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Preface 
 
 
The present volume of Modern Aspects of Electrochemistry is 
composed of four chapters covering topics having relevance both 
in corrosion science and materials engineering. All of the chapters 
provide comprehensive coverage of recent advances in corrosion 
science. 

The first chapter, by Maurice and Marcus, provides a 
comprehensive review on the structural aspects and anti-corrosion 
properties of passive films on metals and alloys. These authors 
look at recent experimental data collected by in-situ microscopic 
techniques coupled with electrochemical methods. A detailed 
description is given of the nucleation and growth of 2-dimensional 
passive films at earlier stages, their effect on the corrosion 
properties of metal surfaces, and the nanostructures of 3-
dimensional passive films. On the basis of the experimental data 
reviewed, the authors present a model for passivity breakdown and 
pit initiation, which takes into account the preferential role of grain 
boundaries.  

In Chapter 2, Takahashi and his co-workers give a specialized 
account on the electrochemical and structural properties of anodic 
oxide films formed on aluminum. In addition to the 
electrochemical corrosion-related problems of anodic oxide films, 
the chapter reviews state-of-the-art research of nano-/micro-
fabrications based on anodizing treatments combined with 
chemical/mechanical processes such as laser irradiation, atomic 
force micro-probe processing and thin film deposition techniques. 

Chapter 3, by Janik-Czachor and Pisarek, deals with 
electrochemical and structural properties of amorphous and 
nanocrystalline alloys that have been defined as ‘meta-stable’ 
alloys by the authors. The chapter addresses the key question of 
how the structures could be modified to be either more resistive 
against environmental corrosion or more reactive towards 
electrocatalytic reactions by hydrostatic extrusion or cathodic 
hydrogen charging, respectively. An in-depth discussion is given 
of the passivity of aluminum-based amorphous alloys and stainless 
steels and the catalytic activity of copper-based amorphous alloys. 
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Chapter 4, by Di Quarto and co-workers, offers a review of 
the electronic and solid-state properties of passive films and 
corrosion layers determined using differential admittance and 
photocurrent spectroscopy. The authors start with a theoretical 
analysis of the admittance behavior of passive film/electrolyte 
junction based on the theory of amorphous semiconductor 
Schottky barriers. The fundamentals of photocurrent spectroscopy 
are then introduced with special emphasis on how this technique 
could be utilized for determining the solid-state properties of 
passive films. 
 
S.-I. Pyun 
Korea Advanced Institute of Science and Technology 
Daejeon, Republic of Korea 
 
J.-W. Lee 
Samsung Advanced Institute of Technology 
Yongin, Republic of Korea 
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I.  INTRODUCTION 

Ultra-thin layers of hydroxylated oxide (passive films) grown on 

property of self-protection against corrosion. Passivation is a key 
to our metal-based civilization and to its sustainable development. 
Passive films in many cases do not exceed a few nanometers in 
thickness and effectively isolate the metal (or alloy) substrate from 
the corrosive environment. However, they are sensitive to break-
down eventually leading to accelerated dissolution of the substrate 
at localized sites (i.e., pitting) with major impact in practical appli-
cations and on economics.  

Despite a considerable amount of research on localized corro-
sion, the complete understanding of passivity breakdown and pit 
initiation and in particular the reason for its local occurrence re-
main a vexing problem in corrosion and electrochemical science 
that must be addressed at the nanoscopic scale. Moreover, the in-
creasing development of materials with nanoscale architecture and  
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including metallic components requires a detailed understanding 
and nanoscale control of corrosion processes to guarantee their 
durability. 

The anti-corrosion properties of passivated metals and alloys 
surfaces have been recently reviewed,1,6 and are discussed in other 
chapters of this volume. In this chapter, we address the nanostruc-
ture of passive films and its relation with the local properties of 
protection against corrosion. The relation between the structure of 
non-passivated metallic surfaces (i.e., in the active state) and their 
corrosion properties will not be addressed here. Recent in situ stu-
dies with scanning probe microscopes implemented with electro-
chemical control addressing this issue at the sub-nanoscopic scale 
have been reviewed.7,8 Investigations have focused on the structur-
al modifications of atomically flat model surfaces resulting from 
the adsorption of anions in the double layer potential region pre-
ceding the onset of dissolution and on the dissolution of the metal 
atoms at specific sites. The dynamics of these processes have been 
studied in some cases. Dissolution was shown to occur exclusively 
at step edges leading to the retraction of the terraces by a step flow 
mechanism. The anisotropic effect of the surface atomic structure 
of strongly adsorbed layers of anions on the mechanisms of active 
dissolution of metals was also evidenced. Similar detailed studies 
remain to be performed on alloys used in practical applications 
despite some significant advances on the structural aspects of se-
lective dissolution (i.e., dealloying) mechanisms mostly studied on 
model CuAu alloys.9-15 

The structure of passive oxide layers is now well-documented 
thanks to the use of Scanning Tunneling Microscopy (STM) and 
Atomic Force Microscopy (AFM). Their crystallinity has been 
demonstrated for Ni,16–25 Cr,26,27 Fe,28–33 Cu,34–39 Co,40,41 and stain-
less steel42,46 and nickel-based alloys.47 In situ grazing incidence X-
ray diffraction (GIXD) experiments have confirmed and comple-
mented this finding for Ni22,48 and Fe.49,50 Prior to these studies, it 
was generally considered that the ultra-thin passive films were 
amorphous, and that the absence of crystallinity was favorable to 
the corrosion resistance. This view has now changed, because the 
structural studies have revealed that in many cases the passive 
films consist, at the nanometre scale, of crystalline oxide grains 
with grain boundaries. Non-ordered areas can form between the 
crystalline grains, particularly during the growth process, i.e., un-
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der non stationary conditions. These inter-granular sites of the pas-
sive film play a key role in the breakdown of passivity and the 
initiation of localized corrosion. 

The topics addressed in this chapter include the adsorption of 
hydroxide ions and the initial 2D growth of passive layers, the 
modified corrosion properties of metal surfaces at this intermediate 
stage of formation of the passive films, the nanostructure and 
atomic structure of 3D passive films, the effect of aggressive ions 
(i.e., chlorides) on the growth and structure of 3D passive films 
and the nanostructural aspects of passivity breakdown. 

II.  NUCLEATION AND GROWTH OF PASSIVE FILMS 

In this Section, data obtained on copper, silver and nickel in alka-
line aqueous solutions are reviewed to illustrate and discuss the 
structural modifications of the metal surface accompanying the 
adsorption of hydroxide anions and the nucleation and growth of 
2D passive layers. The influence of the structure of these 2D layers 
on the dissolution properties of the metal surface is then addressed 
for silver and nickel, showing the major influence of crystalliza-
tion on local properties at the nanometer scale. Such data are rele-
vant to the fundamental understanding of both the corrosion me-
chanisms when dissolution and passivation compete and the self-
repair of depassivated metal surfaces. 

1.  Hydroxide Ion Adsorption and Growth of 2D Passive  
Layers 

(i)  Copper 

Copper does not passivate in acidic solutions (pH < 5) because 
copper oxides are not stable and their dissolution is fast. However, 
at higher pH, Cu(I) and Cu(II) oxide layers are stable and the com-
position of the passive films has been studied qualitatively and 
quantitatively with electrochemical and surface analytical methods 
such as X-Ray Photoelectron Spectroscopy (XPS),51–54 photo-
acoustic spectroscopy,55 ion scattering spectroscopy,51 in situ Ra-
man68–58 and infrared spectroscopy.59 The growth of 3D crystalline  
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Figure 1. Voltammograms recorded for Cu(111) in 0.1 M NaOH(aq) between the 
hydrogen and oxygen evolution limits (a) and in the potential range below oxida-
tion (b). The passive film consists of a single layer of Cu(I) anodic oxide and a 
duplex layer of Cu(I)/Cu(II) anodic oxide depending on the potential regions. (a) 
Reprinted with permission from J. Phys. Chem. B 105 (2001) 4263, Copyright © 
2001, The American Chemical Society. (b) Reprinted with permission from Surf. 
Sci. 458 (2000) 185, Copyright © 2000, Elsevier Science. 
 
 
layers is preceded at lower potential by the adsorption of hydrox-
ide anions as identified by in situ Raman.58,60  

Figure 1 shows typical polarization curves characterizing the 
3D growth of the passive film on Cu(111) in 0.1 M NaOH(aq)

36 and 
the OH– adsorption in the underpotential range of 3D oxidation.35 
It has been shown by ECSTM that OH– adsorption induces the 
surface reconstruction of the copper surface and the formation of a 
2D structural precursor for the 3D Cu(I) oxides grown at higher 
potential.35–38 Figure 2 shows this process for a Cu(111) single-
crystal surface in 0.1 M NaOH(aq) on which 3D Cu2O(111) growth 
is observed at E > –0.2 VSHE as described below.35,37 The sequence 
of images shown in Fig. 2a was obtained after stepping anodically 
the potential to –0.6 VSHE, i.e., at the onset of the anodic peak ob-
served at –0.46 VSHE in Fig. 1b and assigned to the adsorption of 
OH– anions according to the following reaction: 

 
 Me + OH– → −− γ

adsOHMe  + (1 – γ) e– (1)   
 
with Me standing for Cu in the present case. 

The initially bare and atomically smooth terraces of the sur-
face (marked m. in Fig. 2a become progressively covered by 2D 
islands appearing darker on the image (marked ad.) that grow lat-
erally  with  time  and coalesce to  cover  completely  the  terraces.  



Structure, Passivation and Localized Corrosion of Metal Surfaces  5 

     

 

   
(a) 

Figure 2. (a) Sequence of ECSTM images 
showing the growth of the −γ

adsOH  ad-layer on 
Cu(111) in 0.1 M NaOH(aq) at –0.6 VSHE. (b) 
ECSTM image and model of the ordered structure 

of −γ
adsOH  formed on Cu(111) in 0.1 M NaOH(aq) 

in the potential region below oxidation. The large 
and small cells mark the lattice of OHads species 
and of reconstructed CuR plane, respectively. (a) 
Reprinted with permission from Surf. Sci. 458 
(2000) 185, Copyright © 2000, Elsevier Science. 
(b) Reprinted with permission from Electrochim. 
Acta 48 (2003) 1157, Copyright © 2003, Elsevier 
Science. 
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(b) 
 

Figure 2. Continuation. 
 
 

Initial growth of the adsorbed layer occurs preferentially at the 
step edges, confirming the preferential reactivity of these pre-
existing defect sites of the surface, a generic result of Surface 
Science and Interfacial Electrochemistry studies of solid-gas and 
solid-liquid interfaces. Figure 2a also shows that the terraces grow 
laterally due to displacement of the step edges, and monoatomic 
protruding ad-islands are formed at the end of the growth process. 
These two features are indicative of the reconstruction of the top-
most Cu plane induced by the adsorption of the OH– anions. The 
reconstruction causes the ejection of Cu atoms from the topmost 
plane. The ejected atoms diffuse on the surface and aggregate at 
step edges. This causes the observed lateral displacement of the 
step edges. In the final stages of the adsorption process where most 
of the surface is already covered by the 2D ad-layer, the ejected 
atoms have a reduced mobility on the OH-covered terraces and 
aggregate to form the observed monoatomic ad-islands. Some frac-
tion of them may also dissolve in the electrolyte. 

Figure 2b shows an atomically-resolved image and the model 
of the ordered surface according to a Cu(111)/CuR/OHads topmost 
plane sequence. The reconstruction of the Cu topmost metal plane 
(CuR) is confirmed. A hexagonal lattice with a parameter of 
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0.6±0.02 nm is measured. Each unit cell contains one minimum 
and four maxima of intensity. The interatomic distance between 
the maxima (assigned to Cu atoms) is ~ 0.3 nm, which is larger 
than the interatomic spacing of 0.256 nm in the unreconstructed 
Cu(111) plane from bulk parameter values, and confirms the re-
construction of the topmost Cu plane into a lower density CuR 
plane. A coverage of ~ 0.2 OH per Cu(111) atom is deduced from 
the density of the intensity minima, in excellent agreement with 
the coverage of 0.19 obtained from the electrochemical charge 
transfer measurements assuming γ = 0 in Eq. (1). In addition, the 
position of the OHads groups corresponds to three-fold hollow sites 
of the reconstructed CuR plane on which they form a (2×2) struc-
ture. The structure of the CuR/OHads topmost plane mimics that of 
the Cu and O sub-lattices in Cu2O(111), thus forming a structural 
2D precursor for the 3D growth of the anodic oxide. 

Figure 3 shows the structure of the OH-induced reconstructed 
ad-layer formed on Cu(001) in the potential range below 3D oxi-
dation.38 It is assigned to OH-stabilized dimers of Cu atoms 
ejected from the topmost plane and located above it with the OH 
presumably adsorbed in bridge sites. The orientation of the dimers 
along the <100> substrate directions causes the reorientation of the 
step edges along these directions. By alternating the dimer orienta-
tion along the [100] and [010] directions on the terraces, zig-zag 
arrangements are generated with a main orientation along the 
<110>directions. Long range ordering of the zig-zag chains is ob-
served in areas limited in width with c(2×6) and c(6×2) superstruc-
ture domains. In this case, the local orientation of the dimers along 
the [100] and [010] directions is thought to initiate a rotation of 
45° of the close-packed ]011[ directions of the 3D Cu2O 
(001) lattice with respect to the close-packed directions of the 
Cu(001) lattice. 

(ii)  Silver 

For silver in alkaline aqueous solutions, the adsorption of OH– 
anions at potentials cathodic with respect to the 3D growth of 
Ag2O has also been concluded from cyclic voltammetry, in situ 
ellipsometry, in situ Raman, in situ X-ray Absorption Spectrosco-
py  at  grazing  incidence  (XAS)  and  ex  situ  XPS  data.61-76 For  
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Figure 3. ECSTM image and model of the locally or-
dered structure of the −γ

adsOH  layer formed on Cu(001) 
in 0.1 M NaOH(aq) in the potential region below oxida-
tion. Reprinted with permission from J. Electroanal. 
Chem. 554-555 (2003) 113, Copyright © 2003, Elsevier 
Science. 
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Figure 4. ECSTM image of the Ag(111) surface in 
0.1 M NaOH(aq) at –0.3 VSHE, showing the absence of 
superstructure and high mobility (streaks) on the terrac-
es. Ad-atoms and vacancy islands resulting from the 
surface preparation are marked A and V, respectively. 
Reprinted with permission from J. Phys. Chem. C 111 
(2007) 16351, Copyright © 2007, The American Chem-
ical Society. 

 
 
Ag(111) in 0.1 M NaOH(aq), OH-induced surface reconstruction 
has been evidenced by ECSTM in the potential range preceding 
the growth of 3D anodic oxides occurring at E ≥ 0.3 VSHE.77,78 
However, surface reconstruction requires a potential (E >  
–0.1 VSHE) higher than that (~ –0.45 V) above which anodic peaks 
assigned to OH– adsorption are measured by cyclic voltamme-
try72,74,76 and the formation of −γ

adsOH  species confirmed by in situ 
Raman and ex situ XPS data.68,75,76  

The ECSTM images measured in the potential range of  
–0.45 ≤ E ≤ –0.1 V reveal atomically smooth terraces and no su-
perstructure (Fig.  4), but the terraces are streaked at high resolu-
tion indicating surface mobility. This is assigned to the weak bond-
ing of the −γ

adsOH  species to the Ag(111) surface in this potential 
range. This weak bonding and the associated surface mobility 
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would be consistent with an incomplete charge transfer in the ad-
sorption reaction (0 < γ < 1).  

Figure 5 shows the typical reconstructed terraces observed by 
ECSTM in the potential range –0.05 ≤ E ≤ 0.15 VSHE. Dispersed 
protrusions (marked D) characterize a 2D reconstructed ad-layer 
 

  

   
 (a)  (b) 
 

 
(c) 

 
Figure 5. (a, b) ECSTM images of the Ag(111) surface in 0.1 M NaOH(aq) at -
0.05 VSHE. G, D and I mark grains, the matrix of dispersed protrusions and ex-
tended ordered islands, respectively. Circles indicate the atomic lattice. (c) Mod-
el of one monolayer of Ag2O(111) on Ag(111). Unit cells of the reconstructed 
topmost plane (AgR) and substrate plane Ag(111) are marked. Black disks and 
black circles are surface oxygen and silver in Ag2O, respectively. Grey “disks” 
(partially hidden by the Ag layer) are sub-surface oxygen Reprinted with permis-
sion from J. Phys. Chem. C 111 (2007) 16351, Copyright © 2007, The American 
Chemical Society. 



Structure, Passivation and Localized Corrosion of Metal Surfaces  11 

only locally ordered in contrast with the well-ordered 2D recon-
structed ad-layer formed on Cu(111). These protrusions are as-
signed to nuclei of a (111)-oriented monolayer similar to silver 
oxide and consisting of one reconstructed silver layer embedded 
between two layers of sub-surface species and surface species, 
corresponding to oxide and/or hydroxide species according to Ra-
man and XPS data.68,75,76 Indeed, atomic resolution shows that the 
Ag-Ag distance (~ 0.32 nm) in the nuclei is enlarged and corres-
ponds to the Ag-Ag interatomic distance in the Ag2O(111) lattice. 
This reconstruction of the silver plane in the nuclei of the new sur-
face oxide is indicative of the growth of a 2D structural precursor 
of the 3D Ag2O anodic oxide film formed at higher potential 
(E ≥ 0.3 VSHE).  

This model of surface reconstruction of Ag(111) in the under-
potential range of oxidation is characterized by a Ag(111)/O(H)sub 
/AgR/O(H)ads topmost plane sequence and differs from that pro-
posed on Cu(111) where no sub-surface layer of adsorbates was 
proposed, in agreement with the absence of protruding islands on 
the smooth terraces measured by ECSTM after adsorption. This is 
attributed to the fact that on Cu(111) the formation of the 2D re-
constructed ad-layer coincides with the anodic peak related to the 
adsorption of hydroxide and does not require a more anodic poten-
tial as on Ag(111). On Cu(111), the sub-surface penetration of the 
adsorbed species also occurs but at a higher potential (E ~  
–0.25 VSHE) corresponding to the onset of the anodic peak marking 
the 3D growth of Cu2O(111). 

