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Abstract The kinetics of growth of porous anodic
alumina films in pure H,SO,, in mixtures of H,SO,4 and
Aly(SOy4); and in  Al(HSO,);, NaHSO, and KHSO,
electrolytes were studied. The latent physicochemical
processes at the pore base surface/electrolyte interface,
across the barrier layer, inside the metal/oxide interface
and at the pore wall surface/electrolyte interface and
their mechanisms were revealed. High field strength
equations were formulated describing the ionic migra-
tions from the pore base surface. These showed that, at
constant current density and temperature, the inverse of
the pore base square diameter depends linearly on the
inverse of the H™ activity in the anodizing solution and
that this diameter increases with H™ activity, in agree-
ment with the experimental results. The mechanism of
electrolyte anion incorporation inside the barrier layer
and the real distribution of the anion concentration
across both the barrier layer and pore walls were de-
duced. The effects of the different kinds and concen-
trations of the electrolyte anions and cations on both
the above processes and their mechanisms were also
examined.

Keywords Aluminum anodizing - Sulfate
electrolytes - Porous oxide growth kinetics -
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Abbreviations and symbols «;: activation (half-jump)
distance for the migration of OH ions - @,: activation
(half-jump) distance for the migration of O% ions - ay ; :
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activity of H™ in solution - aop_: activity of OH  in
solution - aop_p/q: activity of OH™ in the barrier layer/
double layer (b/d) interface - b: aon_p/a—don- * Cu2sos:
concentration of H,SO, in the bath solution - Cajxso4)s:
concentration of Al,(SOy); in the bath solution - Coy_p,
4 concentration of OH™ in the barrier layer/double layer
(b/d) interface - COR: correlation coefficient - d,: densi-
ty of the compact pore wall oxide - D: average pore di-
ameter at a distance /4 from the pore base - Dy,: pore base
diameter - D.: cell size - AH®: enthalpy of forma-
tion - APy: potential drop across the barrier layer - APg
potential drop across the entire film - AP,: potential
drop across the porous layer - AP, : potential drop
along the pores of a film with thickness 4 - AP, . po-
tential drop along the pores of a film with thickness
he - E,: average field strength across the barrier lay-
er - Fy: field strength on the pore base surface -Er:
relative field strength - F (kjt=m)(4~ nS d, k’t)’

Fo+ Fit + F>*=dimensionless factor - Fo nDy? - Fy:
parameter depending on the conditions inside the pores
and the nature/composition and reactivity of the pore
wall oxide - F,: parameter depending on the conditions
inside the pores and the nature/composition and reac-
tivity of the pore wall oxide - F: Faraday’s constant - /:
film thickness - #.;: maximum limiting film thickness
achieved on prolonged anodization - 0a;34: surface
fraction of all the AI*" ions - 013+ b: surface fraction of
the bare AI’* ions not occupied by OH™ - foyy_: surface
fraction of the AI’* occupied by OH - 0, : surface
fraction of the O% ions - IEP: isoelectric point - j: cur-
rent density - Jo, : rate of migration of 0% ions which
reach the metal/oxide interface - Joy : rate of migration
of OH™ ions which leave the pore base surface « Jy:
rate of the H™ rejection in the pore base filling solu-
tion - jor @ 2Jo2 S ' 'inDy?) ! —true ionic current
density referred to the migration of the O ions from the
pore base surface - jopy_ Jou-Se "2 'anDy?) ' =true
ionic current density referred to the migration of the
OH ™ ions from the pore base surface - k: constant for
oxide production resulting from Faraday’s law - k"
k”j=rate of the film thickness growth - k””: constant
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(3.09x10°° cm® mA ' min') - Kaal TFdaa0n . '=average
rate constant of the pore wall oxide dissolution - kg4 m:
FaaMAH+ '=the maximum k4. value obtained for the
thickest film examined in each electrolyte keq: equilib-
rium constant of the reaction Al**(bare sites)+OH b/

=AI’"OH taking place in the barrier layer/double
ldyer (b/d) interface - k.,: ionization constant of H>O - k:
conductivity of  solution - A: Nl,mHOH,*l =con-
stant - M*: molar mass of Al,O; - m: mass of oxide
spread over the whole geometric surface area of Al
specimens - mg: mass of the Al consumed - my: final
(after anodization and drying) mass of the speci-
men - m;,: initial mass of the specimen - n: surface con-
centration of pores- N: Avogadro constant - Ny
surface concentration of the mobile OH™ ions * N,
surface concentration of the mobile O ions -
vy: vibration frequency of OH", or the number of
chances per second the ions may jump the energy barrier
if they have sufficient energy - v,: vibration frequency of
0%, or the number of chances per second the ions may
jump the energy barrier if they have sufficient ener-
gy - ny: valence of OH™ - n,: valence of O®" - p: porosity
of the anodic film (volume/volume) - P,: anodic poten-
tial - P, m: maximum value of the anodic potential
achieved at a very low time, usually 67 s - P, ;,,: mini-
mum value of the anodic potential achieved at a low
time, usually 2-3 min - P, limiting constant value of
the anodic potential achieved on prolonged anodiza-
tion - rc: reference anodization condition, Cyisos=
1.53 mol dm > and Cansoss =0 - rq: rate (length/time)
of the pore wall oxide dissolution - rq,: average rq value
along the entire pore wall surface - rg, m: the maximum
rq., value obtained for the thickest film examined in each
electrolyte - R: universal gas constant - R, ohmic
resistance of the solution inside the pores corresponding
to the total geometric surface of the Al spe01men St
geometric surface area of Al specimens, 30.75 cm? t
anodization time - #: time up to which the film thickness
increases linearly with time - #: time at which the
maximum pore diameter near or at the film surface
approaches first the cell width - 7% temperature - W;:
height of the energy barrier (activation energy) for
the migration of OH™ 1ions - W, height of the
energy barrier (activation energy) for the migration of
0% ions.

Introduction

It is generally accepted that during the growth of porous
anodic alumina films a steady state is established re-
garding both the thickness of the barrier layer and the
formation and propagation of pores through the so-
called ““field assisted” oxide dissolution at pore bases
[1, 2, 3, 4, 5,6, 7,8, 9]. The pores generally broaden
towards the film surface as a result of the chemical dis-
solution of the oxide by the electrolyte present inside the
pores [2, 3, 4, 5, 10], similar to the open circuit oxide
dissolution process [3, 4, 5, 10, 11].

A large amount of work has been done on the po-
rous structure [1, 2, 9, 12, 13, 14, 15, 16], porosity [17],
nature/composition and incorporation of electrolyte
anions [1, 2, 15, 18, 19], the mechanism and kinetics of
growth [1, 2, 7, 20, 21, 22], properties [1, 2, 23, 24, 25,
26] and the scientific/technological applications of po-
rous anodic aluminas in anticorrosion and decoration
coatings of Al [1, 2, 24], magnetic memories of high bit
density recording [26], membranes [27] and catalysis
[28, 29, 30, 31, 32, 33, 34]. Also, work has been done on
the growth of hard films [35, 36, 37, 38] and the ap-
pearance of phenomena related to non-uniform/non-
regular oxide growth like pitting and burning [7, 22, 35,
39], both of which are favored by sulfate additives
[7, 35, 36, 37, 38].

Nevertheless, the physicochemical processes in the
barrier layer/electrolyte interface, inside this layer and in
the metal/oxide interface and their mechanisms, which
determine the whole mechanism of growth of porous
films, still remain essentially unknown. This is valid also
for the processes on the pore wall surface. The elucida-
tion of the above mechanisms is of great importance.
These mechanisms may explain the effects of different
kinds and concentrations of anions and cations and
therefore the effects of additives on the anodization
process. The properties of a particular film formed in a
given electrolyte may be predicted. Then, the design of
films desired for a particular scientific and technological
application will become possible. Methods of anodiza-
tion may be devised in order to obtain normally grown
films even in conditions where, otherwise, abnormally
grown films would be obtained, etc.

