
JOURNAL OF APPLIED ELECTROCHEMISTRY 26 (1996) 1037-1043 

Anion incorporation and its effect on the dielectric 
constant and growth rate of zirconium oxides 
M. A. A B D E L  R A H I M ,  A. A. A B D E L  R A H M A N ,  M. W. K H A L I L  

Department of Chemistry, Faculty of Science, Cairo University, Giza, Egypt 

Received 23 October 1995; revised 19 January 1996 

Mechanically polished zirconium electrodes were potentiodynamically polarized in phosphate  buffer 
solutions of  various p H  values and in 0.5 zvi N a O H .  The results show that the shape of  the I - E  curves is 
independent of  the solution pH. At relatively low scan rates, oxygen gas evolution was observed. The 
oxide film thickness was calculated from the values of  the charge consumed in the anodic process 
assuming 100% current efficiency for oxide formation below oxygen evolution (lower values for 
the current efficiency are assumed for potentials above oxygen evolution). Capacitance measurements,  
together with the calculated oxide thickness, were used to estimate values for the dielectric constant  of  
the oxide. Two different values of  the dielectric constant were obtained for the oxides formed in the 
range of  potential below and above oxygen evolution. Also, higher dielectric constant values were 
obtained with increasing solution pH. Anion incorporation was assumed to increase the conductivity 
of  the oxide films and, hence, decrease the dielectric constant. A two-layer structure is proposed for the 
anodically formed oxide on zirconium in aqueous solutions; an anion-free layer near the metal and an 
outer layer containing the incorporated anions. 

1. Introduction 

Anodic oxide films formed on zirconium were 
assumed to be homogeneous and consist mainly of 
ZrO2 [1-3]. In some cases, the presence of small 
amounts of ZrO3 was indicated [3]. The kinetics of 
anodization of zirconium depends on the nature of 
the electrolyte to a greater extent than the other valve 
metals such as Ta, Nb and Ti [4, 5]. The forming 
electrolyte and surface pretreatment affect both the 
optical constants of the oxide films on zirconium as 
well as the structure and the rate of oxide growth 
[6, 7]. 

The current transport in the anodization process of 
zirconium is assumed to be entirely due to O 2 migra- 
tion [8, 9]. Leach et al. [10, 11] reported that hydrated 
and amorphous film forms on zirconium in the lower 
potential region, changing to a crystalline form at 
higher formation potentials, which indicates that 
thick zirconium oxide films are crystalline [10]. Anions 
from the electrolyte were found to incorporate into 
the zirconium oxide film, especially sulfate, carbon- 
ate and phosphate ions [11-15]. The incorporation 
process depends strongly on the current efficiency 
and the solution pH during the anodization process 
[16]. It was recently reported, using X-ray photo- 
electron spectroscopy (XPS) and Rutherford back 
scattering spectroscopy (RBS) [17], that the incorpo- 
rated ions are closely associated in a large structure 
distributed regularly at the film surface. A two-layer 
oxide structure was proposed for films formed in 
H3PO 4 [18]. The nature of the outer layer was attrib- 
uted to phosphate incorporation from the electrolyte. 

The aim of this paper is to investigate the effect of 

both anion incorporation and oxygen evolution on 
the kinetics of anodic oxide film growth on zirconium, 
and also on the electrical characteristics of this 
oxide. 

2. Experimental details 

Details of the polarization cell and measuring circuits 
are described elsewhere [19]. Two types of electrolyte 
were used: (a) buffered electrolytes (i.e., mixtures of 
phosphoric acid and sodium phosphates forming 
solutions of pH values 1.6, 2.5, 5.0, 7.0 and 9.0 and 
(b) unbuffered electrolytes (i.e., 0.5 M H3PO4, pH 0.9; 
0.5M Na3PO4, pH 11; and 0.5M NaOH, pH 12). 

Spectroscopically pure zirconium (Johnson Matthey, 
London) electrodes in the form of rods with apparent 
surface area 0.984cm 2 were used. An electrode in 
the form of a disc with surface a r e a  0.07cm 2 was 
used for capacitance measurements. The electrode 
surface was mechanically polished with five grades 
of metallurgical papers, ending with the finest avail- 
able grade (600). The electrode was then rinsed with 
distilled water and dried with a filter paper between 
the successive treatments. Following this, it was exam- 
ined under magnification to ensure the absence of 
scratches or any similar mechanical defects. Finally, 
the electrode was degreased in absolute alcohol. 