On Ag(111), the Ag2O(111)-like nuclei corresponding to the 
protruding islands are separated by unreconstructed regions where 

−γ
adsOH  species are thought to predominate. Long range ordering is 

promoted by slow potential scans rather than fast potential steps, 
forming larger periodic islands (marked I in Fig. 5) of the recon-
structed ad-layer. Grains (~ 3 nm wide, marked G in Fig. 5) as-
signed to 3D oxide nuclei are also observed simultaneously with 
surface reconstruction. A fraction of the Ag atoms ejected from the 
topmost plane by surface reconstruction are expected to aggregate 
in these nuclei due to a limited diffusion on the reconstructed sur-
face. The remaining fraction would dissolve in the absence of sca-
venging pre-existing step edges, i.e., in the case of extended ter-
races. 
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(iii)   Nickel 

For Ni in sodium hydroxide aqueous solutions, the adsorption 
of hydroxide ions takes place at potential below the anodic peak 
marking the growth of 3D anodic oxides,79-84 despite the absence 
of characteristics peaks in voltammograms.81,84-86 Like on Cu and 
Ag, ECSTM on Ni(111) revealed OH adsorption-induced surface 
reconstruction leading to the nucleation and growth of a 2D pas-
sive layer,24,25 but this occurs at a more anodic potential, concomi-
tantly with dissolution as described below.  

The ECSTM data obtained at the onset of the active/passive 
transition in 0.1 M NaOH(aq) evidence the formation of ordered 
(2×2) islands of limited lateral extension as shown in Fig. 6a.25 
However, this was not observed in 1 mM NaOH(aq). The absence 
of ordered islands in the more dilute electrolyte is explained by a 
weak bonding and a high mobility of the adsorbed hydroxide spe-
cies (presumably −γ

adsOH  with γ ~ 1). Figure 6c shows a model pro-
posed for the dilute adlayer formed on the Ni(111) surface in this 
electrolyte. The weakly bonded −

adsOH  species are thought to dif-
fuse on the surface and can reside on 3-fold hollow, 2-fold bridge 
and atop sites as predicted by theoretical calculation of the 
Ni(111)/vacuum interface.87 The co-adsorption of water molecules 
is also considered. 

In 0.1 M NaOH(aq), the Ni(111) terraces are also expected to 
be covered by mobile H2Oads and −

adsOH  species. The higher con-
centration of −

adsOH  species could favor a partial discharge reaction 
(γ < 1), strengthening the bonding of −γ

adsOH  with the Ni atoms. 
Adsorption would be stabilized in the most preferred sites and in-
duce the structural ordering observed by STM. Figure 6b shows 
the structural model of the (2×2) islands. It is assumed that the 
threefold hollow adsorption site (corresponding to the nodes of the 
hexagonal lattice in Fig. 6) is preferred, in agreement with theoret-
ical calculations.87 If the discharge of the −γ

adsOH  species is incom-
plete (0 < γ < 1), the repulsive interactions between −γ

adsOH  must be 
screened by co-adsorbed species such as H2Oads in order to grow 
the (2×2) domains. Given the radii of H2O (0.15 nm) and OH– 
(0.13 nm),  up  to  two  water  molecules  can be  co-adsorbed  
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(a) 

 

    
 (b)  (c) 
 
 

Figure 6. (a) ECSTM image of the Ni(111) terraces in 0.1 M NaOH(aq) at 
–0.55 VSHE. Unreconstructed islands (circled) having a (2×2) superstructure 
(marked by the hexagon) are formed. (b) Model of the adlayer in 0.1 M 
NaOH(aq). The (2×2) ordered islands (marked by the hexagon) consist of 
strongly bonded −γ

adsOH  species co-adsorbed with H2Oads. (c) Model of the 

disordered dilute adlayer of less strongly bonded and mobile −
adsOH  co-

adsorbed with H2Oads in 1 mM NaOH(aq). Dark grey, bright grey and white 
disks mark H2Oads, −

adsOH  and −γ
adsOH , respectively. Reprinted with per-

mission from J. Electrochem. Soc. 153 (2006) B453, Copyright © 2006, 
The Electrochemical Society. 
 

 
with one −γ

adsOH  species per (2×2) unit cell. The water molecules 
could contribute to stabilize the (2×2) arrangement by forming 
hydrogen bonds  with  the   co-adsorbed −γ

adsOH  species.  The  high  
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Figure 7. ECSTM images of the Ni(111) surface recorded in 1 mM NaOH(aq) at E 
= –0.3 VSHE, showing the step flow process generated by dissolution (sites marked 
D) and the nucleation of 2D grains of the passive film (marked G) at the step edges. 
Reprinted from J. Solid State Electrochem. 9 (2005) 337, Copyright © 2005, Sprin-
ger. 
 
 
packing density of this adlayer, with a nearest neighbor distance 
between co-adsorbed species of 0.29 nm, combined with a rela-
tively weak bonding of the −γ

adsOH  species is thought to be respon-
sible for the limited lateral extension of the ordered domains.  

Figure 7 illustrates the nucleation of the 2D passive film ob-
served on Ni(111) in 1 mM NaOH(aq) (pH ~ 11) at E = –0.3 VSHE, 
i.e., also at the onset of the passivation peak. A slow dissolution of 
the nickel surface is observed. The dissolution takes place at the 
step edges, leading to the consumption of the metal terraces by a 
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step flow mechanism, as observed on numerous substrates includ-
ing nickel.7,8,19,88 The nucleation of the passivating oxide occurs 
preferentially at the step edges at this potential. It is characterized 
by the formation of 2D grains with a lateral size of ~ 2 nm. The 
ongoing dissolution at the nearby step edges not yet passivated 
leads to the formation of isolated 2D islands of the passivating 
oxide.  

At E = –0.28 VSHE, dissolution of the metal terraces by step 
flow is still observed but the 2D growth of the passivating oxide is 
faster. It forms extended islands of 2D nanograins blocking the 
dissolution at the step edges. These 2D islands extend laterally 
with time to completely cover the surface. This leads to the forma-
tion of a passivating oxide constituted of 2D nanocrystals (~ 2 nm) 
(see Fig. 8). The nanocrystals have an hexagonal lattice with a 
parameter of 0.31 ± 0.01 nm assigned to 2D nanocrystals of 
Ni(OH)2(0001) possibly in strained epitaxy on Ni(111).24 Similar 
strained epitaxial 2D films have been observed on Ni(001) in  
0.1 M NaOH(aq.).18 On Ni(111) in sulfuric acid solution (pH  
~ 3),23 crystalline 2D islands with a lattice parameter consistent 
with Ni(OH)2(0001) have also been reported in the initial stage of  

 
 

 

Figure 8. ECSTM images of Ni(111) covered 
by a 2D Ni(OH)2(0001) layer in 1 mM 
NaOH(aq) at E = -0.28 VSHE. The insert shows 
the atomic lattice Reprinted from J. Solid State 
Electrochem. 9 (2005) 337, Copyright © 2005, 
Springer. 
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Figure 9. Sequence of ECSTM images of the Ag(111) surface covered by 
the 2D Ag2O(111)-like ad-layer in 0.1 M NaOH(aq) at +0.15 VSHE, showing 
the nucleation (pointed by arrows) and propagation of 2D pits. 3D oxide 
grains are marked. Reprinted with permission from J. Phys. Chem. C 111 
(2007) 16351, Copyright © 2007, The American Chemical Society.  
 

growth prior to complete coverage of the surface, suggesting that 
in both acid and alkaline solutions, nickel hydroxide predominates 
in the sub-monolayer regime of growth of the passive film. 

2.  Influence of 2D Passive Films on Dissolution 

(i)  Silver 

As described in Section II.1(ii), the 2D reconstructed ad-layer 
formed on Ag(111) has an heterogeneous structure with ordered 
Ag2O(111)-like islands separated by unreconstructed areas where 

−γ
adsOH  species likely predominate. Figure 9 shows a dissolution 



Structure, Passivation and Localized Corrosion of Metal Surfaces  17 

sequence observed when increasing the potential at E = 0.15 VSHE, 
still below the potential E ≥ 0.3 VSHE required for 3D oxide 
growth. The ECSTM data reveal the effect of the surface hetero-
geneity on the dissolution process. 

Nucleation of 2D etch pits is observed on the terraces (Fig. 
9a). It is assigned to the dissolution of the topmost metal atoms at 
the defective sites of the Ag2O(111)-like ad-layer. The local chem-
ical nature of these sites is not determined but it seems possible 
that the sub-surface relocation of OH adsorbates required to form 
the reconstructed ad-layer weakens the bonding of the topmost Ag 
atoms with their Ag nearest neighbors and leads to the formation 
of [Ag(OH)2]– complexes that have been observed to dissolve by 
XAS for this system.71 Once initiated, a pit grows by a 2D me-
chanism of propagation due to a preferential dissolution at the 
newly created step edges (Fig. 9b,c,d). Preferential dissolution at 
pre-existing step edges has been observed on numerous metals 
including silver,7,8,89,90 and the 2D pit propagation observed on 
Ag(111) shows the prevalence of this mechanism also in the pres-
ence of the 2D Ag2O(111)-like ad-layer.  

Due to the poorly ordered structure of the ad-layer, the dis-
solving step edges are not aligned along well-defined crystallo-
graphic directions, in agreement with the step roughening effect 
induced by non-ordered adsorbed surface structures.8 The lateral 
propagation of the dissolution reaction in the topmost atomic layer 
of the terraces is irregular since it is governed by the local resis-
tance of the ad-layer. This leads to channels that isolate ordered 
fragments of the topmost terraces that are observed to resist to 
dissolution (Fig. 9c,d). The other sites where dissolution is blocked 
correspond to the 3D grains initially present at the surface and 
assigned to the Ag(I) oxide nuclei. This illustrates, at the local 
scale, the blocking property against dissolution provided by the 
growth of the anodic surface oxide.  

Figure 10 shows a continuing dissolution sequence observed 
at E = 0.15 VSHE and illustrating the nucleation of 3D pits. As the 
dissolution of the topmost terraces progresses laterally, the second 
plane of the substrate at the bottom of the 2D pit is exposed to the 
electrolyte and reacts to form an heterogeneous ad-layer similar to 
that grown on the topmost plane (Fig. 10a). Again, 2D etch pits 
can nucleate at the defects of this newly formed ad-layer and prop-
agate  laterally  in  the  second  metal  plane depending on the local  
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Figure 10. Sequence of ECSTM images of the Ag(111) surface in 0.1 M NaOH(aq) 
at +0.15 V, showing the initiation (pointed) and propagation of 3D pits. Reprinted 
with permission from J. Phys. Chem. C 111 (2007) 16351, Copyright © 2007, The 
American Chemical Society. 

 
 

resistance of its heterogeneous structure (Fig. 10b,c,d). The images 
in Fig. 10c,d show that, at 0.15 V, the dissolution of the second 
substrate plane is stopped by the resistive fragments of the topmost 
plane. This corresponds to the encounter of a dissolving step edge 
in the second plane with a resistant step edge in the topmost plane 
and shows that dissolution does not propagate underneath the up-
per resistant plane. Consistently, dissolution of the second plane is 
also blocked by 3D oxide nuclei (Fig. 10d). This contributes fur-
ther to the irregular growth of the pits in these conditions of pola-
rization. 
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(ii)  Nickel 

Figure 11 shows a sequence of ECSTM images for Ni(111) in 
0.1 M NaOH(aq) after prolonged polarization at –0.55 VSHE at the 
onset of the active/passive transition, also showing the effect of the 
heterogeneity of the 2D passive layer on the resistance to corro-
sion.91 Resistant terraces and corroding terraces, marked R and C 
in Fig. 11a, respectively, characterize the surface in addition to the 
grains preferentially observed at the step edges and assigned to the 
3D passive film nuclei. High resolution images show that the R 
terraces are covered by the ordered 2D layer of Ni(OH)2(0001) 
 

  
 

 

(a) 
 

Figure 11. Sequence of topographic ECSTM images of the 
Ni(111) surface in 0.1 M NaOH(aq) recorded after prolonged 
polarization at -0.55 VSHE; (a) 2800 s, (b) 2980 s and (c) 
3100 s, showing the effect of the nanostructure of the 2D 
passive layers on the corrosion resistance. Resistant terraces 
(R) and corroding areas (C) are indicated. Arrows point the 
sites of initiation of dissolution whereas circles mark their 
lateral growth. Reprinted with permission from Electrochim. 
Acta (2008) in press, Copyright © 2008, Elsevier Science. 
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(b) 

 

 

 (c) 
 

Figure 11. Continuation. 
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formed in this potential range and described above in Section 
II.1(iii). The measured height difference between the resistant (R) 
and corroding terraces (C) is ~ 0.07 nm (i.e., less than 1 atomic 
plane), indicating that the corroding areas are not bare but likely 
also covered by adsorbed particles assigned to Ni(OH)x species. 
However, a significant difference is the absence of superstructure 
indicating the absence of structural order in the corroding areas. 

The time sequence in Fig. 11 evidences that the formation of 
the 2D pits is blocked at the step edges protected by the passive 
film nuclei. However, such pits measured to be from 0.24 to 
0.35 nm deep nucleate on the terraces inside the C areas and at the 
boundaries between the R and C areas (as pointed by arrows), and 
grow laterally by dissolution of the terraces in the C areas (as indi-
cated by circles). This is a direct evidence of the less resistive 
property of the non-ordered monolayer of Ni(OH)x particles in the 
corroding areas and at the boundaries with the ordered monolayer. 
The 2D pits are assigned to the dissolution of the Ni(OH)x par-
ticles, mobile on the metal terraces after detachment from the non-
ordered adlayer formed in the corroding areas. 

It is also observed that the C areas propagate into the R areas. 
This propagation suggests that, under the influence of the scanning 
tip, Ni(OH)x fragments can also detach from the boundaries of the 
ordered monolayer to aggregate with the non-ordered monolayer.  

These data show that the dissolution sites, commonly ob-
served to be the pre-existing step edges at moderate over-potential 
in the active region,7,8 are transferred to the substrate terraces in 
the presence of passive film nuclei blocking the step edges. Thus, 
from a step flow process depending on the local structure of the 
pre-existing step edges, the dissolution mechanism becomes de-
pendent of the local structure of the terraces. A major output of the 
data presented in this Section is the direct evidence of the effect of 
surface structural order in the passivating monolayer on the corro-
sion resistance properties. For silver, it was observed that 2D pits 
could be initiated in the terraces in the less-resistant sites of the 2D 
anodic oxide, and could propagate in the terraces by dissolution at 
the newly created step edges but were blocked by the well-ordered 
regions of the 2D oxide ad-layer and by the 3D oxide nuclei. These 
results are confirmed for nickel. In addition, it is shown that not 
only the core of the disordered region but also the boundaries of 
the ordered regions are preferential sites of dissolution due to the 
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detachment of the particles less strongly bonded to the passivating 
ad-layer. On Ag, it is observed that 3D pits could initiate and 
propagate in the second metal plane by the same mechanism. This 
mechanism observed on Ni for the topmost plane can be repeated 
in the metal planes newly exposed to the electrolyte after dissolu-
tion, thus allowing the 3D growth of the pits to occur after more 
prolonged polarization at the same potential. 

III.  STRUCTURE OF 3D PASSIVE FILMS ON METALS 
AND ALLOYS 

Data on copper, nickel, iron, chromium and stainless steels are 
reviewed in this Section to illustrate the structure of 3D passive 
films and the effect of ageing on their crystallization. 

1. Crystalline Passive Films 

(i)  Copper 

Figure 12 illustrates the influence of the oversaturation poten-
tial on the growth, crystallization and structure of the Cu2O oxide 
film formed in the potential range of Cu(I) oxidation.36–38 At low 
oversaturation (see Fig. 12a obtained on Cu(111) at E =  
–0.25 VSHE), poorly crystallized and one monolayer thick islands 
covering partially the substrate are formed after preferential nuc-
leation at step edges. They are separated by islands of the ordered 
hydroxide ad-layer described above. At higher oversaturation (see 
Fig. 12b obtained on Cu(111) at E = –0.2 VSHE), well crystallized 
and several monolayer thick films are formed. The equivalent 
thickness of the oxide layer can be deduced from subsequent mea-
surements of the charge transfer during cathodic reduction scans. It 
was ~ 0.5 and 7 equivalent monolayers (ML, one ML corresponds 
to one (111)-oriented O2–-Cu+-O2– slab) after growth at –0.25 and  
–0.2 VSHE, respectively. The observed lattice of the oxide layer 
(insert in Fig. 12b) is hexagonal with a parameter of ~ 0.3 nm, 
consistent with the Cu sub-lattice in the (111)-oriented cuprite. 
The oxide grows in parallel (or anti-parallel) epitaxy 
(Cu2O(111) [1 1 0] || Cu(111) [1 1 0] or [ 1 10]). 
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 (a)  (b) 
 

 
(c) 

 
Figure 12. ECSTM images of the Cu(I) oxide grown on Cu(111) at –0.25 VSHE (a) 
and –0.20 VSHE (b), and on Cu(001) at –0.11 VSHE (c) in 0.1 M NaOH(aq). At low 
oversaturation (a), non-crystalline 2D oxide islands (ox.) separated by the adsorbed 
OH layer (ad) cover partially the substrate. At higher oversaturation (b,c), a 3D 
crystalline oxide layer fully covers the substrate. Its atomic lattice, shown in the 
inset, corresponds to that of Cu2O(111) (b) and  Cu2O(001) (c) on Cu(111) and 
Cu(001), respectively. (a,b) Reprinted with permission from J. Phys. Chem. B 105 
(2001) 4263, Copyright © 2001, The American Chemical Society. (c) Reprinted 
with permission from J. Electroanal. Chem. 554-555 (2003) 113, Copyright © 
2003, Elsevier Science. 
 
