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A characterization of chromate conversion coatings~CCCs! formed in the presence and in the absence of accelerator~ferro-
ferricyanide redox couple! has been performed by various techniques~transmission electron microscopy, TEM, glow discharge
optical emission spectrometry, GDOES, X-ray absorption near-end structure, XANES, and photon correlation spectroscopy!. The
results of a detailed investigation on morphological, compositional, and solid-state properties of freshly converted aluminum
samples at different immersion times~30 s-90 min! are reported. The TEM and GDOES data suggest the presence of iron-cyanide
species only in the external layer of CCC of nearly constant thickness. The XANES data suggest the presence of both Cr~VI ! and
Cr~III ! species with a ratio Cr~VI !/Cr~III ! close to 1:2. This ratio remains constant with the conversion time and seems slightly
affected by the composition of conversion solution. The photoelectrochemical study suggests an insulating or slightly p-type
behavior for CCC layers. A bandgap value of about 2.55 eV has been estimated, regardless of the conversion solution, although
some differences in the photocurrent spectra have been observed for coatings formed in the presence or absence of accelerator. The
location of electronic energy levels of the Al/CCC/electrolyte interface has been derived which could account for the different
kinetics of coating formation in the presence of accelerator.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1602081# All rights reserved.
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A large research effort has been devoted in the last years to
understanding of the exact nature of the chromate conversion co
ing ~CCC! and its mechanism of protection against corrosion
aluminum metal and alloys.

Surface analysis techniques have revealed that the composi
of the coatings depends on the nature of the chemical convers
bath.1-3 It is now agreed that the coatings are amorphous2,3 and that
both Cr~III ! and Cr~VI ! species are incorporated into the films, with
possible formation of a mixed Cr~III !-Cr~VI ! oxide as suggested by
recent Raman spectroscopy analysis.4,5

The mechanism of action of chromate in assuring the protecti
against pitting corrosion is still under debate. From this point
view a large interest exists in understanding the influence of ag
on the protection action of CCCs. It has been shown that long-te
or temperature aging acts on the mechanism of release of Cr~VI !
species so affecting the ‘‘active protection’’ of CCCs also calle
self-healing. In this frame different hypothesis have been sugges
to explain the associated loss of corrosion protection.5-9 Among
those, structural changes occurring into the CCC and related to
hydration were evidenced.10

As for the mechanism of formation and growth of CCCs onl
very few papers have addressed both the role of the redox coup
usually added to the commercial conversion bath to speed up
growth of the coating, and the mechanism of initial formation o
CCCs during the conversion process.3,4

Brown et al.3 suggested that on a very pure Al surface a unifor
coating develops due to a mechanism of electron tunneling inject
through the chemically thinned alumina films always present
aluminum metal. This hypothesis could account only for the ve
first instants of formation of CCC and the authors did not accou
for the growth of thicker coatings as occurring in long lasting im
mersion experiments. We believe that both the role of the vario
redox couples in accelerating the coating growth and the mechan
of growth itself require a better knowledge of the solid-state pro
erties and morphology of thick CCCs grown on well defined A
surface.

In order to gain a better understanding of these different aspe
we have undertaken a photocurrent spectroscopy~PCS! study of
different conversion coatings grown on pure Al surfaces.11
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In this paper we report the results of a detailed study on com
sition, morphology, and solid-state properties~optical bandgapEg ,
flatband potentialVFB) of CCCs grown both in the presence and
the absence of accelerator~ferricyanide! using both nonelectro-
chemical~X-ray absorption near-edge structure, XANES, glow d
charge optical emission spectrometry, GDOES, and transmis
electron microscopy, TEM! and photo-electrochemical~PCS! ana-
lytical techniques. The role of the ferricyanide redox couple
speeding up the growth rate of the coatings is discussed on the
of the solid-state properties of CCC. A quantitative PCS study of
dependence of the optical bandgap values on the composition o
coatings is suggested in agreement with the chromium~VI ! content
and the hydration degree respectively determined by XANES
thermoanalysis.

On the basis of PCS analysis, the composition of a fresh CC
derived which appears compatible with the compositional analy
derived by other techniques. These results will be used in fu
works to monitor in situ by PCS technique possible changes
solid-state properties of CCCs, grown on Al and its alloys, as
function of aging process.

Experimental

Al foils 99.99% ~Si 4.9, Fe 1.9, Cu 3.0, Mg 3, and other meta
,1 part per million, ppm! of purity ~WAV-Berlin! have been used
Specimens were electrochemically polished~EP! for 5-10 min at 20
V in an ethanol/HClO4 solution ~1/4 v/v! at ca. 5°C, rinsed in dis-
tilled water, and then immersed in the conversion bath. After
coating process, the specimens were sealed to have a limited su
exposed to the solution and left in the laboratory atmosphere
different times. Specimens investigated after less than 24 h of a
in the laboratory atmosphere will be identified as ‘‘fresh’’ electrod

CCCs have been formed on EP-Al samples in a solution cont
ing 4 g/L CrO3 , 3.5 g/L Na2Cr2O7 ; 0.8 g/L NaF solution~pH 1.7! at
room temperature, for immersion times usually ranging betwee
and 300 s. The same solution was also used in presence of acc
tor @1 g/L K3Fe(CN)6# for the same conversion times. CCC witho
ferricyanide~CCC-wof! was used for first type of coatings, wherea
CCC-wf ~with ferricyanide! was used for the second type o
coatings.

Chemically etched aluminum samples~CE-Al! were also pre-
pared by immersion for 2 min in an alkaline bath~0.1 M NaOH! at
65°C. After rinsing in water, samples were immersed for 3 min in
acid bath,~commercial Sanchem 1000 bath! at 55°C, rinsed in dis-
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp

https://core.ac.uk/display/159568101?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


n

o

c
e
m

C

t
z

p

r

o
t
t

-

e
C

t
i

n

n
lu

i

e
t

r

i

it
a

9

t

b

f
of

l
ith
-

o-

g-

e
ro-

n-
hy-
r-
,

ig.

A
he
of
ss

n
er-

out.
nd

Journal of The Electrochemical Society, 150 ~10! B462-B472~2003! B463
tilled water, and finally converted in chromate baths for differe
times.