Mercury/mercurous sulfate/1.0M H 2 S O  4 and 
mercury/mercuric oxide/1.0 M NaOH electrodes were 
used as reference electrodes. Unless otherwise stated 
all potentials given refer to the normal hydrogen elec- 
trode (NHE). All electrochemical measurements were 
carried out in air. The temperature was adjusted to 
30 -4- 0.2 °C using an air thermostat. 
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3. R e s u l t s  and  d i s c u s s i o n  

Potentiodynamic I - E  measurements were performed 
on mechanically polished zirconium electrodes in air 
in phosphate solutions of varying pH 0.9-11 at a 
scan rate of 10mVs -1. The results are shown in Fig. 1 
for which the following observations can be made: 

(i) The current density rises sharply from hydrogen 
evolution potential to a nearly constant anodic 
current density region (plateau). 

(ii) The current density value of the plateau increases 
as the solution pH increases. 

(iii) At about 1.5V, the current density starts to 
increase leading to another plateau of higher cur- 
rent density (alkaline solutions differ from the 
acidic ones). 

(iv) At the potential value of about 1.5 V oxygen evo- 
lution was observed in all the solutions studied. 

The potential value of passivation (beginning of the 
plateau) at each pH is more positive than the thermo- 
dynamic equilibrium potential for ZrO2 formation [1]. 
This indicates that, at the plateau potential, the for- 
mation of ZrO 2 is thermodynamically possible. This 
potential value (ZrO2 formation) shifts to more nega- 
tive values as the pH increases in accordance with the 
theory [1]. The main constituents of anodic oxides are 
the metal ions and oxygen ions. The anodic produc- 
tion of zirconium oxide requires neutralizing migra- 
tion of one Zr 4+ ion from the metal at the metal/ 
oxide interface and two 02.  ions from the solution 
at the oxide/solution interface. It appears that the 
migration takes place almost entirely by oxygen 
ions, so that the proper oxide formation occurs at 
the metal/oxide interface [8, 9]. Besides the metal 
ions and oxygen ions, foreign ions from the electrolyte 
may incorporate into the oxide and thus may influence 
the oxide film formation process. According to Leach 

and Pearson [11], the pick-up of anions during oxide 
growth depends upon the [anion/OH-] ratio at the 
electrode surface. Thus, anion incorporation would 
be favoured at lower pH. Appreciable quantities of 
ions are incorporated into ZrO2 during anodization 
[12, 14, 20, 21] particularly from acid solutions or 
solutions from which anions are strongly adsorbed 
into the oxide surface. 

Figure 1 shows that, for a given potential, the 
higher the pH the higher the current density of the pla- 
teau. This can be taken as an indication that oxide 
films are easily formed in solutions of higher pH. 
The incorporation phenomenon thus decreases the 
concentration of 02.  vacancies which hinders its 
migration [14]. Taking into account that the anodic 
oxidation of zirconium has been shown to proceed 
almost entirely by oxygen migration, it may be 
expected that the incorporation of any foreign anion 
from the electrolyte would affect the extent of oxide 
growth process, in accordance with the assumption 
that oxide films are easily formed in solutions of 
higher pH, where oxygen migration is less hindered 
by anion incorporation. 

The potentiodynamic measurements performed on 
zirconium in phosphate solutions (Fig. 1) were com- 
pared to a single potentiodynamic experiment in 
0.5M NaOH. The result is given in Fig. 2. Two main 
differences are observed with respect to Figs 1 and 2: 
namely, (i) the plateau current density in the anodic 
direction in Fig. 2 is much higher than the correspond- 
ing values of Fig. 1; and (ii) a clear anodic peak for 
oxygen evolution is obtained in the case of NaOH 
(Fig. 2), while a slight hump is observed in Fig. 1. 

Anodization in NaOH solution, on the other hand, 
may produce a non-contaminated oxide. In this 
solution, anions other than OH- are not available 
for incorporation, which might explain the high 
values of the plateau current density in that case (see 
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Fig. 1. Potentiodynamic polarization curves on Zr electrode in aerated phosphate buffer solutions of various pH values (scan rate: 
10 mV s-l): (1) 11.0, (II) 9.0, (III) 7.0, (IV) 5.0, (V) 2.5, (VI) 1.6 and (VII) 0.9. 
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Fig. 2. Potentiodynamic polarization curve on Zr electrode in aerated 0.5 M NaOH solution (scan rate: 10 mV s-I). 

Fig. 2). A noncontaminated oxide was also suggested 
by Leach and Pearson [20] during anodization of 
zirconium in KOH. 