 

On Cu(001) (see Fig. 12c), the oxide layer, also a few ML 
thick, has a square symmetry and the same periodicity of 0.3 nm, 
consistent with the Cu-sub-lattice of (001)-oriented Cu2O. The 
rotation of 45° of the close-packed [ 011 ] direction of the oxide 
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lattice with respect to the close-packed direction of the Cu(001) 
lattice gives an epitaxial relationship noted as Cu2O(001) 
[1 1 0] || Cu(001) [100]. The 45° rotation is initiated by the forma-
tion of the adsorbed layer of OH groups described above, where 
the dimers of Cu atoms stabilized by bridging OH groups are 
aligned along the [100] and [010] directions. 

On both substrates, the crystalline Cu(I) oxide layers have a 
nanostructured and faceted surface as shown in Fig. 12b and c. The 
surface faceting results from a tilt of a few degrees of the orienta-
tion of the oxide lattices with respect to the Cu lattice (see Fig. 13). 
The tilt is assigned to the relaxation of the epitaxial stress in the 
metal/oxide interface resulting from the large mismatch between 
the two lattices (17%). The height of the surface steps of the oxide 
layers corresponds to 1 ML of cuprite, indicating an identical 
chemical termination of the Cu2O(111) and Cu2O(001) oxide ter-
races. It is thought that the surface of the oxide layer is hydrox-
ylated in the aqueous solution and that the measured lattice corres-
ponds to OH and/or OH– groups forming a (1x1) layer on the Cu+ 
planes of the (111)- and (001)-oriented cuprite layers. 

Crystalline Cu(I)/Cu(II) duplex passive films having a total 
thickness of 4-5 nm are formed in the potential range of Cu(II) 
oxidation in 0.1 M NaOH.39 On both Cu(111) and Cu(001), a ter-
race and step topography of the passivated surfaces is observed 
with terraces extending up to 20 nm in width and with a step 
height of ~ 0.25 nm corresponding to the thickness of one equiva-
lent monolayer of CuO(001). Accordingly, the atomic lattices ob-
served  are  consistent with  a  bulk-terminated  CuO(001)  surface 
which is characterized by a distorted hexagonal symmetry with in-
plane nearest neighbor distances of ~ 0.28 nm along the closed 
packed directions (see Fig.14). The epitaxial relationships for the 
duplex layers are: CuO(001)[ 101 ] || Cu2O(111)[ 011 ] || Cu(111) 
[ 011 ] or [ 101 ] and CuO(001)[ 101 ] || Cu2O(001) 
[ 011 ] || Cu(001)[100], corresponding in both cases to the parallel 
alignment of the closed packed directions of the CuO and Cu2O 
lattices. 

The common (001) orientation of the CuO outer layers of the 
duplex films on the two substrates is assigned to their surface hy-
droxylation at the passive film/electrolyte interface, necessary to 
stabilize the bulk-like termination of CuO(001) which is polar and  
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Figure 13. Model (section view) of the 7 ML thick Cu(I) oxide 
grown in tilted epitaxy on Cu(111). The stacking sequence of the 
O2– and Cu+ planes in the oxide is illustrated by the gray lines. The 
oxide surface is terminated by a monolayer of hydroxyl/hydroxide 
groups. The faceted surface corresponds to a tilt of ~ 5° between 
the two lattices. Interfacial misfit dislocations and misorientation 
dislocations are illustrated by the T and |⎯ symbols, respectively. 
White and black symbols correspond respectively to dislocations 
of the oxide and metal lattices. Adapted with permission from J. 
Phys. Chem. B 105 (2001) 4263, Copyright © 2001, The American 
Chemical Society. 
 
 
 

unstable when anhydrous. This assignment is supported by the step 
height measurements that indicate an identical chemical termina-
tion of all terraces. It is proposed that the surface is terminated by 
an OH– (or OH) layer in (1x1) registry on the topmost plane of the 
Cu2+ sub-lattice, then O2– and Cu2+ planes alternate towards the 
bulk of the oxide layer. 

(ii)  Nickel 

For Ni(111) in 1 mM NaOH at E ≥ –0.13 VSHE, i.e., beyond 
the top of the anodic peak corresponding to the growth of the pas-
sivating oxide, the 3D  growth of the passive film is observed  (see  
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Figure 14. ECSTM image of the atomic lattice recorded on the terraces of the 3D 
Cu(II) anodic oxide formed on Cu(111) in 0.1 M NaOH(aq) at 0.83 VSHE, and top 
view of the (001) face of CuO. The dark disks represent the O2-, the bright disks 
Cu2+. Reprinted with permission from Corrosion Sci. 46 (2004) 245, Copyright © 
2004, Elsevier Science. 
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 (a) (b) 
 
Figure 15. ECSTM images of Ni(111) surfaces passivated (a) in 1 mM NaOH(aq) 
(pH ~ 11) at E = –0.13 VSHE and (b) in 0.05M H2SO4 + 0.095 M NaOH(aq) (pH ~ 
2.9) at E = +0.95 VSHE. The inserts show the high resolution images revealing the 
atomic lattices. (a) Reprinted from J. Solid State Electrochem. 9 (2005) 337, Copy-
right © 2005, Springer. (b) Reprinted with permission from J. Electrochem. Soc. 
147 (2000) 1393, Copyright © 2000, The Electrochemical Society. 
 
Fig. 15a). Its thickness can be estimated to increase from 1.5 to 
4.5 nm with increasing potential based on data obtained in 0.5 M 
NaOH.82 As on copper, it is characterized by the formation of a 
faceted topography indicative of the tilt between the oxide lattice 
of the passive film and the lattice of the substrate. The hexagonal 
lattice at –0.13 V and 0.22 V has a parameter of 0.32 ± 0.01 nm, 
slightly larger than that measured at –0.28 V when a 2D passivat-
ing oxide is formed. The parameter is in better agreement with the 
value of 0.317 nm expected for an unstrained 3D layer assigned to 
β-Ni(OH)2(0001). This is consistent with a crystalline 3D outer 
hydroxide layer of the passive film formed in alkaline electrolytes, 
as opposed to the 2D outer hydroxide layer existing on the inner 
oxide layer in acid electrolytes.80,82,84,92-103 

Figure 15b illustrates the typical topography of a Ni(111) sin-
gle-crytal surface polarized in the middle of the passive domain in 
a sulfuric acid solution (pH ~ 2.9).20 A thinner film, increasing up 
to 2 nm with increasing potential, is formed in this case.20,22,48,83 
The passivated surface is also faceted exhibiting terraces and steps. 
The presence of terraces at the surface of the crystallized passive 
film is indicative of a slightly tilted epitaxy between the NiO lat-
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tice forming the barrier oxide layer, and the Ni(111) substrate ter-
races. It has been proposed that this tilt partly relax the interfacial 
stress associated with the mismatch of 16% between the two lattic-
es. This tilt has been confirmed by grazing X-ray measurements on 
Ni(111).48 A similar surface faceting is observed for the Cu(I) 
oxide layer grown on copper (as described above) for which the 
lattice misfit between Cu2O and Cu lattices is similar.36-38 The lat-
tice measured on the terraces is hexagonal with a parameter of 0.3 
± 0.02 nm assigned to NiO(111). It must be pointed out that the 
(111) surface of NiO which has the NaCl structure is normally 
polar and unstable. It is however the surface which is obtained by 
passivation. The reason for this is that the surface is stabilized by 
adsorption of a monolayer of hydroxyl groups or by the presence 
of a monolayer of β-Ni(OH)2 in parallel epitaxy with the NiO sur-
face. These data show that the direction of growth of the oxide 
film is governed, at least in part, by the minimization of the oxide 
surface energy by the hydroxyl/hydroxide groups. The presence of 
water is thus a major factor for the structural aspects of the growth 
mechanism. 

The lateral dimensions of the crystalline grains forming the 
passive films on nickel are relatively well documented. Values 
determined from the morphology observed by STM and AFM 
have been reported to range from ~ 2 nm in the initial stages of 2D 
growth to 30 to 230 nm for 3D films in stationary conditions of 
passivity.17,20,22,24,25,104 A large dispersion could be found on the 
same sample, suggesting a varying degree of advancement of the 
coalescence of the oxide grains during the nucleation and growth 
mechanism. A lower average value of ~ 8 nm for the NiO(111) 
single-crystal domain size was obtained from GIXD data.22,48 This 
difference may be assigned to the fact that STM and AFM mea-
surements are unable to resolve the multiple twin or grain bounda-
ries that can characterize the inner part of the passive film without 
markedly affecting the surface topography.  

(iii)  Iron 

On iron, the crystallinity of the passive film formed in borate 
buffer solution (pH = 8.4) has also been evidenced by STM29 and 
AFM.30 The film thickness increases up to  ~ 2 nm with  increasing 
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potential.105 The in situ GIXD data have been fitted with a struc-
ture having the same sub-lattice of O anions as in γ-Fe2O3 and 
Fe3O4 but with different occupancies of the cation sites, thus form-
ing the so-called LAMM phase.49,50 The unit cell contains 32 oxide 
anions. 66 ± 10% of the 8 tetrahedral cation sites are occupied by 
divalent cations while 80 ± 10% of the 16 octahedral cation sites 
are occupied by trivalent cations. The occupancy of the octahedral 
interstitial by cations is 12 ± 4% and that of the tetrahedral intersti-
tial is 0%. 

Both the GIXD and STM data have shown that the film is na-
nocrystalline with numerous defects. The lateral grain size was 
determined to be 5 nm and 8 nm from the in situ GIXD data ob-
tained on passivated Fe(110) and Fe(100) surfaces, respective-
ly.49,50 A value of 5 nm was obtained from ex situ STM data on 
passivated sputter-deposited pure iron films.32 No beneficial effect 
of ageing under applied potential has been reported in these stu-
dies. However, investigation by ex situ STM as a function of the 
polarization potential for short polarization time (t = 15 min) re-
vealed a coarsening of the crystalline terraces to values larger than 
6 nm, suggesting a beneficial effect of increasing potential on the 
film crystallization for short polarization periods.33 The lattice 
constant of the ordered terraces observed by STM was 0.32 ± 
0.02 nm, in good agreement with the parameter of the (111)-
oriented oxygen sub-lattice of the LAMM measured by GIXD 
(0.297 nm). 

2.  Ageing Effects on Chromium-Rich Passive Films 

(i)  Chromium 

The structure of chromium-rich passive films has also been 
investigated on chromium26,27 and on ferritic and austenitic stain-
less steels.42-46 A major finding for these systems is that potential 
and ageing under polarization are critical factors for the develop-
ment of crystalline passive films and for the dehydroxylation of 
the passive film as evidenced by combined XPS and STM mea-
surements.26,44,46  

On chromium, the total thickness of the passive film formed 
in acid solution (0.5 M H2SO4(aq)) does not vary markedly with 
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increasing potential or ageing (from 1.3 to 1.8 nm), as shown by 
XPS.26 However, potential and ageing favor the development of 
the inner oxide layer. The film is mostly disordered at low poten-
tial where the oxide inner layer is not fully developed and where 
the passive film is highly hydrated and consists mainly of hydrox-
ide. This supports the view that the passive film on chromium can 
consist of small Cr2O3 nanocrystals buried in a disordered chro-
mium hydroxide matrix. At high potential where the inner part of 
the passive film is dehydrated and consists mostly of chromium 
oxide, larger crystals having a faceted topography and extending 
over several tens of nanometers have been observed by ECSTM.27 
The nanocrystals have a lattice consistent with the O sub-lattice in 
α-Cr2O3(0001). The basal plane of the oxide is parallel to Cr(110). 
A special feature of the passive film on chromium is that the oxide 
nanocrystals can be cemented together by the chromium hydroxide 
disordered outer layer. It has been suggested26 that the role of ce-
ment between grains played by chromium hydroxide, and of 
course the high stability of chromium oxide and chromium hy-
droxide, make this passive film extremely protective against corro-
sion. 

(ii)  Stainless Steels 

For the passive layers formed on stainless steels in acid 
aqueous solution, the total thickness is the range 1.5–2 nm,44,46 
similar to that obtained on pure chromium. It has been observed 
that, for short polarization times (≤ 2 h), the crystallinity of the 
passive films decreases with increasing Cr content of the alloy.42,43 
Structural changes also occur during ageing under anodic polariza-
tion. The major modification is an increase of the crystallinity of 
the film and the coalescence of Cr2O3 nanocrystals in the inner 
oxide as observed on Fe-22Cr44 and Fe-18Cr-13Ni alloys46 studied 
over time periods of up to 65 h. This is illustrated by the images 
shown in Fig. 16. 

The comparison of the rates of crystallization of Fe-22Cr(110) 
and Fe-18Cr-13Ni(100) revealed that the rate of crystallization is 
more rapid on the austenitic stainless steel than on the ferritic one. 
This was tentatively explained by a regulating effect of Ni on the 
supply of Cr on the alloy surface, a lower rate of Cr enrichment 
being in favor of a higher degree of crystallinity.106 
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Figure 16. STM images of the Fe-22Cr(110) (left) and Fe-18Cr-13Ni(100) (right) 
surfaces recorded after passivation in 0.5 M H2SO4(aq) at +0.5 VSHE  for 2 h (a), (b) 
and for 22 h (c), (d). The nearly hexagonal lattice is marked. The effect of ageing 
under polarization is evidenced by the extension of the observed crystalline areas. 
(a,c) Reprinted with permission from J. Electrochem. Soc. 143 (1996) 1182, Copy-
right © 1996, The Electrochemical Society. (b,d) Reprinted with permission from J. 
Electrochem. Soc. 145 (1998) 909, Copyright © 1998, The Electrochemical Socie-
ty. 

IV.  DISSOLUTION IN THE PASSIVE STATE 

This Section is focused on the effects of the passive film nano-
structure on the dynamics of dissolution in the passive state.  

The presence of crystalline defects (i.e., step edges) at the sur-
face of the grains of the passive film plays a key role in the disso-



32  V. Maurice and P. Marcus 

 

lution in the passive state as shown in Fig. 17. The data were ob-
tained on Ni(111) surfaces passivated in a chloride-free sulfuric 
acid solution (pH = 2.9) to produce the characteristic surface de-
scribed above.109 Chlorides (0.05M NaCl) were subsequently in-
troduced in the electrolyte without changing the pH. The sequence 
of three ECSTM images in Fig. 17a,b,c shows that the passive film 
dissolves at the edges of the facets resulting from the tilted epitaxy 
between the NiO(111) oxide and the Ni(111) substrate lattice. The 
observed dissolution is a 2D process leading to a progressively 
decreasing size of the dissolving facets by a step flow process. The 
process is similar to that of active dissolution of metal surfaces at 
moderate potential with no pit forming. The 2D step flow process 
is dependent on the step orientation: the step edges oriented along 
the closed-packed directions of the oxide lattice dissolve much less 
rapidly, due to the higher coordination of their surface atoms. This 
process leads to the stabilization of the facets with edges oriented 
along the close-packed directions of the oxide lattice, and produces 
steps that are oriented along the {100} planes, the most stable 
orientations of the NiO structure (see Fig. 17d).  

The average dissolution rate of the facets, measured to be 0.44 
± 0.25 nm2 s-1 from such measurements, does not vary significant-
ly with applied potential below or above the pitting potential value 
(~ 0.9 VSHE).104,109 This indicates that the potential drop at the pas-
sive film/electrolyte interface, associated with the surface reaction 
of dissolution of the oxide film, remains constant above the oxide 
grains. The average dissolution rate does not significantly decrease 
in the absence of chlorides in the electrolyte,104,109 showing that the 
surface reaction of dissolution at the regular step edges at the sur-
face of the nanograins of the well-passivated surface is not accele-
rated by the presence of chloride. The chlorides may however pre-
vent the stabilization of the dissolving oxide film in the more dis-
oriented steps forming the grain boundaries of the passive film 
where metastable pits are formed as  shown below in  Section V.2. 
Consistently with the absence of effect of chloride on the dissolu-
tion rate, the atomic lattice of the passive film formed in the ab-
sence of chloride is unmodified after the addition of chloride.108  
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 (a) (b) 

 
(c) 

(d)  

Figure 17. (a,b,c) Sequence of ECSTM images showing the localized dissolution of 
the passivated Ni(111) surface at +0.85 VSHE in 0.05M H2SO4 + 0.095M NaOH + 
0.05M NaCl (pH = 2.9). The oxide crystallographic directions are indicated. The 
circles show the areas of localized dissolution. (d) Model of a (111) oriented facet 
delimited by edges oriented the close-packed directions of the NiO lattice. Oxygen 
(surface hydroxyls) and Ni are represented by large and small sheres, respectively. 
Reprinted with permission from Surf. Interf. Anal. 34 (2002) 139, Copyright © 
2006, Wiley. 
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V.  NANOSTRUCTURE OF PASSIVE FILM AND 
PASSIVITY BREAKDOWN 

The understanding and control of localized corrosion (pitting) re-
quire to study at the (sub-)nanometer scale the mechanisms of init-
iation, including the role of chlorides on the growth and structure 
of passive films, and passivity breakdown.  

In this Section, the relation between the nanostructure of 3D 
passive films and the properties of resistance to breakdown is ad-
dressed by reviewing recent STM and AFM data obtained on 
model nickel surfaces25,104,107-109 free of defects related to the mi-
crostructure of the substrate (inclusions, second phase particles, 
grain boundaries). First, the modifications of the growth and struc-
ture induced by the presence of aggressive (i.e., chloride) ions in 
the aqueous environment are illustrated by data obtained on nickel 
in alkaline solutions. Second, the nanostructure modifications at 
inter-granular sites of passive films grown in the absence of chlo-
rides and subsequently exposed to chlorides are discussed. A mod-
el of passivity breakdown emphasizing the role of inter-granular 
defects will be presented in Section VI. 

