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Steady state kinetic data for anodic growth of films on tantalum in aqueous solutions of oxalic, tartaric and citric acids at
different temperatures have been obtained. The constant { A ) of Guntherschulze and Betz equationis temperature-depend-
ent while Bis temperature independent. The constant {4 ) also depends on the nature of the electrolyte. Tafel slope is inde-
pendent of temperature in the temperature range of 275-338 K. Such an observation rules out the applicability of single-
barriertheory of Cabera-Mott foranodic growth of film. Dignam's quadratic variation of tield withionic current density has
been examined and o, the zerofield activation energy; C. the dimensionless constant: u*, the zero-field activation dipole;
W( E),the netactivation energy; w*, the Morse-function parameter; and currentdensity { i,; have been evaluated. Ithas been
found that u*, 0* and i, are temperature-dependent whereas ¢, W{ £') and Care temperature-independent. All these par-
ameters depend on the nature of the electrolyte. The quantities Cand W E'} do not depend on current density; ¢ changes
slightly; and u*, w* and i, change appreciably with the change in current density.

Inmost of the mechanisms on the growth of anodic ox-
ide films, ionic conduction either within the film and/
oratthe interface is assumed to be the rate-controlling
step'"". In view of this disagreement, there is need for
furtherinvestigationin thisarea.In the presentinvesti-
gation, steady state kinetic data for anodic growth of
films on tantalum in aqueous electrolytes at a wide
range of temperatures and varying current densities
have been obtained. The behaviour of Tafel slope and
critical assessment of ionic conduction theories with
special reference to Dignam’s approach’ has been
made.

Materials and Methods

Tantalum specimens (2 cm-” inarea)with ashort tag
were cut from a sheet of tantalum (99.9% purity). The
edges of the specimens were abraded with fine emery
paper to make them smooth. The specimens were
dipped in KOH melt to clean the surfaces and finally
washed with distilled water. The chemical polishing of
the specimens was done by dipping them in a freshly
prepared mixture of 98% H.SO, + 70% HNO; +
48% HF (5:2:2, v/v) for 3-5 sec, washed with distilled
water and then placed in boiling water for 10 min tore-
move any remaining impurities. The tags of the speci-
mens were covered with a thick anodic film formed in
0.1 M citric acid at room temperature. The specimens
thus prepared were placed in glass cells and were sur-
rounded by platinum gauzes which served as ca-
thodes.

Anodic polarization of tantalum was carried out at
constant current, using a constant current generator
{General Electronics, India) designed specially for
this purpose. The supply of current was cut-otf by an
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electronic control after the desired voltage of film for-
mation was reached. The time for the passage of cur-
rent for forming film through successive intervals of
voltage was recorded by an electronic timer ( £ 0.01s).
The electrolytes used were oxalic, tartaric and citric
acids{all AR, BDH). The thickness of the film was de-
termined using Faraday’s law. The density was taken
as 7.93 g/cmas reported by Young'*. The thickness
was also measured using an ellipsometer (GAERT-

NER, USA).

Results and Discussion

The variation in formation voltage with time during
which charge was passed at different current densities
(0.5,1.0,5.0and 10.0 mA/cm?)in 0.1 Maqueous solu-
tionsof citricacid at 298K are plotted in Fig. 1. Similar
plots were obtained at other temperatures and also us-
ing 0.1 M oxalic and tartaric acids. The plots were
found to be linear upto a film formation voltage of
200V and became concave towards the time axis at
higher formation voltages. The linearity of the plots
upto film formation voltage of 200V showed that the
field strength wasindependentof film thickness. How-
ever, at higher formation voltages (> 200V ), the de-
pendence of field strength on film thickness was ob-
served. The plots of field strength ( E') against 1/T at
different current densities are plotted in Fig. 2 and
those of tield strength against log(current density) at
different temperatures are plotted in Fig. 3. The slope
0 L/0(1/T) was independent of current density, indi-
cating non-applicability of the theory of ionic conduc-
tion, after making an allowance for space charge’ for
these films. The slope dEOIni (Fig. 3) was independ-
ent of temperature, thereby ruling out the applicability
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Fig. 1-— Variation of voltage of formation with time at 298K at dif-
ferent current densities. [(O) 10.0 mA/cm?; (@) 5.0; (A) 1.0; and
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and (@)0.5

of single barrier theory of Cabrera-Mott to such films
because according to this theory, the Tafel slope
should be proportional to absolute temperature.

