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ABSTRACT

The mechanisms of the cells forming the almost periodic structure on anodized aluminum electrodes in contact with
various acid solutions was investigated. Their size was correlated to the product of the electrode wettability variation in-
duced by switching the applied potential from a hydrogen evolution potential to an anodizing potential and the current
density during the anodizing process. The mechanism of cell formation is related to solute concentration inhomogeneities
at the film-solution interface generating local variations in the film-solution interfacial tension. Interfacial tension gradi-
ents induce spatial and temporal variations in the electrolyte velocity. Particles dragged by electrolyte motion will also
have different velocities, so that interparticle contacts will occur. The internal motion of the fluid film accelerates the ag-
gregation of particles into preferential geometries which were observed on the electrode surface by SEM. The size of cells
forming the structure, for various acids and for various concentrations of sulfuric acid, were determined experimentally
and a successful matching of these results with the model recently developed was obtained.

The anodic oxidation of aluminum is a technique which
has been known for many years and which has found
widespread industrial application (1, 2). Coatings can be
formed in various electrolytes under a wide variety of
forming conditions, and, as a result, exhibit characteristics
and behavior which are many and varied. The produced
covering layers are of two distinct types: porous or barrier
type. The mechanism of pore formation, the actual part the
electrolyte anions play, and the reason for the behavior of
aluminum are not well understood. Many workers have
studied the problem (3-11), suggesting that pore nucleation
is due mainly to the influence of aluminum grain bounda-
ries, surface inhomogeneities, or local heating. These theo-
ries have been reviewed extensively (1-12). Wernick (13)
and Baumann (14) considered the role of the interface in
the formation mechanism. Murphy and Michelson (15)
have suggested that the oxide layer consists of colloidal
particles which are free to rearrange under the influence of
external forces. Heber (16) more recently postulated pock-
ets in the colloidal layer as nuclei for the pore formation.

The film forming on the aluminum anode is subjected to
many forces. Surface roughness, metallurgical inhomo-
geneities, and nonuniform electrolyte convection will cer-
tainly create a locally variable electrode current. There is,
however, no reason why such irregular disturbances
should lead to the regularity of pores without the help of
some other mechanism. In this paper we consider surface
phenomena at the electrode-electrolyte interface as the
generator of pores.

Current density vs. time transient curves for the forma-
tion of a barrier-type and a porous-type anodic film on alu-
minum are shown in Fig. 1. The curves diverge at point A
which is related to pore initiation phenomenon induced by
fluid motion (1). A similar turbulent convection may be ob-
served by optical microscopy for iron electrodes which
present similarly shaped curves around the 100 mV wvs.
SCE region (17).

Pore Formation Theory

The model has been previously described (18) and will
only be summarized here. Diffusion and convection-con-
trolled oxide formation processes that take place at a bare
metal surface exposed to an acid solution are considered.
As the metal surface anodizes, the metal ion concentration
in the electrolyte increases and eventually reaches such a
critical supersaturation value that a precipitate film (16, 19)
is formed on the anodizing surface. It is also considered
that the reaction products diffusing through the precipi-
tate film and the solution undergo a semi-infinite diffusion
process (29) without migration effects (21, 22). Occurrence
of metal ion concentration fluctuations in the film-solution
interface will induce surface tension gradients capable of
setting the film-acid solution system in motion. We shall
make use of a linear stability analysis (23) to determine the
hydrodynamic patterns formed in the region. As the basic
state we shall consider that a constant flux of ions has been
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established in the quiescent fluid system. For the sake of
simplicity we may assume that the precipitated layer
(phase 1) is a Newtonian fluid of a viscosity higher than
that of the semi-infinite solution (phase 2).

The full equations for the convective-diffusive process
in the perturbed fluid system are given by the Navier-
Stokes, the diffusion, and the continuity equations. To
solve the above equations we adopt the usual procedure
(18, 20, 23). As solutions to the equations we propose func-
tions which have an exponential dependence with time
(=efY and a periodic transverse structure separable from
the nonperiodic longitudinal one. In the determination of
the stability of a hydrodynamic system it is convenient to
search for the marginal states which separate the stable
from the unstable regions (23). These states are character-
ized by the zeros of the real part of the growth constant g.
We initially consider the problem for the real and the imag-
inary parts of B equal to zero.

