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Conduction mechanism of anodic oxide films on tungsten —
effect of the electrolyte pH
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The anodic oxidation of tungsten has been studied in 1M sulphate solutions with pH ranging from 0 to 5 containing
0.1 M of fluoride as HF or NaF. Steady-state currents measured in the potential range 0.1 to 4 V vs. SCE increase with
pH, indicating enhanced dissolution of the film, which is a necessary precursor reaction for the formation of a
nanoporous oxide structure. Thus, the effect of fluoride on the steady-state current density is more pronounced in
weakly acidic solutions, indicating that such electrolytes are probably more promising for the fabrication of nanotube
arrays of WOs;. The electrochemical impedance response in the passivation and passivity ranges is dominated by the
processes in the barrier layer and at its interface with the electrolyte. The presence of a pseudo-inductive loop in the
impedance spectra at intermediate frequencies indicates point defect interaction during film growth and dissolution
processes. Further, a low frequency time constant can be related to the passivation process itself. A kinetic model
including a recombination reaction between positively and negatively charged point defects at the film/solution
interface and a kinetic scheme for tungsten oxidation/dissolution at the same interface is found to reproduce
satisfactorily the steady-state currents and the impedance spectra depending on the potential. Such a model for the
conduction mechanism in the barrier layer is believed to be an essential part of a modelling approach to the formation of
the nanoporous overlayer.
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tungsten oxide structures based on anodization.
Anodization of W to produce compact barrier-type
oxides has been reported by numerous authors
during the last 30 years [24-55]. It has been found
out that the film composition is very close or
practically identical with WOj;. The anodic film is a
wide band-gap amorphous semiconductor (mobility
gap, 2.8-3.1 eV), and the donor concentration as
estimated based on Mott-Schottky analysis has been
found to depend on the film thickness. Photo-
electrochemical impedance and transient measure-
ments point to a major role of the first layer near the
film/electrolyte interface in the kinetics of electron-
hole recombination via surface states [40, 41]. In-
situ thickness versus time measurements have
indicated that dissolution of the oxide plays an
important role during film growth and that the
process of thickness increase is controlled by inter-
facial processes rather than conduction in the bulk
oxide [54]. The formation of ordered nanoporous
anodic oxides on W has been reported recently
during oxidation in oxalic acid [56] and in sulphate-
fluoride electrolytes [57] at comparatively low
voltages, whereas a possibility of fast growth of

INTRODUCTION

There have been numerous attempts to improve
further the performance of Pt-type electrocatalysts
for methanol oxidation using a wide variety of two-
and multicomponent systems. A promising method
for enhancing oxidative reactivity is a combination
of Pt-based systems with large-surface-area nano-
crystalline inorganic oxide matrices that would
ensure the metal-support interactions, a homoge-
neous distribution of catalytic sites, facilitated
charge distribution and overall stability [1, 2].
Among applicable inorganic compounds, tungsten
oxide seems to promote electrocatalytic oxidation of
methanol by interacting with Pt via hydrogen
spillover or through the formation of highly con-
ductive tungsten bronzes [3—9]. In addition, tungsten
oxide has been receiving considerable attention in
recent years because of its NOy, CO, and H,S gas
sensing properties [10, 11] as well as for its use in
electrochromic [12—19], photochromic [20, 21] and
transparent conducting electrode applications [22,
23]. Therefore, our interest is in developing a rela-

tively simple route of producing ordered nanoporous
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oxide nanotubes promoted by oxide breakdown in
chloride or perchlorate electrolytes at higher
voltages has also been demonstrated [58]. In the
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present paper, we report electrochemical measure-
ments of the formation and properties of the anodic
oxide on W in sulphate-fluoride solutions with pH
0-5. Steady-state current versus potential curves and
electrochemical impedance spectroscopic measure-
ments have been employed to characterize the
individual steps of the overall oxidation reaction
that are detectable by electrochemical means. The
impedance spectra as depending on the potential and
fluoride concentration have been quantitatively
interpreted by a kinetic model featuring ionic defect
recombination and an elaborated scheme for the
oxidative dissolution of tungsten at the film/electro-
lyte interface [45, 46]. The main kinetic, transport
and structural parameters characterizing the con-
duction mechanism in the oxide have been esti-
mated as depending on electrolyte pH.

