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Kinetics of Growth of Anodic Oxide Film on Tantalum in Aqueous Citric
Acid
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Steady state kinetic data for the growth of oxide film on tantalum in aqueous citric acid have been obtained by
eliminating the difference of film growth caused by different surface. conditions. The rate of increase of field with
logarithm of ionic current density (Tafel slope) is independent of temperature. Various parameters of anodic oxi
dation have been evaluated using Dewald's theory. The entrance barrier energy is greater than the corresponding
diffusion barrier energy and this suggests that the rate-controlling step in the kinetics of growth of anodic film is
the ionic movement across the film and not at the metaV oxide interface. The value of net activation energy calcu
lated using Dewald's theory agrees well with the value calculated using Dignam's equation. The data suggest that
Dewald's theory which takes into account the space charge effect is better than other theories on film growth
kinetics.
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The study of kinetics of growth of anodic oxide
films has received considerable attentionl-tO, be
cause of the importance of such films in capacitor
technology. In a recent paper from our laborato
rylO, it has been shown that the rate of increase of
forming field with logarithm of ionic current dens
ity (Tafel slope) was independent of temperature
in the anodic growth of oxide film of tantalum in
aqueous electrolytes. Hence single barrier theory
of Cabrera and Mottl was not applicable. Dig
nam's6 model (quadratic variation of field with
ionic current density) was capable of explaining
temperature-independent Tafel slopes since an ap
preciable 10 contribution (24-37%) of the quadratic
term was observed for the range of current dens
ity studied. The net activation energy, "<E) and
the zero field activation energy (~) were found to
be temperature-independent. However, this ap
proach did not take into account the space charge
caused by the accumulation of charged ions in the
oxide film. The double barrier theory of Dewald4
could also explain the temperature-independence
of Tafel slopes. Therefore, in the title investigation
the differences caused by different surface condi
tions were eliminated by using an improved meth
od of surface preparation. Applicability of De
wald's theory4 has been critically examined.

Materials and Methods
Tantalum specimens (99.99% purity) 2 x 10-4

mZ in area were prepared in the manner de
scribed earlier 10. The specimen was anodized first
at current density (il) and a film was formed (upto
a formation voltage of 30 V). This film improved
the surface condition of the specimen because the

current efficiency was constant. The current dens
ity was changed to 12 (il = lOiz) and anodization
was continued to a voltage slightly higher than 30
V After this the current density was adjusted to
il and film upto 150V was formed. Again the cur
rent density was changed iz and anodization was
continued for some more time (2 min). The ad
vantage of taking il = lOiz was that the Tafel slope
was given by Eq. (1)

E\-Ezt-
2.303

where El is the field at a higher current density
(il) and E2 is the field at a lower current density
(iz). The values of El and E2 were calculated for
the same formation voltage. If the applied voltage
AV produced a thickness Ax of the anodic oxide
film then Ax could be easily determined from the
charge passed for the formation of film at con
stant current density. The density of the TazOs
film was taken as 7.93 kg dm-3 as reported by
Young9• Citric acid used was of AR (BDH) grade.

Results and Discussion

A plot between voltage of formation versus
time of anodization for the current density pair
50,5 Am-z at 298 K is given in Fig. 1. Similar
plots were obtained at other current density pairs
(30,3; 70,7; 90,9; 110,11; and 130,13 Am-2) and
also at other temperatures (275, 288, 308, 323
and 338 K). Each set of observation was repeated
five times and the values of field strength at a
particular current density set and at a particular
temperature were calculated and the values are
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Fig. 2 - Plot of E versus l/T. (A- 50 Am-2; B - 5 Am-2].

hence the Tafel slope is independent of tempera
ture. The values of Tafel slope at a particular tem
perature and at a particular current density pair
were calculated using the field values obtained in
all the repeat experiments. The maxi1num devia
tion in Tafel slope was ± 0.01 x 107 Vm -1. The
Tafel slope at a particular current density set was
highly reproducible over a wide range of tempera
ture e.g. for current density pair 50, 5 Am-2 at
275,288, 298, 308,323 and 338 K, the values of
Tafel slopes were 2.05, 2.04, 2.05, 2.06, 2.05 and
2.05 x 107 Vm - 1 respectively. The Tafel slopes at
other current density pairs were also calculated in
the same manner. The mean values of Tafel
slopes at various current density sets are reported
in Table 2.

Since the Tafel slope was independent of tem
perature, applicability of Dewald's theory4 was at
tempted. Using Dewald's theory4, the expression
for the change in the field (~E) brought about by
increase in the current density ten times is given
byEq.(2)

200 300

Fig. I - Plot of voltage of formation versus time of anodization
at 298 K. [A- 50 Am-2; B - 5 Am 2].