Typically neutral stability curves obtained from the
characteristic equations are shown in Fig. 2 (solid curves).
These curves depend on the following parameters (18): the
ratios p,/p, and Dy/D, between the viscosities and diffusivi-
ties of fluids 1 and 2, the quasi-equilibrium distribution co-
efficient m between metal ion concentrations at the film-
solution interface, and the product ad of the reciprocal of
the perturbation length, a, and the film thickness d. The
curves also depend on the dimensionless numbers:
crispation group N, = wyD./(y,d), surface viscosity group
N. = (k +.€)/(pod), and Marangoni number Ny, = 18y/0C
d%(nFDiy,), where v, is the undisturbed value of the film-
solution interfacial tension, k and e are the film-solution
surface viscosities, i is the electrode current density, ay/oC
is the derivative of the interfacial tension with respect to
metal ion concentration in the solution side of the film-
solution interface, n is the number of electrons involved in
the electrochemical process, and F is the Faraday con-
stant. The solid curves in Fig. 2 define two distinct regions
of instabilities whether the Marangoni number Ny, is posi-
tive (3y/6C > 0) or negative (9y/3C < 0). Each curve has two
extrema; accordingly there are two critical Ny, so that, for
Marangoni numbers between them, all disturbances are
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Fig. 1. Current density vs. time transient curves for the formation of

barrier-type and porous-type anodic films on aluminum.
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Fig. 2. Plot of the Marangoni number Ny, (driving force/dissipative
force) as a function of the product of the inverse of the perturbation
length o, with the film thickness d. Solid lines are typically neutral sta-
bility curves that separate the stable from the unstable regions. Dashed
lines represent the solutions of the characteristic equation for real posi-
tive values of the growth constant 3. The arrows indicate schematically
the procedure for obtaining the perturbation length of the fastest grow-
ing perturbation from a given Marangoni number.

damped. Another interesting feature of the neutral stabil-
ity curves is that, for positive values of Ny, the system be-
comes unstable with respect to disturbances of great
lengths (ad < 1) and, for negative Ny, instability can set on
for perturbations of small lengths (ad > 1).

We have also solved the equation for real positive values
of the growth constant g. From the solutions obtained we
can predict the length of the dominant perturbation for a
given set of physical parameters. Figure 2 schematically
indicates the procedure for obtaining the length A of the
fastest growing perturbation for a given value of the
Marangoni number [for definiteness, the perturbation
length A for a hexagonal cell pattern can be taken as the
hexagon diagonal, so that Md = 8w/(3ad)].

Starting from the solutions obtained for g real and posi-
tive, concentration, and velocity profiles can be calculated
for a given set of parameters. The perturbation of concen-
tration for a hexagonal pattern is shown in Fig. 3 and 4.
Figure 3 shows the transverse cross section of the concen-
tration perturbation formed at a distance z = 0.9 d from the
electrode surface and Fig. 4 gives the longitudinal cross
section of the perturbation. The transverse cross section of
the fluid velocity inside the precipitated film is shown in
Fig. 5.

Experimental

Apparatus and materials.—A diagram of the experi-
mental apparatus used is shown in Fig. 6. Analytical grade
reagents (Merck) were used without further purification.
Aqueous H,SO, solutions were prepared with twice-
distilled water. The counterelectrode was a platinum
99.99% pure mesh with a submerged area at least 20 times
greater than the area of the working electrode. Fresh elec-
trodes and fresh solutions were used in every run. The
anodization process was carried out in various concentra-
tions of sulfuric acid solutions and in phosphoric, chromic,
and oxalic acid solutions. The working electrodes were
99.9% aluminum wires with 2 mm diam (Varian) mounted
in a PTFE support structure as shown in Fig. 6. The cylin-
der was placed a few tenths of a millimeter above the
PTFE surface in order to prevent bubbles from covering
the aluminum electrode. Experiments were also per-
formed for aluminum samples covered by a silicone paste
forming a pencil-like structure. The impurities detected by
X-ray microprobe analysis were mainly silicon. The
samples were mechanically polished with emery paper
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Fig. 3. Typical transverse cross section of the perturbated concentra-
tion profile for a hexagonal pattern.

(grits 80, 140, 360, 500, and 1600) in order to remove me-
chanical inhomogeneities and then washed with chemical
soap and water and rinsed with analytical grade methanol.