Oxygen evolution was observed during the anodiza- 
tion of zirconium, as indicated from Figs 1 and 2, at 
about 1.5V. To estimate the current efficiency for 
oxide film formation, some galvanostatic charging 
curves (potential against time at constant current 
density) were performed on zirconium in phosphate 
solutions at pH 1.6, 7.0 and 11.0 and in 0.5 M NaOH 
solution. Some representative results are given in 
Fig. 3. The results of  the galvanostatic charging curves 
show either a bending in the E against time straight 
lines or a plateau in the potential range of oxygen evo- 
lution (~1.5 V). For  each charging curve, the slope of 
the E against time straight lines was determined below 
and above bending or plateau (oxygen evolution). 
This slope, (dE/dT)i, can be taken as a measure of 

the oxide formation rate [22]. Assuming 100% effi- 
ciency for the oxide growth below oxygen evolution 
[23], the efficiency above oxygen evolution can be 
estimated by comparing the slopes of the charging 
curves at each current density. Values ranging from 
76.3% to 80.3% were obtained for the current 
efficiency in the three phosphate solutions and 
59.5% in NaOH solution in the range of potential 
above oxygen evolution region. 

It has been reported that oxides formed below and 
above oxygen evolution have different properties [24, 
25]. The difference in properties in the case of zirco- 
nium oxides may be illustrated from the relationship 
shown in Fig. 4 between the anodic charge and the 
formation potential for zirconium oxides in four 
representative solutions: namely, phosphate buffers 
of  pH 1.6, 7.0 and 11.0 and in 0.5M NaOH. The 
anodic charge was calculated graphically by integrating 
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Fig. 3. Charging curves on Zr in aerated phosphate buffer solution of pH 11 at: (I) 20, (II) 30, (III) 50 and (IV) 70 #A cm -~. 
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Fig. 4. Relation between the anodic charge and the formation 
potential in various solutions: phosphate buffer of pH: (e) 1.6, 
(O) 7.0 and (X) 11.0, and (A) 0.5M NaOH. (I) Region below oxy- 
gen evolution. (II) Region above oxygen evolution. 

a set of successive potentiodynamic I - E  curves carried 
out on Zr in the above solutions at a single scan rate of  
10  mV s -1 . In these potentiodynamic curves, the poten- 
tial was scanned from - 1 . 5 V  to 0.2V in the anodic 
direction and the scan was reversed in the cathodic 
direction to 0V. At this potential, the polarization 
was switched off and the open-circuit capacitance of 
the formed oxide was immediately measured at a fixed 
frequency of 1.0 kHz (a conventional a.c. bridge was 
used [23]). The procedure was repeated reaching a dif- 
ferent higher value of  potential each time in the anodic 
direction, before reversing the scan and measuring the 
capacitance at 0 V. The values of charge obtained were 
determined with the assumption of 100% efficiency for 
the faradaic current only in the potential range below 
oxygen evolution (<l .5V).  In the potential range 
above oxygen evolution (1.5-5.0 V), it is obvious that 
the current efficiency for oxide film formation must 
be less than 100% (see Figs 1 and 2). Using the current 
efficiency values obtained above, the charge involved 
during oxide growth in the potential range above oxy- 
gen evolution was determined. 

Straight line relationships with two distinct slopes 
were obtained in Fig. 4 for all solutions studied. 
Region I represents the oxide formed up to a potential 
value of  1.0V (below oxygen evolution), whereas 
region II represents the oxide formed in the potential 
range from 1.5 to 3.5 V (above oxygen evolution). The 
lines in region II are of  higher slopes than those in 
region I. From the slopes the anodization coefficient 
a (in nm V -1) of oxide growth was calculated accord- 
ing to the equation [26]: 

dQox M 
- - -  ( 1 )  

dEf nF~ox 

where Qox is the anodic charge and Ef is the formation 
potential. The quantity M/nF(5ox represents the 

volume of  oxide formed per coulomb, where M is 
the molecular weight of the oxide, ~ox is the film 
density, n is the number of  electrons exchanged and 
F = 9 6 4 9 9 C m o 1 - 1 .  Values of  9 .82x 10-5cm3C -1 
and 5.42 x 10 5 cm 3 C-1 were used for amorphous 
and crystalline oxides, respectively. 

Table 1 represents the calculated values of a, using 
Equation 1 at each formation potential. The values of 
the anodization coefficient thus obtained indicate 
that, for the studied solutions, oxides are formed at 
higher rates in the potential region above the oxygen 
evolution potential. This can be explained either by: 
(i) the catalytic effect of oxygen on the rate of oxide 
growth or (ii) at the potential corresponding to the 
oxygen evolution, small flaws are formed in the oxide 
through which higher rates of  charge transfer can 
occur (see below). 