Guntherschulze-Betz’ constants A and Bof the re-
lation (1)
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Fig. 3—Field variation with In (ionic current density) at different
temperatures [{ X ) 2°C;( V)15°C;( ¥ )25% (O) 35° (o) 50°; and (@)
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i=AexpBE ... (1)

havebeen determined in the presence of three electro-
lytes by the method of least squares at different tem-
peratures. By and large the values of constant ( B) are
largely of the same magnitude in different electrolytes
(3.35%107%,3.44x107%and 3.75x 10 ¢cm V™ !in
the presence of oxalic, tartaric and citric acids respect-
ively). The near constant values of B explain the tem-
perature-independence of Tafel slope. However, the
values of constant ( A) increase with increase in tem-
perature in each of the aqueous electrolyte studied,
eg A=0992x 107'2,0.672 x 10712, 4.169 x 10~ 12
and 28.118 X 10~ '2 amp cm ™2 at 275, 288, 308 and
338K respectively in oxalic acid. The temperature de-
pendcne of A may be due toincrease in the number of
active sites. The values of A also depend upon the na-
ture of theelectrolyte used, e.g. the values of Aat 298K
in the presence of oxalic and citric acids are 2.61 X
1072 and 0.126 x 10~ "2 amp cm ™~ ? respectively. The
higher value of A in the presence of oxalic acid may be
due to more number of ions available since the first
dissociation constant of oxalic acid (6.3 x1072) is
greater than that of citric acid (8.7 X 10™4).

Dignam” justified quadratic variation of field with
ionic current density to explain the field and tempera-
ture dependence of Tafel slopes. According to him at
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high field the relation between ionic current density
and field strength is given by the relation (2).

i= ioexp—{q)—u*E(l—%;H/kT

In Eq. (2) ¢ is zero-filed activation energy, C'is a di-
mensionless constant and p* is the zero-field activa-
tion dipole. If the plot of E versus 1/T is linear and
S=0ER(1/T) and also d5/0Ini=0 (ie. the Tafel
slope is independent of temperature) the parameters
u*, Cand ¢ canbecomputed fromEq.(2).InFig.3,the
linear curves are parallel, i.e. d S/0Ini= 0. Values of C,
u* and ¢ were calculated as functions of temperature
at varying current densities in the presence of all the
three elecrolytes and the data are recorded in Table 1.
The values of p* increase with temperature at each of
the current density studied. At a particular tempera-
ture the value of u* depends on current density and al-
soonthenatureoftheelectrolyte used. The constant C
and ¢ are observed to be temperature-independent
but depend on the nature of the electrolyte. The con-
stant Cdoes not depend on current density whereas ¢

(2)

varies slightly with increase in current density. The de-
pendence of p* on temperature as well as the variation
of u*and ¢ withnature of electrolyte and current dens-
ity were not observed by Dignam® due to non-availa-
bility of steady data for a wide range of temperature,
current density and the nature of electrolyte. The Dig-
nam equation of ionic conduction can also be written
as’

o*'E o*E
%)l
.(3)

where w* is the Morse-function parameter (and has
the same dimensions as u*) and is given by Eq. (4)

[P PR S )
ool

E
Thevalues of w* were calculated employing the values
of u*, E, Cand ¢ and were found to depend (like u*)on
temperature, nature of the electrolyte and current
density. Such data for the oxalic acid are given in Table

'=i(.exp[—[¢—w*E(l—ln

. (4)