Before each experiment the samples were cleaned by: (i)
optically polishing with diamond paste (Diamond Com-
pound for Metallography—METADI), (ii) rinsing in dis-
tilled water, (iii) etching in NaOH (10 g/liter) for 30 min,
(iv) rinsing in distilled water for 3 min, (v) immersion in
HNO; (30%) for 15 s, (vi) rinsing in distilled water.

The dc voltage was generated by a Phillips Model PE
1512 stabilized power supply (35 V, 3.5 A). In order to keep
the output voltage constant at the beginning of the anodi-
zation, electrolytic capacitors resulting in a total capaci-
tance of 15,000 pF (connected by 150 kQ resistors) were
connected in parallel, as shown in Fig. 6. The current-time
dependence is obtained by measuring the voltage across a
0.08 O resistance. The current vs. time signal is registered
by a 7100 BM Hewlett-Packard strip recorder.

A few of the samples had their aluminum oxide layer re-
moved by immersion in a solution of chromic acid (20 g/1)
and 35 ml of phosphoric acid (85%/1) at 82°C for 5 min, for
later observation by SEM.

A diagram of the experimental apparatus used for meas-
uring the variation of the wettability states of aluminum
electrodes were described previously (24, 25). The samples
were electropolished with a low current deunsity
(~10 mA/cm? in a solution of methanol and perchloric
acid (50:3). Tests were performed in sulfuric acid solutions,
made up with twice-distilled water, at concentrations vary-
ing from 0.3 to 2.0M.

The topography and composition of the electrodes were
examined by scanning electron microscopy (JEOL-TS-
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Fig. 4. Typical longitudinal cress section of the concentration profile.
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Fig. 5. Typical transverse cross section of the fluid velocity inside the
formed film.

300, 30 kV). The pictures were obtained by secondary elec-
tron imaging.

Results and Discussion

To obtain a sharp experimental pattern it is necessary to
find the exact state at which pore initiation occurs and re-
move the sample from the solution at the first stages of the
pore formation process. Figure 7 shows a current density
vs. time curve observed experimentally for a constant volt-
age step. As the initial film precipitates, the current den-
sity decreases rapidly. At point a (Fig. 7) the current den-
sity reaches a minimum and, then, begins to increase. By
SEM observation of the film morphology it could be estab-
lished that a pattern could develop only for deposits re-
moved from the electrolyte after the current has reached a
minimum; pore initiation occurs then at some point close
to ain Fig. 7. At the site of pore formation, a thinning of the
barrier layer occurs, otherwise it would be difficult to ac-
count for the current density rise observed in our experi-
ments. Sharper patterns are obtained for samples removed
at some point close to point b.

Pattern formed on anodized aluminum.—Typical micro-
graphs obtained for an aluminum electrode in contact with
a 20% H,SO, solution and anodized at 22 V are shown in
Fig. 8a and b; no chemical etching procedure was applied
to the electrode. The current density vs. time profile ob-
tained for this sample is similar to the one shown in Fig. 7.
The surface of an electrode submitted to a chemical etch-
ing procedure described in the Experimental section was

0.08Q
+ .}
e 1L
POWER
SUPPLY T CAPACITORS

Fig. 6. Schematic diagram of the circuit and cell.
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Fig. 7. Current density vs. time curve for a 22 V step application to
aluminum in 20% H,SO, solution.

also observed. The patterns were not formed in a regular
arrangement like the ones shown in Fig. 8a and b.

Figure 9a shows a cell pattern formed close to the edge
of a cylindrically shaped electrode (Fig. 9b). Typical pat-
tern dimensions are smaller for patterns closer to the elec-
trode edge where the current density is higher. This indi-
cates that the cell size is a decreasing function of the
current density.

Patterns were obtained for various sulfuric acid concen-
trations and various current densities and the results are
shown in Fig. 10 and 11. Figure 10 shows a plot of the aver-
age cell diameter measured by SEM, as a function of the
acid solution concentration. Figure 11 shows a relation be-
tween the cell dimension and the electrode current den-
sity. A decrease in the cell dimension with increasing cur-
rent density is obtained, as previously shown in Fig. 9.