EXPERIMENTAL

The working electrode material was pure W
(99.9%, Goodfellow). Disc shaped cuts of that mate-
rial were insulated with epoxy resin and inserted in
PTFE holders in order to expose an area of 0.00785
cm’ to the electrolyte. The working electrodes were
mechanically abraded with emery paper up to grade
2400, rinsed with bidistilled water and dried by hot
compressed air. The electrolytes (1 M SO4* + 0.1 M
F") were prepared from reagent purity grade H,SOy,
Na,SO, and NaF with pH from 0 to 5. A conven-
tional electrolytic cell was employed featuring a large
area Pt mesh counter electrode and a saturated
calomel reference electrode. All the potentials in the
present paper are given versus this electrode.
Measurements were performed at room temperature
(20 £ 1°C) in naturally aerated solutions. The
current versus potential curves and impedance
spectra in the range 0.1-4.0 V vs. SCE have been
measured using an Autolab PGSTAT30/FRA poten-
tiostat driven by GPES and FRA2 software
(EcoChemie). After a steady-state current was
reached, impedance spectra have been registered in
the frequency range 20 mHz to 50 kHz at an a.c.
amplitude of 15 mV. The linearity of the impedance
spectra was checked by measuring spectra at a.c.
amplitudes ranging from 5 to 20 mV. The causality
of the spectra was verified by a Kramers-Kronig
compatibility test, embedded in the measurement
software. For the fitting and simulation of impe-
dance spectra, Origin 7.5 based routines were
employed.

RESULTS

Current vs. potential curves

The current versus

268

potential curves were

measured in the potential range from 0.1 to 4 V in
order to characterize the active-to-passive transition
and the passive range of W. Figure 1 shows current
versus potential curves of W measured in 1M SO,*
+ 0.1 M F solutions with pH from 0 to 5.
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Fig. 1. Steady state current density versus potential of W
in 1 M SO,” +0.1 MF, pH 0 to 5. Points — experimental
data, solid lines — best-fit calculation according to the
proposed model.

The active-to-passive transition is observed in
the potential range 0.4—1.0 V and it is the more
pronounced, the higher the pH of the solution is. In
other words, the passivation current density is larger
at higher pH and the difference in magnitude
between the passivation current density and the
current density in the passive state is also larger.
This fact indicates that the dissolution of W through
the oxide is favoured by pH increase. On the other
hand, there is no systematic dependence of the
passivation potential on pH, which probably means
that the nature of the rate-limiting steps of the
overall reaction is not altered by the decrease of the
acidity of the solution. In the passive range (above 1
V), the current density slightly decreases with
increasing potential and reaches constant values. On
the overall, in this region the current density is only
slightly dependent on the potential, indicating that
the chemical dissolution of the oxide is probably the
rate-controlling step of the overall oxidation process.
The steady-state current in the passive state in-
creases with pH indicating an apparent reaction order
of the chemical dissolution reaction close to 0.5.

Impedance spectra

The impedance spectra for the W/WO,/1M SO,*
+ 0.1 M F system at two different pH in the passi-
vetion region (0.4-1.0 V) are presented in Figs. 2-3.
The impedance magnitude at low frequencies
Z¢o decreases significantly with increasing pH, in
line with the increase in the current density (Fig. 1).