1.  Effect of Chlorides on Coalescence and Crystallization of 
the Passive Film 

Figure 18 shows topographic ECSTM images that evidence the 
effect of the increasing concentration of chlorides on the structure 
of the passive film on Ni(111).25 In the absence of chlorides (Fig. 
18a obtained in 0.1 M NaOH(aq) at –0.175 VSHE, i.e., above the 
active-passive transition at –0.44 VSHE) and in presence of a rela-
tively low concentration of chlorides (Fig. 18b obtained in 0.1 M 
NaOH(aq) + 0.05 M NaCl at –0.05 V, i.e., also above the active-
passive transition at –0.39 VSHE), the images reveal a faceted topo-
graphy characteristic of the crystallization of the passive film. 
Atomically resolved images revealing the crystalline lattice at the 
surface  of the passive film could not be obtained in these elec- 
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   (b) 

    
   (c) 
 

Figure 18. ECSTM images of the Ni(111) surface recorded (a) at –
175 mV in 0.1 M NaOH(aq) (z range = 0.8 nm), (b) at –50 mV in 0.1 M 
NaOH(aq) + 0.05 M NaCl (z range = 0.6 nm), (c) at +200 mV in 0.1 M 
NaOH(aq) + 1 M NaCl (z range = 2.4 nm). Reprinted with permission 
from J. Electrochem. Soc. 153 (2006) B453, Copyright © 2006, The 
Electrochemical Society. 
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trolytes, which was assigned to a relatively thick passive film (es-
timated to ~ 3 nm)83 decreasing the electron tunneling conductivity 
through the film and thus limiting the imaging resolution. The tri-
angular morphology of some facets (better resolved in Fig. 18b but 
altered by tip artifacts in Fig. 18a) is consistent with an hexagonal 
symmetry of the crystalline structure similar to that of the surface 
lattices observed by ECSTM in 1 mM NaOH(aq) as described in 
Section III.1(ii) and by ECAFM in 10 mM NaOH(aq),21 and as-
signed in both cases to the growth of a 3D passive film constituted 
of β-Ni(OH)2(0001).  

The images shown in Fig. 18a and Fig. 18b evidence that 
there is no marked effect of the presence of chlorides on the crys-
tallization of the 3D passive film for a concentration ratio  
[Cl–]/[OH–] = 0.5. However, the presence of chlorides modifies the 
time and potential required to observe the early stages of crystalli-
zation. In 1 mM NaOH(aq) in the absence of chlorides,24 the early 
stages of crystallization are observed after 375 s polarization time 
at an overpotential of only 0.02 V with respect to the onset of the 
passivation peak, corresponding to a growth stage where the sur-
face is covered by a 2D layer as described in Section III.1(ii). In 
0.1 M NaOH(aq) + 0.05 M NaCl ([Cl–]/[OH–] = 0.5), a similar time 
of polarization (500 s) is required but at much larger overpotential 
(0.24 V) with respect to the onset of the active-passive transition. 
This indicates that the presence of chlorides delays the crystalliza-
tion of the passive film in the transient stage of formation of a 2D 
layer. Higher overpotentials are required for crystallization but 
they induce the growth of the 3D film before its crystallization.25 

Figure 18c shows a topographic ECSTM image of the Ni(111) 
surface obtained in 0.1 M NaOH(aq) + 1 M NaCl ([Cl–]/[OH–] = 10) 
at 0.2 VSHE, i.e., far above the active-passive transition at –
0.36 VSHE. No faceted topography is observed in this case. The 
passive film has a nanogranular morphology. The lateral dimen-
sion of the individual grains ranges from 4 to 15 nm. The individu-
al grains are aggregated and form clusters that extend up to 30 nm 
in their largest dimension. The shape of the grains does not show 
any preferential direction indicating an amorphous structure. The 
deepest boundaries between the clusters of grains have a measured 
depth of ~ 3 nm consistent with the formation of a 3D layer.  

Figure 19 shows a sequence of topographic EC-STM images 
of the Ni(111) surface  obtained in  0.1 M NaOH(aq) +  0.1 M NaCl  
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Figure 19. ECSTM images of the Ni(111) surface recorded in 0.1 M 
NaOH(aq) + 0.1 M NaCl (z range = 10 nm (a), 17 nm (b), 18 nm (c)). 
(a), (b), and (c) were recorded 750 s, 870 s and 1230 s after a poten-
tial scan to -0.3 VSHE. (d) line profiles along the segments in (c). Re-
printed with permission from J. Electrochem. Soc. 153 (2006) B453, 
Copyright © 2006, The Electrochemical Society. 
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following a potential step to –0.3 VSHE, depicting the growth of a 
3D layer constituted of clusters of nanograins and the absence of 
crystallization for a concentration ratio [Cl–]/[OH–] = 1. In Fig. 
19a, obtained after 750 s at –300 mV, the initial step topography of 
the substrate is fully substituted by a granular morphology, indicat-
ing the growth of a 3D layer. The lateral dimension of the grains 
ranges from 2 to 7 nm. The individual grains form clusters that 
extend up to 50 nm in the largest dimension. Their shape does not 
show any preferential direction indicating the absence of crystalli-
zation in the film. The deepest boundaries between the clusters of 
grains have a depth that ranges between 4 and 5 nm. This value 
shows the roughening of the surface produced during the growth 
of the 3D passive film.  

In Fig. 19b, obtained after 870 s, the lateral dimensions of the 
individual grains increase and range between 6 and 15 nm, show-
ing the coalescence of individual grains. There is still no sign of 
crystallization in the film. In Fig. 19c, obtained after 1230 s, the 
range of lateral dimensions of the individual grains is similar, indi-
cating no further coalescence. The absence of crystallization of the 
passive film is confirmed. A major difference is the increase of the 
depth of boundaries separating the clusters of grains (see Fig. 19d). 
The widest boundary reaches a depth of ~ 14 nm. This value is 
significantly larger than that measured in Fig. 19a showing that 
ageing in the presence of chloride ([Cl–]/[OH–] = 1) causes a 
marked roughening of the surface not observed at concentration 
ratios (([Cl–]/[OH–] = 0.5) or in the absence of chloride. The value 
of ~ 14 nm is also much larger than the maximum total thickness 
of ~ 4.5 nm reported for the Ni(II) passive film grown in 1 M 
NaOH(aq),83 showing that 3D attacks of the nickel substrate, loca-
lized at the boundaries between grains, contribute to the observed 
surface roughening.  

Thus, at higher chloride concentration ([Cl–]/[OH–] ≥ 1), the 
crystallization of the passive film is observed to be fully blocked 
for overpotentials as large as 0.7 V with respect to the onset of the 
passivation peak. The passive film is amorphous with a nanogra-
nular morphology. The lateral size of the individual grains is larger 
than that of the nuclei formed in the initial stages of growth, show-
ing the coalescence of the nuclei. However, further coalescence to 
form larger grains of several tens of nanometers, the typical size of 
the grains constituting crystalline passive films as measured by 
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STM (see Section III.1 above) and AFM (see Section V.2 below), 
is blocked. This leads to the formation of clusters of nanograins 
having a size of several tens of nanometers. This blocking of the 
coalescence possibly results from the incorporation, during the 
growth, of chloride ions in the passive film. No data on the chemi-
cal composition of the passive film formed on Ni in chloride-
containing alkaline solutions are available. However, the combined 
Cl– radiotracer and XPS measurements36 for passive films grown 
in chloride-containing acid solutions show the incorporation of 
substantial amounts of chlorides both in the outer hydroxide and 
inner oxide layers of the passive film.110 The preferential location 
of the chloride ions in the intergranular sites of the passive film 
formed in the chloride-containing alkaline solution might cause the 
observed blocking of the coalescence. 

The intergranular sites corresponding to the boundaries be-
tween the clusters of nanograins of the passive film are preferential 
sites for the development of localized attacks of the substrate dur-
ing the growth of the passive film. The higher overpotential re-
quired for nucleating the passive film in the presence of chlorides 
leads to the direct formation of 3D nuclei of the passive film. Dis-
solution of the metal substrate is expected to be active in the sites 
not yet passivated between the 3D nuclei. With time the 3D nuclei 
coalesce and grow up to the typical lateral size of ~ 10 nm, possi-
bly limited by the accumulation of chloride in the intergranular 
sites. Dissolution is sustained in the intergranular sites where chlo-
rides, possibly in higher concentration, still poison nucleation. The 
combined effects of chlorides lead to the growth of the clusters of 
nanograins separated by boundaries where sustained dissolution 
develops more opened intergranular structures. Eventually these 
boundaries are also passivated by the growth of nanograins, lead-
ing to a passive film which is inhomogeneous at the nanometer 
scale, with boundaries between the grain clusters being less protec-
tive sites against dissolution in the passive state. 

2. Breakdown at Oxide Grain Boundaries 

Figure 20 shows the modifications of the nanostructure of the pas-
sivated Ni(111) surface resulting from the increase of the potential 
in the passive range and the effect of the presence of chlorides.104 
After passivation at 0.55 VSHE in a chloride-free sulfuric acid  solu-
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tion (pH = 2.9) (Fig. 20a), the surface is completely covered with 
platelets assigned to the grains of the passive film. It is the faceted 
surface of these grains that is revealed by the typical higher magni-
fication STM images shown in Section III.1(ii). The lateral size of 
the platelets, varying from 50 to 230 nm, suggests a varying degree 
of advancement of the coalescence of the oxide grains. Between 
the platelets, depressions with a depth varying from 0.4 to 1.4 nm 
are measured. Their formation is assigned to the dissolution occur-
ring on the not yet passivated (or less protected) sites that are 
formed in the transient process of growth of the oxide film, prior to 
complete passivation of the surface. 
 

 

 

(a) 
 

Figure 20. AFM images (z range = 3 nm) of the Ni(111) sur-
face after pre-passivation for 30 min in 0.05M H2SO4 + 
0.095M NaOH (pH = 2.9) at +0.55 VSHE (a), and subsequent 
increase of the potential stepwise (steps of 0.1 V) every 30 
min up to + 1.05 VSHE in the absence (b) or presence (c) of 
chloride (0.05 M NaCl). Reprinted with permission from Lo-
cal Probe Techniques for Corrosion Research, EFC Publica-
tions N° 45, ISSN 1354-5116, Woodhead Publishing Ltd, 
Cambridge, England, 2007, p. 71, Copyright © 2007, Wood-
head Publishing Ltd. 
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(c) 

Figure 20. Continuation. 
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Increasing the potential in the passive range by successive po-
tential steps up to 1.05 VSHE causes the roughening of the pre-
passivated surface. In the absence of chlorides, the formation of 
local depressions of nanometer dimensions (20 to 30 nm at the 
surface) is observed with a density of (3 ± 2) × 1010 cm-2 (some are 
marked in Fig. 20b). The depth of these depressions (measured 
with the instrument carefully calibrated with the monoatomic step 
height of the Ni(111) substrate) ranges from 2.2 to 3.8 nm. This is 
larger than after pre-passivation at 0.55 VSHE and than the thick-
ness of the passive film formed in these conditions (< 2 nm), indi-
cating the locally enhanced corrosion of the substrate in these sites. 
This implies that the surface, pre-passivated at 0.55 VSHE, has been 
locally depassivated, with a local enhancement of the corrosion of 
the substrate, and subsequently repassivated. It cannot be con-
cluded however if depassivation results from local thinning or col-
lapse mechanism of the passive film, as described below. Still, the 
major outcome of this experiment is that nanopits are formed in 
the passive state in the absence of chloride. The largest dimension 
of the nanopits measured by AFM corresponds to a charge tran-
sient of ~ 8 × 10-14 C per nanopit. Assuming a duration of 100 ms, 
the current transient would be ~ 0.8 pA. This is of the order of 
magnitude of ~ 1 pA that can be detected only with advanced tran-
sient measurement techniques, provided the electrode area is re-
duced to micrometer dimensions.111 

In the presence of chlorides (Fig. 20c), the depressions ob-
served between the grains have, for the most part, the same dimen-
sions as those described above. However, significantly larger de-
pressions are also observed (some are marked by circles in Fig. 
20c). Their lateral dimension ranges between 40 and 50 nm at the 
surface and their depth between 5 to 6 nm. Their density is (2 ± 1) 
× 109 cm-2.  

Figure 21 shows nanoscale attacks of similar dimensions and 
localized at the grain boundaries of the passivated surface that 
were observed by STM after exposing to chlorides the Ni(111) 
surface pre-passivated at +0.9 VSHE

107,108 These localized attacks 
were assigned to metastable pits on the basis of the absence of 
variations of the current characteristic of stable pitting during the 
corrosion test. The observed atomic structure inside these metasta-
ble pits (see insert in right panel) is crystalline with lattice parame- 
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Figure 21. STM images of Ni(111) passivated in 0.05M H2SO4 + 0.095 M NaOH 
(pH ~ 2.9) at 0.9 VSHE  for 30 min and subsequently exposed to 0.05 M NaCl for 90 
min, showing metastable pits at two magnifications. The inset in the right images 
shows the crystalline lattice observed inside the metastable pit. Left: Reprinted with 
permission from Critical Factors in Localized Corrosion III, The Electrochemical 
Society Proceedings Series, PV 98-17, Pennington, NJ, 1999, p 552, Copyright © 
1999, The Electrochemical Society. Right: Reprinted with permission from Elec-
trochem. Solid-State Lett. 4 (2001) B1, Copyright © 2001, The Electrochemical 
Society. 
 
 
ters similar to those measured on the passivated surface prior to 
exposure to chlorides, showing a similar structure of the surface 
repassivated in the presence of chlorides and confirming the me-
tastable character of the pit. 
 Figure 20c also shows an area, marked T, corresponding to an 
extended terrace of the substrate that exhibits much less local at-
tacks than the rest of the imaged surface where narrower terraces 
are observed due to a higher density of substrate step edges. This 
role of the defects of the substrate (monoatomic step edges) in 
passivity breakdown is confirmed in Fig. 21 which shows a prefe-
rential alignment of the metastable pits along the substrate step 
edges. The AFM and STM results reviewed above demonstrate 
that the breakdown events are located at the boundaries between 
the oxide crystals of the passive film, giving evidence that the 
grain boundaries of the passive film are preferential sites of passiv-
ity breakdown. 
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VI. GRAIN BOUNDARY MODEL OF PASSIVITY 
BREAKDOWN AND PIT INITIATION 

In the following we present and discuss a model for passivity 
breakdown and pit initiation based on the nanostructural data re-
viewed above.112 Its originality is to take into account explicitly 
the role of the grain boundaries (or defective boundaries) of the 
barrier oxide layer of the passive film. It is considered that these 
defective sites are less resistive to ion transfer than the defect-free 
oxide lattice, which leads to a redistribution of the potential drops 
at the metal/oxide/electrolyte interfaces in the passive state. Possi-
ble passive film grain-boundary effects on ion diffusivities have 
been mentioned before they were actually observed,113 and in a 
recent work on DFT calculation of ionic transport in iron oxide 
without grain boundary it was stated that oxide growth kinetics 
models could be reconciled with experimental data only if passive 
film grain-boundary effects were dominant.114  

1.  Local Redistribution of the Potential Drop 

Figure 22 shows a schematic representation of a metal surface 
covered by a barrier oxide layer with crystalline grains of nanome-
ter dimensions. The grains are separated by boundaries that can be 
either ordered grain boundaries whose crystallographic orientation 
may vary locally (as expected for well-crystalline passive films 
formed on Cu, Ni and Fe for example), or slightly wider non-
ordered boundary regions whose local atomic structure may also 
vary significantly from boundary to boundary and with time (as 
expected in the case of Cr and stainless steels for example). The 
model considers these boundaries as generic inter-granular defec-
tive sites separating  the different grains of the oxide lattice,  but a 
large population of these sites of varying ionic conductivity is ex-
pected due to their structure. No defects in the underlying substrate 
are considered. 
 The diagram in Fig. 22a shows schematically the potential at 
the metal surface and in the solution, and the potential drops at the 
metal/oxide (Me/Ox) interface, in the oxide film and at the 
oxide/electrolyte (Ox/El) interface for the defect-free oxide lattice. 
The potential at the metal surface is all over the same.  The poten- 
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Figure 22. Model of a metal/oxide/electrolyte system with a surface 
oxide barrier layer consisting of nanograins separated by grain bounda-
ries and schemes of the potential drop for (a) a normal defect-free barrier 
layer, (b) an inter-granular boundary, and (c) local depassivation (i.e., pit 
opening). Reprinted with permission from Corrosion Sci. 50 (2008) 
2698, Copyright  (2008), Elsevier Science. 

 
 
tial within the solution close to the specimen’s surface is the same 
if the electrolyte is sufficiently conductive and the local current 
density is low all over the surface (i.e., stationary conditions of 
passivity).  

A locally different distribution of the potential drop is consi-
dered at an inter-granular defective site (Fig. 22b). The defect re-
gion is considered as less resistive to ion transfer since oxide grain 
boundaries can exhibit ionic conductivities many orders of magni-
tude larger than the bulk oxide.115 As a consequence, the electric 
field strength should be smaller, i.e., the potential drop within the 
film is locally smaller. The missing part of the potential drop must 
be located at the Me/Ox and/or at the Ox/El interfaces, as shown in 
Fig. 22b. The redistribution of the potential drop is expected to 
vary locally depending on the local structure of the inter-granular 
defect.  
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The data on Cr and stainless steel have shown the growth of 
essentially amorphous non-ordered films in the initial stages of 
passivation. However, in all cases, increasing the passivation time 
and/or potential was observed to favor the film crystallization. 
Thus the passive film can be viewed as an evolving entity through 
which the residual ionic transport contributes to slowly heal out 
the numerous structural defects resulting from a rapid initial 
growth. As a result, the density of defective regions and their resis-
tivity to ion transfer decreases and increases with time, respective-
ly, leading to more protective films. Increasing the potential acce-
lerates this ageing effect. This annealing effect is somewhat ana-
logous to that resulting from the continuous breakdown and repair, 
suggested in the past when direct observation of nanoscale inter-
granular defects in passive films was not yet available.116-119 It is 
consistent with the observation of the decrease of the passive cur-
rent with time still occurring after reaching a steady-state thickness 
of the barrier layer, and it is attested by the higher resistance to 
localized corrosion observed after in situ ageing.120-122 Despite this 
beneficial ageing effect, a large population of sites (inter-granular 
boundaries) of faster ion transport than through the defect-free 
oxide lattice subsist after reaching the stationary conditions of pas-
sivity, and those having the highest ionic conductivity are consi-
dered as the sites the more susceptible to breakdown. 

