim. Acta 3 (1960) 
158. 

S. V. Chekhovskii, 1. S. Smirnova, V.G.  Dubinin and 
I. Ya. Klinov, Khim. Neft. Mashinostr. 8 (I970) 17. 

A. D. Davydov, V. D. Kashcheev and V. P. Kriven'Kii, 
Elektron. Obrab. Mater. I (1973) 5, 

L. L. Wikstrom and K. Nobe, J. Electrochem. Sac. 116 
(1969) 525. 

T. Heumann and G. Hauck, Z. Metallk. 56 (1965) 75. 
M. Konig and H. Gohr, Ber. Buns. Phys. Chem. 67 (1963) 

837. 
N. Hara and K. Sugimoto, Nippon Kinzoku Gakkaishi 44 

(1980) 1312. 
J. N. Wankyln, Corros. Sci. 21 (1981) 211. 
W. Yang, R. Ni, H. Hua and A. Pourbaix, ibid. 24 (1984) 

691. 
M. N. Hull, J. Electroanal. Chem. 30 (I971) App.1. 
M. N. Hull, ibid. 38 (1972) 143. 
J. W. Johnson, C. H. Chi, C. K. Chert and W. J. James, 

Corrosion 26 (1970) 238. 
J. W. Johnson, M. S. Lee and W. J. James, ibid. 26 (1970) 

507. 
W. A. Badawy, A. G. Gad-Allah, H. A. Abd E1-Rahman 

and M. M. Abou-Romia, Surf  Technol. 27 (1986) 187. 
A. G. Gad-Allah, W. A. Badawy, H. A. Abd EI-Rahman 

and M. M. Abou-Romia, ibid. 31 (1987) 117. 
A. G. Gad-Allah and H. A. Abd E1-Rahman, J. Appl. Elec- 

trochem. 17 (1987). 
H. A. Abd El-Rahman, A .G.  Gad-Allah and M.M.  

Abou-Romia, ibid. 17 (1987). 
A. G. Gad-Allah and H. A. Abd E1-Rahman, ibid., accepted 

for publication. 
M. S. E1-Basiouny, M. M. EI-Kot and M. M. Hefny, Br. 

Corros. J. 14 (1979) 151. 
M. M. Abou-Romia and M. M. Hefny, J. Electroanal. 

Chem. 136 (1982) 333. 
L. Young, Trans. Faraday Sac. 50 (1954) 153. 
D. A. Vermilyea, Acta Met. 1 (1953) 282. 
L. M. Yakimenko, G. N. Kokhanov, 1. E. Veseloveskaya 

and R, V. Dzhagatspanyan, Khim. Prom. 43 (1962) 7. 
G. C. Willis, C. B. Adams and P. V. Rysselberghe, Elec- 

trochim. Aeta 9 (1964) 79. 
D. M. Lakhiani and L. L. Shreir, Nature 188 (1960) 49. 
A. K. Vijh, Corros. Sci. 12 (1972) 105. 
H. S. Isaacs and J. S. Llewelyn Leach, J. Electrochem. Sac. 

110 (1963) 680. 
M. M. Hefny, A. A. Mazhar and M. S. E1-Basiouny, Br. 

Corros. J. 17 (1982) 38. 
L. Young, 'Anodic Oxide Films', Academic Press, London 

(1961), 
E1-Taib Haekal and S. Haruyama, Corros. Sci. 24 (1984) 
185. 
M. Bekheet, M. M. Hefny, A. A. Mazhar and M.S.  
E1-Basiouny, Ann. Chim. (Rome) 72 (1982) 611. 
A. Mazhar, A. M. Bekheet and A. G. Gad-Allah, ibid. 
74 (1984) 471. 
D. Armstrong and K. Edmondson and R. E. Firman, J. 
Electroanal. Chem. 40 (1972) 19. 

M. Baugh and K. L. Bladen, ibid. 145 (1983) 325. 
J. Desemet and J. L. Ord, J. Electrochem. Sac. 130 
(1983) 280. 