Table 1 —Values of E, and Experimental and Calculated Values of u*, C, ¢, w*, W E) and i, Using Dignam Equation
(Electrolyte-oxalic acid)

Temp Ex10-¢ u* C ¢ w* W(E) log i,
(K) Vem™! e’A (eV) e’A eV
Current density = 0.5 mA/cm?
275 6.27 15.02 3.17 1.20 3.43 0.491 5.71
288 6.01 15.76 3.17 1.21 3.57 0.497 5.40
298 5.77 16.25 3.17 1.21 3.65 0.502 5.19
308 5.56 16.76 3.17 1.20 3.78 0.497 4.83
323 5.27 17.53 3.17 1.20 3.92 0.500 4.51
338 5.02 18.31 3.17 1.20 4.08 0.503 4.20
Current density = 1.0 mA/cm’
275 6.47 15.21 3.19 1.24. 347 0.501 6.18
288 6.24 16.01 3.19 1.25 3.67 0.501 5.78
298 5.98 16.49 3.19 1.24 3.77 0.500 5.46
308 5.76 17.01 3.19 1.24 3.87 0.503 523
323 5.52 17.88 3.19 1.24 4.09 0.500 4.80
338 5.26 18.69 3.19 1.24 4.26 0.501 4.48
Current density = 5.0 mA/cm?’
275 6.93 15.79 324 1.31 371 0.498 6.83
288 6.70 16.65 324 1.32 3.95 0.495 6.37
298 6.46 17.20 324 1.32 4.06 0.498 6.12
308 6.25 17.78 324 1.32 4.20 0.497 5.84
323 5.94 18.61 3.24 1.32 4.38 0.500 5.51
338 5.71 19.54 3.24 1.32 4.63 0.495 5.09
Current density = 10.0 mA/cm*
275 7.16 16.02 326 1.35 3.79 0.502 7.20
288 6.90 16.85 3.26 1.36 4.01 0.502 6.79
298 6.68 17.45 3.26 1.36 4.16 0.501 6.48
308 6.45 18.02 3.26 1.36 4.26 0.502 6.23
323 6.19 18.96 3.26 1.37 4.52 0.505 5.88
338 5.94 19.89 3.26 1.37 4.77 0.501 5.48
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1 as representative of other two electrolytes, viz. tar-
taric and citric acids (similar trend in the values of
these parameters was also found in the case of tartaric
and citric acids). The values of net activation energy
W( E) were computed using relation (5)

qu)=¢—u*E(1—“(:f) (5

and the data are reported in Table 1. The values of
W( E) vary with the nature of the electrolyte but are in-
dependent of current density. The data also show that
W(E) is not dependent on temperature when oxalic
acid is used as an electrolyte. However, small var-
iations are observed when tartaric and citric acids are
used. In Eq.(2), the quantity p* E/C'¢ measures the ex-
tent of contribution of the quadratic term. The con-
tributions of the quadratic term over the entire range
of data were observed to be within 24-27%, 27-31%
and 34-37% for oxalic, tartaric and citric acids re-
spectively.
From Egs (2) and (5), we get

ip=iexp WE)/kT ... {6)

The values of i, were calculated using Eq. (6) and the
results recorded in Table 1 indicate i, to be tempera-
ture-dependent and not independent as assumed by
Dignam®. The values of i, were also found to change
with change in current density or nature of the electro-
lyte.

It appears that increase in temperature causes in-
crease in activation distance from the mean position

and hence increases charge-activation distance pro-
duct (u*). This also explains the increase of w* with
temperature. ¢ and W( E) are activation energies and
therefore should not be normally affected by tempera-
ture. The increase in the values of p* and w* with cur-
rent density may be due toincreased charge. The num-
ber of mobile ions (and also the magnitude of charge)
will vary in different aqueous media and will thereby
vary the magnitude of u*, w* and i,. The constant C
has no dimensions and hence is not affected both by
temperature and current density.
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