The thickness of the initial precipitate layer can be esti-
mated by considering Faraday’s law for the aluminum dis-
solution process which occurs during the film formation
stage. As discussed above, this stage lasts until the current
attains its minimum value (point “a” in Fig. 7). In any esti-
mate of this kind, two factors are of importance: (i) the cur-
rent efficiency of the aluminum dissolution reaction at the
anode and (ii) the composition and structure of the precip-
itate film. As regards (i), we estimate the current efficiency
to be about 15% (1). Concerning (ii), we can assume that
the film is formed by close-packed spherical particles im-
mersed in an aqueous aluminum sulfate solution saturated
in AI** (pH > 3), consequently the ratio between the total
volume of the spheres and the volume of the surrounding
solution is 68:32. For a formation process that lasts a few
seconds only, the precipitating solid forming the particles
is aluminum hydroxide which later is transformed into hy-
drous aluminum oxide. Due to lack of knowledge on the
precise composition of the particles, we assume that they
are composed of solid AI(OH); with interspersed water
molecules [typically 70 weight percent aluminum hydrox-
ide (26)].

Allowing for all the inaccuracies on the knowledge of the
above-mentioned factors, the thickness d of the layer laid
down by the passage of a charge @ can be written as

5 Q
d-EEE [1]

where fis the current efficiency; F, as above, is the Faraday
constant; A stands for the electrode area; and c is the total
amount of AI3* jons per unit film volume.
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Fig. 8. Micrograph showing a patterned structure on an aluminum electrode in 20% H,S0, anodized at 22 V: {q, left) secondary electron imaging
and (b, right) backscattering electron imaging (BEI).

To estimate ¢ with the help of the model proposed above
we can consider the data found in the literature for the
density [Ref. (27), p. B-68] and the solubility product of
solid AOH); (28).

Using our experimental data for Q/A obtained by inte-
gration of the current density vs. time curve up to point a
and ¢ ~ 1072 mol/em?, we can get from Eq.[1] the film
thickness. For example, a thickness d ~ 23 pm can be esti-
mated from Eq.[1] for a film deposited on an aluminum
sample anodized at 27V in a 1M H,SO, solution at 25°C
(Q/A ~ 47 Clem?).

Electrode wettability measurements—On aluminum
electrodes there is always present an oxide coating even
after prolonged evolution of hydrogen (25). Electrode wet-
tability variations between this adjacent to the metal sur-
face oxide coating (AMOC) and the coating formed at the
anodic polarization were then measured. The experimen-
tal details can be found in Ref. (25).

The pull force measured for 0.3, 0.5, 1.0, 1.68, and 2.0M
H,SO0, solutions is shown in Fig. 12 (25). The variation of
the pull force with the electrode polarization shows a
strong dependence on the acid concentration. We have
also measured the pull force magnitude for pure alumi-
num electrodes in phosphoric, chromic, oxalic, and sul-
furic acids. The synchronous component of the pull force
(per unit length of the three-phase line) vs. time curves and
the corresponding current-time curves for aluminum elec-
trodes are shown in Fig. 13 for 15% sulfuric acid, 2% oxalic
acid, 4% phosphoric acid, and 3% chromic acid. These re-
sults are used in Fig. 14 to show correlation for the various
tested acids, between the ratio of the pull force variation to

. Z :
/]
. t‘!:h’:é;}'

Fig. 9. (a, left) Cell pattern forméd on a cylindrically shaped aluminum electrode close to its edge (sample anodized at 25 V in TM H,S50O,). (b,
right} SEM observation angle.

the anodizing current density and the product between the
cell dimension (10) and the anodizing current density.
Since the film thickness is essentially proportional to the
reciprocal of the current density (21), we can easily see that
the ratio of the pull force variation to the current density
gives essentially the Marangoni number (driving force/
dissipative force) while the product of the cell dimension
and the current density at the anodizing potential repre-
sents the ratio of the cell dimension to the film thickness.
Thus, Fig. 14 shows strong evidence of the relation be-
tween cause and effect in cell pattern formation, as pre-
dicted by our model (18).

Correlation between cell size and variation of interfacial
tension.—As discussed above, the cell sizes found in the lit-
erature (12) and also observed in our experiments are cor-
related to (i) the amplitudes of the variation of the oxide-
AMOC wettability in the aluminum anodization process
and (ii) the anodizing current densities for the various
acids investigated. These results suggest that cell forma-
tion on aluminum surfaces may be induced by wettability
changes (for a given acid concentration and the current
density at a given anodization potential). Accordingly, a
correlation between the Ny, obtained by using the experi-
mentally determined pattern dimensions for various sul-
furic acid concentrations and our model, and the Ny, ob-
tained from the pull force measurements can be
established.