On the other hand, at potentials above the active-to-
passive transition Zg ., increases with increasing
potential, as it is observed also by other authors in a
range of solutions [44, 45, 52]. This trend most
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Fig. 2. Impedance spectra of W in 1 M SO,* + 0.1 M F, pH 1 solution at 0.7 and 0.9 V. Closed symbols —
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probably reflects the influence of the film thickness
(which increases linearly with potential, as it is well
known for oxide growth on valve metals) on the
impedance magnitude [44, 45, 52].

experimental data, open symbols — best-fit calculation according to the proposed model. Parameter is frequency in Hz.
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Fig. 3. Impedance spectra of W in 1 M SO, + 0.1 M F~, pH 5 solution at 0.6 and 0.8 V. Closed symbols — expe-
rimental data, open symbols — best-fit calculation according to the proposed model. Parameter is frequency in Hz.
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The oxide film resistance and capacitance
dominate the impedance profile at high-frequencies.
In the intermediate frequency range, a pseudo-
inductive response becomes visible at potentials
higher than 0.5 V, i.e. in general before the passive-
tion peak, in analogy to earlier results with Nb in
sulphate-fluoride electrolytes and Mo in phosphoric
acid [46]. The appearance of such a response has
been earlier ascribed to relaxation phenomena due to
the formation and time variation of a negative
surface charge at the oxide film/solution interface
[44, 45]. This part of impedance spectra can be
described by a low frequency time constant, T p =
Ri..Ls.. The value of this time constant (or the
inverse of the characteristic frequency of the
inductive loop) decreases with increasing pH, which
indicates an accelerating effect on the build-up of
the surface charge in the transient regime. The
pseudo-inductive behaviour can be related to the
increase of the rate of transport of dominating point
defects (anion vacancies) across the oxide film, due
to the presence of surface charge built up of the
charge carriers of opposite sign. This approach was
earlier confirmed by one of us for barrier film
growth on tungsten in H,SO, solution at potentials
above the passivation peak [45]. At the low-
frequency end, a further capacitive response was
detected. In the active-to-passive transition region, it
is most probably due to the passivation reaction
since it tends to turn to a positive d.c. limit at
potentials below ca. 0.5-0.7 V and to a negative d.c.
limit at potentials above that value. In the passive
region, the capacitive response at low frequencies
can be due to the relaxation of film thickness with
a.c. modulation, as it was proposed by a number of
authors [45, 46, 59, 60]. Summarizing, the current
versus potential curves and the a.c. impedance
spectra in the passivation and passivity ranges of W
in sulphate-fluoride solutions indicate a coupling
between the dissolution of tungsten and the forma-
tion of a passivating oxide. In order to estimate in a
quantitative way the kinetic and transport para-
meters pertinent to these two processes, an appro-
priate physico-chemical model has to be proposed.
The next section is devoted to the detailed descrip-
tion of this model, which is based on an earlier
approach to the passivation and passivity of Nb in
sulphate-fluoride solutions [46].

DISCUSSION

Growth of the passive film and dissolution of
tungsten

The oxide of tungsten that is formed at open
circuit in an aqueous solution can be regarded as
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mixed-valency oxide [61], in which W(V) and
W(VI) positions coexist in the cation sublattice,
together with a certain concentration of W(VI) cation
vacancies. A significant concentration of oxygen
vacancies is assumed to exist in the anion sublattice
as well. The W(V) cation vacancies are neglected
for simplicity. The growth of the passive film [43,
49] proceeds at the metal/film interface with
oxidation of the metal:

m—>W, +3V;" +6e, (1)

The oxygen vacancy is transported through the
barrier film by high-field assisted migration and
reacts with absorbed water at the film/solution
interface achieving film growth:

3V +3H,0—2—-30,+6H" 2)

In order to have film thickness invariant with
time in the steady state, the film dissolution reaction
must be included

WO, . +23-x)H —sW* +(3—-x)H,0 (3)

In fluoride containing electrolytes, oxyfluoro-
complexes of W(VI) are probably formed, which are
expected to increase the solubility of the film and
thus the steady-state current density is governed by
chemical dissolution of the oxide. On the other
hand, W(V) at the F/S interface undergoes either

. . . . 6 . .
oxidative dissolution as W, " or is transformed into

a passivating W(VI)" species that dissolves isova-
lently:

W) s W +e +Vy 4)

Wy sy e

6))
VI* 6+ 6'
Wy = >VVaq +Vy
Cation vacancies, generated by the above

processes, are transported through the film via hig-
field assisted migration or recombine with oxygen
vacancies according to the reaction:

V" + VS — null (6)

The high-field migration equations for the
transport of cation and anion vacancies are:

D 2FaE, D yFak,
J =—2c (e 7, J, =c, (0) =2 ¢ &
2a 2a
(7

The total defect transport current density is
I =-2FJ +6FJ .
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The electric field strength in the metal/oxide/elec-
trolyte system EO is given by the sum of all the

potential drops in the system divided by the oxide
film thickness [45]:

Ey=(yp +EL+y )/ L )

where gvr = (1-0)E — E L, ¢xs = qulrs/€&,, a is the
part of the applied potential, comsumed at the
film/solution interface, as opposed to film bulk, g, is
the negative surface charge due to accumulation of

cation vacancies at the film/solution interface, £ is
the field strength in the film bulk and Lgs is the
width of the cation vacancy accumulation zone [45].
Further, according to the mixed-conduction model
for oxide films [62], the potential drop at the
metal/film interface does not depend on the applied
potential. In other words, the reactions at this inter-
face are not considered to be rate-limiting, rather,
their rate is adjusted by transport processes of point
defects in the passive film.

The expressions of the instantaneous partial
currents due to the transport of oxygen and cation
vacancies acquire the form:

FD 2Fa q,L
I, =—"¢c (L) expi——| (1—a)E + L5 |},

&g,

6FD, 6Fa gL
I, = e (0) expd——| (1-@)E +-2—ES
M 24 1 (0) p{RTL[( ) &, }}

€)

At the film/solution interface, the cation vacan-
cies are (i) generated with a current density /v gs,
(i1) transported via high-field migration with a
current density /y and (iii) react with the oxygen
vacancies according to the recombination reaction at
a rate of IoSq,, where S is the cross-section of
recombination. Then,

Y M,F/S I M j
—_qﬂ

1,8
(10)

According to the dissolution scheme, described
by reactions (4) and (5), the current density due to
cation vacancies at the film/solution interface is
given by:

dq,
Ez IM,F/S -1, 1,5, = [OS(

1 5

6_A;':J w =koys ey
vs and y6* being the fractions of the F/S interface,
occupied by W(V) and W(VID)*, referred to the
cation sublattice only. It is assumed that the surface

(an

concentration of W(V) cation vacancies can be
disregarded with respect to ys and y¢*. The material
balances in the outermost cation layer are corres-
pondingly:

pdy. 1

75:6_1‘;,_1975_](3175 (12)
dv *

%: 2Ys ke (13)

Steady state solution and total current density

In the steady state, Eqns. (12) and (13) become

YM,F/S - T -
oF —kays—ksy;=0 (14)
k327_/5_E317_/6 =0 (15)
and obviously
Vs+¥e+re=1 (16)

;6 is the surface fraction occupied by WO;, i.e.

regular W(VI) sites, at which the isovalent disso-
lution of the oxide (reaction (3)) proceeds.
Eqns. (11), (15) and (16) can be used to calculate

ImFis:
_ 6Fk,, (%z +%31)

Ty ris = = =
ks +ks

(1—76)=kM (1—7/6)
7)
Iy is supposed to be proportional to the surface

(1—7_/6) not occupied by regular W(VI), whereas

Io is assumed to flow only on the fraction ;_/6 .

Lo=2Fk,C!. v =2Fk,ys=kyo 75 (18)

where n is the reaction order of the chemical
dissolution [Eqn. (3)] with respect to H'.

If we define Y, as a function of the reaction rates
for the formation of W(V) and W(VI) sites

S = two (19
"kt
then
—2
I ko (20)

M=="
ko +kW03
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(e2))

Small amplitude a.c. solution

Based the assumption that currents, transported
by oxygen and cation vacancies, are additive, and
taking into account the electronic properties of the
oxide, the impedance of the system can be defined
as the parallel combination of the impedance due to
generation and transport of cation vacancies (Zy),
the impedance due to transport and consumption of
oxygen vacancies (Zo) and the impedance due to the
dielectric properties of the oxide film, i.e. its capaci-
tance.