Several routes leading to passivity breakdown must be consi-
dered depending on the potential distribution in the defect region 
of the barrier layer. 

2.  Local Thinning of the Passive Film 

In the case of a larger potential drop at the Ox/El interface (Fig. 
23), the metal-ion transfer from the oxide to the electrolyte should 
increase for cations  forming  the oxide lattice in the  inter-granular 
boundary ( +z

LMe ) and for interstitial cations more loosely bonded 
in the inter-granular boundary ( +z

IGMe ). The increased transfer of 
the +z

LMe  cations will lead to faster localized dissolution of the 
passive film. This enhanced dissolution at inter-granular bounda-
ries is merely an increased localized dissolution in the passive 
state. However, statistical fluctuations of the interfacial potential 
drop are expected depending on the atomic structure  of  the  inter- 
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Figure 23. Mechanisms of local breakdown of passivity driven by the potential 
drop at the oxide/electrolyte interface of an inter-granular boundary of the barrier 
layer. The effect of chlorides is shown. Reprinted with permission from Corro-
sion Sci. 50 (2008) 2698, Copyright  (2008), Elsevier Science. 
 
 

granular boundaries of the barrier layer and on their evolution with 
time as discussed above. This will cause higher localized dissolu-
tion of the film until local depassivation (or pit trigger) takes place 
preferentially in the less resistive sites where faster local thinning 
is not compensated by film growth. At this stage, the much higher 
potential drop at the metal surface should lead to the immediate 
reformation of the passive layer. However, small pits will appear 
due to dissolution in the transient active state prior to repassiva-
tion. This scenario can explain the nanopit formation observed in 
the absence of chlorides as described in Section V.2. 
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If Cl– ions are present in the electrolyte, they compete with 
OH– for adsorption on surface sites. If Cl– are adsorbed on the 
oxide surface, the Me-Cl– (or MeO(H)-Cl–) surface complexes are 
less strongly bonded to the oxide matrix and the activation energy 
for their transfer to the electrolyte is decreased. As a consequence 
the localized dissolution rate is increased and film growth is poi-
soned. This will lead to a faster thinning of the passive layer and 
localized depassivation in the less resistive sites (Fig. 23). This 
notion of local thinning of the passive film being a precursor to 
pitting has been previously proposed123-124 and a mechanism of 
passivity breakdown based on local thinning has been discussed.120 
However, it was considered that passivity breakdown only occurs 
in the presence of Cl– due to their local adsorption and their cata-
lytic effect on thinning. In the model reviewed here, the local thin-
ning mechanism is related to the nanostructure of the barrier layer, 
and to the increase of the potential drop at the Ox/El interface of 
the inter-granular boundaries. In addition the high density of atom-
ic defects present at the surface of the oxide in these sites is ex-
pected to lower the activation energy for the dissolution of metal 
cations forming the oxide lattice ( +z

LMe ). This view implies that 
passivity breakdown events also occur in the absence of Cl– as 
proposed previously,126 but are accelerated in their presence. 

After local depassivation, Cl– also competes with OH– for ad-
sorption on the metal surface. Repassivation will be poisoned by a 
competitive adsorption mechanism between chloride and hydrox-
ide strongly affecting the nanostructure and crystallization of the 
surface in the metastable pits as shown by the results obtained on 
Ni (Section V.1). Blocking the crystallization can favor a higher 
local dissolution as shown for Ag and Ni covered by 2D passive 
films (Section II.2). Larger metastable pits will be formed in 
agreement with the AFM data presented in Section V.2. Repassi-
vation will be prevented if the supply of OH– is not sufficient, 
which will happen if Cl– continuously replace OH–. To block re-
passivation requires a high local concentration of Cl–. This process 
will lead to selective pit nucleation at the less resistive sites of the 
large population of inter-granular boundaries of the barrier layer. 
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3.  Voiding at the Metal/Oxide Interface 

A second possible mechanism leading to passivity breakdown is 
related to the transfer of the +z

IGMe  cations in the electrolyte (Fig. 
24a). These inter-granular cations are less strongly bonded to the 
oxide lattice and should dissolve more rapidly at the Ox/El inter-
face than the +z

LMe  cations. Local dissolution in this case is limited 
by the oxidation reaction, Me  Mez+ + VMe + z e–, at the Me/Ox 
interface. A larger potential drop at this interface will yield a faster 
oxidation reaction locally. If ion transport in the barrier layer is 
dominated by cations, the faster transport of the new +z

IGMe  cations 
in the inter-granular boundary of the barrier layer followed by their 
dissolution will cause the formation of localized depressed areas in 
the metal surface at the Me/Ox interface. This will initiate interfa-
cial voiding if the injection of VMe vacancies is not compensated 
by their diffusion towards the bulk. The continuous growth of the 
metal voids at this interface will develop stress in the non-
supported barrier layer and eventually lead to its rupture or col-
lapse, i.e., local depassivation (Fig. 24a). 

If the potential drop at the Met/Ox interface is not increased, 
the oxidation rate will not increase locally. However, the residual 
release of the +z

IGMe  cations is expected to lead to local voiding in 
the oxide near the Me/Ox interface if an enlarged defective region 
in the inner part of the oxide layer coincides with a grain boundary 
in the outer part of the film. Stress-induced rupture of the non-
supported outer part of the film will lead then to local depassiva-
tion. 

Direct experimental evidence of microscopic voiding assigned 
to hydrogen pressurization at the metal/oxide interface has been 
reported for aluminum at the solid/liquid interface.127 More recent-
ly, nanoscopic oxide voiding was observed for anodized aluminum 
below the stable pitting potential and independently of the micro-
structure of the metal.128 The void origin was assigned to cation 
and anion vacancy saturation at the Met/Ox interface resulting 
from the ionic transport properties in the oxide, but it was con-
cluded that the observed void attributes were not consistent with 
the vacancy condensates postulated by the point defect model.2 
Nanoscopic  metal  voiding   has   been   observed  at   the   buried  
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Figure 24. Mechanisms of local breakdown of passivity driven by the potential 
drop at the metal/oxide interface of an inter-granular boundary of the barrier 
layer. The effect of ion transport is shown: (a) predominant cation transport, (b) 
predominant anion tansport. Reprinted with permission from Corrosion Sci. 50 
(2008) 2698, Copyright (2008), Elsevier Science. 
 
 

TiAl/Al2O3 interface formed in gaseous environment,129 and it was 
shown to result from the accumulation of the metal vacancies in-
jected by the growth mechanism of the oxide, and dependent on 
the diffusion properties in the metallic substrate.  

Both local thinning of the barrier film and voiding at the 
Met/Ox interface can take place simultaneously on different less 
resistive sites of the barrier layer or even combine on the same site 
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to accelerate local depassivation. The pits formed at this stage may 
be different in size depending on the mechanism of local depassi-
vation. Larger pits could form in the case of rupture of the passive 
film since it can be preceded by metal voiding underneath the film 
pre-forming local depressions in the metal surface. In the presence 
of Cl–, the mechanisms leading to pit repassivation or pit growth 
are expected to be independent of the mechanism of local depassi-
vation. 

Film breaking has already been discussed as a mechanism for 
passivity breakdown.130,131 Mechanical stresses at weak sites were 
proposed as possible causes of rupture, but without clarifying the 
reason for their local occurrence. In the reviewed model it is pro-
posed that voiding resulting from the faster transport through the 
inter-granular boundaries of the oxide barrier layer of the cations 
formed at the Me/Ox interface followed by their dissolution may 
be a major cause of stress-induced rupture of the non-supported 
passive film. 

4.  Stress-Induced Fracture of the Passive Film 

An alternative to metal voiding also leading to film breakdown 
must be considered depending on ion transport (Fig. 24b). If 
anions (O2– and Cl–) penetrate the barrier layer as inter-granular 
species and diffuse to the Me/Ox interface via these short-paths to 
react with the newly formed +z

IGMe  cations, the formation of metal 
compounds at this buried interface will counteract voiding. How-
ever, the growth of the particles (containing Cl– or not) will gener-
ate stress at the Met/Ox interface and in the barrier layer due to a 
Pilling-Bedworth ratio larger than 1. Continuous growth will frac-
ture the barrier layer, leading to local breakdown. Repassivation 
will be blocked by particles containing a sufficient amount of Cl–, 
leading to immediate pit nucleation as previously proposed. 132 

Chloride penetration in passive films has been extensively 
discussed as a mechanism of passivity breakdown. It was first pro-
posed that it occurs via highly defective barrier oxide layer133 
based on the postulate of an amorphous structure of the passive 
film, but without clarifying why breakdown occurs locally. Later, 
the point defect model2,134,-136 proposed that Cl– could penetrate 
and migrate via the oxygen vacancies of the oxide lattice, increas-
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ing the concentration gradient of interdependent cation vacancies 
and, if not annihilated by the oxidation reaction, their accumula-
tion up to a critical concentration inside the film, thus initiating 
voiding and film breakdown. The model used here suggests that 
Cl– penetration and migration occurs predominantly via the inter-
granular sites of the oxide layer, and that this does not require an 
interdependent formation of cation vacancies due to the interfacial 
nature of these sites. As a consequence, Cl– will compete with O2– 
to combine with metal cations formed at the Me/Ox interface to 
form depassivating metal compounds. 

The scenarios considered above do not take into account ex-
plicitly the presence of defects at the metal surface underneath the 
barrier layer. STM data on passivated nickel have shown that the 
nanopits resulting from the depassivation/repassivation events 
could be preferentially located along the atomic step edges of the 
metal at the Me/Ox interface. This is a direct evidence of the effect 
of atomic defects at the metal surface, lowering the activation 
energy for the Me  Mez+ + VMe + ze–,interfacial reaction and thus 
promoting depassivation at the oxide grain boundaries coinciding 
with these defects by a mechanism involving the potential drop at 
the Me/Ox interface. Of course, local depassivation or pit trigger 
can also be promoted by the presence of microstructural defects of 
the substrate such as metal grain boundaries or interfaces between 
the matrix and inclusions or second phase particles for alloys,137-139 
also lowering the activation energy for the oxidation reaction at the 
Met/Ox interface. In all cases, the oxide formed above such inter-
faces of the substrate is expected to contain less resistive defective 
regions also sensitive to breakdown.  

VII.  CONCLUSION 

In this chapter, the structural aspects of passivity and their impact 
on the corrosion properties of metal and alloy surfaces at the na-
noscopic scale have been reviewed with emphasis on recent results 
obtained on metal surfaces by in situ nanoprobes (STM and AFM) 
implemented to electrochemistry. The data reviewed for Cu, Ag, 
Ni, Fe, Cr and stainless steels have demonstrated: 
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• The adsorption of hydroxide ions in the potential range be-
low the one for oxide growth, and the role of structural pre-
cursors of the adsorbed layers in the growth of passive 
films, inducing surface reconstruction of the topmost metal 
plane to adopt the structural arrangement found in 3D pas-
sivating oxides. 

• The preferential nucleation of passive films at pre-existing 
defects (i.e., step edges) of the metal surface. 

• The local structure-sensitive corrosion resistance of metal 
surfaces covered by 2D passivating oxide/hydroxide layers 
in the transient stage of passive film growth. Dissolution is 
then promoted at the weakest non-ordered sites, initiating 
2D nanopits on the substrate terraces and the growth of 3D 
nanopits by a repeated mechanism on the newly exposed 
terraces after prolonged polarization at low anodic overpo-
tential. 

• The crystallinity of passive films on numerous substrates 
and the effect of substrate structure on orientation of the 
oxide crystalline structure and its surface hydroxylation. 
Ageing under polarization is critical to the crystallization of 
chromium rich passive films. 

• The surface faceting of the passivating oxide due to a few 
degree tilt of the oxide lattice with respect of the metal lat-
tice. 

• The role of preferential site played by step edges of the pas-
sive film surface, leading to a step flow mechanism of dis-
solution in the passive state. 

• The presence of numerous grain boundaries in crystalline 
passive films, and the preferential role of these nanostruc-
ture-related defects in passivity breakdown and pit initia-
tion.  

• The effect of chlorides, inhibiting the coalescence and crys-
tallization of passive films and thus promoting the densifi-
cation of inter-granular boundaries and non-ordered regions 
both less resistant to corrosion. 

• The occurrence of passivity breakdown at grain boundaries 
of the passive film both in the presence and in the absence 
of chlorides. 



54  V. Maurice and P. Marcus 

 

The reviewed data greatly contribute to the advances in the 
understanding and control of the passivation and localized corro-
sion of metal surfaces. Based on these data, a model for passivity 
breakdown and pit initiation taking into account explicitly the role 
of the grain boundaries (or defective boundaries) of the barrier 
oxide layer of the passive film has been reviewed. It is considered 
that these defective sites are less resistive to ion transfer than the 
defect-free oxide lattice, which leads to a redistribution of the po-
tential drops at the metal/oxide/electrolyte interfaces in the passive 
state, leading to different breakdown routes depending on which 
interfacial potential drop predominates. 

In the future, the impact of combined structural and chemical 
characterization of the nanostructural defects and heterogeneities 
of surfaces protected by ultra-thin layers should allow a major 
breakthrough in the control and design of new materials, corrosion 
resistant at the nanoscopic scale.  
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I. APPLICATIONS OF ANODIC OXIDE FILMS 

It was only 120 years ago that humans became able to obtain alu-
minum metal industrially by applying electricity to reduce bauxite 
ore. Hence, aluminum is much newer than other metals such as 
copper, iron, and gold, which have been used since pre-historical 
times. This is surprising since aluminum comprises 7.56 % of all 
elements near the surface of the earth, and is found in abundant 
amounts, next to only oxygen and silicon. The reason why alumi-
num metal only became available fairly recently is that aluminum 
has a strong chemical affinity to oxygen, and this prevents reduc-
tion of aluminum oxide by chemical reaction with carbon at high 
temperatures, unlike iron- and copper-oxides. Reduction of alumi- 
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Table 1 
Applications for Anodic Films on Aluminum. 

Property Function Application 
Physico-mechanical Hardness 

Wear-resistance 
Screw threads, gears, bolts/nuts, 
break discs, clutches, fans, nozzles, 
valves, cam tracks, fuel pumps, 
injectors 

 Lubrication Pistons/piton rings, rollers/bearings 
 Membrane Gas separators, molecule separa-

tors, super grids, templates for 
plasma etching, molds for na-
no-rods and -tubes 

Chemical Corrosion resistance Aircraft, vehicles, boats, trains, 
architecture, household goods, 
sport goods, office supplies 

 Wettability Al litho (PS plate) 
 Adhesion Organic coating, gravure printing 

rolls 
 Catalysis Catalysts, catalysis supports 
Electro-magnetic Insulating Printed circuit boards, IC boards, 

electric cables, ozonbe generators 
 Dielectric Electrolytic capacitors, humidity 

sensors, gas sensors 
 Magnetic Magnetic recording devices, rotary 

encoders 
Optical Luminescence Electro-luminescence displays 
 Absorption Sun-light energy absorbing plates 
Thermal Emittance Far infra red emitters 
 
 
num oxide was first realized by H. Davy in 1807, using Voltaic 
piles, which had been invented in 1800 by the Italian scientist, A. 
Volta.  

Annually about 38 million tons of aluminum metal are newly 
produced worldwide from bauxite ore and most aluminum prod-
ucts are subjected to surface treatments such as anodizing, chemi-
cal conversion coating, painting, metal plating, and other treat-
ments. Anodizing is one of the most common surface treatments of 
aluminum, and is performed for corrosion protection as well as for 
a wide variety of other purposes.1–3 Table 1 shows examples of 
applications of aluminum with anodic oxide films.  

Anodizing is generally performed for the corrosion protection 
of aircraft, automobiles, boats, trains, buildings, household articles, 
sport goods, office supplies, electronics, and other products. Hard 



Anodic Oxide Films on Aluminum 61 

 

anodizing is performed to improve the hardness and 
wear-resistance of machinery parts, for instance screw threads, 
gears, bolts, and brake discs. To improve the lubricating perfor-
mance of pistons/piston rings and rollers/bearings, MoS2 is filled 
into the pores of porous type anodic oxide films (PAOF). As 
membranes for the separation of gases and other chemical com-
pounds, PAOF are also used after removal from the substrate 
where they were formed. Adhesion with organic coatings and wet-
tability of anodic oxide films play an important role in 
pre-sensitized plates for offset printing. The high inner surface area 
of porous anodic oxide films makes them useful as catalysts and 
catalyst supports.  

Barrier type anodic oxide films (BAOF) with high insulating 
and dielectric properties are used in printed circuit boards, 
IC-supporting plates, aluminum cables, electrolytic capacitors, 
humidity sensors, and other applications. Deposition of ferromag-
netic substances, Fe, Ni, and Co, into the pores of PAOF causes 
anisotropy of magnetic properties, allowing usage as memory de-
vices. Electro-luminescence of anodic oxide films on aluminum is 
applied to the fabrication of luminescent display boards, and black 
coloring with metal deposition is used for sun energy absorbing 
boards. Far infrared emitters can also be made using aluminum 
alloys covered with anodic oxide films. 

The authors have been working on basic researches focusing 
on the structure and properties of anodic oxide films on aluminum, 
and have also performed research on applications developing nov-
el technologies based on anodizing. This chapter will describe the 
structure and properties of anodic oxide films on aluminum and 
their significance for corrosion protection and micro- and na-
no-technologies. 