The photoelectrochemical investigation was performed in qua
neutral solutions of 0.5 M K2SO4 ~pH 6! unless differently stated.
All solutions were held in contact with air. The setup used for ph
toelectrochemical investigation has been described elsewhere.12 The
photocurrent spectra were obtained by correcting the raw photo
rent data for the efficiency of a lamp-monochromator system m
suring the photon number by an Eppley thermopile at every 5 n

XANES and chemical analysis.—XANES measurements were
performed at the Chromium K edge~5989 eV! at the National Syn-
chrotron Light Source, Brookhaven Laboratory on beamline X10
Fresh samples were measured directly recording X-ray fluoresce
in a similar way to what reported previously.10 The height of the
absorption edge is proportional to the amount of Cr in the radia
volume and consequently of the coating thickness. After normali
tion of the spectra, a good estimation of Cr~VI !/total Cr is given by
the height of the pre-edge peak. XANES measurements were
formed on CCCs grown on both EP-Al and CE-Al samples.

Chemical analysis was performed on powder coating after st
ping from CE-Al substrate by dipping for 5-30 s in a 5 vol % HNO3
solution as described in Ref. 13. This short treatment allowed lo
ening bonds between coating and Al substrate. The sample was
dipped in deionized~DI! water under vigorous stirring and the coa
ing which separates easily from substrate was filtered, rinsed, w
alcohol and let to dry, then dissolved in hot acid to be measured
inductively coupled plasma-atomic emission spectroscopy~ICP-
AES!.

In the following, all quantitative analysis~XANES, ICP-AES,
energy dispersive X-ray analysis, EDX,! data are reported consider
ing metallic cations only.

TEM-EDX analysis.—The CCC films were stripped from the
EP-Al substrate using a mercuric chloride (HgCl2) solution, rinsed
thoroughly in distilled water, and finally, collected onto copp
grids. Ultramicrotomed sections of the aluminum substrate and C
films were prepared in the usual manner using an RMC X
ultramicrotome.3 After encapsulation in a resin polymerizing a
60°C, specimens were trimmed initially with a glass knife and su
ably thin sections, about 10 nm thick, prepared by sectioning i
direction approximately parallel to the metal/film interface with
diamond knife. The stripped films and ultramicrotomed sectio
were examined in a TECNAI F20 field-emission, ultra-high reso
tion transmission electron microscope operated at 200 kV. Wh
EDX analysis was necessary, an electron probe of about 5 nm d
was used to optimize spatial resolution and X-ray count rate. T
microscope was equipped with Gatan imaging filtering syst
~GIF!; electron-energy-loss imaging of Fe was carried out using
FeL2,3 loss peak at 708 eV.

RF-GDOES.—The CCC films were depth profiled using a Jobin
Yvon RF 5000 instrument. The CCC-coated aluminum foils we
stuck onto rigid aluminum plates by adhesive and, subsequen
placed in a specimen holder that was made a cathode. The C
films were sputtered with an argon pressure of 0.31 Torr by apply
a radio frequency~rf! of 13.56 MHz and 40 W power. Light emis-
sion of characteristic wavelengths, associated with the exc
atomic species, was monitored throughout the analysis with a s
pling time interval of 0.01 s. The relevant wavelengths~nm! were as
follows: Al, 396.15; H, 121.57; Cr, 425.43; C, 156.14; Fe, 385.9
N, 149.26; and O, 130.22.

Results

Morphological and compositional study.—The morphology of
CCCs grown on CE-Al and Al alloys has been frequently inves
gated by scanning electron microscope~SEM! so that these data will
be omitted in this study. Previous SEM studies have invaria
shown a cracked mud structure at the surface of a CCC sam
observed also by us at longer conversion times. At shorter tim
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~lower than 5 min! or in the absence of ferricyanide, the surface o
EP-Al samples appeared smoother with a preferential growth
CCCs at the grain boundary regions.

In Fig. 1 we report the ultramicrotomed section of an EP-A
sample after 30 s of conversion in chromate baths without and w
ferricyanide~Fig. 1a and b!. In the case of CCC-wf, a close inspec
tion evidenced the presence of a duplex structure with a lighter~less
dark! external region~about 25 nm thicker! at the solution/CCC
interface showing a slightly coarser texture. For CCC-wof, a hom
geneous single layer is evidenced in Fig. 1a.

For both samples, a third layer was observed at still higher ma
nifications at the metal/CCC interface~see Fig. 2a!. As previously
suggested by others,3 this very thin layer~in the order of 0.6 nm as
measured in Fig. 2b! could have been a residual aluminum oxid
layer still covering the metal substrate after the electropolishing p
cedure and conversion process.11

Figure 2a seems to indicate that the CCC film exhibited a co
siderable coarse texture suggesting nanocolloidal particles of
drated chromium oxides. Lattice fringes of spacing 0.234 nm, co
responding to~111! crystallographic planes of aluminum substrate
are observed clearly in the same figure.

EDX measurements performed at the points marked a-e in F
1b revealed the presence of iron species~about 20 atom % from
instrumental quantitative analysis! only in the lighter regions~a, b
points!. Iron species were absent in regions marked by c, d, e.
presence of iron on the external region of CCC-wf as well as at t
surface of very thin tunnels, into the otherwise compact structure
the coating, is evidenced in Fig. 3. In such a figure, the no-lo
image and the FeL223 loss image of a sample converted for 2 min

Figure 1. Transmission electron micrograph of an ultramicrotomed sectio
of electropolished aluminum substrate and CCC film formed by 30 s imm
sion in acid chromate solution~a! without ferricyanide and~b! with ferricya-
nide. Probe positions are also indicated where EDX analysis was carried
Probe size employed was about 5 nm in diam to optimize count rate a
spatial resolution.
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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are reported. The presence of such tunnels into the structure of
coatings is also observed in CCC-wof.

In Fig. 4 we report the CCC thicknessvs. the square root of
conversion time for samples converted for different times~0.5, 2,
and 5 min! in the presence and in the absence of accelerator.
previously anticipated and in agreement with the XANES data~see
below!, a higher slope was obtained for EP-Al samples converted
the presence of ferricyanide~faster growth!.

Further qualitative information on the CCC composition was als
obtained from GDOES analysis of samples converted in the pr
ence and in the absence of ferricyanide. In Fig. 5 we report t
GDOES spectrum of a CCC converted for 2 min showing the a
sence of any appreciable amount of Al species in the external reg
while the presence of Al species cannot be excluded in the inner p
of a CCC. When ferricyanide was used in the coating bath, a we
signal related to the presence of Al species was observed during
the sputtering time~compare Fig. 5 and Fig. 6!. Although the com-
parison of the two spectra seems to suggest that such small am
of Al could be incorporated into the CCC, we cannot exclude th
the Al signal comes from entrapped electrolyte solution. In the ca
of CCC-wf, the presence of iron species on the external part of
conversion layer is confirmed also by GDOES spectra, which sh
a large peak at low sputtering times followed by a plateau at long
times.