Table 1- Calculated Values of Field Strength EJ (E2

Valuesin Parentheses) for Various Current DensityPairsTemp. (30,3)

(50,5)(70,7)(90,9) (110, 11) (130,13)
(K)

E,E,E]E,E,E,

275

7.5197.5967.8678.0438.2938.885

(7.039) (7.111) (7.294) (7.541) (7.694)
(8.243)

288
7.2117.3667.5267.7787.8748.372

(6.751) (6.823) (7.051) (7.217) (7.305)
(7.768)

298
7.0257.1327.3747.5367.6308.004

(6.508) (6.607) (6.836) (6.992) (7.079)
(7.426)

308
6.8296.8927.0927.2897.3617.699

(6.326) (6.384) (6.575) (6.763) (6.830)
(7.143)

323
6.5616.6046.8706.9737.0357.245

(6.078) (6.117) (6.369) (6.398) (6.528)
(7.229)

338
6.2876.3396.5996.7106.7436.839

(5.824) (5.872) (6.118) (6.155) (6.187)
(6.275)

E, andE2 values in Yrn-] x 1O-~

TIME (5)

presented in Table 1. The reproducibility in the
field valtIes was ± 0.005 x 108 Vm -1. The field

strength increases with current density but de
creases with temperature for all the current dens
ity pairs studied.

The plot of field strength(E) versus reciprocal
of temperature (lIT) for one current density pair
(50, 5 Am-2) is plotted in Fig. 2. Similar plots
were obtained for other current density pairs. The
plots of E versus lIT irrespective of current
density employed are linear and parallel indicat
ing that the difference of field at all temperatures
for a given current density pair is constant and
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Table 2 - Various Parameters for Aqueous Electrolyte Film from Dewald's Theory at Different Current Density Sets
Current Tafel slopeEntranceBulkEntranceDiffusionNet(cjl-Ebq)(U-Eaq)

density

t x 10-7half jumphalf jumpbarrierbarrieractivationx 1019x 1019

set
(Vm-I)distancedistanceenergyenergyenergy(1)(1)

(Am-2)

ba4> x 1019Ux 1019Wx 1019

(nm)
(nm)(1)(1)(1)

30,3

1.990.2219q.36842.3253.3700.4891.1411.403
50,5

2.050.21450.36842.3623.5800.4771.2051.592
70,7

2.090.21020.36842.3853.7140.4661.2131.660
90,9

2.180.19930.36842.3943.9750.4521.2591.876
110,11

2.210.19670.36842.4474.1380.4441.3102.009
130,13

2.290.18840.36842.4934.4400.4361.3542.211

where i\Eo is the change in the field due to sur
face charge; F(6) is a function dependent upon
the space charge 6 and is equal to (1 + 1/6) In
(1 + <»; <>/8 is the value of space charge at higher
current density (il) and is equal to <>/lOlalb-l)

where a and b are bulk and entrance half-jump
distances; and ~ is aq/kT where q is the charge on
the film, k is the Boltzmann constant and T is the
temperature. Substituting ~Eo = 2.303 kTI bq in
Eq. (2) we get

Table 3 - Valuesof Space Charge Term b of Dewald's
Theory for Different Current Density Sets at Various

Temperatures
Temp. 6 at current density sets (Am -2)

(K)

2.303 al b - ~i\E = F(<» - 11<>/8) ... (3)

275
288

298
308
323
338

(30,3)

0.159
0.752
1.332
2.046
3.447
5.404

(50,5)

0.129
0.705
1.263
1.940
3.242
5.009

(70,7)

0.099
0.664
1.197
1.863
3.111
4.778

(90,9)

0.073
0.632
1.163
1.797
2.980
4.515

(110,11) (130,13)

0.048 0.029
0.600 0.582
1.124 1.105
1.748 1.725
2.901 2.865
4.402 4.311

The Tafel slope (T) using Dewald's theory4 is giv
en by Eq.(4)

kT I (a ) (1 + <»jT= aq 1+ b-1 In-6- ... (4)

Using Eqs (3) and (4), the parameters a and b
were determined as under:

(i) Values of a and a/b were assumed and hence
the value of e( 1O( alb- 1)) was evaluated.

(ii) F( <» - F(<>18) (the right hand side of Eq. 3)
w,as represented graphically as a function of 6.

(iii) The value of 2.303 a/b- ~~E (the left
hand side of Eq. 3) at different temperatures was
evaluated.

(iv) From (ii) and (iii) by interpolation the value
of 6 was determined.

(v) Using the values of <>, a and a/b, the theor
etical value of Tafel slope (T) was calculated.

Such a calculation was repeated until values of
a and b were found such that an agreement with
experimental values of Tafel slopes were obtained.
For our present data the value of a as 0.3684 nm
fitted successfully for every set of current density.
The value of a and b at different current density
pairs are reported in Table 2. The value Qf b de
creases with current density. The values of 6 at

different temperatures and for different pairs of
current density show that <> increases with tem
perature (Table 3). The effect of space charge is
more clearly observed at a temperature when the
value of 6 is greater than unity. This effect be
comes predominant as the temperature is further
raised. The ratio of bulk and entrance jump dis
tances for our data varies between 1.66 and 1.95.
No such variations could be observed by
Dewald4, probably due to non-availability of data
for a wide range of current density and tempera
ture.