II. STRUCTURE AND PROPERTIES OF OXIDE AND 
HYDROXIDE FILMS 

Oxide and hydroxide films formed on aluminum may be classified 
into five categories: pretreated-surface film, thermal oxide film, 
hydrothermal oxide film, barrier type anodic oxide film (BAOF), 
and porous type anodic oxide film (PAOF) (Fig. 1).  
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Figure 1. Structure of oxide and hydroxide films on aluminum. 

 

1.  Pretreated-Surface Film 

Pretreatments like degreasing, etching, polishing, and others are 
carried out before other surface treatments to control the unifor-
mity of the chemical and physical properties of the aluminum sur-
face. Phosphoric acid/chromic acid solution immersion 
(PC-treatment) is also used to remove oxide films from the alumi-
num substrate without damage to the substrate. Table 2 shows so-
lution compositions and conditions of typical pretreatments of 
aluminum and aluminum alloys: mechanical polishing, electropo-
lishing, chemical polishing, alkaline etching, and PC-treatment. 

A suitable pretreatment or combination of pretreatments can 
be selected, depending on the structure and alloy composition of 
specimens and the subsequent process to be carried out after the 
pretreatment. For pure aluminum, electropolishing gives the 
smoothest surface in all pretreatments, but mechanical polishing is 
more significant for aluminum alloys, since preferential dissolu-
tion of alloying elements or the aluminum matrix makes surfaces 
rough with electropolishing. Mechanically polished surfaces are 
contaminated by small particles of diamond/alumina included  in  
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Table 2 
Chemical Composition and Conditions for Typical 

Pre-Treatments of Aluminum. 

Pretreatment Chemical composition Condition 
Mechanical polishing Emery paper polishing with water flow 

Buff polishing with diamond/alumina paste 
Electropolishing 220-ml 60% HClO4/780-ml 

CH3COOH 
283–285 K, 28–30 V, 
3–5 min 

Chemical polishing 100 ml HNO3/600ml H3PO4 368 K, 3–5 min 
Alkaline etching 0.5 M NaOH 293–298 K, 15 min 
 50% HNO3 343 K, 1 min 
PC treatment 0.2-M CrO3/0.5-M H3PO4 358–363 K, 5–20 min 
 
 
polishing paste, and the contaminants need to be removed by light 
etching. Chemical polishing doesn’t require electricity, but re-
quires relatively high temperatures. Alkaline etching is accompa-
nied with a post-treatment in nitric acid solutions, and results in a 
less smooth surface. A thin oxide film is present on specimens af-
ter all the pretreatments. Table 3 shows the thicknesses and chem-
ical compositions of films formed by electropolishing, chemical 
polishing, and PC-treatment.4  

Surface films after the pretreatments have thicknesses of 3–5 
nm and are contaminated with electrolyte anions from the solu-
tions used. It is noteworthy that the surface film formed by elec-
tropolishing includes small amounts of Cl– ions, which have been 
incorporated due to the reduction of ClO4

– ions during electropo-
lishing.  Chemical polishing results in the formation of oxide film  

 
 

Table 3 
Thickness and Chemical Compositions of Surface Films 

Formed by Electropolishing, Chemical Polishing, and PC- 
Treatment. Reprinted with permission from J. Metal Finishing 

Soc., Jpn., 36, (1985) 96. Copyright (1985), Metal Finishing 
Society Japan. 

Pretreatment Thickness
nm 

Chemical composition 

Electropolishing   306 AlOx(OH)2.91–2xCl0.09·(x – 0.62)H2O 

Chemical-polishing 4.7 AlOx(OH)2.45–2x(PO4)0.17(NO2)0.04·(x – 0.73)H2O 

PC-treatment 4.3 AlCr(III)0.43Ox (OH)3.30–2x(PO4)0.33·(x – 0.07)H2O 
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Figure 2. TEM images of a) removed thermal oxide 
film and b) vertical cross section of the film. Heating 
was carried out for 3h at 823 K in air. Reprinted with 
permission from J. Electron Microsc.，40 (1991) 101. 
Copyright (1991), Japanese Society of Electron Micro-
scopy, Oxford University Press. 
 
 

containing phosphate and nitrite (NO2
–) ions,  while PC-treatment 

leads to the formation of oxide films containing Cr (III) and phos-
phate ions. The Cl– ions included in the surface film formed by 
electropolishing cause the formation of BAOF with relatively 
many imperfections, and PC-treatment after electropolishing im-
proves the soundness of the BAOF.5 

2.  Thermal Oxide Film 

When aluminum is heated in air at 523–873 K, thermal oxide films 
composed of γ-Al2O3 are formed (Fig. 2):6 

 

  2 Al + 3 O2  2 Al2O3  (1)   
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Figure 3. Weight gains at different heating temperatures. 

 
 
The growth of thermal oxide films follows a parabolic rate 

law,7 resulting in 30–50 nm film thicknesses after a few to a thou-
sand hours of heating. The growth rate of the thermal oxide films 
strongly depends on temperature (Fig. 3),6 and the kinetic energy 
for the parabolic growth rate is about 240 kJ/mol.7 Thermal oxide 
film consists of an outer amorphous oxide layer and an inner crys-
talline oxide layer (Fig. 4), and crystalline oxide islands grow lat-
erally by oxygen transport via channels in the amorphous oxide 
layer.8  

 
 
 

 
Figure 4. Schematic model of growth of 
thermal oxide films. 
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Table 4 
Chemical Compositions of Hydroxide Films Formed on Alu-
minum by Immersing in Boiling Distilled Water and Neutral 
Phosphate Solutions at Different Concentrations. Reprinted 
with permission from J. Mineralogical Soc. Jpn., "Koubutsu-
gaku Zashi”, 19 (1990) 387. Copyright (1990), Mineralogical 

Society of Japan. 

Concentration of phosphate 
kmol m-3 

Chemical composition of  
hydroxide films 

0 (distilled water) Al2O3·2.4H2O 
10-4  Al2O2.6(PO4)0.28 ·1.5H2O 
10-3 Al2O2.5(PO4)0.36 ·1.6H2O 
10-2 Al2O2.2(P2O7)0.4 ·3.0H2O 
10-1 Al2O1.7(P2O7)0.67 ·3.3H2O 

 
 
Coalescence of the islands results in the cease of film growth. 

The resulting film thickness strongly depends on the heating tem-
perature,6 and crystal orientation of the substrate.8 In aluminum 
alloys containing Mg, oxidation takes place by a rapid nucleation 
of MgAl2O4, and MgO.9 With PC-treated specimens there is slow-
er oxidation than with electropolished or alkaline-etched speci-
mens, and this suggests that chromic oxide and phosphate ions 
included in the surface film after PC-treatment suppress the trans-
port of oxygen during thermal treatment.6  

3.  Hydroxide Film 

Immersion of aluminum in boiling pure water results in the forma-
tion of hydroxide films, which are composed of pseu-
do-boehmite.10 The chemical composition of this hydroxide film 
has been determined to be Al2O3

.2.4H2O by X-ray photoelectron 
spectroscopy (XPS, Table 4). The crystallinity of the hydroxide 
film can be measured by Fourier transform infrared spectrometry 
(FTIR), which shows a sharp peak at 1100 cm–1 and two broad 
peaks at 3300 and 600 cm–1 (Fig. 5) for the boiled specimen, and 
the spectrum with light perpendicularly polarized to the surface 
gives more pronounced peaks, suggesting anisotropic structure 
(Fig. 6).10  

The hydroxide films consist of two layers: a dense inner hy-
droxide layer and a porous outer hydroxide layer, and are less than  
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Figure 5. FTIR spectrum of (a) aluminum immersed in boiling dis-
tilled water for 60 min, and spectra of standard particles of (b) psu-
edo-boehmite, (c) boehmite, (d) bayerlite, and (e) gibbsite. Reprinted 
with permission from J. Surface Sci. Soc. Jpn., 8, (1987) 279. Copy-
right (1987), Surface Science Society of Japan.  
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1 μm thick (Fig. 7). Immersion in pure water at temperatures be-
low 313 K results in films composed of bayerite.11 

The structure and thickness of hydrous oxide films are highly 
sensitive to the chemical composition of solutions for hydrother-
mal treatment. In neutral solutions containing phosphate ions, the 
formation of hydroxide films is inhibited, and thinner hydroxide 
films are formed at higher concentrations between 10–4–10–2 M 
(Fig. 8).12  In 10-1 M phosphate solutions, relatively thick hy-
droxide films are formed on less smooth surfaces, because local 
dissolution of the substrate is enhanced. Analysis by XPS suggests 

 
 

 
Figure 6. FTIR spectra of aluminum after immersion in boiling pure water, 
obtained with polarized light: (a) P-wave, (b) S-wave. Reprinted with permis-
sion from J. Surface Sci. Soc. Jpn., 8, (1987) 279. Copyright (1987), Surface 
Science Society of Japan.  
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that the chemical composition of hydroxide films strongly depends 
on the phosphate concentration (Table 4). With increasing phos-
phate concentration, the amount of phosphate incorporated in the 
hydroxide  droxide films increases and the incorporated phos-
phates change from ortho- to pyro-phosphates. 

Boiling in amine solutions enhances the formation of hydrox-
ide films, since a higher pH of the solution promotes the dissolu-
tion of the substrate.13 The pH of pure water increases gradually 
with time during immersion of aluminum at 373 K, while the pH 
of solutions containing ethylamine decreases slightly with time 
(Fig. 9). The following reactions are considered to take place in 
pure water: 

 
Al + 3 H2O  x[Al(OH)2]+

 + (1 – x) Al(OH)3 + x OH– + 3 H2 
(2) 

 
 
and in amine solutions, 

 

 

 

 
 

Figure 7. TEM image of a vertical cross section of specimen immersed in 
boiling doubly distilled water for 1h. Reprinted with permission from J. Metal 
Finishing Soc. Jpn., 38, (1987) 67. Copyright (1987), Metal Finishing Society 
of Japan.  
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Figure 8. TEM images of the vertical cross sections of aluminum 
immersed in neutral phosphate solutions (pH = 7) at 373 K for 1 h: (a) 
10-4, (b) 10-3, (c) 10-2, and (d) 10-1 M. Reprinted with permission from 
J. Mineralogical Soc. Jpn., "Koubutsugaku Zashi”, 19 (1990) 387. 
Copyright (1990), Mineralogical Society of Japan. 

 
 

Al + 3 H2O + x OH– = x [Al(OH)4]– + (1 – x) Al(OH)3 + 3 H2  
   (3) 

 
 The mass of hydroxide films formed in 10–1 M ethylamine 
solution is three times those formed in pure water (Fig. 10). The 
XPS analysis suggests that no nitrogen-bearing species are in-
cluded in the hydroxides formed in ethylamine solutions.  Silicate 
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Figure 9. Change in the pH of distilled water and ethylamine solu-
tions of different concentrations during aluminum immersion. So-
lution volume: 30 cm3. Specimen surface area : 16 cm2.  

 

 

 
Figure 10. Changes in the amount of hydroxide film formed with 
immersion time in distilled water and ethylamine solutions of differ-
ent concentrations. 
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Figure 11. TEM images of the vertical cross sections of aluminum immersed for 
1h at 373 K in neutral silicate solutions at (a) 10-4 and (b) 10-2 M and in neutral 
citrate solutions at (c) 10-4 and (d) 10-2 M. Reprinted from Corr. Sci., 31, (1990) 
243. Copyright (1990), with permission from Elsevier. 

 
 

ions in boiling neutral solutions do not affect the formation of hy-
droxide films at concentrations as low as 10–4 M (Fig. 11a), while, 
at 10–2 M, the hydroxide formation is suppressed vigorously re-
sulting in 5–8 nm thick films (Fig. 11b).14 Citrate ions suppress 
hydroxide formation at 10–4 M by forming complexes with alumi-
num ions (Fig. 11c), while citrate ions enhance the dissolution of 
the substrate at 10–2 M, so that thinner hydroxide films are formed 
on rougher surfaces (Fig. 11d).14 

4.  Barrier-Type Anodic Oxide Film (BAOF) 

When aluminum and aluminum alloys are polarized anodically in 
electrolytic solutions, oxide films are formed on the substrates. 
This procedure is termed anodizing and the oxide films formed by 
this procedure are termed anodic oxide film. Anodic oxide films 
can be classified into two groups: barrier and porous type anodic 
oxide films. 
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Figure 12. Schematic model of a) ion transport during BAOF growth and b) chemi-
cal composition of outer and inner layers. 

 
 

Barrier type anodic oxide film (BAOF) is obtained in neutral 
solutions containing borate, phosphate, adipate, and other solutions, 
and consists of a thin compact amorphous oxide layer.15 Electro-
chemical reactions  on the anode and cathode are  expressed by  
 
  2 Al + 3 H2O  Al2O3 + 6 H+ + 6 e–  (anode) (4) 
 
  6 H+ + 6 e–  3 H2 (cathode)  (5) 

 
Oxide formation in BAOF occurs at the interfaces between 

solution and oxide, and between oxide and substrate by the trans-
port of Al3+ ions and O2– ions across the oxide film (Fig. 12a). The 
oxide formation at the oxide/solution interface is accompanied by 
incorporation of electrolyte anions, so that BAOF consists of an 
outer anion-incorporated oxide layer and an inner pure-alumina 
layer (Fig. 12b). The ionic current, ii, during BAOF formation can 
be expressed by the following equation:16 

 
  ii = A exp(BE)  (6) 
 
where A and B are proportionality constants and E is the average 
electric field across the BAOF. Equation (6) can be substituted 
with the following equation: 
 
  ii = (nνq) exp[–(W – qaE)/kT] (7) 
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Figure 13. Changes in anode potential, Ea, and anodic current, ia, under gal-
vanostatic and potentiostatic anodizing conditions.   

 
 

where n is the number of mobile ions, ν the vibration frequency of 
the mobile ions, q the charge of mobile ions, W the activation 
energy for transport through the film, a the half distance between 
interstitial positions in the oxide lattice, k the Boltzman constant, 
and T the absolute temperature. Equation (7) was first derived by 
Cabrera and Mott17 and later modified by Verway.18  

At the start of anodizing under galvanostatic conditions, the 
anode potential increases linearly with time, and subsequently a 
rapid switch to potentiostatic anodizing results in a current decay 
reaching a small steady value (Fig. 13).19 The current decay shows 
a slope of –1 in log. i vs. log ta plots, suggesting the an-
ti-logarithmic growth law for oxide formation. The steady current 
observed after long anodizing is termed a leakage current and cor-
responds to an electronic current through defects of oxide as well 
as an ionic one that is responsible for the renewal of oxide by dis-
solution and formation. The leakage current is higher at higher 
temperatures, due to a more significant oxide renewal, and this 
results in the growth of a porous layer over the compact barrier 
layer (Fig. 14).15 
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Figure 14. TEM images of vertical cross sections of aluminum 
anodized potentiostatically at 50 V in a neutral borate solution at 
313 K for (a) 5 , (b) 60, and (c) 120 min. Reprinted from Electro-
chim. Acta, 25, (1980) 279. Copyright (1990), with permission 
from Elsevier. 

 
 

The film thickness, δ, is proportional to the potential, Ea, ap-
plied during anodizing, and can be expressed by the following 
equation:15,20–21 
 
  δ = K x Ea  (8) 
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where K is a proportionality constant, generally 1.3–1.6 nm/V. The 
outer layer of BAOF includes electrolyte anions as shown in Fig. 
12b, and the depth profile of anion concentrations has a steady 
value throughout the outer layer.20–22 The outer layer can easily be 
distinguished from the inner layer by an electron-beam-induced 
crystallization method, in which thin slices of vertical cross sec-
tions of oxide films are irradiated with electron beams to crystall-
ize only the inner layer.23 The ratio of the thickness of the outer 
layer to that of the inner layer is mainly determined by the trans-
port numbers of Al3+ ions and O2– ions. However, the thickness 
ratio depends on the electrolytic solution used even under the same 
anodizing conditions, since anions incorporated into the oxide are 
transported either outwards or inwards during anodizing (Fig. 
15).24 This can be ascertained by comparing the positions of mark-
ers and the interface between the inner/outer layers. In borate solu-
tions, the marker locates at the interface between the inner and 
outer layers, and this suggests an absence of transport of borate 
during anodizing (Fig. 15a). The inner/outer layer interface in the 
oxide film formed in phosphate solutions locates underneath  the 
marker position, suggesting an inward transport of phosphate ions 
(Fig. 15b). Anodizing in chromate solutions leads to the incorpora-
tion of chromic ions, and the inner/outer layer interface is below 
the marker position, suggesting outward transport of chromic ions 
(Fig. 15c). 
 Galvanostatic anodizing in neutral solutions gives rise to a 
linear increase in δ with time, and eventually the oxide formation 
 
 

 
Figure 15. Schematic model of the transport of anions during anodizing: (a) 
no transport, (b) inward transport, and (c) outward transport. 
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Table 5 
Chemical Compositions, pH, and Specific Resistivities of  

Borate Solutions. Reprinted with permission from J. Electro-
chem. Soc.,144, (1997) 866. Copyright (1997), The Electro-

chemical Society. 

No. Chemical composition pH Specific resistivity 
Ωcm 

I 0.5-M H3BO3 3.9 34 500  
II 0.5-M H3BO3/0.005-M Na2B4O7 6.0  1 470 
III 0.5-M H3BO3/0.05-M Na2B4O7 7.4   180 

 
 
stops abruptly, at a film breakdown potential, Ebd, which strongly 
depends on the electrolyte and the concentration of anodizing so-
lution (Table 5, Fig. 16).25 In boric acid / borate solutions, the film  

 

 
Figure 16. Changes in anode potential, Ea, with time, ta, dur-
ing anodizing in neutral borate solutions at different concen-
trations at 298 K and 25 A m-2. Reprinted with permission 
from J. Electrochem. Soc., 144, (1997) 866. Copyright (1997), 
The Electrocheical Society. 
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Figure 17. SEM images of the surface 
of anodic oxide films formed by ano-
dizing in 0.5 M H3BO3 up to (a) 200 , 
(b) 700, and (c) 1180 V. Reprinted with 
permission from J. Electrochem. Soc., 
144, (1997) 866. Copyright (1997), 
The Electrochemical Society. 