Determination of ay/0C from electrode wettability meas-
urements.—The interfacial tensions vy, and -y, do not have
a significant potential dependence (25), consequently the

% Al wire
=
=
=
]
S.EM.
% Observation Angle
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Fig. 10. Cell dimension vs. sulfuric acid concentration for aluminum
anodized at 25 V in sulfuric acid concentrations at 25°C.

only interfacial tension altered in the transition AMOC (hy-
drogen evolution) to the anodization potential is vy. The
measured variation of the pull force AF is related to Ay, by
Avyg = — AF/2nwr where r is the electrode radius.

For hydrogen evolution the electrode surface is not bare
aluminum but is partially covered by an oxide film
(AMOC); the concentration of Al** ions in the solution
close to the electrode surface is practically zero after a time
long enough for the ions formed in the previous anodi-
zation cycle to leave it by diffusion and convection. On the
other hand, during anodization the electrode surface is
covered by an increasing concentration of AI** ions which
eventually precipitate into a layer. Consequently, the
values obtained in our wettability measurements are pro-
portional to the difference in the interfacial tension be-
tween the film-solution and AMOC-solution interface, i.e.

AF

= Yfilm-solution — YAMOC-solution
2nr

The experimental results (25) show that there is an in-
crease in AF with time during the positive pulse duration
and, consequently, a decrease of the interfacial tension
with the increase of the aluminum oxide concentration
formed by the anodizing current. According to our model
(18), the driving force for the cell formation mechanism is
the variation of the surface tension with the AI** concen-
tration in the solution. Let us now estimate this variation.
The electrode surface tension is a function of the solution
concentration of the aluminum ion, Cy, the sulfate ion

50

CELL DIMENSION (pm)

0 1 | | | |
2 3 4 5 6 7 8

CURRENT DENSITY (A/cm?)

Fig. 11. Cell dimension vs. electrode current density for aluminum in
various sulfuric acid concentrations ot 25°C.
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Fig. 12. Pull force as a function of sulfuric acid concentration for a
2.5V vs. SCE anodic potential and a cathodic polarization resulting in
a 200 pA cathodic current.

concentration, which can be considered equal to the acid
concentration, C,, in the bulk of the solution, and the ap-
plied electrode potential, V, i.e., vq4 = va(Cai, Cae, V). The
subscript sl will be dropped from now on since we will
refer exclusively to vq.

For the initial state at the hydrogen evolution potential
we will use the subscript h and for the electrode state at
the anodizing potential, the subscript a. The values of vy for
these two states can be related by a Taylor expansion
which, as a first-order approximation, reads

oy

ay
ACy + —
M7y

Yh="Yat AV 2]

a
AC, + 1
C

a aAla

ac a

where ACy, is the difference in the aluminum ion concen-
tration between the two electrode states, and AC,, is ap-
proximately equal to zero. If we assume that, after 10 min
of hydrogen evolution, the concentration of aluminum
ions close to the electrode is negligible due to diffusion
and convection and that the concentration at the electrode
anodizing state is the saturation concentration, C,,,, we can
write

ACy = CAllh - CAI[a =—Cq

since both potential switching time and apparatus time re-
sponse to pull force variations are around 1 s, pull force
variation due to potential changes should be detected in a
few seconds. However, what we observe is a rather gradual
variation of the pull force up to ~10 min instead of an in-
stantaneous contribution at each potential switching (from
cathodic to anodic). Consequently the term (3v/0V)AV can
also be neglected in Eq. [2]. Then

=yt | (~Cpd
Yo = Ya aCAl . sat.
Finally
ay oy
— = = ( a ~ )/Csa 3
iC - aCal. Ya = M)/ Cat [3]

Determination of avy/8C using pattern dimensions for
various solution concentrations.—The cells show predomi-
nantly a hexagonal pattern. The most probable hexagonal
cell size given by the model is the one with the higher am-
plification factor y. Accordingly, the product of the meas-
ured cell dimension with the layer width determines the
Ny value in the Ny, vs. ad curve, as shown in Fig. 2.