The intensity of nitrogen signal~not reported here! is following
the same variation showing that iron atoms are still present un
ferricyanide form in the CCC.

A more quantitative analysis of Al and Fe species contained in
the CCC was performed by ICP-AES on stripped CCC sample
From such studies we obtained an average concentration of abo
atom % for iron in the case of CCC-wf. As for the Al content, a
average value of 1 atom % and 4 atom % was measured for CCC
and CCC-wof, respectively.

The presence of both Cr~III ! and Cr~VI ! species into a CCC is
very well known in the literature of CCC. However, the ratio of th

Figure 2. High resolution transmission electron micrographs of:~a! the
aluminum/CCC film interface relating to film of Fig. 1b;~b! aluminum/
anodic alumina interface.
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two species depended on various parameters, so we perfor
XANES analysis on samples prepared by different surface tre
ments~chemical etching and electropolishing! and immersed for dif-
ferent conversion times in both types of conversion baths.4-10

Fig. 7 and 8 show the results of XANES measurements on CE
samples and allow evaluation of the influence of ferricyanide and
the coating time on the coating thickness and the Cr~VI ! content. For
a 3 min coating time, the coating was 2.5 times thicker with fer
cyanide than without. After normalization, the Cr~VI !/Cr total ratio
is calculated to be lower for CCC-wf~35%! than CCC-wof~38%!.
Both these values are averaged over 5 samples for conversion ti
between 1 and 4 min. Figure 7 shows that both Cr~VI ! and Cr~III !
species are incorporated into CCC at almost constant ratio in all
range of coating times investigated.

Comparing these results to those obtained on EP-Al samples~not
shown! reveals the importance of the surface preparation: in t
second case, the increase of thickness is in the order of 1.4 o

Figure 3. ~a! No loss image of a 2 min CCC grown in thepresence of
ferricyanide;~b! Fe1,2,3 loss image showing iron distribution in the film.
ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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~average value! and slightly lower Cr~VI ! contents are obtained
~32.7% wf, and 37.5% wof, averaged values as above!.

Figure 9 shows the variation with coating time of chromiu
content @total and Cr~VI ! species# in CCC-wof on CE-Al. Both
curves follow the same dependence on the conversion time in
overall explored time region; when the data were plotted as a fu
tion of (time)0.5, they could be interpolated linearly with a ver
good correlation coefficient~see Fig. 9!; both lines intersected the
time axis at a large positive value of time (t0 5 16 s), in agreement
with the hypothesis that a different growth mechanism controlled
coating growth at shorter times.

The same time dependence were obtained on EP-Al sample
conversion time up to 5 min although with slightly lower correlatio
coefficients (R2 5 0.98) if compared with the value of Fig. 9 fo
CE-Al samples (R2 5 0.993). Different axis intercepts and lowe
growth rates~slopes! were observed in the absence of ferricyani
~see above!.

Figure 4. Thickness of CCC grown on electropolished aluminum substr
measured by TEM of ultramicrotomed cross sections as a function
(conversion time)0.5.

Figure 5. GDOES spectrum relating to a 2 minCCC-wof.
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PCS study.—In a previous work11 we presented some prelimi-
nary results on the photoelectrochemical behavior of CCCs show
an influence of the electrode potential on the optical bandgap m
sured under different experimental conditions.

The origin of this influence was not investigated in depth, a
though it was clearly shown that in some cases it could be related
the onset of an external electron photoinjection process from the
substrate to the electrolytic solution. Such a process is not surpris
if we take into account both the very extreme thinness of the oxi
layer ~around 2 nm! covering the Al surface after the electropolish
ing process and the very good photoemitting properties of aluminu
in contact with electrolytic solutions.14,15

On the other hand it is also known from previous PCS studi
that the photocurrent yield of passive chromium and bulk chromiu
oxides16,17 is very low under cathodic or anodic polarization. This
means that in the case of cathodic photocurrent we need to discri
nate between the existence of different light absorption processes
contributing, eventually, to the measured photocurrent~see Fig. 10!:

~i! Interband bulk excitation in a CCC due to the absorption o
incident photons@hn . (Eg)

film# generating mobile electron-hole
couples.

te
of

Figure 6. GDOES spectrum relating to a 2 minCCC-wf.

Figure 7. XANES data relating to CCC grown for 3 min on 99.99% Al
chemically etched.
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~ii ! Internal electron injection process from the metal Fermi le
to the oxide conduction band. This process is possible in the p
ence of slightly absorbing insulating films or thin, not heav
doped, p-type semiconducting films and it could account for a
of the cathodic photocurrent due to the impinging photons reach
the metal/oxide interface.

~iii ! External electron photoemission from Al substrate to
solution, in areas of electrode surface where a direct contact thro
tunnels exists between the electrolytic solution and the very
native oxide allowing a tunneling process of electrons from the
derlying metal to the acceptor species into solutions~see scheme in
Fig. 10!.

These processes follow different theoretical dependencies
the energy of incident photons and electrode potential~Ref. 11, 12,
14, and 18! and they have been investigated for identifying t
origin of measured photocurrent. In the case of fresh CCCs for
for immersion times longer than 30 s, a detailed study of the dep
dence of cathodic photocurrent from photon energy and elect

Figure 8. Cr and Cr~VI ! content in CCC grown on 99.99% chemical
etched Al in the absence of ferricyanide as a function of the conversion t

Figure 9. Cr and Cr~VI ! content in CCC grown in the absence of ferricy
nide on chemically etched Al samplesvs. (conversion time)0.5. Data from
Fig. 8.
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potential allowed to exclude as a source of the measured photo
rent any internal or external photoemission process.

The large bandgap~.6.3 eV! of Al2O3 on EP-Al as well as the
extreme thinness of the residual oxide~0.6 nm! at metal/CCC inner
boundary exclude any contribution from such interlayer to the m
sured photocurrent. Accordingly, the optical excitation process in
oxide is omitted in Fig. 10.

