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Limiting di�usion currents for the anodic dissolution of a tungsten rotating disc electrode in alkaline
solution under rectangular current pulses have been determined experimentally. These currents were
calculated by use of approaches developed by Ib1, Cheh, and Chin. Experimental and calculated
results were compared. It is shown that the use of bipolar voltage pulses enhanced the anodic
dissolution of tungsten in alkaline medium.

1. Introduction

In aqueous solutions, a WO3 anodic ®lm, which
passivates the metal and hinders its dissolution, is
formed on tungsten surfaces. This ®lm is highly so-
luble only in alkaline solutions; therefore, a high rate
of electrochemical dissolution of tungsten occurs only
in these solutions. Consequently, all processes, which
are based on the anodic dissolution of tungsten and
are of practical importance, are conducted in alkaline
solutions. This is true for electrochemical machining,
electrochemical polishing and etching, and the pro-
cessing of metal tungsten scrap.

The anodic dissolution of tungsten proceeds ac-
cording to the following overall reaction:

W� 8OHÿ !WO2ÿ
4 � 4H2O� 6eÿ �1�

The rate of this reaction is restricted by the limiting
current il; in the region of il, an oxide ®lm is present at
the anode surface. The thickness of the ®lm is de-
termined by the anodic potential, concentration of
alkali, hydrodynamic conditions, and electrolyte
temperature [1]. The limiting current condition is
characterized by the equality between the rates of
oxide ®lm formation (the intermediate stages of Re-
action 1) and of its dissolution with the formation of
tungstate, which is the end product of the reaction.

In earlier papers [2, 3], the theory of mass transfer
was developed for the processes of anodic metal
dissolution involving electrolyte anions under steady-
state conditions. On the basis of this theory, the fol-
lowing equation for calculating il of Reaction 1 was
derived and con®rmed experimentally [4]:

il � 0:114 nFD1c0

d
�2�

where D1 and D2 are the di�usion coe�cients of ions
OH) and WO2ÿ

4 ; respectively, n is the number of
electrons involved in Reaction 1, c0 is the bulk con-
centration of anions, and d is the thickness of the
di�usion boundary layer. The thickness d may be
calculated by the Levich equation:

d � 1:61 D
1=3
1 m1=6xÿ1=2 �3�

where m is the solution kinematic viscosity. In the
present study we have measured and calculated the
limiting currents of tungsten dissolution under rec-
tangular current pulses.

2. Procedure

The studies were performed using an RDE at a ro-
tation rate of 700 rpm in 2.564 M NaOH solution. A
PI-50-1 potentiostat±galvanostat with a PR-8 pro-
grammer was used. The pulse limiting current ilp (the
current density, at which the near-electrode con-
centration of OH) ions decreases to zero at the end of
the pulse) was determined in the following way. The
amplitude of square current pulses was gradually
increased and the potential pulses were recorded by
oscillograph until a jumpwise increase in signal began
at the end of the pulse. In all experiments, more than
20 pulses were applied.

In a speci®c set of experiments, the potential pulses
of various amplitude and duration were applied, and
the corresponding current pulses were recorded. In
this case, some experiments were performed under the
condition that, in the pauses between the anodic
pulses, a potential was set at which the current was
not recorded (unipolar potential pulses). In other
experiments, in the pauses between the anodic po-
tential pulses, cathodic potential pulses were applied
with a given amplitude (bipolar pulses). Current
consumed by the electrical double layer, was not ta-
ken into account, since it is very small.

3. Calculation of pulse limiting current

Several approaches to the theoretical description of
mass transfer in electrochemical processes under
pulse conditions are possible [5±10]. All were devel-
oped within the framework of the theory of dilute
solutions, without regard for the migration mechan-
ism of ion transfer. The calculations of ilp were con-
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ducted for the cathodic deposition of metals [11±15]
and for the oxidation±reduction reaction [16].

In this study three approaches were used for cal-
culating ilp for the anodic dissolution of metal. The
®rst was the model approach of Ibl [8, 9], who pro-
posed that there are two di�usion near-electrode
layers. The thickness of the stationary (outer) di�u-
sion layer, d, is time-invariant and may be calculated
by the method of the theory of steady-state con-
vective di�usion. The thickness of the pulse (inner)
di�usion layer, dp, varies with time with the frequency
of the pulse current.