Figure 4 also shows that, the rate of oxide growth 
increases with increasing pH with respect to the three 
phosphate buffer solutions, and is much higher in 
NaOH solution (as indicated from Table 1). The low 
rate of  oxide growth in acidic solutions can be 
explained in terms of  either higher oxide dissolution, 
or higher anion incorporation. The incorporated 
anions hinder 0 2. migration through the oxide and 
hence reduce the rate of  oxide growth. Similar 
behaviour was reported by Partrit et aI. [26] who 
interpreted their results in terms of  changes in the 
anodic oxide of zirconium with pH due to anion 
incorporation. 

Leach [10] reported that change in the structure of 
oxide films occurs depending on the formation poten- 
tial. It is probable that a hydrated and amorphous film 
forms in the lower potential region, changing to a 
more crystalline structure with increase in the forma- 
tion potential [11]. Based on this argument, it can be 
assumed that an amorphous oxide is formed at poten- 
tials below the oxygen evolution. By increasing the 
formation potential, crystallization of  the amorphous 
oxide takes place which leads to fractures and small 
flaws in the oxide layer. Those cause contact of the 
bare surface metal with the solution between the crys- 
tallites and a higher rate of charge transfer can occur, 
which in turn causes oxygen evolution (at about 
1.5 V). Above this potential region a crystalline oxide 

Table 1. Calculated anodization coefficient c~ for Zr anodization in 
phosphate buffer solutions of pH 1.6, 7.0 and 11.0 and in 0.5 M NaOH 
solution (calculated from the anodie charge, Equation 1: *calculated 
from capacitance measurements using Equation 3) 

Anodization pH of phosphate solution 0.5 M 
coefficient/nm V- I  NaOH 

1.6 7.0 11.0 

region I 

region II 

a 0.440 0.900 1.310 2.380 
a* 0.441 0.905 1.300 2.180 
a t 0.240 0.500 0.720 1.310 
a t 1.678 1.935 2.120 4.470 
a t* 1.666 1.915 2.020 4.360 

c, for amorphous oxides. 
a t for crystalline oxides. 
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may be formed. In this case two different dielectric 
constant values are to be expected, one value for oxides 
formed in the range of potential below oxygen evolu- 
tion and the other in the range of potential above 
oxygen evolution potential. Another proposed cause 
for oxygen evolution during the anodization of zirco- 
nium was given in the literature as the effect of inter- 
metallic precipitates from zirconium impurities [7, 18]. 

The following equation relates the reciprocal capa- 
citance, 1/C, of the oxide to the anodic charge, Qox, 
consumed in its formation [27]: 

1 do QoxM 
4 (2) 

C DDor nF~oxDDo r2 

where do is the prepolarization thickness, D is the 
dielectric constant of the oxide, Do = 8.85 x 10 -14 
F cm -1 is the dielectric constant of the vacuum [28] 
and r is the roughness factor (a value of 1.2 was 
used [27]). From this equation a linear relation 
between 1/C and the accumulated charge Qox (as a 
function of thickness d) is expected. Figure 5 shows 
this relationship for the oxides formed at different 
formation potentials, and the experimental values of 
the anodic charge, Qox, for the oxides formed in 
some representative solutions. A straight line relation 
of two slopes was also obtained in all solutions, one 
for the oxides formed in the range of potential below 
the oxygen evolution (region I) and another of much 
lower slope for oxides formed in the range of potential 
above the oxygen evolution (region II). The extrapola- 
tion of the straight line of region I to I/C = 0 yields, 
for all solutions, a charge Q° x =0 .725mCcm -2, 
which corresponds to a thickness of 0.60rim or 
0.34 nm for the initial oxide film do for the amorphous 
and crystalline oxides, respectively. Those compara- 
tively low values of do may result from dissolution 
of the oxide during hydrogen evolution at the begin- 
ning of polarization. Higher values of do at zirconium 
were reported [7, 27]. From the slopes of the straight 
lines in Fig. 5 the dielectric constant of the oxide 

