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Steady state kinetic data for anodic growth offilms on tantalum in aqueous solutions of oxalic, tartaric and citric acids at

different temperatures have been obtained. The constant (A) of Gunther schulze and Betz equation is temperature-depend

cnt while Bis temperature independent. The constant (A) also depends on the naturc 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
barrierthcory of Cabera-Mott for anodic growth offilm. Dignam's quadratic variation offield with ionic current density has

bccn examined and~, the zerofield activation energy; C the dimensionless constant; ~*, the zero-field activation dipole;

tVI.F), the net activation energy; (1)*, the Morse-function parameter; and current density (ili' have been evaluated. It has been

fOllnd that ~*, (1)* and ill are temperature-dependent whereas~, W( E) and Care temperature-independent. All these par

ameters depend on the nature of the electrolyte. The quantities C and W( E! do not depend on current density; ~ changes

slightly; and fl*, (1)* and ill change appreciably with thc change in current density.

In most of the mechanisms on the growth of anodic ox
ide films, ionic conduction either within the film andl
or at the interface is assumed to be the rate-controlling

step l-11.In view of this disagreement, there is need for
further investigation in this area. In the present investi
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 cmc inarea)with a short 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 oj
the specimens was done by dipping them in a freshly
prepared mixture elf 98%, H2SO-l + 70'/,0 HN01 +
4~% HF (5:2:2, vIv )for 3-5 see, washed with distilled

water and then placed in boiling water for 10 min to re
move any remaining impurities. The tags of the speci
mens were covered with a thick anodic film formed in

0.1 At citric acid at room temperature. The specimens
thus prepared were placed in glass cells and were sur
rounded by platinum gauzes which ~;erved 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 Cllt-off by an
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electronic control after the desired voltage offilm 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 ( ± 0.0 Is).
The electrolytes used were oxalic, tartaric and citric
acids (all A R, B D H). The thickness of the film was de
termined using Faraday's law. The density was taken
as 7.93 g/cm~~.asreported by Youngl-l. 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
(O.S, 1.0, 5Jland 10.0 mNcmc)inO.l Maqueoussolu
tions of citric acid at 2 98K are plotted in Fig. I. Similar

plots were obtained at other temperatures and also us
ing 0.1 I'v! oxalic and tartaric acids. The plots were
found to be linear upto a film formation voltage of
200V and became concav-t\ towards the time axis at

higher formation voltages. The linearity of the plots
upto film formation voltage of 200V showed that the
field strength \vas independent offilm 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 1IT at
different current densities are plotted in Fig. 2 and
those of field strength against log(current density) at
different temperatures are plotted in Fig. 3. The slope
a EIO( 1IT) was independent of current density, indi
cating non-agplicability of the theory of ionic conduc
tion, after making an allowance for space charge1ior
these films. The slope aE61ni (Fig. 3) was independ
ent of temperature, thereby ruling out the applicability
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Fig. 3-Field variation with In (ionic current density) at different
temperatures[( x )2°C;( V)15°C;(T)25°; (0) 35°; (0) 50°; and (e)

65°]

i= A expBE

have been 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 x 10-6,3.44 X 10-6 and 3.75 x 10-6 cm V-I in
the presence of oxalic, tartaric and citric acids respect
ively). The near constant values ofB 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,
e.g. A= 0.992 X 10-12,0.672 X 10-12, 4.169 X 10-12

and 28.118 x 10-12 amp cm-2 at 275, 288, 308 and
338K respectively in oxalic acid. The temperature de
pendcne of A may be due to increase in the number of
active sites. The values of A also depend upon the na
ture oftheel~ctrolyte used, e.g. the values of A at 298K
in the presence of oxalic and citric acids are 2.61 x
10-11 and 0.126 x 10-12 amp cm-2 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 x 10-2) is
greater than that of citric acid (8.7 x 10- 4).