The pulse limiting current is as follows:

ilp � nFDc�=dp �4�
where c* is the reagent concentration at the interface
between the stationary and pulse di�usion layers. By
considering ion transfer in both di�usion layers
within the framework of this model, an expression for
ilp involving no c* term was obtained:

ilp � il
dp

d
�1 ÿ c� � c

� �ÿ1

�5�

where t1 and t2 are the pulse-on and pulse-o� times,
respectively, c � t1 / (t1 + t2). (The equation for ilp in
this form is presented in [12]).

According to Ibl, the thickness dp is determined as
follows:

dp � 2D1t1�1 ÿ c�f g1=2 �6�
From Equation 5 it follows that at a high c (close to
unity), ilp � il: At a low c (much less than unity),
ilp � il�dp=d�ÿ1, i.e. the di�erence between ilp and il is
essentially determined by t1 (see Equation 6).

In parallel with calculating ilp according to Ibl, we
used Cheh's equation [11], which is derived on the
basis of solution of the problem of nonsteady-state
mass transfer obtained by Rosebrugh and Miller [5].
By analogy with Equation 5, this may be written as

ilp � il 1ÿ 8

p2

X1
j�1

1

b
� �exp �abt2� ÿ 1�
�exp �ab�t1 � t2�� ÿ 1�

" #ÿ1

�7�

where a � p2D1 / 4d2, b � (2j ) 1)2, j is an integer.
Chin's solution of the problem of nonsteady-state
convective mass transfer for the rectangular pulse
current leads to the equation for ilp [14], which may
be written as

ilp � il
2

p2

X1
j�1

1ÿ exp�ÿkc�
�jÿ 1=2�2�1ÿ exp�ÿk��

" #ÿ1

�8�

where k � p2D1 �t1 � t2� �jÿ 1=2�2 =d2; d is de-
termined by Equation 3.

4. Experimental and calculated results

To calculate ilp, it is, ®rst necessary to determine il.
For this purpose, Equations 2 and 3 were used with
c0 � 2.564 ´ 10)3 mol cm)3, D1 � 5.26 ´ 10)5 cm2 s)1,
m � 10)2 cm2 s)1, x � 2pm, where m � 11.66 rps.

We obtained: il � 2.74 A cm)2. In a set of pulse ex-
periments, the measurements and calculations were
performed at a constant pulse-on time t1 � 2 ´ 10)3 s
and various t2 (Fig. 1(a)). In another set of experi-
ments, the measurements and calculations were per-
formed at a constant pulse-on time t1 � 1 ´ 10)1 s
(Fig. 1(b)).

Figure 1 shows the plots of ilp against c, obtained
experimentally (crosses) and calculated by Equations
5 (circles), 7 (triangles) and 8 (squares). The value of
the steady-state limiting current il is given by a dotted
line. We put j � 5 for Equation 7 and j � 10000 for
Equation 8.

It may be seen from Fig. 1 that all results, obtained
at high c values (c ³ 0.5), agree closely; at c » 1, as
expected, ilp is virtually coincident with il. At low c,
the results of ilp, calculated by Equations 7 and 8,
agree very closely (this is favoured by the possibility
for choosing the most suitable values of j) and give ilp
values which are higher than those calculated by
Equation 5 at both values of t1. This may be asso-
ciated with a di�erence in physical models, which
form the basis of various approaches to the ilp cal-
culation. Model [8, 9] is very descriptive but less
rigorous. At low c, the experimental data on pulse

Fig. 1. Plots of limiting pulse current, ilp, of anode dissolution of a
tungsten RDE against c at (a) t1 � 2 ´ 10)3s and (b) t1 �
1 ´ 10)1s. Key: (´) measured values; (d, n, h) calculated values
for Equations 5, 7, 8, respectively.
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anodic dissolution of tungsten in alkali are better
described by Equations 7 and 8. The deviation of
calculated ilp values from experimental values usually
lies within 10%.

In [11] it was shown that an average limiting dif-
fusion current under pulse conditions ��ilp � ilpc� does
not exceed the steady-state limiting current il. In this
respect, the productivity of pulse electrolysis may be
only equal to, or lower than, the productivity of
electrolysis under direct-current conditions. Our ex-
perimental data is in accordance with this proposi-
tion. For example, at t1 � 1 ´ 10)1 s,�ilp increases from
0.03 il to 0.99 il with increase in c from 0.02 to 0.99.