In order to use PCS analysis in a quantitative way for the ch
acterization of coatings formed for different immersion times and
different conversion baths, the coatings were characterized in
same solution (0.5 M K2SO4) and by following the same procedure
At this aim we have chosen to characterize CCC at the initial c
rosion potential,Ucorr , and at a second constant potential more c
thodic than theUcorr initial values.

As Ucorr values of different electrodes usually ranged betwe
21 V/saturated calomel electrode~SCE! and 21.28 V/SCE, after
different initial preparations, the comparison of photocurrent spec
was made at an initial electrode potentialUE 5 21.30 V/SCE in
0.5 M K2SO4 solution.

In Fig. 11 we report the normalized photocurrent spectra, c
rected for the lamp emission~photocurrent yield!, relative to EP-Al
samples, before the conversion process, and to 5 min CCC gr
with and without accelerator. As evidenced in Fig. 11, the photoc
rent spectra of coated EP-Al samples differred greatly from that
bare EP-Al sample because of the onset of a large photocur
contribution in the region of wavelengths around 300 nm. It h
been reported that photocurrent spectra of chromium oxides pas
films show maxima16,17 in the same wavelength range.

By assuming the presence of nondirect~indirect for crystalline
materials! optical transitions between valence band~VB! and con-
duction band~CB! of a CCC, and a direct proportionality betwee
the photocurrent yield,I ph, ~see above! and the light absorption
coefficienta,12 the following equation holds

I phhn 5 const~Eg 2 hn!2 @1#

valid for photon energies close toEg . The optical bandgap of an
amorphous CCC can be estimated by extrapolating to zero
(I phhn)0.5 vs. hn plots, as shown in Fig. 12 and 13 for CCC-wo
after different conversion times~5 min and 90 min!. In Table I we
report the bandgap values of fresh~see experimental! CCCs grown
for different conversion times~30 s-60 min! with and without accel-
erator.

e.

-

Figure 10. Different light absorption processes originating cathodic pho
current:~a! interband bulk excitation;~b! internal electron injection process
~c! external electron photoemission from Al substrate to the solution.
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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As a first approximation, by taking into account the results
Table II relative to samples analyzed at the most negative potent
~between21.5 and21.3 V/SCE!, we will assume for fresh CCC-
wof an average optical bandgap of 2.556 0.05 eV. The amorphous
nature of the CCC and the field dependence of the quantum yield
low mobility materials could help to explain the relatively large
dependence of the optical bandgap values of a CCC at more posi
electrode potentials (21.20< UE < 21.05 V/SCE).

We stress that from the same plots~Fig. 12 and 13! it is possible
to derive, from the higher photon energies region (hn . 3.40 eV),
a second extrapolation which gives bandgap values at arou
3.0 eV6 0.1 eV. It may be interesting to recall that photocurren
spectra showing similar behavior but slightly different optical ban
gap values (Eg 5 2.55-2.95 eV) have been reported in the literatur
for passive films grown on Cr metal at more anodic electrod
potential.16,17

Figure 12. Photocurrent action spectrum corrected for the lamp efficienc
relating to 5 min CCC-wof on EP-Al, polarized in 0.5 M K2SO4 at Ue

5 21.3 V/SCE. Inset: bandgap determination by assuming nondirect op
cal transitions.

Figure 11. Normalized photocurrent action spectra corrected for the lam
efficiency, recorded by polarizing the electrodes in 0.5 M K2SO4 at
Ue521.3 V/SCE, relating to:~a! nonconverted EP Al;~b! EP-Al after 5 min
of conversion in the presence of accelerator; and~c! EP-Al after 5 min of
conversion without accelerator.
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Note that higher photocurrent values~but always in the range of
nanoamperes! were usually measured for CCC films of lower thick
ness~or shorter conversion times! at constant potential and wave
lengths.

This fact together with the presence in the photocharacteris
~see Fig. 14! of a frequently observed photocurrent inversion, fro
cathodic to anodic values on going toward anodic potentials, s
gests that CCCs usually behave like insulators~Fig. 14! ~or as
slightly doped, in some cases, p-type semiconductors Fig. 15!. This
behavior is also reminiscent of analogous behavior of Cr pass
films.16,17

In order to determine the flatband potential,VFB , for the differ-
ent films we used two different approaches depending from the f
that the blocking region of theI tot vs. UE plots was more or less
wide. In fact in some cases the inversion photocurrent potential w
accessible by recording theI ph vs. UE plots at differentl, before the
increase of the total current~see Fig. 14! made impossible to ob-
serve the inversion photocurrent potential. In some other cas
when the inversion potential was not accessible or missing, we u
the zero photocurrent potential valueV* , obtained by extrapolating
to zero the (I ph)

n vs. UE plots, as a measure of the flatband potenti
~see Fig. 15!.

As a general trend we observed that in the presence of stron
absorbed light the inversion photocurrent potential values were m
anodic. Such a trend was observed also for theV* derived from the
best fitting of (I ph)

n vs. UE plots withn values usually less than one
~supralinear photocharacteristics were usually recorded! and slightly
increasing with increasing photon energies. For these reasons
estimated flatband potentials of CCC derived from the photochar
teristics should be taken with some caution.

y,

ti-

Figure 13. Photocurrent action spectrum corrected for the lamp efficien
relating to 90 min CCC-wof on EP-Al, polarized in 0.5 M K2SO4 at Ue

5 21.3 V/SCE. Inset: bandgap determination by assuming nondirect o
cal transitions.

Table I. Bandgap values of CCC as a function of the conversion
time at UE 5 À1.3 VÕSCE in 0.5 M K2SO4 .

Conversion time
~min!

CCC-wf
Eg

~eV!

CCC-wof
Eg

~eV!

0.5 2.60 2.60
1 2.53 2.52
2 2.57 2.58
5 2.54 2.54

60 2.59 2.58

p
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At fixed wavelength (l 5 300 nm), the inversion photocurrent
potential (U inv 5 10.10 V/normal hydrogen electrode, NHE! for
specimen showing an insulating-like behavior was about 0.15
more cathodic of the zero photocurrent potential (V*
5 10.28 V/NHE) of CCC showing a p-type-like behavior~see Fig.
14 and 15a!. According to this finding we roughly assumed a flat
band potentialVFB 5 0.2 6 0.1 V/NHE for a CCC immersed in 0.5
M K2SO4 solution at pH 6.0, regardless of conversion baths an
times.