Dignam9 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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Fig. 1- Variation of voltage of formation with time at 298K at dif
ferent current densities. [(0) 10.0 mAl cm2; (e) 5.0; (.6.) 1.0; and
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Fig. 2-Plot of Eversus liT [(v) 10.0 mNcm2; (T) 5.0; (0) 1.0

and(e)0.5

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

Guntherschulze- Betz 7 constants A and B of the re
lation (1)
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where w* is the Morse-function parameter (and has
the same dimensions as ~*) and is given by Eq. (4)

The values of (0*were callculated employing the values
of~*, E, Cand~and were found to depend (like ~*)on
temperature, nature of the electrolyte and current
density. Such data for the oxalic acid are given in Table

i= ioexp!-[~-(0* E( I-In (02*~E- (02*~E)] I kT]

... (3)

... (4)

varies slightly with increase in current density. The de

pendence of 11* on temperature as well as the variation
of ~* and ~with nature of electrolyte and current dens
ity were not observed by Dignam9 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
as9

![ 2 (~*E)2]112 ]~(0*= I+C'~~ -IE

high field the relation between ionic current density

and field strength is given by the relation (2).

i = ioexp - [~- ~ * E( 1-~;:) ] I kT

In Eg. (2) ~ is zero-filed activation energy, Cis a di
mensionless constant and ~* is the zero-field activa
tion dipole. If the plot of E versus liT is linear and
s= aE;e(I/T) and also as;elni=O (i.e. the Tafel
slope is independent of temperature) the parameters
~*,Cand~ can be computed from Eg.(2).InFig.3, the
linear curves are par:allel, i.e. as;elni= O.Values of C,
~* 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 ~* increase with temperature at each of
the current density studied. At a particular tempera
ture the value of ~*depends on current density and al
so on the nature of the electrolyte used. The constant C
and ~ are observed to be temperature-independent
but depend on the nature of the electrolyte. The con
stant C does not depend on current density whereas ~

logioW(E)
eV

w*Ex 10'"
Vcm-]

Temp
(K)

Table I-Values of E, and Experimental and Calculated Values of ~*, C~, w*, W(E) and i() Using Dignam Equation
(Electrolyte-oxalic acid)

C ~
(eV)

Current density= 0.5 mN cm2

275

6.2715.023.171.203.430.4915.71
288

6.0115.763.171.213.570.4975.40
298

5.7716.253.171.213.650.5025.19
308

5.5616.763.171.203.780.4974.83
323

5.2717.533.171.203.920.5004.51
338

5.0218.313.171.204.080.5034.20

Current density= 1.0 mN cm2275

6.4715.213.191.24.3.470.5016.18
288

6.2416.013.191.253.670.5015.78
298

5.9816.493.191.243.770.5005.46
308

5.7617.013.191.243.870.5035.23
323

5.5217.883.191.244.090.5004.80
338

5.2618.693.191.244.260.5014.48

Current density= 5.0 mN cm2275

6.9315.793.241.313.710.4986.83
288

6.7016.653.241.323.950.4956.37
298

6.4617.203.241.324.060.4986.12
308

6.2517.783.241.324.200.4975.84
323

5.9418.613.241.324.380.5005.51
338

5.7119.543.241.324.630.4955.09

Current density= 10.0 mN cm2275

7.1616.023.261.353.790.5027.20
288

6.9016.853.261.364.010.5026.79
298

6.6817.453.261.364.160.5016.48
308

6.4518.023.261.364.290.5026.23
323

6.1918.963.261.374.520.5055.88
338

5.9419.893.261.374.770.5015.48
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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)

... (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 !-l*E/C <l> 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 Eqs (2) and (5), we get

io= iexp W(E)/kT ... (6)

The values of io were calculated using Eq. (6) and the
results recorded in Table 1 indicate io to be tempera
ture-dependent and not independent as assumed by
Dignam9• The values of io 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 (!-l*).This also explains the increase of (j)*with
temperature. <l> and W( E) are activation energies and
therefore should not be normally affected by tempera
ture. The increase in the values of!-l*and (j)*with cur
rent density may be due to increased 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 !-l*,(j)*and io. The constant C
has no dimensions and hence is not affected both by
temperature and current density.
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