The experimentally determined values of ad are greater
than 3.0, consequently the values of 3y/aC obtained from
the model have a negative sign, in agreement with the sign
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Fig. 13. Synchronous component of the pull force per unit length of the three-phase line vs. time and the corresponding current-time curves for
aluminum electrodes in (a, top left) 15% sulfuric acid, (b, top right) 2% oxalic acid, (c, bottom left) 3% chromic acid, and (d, bottom right) 4%

phosphoric acid.
measured experimentally. The value of #y/9C is deter- The following numerical values were taken in the calcu-
mined by the expression lations: density p, and viscosity p, of sulfuric acid solutions
at various concentrations from Ref. (27), p. D-263: alumi-
oy NyapmenFD} num ion diffusion coefficient in solution: D, ~ 4.5 X
3C VTR 1075 cm?s [in analogy to Fe3* data from Ref. (29)]. Colloidal
layer density is p; ~ 1.5 g/em?; film-solution viscosity ratio
obtained from (18). m/kp = 10, and diffusion coefficients ratio D/D, = 0.1. The
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Fig. 14. Correlation between the Marangoni number (pull force vari-
ation/anodic current density) and the ratio of the cell size to film thick-
ness {cell size times anodic current density) for aluminum electrodes in
4% phosphoric, 3% chromic, 2% oxalic, and 15% sulfuric acid for peri-
odically switched potentials (anodic +2.5V vs. SCE cathodic and
200 pA current).

A" concentration ratio m in the film and the electrolyte
was taken to be equal to 1 and the colloidal-solution inter-
facial tension 1000 dyn/cm.

The surface viscosities were adjusted such as to obtain a
coincidence better than 98% between the measured dv/0C
values and the calculated values using the experimental
cells dimensions. The values for (k + €) obtained for differ-
ent solutions concentrations are, respectively, 2.5 x 1072,
1.7 x 1072, 2.5 X 102, and 8.2 x 10~ sP, for concentration
values of 0.3, 0.5, 1.0 and 2.0M H,SO, solutions, respec-
tively. The surface viscosity values obtained were between
10-*and 1072 sP, in agreement with Ref. (30). This strongly
indicates that the mechanism of cell formation is related to
sohute concentration inhomogeneities at the film-solution
interface through local variations in the film-solution inter-
facial tension. Consequently weak capillary forces induce
electrolyte convection in the vicinity of the electrode sur-
face and determines the patterns which emerge when a
more viscous layer is formed over the electrode surface.

The question of why do porous films initiate faster in sul-
furic acid than in phosphoric acid (2) can thus be an-
swered: our experimental results show that 3v/oC is larger
for sulfuric than for phosphoric acid, consequently, ac-
cording to our model, the cell growth coefficient is larger
for sulfuric acid than for phosphoric acid.

Now referring to the reason why low coating ratios are
experimentally observed (2), it would be difficult to distin-
guish between aluminum going directly into solution
without recourse to oxide, and aluminum in solution re-
sulting from oxide surface dissolution. OQur hydrodynamic
model shows that larger fluid circulation velocities imply
small cell dimensions and that the oxide deposition at
preferential sites is simultaneous with the formation of
pores. Thus the circulation of the electrolyte is the main
factor on the deposit structure.

Another point worth mentioning is the difficulty of con-
ceiving why the ratio of aluminum going directly into solu-
tion to the aluminum going toward oxide formation
should be such a strong function of temperature. Surface
tension is known to be strongly temperature dependent
(31). Our model shows that the driving force for the cell for-
mation are surface tension inhomogeneities; thus cell di-
mensions can also present a strong temperature de-
pendence.

Finally, our model also explains why very thin oxide lay-
ers are free of pores. Deposits formed at a high current
density result in thin films (<0.1 pm thick) and it is ener-
getically unfavorable to set the fluids into motion to form
cells in such thin layers.

Conclusion
In this work a correlation was found between the size of
cells formed during aluminum anodization and the meas-
ured variation of surface tension between the hydrogen
evolution reaction potential region and the anodizing po-
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tential region. The model proposed in our previous paper
(18) establishes a relation between 9y/0C and the cell size
for iron electrodes in H,SO, solutions. A relation was
found experimentally for aluminum electrodes in sulfuric,
oxalic, phosphoric, and chromic acids thus suggesting that
the driving force for the cell formation mechanism is a
combination of the electrode current density and 9v/aC, as
expressed by the Marangoni number. A correlation was
also established for various sulfuric acid concentrations.