In the present work, suitable kinetic studies were
made on the growth of films in different sulfate elec-
trolytes like pure H,SO,4 mixtures of H,SO4+ Al»(SOy)3
and AI(HSO,);, NaHSO,4 and KHSO, solutions. Final-
ly, by proper treatment of the derived kinetic parame-
ters, new information was uncovered on the processes
taking place inside the barrier layer/electrolyte interface,
across this layer, inside the metal/oxide interface and at
the pore wall surface, and their related mechanisms were
deduced.

Experimental

Porous anodic Al,Oj3 films were prepared by the anodic oxidation
of Al sheets, 0.5 mm thick and 99.5% pure. The Al metal com-
position, the shape and dimensions of both the Al anodes and Pb
cathodes employed and the procedures for the wash, neutraliza-
tion for electrolyte removal from pores, as well as the drying of Al
specimens, have all been outlined in detail elsewhere [21]. The
anodic oxidation was performed galvanostatically at 15 mA cm >
at 25 °C in a thermostated and vigorously stirred bath solution of
pure H,SO, at concentrations of 15% (for which many data exist
in the literature [1, 2, 8, 21, 22, 23, 40]), 25% and 45% w/v (or
1.53, 2.55 and 4.59 mol dm >, respectively). Anodic oxidation was
also performed in solutlons of AI(HSO4); at 1.53/3=
0.51 mol dm™ and NaHSO, and KHSO, at 1.53 mol dm™>, which
were prepared by mixing accordingly Al,(SO4);, NaOH and KOH
with H,SO, at suitable concentrations in order to examine the



effect of the species, mobility and charge of the electrolyte cation
on the kinetics of film growth. The absolute ionic mobilities of the
APT, Na®, K" and H"' cations at 18 °C, for example, are
4.1x10°8, 4.6x107, 6.6x10® and 32.4x10 ¥ m s'/V m™' [41], re-
spectively; they increase in the same order. A mixture of H,SO,4
(1.53 mol dm )+ Alx(SO4); (0.34 mol dm ™) solution was also
employed in which the corresponding total SO, concentration
(2.55 mol dm®) coincided with that in the 2.55 mol dm > H,SO,
solution.

Also a  mixture H,SO;  (1.53 mol dm™)+ AL(SO.)s
(0.77 mol dm®) solution was employed. As observed, this latter
Al»(SOy4); concentration is a little higher than the saturation con-
centration of ~0.75 mol dm 2. In this way the bath solution inside
the pores was saturated (or nearly saturated), irrespective of some
probable slight changes of temperature and composition of the
anodizing solution inside the pores during the film growth. Also,
the precipitate existing in small amounts in the bath could not exert
any appreciable hindrance to the stirring of the solution. The
specimens anodized in the H,SO4+ Aly(SOy4); (saturated) electro-
lyte were immersed in warm H,O at ~35 °C for 5 min before their
washing and neutralization via the standard procedure in order to
remove any residual Aly(SOy4); precipitate from the pores. Hence,
the mass of the film, which was determined as described below, was
solely that of oxide.

Different as well as comparable concentrations of the H™,
SO,>, HSO, and AP’ ions and identical, or almost identical,
equivalent concentrations of the electrolyte cations are present in
the electrolytes employed, for comparison purposes. The pH of
all solutions was measured prior to their use with a suitable pH
meter measuring at pH 0-14 with satisfactory accuracy and the
H™ ion activity was thus determined, 10 P2, The quantity of the
anodizing solution was large compared to the passing charge.
Thus, the bulk pH and the H" activity would not change ap-
preciably during anodization, as indeed verified. The pH of the
most acidic H>SO, solution, 4.59 mol dm >, was negative and the
H™ activity could not be deduced by this method. This partic-
ular H™ activity was estimated from the H™ activity in
2.55mol dm>H,SO, as 4.59/2.55 times the activity at
2.55 mol dm 3, assuming that the activity coefficient does not
vary appreciably with the H,SO4 concentration in this region of
concentrations.

Since the pore/cell surface concentration depends solely on
current density [7, 40], a constant current density was employed
throughout the experiments to ensure a constant pore/cell surface
concentration, thus facilitating appreciably the ensuing analysis.
Different anodization times were employed to obtain average film
thicknesses ranging between low values (tending to zero) and the
maximum limiting ones attained on prolonged anodization; the
maximum limiting or the approximate (quasi) maximum limiting
thickness [1, 2, 21, 22] appears on prolonged anodization as a result
of the general broadening of pores towards the film surface, owing
to the pore wall oxide dissolution by the electrolyte inside the pores
[2, 3, 4,5, 10].

The anodic potential was determined using a suitable reference
Cu/CuSOy (saturated) electrode, the pin mouth hole of which was
attached to the vicinity of the Al specimen’s lateral thin surface
inside the bath solution. This electrode was chosen since it has a
common anion with the bath solution and the passage of CuSOy in
the solution in appreciable amounts could be checked by its col-
oration. Also, a negligible amount of Cu?* probably passing into
the bath cannot affect the process and measurements; it is easily
and quickly discharged (deposited) on the Pb cathodes [42]. The
anodic potential was followed during the entire anodization process
and referenced to the hydrogen standard electrode potential, ac-
cording to the usual practice for describing anodic or cathodic
potentials.

The accurate masses of the films were determined as previously
described [22] by the formula mg—m;,+mg, which is based on
mass balance, where my;,, mg and my are respectively the initial
mass and the final (after anodization and drying) mass of the
specimens and the mass of the Al consumed, which obeys
Faraday’s law [21, 22].
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Results

Variation of the anodic potential with the anodization
time; the potential drop across the hemispherical
shell-shaped barrier layer in the steady state

The anodic potential (P,) varies with the anodization
time (f) at a current density (j) of 15 mA cm 2, bath
temperature (7) of 25 °C and the anodizing electrolytes
employed, as shown in Fig. 1. Three successive stages
are distinguished:

1. Within a short time interval, of the order of 1 s,
usually 6-7 s, P, increases abruptly up to a maximum
value, P, . During this stage a flat barrier-type oxide
forms, the thickness of which increases linearly with ¢
[7, 19, 20]. Pores appear at the end of this stage. P, m
is highest for the bisulfates and decreases abruptly
with H,SO, concentration (Chasos) while only
slightly with Al (SOy4); concentration (Caipso4)3)s
mainly due to a similar variation in the thickness of
the barrier layer. Secondary influences due to the
oxide nature/composition, which varies across this
layer [16, 19] and is affected by the conditions, cannot
be excluded.

2. At the concomitant transient period of usually 2—
3 min, P, decreases and a minimum, P, ,, appears;
Pa,m and Pa.M vary with CH2S04 and CA12(504)3 in a
similar fashion. Early at this stage the pores and the
barrier layer, in the form of a close-packed array of
hemispherical shell units (Fig. 2), are completely
formed; towards the end of this stage a steady state is
established regarding the surface concentration and
the base diameter of the pores, the barrier layer
thickness and the oxide nature/composition across
the layer. The latter may be affected by the thin oxide
formed spontaneously on the Al surface before an-
odizing. Its nature/composition may act as a matrix
for that of the barrier layer. Its influence decays with ¢
and vanishes at t~t(P, p,).