-1
Z:Re,+{ij+L+L} (22)

[ M

Here R, is the electrolyte resistance and C is the
film capacitance

(-a)

—E (23)
eeE

Cc'=

Impedance due to transport and consumption of
oxygen vacancies. For a small amplitude sinewave
perturbation around a steady-state equation (10)
transforms into:

&g,

I,SaE
~ LF/S 24
9=—""=qc - (24)
jo+1,S
where X indicates the complex amplitude of a

variable x. The migration current of oxygen vacan-
cies under such conditions is given by:

- 2I,B - L
[, ==9 l-a)E+q —L£5| (25
- eaprg 2| oo

Solving (24) and (25) simultaneously, we obtain
for the impedance of transport of oxygen vacancies
the following:

7, =M 2B

I,Sa
o.f AE T .

— | (26
Jw[}()

0

[(l—a)+

In order to account for the capacitive behaviour,
observed in the impedance spectra at low
frequencies, the a.c. modulation of the film thick-
ness has to be taken into account. The expression for
the a.c. current density due to that phenomenon has
the form:

~ (l-a) V ~
I = ( = ) Vo JoE
AE 6F
which corresponds to a pseudo-capacitance in series
with the impedance due to transport of oxygen

@27

vacancies, 4 =—=—%— is the current efficiency for
I,+1,
film formation:
- = \(l-a)7
C = ] +[ Ti (28)
=T+ 1) I,E 6F

The total impedance due to oxygen vacancies is
then expressed by:

1

. =7 .+
o 07 joC,

(29)

Impedance due to generation and transport of
cation vacancies. The Faradaic impedance due to
the generation of cation vacancies at the F/S inter-
face is derived from Egs. (11), (12) and (13):

Zj s = 6F | Boys+ ks vk | GO)

-1
ZM,F/S

ja)ﬂ;/SZ —];2};5—];2}_/5—/;317_/5 —%31}75 (31)

JOBys=ksiys—ksiys—ky,y,

= %31};5 +l;31]_/5

32
° Bjo+k, .

M.,F/S 7_/5 (];2 +%31)
Vs = = = 3 - -
6F (Bjo+k:+kn) (Bjo+k:+ki)

- 7!

(33)

by o (e — o

Zyypys = 6Fbykay |1+
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1+j co_ﬂlmbz -
b2k32k2 +b31k31

(34)

J}(bzzzkﬂ +b31%§1 +%31%2 (b2 —b31))




V. I. Karastoyanov and M. S. Bojinov: Conduction mechanism of anodic oxide films on tungsten

The impedance of the transport of cation vacan-
cies is written in complete analogy to Eqn. (26) as
follows:

L _AL, _6I,B

z, =S

1,Sa
M.f AE Z .

1-a)+
{( ) jo+1,S

} (35)

The total impedance, due to generation and
transport of cation vacancies, Zy, is then given by:

ZM = ZM,f + ZM,F/S (36)
Then the total impedance is calculated using
equations (22), (23), (29) and (36).

Comparison with the experimental results

In order to obtain quantitative estimates of the
kinetic and transport parameters of the model, the
following two-step calculation procedure was
adopted. First, the total current density versus
potential curves have been fitted to the sum of Eqns.
(20), (21) with k.’ b, k3’ b3, ki and k; as
adjustable parameters. Second, keeping these values
constant, the impedance spectra at potentials from
0.1 to 4 V have been fitted to the sum of equations
(22), (23), (29) and (36), using E.2.a,S,p as
adjustable parameters, and assuming a dielectric
constant ¢ = 54 and a molar volume V, = 31
mol-cm™ for the oxide phase of the passive film.
The current versus potential curves, calculated by
this best-fit procedure, are shown in Fig. 1 with
solid lines, whereas the calculated spectra for each
solution at a range of potentials are represented with
open symbols in Figs. 2 and 3. The estimated values
of the rate constants k,’, k3,°, k3, and k; , which are
dependent on the pH of the solution, are shown in
Fig. 4, whereas the remaining parameters are col-
lected in Table 1. A satisfactory agreement for both
the magnitude and the frequency distribution of the
impedance is obtained within the whole potential
range, indicating the wvalidity of the proposed
approach.