The previously outlined photoelectrochemical behavior of fres
electrodes was quite independent from the presence or not of fe
cyanide in the conversion bath. Differences were observed, in so
cases, as for the presence in the photocurrent spectra of the sec
extrapolation at higher photon energies. The optical bandgap va
(Eg 5 2.556 0.05 eV at UE 5 21.3 V/SCE) was independent
from the presence of ferricyanide as well as from the conversi
times (t > 30 s) ~see Table I!. This finding is evidenced in Fig. 16
where a typical photocurrent spectrum, displaying a unique bandg
value, is reported for a CCC-wf. Such a photocurrent spectrum w
a unique extrapolation was frequently found for fresh CCC-w
samples and for conversion times up to 5 min. At the longest co
version times, the usual behavior with two extrapolations in th
photocurrent spectra was observed also in the presence of ferric
nide.

Figure 14. Photocurrentvs.potential (vscan5 10 m V/s) plot relating to 60
min CCC-wf on EP-Al, recorded by irradiating the electrode at differen
wavelengths in 0.5 M K2SO4 .

Table II. Bandgap values relative to fresh 5 min CCC-wof, esti-
mated by assuming non-direct optical transitions, as a function of
the electrode potential in 0.5 M K2SO4 .

Ue /V(SCE) 21.50 21.30 21.20 21.05
Eg /eV 2.51 2.54 2.67 2.86
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V

d

h
rri-
me
ond

lue

n

ap
th
f
n-
e
ya-

As previously reported, an influence of the electrode potential
the Eg values was observed on fresh electrodes grown in the p
ence or absence of accelerator. This is clearly evidenced in the
of Table II pertaining to fresh samples, converted in chromate b
without accelerator, directly polarized from the corrosion potent
to the measuring potentialUE .

Discussion

CCC morphology and composition.—The results previously out-
lined provide considerable information on the structure and com
sition of a CCC grown on EP-Al samples which allow clarificatio
of some recent and older findings reported in the literature ab
CCC. The results of Fig. 2 confirm that a continuous very thin~0.6
nm! alumina oxide film is always present during the formation a
growth of CCC layer occurring uniformly above the entire Al su
face. Moreover, we stress the presence of very fine tunnels inside
CCC extending from the outer surface in contact with the electrol
to the metal/oxide interface. The presence of such tunnels filled w
electrolytic solution~see Fig. 1 and 3! could explain some discrep-
ancies reported in the literature on the CCC composition where
morphology of the layers and thus the inhomogeneity of the co
position are not taken into account.

t

Figure 15. Photocurrentvs.potential (vscan5 10 m V/s) plots relating to~a!
5 min CCC-wf on EP-Al (V* 5 10.28 V/SCE andr 2 5 0.999); and~b! 2
min CCC-wof on EP-Al (V* 5 10.07 V/SCE andr 2 5 0.999). Sol: 0.5 M
K2SO4 .l 5 300 nm.
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The TEM and GDOES data analysis allows the conclusion th
iron-containing species are present only into the external part o
CCC grown in chromate bath-containing ferricyanide. The thickne
of such layer is almost constant~in the order 25-30 nm! for the
investigated conversion times according to the EDX and TE
analysis. The difference in the iron content obtained by two tec
niques probing the local~EDX! or the average~ICP-AES! compo-
sition of a CCC is not contradictory when we consider that iron
neatly localized on the exterior of a CCC. The 7 atom % valu
measured by ICP-AES method agrees with the 20 atom % value
iron determined locally by EDX. Both these concentrations are e
timated considering metallic cations only.

The lower concentrated iron species, revealed by GDOES sp
tra in the inner part of a CCC, could be traced out to the presence
electrolytic solution into the fine tunnels of the coatings as ev
denced in the iron mapping of Fig. 3. The lighter appearance~TEM
analysis! of the external region of CCC-wf could be attributed to th
formation of a less dense layer containing both chromium mixe
oxides and chromium-ferro/ferricyanide species.19,20The hypothesis
of ferricyanide species bonded to chromium hydroxide has be
recently suggested21,22 and is in qualitative agreement with the Cr
and Fe GDOES spectra of Fig. 6.

The hypothesis of formation of a Cr~III !-ferro/ferricyanide com-
plex could help to explain the lower Cr~VI ! content measured by
XANES in CCC-wf. In fact if we assume that CCC-wof for any
conversion time contains in a fixed ratio about 1 Cr~VI ! for two
Cr~III ! ~see Fig. 8 and 9, and Ref. 6, 10, 23, and 24!, it seems
reasonable to suggest that when part of Cr~III ! is bonded with ferro-
ferricyanide species, the formation of mixed@Cr~VI !, Cr~III !# oxide
is reduced of a corresponding amount.

From XANES data, we get an average~over CE-Al and EP-Al
samples! decrease in Cr~VI ! of about 4 atom % which implies about
8 atom % of Cr~III ! engaged in other bonds. Both the formation o
CrFe(CN)6 or Cr3@Fe(CN)6#4 are compatible with the XANES and
EDX data and the presence of both species have been suggeste
the literature.19,20

Regarding the mechanism of growth of the CCC, the data of F
4 and 9 are compatible with a growth controlled either by
diffusion-like or an ohmic drop mechanism.25 The XANES results
showing a large influence of the initial surface treatment on the CC
thickness~CCC-wf is only 1.4 times thicker than CCC-wof for
EP-Al compared to 2.3 times for CE-Al samples! does not appear
compatible with a growth of CCC controlled by a diffusion-like

Figure 16. Photocurrent action spectrum corrected for the lamp efficienc
relating to 5 min CCC-wof on EP-Al, polarized in 0.5 M K2SO4 at Ue

5 21.3 V/SCE. Inset: bandgap determination by assuming nondirect op
cal transitions.
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mechanism. It is also known that the initial surface treatment affec
the morphology of CCC grown on Al and Al-alloys.26

In the hypothesis of ohmic control it appears reasonable to a
sume that the active anodic areas and the solution resistance in
fine tunnels and flaws of CCCs are the factors controlling the grow
of the layers on Al samples. After an initial transient, a nearly con
stant corrosion potential (Ucorr 5 20.60 V/SCE) was measured for
EP and CE samples during the conversion process. In the case
CE-Al samples, much larger anodic areas and flaws through t
CCC can be assumed, with respect to EP-Al samples, in order
explain the larger final thickness measured. The fitting of data o
Fig. 9 suggests that a different control operated at shorter times a
that the square root dependence holds after a lapse of time~at least
around 15 s in Fig. 9! large enough to build a very thick film.