In conclusion, our results indicate that weak capillary
forces act as singular perturbations which induce electro-
lyte convection in the vicinity of the electrode surface and
determine the patterns which emerge when a more vis-
cous layer is formed over the electrode surface. The forma-
tion of a barrier-type oxide layer corresponds to a range of
values of the Marangoni number for which perturbed hy-
drodynamic and diffusion equations have no solutions, in
other words, convection is ineffective.
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ABSTRACT

The formation of hydrogen tungsten bronzes, H,WO,, prepared electrochemically from thin films of amorphous WO,,
has been thermodynamically studied. The variation of the chemical potential of the inserted species in these thin films of
oxide at ambient temperature has been measured using an electrochemical method. The reduction of the amorphous

oxide, corresponding to the reaction

a-WO; + H' 4+ xe > H WO,

proceeds in a homogeneous phase, as shown by the shape of the E vs. x curve. We shall point out in this paper that it is
necessary to consider insertion of proton-electron pairs into the oxide instead of considering the formation of a mixed
oxide. A theoretical treatement of the E vs. x curve allows us to determine the repulsive interaction between the inserted
species as insertion occurs and the influence of the electronic term on the potential.

The formation of hydrogen tungsten bronze phases
H,WO; by chemical reduction of either polycrystalline
samples of WO; (1) or hexagonal WO, (2, 3) has been widely
studied. Much less work has been done on electrochem-
ically formed hydrogen tungsten bronzes. Hitchman (4)
has studied the equilibrium potentials of samples of crys-
talline WO; films. He has shown that the oxidation of
bronzes by oxygen is thermodynamically strongly favored
and that the bronzes are in a fully ionized state, i.e., the hy-
drogen bronze can be regarded as being in a dissociated
state [H,WO;—xH* + xWO;3; + (1 — £)WO;]. Jarman et al. (5)
have studied polycrystalline WO;. They have shown that
tetragonal phases are formed during electrochemical re-
duction of this material as obtained during chemical re-
duction. Finally, Crandall et al. (6) have studied the inser-
tion of protons into amorphous WOQO; thin films and
determined a theoretical expression of the chemical poten-
tial of hydrogen from the free energy of formation of one
mole of H,WQ;. It is necessary to notice that the electro-
chemical reduction of amorphous thin films of WO, com-
pared to crystalline material is of a great importance be-
cause of the total reversibility of the insertion reaction and
consequently because of its potential use for electrochro-
mic passive information displays (7, 8) glare-free rearview
mirrors for automotive (9), solar control windows (10-12),
and thermal sensors (13). In the remainder of the paper we
will refer to amorphous thin films of WO; as a-WO,;.

In a crystalline oxide, single-phase regions and two-
phase regions may be observed on the E vs. x curve corres-
ponding to a change in the crystalline structure of the
oxide during cathodic insertion. On the other hand, we can
observe that the reduction of the amorphous oxide pro-
ceeds in a homogeneous phase. The reaction may be ex-
pressed as

a-WO; + xH* + xe” — a-H WO, [1]

In the present work, the variation of the chemical poten-
tial of the inserted species in amorphous tungsten trioxide
thin films has been measured using an electrochemical
method. A theoretical treatment of the E vs. x curve allows

* Electrochemical Society Active Member.

us to determine the repulsive interaction between the in-
serted species as insertion occurs and the influence of the
electronic term on the potential. Moreover, we shall point
out.that it is necessary to consider insertion of proton-elec-
tron pairs into the oxide instead of considering the forma-
tion of a mixed oxide.

Experimental Procedure

The experimental technique used in this work to obtain
hydrogen tungsten bronzes of varying hydrogen concen-
tration is an electrochemical technique which has been de-
scribed first by Thompson (14). The experiment is per-
formed in the following ways. The electrochemical cell,
initially in equilibrium, is connected to a constant poten-
tial power supply (potentiostat) set at E = Eequ.; the power
supply is then stepped to a more cathodic potential, a cur-
rent crosses the cell as insertion proceeds; when the cur-
rent reaches a value equal to I0/100 (with Io = initial cur-
rent), the power supply is then stepped again. The values
of E (potential) and @ (injected charge) at the stepping
point are measured with the automated equipment. The
advantage of using this technique compared to the galvan-
ostatic method is that much less time is required and the
possible degradation of the tungsten oxide electrode by
the acid medium is avoided. Computer-controlled equip-
ment for data acquisition is used. The experimental setup
is shown in Fig. 1. The potentiostat (Schlumberger 1186) is

COMPUTER
IBM PS)2 555X

DIGITAL
MULTMIMETER
BBC M221%

=
SCHLUMDERGER 1186 | | RE

| . | w.?h CE

Fig. 1. Schematic diagram of the experimental setup.
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