3. For t>#(P,,) a quasi-permanent state is observed.
The nature/composition of the barrier layer is defined
solely by the anodization conditions. P, decreases
slightly for the NaHSO,4 and KHSO, solutions while
it increases slightly with ¢ for the other solutions,
more significantly so as Cpgasos decreases and
Canxsoss increases, until a limiting constant value,
P, ., is established, or tends to be established, ap-
parently when the average film thickness (/1) becomes
also the maximum limiting one (%.). In contrast, at
the highest Cajxso4)3 employed and at high 7 values,
P, increases abruptly with ¢. It is apparent that for
each electrolyte a strict steady state may be estab-
lished only when /= h.

The growth of the initial flat barrier layer and its
transformation to the close-packed array of hemispher-
ical shell units is not examined here. This study deals
with the (quasi) permanent state established at
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Fig. 2 Schematic representation of a section parallel to the pore
axis of an elongated, columnar cell of a porous anodic alumina
film. The pore, the pore base diameter Dy, the cell size D, the pore
wall oxide, the hemispherical shell-shaped barrier layer, the metal/
oxide interface, the cell boundaries, the double layer, the barrier
layer/double layer interface and the double layer/pore filling
electrolyte boundary during the film growth are all indicated

t>H(P,m), where influences of the thin oxide layer
pre-existing on Al have been eliminated. For a satis-
factory determination of the potential drop across the
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barrier layer, the potential drop across the porous layer
must be assessed. As an example, this is estimated for an
H,SO, solution. Let APy, AP, and APy be the respective
potential drops across the barrier layer from the metal/
oxide (m/o) interface up to the pore base oxide surface/
double layer (b/d) interface, across the porous layer and
across the entire film from the m/o interface up to the
outer film surface/bath electrolyte interface. Then:

P, ~ 0Py = 0Py + 0P, (1)

It has been shown by a transport phenomenon
analysis [43] that at low j values (e.g. j < 25 mA cm ?),
with T=25 OC, CH2504: 1.53 mol dm73 and
h <150 um, the concentration of Aly(SO4); inside the
pores is negligible in comparison to that of H,SOy; the
conductivity inside the pores is determined almost ex-
clusively by the H,SO4 concentration, which is variable
along them. Also, the H,SO4 concentration does not
vary significantly along the pores in comparison to the
Chasos Value and can be considered as almost constant,
i.e. 1.53 mol dm>. The above are also valid here for the
H,SOy electrolytes since j is low and A< <150 pm (see
later).

The thickness of the barrier layer is generally very
small, <14 A/V of imposed voltage [1, 2]. For not very
thin films, as in the present case, the thickness of
the barrier layer is always negligible in comparison to
the total film thickness and, to a good approximation,
the pore length equals the total film thickness. A



truncated cone pore shape can be roughly adopted [21,
22] and the average pore diameter (D) at a distance A
from the pore base will be D = Dy, + (h/h¢)(De — Dy),
where Dy, and D, are respectively the pore base diameter
and the diameter at the pore mouths of an /= A, thick-
ness film; in other words, the cell width (Fig. 2). The
compact pore wall material is essentially an insulator
with a thickness generally much higher than the barrier
layer thickness, not allowing the passage of either an
electronic or an ionic current. Therefore AP, can be
assessed only by the passage of current through the pore
filling solution. The differential potential drop along the
d/ length of pores (dP,) will be:

dPy, = jdR, = jSyx' (47 nnS,D?) ' dh

= jx (47 ) Dy + (h/he)(De — Dy)) 2dh - (2)
where R, is the ohmic resistance of the solution inside
the pores corresponding to the total geometric surface
area of the Al specimen (S,=30.75 cm? [21]), x is the
conductivity of solution, n is the surface concentration
of the pores (pores/cm?) and 4717mSgD2 is the total
surface area occupied by the pores at a length 4 from the
pore base.

The potential drop along the % length of pores from
the pore base becomes:

h
APp,h = /]dRsp
0

S g ~1 _

= —jk 1(4 lnn) [(De — D) /h¢) !
%{[Dy + (h/he) (D — Dy) ' -5 '} (3)
and for the maximum limiting thickness, /., it becomes:

APy, = ji (47 am) " he(De = Dy) ' (D7 = D)

c

-1
=4jx ' h, (nl/ch — nl/zD;,>

" {(nl/szy—(nl/ch)l] (4)

For each electrolyte the average film thickness is given
from the equation:

h=Kt=K'jt (t<t) (5)

where k’ is the rate of the film thickness growth, k" is a
constant (3.09x10 ® cm® mA ! min ') [21] and 4 is the
time up to which the film thickness increases linearly
with time [21]; ¢ is generally slightly lower than or equal
to the time 7, at which the pore diameter near or at the
film surface approaches D, and the film aspect starts to
transform from being transparent and similar to the
metal surface to a milky opaque one [21, 22]. The time ¢,
is close to the time at which the maximum limiting film
thickness is first established, i.e. h.~k”jt,.

Equation 3 shows that AP}, increases with decreas-
ing x and increasing k; then, it becomes maximum for
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h=he. At Casos=1.53 mol dm >, k has an intermedi-
ate value among those of all the cases examined [41]; the
same is valid for A, as it is inferred from the corre-
sponding ¢, value (see below). For this reason the case
where Chasos=1.53 mol dm * and A=A, is examined.
At Cypasos=1.53 mol dm 2, 7,= 110 min (see below) and
he~k”jt,;=51 pm and nD,>=0.327, which was deter-
mined from the treatment of the film mass values by a
suitable kinetic model (see later). Also, nD.>=4/3 [42].
From the x value at Cyasos=1.53 mol dm> and
T=25°C [41], AP,;, = 1.9mV, i.e. negligible compared
with P,. Hence, irrespective of the real pore shape, AP,
is generally insignificant, i.e. AP,~0 and P,~AP,. In the
ensuing analysis, P, p,, is considered instead of P, . (or P,
values at the maximum ¢ values employed) since the
h(P, ) values are low enough and both the variations of
P,, due to changes of electrolyte composition at the pore
bases which generally increase with /1 [43], and AP, are
negligible.

Variation of the film mass with the anodization
time; application of a suitable kinetic model
and derivation of kinetic parameters

The film mass (m) spread over the whole geometric
surface of the Al specimens varies with ¢ for the elec-
trolytes employed, as shown in Fig. 3; m increases with
¢t with a decreasing rate and a maximum limiting value
is (or tends to be) established on prolonged anodiza-
tion. The approximate #; values were ~110, ~75 and
~45 min for the pure 1.53, 2.55 and 4.59 mol dm
H,SO; and ~110 and ~120 min for the H,SOy4
(1.53 mol dm )+ Al,(SOy); (0.34 mol dm >) and H,SO,
(1.53 mol dm )+ Al»(SO,); (0.75 mol dm ™) and ~200
min for the bisulfates. From Eq. 5 it is inferred that
always h<h.< <150 pm, as previously noted.

Regular/uniform growth of porous anodic Al,O;
films occurs when pitting does not appear. When, in
addition, any residual Al,(SQOy4); precipitate does not
remain in the pores after anodizing, then the following
kinetic model applies for the stirred bath film growth
[22]:

F = (kjt — m)(4'1Syd k't)™" = Fo + Fit 4+ Fa?
=47 'ap(Fo,Fy and F2 >0 and 1 < t,) (6)

where F is a dimensionless factor, k is a constant for
oxide production resulting from Faraday’s law, d_ is the
density of the compact pore wall oxide (3.42 g cm °)
[21], Fo=nDy’, F, and F, are parameters depending on
the conditions inside the pores and on the nature/com-
position and reactivity of the pore wall oxide and p is the
film porosity (volume/volume).