Solid-state properties and energy levels at Al/CCC/electrolyt
interface.—The role of the very thin~0.6 nm! oxide layer, existing at
the Al/CCC interface, on the rate of growth of the CCC is discusse
The presence of this layer during the CCC formation process see
to exclude any~model of growth of CCC by! direct reaction of Al
with electrolytic species. On the other hand its extreme thinne
allows easily a tunneling of electronic charge from the underlyin
metal to the valence band of CCC or directly into the solution, a
previously suggested by other3 authors. This last hypothesis was
suggested to explain the CCC growth at the first instants of form
tion, and contrary to the mechanism of growth initially suggested b
Katzman et al.24 Moreover the presence of iron-cyanide specie
only on the outer part of the film~of almost constant thickness!
appears incompatible with a thickening due to a precipitatio
mechanism and it suggests an inward migration of chromium
containing species as mechanism of growth of a CCC. This oute
possibly very porous, layer could behave as a permeable membra
allowing the ingress of chromium species necessary for CCC thic
ening. Further investigations at shorter conversion times are nec
sary to elucidate this aspect.

In order to better evidence the role of electronic processes
different interfaces in the mechanism of growth of a CCC, we nee
to discuss the PCS results previously outlined. As reported abov
the CCCs behaved like insulating~Fig. 14! or slightly p-type semi-
conducting~Fig. 15! material with bandgap around 2.55 eV~see
Tables I and II! and flatband potentials,VFB , close to 10.2 V
6 0.1 V ~NHE! at l 5 300 nm and pH> 6.0. The presence in the
photocurrent spectra of a second extrapolation at higher energy d
serves some attention. We return to this aspect at the end of t
section after discussing the possible composition of a CCC.

The higherEg ~Table II! measured at more anodic potentials~i.e.,
at lower band bending!, the supralinear behavior of the photochar-
acteristics and their photon energy dependence~Fig. 15! and the
shift of V* andVinv values with photon energy suggest the existenc
of traps and localized states within the mobility gap of CCCs. Thes
findings, typical of amorphous materials, can be explained by takin
into consideration the field dependence of both optical transition
and transport of photocarriers in localized states.27-31

Due to the amorphous nature of CCCs, the presence of electro
states within the mobility gap of the material around the Fermi leve
EF , has been assumed in schematizing the energy levels locat
~energetics! of CCC/electrolyte junction of Fig. 17. This distribution
accounts also for the presence of surface states at the CC
electrolyte interface. Moreover a shift of the flat band potential of 5
mV/pH, as usual for oxide/aqueous electrolyte interface,32 has been
introduced in Fig. 17 for the location of energy levels in order to
reproduce the conditions during the formation of CCC~pH 2;
Ucorr 5 20.60 V/SCE). The redox couple Fermi levels in solution
have been located according to the redox potentials reported in R
3, 21, 32. According to this Fig. 17 describes the energetics of CCC
electrolyte interface during the growth of CCC~p-type semiconduct-
ing! in the cathodic areas of the corroding system where the redu
tion processes take place.

,
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According to Fig. 17 the reduction process of the Cr~VI !/Cr~III !
as well as of@Fe(CN)6#23/24 redox couple can occur only by elec-
tron exchange with the valence band of CCC. This means that
continuous growth of the CCC is sustained by a mechanism of ho
injection into the valence band of CCC at the oxide/electrolyte in
terface and a contemporary extraction of holes at the inner met
CCC interface.

In Fig. 17 we assume that holes injection, at the CCC/electroly
interface containing the accelerator, was mediated by surface sta
energetically located near the CCC Fermi level, in electronic equ
librium with electronic states of the valence band, and partially ove
lapping the vacant electronic states in solution of ferricyanide sp
cies.

In order to understand the role of accelerators of unielectro
redox couples reported in Ref. 21 we need to recall that the Fer
level of the Cr~VI !/Cr~III ! redox couple reported in Fig. 17 is not
really representative for the kinetics of electron exchange betwe
the CCC and chromium species in solution, because such a re
couple involves a multistep electron exchange and we should ha
to represent the Fermi levels for each step in order to understand
kinetics of electron exchange.32 We can conclude that a very slow
intermediate step is involved in the reduction of Cr~VI ! species in
spite of the favorable energetic location of the Fermi level for th
overall redox reaction.

By following Morrison,32 it is reasonable to hypothesize a hole
injection mechanism involving the redox couple according to th
scheme

O22~L! 2 H1 1 @Fe~CN!6#23 5 O21~L! 2 H1 1 @Fe~CN!6#24

@2#

O21~L! 2 H1 5 O22~L! 2 H1 1 h1~VB! @3#

where the hydroxylated surface groups@O22(L) 2 H1# of the CCC
play the role of surface states and h1(VB) indicates a hole in the
valence band. According to this scheme, the first equation represe
the hole injection process from oxidized species into solution
surface states of the CCC, while the second equation represents
injection of a hole from the surface state into the valence band of t
CCC. The capture of holes at the inner interface should occur
electron tunneling across the very thin alumina oxide existing
Al/CCC interface.

Figure 17. Schematic diagram of substrate/CCC/electrolyte interface durin
the coating growth (Ucorr 5 20.6 V/SCE).
Downloaded 28 Jun 2011 to 128.146.58.90. Redistribution subject to 
e
s

-
l-

e
tes
i-
-
-

n
i

n
ox
ve
he

nts
o
the
e
y
t

By taking into account the solid-state properties of a CCC,
proposed mechanism of electron exchange at the two interf
could help to better elucidate the influence of different red
couples on the growth rate of the CCC reported previously
literature.21 It is evident that in order to understand the role of red
couples in accelerating the CCC growth we need to consider
the heterogeneous electronic exchange process, between CC
redox couples, and the homogeneous electronic exchange bet
redox couple and dichromate species in solution. In this frame
evident that rather than the standard potential of the redox coup
is the overall kinetics of electronic exchange in the two proces
~homogeneous and heterogeneous! which controls the growth rate o
CCC in the presence of accelerator.