 
 
breakdown potential increases with decreasing borate concentra-
tion, or increasing solution specific resistivity (Table 5). The 0.5 M 
boric acid solution, which has a 34,500 Ωcm specific resistivity, 
shows Ebd values as high as 1,000 V, resulting in film thicknesses 
of 1.3–1.6 μm, with numerous imperfections included in the oxide 
films (Fig. 17). The number of imperfections increases only 
slightly with increasing Ea, but the size of the imperfections be-
comes much larger (Fig. 18). 



Anodic Oxide Films on Aluminum 79 

 

 
Figure 18. TEM images of the vertical 
cross sections of aluminum anodized 
in 0.5 M H3BO3 up to (a) 20, (b) 100, 
and (c) 4500 V, and (d)1180 V. Re-
printed with permission from J. Elec-
trochem. Soc., 144, (1997) 866. Copy-
right (1997), The Electrochemical So-
ciety. 

 
 

Anodizing in 5x10–5 M KOH solution, which has 166,700 
Ω cm of specific resistivity, gives a value of Ebd as high as 1600 V, 
and forms BAOF with many imperfections.26 
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The film breakdown during anodizing in neutral solutions can 
be explained in terms of electron avalanches,27 electrostrictive 
forces,28 or mechanical stresses.29  

5.  Porous Type Anodic Oxide Film (PAOF) 

(i)  Structure 

Porous type anodic oxide film (PAOF) is obtained by anodiz-
ing in acid solutions like H2SO4, oxalic acid, H3PO4, and H2CrO4, 
and possesses the hexagonal cell model structure morphology, 
shown in Fig. 19.30  

Anodizing conditions in different solutions are shown in Table 
6. The oxide film consists of numerous fine hexagonal cells per-
pendicular to the metal substrate, and each cell has a pore at the 
center. The pores are separated from the metal substrate by a thin 
hemispherical barrier layer, existing at the interface between the 
oxide film and the metal substrate.  
 

 

 
Figure 19. Schematic model of the structure of porous anodic oxide film 
formed on aluminum. 
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Galvanostatic anodizing gives rise a steady potential value, Es, 
after an initial transient period, and allows a steady increase in the 
film thickness, maintaining the number of cells, Nc, the size of 
cells, Dc, and pores, Dp, and the barrier layer thickness, δb, during 
anodizing. The thickness of PAOF, δpf, is proportional to the ano-
dizing time, ta, and current density, ia.  

  
 δpf = kt x ia x ta (9) 
 

where kt (= 3.6 to 4.5 x 10–5 μm C–1 m2) is the proportionality con-
stant, which is higher at  lower temperatures and lower acid con-
centrations. Figures 20 and 21 show the relationship between the 
current density, ia, plotted logarithmically, and steady values of the 
anode potential, Es, obtained in H2SO4 and oxalic acid solutions.2  

The Es vs. log ia relationship is an S-shaped curve in both so-
lutions, and it shifts to higher current density regions at higher 
temperatures and higher acid concentrations. Anodizing in H2SO4 
solutions, which requires lower Es than in oxalic solutions, has the 
advantage of lower electric power consumption. Anodizing should 
be performed under the conditions at the mid regions of the Es vs. 
log ia relationship since anodizing at the lower regions easily leads 
to powdering of the oxide and in the higher regions to burning. 
Powdering is the phenomenon where the outer parts of PAOF be-
come powdery by thinning of the pore walls, due to chemical dis-
solution, while burning is the phenomenon where the oxide film 
grows non-uniformly by local heating, due to a non-uniform cur-
rent distribution. 

The values of Nc, Dc, Dp, and δb are functions of Es, as shown 
in Figs. 22-25, and only slightly dependent on temperature, kind of 
acid solution, and acid concentration2). With increasing Es, the 
values of Nc decrease, while Dc, Dp, and δb increase. The curves in 
Figs. 22-25 lead to the following equations: 

 
 Nc(m–2) = 14x1015 x Es

– 1.27(V)  (10) 
 
 Dp(nm) = 14 + 0.21 x Es(V) [Es < 15 V]  (11) 
 
   = 4.2 + 0.84 x Es(V) [Es > 15 V]  (12) 
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Figure 20. Relationship between steady anode potentials, Es, and current density, 
ia, in H2SO4 solutions. Reprinted with permission from J. Metal Finishing Soc. 
Jpn, 33, (1982) 156. Copyright (1982), Surf. Finishing So. Jpn. 
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Figure 21. Relationship between steady anode potentials, Es, and current density, 
ia, in H2C2O4 solutions. Reprinted with permission from J. Metal Finishing Soc. 
Jpn, 34, (1983) 548. Copyright (1983), Surf. Finishing So. Jpn. 
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Figure 22. Number of pores vs. voltage curves obtained for different (a) tempera-
tures and (b) electrolyte concentrations. Reprinted with permission from J. Metal 
Finishing Soc. Jpn, 33, (1982) 156. Copyright (1982), Surf. Finishing So. Jpn. 
 
 

 Dc(nm) = 6.5 + Es (V)  (13) 
 
 δb(nm) = 2.1 x Es

0.83 (V)  (14) 
 
 

Hence, the porosity, α = NπDp
2/4,19 of the oxide film can be ex-

pressed in the following equation: 



86  H. Takahashi, M. Sakairi, and T. Kikuchi 

 

 
Figure 23. Changes in cell size, 2R, and pore-diameter, 2r, as functions of (a) 
temperature and (b) electrolyte concentration. Data reported by Keller et al. are 
indicated as broken lines in (a). Reprinted with permission from J. Metal Finish-
ing Soc. Jpn, 34, (1983) 548. Copyright (1983), Surf. Finishing So. Jpn. 

 
  
 α = 0.8 x Ea

–0.59 (V)  (15) 
 

The α value decreases sharply with increasing Es (Fig. 25). 



Anodic Oxide Films on Aluminum 87 

 

 
Figure 24. Barrier layer thickness vs. voltage curves obtained for different (a) tem-
peratures and (b) electrolyte concentrations. Reprinted with permission from J. 
Metal Finishing Soc. Jpn, 33, (1982) 156. Copyright (1982), Surf. Finishing So. 
Jpn. 
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Figure 25. Changes in porosity, a, with steady anode potential, Es, obtained in 
H2SO4 solutions. Reprinted with permission from J. Metal Finishing Soc. Jpn, 33, 
(1982) 156. Copyright (1982), Surf. Finishing So. Jpn. 
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Figure 26. Schematic model of (a) ion transport and (b) volume ex-
pansion during PAOF growth by anodizing. 
 

(ii)  Growth under Steady Conditions 

The mechanism for PAOF growth during anodizing under 
steady current conditions in acid solutions are illustrated in Fig. 
26a. A high electric field is sustained by the scallop-shaped barrier 
layer, and this gives rise to the transport of Al3+ and O2– across the 
barrier layer. New oxide is formed at the interface between the 
barrier layer and the metal substrate, while Al3+ ions are ejected 
directly into the solution after reaching the interface between the 
solution and oxide (pore bottom), i.e. dissolving into the solution 
without forming oxide (electrochemical dissolution). The direct 
ejection of Al3+ ions is due to a rapid chemical dissolution of oxide 
at the  pore bottom at low pH.  Thus, in the steady condition, the 
thickness of the barrier layer, δb, remains constant, and pores be-
come deeper at a steady rate. The number of pores, Np, pore di-
ameter, 2r, and cell size, 2R, are also constant. The total current, ia, 
is the sum of the current for electrochemical dissolution, id, and the 
oxide formation current at the oxide/substrate interface, iox, as-
suming that the electronic current is negligibly small: 

 
 ia = id + iox  (16)  
 



90  H. Takahashi, M. Sakairi, and T. Kikuchi 

 

The amount of aluminum oxidized during anodizing, WT(Al), 
can be expressed by 

 
  WT(Al) = ( iata/nF)MAl  (17) 
 

where ta is anodizing time, n the number of electrons for Al oxida-
tion, F the Faraday constant, and MAl the atomic mass of Al. The 
total amounts of dissolved Al3+ ions during anodizing, Wd(Al) is the 
sum of the Al amounts dissolved electrochemically and chemically, 
and can be expressed by 

 
  Wd(Al) = WT(Al) TAl + αhoxρoxk  (18) 
 

where TAl is the transport number of Al3+ ions across the barrier 
layer, α is the porosity of pores, hox, the depth of pore, ρox, the 
density of the oxide, and k the mass per cent of Al3+ ions in the 
oxide. The amount of Al3+ ions incorporated in the oxide film, 
Wox(Al), is the difference between WT(Al) and Wd(Al): 

 
  Wox(Al) = WT(Al) – Wd(Al)  (19) 
 

The volume of aluminum oxidized, VT(Al), is correlated with WT(Al) 
by the following equation: 

 
 VT(Al) = WT(Al) /ρAl  (20) 
 

where ρAl is the density of Al. The apparent volume of oxide, VT(ox), 
is the sum of the actual volume of oxide, Vox and the pore volume, 
Vp, and is expressed by 

 
 VT(ox) = Vox + Vp = WT(ox) /ρox  (21) 
 
   = WT(Al) (1 – TAl) / (kρox)  (22) 

 
where WT(ox) is the sum of the amount of oxide, Wox, and αhoxρox. 
The Pilling-Bedworth ratio, RP.B., which is the ratio of the apparent 
oxide volume to the oxidized Al volume, can be derived by divid-
ing Eq. (20) by Eq. (22), giving 
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 RP.B. = VT(ox) / VT(Al) = (1 – TAl) / (kρox /ρAl)  (23) 
 
Assuming TAl = 0.3,31 k = 0.46,32 ρox = 2.8 x 10–3 kg / mol,33 

and ρAl = 2.7 x10–3 kg / mol, the value of RP. B. can be estimated to 
be 1.47. This strongly suggests that aluminum specimens undergo 
volume expansions by the formation of PAOF. The volume expan-
sion ratio, Rexp, is defined by 

 
 Rexp = δout /δin = δout /(δf - δout) (24) 

 

where δout is the film thickness over the initial surface of the spe-
cimen and δin is the film thickness inside the specimen (Fig. 26b). 
The Rexp is correlated with RP.B. by the following equation: 

 
 Rexp = RP.B. – 1 = (1 – TAl) / (kρox /ρAl) – 1  (25) 
 
Figure 27 shows a SEM image of a vertical cross section of an 

aluminum specimen anodized in 0.22 M oxalic acid at T = 293 K 
with 150 Am–2 for 4h. It is clear that the specimen expands by 
anodizing, and the Rexp value is 0.4 under this anodizing condition. 

 
 

 
Figure 27. SEM image of the vertical cross section of an aluminum specimen ano-
dized in 0.22 kmol m-3 oxalic acid at T = 293 K with 150 Am-2 for 4h. The hatched 
area shows an area where insulating film was attached. 
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As shown in Fig. 26, O2– ions transport under a high electric 
field across the barrier layer during anodizing. Electrolytic anions 
also transport inwards across the barrier layer at a rate slower than 
O2– ions. As a result, PAOF contains small amounts of anions of 
the electrolyte used. These anions distribute across the pore wall 
and barrier layer as shown in Fig. 28.34 Longer anodizing causes 
the chemical dissolution of oxide, leading to the formation of 
cone-shaped pores (Fig. 29).35 Eventually, the pore walls become 
substantially thinner, and are destroyed. This is the phenomenon of 
powdering of the oxide film, and the onset of powdering termi-
nates the growth of  PAOF.  Lower temperatures and lower acid 
concentrations enable the formation of thicker films without pow-
dering, and maximum thicknesses of several hundred μm are 
possible under optimum conditions. 

 
 

 
Figure 28. Schematic model showing the chemical structure of por-
ous anodic oxide films. A. Al2-xH3xO3-y (Anionp-)2y/p, B. Al2O3-y 
(Anionp-)2y/p, C. Al2O3 
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Figure 29. Cone-shaped pores formed by chemical 
dissolution during long anodizing. 

 
 

Anodizing of aluminum alloys gives rise to the formation of 
PAOF with a modified structure by preferential dissolution or in-
corporation of alloying elements. Aluminum alloys with high cop-
per contents show lower film growth rates and film structure with 
many imperfections, due to a preferential dissolution of copper / 
aluminum intermetallic compound phases,36 while aluminum al-
loys with high silicon contents incorporate silicon particles in the 
oxide film and grow at low rates, due to O2 evolution on the sili-
con incorporated in the oxide film.37,38 An aluminum die-casting 
alloy, ADC12, which contains high concentrations of copper and 
silicon, and has been solidified rapidly in dies at pressures as high 
as 0.5 M Pa, is the one of the most difficult material to anodize. It 
has non-uniform distribution of Si- and Cu-containing 
second-phases and a high concentration of both Si and Cu dis-
solved in the α−phase of aluminum and this results in the forma-
tion of a PAOF with uneven thickness at low growth rates.39  
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Figure 30. Characteristic changes in current during anodizing at E2 after a decrease 
from E1. Reprinted with permission from J. Electron Microscopy, 22, (1973) 149. 
Copyright (1973), Jpn. Electron Microscope Society, Oxford University Press 
 

 (iii)  Growth under Transient Conditions 

As described in the previous Section, anodizing of aluminum 
in acid solutions at a constant potential, E1, results in a steady cur-
rent, i1, allowing the steady growth rate of porous anodic oxide 
films shown in Fig. 26. When the potential is abruptly decreased to 
E2 during anodizing, the current becomes zero immediately after 
the potential change, and then gradually increases with time before 
reaching a steady value, i2 (Fig. 30). This phenomenon is termed 
the current recovery effect and was first reported by Murphy and 
Michelson.40 A schematic model of the change in the film structure 
during the current recovery period is shown in Fig. 31.41  

In Stage 1, the porous layer becomes thicker at a steady rate, 
keeping the  barrier layer thickness, d1, constant  (see Fig. 31a).  
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Figure 31. Mode of change in film structure during the current recovery period. 
Reprinted with permission from J. Electron Microscopy, 22, 149 (1973) 157. Copy-
right (1973), Jpn. Electron Microscope Society, Oxford University Press. 
 
 
When the potential is lowered to E2, the growth of the film almost 
ceases because of the considerable decrease in the electric field 
across the barrier layer, and then the thickness of the barrier layer 
starts to decrease  due to the slow dissolution of the barrier layer  



96  H. Takahashi, M. Sakairi, and T. Kikuchi 

 

 
Figure 32. TEM image of the vertical section of anodic oxide film at Stage 3 
of current recovery period. Reprinted with permission from J. Electron Mi-
croscopy, 22, 149 (1973) 157. Copyright (1973), Japan Electron Microscope 
Society, Oxford University Press. 

 

 
into the electrolyte (Stage 2, Fig. 31b). The current at Stage 2 
shows a very small value, and increases slightly with time. This is 
because the electric field across the barrier layer becomes progres-
sively higher due to the dissolution.  

In Stage 3, the anodizing current starts to increase steeply as 
the result of the considerable thinning of the barrier layer or the 
steep increase of the field strength, the rate of dissolution also 
speeds up. At this time, the formation of the new semispherical 
oxides,  in which  many smaller cells develop in the radial di-
rections, takes place (Fig. 31c). New oxide semi-spheres initiate at 
the bottom of the pores that have been produced during Stage 1. 
With further growth, the oxide semi-spheres come into contact, 
and the pores in the semi-spheres tend to grow in parallel and ex-
tend perpendicular to the substrate metal. The thickness of the bar-
rier layer becomes the thickness of the barrier layer of the oxide 
semi-spheres, d2 in Fig. 31. Figure 32 shows TEM images of a 
vertical cross section of an anodic oxide film at Stage 3.41 
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Figure 33. TEM image of a vertical cross section of anodic oxide 
film at Stage 4 - a: oxide layer formed at E1, b: oxide layer formed 
at E2, c: the metal substrate. Cracks indicated by the A were formed 
by the preparation of the specimen. Reprinted with permission 
from J. Electron Microscopy, 22, 149 (1973) 157. Copyright 
(1973), Japan. Electron Microscope Society, Oxford University 
Press. 

 
 

In Stage 4, the formation of oxide proceeds at a steady rate, 
and the current, i2, remains constant. The cellular structure of the 
inner part of the film now corresponds to E2 (Fig. 31d). The poten-
tial distribution across the barrier layer is the same as in Stage 3. 
Figure 33 is a TEM image clearly showing the two layer structure 
with E1 and E2 as in Fig. 31. 
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III.  CHANGES IN FILM STRUCTURE BY 
COMBINATION OF TREATMENTS 

As described in Section II, there are four typical surface treatments 
of aluminum: thermal treatment, hydrothermal treatment, anodiz-
ing in acid solutions, and anodizing in neutral solutions, and these 
treatments result in the formation of thermal oxide film, hydroxide 
film, PAOF, or BAOF. An understanding of the change in the 
structure of these oxide films by combining each treatment with 
other treatments is useful for developing technologies to create 
new functions on the aluminum surface (Fig. 34). 