The above relationship between F and p assigns a
physical meaning to F. The F factor is useful to study
the kinetics and mechanism of film growth since (1) it is
directly related to important average structural fea-
tures, like n, Dy, p, etc., and (2) it magnifies the m
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differences, thus permitting a detailed and accurate
analysis [22]. The F versus ¢ plots are shown in Fig. 4.
Equation 6 fits well the experimental points in all the
cases, showing a regular oxide growth [22]. The derived
Fy, F,, F> and correlation coefficient (COR) values
appear in Table 1.

Dependence of the pore base diameter
on the H™ activity

Since n depends exclusively on j [7, 40], the variation of
nDy’ is attributed solely to the variation of Dy,. The H"
activities (aH+) in the electrolytes employed appear in
Table 1. It is mferred that nDb generally increases with
ay+. The Fy '=(nDy?) " versus a4 ' plot is given in
Fig. 5; a satisfactory straight line is observed with
gradient 0.3947, intercept 2.2645 mol' dm® and
COR =0.9784. The effects of the electrolyte anions and
cations per se are insignificant.

Dependence of the field strength across the barrier
layer on the pore base diameter

Inside the barrier layer of porous anodic films the field
strength is always very high, of the order of 10’ V cm '
[1, 2]. As shown in Fig. 2, the thickness of the barrier

Fig. 3 Variation of the film 06
mass spread over the 30.75 cm?
geometric surface area of the Electrolyte
Al specimens with the anodi- B HSO, 153M
zation time at 7=25 °C and 0O H,S0, 255M é
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layer is 27'(D—Dy). The average field strength across
this layer is E, = 2P,,,(D, — D;)"'. From the values of
nDZ>=4/3 [42] and nD,’ (Table 1) and of n at the
employed j, the real E, values can be found. An inac-
curacy in the E, determination, however, might prob-
ably arise from the adoption of an n value from the
ones found in the literature [7, 33]. In order to avoid
such an inaccuracy, the relative field strength (E,), i.e.
the ratio of E, at each condition to that of a condition
considered as the reference condition (rc), e.g.
CH2SO4 1.53 mol dm™ 3 and CA12(504)';*0 was calcu-
lated from P,,, and the ratio (n 2p—n'?D b)/
(n'’D, nl/sz)(rC) The E; values are given in Table 1.

The E, versus n'/>Dy, plot is shown in Fig. 6. The point
for the H,SO4+ Aly(SOy4); (saturated) electrolyte devi-
ates significantly upwards. It was excluded from the
plot construction but it appears in Fig. 6 for compari-
son purposes. Two stepwise regions appear; the upper
one is for the bisulfates.

The variation of the average rate constant of the pore
wall oxide dissolution reaction across the pore walls;
effect of the anodizing electrolyte on the rate constant

Since the j value employed and the / values obtained in
this study are relatively low, it is expected that the
composition of the pore filling solution does not vary
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Fig. 4 Variation of the dimen-
sionless factor F with the ano-
dization time at 7=25 °C and
j=15mA cm? in different
electrolytes for 7 < ¢,
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A H,S0, 1.53 M + Al(SO,); 0.34 M
® H,SO, 1.53 M + Al,(SO,); 0.75 M
O NaHSO, 1.53M

A KHSO, 153M

<
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Table 1 Values of the H" activity, ay ., of the parameters Fy, F, and F, and correlation coefficient, COR, derived from the fitting
of Eq. 6 to the experimental results, and of E, in different electrolytes

Anodizing electrolyte ay+ 10*F, 104F, 10°F, COR E.
(mol dm3) (min") (min ?)

H,S04 (1.53 mol dm>) 0.52 3270 13.69 8.4 0.9978 1.00
H,S0, (2.55 mol dm™) 0.83 3778 10.18 25.1 0.9979 0.84
H,S04 (4.59 mol dm™) 1.50 3944 22.89 65.3 0.9976 0.56
H,S0, (1.53 mol dm™)+ Aly,(SO4); (0.34 mol dm™) 0.62 3381 7.55 11.9 0.9986 0.95
H,S0, (1.53 mol dm™)+ Aly,(SO4); (0.75 mol dm™) 0.74 3616 2.17 8.6 0.9835 0.96
AI(HSO,); (0.51 mol dm>) 0.38 3078 5.24 4.5 0.9990 1.58
NaHSOy (1.53 mol dm™>) 0.25 2681 6.04 2.0 0.9923 1.66
KHSOy4 (1.53 mol dm™) 0.28 2604 6.36 1.7 0.9926 1.65

essentially along the pores [43] and it is almost identical
to that in the bulk solution for all electrolytes employed.
When the composition of the electrolyte does not change
significantly along the pores during film growth, as as-
sumed here, and the rate of the pore wall oxide disso-
lution across the pore wall material remains constant,
the average pore shape well approximates to that of a
truncated cone. In this case the kinetic model
m = kjt — (12)"' wnSydck't(3D} + 6Dyrat +4134%) [21] is
valid. It is easily transformed to the model (Eq. 6) in
which F) =2nDyrq and F>=(4/3)nr4, where rq is the rate
(Iength/time) of the pore wall oxide dissolution, which is
a purely chemical process with an activation energy
~80 kJ mol ' [21]. The n'?rq value can be calculated

separately from these parameters, taking into consider-
ation the Fy=nD,> values.

It was observed that the ry values determined by F,
were 1.81-14.08 times higher than those determined by
F,. Hence, the geometry of the pores deviates signifi-
cantly from that of a truncated cone. This must be due
mainly to the fact that rq varies across the pore wall
material. Because Eq. 6 does not permit the determina-
tion of the rq value at each point on the pore wall surface
for revealing its variation, the following methodology
was conceived to test this suggestion. At each ¢ or &, the
approximate average rq value, rq,, can be found from
the F value, considering a truncated cone pore shape.
Then ry, must obey the equation:
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Fig. 5 Plot of (nDy?) " versus ay . !

F = nD} + 2nDyra ot + (4/3)nr3 .1 A or

n'Proa = {=Fy* +[(4/3)F = 37'Fo] H(4/3)0 7 (1<)

(7)

where F,=nD,’ is that found from the fitting of Eq. 6 to
the experimental results.

There are two ways to work with Eq. 7 for each
electrolyte. The first way is to introduce the experimental
F values into this equation and calculate the corre-
sponding separate n'/ zrd,a values. Because an appreciable
scatter of the experimental results appears in the F versus
t plots when t—0 (Fig. 4), the experimental F values may
be lower than Fy and negative rq , values may be found at
low ¢ values without a physical meaning. An alternative
way is to introduce second-order polynomial equations,
fitting satisfactorily the results into Eq. 7 and derive the
nl/2r¢a values as a function of F, and ¢. In this case,
negative rq , values cannot be obtained and the tracing of
the relevant rq , versus ¢ plots is easier. For these reasons
the second option was chosen. The rq, versus ¢ plots are
shown in Fig. 7. Generally, rq , increases with ¢ (or /) or
it increases across the pore walls. The most representative
4., values along the whole cross section of the pore walls
are the maximum ones, i.e. those at f; values or at the
highest ¢ values employed, rg o m-

As previously noted, the average ay+ inside the pore
filling solution does not differ appreciably from that in
the bulk solution [43]. The n'/ zrd a.M Versus ag ¢ plot is
given in Fig. 8. The plot was constructed excluding the
experimental point concerning the H,SO4+ Aly(SOy4)3
(saturated) solution, which deviates strongly downwards
and appears in Fig. 8 for comparison purposes. A sat-
isfactory straight line is observed with gradient

2.0

1.6 1

1.2

0.8 1

0.4

0.0 T ‘ ‘ ‘
0.50 0.53 0.55 0.58 0.60 0.63

n1IZDh

0.65

Fig. 6 Plot of E, versus n'/>D,. The experimental point deviating
significantly from the plot (open square) is for the electrolyte H,SOy4
(1.53 mol dm )+ Aly(SO4); (0.75 mol dm?) (saturated)

2.23 min ' mol ' dm®, intercept 2x10* min' (close to
0) and COR=0.991. Hence:
n'"2rgam = n"kaa man+ (8)

where n'’? kd.am~=2.23 cm® min ' mol™'. Adopting that
n=1.269x10'1 cnf2 at j=15 mA cm 2 [33], then
kd.a.Mm~0. 3%x10°® cm* min~! mol™!, which agrees well
with earlier results 3, 5, 10, 11, 21]. The main species in
the pore filling solution directly involved in the slow step
of the entire process is H" . The pore wall dissolution is a
first-order reaction as regards ay.. The effects of the
electrolyte anions and metal cations per se seem to be
insignificant.