According to this it is not surprising, in the frame of the Marc
theory of electron exchange, that the ferricyanide redox couple i
excellent accelerator for the growth of CCC. It is known from t
theory32 that important parameters for the kinetics of electron
change are

~i! the value of reorganization energy of a redox couple in so
tion; and

~ii ! the energy levels of electronic states in solution with resp
to the electronic surface states of the oxide electrode.
It seems very probable that both these parameters are more f
able for the ferri-ferrocyanide redox couple than for other red
couples reported in Ref. 21. Further investigations on the kinetic
electron exchange between CCC and redox couples in solution
necessary for a better understanding of the role of different re
couples, but it seems to us that the previous suggestions could
to rationalize the experimental findings.

According to the previous suggestions, the thinning of the s
face oxide by fluoride ions is an important step at the beginning
CCC growth.3 However, after the initial formation of the CCC laye
the continuous growth of the CCC was controlled by the coup
processes of Al31 transport, trough fine tunnels and flaws present
CCC, and holes injection at the CCC/electrolyte interface. In suc
hypothesis, the anodic and cathodic processes can be summariz

6Al 1 18h1~VBCCC! 5 6Al31~solution! @4#

4~Cr2O7!22 1 26H1 5 Cr~ III !6Cr~VI !2O7~OH!16 1 5H2O

1 18h1~VBCCC! @5#

where the anodic process accounts for the Al31 ions formation by
hole injection at the metal/CCC interface, while the cathodic proc
accounts for the formation of a Cr~VI !-Cr~III ! mixed oxyhydroxide.
In the absence of accelerator the injection of hole into CCC occu
according to Eq. 5~slow process! while in presence of accelerato
~ferricyanide redox couple! a second reaction channel for the ho
injection was provided by Eq. 2 and 3. In this case, the ferrocyan
species was subsequently oxidized by dichromate species prese
solution.

The chemical composition reported in Eq. 5 is analogous to
suggested in Ref. 4 for a Cr~VI !/Cr~III ! ratio equal to 1:3 for ex-
plaining the self-healing effect of Cr~VI ! species. The possible pre
ence of crystallization water in the CCC formation has not be
taken into account because its presence will not affect the ban
of the CCC~see below!.

Estimate of CCC composition through PCS data analysis.—It is
interesting to note that Eq. 4 and 5 are able to fit different Cr~VI !/
Cr~III ! ratios and hydroxylation degree as a function of the num
of dichromate groups involved in the reaction. If we assume
only three dichromate groups are involved in the growth proces
a CCC we get a ratio Cr(VI)/Cr(III)5 1:2 analogous to the aver
age ratio above reported from XANES measurements for EP
electrodes.

In order to support the hypothesis of formation of chromium~VI,
III ! mixed oxide, we take advantage of the PCS data showing
regardless of conversion times and bath, a quite reproducible op

g
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bandgap value, around 2.55 eV, is derived for a fresh CCC. Suc
value is appreciably different from that measured for passive ch
mium and attributed to Cr(OH)3 anodic film~2.40 eV!.16 More im-
portantly, the measuredEg values must be relative to a compoun
containing about 1/3 of Cr~VI ! species. In the following, we presen
a quantitative PCS data analysis which support the hypothesis
an amorphous Cr~III !-Cr~VI ! mixed oxyhydroxide is the main con-
stituent of CCC formed in the absence of accelerator. The prese
of chromium-iron-cyanide species in the outer layer of CCC-
does not affect appreciably our reasoning.

In order to accomplish such a task we make use of correlat
between bandgap and oxide film composition recently proposed
the literature.12,33-36According to such studies, the bandgap of cry
talline oxide can be estimated according to equation

Eg~eV! 5 A~xO 2 xM!2 1 B @6#

wherexO andxM are the Pauling’s electronegativity of oxygen an
metallic cation respectively andA 5 1.35 and B 5 21.49 for
d-metal crystalline oxides. It has been shown34,35 that such a corre-
lation holds also for amorphous oxides once a correcting te
DEam 5 0.1 4 0.35 eV, is added to theEg values for taking into
account the influence of lattice disorder on the bandgap of the c
responding crystalline counterpart.

In the case of ternary mixed oxides AaBbOc , Eq. 6 still holds
after substituting toxM , an average cationic electronegativity de
fined as

xc,av 5 ~xAxA 1 xBxB! @7#

xA 5
a

a 1 b
@8#

wherexA andxB represents the electronegativity value of cations
and B andxA andxB their respective cationic fraction in the mixe
oxide.

In order to get the average electronegativity parameter we n
to know the electronegativity value of Cr~VI !. At this aim we make
use of Eq. 6 and of the value of 2.0 eV reported in the literature
the bandgap of CrO3 crystalline oxide.37 By substitution of thisEg
value in Eq. 6 and by using 3.5 for the electronegativity of oxyge
we getxCr(VI) 5 1.89. The higher Cr~VI ! electronegativity, with re-
spect to Cr~III ! (x 5 1.6), is in accordance with the usually re
ported trend for increasing oxidation number of the elements~Ref.
33 and references therein!. We are not aware of other values for th
electronegativity parameter of Cr~VI ! so that we use it with some
caution.

According to Eq. 7 and 8 we calculatexc,av as a function of the
Cr~VI !/Cr~III ! ratio. By assuming for such a ratio an average val
equal to 1:2~in agreement with our XANES data! we define an
average cationic electronegativity parameter for the metallic gro
in CCC: xc,av(CCC) 5 1.697.

In order to estimate the bandgap of crystalline mixed Cr~VI, III !
oxide we make use again of Eq. 6 and of the average cationic e
tronegativity parameter obtainingEg 5 2.90 eV. By taking into ac-
count the amorphous nature of a CCC, we can assume reasonab
averageDEam value of 0.20 eV, which poses the optical bandgap f
anhydrous amorphous CCC close to 3.10 eV. The assumedDEam

5 0.20 eV is in agreement with the difference ofEg values between
amorphous~3.55 eV! and crystalline~3.35 eV! Cr2O3 oxide16 al-
though a higher value of such parameter like for other oxides34,35 is
not unreasonable.

The measuredEg value of a fresh CCC is well below this value
and according to Refs. 12, 33-37 could be related to the formation
a mixed hydroxide phase. In fact, in the case of d-metal hydroxid
lower Eg

35,36 have been estimated according to the correlation

Eg~eV! 5 0.65~xM 2 xOH!2 1 1.38 @9#
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where xOH represents now the electronegativity parameter for t
OH group. By using the average values of electronegativity for t
cationic ~1.696! and anionic~2.85! groups respectively, we get an
estimate for the optical bandgap of chromium~VI, III ! mixed hy-
droxide as 2.25 eV.