Table 1. Kinetic and transport parameters dependence on
pH.

Parameter pHO pH 1 pH3 pHS
by, V! 12.5 12.0 12.2 12.5
by, V! 13.1 13.0 14.0 13.8
B, nmolem™  0.44 0.15 1.90 48
a, nm 0.39 0.40 0.31 0.45
E. mVem' 3.7 4.1 4.0 5.0
o 0.39 0.40 0.40 0.40

S, mCcm? 6.8 27.0 14.5 38

The main discrepancies lie in the fact that at
certain potentials the exact diameters of the two

high-frequency loops are not matched with suffi-
cient accuracy. While a better match could be
achieved by allowing some of the above parameters
to vary with potential during the fit, this was not
considered appropriate due to the already large
number of parameters involved in the calculation. It
is encouraging that the whole set of data within a
large potential range and in four solutions are repro-
duced with a rather homogeneous set of parameters.
The part of the potential, consumed at the film/solu-
tion interface a, the exponential coefficients b, and
b;; are independent of potential within the cal-
culational error, preserving values typical for film
covered electrodes (the corresponding transfer coef-
ficients a2 and a31 are ca. 0.3-0.35). The values of
the field strength are also well within the limits of
the very high-field approximation used in the
present approach.

The increase of the field strength with pH (Table
1) can be related to the higher rate of film formation
(i.e. ionic current density) due to the higher rate of
film dissolution at the higher pH value. The main
effect of pH factor is on two groups of parameters —
on one hand, on the rate constants kzo, k310, k3o, ky
and on the maximum surface concentration of
W(VI)* sites B (characterizing the processes of oxi-
dation at the film/solution interface and generation
of cation vacancies, as well as the chemical dis-
solution of the film) and on the other, on the capture
cross-section of recombination of cation and anion
vacancies at the film/solution interface, S.

1x10°

1x10°4

1x10™ 5

1x10™

1x10™ 4

2 -1
rate constant / mol cm™s

1x10™"° I I I I I I
pH

Fig. 4. Rate constants of the reactions of tungsten
oxidation/dissolution at the oxide/electrolyte interface
depending on the pH of the 1 M SO,* +0.1 M F
solution.

The apparent reaction orders of the steps k.’, ks,’,
ks, k; with respect to pH are given in the inserts of
Fig. 4 and range between 0.4 and 0.5 (for k,’, ks,%)
and 0.1 and 0.2 (for k;,, kd'). The orders with
respect to pH are smaller than those with respect to
fluoride in 1 M H,SO,, estimated earlier by us [63].
In other words, the effect of pH on the reaction
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kinetics is of secondary importance in comparison
to the effect of fluoride. The maximum surface
concentration of W(VI)” sites /3 in general increases
with pH indicating an increased defectiveness of the
outermost layer of the oxide. The maximum surface
concentration of cation vacancies can be related to
the capture cross-section of recombination by the
equation S=(6Fp,)". The values of g, , calcul-

ated from the S values represented in Table 1 are
significantly smaller than the values of £. This vali-
dates aposteriori the decision to neglect the concen-
tration of cation vacancies in the outermost layer
compared to the regular W(V) and W(VI)" sites.

CONCLUSION

The following conclusions can be drawn based
on the results, obtained in the present work:

The active-to-passive transition of W in 1 M
SO, +0.1 M F solution is the more prominent, the
higher the pH of the electrolyte is. This fact can be
tentatively related to the increased production of
cation vacancies by an increasing non-stoichio-
metricity of the outermost layer of the oxide film.
The reaction steps of W(V) oxidation into W(VI)’
and its subsequent isovalent dissolution have reac-
tion orders with respect to pH that are smaller than
those with respect to fluoride, indicating that the pH
has a secondary effect on the film dissolution, when
compared to F~ addition.