Plots of the average rate constant n”zkd,a:
n'/ 2rd Ay + ' versus ¢ were constructed (Fig. 9). The

n'? ka. value always increases with ¢ (or /) or across the
pore walls from the pore wall surface towards the cell
boundaries. The relative positions of the n'/ 2kd,a versus
h/h. (reduced thickness) plots are shown in Fig. 10. These
were constructed considering that h.~k”jt,, or h/h.~t/t,,
which is approximately valid [21, 22]. The plots in Figs. 7,
9 and 10 were traced by fitting second-order polynomials.
At each h or h/he, n' zkd,a depends on the electrolyte.

Discussion

The processes in the pore wall surface/electrolyte
and pore base surface/double layer interfaces

The surface of y-Al,O3; in aqueous solutions takes up
H,O and is quickly hydroxylated:
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Also y-Al,03, among other mineral oxides in suspension
in aqueous solutions, tends to be electrically charged and
the isoelectric point (IEP) is at pH~S8. In acidic medium,
pH <8, the surface of alumina particles is positively
charged and surrounded by anions, whereas at pH >8
the inverse situation occurs [44, 45] according to the
equations:

AP —OH™ +H", A~ = AP" — OHj A~ (10)

APt —OH™ +B",OH =AI’" —0?",B" +H,0 (11)

where A~ and B™ are the anions and cations. Both pro-
cesses occur simultaneously but the first predominates in
acidic and the second in basic media. This is also valid in
the case of anodic alumina, which is an active micro-
crystalline material [46], although the IEP may differ.
Nevertheless, at the b/d interface the above processes
change considerably under the action of high field
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strength. The decomposition of H,O and the addition of
OH™ on surface AI*" are reinforced while the simulta-
neously produced H™ are strongly pushed and removed
away from the interface. The pH in the double layer
becomes higher than in the pore filling solution and
decreases from the b/d interface towards the boundary
between the double layer and the solution. Hence, OH™
are added on surface AI’™ sites, H™ are not added on
surface O sites and the positive surface charging
(Eq. 10) is prevented.

The adsorption of OH on A’ weakens the bonding
between these A" and the neighboring lattice and
surface O?". The surface O” are easily removed by the
field from their initial positions towards the m/o
interface, leaving voids. The removal of surface O and
the weakening of the bonding around the AI’* favor
simultaneously the removal of OH™ from the AI** sites
and their re-adsorption on these anion voids, which thus
act as active paths, the migration of OH™ towards the m/
o interface and the solvation of AI**. The addition of
OH on AP’" and its migration towards the m/o
interface may occur more than once between the time of
emergence of an AI>* on the surface from the innermost
layers and its rejection in the pore filling solution. A
distribution of the residence time of OH on A’ may
well exist. New AI’" and O from the oxide lattice
emerge on the surface, then the above processes repeat,
etc.

Fig. 7 Plots of nl’/Zrd,(i versus 4.0

anodization time at 7=25 °C

and j=15 mA cm 2 in different

electrolytes
3.5
3.0
2.5 1

Electrolyte

m  H,S0, 1.53 M

O H,S0, 255M

¢ H., SO, 459 M

A H,S0, 1.53 M + Aly(SO,); 0.34 M
® H,S0, 1.53 M+ Aly(SO,); 0.75M
O NaHSO, 1.53M
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4.0 From the above it is evident that the equilibrium
process which almost exclusively takes place on the
pore base surface is the hydroxylation of surface AI**
sites:

3.0 AP (bare sites) + H>O0p/4 = APTOH™ + Hg/d (12)

where the index b/d means the corresponding interface.
Taking into consideration the equilibrium dissociation
reaction of H,O at the interface:

Hy04/q = OHy )y + Hlj/d (13)

2.0

10°n"?ry o / min™

Eq. 12 then becomes:

107 AP+ (bare sites) + OHy y = AI*OH " (14)

Hence, in the steady state, the pore base surface
consists of the species A", O* and OH, with corre-
0.0 ‘ ‘ sponding surface coverage fractions Oaj3+ 1, 0o and

0.0 0.5 1.0 15 20 gy , for which:

ay. / mol dm™

Oazsp + 0o = O0asy =1 — 0oz (15)
Fig. 8 Plot of n"'2rd,.d.M versus ay+. The experimental point : _
deviating strongly from the plot (open square) is for the electrolyte Where ?Alﬁ +gl anileﬁp + are Correcsipgndlngly' t}ée f;:acl
H,S04 (1.53 mol dm %)+ AL(SO4)s (0.75 mol dm ) (saturated) ~ tions of the bare not occupied by OH' and of all

the Al° " sites. Since the ratio of the A" and O in the
bulk of Al,Os, and therefore on its surface when OH™
are not adsorbed, is constant, then 0g,_ and Oa;3+ are

Fig. 9 Plots of nl’/zkd,d versus 3.5
anodization time at 7=25 °C
and j=15 mA cm ? in different
electrolytes
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also constant. A portion of 0a13+ 1, is covered by elec-
trolyte anions. These are large and the solvated ones,
being much larger and not mobile enough, are relatively
weakly adsorbed. The small size and high mobility of
OH ™ favor their strong adsorption on AI*". From
Eq. 14:

keq = Oon—(0ai34+ — QOH_)ilaOH_ib}d or (16)
Oon— = keqO13+aon—pya(keqaon—pja + 1)~

where aop_/q is the OH™ activity at the interface and
keq 1s the equilibrium constant. Because the OH™ con-
centration (Con_pq) is low enough, then, to a good
approximation, AoH-,b/d = COH—,b/d'

The mechanism of the charge transport processes
inside the barrier layer

The enthalpy of HSO,4 formation in aqueous solutions
is low, AH°=-892.4 kJ mol ' [41]. It is close to, but
higher than, that of SO4>, —903.7 kJ mol ' [41]. Hence,
HSO, is unstable in relation to SO,> and decomposes
easily according to HSO, —»H™ + SO,> inside the
double layer, as a result of a pH increase inside it and of
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high field strength. At any rate, electrolyte anions in-
corporated in the barrier layer are almost exclusively
SO, ions (see later). Owing to their very low formation
enthalpy and their symmetry, these ions are stable and
do not further decompose, yielding for example O”,
even under such high field strengths like those developed
across the barrier layer. Previously [42], it was found
that the valencies of the anions migrating across the
barrier layer are —1 and -2. Inside the bulk of the
compact microcrystallites constituting the barrier layer
[15, 46, 47] the migrating anions can only be O* and
OH™ and not the electrolyte anions. The latter are much
larger and cannot penetrate into the microcrystallites;
instead, they can pass through intercrystalline spaces.

Electrolyte anions per se do not contribute to the Al
oxidation; for this reason the mechanism of their in-
corporation and their indirect participation, to some
small extent, in the Al oxidation process will be dis-
cussed later. The necessary O for the Al oxidation
comes from the oxide lattice O* and the OH ™ adsorbed
on the pore base surface.