These preliminary analysis suggests, in agreement with pre
ously reported findings on passive films grown on differen
metals,16,33,38,39that the optical bandgap values of CCC differs from
the estimated values of pure amorphous oxide~3.10 eV! as well as
of pure hydroxide~2.25 eV! and that a mixed Cr~VI,III ! oxyhydrox-
ide is formed during the chemical conversion process.

In previous works33,36,38we suggested that in the case of mixe
oxyhydroxide, passive films of general formula MO(y2m)OH2m
~with m ranging between 0 andy!, an estimate of the bandgap value
for such a compounds can be obtained by using the following co
nection formula

Eg 5
Eg

anh

1 1 kMxOH
@10#

wherexOH 5 2m/(y 1 m) is the hydroxylation degree,Eg
anh is the

bandgap of anhydrous oxide, andkM is a constant, for each metal
oxyhydroxide, which can be derived once the bandgap of the ox
(xOH 5 0) and of the hydroxide (xOH 5 1) are known. In our case
after substitution of theEg values for amorphous oxide and hydrox
ides in Eq. 10 we find for kCr(VI,III ) a value of 0.378.

By substituting in Eq. 10 toEg(xOH) the value measured for
CCC ~2.55 eV!, we get finally the value ofxOH 5 0.57 from which
m 5 0.80 is derived. From such a value ofm we can get a mixed
oxyhydroxide (Cr.667Cr.333O1.2(OH)1.6) having a stoichiometric ratio
O/Cr equal to 2.80. This last value is in fair agreement with da
reported in literature and measured by Auger spectroscopy.2 Analo-
gous results were obtained by using instead of Eq. 10 a sligh
different approach, always based onEg data analysis, reported in
Ref. 39.

By assuming a ratio CrIII :CrVI 5 2:1, we obtain from Eq. 5 a
reduced stoichiometric formula: Cr.667Cr.333O1.17(OH)1.67 to which
corresponds an optical bandgap of 2.53 eV in very good agreem
with the experimental value measured for our CCC. It seems re
sonable to conclude that the composition of CCC, grown on EP-
electrodes in the conversion baths used for this work, is very clo
to the polymeric compound proposed by Mc Creery but with a rat
of CrIII :CrVI equal to 2:1.

It may be of interest to calculate the bandgap expected for t
compound proposed by Mc Creeryet al.and reported in Eq. 5 with-
out taking into consideration the water of crystallization. By follow
ing the same procedure we estimated an optical bandgap value
2.50 eV which is not too far from our value. The reason for th
almost invariant value ofEg in presence of a different Cr~VI !/Cr~III !
ratio, comes out from the fact that in the compound of Eq. 5 pr
posed by Mc Creeryet al. an increase in the content of Cr~III !,
which increased the bandgap value of anhydrous a-CCC up to 3
eV, is overcompensated by the increase of OH groups content wh
lowered the bandgap to the estimated 2.5 eV.

According to our interpretative hypothesis it comes out from th
data of Table I that the optical bandgap values of fresh CCC gro
on EP-Al electrodes are compatible with an amorphous polyme
phase of generic formula Cr4(Cr2O7)On(OH)1022n with n ranging
between zero and 1.

A decrease in the hydroxilation degree, from the CCC/solutio
interface toward the inner layers, could account for the presence
a second extrapolation, at higher energy, in the photocurrent spe
of CCC. As above mentioned~see also Fig. 12, 13, 16! such a
second threshold was usually observed in CCC-wof but rarely
CCC-wf and usually for longer conversion times~thicker films!.

A possible explanation for the absence of a second extrapolat
could be the presence of a thicker~or rougher and then optically
thicker! hydroxylated layer on the surface of CCC-wf above a le
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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hydroxylated internal layer: only the external layer should detecte
in this case. In the case of CCC-wof, both layers are detected a
the photocurrent spectra exhibit two slopes. Such an interpretation
in agreement with results previously reported in the literature o
layered passive films having a variable hydroxylation degree.16,38-40

Conclusion

The use of different techniques has allowed to get new insigh
on the morphology, structure, and composition of CCCs grown o
pure aluminum samples. The results obtained on pure aluminu
electrodes confirm the presence of iron species only on the extern
part of the coatings formed in conversion bath containing ferricya
nide. Such iron distribution seems independent from the coatin
times. Our results seem to suggest that iron is present as a comp
containing both cyanide group and Cr~III ! species. More impor-
tantly, the presence of fine tunnels within the CCC could account fo
some discrepancies reported in literature on CCC composition. It
suggested that such tunnels represent the anodic areas and are
preferential paths for the outcome of Al31 species during the coating
formation process. Such a hypothesis could account for the lack
appreciable amount of aluminum in the CCC composition.

The XANES data of this work and the PCS study agree with th
hypothesis that a mixed oxyhydroxide of Cr~III ! 1 Cr~VI ! is formed
during the conversion process. The exact composition of the CC
depends on both the surface preparation and the bath compositi
The optical bandgap of 2.55-2.60 eV obtained for the CCC is com
patible with an average coating composition of
Cr4(Cr2O7)On(OH)1022n (0 < n < 1). The presence in the photo-
current spectra of a second absorption threshold, at high phot
energies, has been related to the presence of a less hydroxyla
inner layer. The absence of this second threshold, in some of t
samples formed in presence of ferricyanide, could be related to t
presence on such samples of an optically thicker outer hydroxylat
layer. The PCS data suggest that CCC grown on pure Al present
insulator-like or slightly p-type behavior.

These results as well as the TEM morphological analysis seem
suggest that the presence of ferricyanide in the conversion ba
plays a more complex role than a simple accelerator of growth k
netics.

A general electrochemical reaction scheme has been proposed
the coating conversion process by taking into account both the soli
state properties of CCC as well as the possible mechanisms
charge injection at the different interfaces. In this frame, a rationa
ization of the influence of redox couples on the growth rate of CCC
has been suggested by taking into consideration the kinetics of ele
tron exchange at the CCC/electrolyte interface. More detailed stu
ies on these kinetics are, however, necessary before reaching a fi
conclusion.

Finally, it has been shown that PCS technique can be used in
quantitative way to identify the photoactive layer once some pre
liminary information are gathered by other techniques. Further stu
ies are now in progress to understand the influence of aging proce
on the physicochemical properties of CCC.

The University of Palermo assisted in meeting the publication costs
this article.
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