According to Dewald's theory (Eq VIII, Appen
dix), the space charge factor (6) depends mainly
on expo ( - WI kT), the value of W can be evaluat
ed from the plot of 10g6 versus liT. Such a plot
is -shown in Fig. 3 for only one pair of current
density set (50, 5 Am-2). The plots are linear for
all the current density pairs. The values of W cal
culated at each current density pair are given in
Table 2. The value of W has positive sign all
along and its magnitude decreases with current
density and varies between 0.489 and
0.436 x 1O-19J for the range of current density.
Knowing 6 and E, the surface charge field (Eo)
has been evaluated using Eq. (VI) (Appendix).
The values of Eo/T were computed and are plot
ted against lIT in Fig. 4. For each current density
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... (I)

where ~ = aq/ kT, y = 41tq/ E. (E. is the dielectric

E(x)=EO+ 1/~ln(l + ~Yllox)

Appendix
According to Dewald's theory the field E is a

function of thickness of the oxide and is given by
Eq(l)

Fig.4 - Plot of E(l/T versus lIT. [A- 30, 3 Arn-2; B - 50,
5 Arn-2; C -70,7 Am -2; D - 90,9 Am-2; E -110,11 Arn-2].

Am - 2, reported earlier1o, using Dignam's equation
was 0.482 x 1O-19J. Thus the value of net activa
tion energy calculated using Dewald's theory
agrees well with the value calculated using Dig
nam's equation. Since Dewald's theory takes into
account space charge contribution in addition to
the surface charge contribution, it can be con
cluded that Dewald's theory explains our data
more satisfactorily.
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Fig. 3 - Plot of log () versus liT.

pair such plots are lienar. According to Eq (IT)

(Appendix) such plots should be linear with a
slope ~/ bq. From the slopes, the values of cjl (en
trance barrier energy) were obtained and are giv
en in Table 2. Using the relation U= aIbcjl- W the
values of U have also been calculated and are re
ported in Table 2.

Both the entrance barrier energy (cjl) and diffu
sion barrier energy (U) seem to increase with cur
rent density and magnitude of ~ is smaller than
that of U at all the current density sets (Table 2).
This suggests that the rate-determining step would
be the ionic movement across the film and not at
the metal/oxide interface. However, at high field
the correct activation energies would be (cjl- Ebq)
and (U- Eaq) instead of cjl and U. Therefore us
ing average value of field for each current density
set, taking charge on each tantalum atom in
Ta20s film as 5e and using the values of ~, U, b,
a from Table 2, the values of ~ - Ebq and
U- E aq were computed and are recorded in
Table 2. The value of ~ - Ebq is smaller than
U- Eaq at each current density set and this con
firms our contention that the rate-determining
step. would be the ionic movement across the film.
The :value of W using Dewald's theory4 at current
density set 50, 5 Am-2 is 0,477 x 1O-19J. (Table
2). The value of li(E) at current density 50
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constant of the oxide) and 110 gives the number of
mobile ions per dm3 at x= O. Eo, the field due to
surface charge, is given by Eq (II)

where Ns is the concentration of ions on the sur
face; Vs is the vibrational frequency normal to the
barrier; q is the charge on the film; and ~ is the
entrance barrier energy. llo is evaluated by substi
tuting Eo (Eq.l) in the expression for the current
in the film at x = 0 and

kT ( i ) ~Eo=-ln -- +-
bq Nsvsq bq

." (II)

E = Eo + ~ [ (1 + ~y~~x) In ( 1 + ~Yllo~x) - 11

... (VI)

and t = (aE.) = kT [1 + (alb_l)ln(1 + ~Yllo~X)1aIm T aq ~Yllo~X

... (VII)

kT [ In(1 + {»)I
on= - 1+ (a/b-l)

aq {)

.. , (III)

In the steady state io= i(x) = i, and from Eqs (II)
and (III)

where

{)= ~Yllo~x = 21tq (Nsvsq)aJbi(l-aJb)exp (_ ~)~vEkT kT

... (VIII)

Substituting Eq. (I) in Eq. (V) the theoretical ex
pressions for the experimental field and the de
rived Tafel slopes are given by Eqs (VI)-(VIII)

Here a~/b- V of Dewald's theory has been put
equal to Wand i is the current density in Nm2
instead of ions/cm2/s. The experimental field is
given by Eq. (V).

(Nsvsq)aJb.(I_aJb) ( w)
no= 1 exp --

2avq kT

- _ ~v = ~Jx. E(x)dxE - ~x ~x x

... (IV)

.. , (V)
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