In all studied electrolytes, the current density for
W in the passive state is only slightly dependent on
potential, indicating that the chemical dissolution of
the oxide is probably the rate-controlling step of the
overall oxidation process in this region. The steady-
state current (i.e. the rate of the film dissolution
reaction) increases with pH, which has been
predicted also by the calculations on the basis of the
proposed model.

The qualitative shape of impedance spectra is not
affected by pH value. The impedance magnitude at
low frequencies decreases with increasing pH value
in accordance to the pH dependence of the steady
state current density. The increase of the impedance
magnitude at low frequencies with the potential can
be explained by the effect of increasing film thick-
ness with potential.

A quantitative kinetic model, involving film
growth/dissolution processes at the film/solution
interface and dissolution of tungsten through the
oxide as parallel reaction paths, has been found to
reproduce the steady-state current versus potential
curves and the impedance spectra in a wide range of
potentials and pH values. The pseudo-inductive
feature at intermediate frequencies is explained by
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the interaction between two current carriers of
opposite signs, which accelerates the transport of the
major current carrier in the transient regime.

The main kinetic parameters of the model have
been estimated and on the basis of their values
hypotheses about the effect of pH on the respective
rates of the processes of oxide film growth and
tungsten dissolution through the forming oxide have
been proposed. The main effect of pH factor is on
the maximum concentration of cation sites and the
cross-section of recombination of current carriers at
the film/solution interface, which can be tentatively
ascribed to the influence of pH on the defect
structure of the outermost layer of the anodic film.
Further investigations of the stoichiometry of the
oxide layer are needed to confirm or reject this
hypothesis.
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NOMENCLATURE

a  half-jump distance, cm;

b; coefficients of the interfacial reactions
(i=231), V"

C  capacitance of the barrier layer, F-cm ;

Co pseudo-capacitance due to modulation of film
thickness, Frcm ?;

Do diffusion coefficient of oxygen vacancies,
cmz-s_l;

Dy diffusion coefficient of cation vacancies, cm®s '

E  applied potential, V;

E electric field strength, Veem ';

F  Faraday’s constant, 96485 C-mol ';

I current density, A-em%;

I current density due to cation vacancies, A-cm %

Io current density due to oxygen vacancies, A-cm ~;

Ju flux of cation vacancies, mol-cm >'s ';

Jo  flux of oxygen vacancies, mol-cm >s ';

] imaginary unit;

k; rate constants of the interfacial reactions
(i=2,31,32, 4), mol-cm s ;

kq rate constant of the film dissolution reaction,
cm-s’l;

kyu constant defined in equation (18), A-cm;

kwo, constant defined in equation (19), A-cm?;

L thickness of the barrier layer, cm;

Lp;s thickness of the cation vacancy accumulation
layer at the film/solution interface, cm;

m tungsten atom in the metal phase;

WYy W(V) in a W(VI) position in the barrier film;

WYy W(VI) in a W(VI) position in the barrier film;
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WY W(VI) in a W (V)" position in the outermost
cation layer of the film;
Oo oxygen position in the barrier film;

Vo oxygen vacancy in the barrier film;

Vwél tungsten cation vacancy in the barrier film;

S capture cross-section for a positive defect,
cm®C;

Zn  impedance due to cation vacancies, Q-cm?;

Zyr impedance due to transport of cation vacancies
in the film, Q-cm?;

Z\ s impedance due to cation vacancies at the

film/solution interface, Q-cm?;

Zo impedance due to oxygen vacancies, Q-cm?’;

Zos impedance due to transport of oxygen
vacancies in the film, Q-cm?;

gn negative surface charge due to accumulation of
cation vacancies, C-cm 2,

o  polarizability of the film / solution interface;

a; transfer coefficient ((i=2, 31) ;

B total number of cation positions per unit
surface, mol-cm™?;

ys fraction of W(V) in W(VI) positions in the
outermost layer of the film;

ve fraction of W(VI) in W(VI) positions in the
outermost layer of the film;

Y¢* fraction of W(VI) in W(VI)" positions in the
outermost layer of the film;