was calculated. Table 2 shows values of the dielectric 
constant for amorphous and crystalline ZrO2 in all 
solutions studied in the range of potential below I 
and above II oxygen evolution. It is observed that 
the dielectric constant value in region II is much 
higher than that obtained in region I. These large 
variations in the value of dielectric constant were 
always obtained independent of the calculation 
method used. That is, the proposed value of the 
density of the oxide (3.25 g cm 3 for amorphous and 
5.89gcm -3 for crystalline oxide) does not influence 
the general trend in the variation of dielectric con- 
stant. It was also found that the value of the dielec- 
tric constant increases with increasing pH for the 
three buffered phosphate solutions and more so for 
NaOH solution (Table 2). This is to be expected, as 
the characteristics of the oxide film are a function of 
the electrolyte composition in which they are formed 
[18, 26, 28]. But the increase in the dielectric constant 
with increasing pH can be interpreted in terms of 
anion incorporation. Anion incorporation is assumed 
to increase the conductivity of the oxide films and, 
hence, decreases the dielectric constant. A similar con- 
clusion has been drawn by Di Quarto et al. [29] and 
Randall et al. [30]. For this reason the lower values 
of the dielectric constant measured in the acidic solu- 
tions may be attributed to the high degree of anion 
incorporation at low pH. The highest value of the 

Table 2. Estimated dielectric constant values for Zr oxides formed 
anodically in phosphate buffer solutions and in 0.5 M NaOH solution 

Dielectric pH of phosphate solution 0.5 M 
constant NaOH 

1.6 7.0 11.0 

Region I D 19.2 27.7 30.8 38.5 
D t 10.6 15.3 17.0 21.3 

Region I I D  t 42.5 55.8 70.2 107.7 

D for amorphous oxides. 
D t for crystalline oxides. 
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dielectric constant was obtained in NaOH solution 
where no anion incorporation is expected. 

Using the value of do = 0.60rim for amorphous 
oxide or do = 0.34 nm for crystalline, it was possible 
to calculate the total oxide thickness d [27]. A plot 
of the total thickness against formation potential 
(Fig. 6) yields a straight line relation of two slopes 
corresponding to the two regions. Figure 6 shows 
that the acidic solutions are associated with low oxide 
thickness and vice versa.  

The oxide growth rate can also be estimated from 
the capacitance values, C, measured at each formation 
potential, El, according to the following equation [27]: 

1 a 
- -  (El  - -  Eox ) (3) 

C - D D o r  

where a is the anodization coefficient, D is the dielec- 
tric constant of the oxide, Do is the dielectric constant 
of vacuum, r is the roughness factor and Eox is the 
potential of the beginning of oxide formation. The 
values of a are in excellent agreement with those 
obtained using the charge involved during oxide 
growth using Equation 1 (see Table 1). 

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

It is proposed that at the beginning of anodization an 
amorphous ZrO 2 is formed. Increasing the anodiza- 
tion potential increases the thickness of the oxide by 
the anodic oxidation of zirconium almost entirely 
through O 2- migration. At the same time, the incor- 
poration of foreign anions from the electrolyte occurs 
and affects the extent of oxide growth and, accord- 
ingly, limits the oxide thickness. Consequently, at 
low formation potentials an anion-contaminated 
oxide is formed ((a) in Fig. 7). By increasing the ano- 
dization potential and in the potential range just 
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Fig. 7. Schematic representation of the process of anodic oxide 
growth on Zr in aqueous solutions. (a) Below oxygen evolution. 
(b) Crack formation at oxygen evolution. (c) Crack repair above 
oxygen evolution. 

below oxygen evolution, crystallization of the amor- 
phous oxide takes place. The crystallization process 
leads to the formation of microfractures that, in 
turn, cause a temporary breakdown of the oxide, 
which results in increasing metal-solution contact 
between the crystallites. Higher rates of charge trans- 
fer results in increasing evolution of oxygen gas ((b) in 
Fig. 7). The fractures in the oxide are then repaired as 
the potential increases and the presence of oxygen 
catalyses the oxidation process. Thus, above the 
oxygen evolution, a higher rate of oxide growth is 
achieved which leads to a noncontaminated oxide 
near the metal, ((c) in Fig. 7). Therefore, a two-layer 
structure is proposed: an anion-free oxide layer near 
the metal, and an outer layer containing the incorpo- 
rated species. This two-layer structure is consistent 
with the duplex nature of oxide films on zirconium 
and other valve metals [6, 31-33]. 

With regard to the anodization of zirconium in 
NaOH solution, in which no anion incorporation 
occurs, a duplex structure is also expected as indicated 
by the two straight lines obtained in Figs 4 and 6. The 
duplex structure is formed because of the difference in 
the oxide hydration. A hydrated oxide is obtained at 
the oxide/solution interface as an outer oxide film, 
and an anhydrous inner oxide film is also formed [34]. 
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