During the growth of porous anodic alumina films,
Al is consumed according to Faraday’s law [21]. Oxide
forms exclusively in the m/o interface according to
Faraday’s law [42, 48] at a rate (mol/time) equal to

Fig. 10 Plots of nl’/zkd..,l versus 4.0
h/h. at T=25 °C and
j=15 mA cm 2 in different | |
electrolytes ]
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JSo(6Fc)™! = 47" M[1S,mk" jd.nD? or, since nnDS~4,
~M ’1S k”jd., where F, is Faraday’s constant and M,
is the moldr mass of Al,O;. The A’ are immobile
inside the barrier layer [42]. Hence, the amount of
0% required for Al oxidation reaches the 1nterface at a
rate obeying Faraday’s law, 3jS,(6Fc )= (3/4)M)
Synk” jd.nD? ~ 3M 'S k" jd.. The' net rate of oxide
productlon is 4~ lMWlS k" jdn(D2 — DE) = 47 'M 'Sy
K'jd.nDX(1 — DiD;?) = jSy(6Fc) ™' (1 — DID?) ~ M,
Syk"jd,(1 — DED?2). The rate of the supposed pore base
surface oxide dlSSOluthl‘l defined by the shift of that
surface towards the m/o interface, is 47 M ' Synk” jd n
D} = jS,(6F.) 'DiD;* ~ M,'Sek"jd, DED>. The rate
of A3+ rejection in the pore base solution is
27'M,'Semk” jd ,nD} = 2jS,(6F.) ' DIDS* ~ 2M! Sek”
jd. D§D‘2

The migration of O?" and OH ™ inside the barrier layer
at comparable rates is possible since the ionic radius of
0%, 1.32 A [49], is hlgher than that of OH ", ~0.96 A
[50], while the charge of O is higher than that of OH .
The enthalpy of OH™ formation is not low enough, e.g. in
aqueous solution AH°=-229.7 kJ mol' [41]. The OH"
can gradually decompose under the high field strength
while moving inside the barrier layer. The product O*
migrate towards the Al side while the H' migrate to-
wards the b/d interface and are finally rejected [42].

In the steady state the O? coming from the pore base
surface migrate to and reach the m/o interface at a rate
JOQ,Z

Jor- = 3jS,(6F.) "' DiD,? (17)
The necessary additional O% reach the m/o interface at a
rate 3ng(6FC)*1(17Db2D[2). These O* come from the
OH™ ions which leave the pore base surface at a rate
Jomn.. which equals the above. The rate of H" rejection
in the pore filling solution, Jy 4, equals Jou_. The total
rate of charge transport through that surface (which

equals that across the barrier layer) is jS, or:

2‘]02,+J0H7+JH+:2JOZ,+2‘]OH7:ngFgl (18)

The A" transport number is zero, exactly as that
across the barrier layer [42]. Hence:

Jon- =27 S, F' - 3jS,(6F.) ' DiD;? (19)

The shift of the pore base surface to the m/o interface
is an electrochemical process as regards the migrations
of the O®" and OH ions, but the rejection of AI’™ in the
pore filling solution is an ion solvation process. The
latter, nevertheless, is field assisted by the migration of
neighboring anionic species and the weakening of the
bonding of AI>* with these species. The validity of the
suggested processes and mechanisms must be tested.
Their ability to satisfactorily explain the variation of
both Dy, with a4+ and E; with Dy, is the best proof.

Interpretation of the variations of Dy, with ay +
and of E, (or E,) with Dy,

The true ionic current densities of OH™ and O* leaving
the pore base surface are joy—, = jou—S, ' (27'nnD;) ™!

and jOzf,t:2‘]027S;1(2*1nnD%)71. From Eqgs. 17 and

19:

Jou—i=jou—Sg (27 'nnDp)"!
=271 S F ' —3)S,(6F.) "' DiD?)S, (27 anDy) !
=jF¢ (unD}) ™' = jF ! (nD7) ™!

=jF; (unD}) " = (3/4)jF ' n! (20)
Jo,. afzzJoz,Sgl (2717me))*l
=2[3/S,(6F) ' DiD;?)S, ' (27 nDy) !
=2jF; (mnD?) " = (3/2)jF 'n”! (21)

These ionic current densities should obey the high-
field Cabrera-Mott equation [51]:

JF (anDY) ™" — (3/4)jF !
=NimvimFN~ exp[(leNJrnla]Fch)/RT]
= Mou—v1m F.N!
x exp[(—W 1N +nya,F.Ey)/RT)] (22)
(3/2)jF; 7!
= NomvampF N~ exp[(—=WaN +myarF.Ey)/RT]  (23)

where Nj ., is the surface concentration of the mobile
OH  which is proportional to Oop., Nim=
N, is the surface concentration of the mobile 0>
which is proportional to 0g,_ and constant, v; and v,
are the ion vibration frequencies, i.c. the number of
chances per second the ions may jump the energy
barriers if they possess sufficient energies, W, and W,
are the heights of these barriers, i.e. the activation
energies, n; and n, are the ions valences, @, and a, are
the activation (half-jump) distances, N is the Avoga-
dro constant, R is the universal gas constant, T is the
temperature in K and Ej is the field strength on the
surface.

Equation 23 shows that, for constant 7, FE}, de-
pends solely on j. Since j was kept constant, E is
also constant. Then, 0oy and Dy are the variables
in Eq. 22, which shows that when 0Ogy_ decreases,
Dy, necessarily increases. The latter equation be-
comes:

Aon._,

(HD%)71 = 3/2 —|—j717'CFC )VBOH—UlanCNil

x exp[(=W N +nyaF.Ey)/RT] (24)

For the electrolyte solution, ay+aop—= kyw, Where aop_
is the OH  activity (or, as previously noted, the OH"



concentration) and k,, is the H,O ionization constant.
This aop_ is almost identical to that beyond the double
layer. The field strength in the double layer/pore filling
solution boundary is (4 'mnDy?) ' [43]. This field
strength is calculated for the case Cirsos=
1.53 mol dm ® and T'=25 °C, where it is expected to
have an intermediate value. From the values of x [41]
and nDy’ (Table 1), this is found to be 0.106 V cm ', i.e.
negligible compared to E,, and can be considered almost
independent of the electrolyte.

It is reasonable to accept that aon— p/a = aon— + b,
where b is the increase of the OH ™ activity (or concen-
tration) in the double layer. It is almost constant since
the difference between the field strength on the pore base
surface and that beyond the double layer is essentially
always constant. The activity (or concentration) of H™
in the interface decreases. The value of k.q may depend
on Ey,. Since Ey is constant, k.q is also constant. The
electrolytes are strongly acidic and therefore aop_bja
and 6oy are small enough and Opy < Oa;3+ oOr
Oon-(Oas+—0on ) '< 1. From Eq. 16, Oon (Oaiz+—
Oon.) =keq@on-p/a < 1 and Eq. 24 becomes:

(nD}) '~ 3/2 4 {j ' nFJvym FN™!
x exp[(=W N + nja\F.Ev)/RT]}

X keqHA]}Jr (kwaH—&—_l =+ b) (25)
Hence, (nDbz)’1 is a linear function of ay + ', consistent
with Fig. 5.

The decomposition of OH™ and the migration of the
product H" inside the barrier layer requires a field
strength higher than that on the pore base surface. This
is probably due to the tendency of H" to recombine
with 0% in thermodynamically advantageous sites, e.g.
in low-adsorption enthalpy sites. This tendency is rein-
forced towards the m/o interface, owing to a concomi-
tant increase of the local bulk O concentration, while
the local field strength similarly increases. As the total
rate of OH  decomposition across the barrier layer in-
creases, or as the rate of OH™ migration from the pore
base surface increases, or, from Eq. 19, as Dy, decreases,
E, increases, in agreement with Fig. 6.