¢  dielectric constant of the film;

g dielectric permittivity of vacuum, F-cm™';

o angular frequency, rad-s .
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BJIMSAHUE HA pH HA EJIEKTPOJIMTA BbPXY MEXAHU3MA HA ITPOBOAUMOCT
HA AHOIHUTE OKCUAHHN ®UJIMU BBPXY BOJIOPAM

B. U. Kapacrosuos, M. C. boxxuHop*

Kameopa ,, Qusuxoxumus *, Xumuxomexnonoesuier u Memaiypeuier yHugepcument,
oyn. ,,Kn. Oxpuocku“ Ne§, 1756 Coghus

Ioctenmna Ha 25 oktomBpu 2007 r., Tlpepabotena Ha 9 deBpyapu 2008 r.

(Pesrome)

AHozHOTO OKHMCclieHHe Ha Bospama e u3ydeHo B 1 M cyndaruu paszrBopu ¢ pH ot 0 g0 5, chappxkamu 0.1 M
¢nyopun xaro HF unu NaF. CrauuoHapHuTe IIIbTHOCTH Ha TOKa B noteHuuanHus uatepsai 0.1 1o 4 V copsimo SCE
HapacTBaT ¢ pH, koeTo e yka3aHue 3a YCKOPEHO pa3TBapsiHe Ha (uiMa — HEOOXOAMMO YCIOBHE 3a oOpa3yBaHE Ha
HAaHOMOPBO3HU OKCHUIHU CTPYKTYpH. Taka epekTbT Ha JoOaBKUTE OT (GIIyopH] BbPXY CTallMOHApHATA ILTHTHOCT Ha TOKa
€ M0-N3pa3eH B CIIA0OKUCENIN Pa3TBOPH, T.€. TE3H EJIEKTPOJIMTH Ca BEPOSTHO MO-MOJXO/SIIH 32 NOJTyYyaBaHe Ha CUCTEMH
or WO; HaHOTpBHOMUYKH. EJEKTpOXMMUYHHTE HMMIENAHCHHM CIIEKTpU B OOJNAacTHTE Ha IMAcHBalMs U IMACHBHOCT ca
JOMHHHUPAHH OT IpOIlecHTe B OapuepHHs CIIOW M Ha HEroBaTa rpaHuLa ¢ ejekrposura. [IpuchcTBHETO Ha IICEBIO-
WHIYKTUBEH MOJYKPBHI B MMIIEIAHCHUTE CIIEKTPH NPH MEXKAWHHHA YECTOTH € yKa3aHWe 3a B3aUMOJEHCTBHE MEXIY
TOYKOBUTE JAe(EeKTH 110 BpeMe Ha INpOIECUTE Ha pacTeX Ha (uiMa M pa3TBapsHe Ha Bojdpam npe3 Hero. Hucko-
YEeCTOTHATA KalalMTHBHA BPEMEKOCTaHTa BEPOSITHO € CBBP3aHa ChC CaMMsl MAaCHUBALMOHEH mnporec. [IpemioxeHusT
KUHETHYEH MOJIEN, BKJIIOYBAI PEaKius Ha PEKOMOWHAIMS HA IOJIOKHTEIHO W OTPHUIATEIHO HATOBAPEHU TOYKOBU
neeKTH Ha TpaHHWIaTa (QHUIM/pa3TBOp M KMHETHYHA CXeMa Ha OKHCIHTEIHO pa3TBapsHe Ha Boidpama Ha chmiara
rpaHuIa, OMKCBA aJEeKBATHO CTALMOHAPHUTE TOKOBU IUIBTHOCTH M WMIICJAHCHUTE CIIEKTPU B 3aBUCHMOCT OT
noreHuuana. To3u mMozesl Ha MexaHW3Ma Ha MPOBOAMUMOCT B OapuepHHs MOJCION IPEICTABIIsABA ChIIECTBEHA CThHIIKA
KbM KOJIMYECTBEHOTO OMKMCaHKHEe Ha ()OPMHUPAHETO Ha HAHOMIOPHO3EH OKCHJICH CJIOH BBpPXY BOJIppaMm.
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