In some cases, application of bipolar pulse oper-
ating conditions, may raise the process productivity
as compared with unipolar pulses. This may be de-
monstrated with the anodic dissolution of tungsten in
alkaline medium. In this system, water electrolysis
proceeds with hydrogen evolution during the catho-
dic polarization. In a set of experiments, pulses of
anodic potential Ea with increasing amplitude were
applied in the unipolar regime, and in another set of
experiments they were applied in the bipolar regime
(amplitude of cathodic pulse Ec � 2 V (Ag/AgCl, sat.
KCl), and the responses of anodic current were re-
corded. Figure 2 gives the plots of current density at
the end of the anodic pulse versus amplitude, Ea, of
the potential applied for both sets of experiments.

In the ®rst set, the current density at the end of the
pulse does not increase with increase in Ea (although,
at the beginning of the pulse, the higher the value of
Ea, the higher is the current density) and is virtually
equal to il. Obviously, the near-electrode concentra-
tion of hydroxyl ions, cs, decreases to zero by the end
of pulse at any Ea used (and also t1 and t2). In the
second case, the current density at the end of the
pulse increases approximately linear with Ea. The rate
of anodic tungsten dissolution may be increased

several times by applying cathodic potential pulses in
the pauses between the anodic pulses. This may be
explained, ®rst, by an increase of the near-electrode
concentration, cs, of hydroxyl ions due to cathodic
hydrogen evolution, and secondly, by the fact that
the bubbles of hydrogen evolving during the cathodic
half-period stir the electrolyte in the near-electrode
layer, thus reducing the concentration changes in the
di�usion layer in the anodic half-period (i.e. increas-
ing cs). Too intense gas evolution during the cathodic
half-period may cause electrode surface shadowing in
the anodic pulse and thus reduce the e�ect of the
anodic dissolution intensi®cation (Fig. 3).

5. Conclusions

At pulse-on times t1 � 2 ´ 10)3 s and t1 � 1 ´ 10)1 s,
and various pulse-o� times t2 and at medium and
high c � t1/(t1 + t2), the measured pulse limiting
currents ilp of anodic dissolution of a tungsten ro-
tating disc electrode in alkali (unipolar rectangular
current pulses) are close to the ilp values, calculated
by Equations 5, 7 and 8. At c � 1, ilp closely ap-
proaches the steady-state limiting current, il.

At low c, the results of ilp calculations by Equa-
tions 7 and 8 agree very closely and give ilp values,
which are higher than those calculated by Equation 5.
In this case, the experimental data on pulse anodic
dissolution of tungsten in alkali are better described
by Equations 7 and 8. The deviation of calculated ilp
values from experimental values usually lies within
10%.

An average value of pulse limiting current �ilp of
tungsten dissolution in alkaline solutions increases
with increase in c, and at c! 1; �ilp ! il. The �ilp value
is higher for pulses of short duration (t1 � 2 ´ 10)3 s).

Application of bipolar potential pulses enhances
the anodic dissolution of tungsten in alkali due to the
hydrogen bubble evolution during the cathodic half-
period; these bubbles stir the solution in the vicinity
of the electrode and raise the anodic current. There is
an optimal value of cathodic pulse amplitude for in-
creasing the rate of tungsten dissolution under bipo-
lar voltage pulses.

Fig. 2. Plots of current density, ie, of anodic dissolution of a
tungsten RDE in alkali at the end of the potential pulse against
pulse amplitude, Ea, under the following conditions: in the pauses
between the anodic pulses, (´) a potential of ±0.7 V (Ag/AgCl, sat.
KCl) was applied, at which the current did not ¯ow; (d) a cathodic
potential Ec � 2V (Ag/AgCl, sat. KCl) was applied, which caused
the hydrogen evolution; t1 � t2 � 1 ´ 10)2 s.

Fig. 3. E�ect of amplitude, Ec of cathodic potential pulse on the
current density, ie, at the end of anodic potential pulse, at Ea � 5 V
(Ag/AgCl, sat. KCl) and t1 � t2 � 1 ´ 10)2 s.
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