For high Dy values, i.e. n'?Dp2~0.575, or, from
Egs. 17 and 19, for Jou_/Jos- <~3.03, almost all OH™
must have decomposed prior to reaching the m/o in-
terface. For n'?D,<~0.575, or for Jou /Jos > 3.03,
OH ™ at a valuable rate reach the interface where their
decomposition needs a local potential drop and field
strength much higher than those inside the barrier layer.
Then, E, increases abruptly with the above rate or with
decreasing Dy,

This abrupt rise of the potential drop in the m/o in-
terface must be due to the formation of hydrates, instead
of dry oxide, the decomposition of which needs a field
strength much higher than that of the OH™ decomposi-
tion inside the barrier layer. This strong increase of E,
occurs up to n'?Dyx0.55 or Jou /Jor ~3.41. For
n'?Dy, < ~0.55, E, is high enough and the rate of OH"
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reaching the interface acquires a maximum limiting
value. Then, as Dy, decreases, or Jop_ increases, the rate
of OH™ decomposition inside the barrier layer increases,
causing a slight rise of E,. The full elucidation of the
latter phenomena needs further investigation.

The mechanism of the pore wall oxide dissolution

The surface is quickly hydroxylated (Eq. 9). Owing to
the low pH values and the absence of an electrical field,
the predominant process charging the surface is Eq. 10
[44, 45]; H' ions react with the surface OH ", producing
H,O adsorbed on AI’* sites. This is the slow step of the
whole process. Anions HSO, and/or SO,> are also
adsorbed. When oxide dissolves, i.e. at low pH values as
here, the A’ " are solvated and rejected in the solution;
this process is assisted by the adsorbed H,O and anions.
The total equivalent reaction is Al,Os+ 3H,SO4—3-
H,0+ AIy(SOy);3. This mechanism is consistent with the
results.

Interpretation of the variation of the rate
constant of the pore wall oxide dissolution
across the pore walls and with the kind

and concentration of the anodizing electrolyte

In the following analysis, when necessary the approxi-
mate concentrations of SO,* and HSO, may be esti-
mated by taking into consideration that the first
dissociation of H,SO, is complete while the second one
is incomplete with a dissociation constant of ~1.2x10 >
[41].

Always small amounts of H,O (either as H,O mole-
cules or as OH and H™ ions) [21, 46] and considerable
amounts of electrolyte anions [15, 19] are incorporated in
the barrier layer. Their local concentrations vary across
this layer. The local average size of the microcrystallites
constituting the barrier layer [15, 46, 47] increases from
the pore base surface towards the m/o interface [15]. The
variations of the above concentrations and of the crys-
tallite sizes across this layer are extrapolated on the pore
wall surface of an /. thickness film [52].

The pore wall dissolution must be retarded by the
incorporated electrolyte anions. Their effect seems to be
more significant than that of the other inclusions and
crystallite sizes across the pore walls. The monotonic
increase of n'/ zkd,a towards the cell boundaries denotes
that the electrolyte anions concentration decreases
monotonically across the barrier layer.

Their average concentration across the barrier layer
must depend primarily on their concentration in the
pore base solution. Secondary effects may be also ex-
erted on it by E, and the thickness of the barrier layer
(or Dy). Since Ey, is constant, their concentration inside
the barrier layer and near the surface must increase with
their concentration at the b/d interface. The latter in-
creases with Chasos up to about 2.55 mol dm™. For
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higher Cyss04 values the electrolyte anions concentra-
tion in the b/d interface tends to acquire a maximum
limiting value, remaining almost independent of Cyg04.
Then, at each & or h/h,, nl/zkd,el must decrease with
Ch2sos Up to ~2.55 mol dm” and, for Cpasos>
2.55 mol dm 3, nl/zlc(La must acquire a maximum limit-
ing value almost independent of Cyoso4, as indeed
shown in Figs. 9 and 10.

On adding Al,(SOy);, electrolyte anions are added in
the pore filling solution and a decrease of n”zkd,a is ex-
pected (Figs. 9 and 10). The strong decrease of nl/zkd,a
for the H,SO4+ Al,(SOy); (saturated) electrolyte is due
mainly to an inhibitory thin Al,(SO,4); precipitate film
formed on the pore wall surface and secondarily to the
previous reason. The extent of the nl/zlcd,a fall is arbi-
trarily distributed on the surface, justifying the notice-
able scatter of points (Fig. 4).

The electrolytes H>,SO4 (2.55 mol dm’3) and H,SO,
(1.53 mol dm )+ Al,(SO,);  (0.34 mol dm®)  yield
comparable total concentrations of both HSO, and
SO, . The relevant Dy, and E, values (Table 1) are close.
The concentration of HSO, is higher in the first than in
the second electrolyte; the opposite is valid for SO, .
The SO4* ion has a smaller size and higher charge than
the HSO,4 ion and its incorporation must take place
more easily and inside deeper layers. Therefore lower
nl/zkd,a values should be obtained in the second case.
Instead, at each &, and especially at each &/, the n'/ zkd,a
values are comparable (Figs. 9 and 10). So, the con-
centration of the incorporated anions in the barrier layer
is independent of their kind. This means that, inside the
double layer, decomposition of HSO, to SO,> and H™
occurs, which is favored by the field and the increased
pH, the incorporated anions being the SO4>.

The concentrations of the main anion HSO, present
in the electrolytes H,SO4, NaHSO,; and KHSO,
(1.53 mol dm ) are comparable. The cations H", Na ™
and K have strongly different mobilities. The relevant
n'/ 2kd,a values generally differ insignificantly (Figs. 9 and
10); some differences concerning NaHSO,4 and KHSO,
are due mainly to some small errors made during the
ap + determination. The mobility of cations with iden-
tical charge does not affect appreciably the incorpora-
tion of anions. At each / (or h/h.) the n'/ 2kd,a concerning
the AI(HSOy); is much lower than that concerning the
above electrolytes. The charge, the heat and number of
solvation of the AI>* and the size of the solvated AI**
are all much higher than those of H™, Na™ and K * [53].
These favor the capture of more anions by the ionic
cloud of A’ and their accumulation in the double
layer and incorporation in the barrier layer. Further
investigation is needed to fully elucidate the effect of
cation charges on their incorporation.

The n"/ zkd,a values always tend to come closer when
h—h., except for the electrolyte H,>SO4+ Aly(SOy);
(saturated); significant differences at low i/h. values di-
minish at high A/h, values (Fig. 10). This is due to the
fact that around the cell boundaries the local n'’kq
values are always comparable.

The mechanism of incorporation of electrolyte
anions in the barrier layer

The mechanism of incorporation of electrolyte anions
can now be described. The barrier layer is a microcrys-
talline material in nature. The addition of OH™ at the
pore base surface, the migration of both O and OH~
towards the m/o interface and the relevant processes are
more favored at some intercrystallite surface points.
Narrow microcrevices between microcrystallites are thus
formed with widths comparable to the size of solvated
anions. Under the field action, the crevices are densely
filled by anions.

The ionic migration processes across the barrier layer
may also take place across and/or along the intercrys-
talline surfaces. The crevices are thus propagated to
different directions while, on average, they broaden to-
wards the pore base surface. The field strength at the
depth of the crevices increases as it approaches the m/o
interface. The H,O molecules solvating the anions are
consumed for the previous processes, which cease after
the H,O depletion.

When crevices are initiated, some are simultaneously
propagated while others cease to propagate. A random
distribution of their depth thus exists. A maximum
possible depth of penetration of electrolyte anions,
shorter than the thickness of the barrier layer, may be
permitted at each anodization condition, which evi-
dently increases with E,. As the depth of the crevices
increases, their surface density decreases. The average
local concentration of incorporated electrolyte anions
decreases monotonically towards the mj/o interface.
Near the pore base surface the oxide is a relatively loose
material while near the interface it becomes a more
compact, crystalline and pure material, in agreement
with earlier results [15].

The bell-like distribution of the concentration of in-
corporated electrolyte anions across the initially formed
flat barrier layer [19] and along a thin layer, with
thickness comparable to the microcrystallite sizes, on the
pore wall surface of an 4, thickness film [52] can now be
explained. After the completion of the anodizing process
the specimens are always washed, and some times neu-
tralized [21], to remove the attached highly acidic elec-
trolyte since it reacts with and destroys the oxide to
some extent. Contact of H,O with oxide during its
washing occurs only from the surface towards the deeper
layers, while the crevices become narrower along this
direction. The removal of anions is less effective towards
deeper layers and for deeper crevices. A distribution of
the depth exists, up to which anion removal is possible.
The local electrolyte anion concentration must increase
up to some depth inside the barrier layer at which the
access of washing H,O and removal of these anions are
possible, then it decreases towards the m/o interface, as
indeed observed for washed films [19, 52].

The above electrolyte anion distributions across the
barrier layer for unwashed and washed films is valid
also for the H,O molecules solvating the electrolyte



anions. The barrier layer and the pore wall material of
the anodic alumina contain a small amount of H,O
(either as H,O or OH and H™), <1% w/w [21, 46].
The H,O in the barrier layer can be attributed to the
solvating H,O together with the migrating OH™ and
H™ across this layer just before the end of the anodi-
zation process. The presence of H,O in the pore wall
material is attributed to its existence in the barrier
layer, which is transformed to the pore wall material by
the mechanism of porous layer growth. According to
this mechanism, the barrier layer is shifted towards the
Al side, leaving behind it the porous, columnar, cellular
layer of the film (Fig. 2).

Interpretation of the deviation of the experimental
points for the H,SO,4+ Al,(SOy4); (saturated)
electrolyte from the plots in Figs. 6 and 8

and of the variation of P, with ¢

When precipitate is absent, the Caiysos4)3 inside the
pores increases towards the pore bases [43]. For the
H,SO,+ Al(SOy4)s (saturated) electrolyte, a thin pre-
cipitate layer covers the whole pore surface. An addi-
tional potential drop across this layer at the pore bases
and higher P, and P, ,, are necessary for both the ionic
current passage through it and the establishment of
suitable OH and H™ concentrations at the b/d inter-
face, satisfying Eqs. 22 and 23. The precipitate lowers
ay + at the pore wall oxide/precipitate interface as well
as the n'/ 2rd,a and nl/zrd,a,M values. The deviation of the
relevant points (Figs. 6 and 8) is thus explained.

Since Caixso4)3 increases with ¢ (or /) inside the pore
base region [43], the precipitate thickens and P, in-
creases for ¢ > #(P, ) (Fig. 1). This causes an increase in
temperature [54] and in the solubility of Al,(SO,)3, en-
hancing its removal and controlling the thickness of the
precipitate in this region. The anodization process thus
continues; otherwise it would have to cease.

The variation of P, for > #(P,,) in all other cases
(Fig. 1) is attributed to an imperceptible variation of
ap+ 1in the pore base region. The increase of the
Al5(SOy4); concentration with 4 and its accumulation in
this region [43] may cause the decrease of the H™ con-
centration and ay+; this was indeed shown previously
[43] for low j values, as here, by a transport analysis.
This results in an imperceptible decrease of Dy, an in-
crease in the barrier layer thickness and a slight increase
of P,. For the NaHSO, and KHSO, electrolytes, P,
slightly decreases. In these cases the rate of AI*" pro-
duction inside the pores is the lowest. The Na™* and K™
are more mobile than the product AI**. By the mass and
charge transport mechanism, these cations in excess as-
sist the removal of AI’" from the pore base region,
causing some imperceptible increase of ay 4 in this re-
gion. Considering the high field strength across the
barrier layer, the small variation of P, for t>#(P,,) in
the above cases owing to the change of its thickness
shows that Dy, is essentially constant.
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The slight scatter of points in Figs. 5 and 8 is due to
errors made in the determination of nDb2 and ap+ and
to differences between the H™ concentration and ay . at
pore bases and those in the bath which were taken into
consideration. This scatter is also due to some variation
of the H" concentration and ay. in the bath and
therefore in the pore base region during anodizing,
because the rate of H™ discharge in the cathodes is
higher than that of H" production at the pore bases
[43]. This is also partially due to the fact that the rq,m
values are not exactly what they should be at r=1, and
may differ slightly from the real average ones. Accurate
ay + values and their distribution along the pores can be
found by a mass and charge transport analysis [43],
which is complex and out of the scope of this study. The
experimental points concerning the electrolyte H,SO,4
(4.59 mol dm ™) in Figs. 5 and 8 fall essentially on the
plots. Hence the estimation made for ¢y in this solu-
tion is indeed valid.

An important question still remaining unanswered is
the mechanism of the appearance and development of
the barrier layer in the form of a close-packed array
of hemispherical shell units at the initial stages of
anodization, yielding the porous structure. During
oxidation the initial volume of Al expands. Significant
mechanical stresses may develop as, for example, during
the oxidation of Fe [55, 56]. This mechanism may be
revealed in future studies on the basis of both the an-
ticipated physicochemical processes and the mechanical
stresses involved.

Conclusions

The results in this study may introduce much significant
information into the topic of Al anodization, stimulating
further research and applications. Among the direct
consequences of these results in the production of porous
anodic films in the electrolytes employed here, and their
properties and applications, the following are noted:

1. The acceleration of oxide dissolution across the pore
walls towards the cell boundaries during anodizing
predicts that, for constant or slightly variable com-
position and temperature of electrolyte along the
pores, the real pore shape must be that of an elon-
gated trumpet.

2. For identical H,SO,4 concentrations, films formed in
H,SO,4+ Al(SOy); electrolyte have lower porosity
than those formed in H,SO,4 alone and the growth of
hard films is favored only for thick films; the opposite
is valid for thin films (Fig. 4).

3. The processes taking place on the pore base and pore
wall surfaces and their mechanisms may be used to
predict methods to obtain desired pore base diame-
ters and the opening up of pores, high porosity or real
surfaces, e.g. for catalysis applications [28, 29, 30, 31,
32, 33, 34], or low porosity, e.g. for applications of
hard films.
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The mechanism of incorporation of electrolyte anions
and their real distribution across the barrier layer
may be used to predict methods for a controlled/de-
signed implantation of anions carrying catalytically
active species. Thus the development of ultra-active
catalysts or supports of designed porous structure
will become possible.

Generally, the design of the structure, the improve-
ment of properties and the predictions of new scien-
tific and technological applications of these aluminas
appear now to be possible.

Among the further consequences of the discovered

physicochemical processes and mechanisms in the re-
search of the entire topic of Al anodization, the fol-
lowing are noted:

1.

2.

The role of sulfate additives in the growth of hard
films [35, 36, 37, 38] can now be explained.

The discovered processes and mechanisms may shed
light towards the elucidation of the mechanism of
pitting appearance [39] and the role of sulfates [7, 35];
methods may be devised to produce regular films even
in conditions where, otherwise, pitting would appear.

. On the basis of the above mechanisms, the peculiar

processes and mechanisms during the growth of films
in other pore forming electrolytes may be revealed.
With their aid, the mechanism by which the initial flat
barrier layer is transformed to the close packed array
of hemispherical shell units, yielding the development
of a porous film with a characteristic structure, may
be revealed. This will give rise to further investiga-
tions on the properties and applications of porous
anodic alumina films.
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