1.  Change of PAOF Structure by Heating, Boiling, and  
Anodizing in a Neutral Solution 

When PAOF-covered aluminum is heated in air, there is dehydra-
tion and crystallization of the oxide film. In addition, cracks are 
formed in the oxide film because of the higher thermal  expansion  
 
 

 
 
Figure 34. Schematic outline of potential combinations of the four typical treat-
ments with other treatments. 
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coefficient of the metal substrate than that of the oxide film (Fig. 
35). The crack formation strongly depends on heating temperature, 
film thickness, and post-treatment of pore-sealing (detailed below). 
Below 673 K, cracks more easily form in PAOF at higher heating 
temperatures on thicker oxide films and are enhanced by pore 
sealing (Fig. 35a-b). Above 773 K, cracks don’t form, but conti-
nuous channels form on the substrate along the grain boundary, 
probably due to a softening of the substrate during the enlargement 
of grains at the higher temperatures.42 

Immersion of aluminum covered with POAF in boiling pure 
water results in pore-sealing with hydroxide formed by the fol-
lowing equation (Fig. 36), 

 
 Al2O3 + x H2O  Al2O3

 ·x H2O   (x = 1.5–2) (26) 
 
 
 
 
 

 
 
Figure 35. SCLM images (a, b) and SEM images (c, d) of aluminum covered with 
24 μm thick PAOF after heating at Th = 573 K for 180 min: (a-c) surface, (d) ver-
tical cross section, (a, c, d) without pore-sealing, (b) with pore-sealing.  
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The volume expansion by the formation of psuedo-boehmite 
causes the pores to become sealed, as shown in Fig. 36.43 A 
ten-minute  sealing treatment is  sufficient to seal the pores 
completely in boiling water, and with longer sealing treatments 
water slowly penetrates through the hydroxide to allow further 
hydration. Sealing treatment also results in the outermost part of 
the POAF to become highly crystallized. Figure 37 shows SEM 
images of a PAOF before and after pore-sealing for 30 min, illu-
strating the formation of a highly crystallized hydroxide layer with 
about 1 μm thickness on the outermost part of PAOF, as well as the 
complete sealing of pores by hydroxide.44 

The sealing may be achieved by pressurized steam sealing 
which enables quicker sealing, but the equipment needed is elabo-
rate and difficult to operate. Cold sealing, which is performed in 
solutions containing Ni2+ and F– ions at ambient temperatures, has 
gained wide-spread use because of low energy consumption.45 The 
reaction during cold sealing is considered to be of the following 
form: 

 
  Al2O3 + x Ni2+ + y F– + 3 H2O  
    Al2Nix Fy(OH)z + (6 – z) OH–  (27) 

  

 
Figure 36. Process of pore sealing with hydroxide during dipping in boiling pure 
water. Reprinted with permission from J. Metal Finishing Soc. Jpn, 33, (1982) 242. 
Copyright (1982), Surf. Finishing So. Jpn. 
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Figure 38. Model explaining the dissolution characteristics of the porous anodic 
oxide films before and after hot water treatment. Reprinted with permission from J. 
Metal Finishing Soc. Jpn, 34, (1983) 44. Copyright  (1983), Surf. Finishing So. 
Jpn. 
 
 
Aluminum-nickel-fluoro-complexes are deposited in the pores and 
the result is a sealing of the pores. 

Dissolution characteristics of PAOF in acid solutions change 
considerably by hydrothermal treatment (Fig. 38).43 The dissolu-
tion of POAF proceeds via pore widening before pore sealing,35 
and film shortening occurs after pore sealing. In the pore widening, 
the time for the complete dissolution of POAF is independent of 
the film thickness, while in film shortening the time is proportional 
to the film thickness. The dissolution rate decreases with increas-
ing hydrothermal treatment time, and there is an induction time 
before dissolution starts and it becomes longer after 30 min of hy-
drothermal treatment, due to crystallization of the outermost layer 
(Fig. 39). 
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Figure 39. Effect of pore sealing time on the mass loss vs. dissolution time rela-
tionship. Reprinted with permission from J. Metal Finishing Soc. Jpn, 34, (1983) 44. 
Copyright (1983), Surf. Finishing So. Jpn. 

 
 

Anodizing of PAOF-covered aluminum in neutral solutions 
gives rise to the pore-filling phenomenon. Here the pores are filled 
with new oxide from the pore bottom, and a thin oxide layer is also 
formed at the interface between oxide film and metal substrate 
(Fig. 40a).46,47 During a galvanostatic re-anodizing, anode potential, 
Ea, shows a jump at the very initial stage, and then increases li-
nearly with a slope of m1 before a knee point at tp. The slope of the 
curve after tp, m2, is the same as that obtained for electropolished 
aluminum (broken curve in Fig. 40b), since pore filling is com-
pleted at tp. 

The porosity of PAOF, α, is correlated with m1 and m2 by the 
following equation,47
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Figure 41. Change in anode potential with time during a galvanostatic anodiz-
ing in 0.5 M-H3BO3 on electropolished specimen (EP) and PAOF-covered spe-
cimen (PF). Reprinted with permission from J. Surf. Finishing Soc. Jpn, 53, 
(2002) 142. Copyright (2002), Surf. Finishing Soc. Jpn. 

 
 
 
 α = TAl (m2 / m1) / {1 – (1 – TAl)( m2 / m1) }  (28) 
 

where TAl is the transport number of Al3+. Equation (28) shows that 
m2 / m1 becomes higher as α decreases. Hence, monitoring Ea vs. tr  
curves during galvanostatic pore filling can be used to estimate the 
porosity of PAOF.  

The pore-filling process is utilized in capacitor manufacturing 
to produce capacitors for inverter systems. The oxide films formed 
by pore filling are stable and can be subjected to frequent changes 
in loads, making them ideally suited for this kind  of application. 
This process is also suitable to increase the film breakdown poten-
tial, Ebd. Figure 41 shows the change in anode potential, Ea, with 
time during galvanostatic anodizing in 0.5 M H3BO3 on an elec-
tropolished specimen (EP)  and a PAOF-covered specimen (PF).  
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Figure 42. Change in the structure of PAOF with time during 
re-anodizing of PAOF-covered specimen. Reprinted with permission 
from J. Surf. Finishing Soc. Jpn, 53, (2002) 142. Copyright (2002), 
Surf. Finishing Soc. Jpn. 

 
 
The breakdown potential of the PF-specimen is more than 200 V 
higher than that of the EP-specimen. The advantage of pore filling 
method that imperfections are hardly formed in the oxide film be-
fore Ebd, unlike anodizing of electropolished specimens (Fig. 42). 
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Figure 43. Schematic model of different types of anodic oxide film formed on alu-
minum after a variety of thermal treatments.  
 

2.  Change in BAOF Structure by Heating, Boiling, and  
Anodizing in an Acid Solution 

Heating of BAOF-covered aluminum gives rise to dehydration of 
the oxide. A TGA analysis up to 873 K shows that about 45 μg/1 
mg of the original oxide mass is lost up, suggesting a composition 
of Al2O3

.0.27H2O for water content in a BAOF.15 Hydrothermal 
treatment of BAOF-covered aluminum leads to the hydration of 
the oxide film as well as to the formation of hydroxide by reaction 
with the aluminum substrate. Anodizing of BAOF-covered alumi-
num in acid solutions causes the formation of PAOF underneath 
the BAOF (Fig. 43c). The PAOF has a pore-branched structure, 
since PAOF formation is initiated locally through imperfections in 
BAOF.48  

3.  Change of the Structure of Thermal Oxide Films by  
Boiling, and Anodizing in a Neutral solution and in an  

Acid Solution 

The changes in the structure of thermal oxide films caused by 
boiling in water and anodizing in acid solution are similar to the 
changes in barrier type oxide films undergoing the same treatment. 
Anodizing of thermal oxide film-covered aluminum in neutral so-
lutions results in the formation of a crystalline oxide film, because 
the thermal oxide film, composed of γ-Al2O3, acts as seeds for the 
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crystalline oxide, enhancing the crystallization of amorphous oxide 
under a high electric field. As a result, the structure of the anodic 
oxide films formed strongly depends on the pretreatments, heating 
temperature, heating time and anodizing conditions.  

Kobayashi and Shimizu found that platelet patches of γ-Al2O3 
form at the middle part of anodic oxide films formed by anodizing 
of electropolished aluminum after heating at 823 K for 15 min and 
that there are voids over each crystalline oxide patch (Fig. 43a).49 
Anodizing was carried out in 0.1 M ammonium pentaborate solu-
tion at 293 K with a constant c. d. of 50 A m–2 up to 100 V. Creve-
coeur and de Wit found a continuous layer of γ-Al2O3, accompa-
nied with voids on it, at the middle part of anodic oxide films after 
heating 823 K for 15 min (Fig. 43b).50 Here samples were ano-
dized at 292 K in a pentaborate ethylene glycol/water solution by a 
potential scanning at 0.5 V/s up to 400 V. Alwitt et al. heated alka-
li-etched aluminum at 498 K for 20 min and anodized in ammo-
nium citrate solution at 10 A m–2 at 343 K, to obtain two-layer 
anodic oxide films, consisting of an outer crystalline oxide layer 
and an inner amorphous oxide layer, as shown in Fig. 43c.51 

Figure 44 shows the change in anode potential, Ea, with time, 
ta, during anodizing in 0.5 M H3BO3/0.05 MNa2B4O7 solution at 
353 K, for electropolished aluminum with/without heating at 823 
K for 3 h.6 The specimen without heating shows a linear increase 
in Ea from zero and the Ea vs. ta curve has a somewhat flat slope, 
while the specimen with heating shows a jump at the very initial 
stage, and displays a steeper curve. The anodizing of unheated 
specimens at relatively high temperatures causes an electrochemi-
cal dissolution of the oxide films, leading to the formation of an 
amorphous anodic oxide that has a two layer structure: an outer 
porous layer and an inner dense layer (Fig. 45a).  

The heated specimens, however, have a one-layer crystalline 
oxide film structure (Fig. 45b). Thermal oxide films act as seeds 
for crystalline oxide that with time transforms the whole of the 
anodic oxide film into crystalline oxide, resulting in a suppression 
of the electrochemical dissolution of oxide during anodizing. A 
comparison of Figs. 44 and 45 enables an estimate of the film 
thickness per 1 V of anode potential, showing numerical values of 



Anodic Oxide Films on Aluminum 109 

 

 
Figure 44. Change in anode potential with time during anodiz-
ing of aluminum with / without heating.  

 

 
Figure 45. TEM images of vertical cross section of specimens anodized for 2 (a and 
b) and 5 min (c and d) under conditions in Fig. 44. Photos-(a), and –(c) were ob-
tained for the specimen with heating, and photos-(b) and –(d) were without heating. 
Reprinted with permission from J. Electron Microscopy, 40, (1991) 101. Copyright 
(1991), Jpn. Electron Microscope Society, Oxford University Press 
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1.4 nm/V for unheated specimens and 0.75 nm/V for heated spe-
cimens at both 2 and 5 min. Hence, it is clear that the anodic oxide 
films formed after heat treatment can sustain much higher electric 
fields than those formed on unheated specimens. This dielectric 
property is very useful in the development of new types of capaci-
tors with higher capacitance.  

 
 

 
Figure 46. Changes in the FTIR spectra of boiled specimens by 
heating at different temperatures. Reprinted with permission 
from J. Surface Sci. Soc. Jpn., 8, (1987) 279. Copyright (1987), 
Surface Science Society of Japan.  
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Figure 47. TEM image of the vertical cross section of a barrier type 
anodic oxide film formed after hydrothermal treatment. Reprinted with 
permission from J. Metal Finishing Soc. Jpn, 38, (1987) 67. Copyright 
(1987), Surf. Finishing Society Japan. 

4. Changes in the Structure of Hydroxide Films by Heating 
and Anodizing in Acid and Neutral Solutions 

Above 673 K, heating of hydroxide film-covered aluminum gives 
rise to dehydration of the hydroxide, leading to a transformation to 
oxide. This is ascertained by the analysis of FTIR spectra, which 
loose absorption peaks at 1100 and 3300 cm–1 above 673 K (Fig. 
46).10  

During dehydration, voids are formed in the inner layer of the 
hydroxide films, and the film becomes thinner.52 Anodizing of hy-
droxide film-covered aluminum in neutral solutions causes the 
formation of anodic oxide films that contain crystalline oxide 
formed by the dehydration of the hydroxide under high electric 
fields (Fig. 47).53–58 Figure 47 shows a TEM image of a vertical 
cross section of the specimen anodized up to 400 V with a constant 
current in a neutral borate solution at 313 K after hydrothermal 
treatment at 373 K for 30 min. The anodic oxide film consists of 
three layers: an outermost hydroxide layer, an intermediate crystal-
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line oxide layer, and an innermost amorphous oxide layer. The 
outermost hydroxide layer is formed during hydrothermal treat-
ment and the crystalline and amorphous oxide layers are formed 
during subsequent anodizing. Small voids are dispersed in  the 
crystalline oxide layer and the voids are highly concentrated at the 
interface between the crystalline and amorphous oxide layers. The 
anodic oxide film is considered to grow according to the scheme 
suggested in Fig. 48.55,56 

During anodizing, dehydration of hydroxide occurs at the in-
terface between the outermost hydroxide layer and the interme-
diate layer accompanied by the formation of crystalline oxide and 
voids, 

 
 Al2O3·2.7 H2O  γ-Al2O3 + 2.7 H2O + Void  (29)  
 
The voids become filled with amorphous Al2O3 newly formed 

by the reaction of H2O with Al3+ ions that have reached the inter-
face after being transported across the intermediate and innermost 
layers, 

 
 2 Al3+ + 3 H2O + Void  amp-Al2O3 + 6 H+  (30)  
 
As a result, during anodizing the hydroxide layer becomes 

thinner with time, and the intermediate layer, which is composed 
of amorphous and crystalline oxides, thickens. The amorphous 
oxide in contact with the crystalline oxide is converted to crystal-
line oxide and voids are formed in the intermediate layer by the 
volume shrinkage of the oxide, according to 

 
 amorphous-Al2O3  γ-Al2O3 + Void  (31)  
 
The innermost layer grows by the reaction of Al with O2– ions, 

which reach the interface between the innermost layer and the 
aluminum substrate, as  

 
 2 Al + 3 O2–  amor-Al2O3 + 6 e– (32) 
 
At the interface between the intermediate and innermost layers, 

there is an additional reaction during anodizing, causing the crys-
tallization of amorphous oxide (see Eq. 31).  Overall, the conver-
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sion of amorphous oxide to crystalline oxide leads to an inward 
movement of the interface during anodizing (Fig. 48b). The inward 
movement of the interface is accompanied by void transport, lead-
ing to an increase in void volume there. The conversion rate of the 
hydroxide at the interface between the intermediate layer and the 
innermost layer becomes higher at higher anodizing temperatures, 
and this enhances the rate of increase in the intermediate layer 
thickness. This somewhat complicated mechanism for the growth 
of anodic oxide films after hydrothermal treatment is a significant 
example of the conversion of hydroxide films to oxide films under 
high electric fields.  

The sum of the thickness of the intermediate and the inner-
most layers is 380 nm in Fig. 47, suggesting that the anodic oxide 
film formed after hydrothermal treatment can sustain the high 
electric field of 0.9 nm/V. This is clearly due to the high field sus-
tainability of the intermediate crystalline oxide layer.  

This excellent dielectric property is very attractive in manu-
facturing aluminum electrolytic capacitors with high capacitances, 
and the successive processes of hydrothermal treatment and ano-
dizing is widely used in the capacitor manufacturing industry. 
However, the numerous voids included in the anodic oxide film 
must be filled with oxide before use of the films as dielectrics in 
capacitors with high durability.  

There are two kinds of voids in anodic oxide films formed af-
ter hydrothermal treatment: isolated voids and voids linked by 
cracks.59,60 The distribution of crack-linked voids in anodic oxide 
films can be estimated by re-anodizing (reforming) after immer-
sion in a neutral solution,57 since solution penetrates into the voids 
through cracks during immersion and voids are filled with oxide 
during re-anodizing. Figure 49 shows the changes in anode poten-
tial, Eref, with time, tref,,  during reforming with 1 A m–2 after im- 
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Figure 49. Changes in the anode potential with time during re-anodizing of 
aluminum subjected to hydrothermal treatment and anodizing. Reprinted 
with permission from J. Surf. Finishing Soc. Jpn, 40, (1989) 590. Copy-
right (1989), Surf. Finishing Society Japan. 

 
 
mersion in a neutral borate solution at 313 K, obtained for speci-
mens anodized to different anode potentials (Ea) after hydrother-
mal treatment. The Eref vs. tref curves show a 85–100 V jump in Eref 
at the very initial stage, and then a flat slope at potentials between 
85 and 110 V for Ea = 300 and 400 V specimens before a relatively 
steep slope above these Eref values. The Ea = 200 V specimen does 
not show the flat segment around Eref = 100 V. When Eref becomes  
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Figure 50. Depth profile of void concentration in anodic oxide films formed on 
aluminum by hydrothermal treatment and anodizing. Reprinted with permission 
from J. Surf. Finishing Soc. Jpn, 40, (1989) 590. Copyright (1989), Surf. Finishing 
Soc. Jpn. 

 
 

closer to Ea, each curve shows a knee point, suggesting the com-
pletion of the filling of voids with oxide. Analysis of the Eref vs. tref 
curves enables an estimate of the distribution of the linked voids 
(Fig. 50). 

It can be seen from Fig. 50 that there are no voids in the in-
nermost layers of the Ea = 300 and 400 V specimens, and that vo-
ids are enriched at the interface between the innermost and inter-
mediate layers and the middle part of the intermediate layer. The 
high concentration of voids at the interface between the innermost 
and intermediate layers is ascertained as a white narrow band be-
tween the layers in Fig. 47. The peak at the middle parts in the 
intermediate layer corresponds to the voids at the positions where 
there was an interface between hydroxide film and the aluminum 
substrate before anodizing (see the broken line in Fig. 48).  
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5. Other Combination of Treatments 

Coloring of PAOF by filling the pores with dyestuffs and metal 
particles is a common post-anodizing treatment. Porous type 
anodic oxide films have large internal surfaces, and easily absorb 
dyestuff on the pore-wall. Many organic dyestuffs, Alizalin Blue, 
Alizalin Red-S, Naphtol Green-B, Chromolan Blue-NGG, Anthra-
quinone, and others, are used to give flashy, vivid colors, gold, 
yellow, blue, green, etc. Some inorganic dyestuffs are also used, 
and here the process involves the precipitation of metal salts with 
low solubility, Ag2Cr2O7, PbS, or Co(OH)3 in the pores. The color 
range of inorganic dyes is more restricted than with organic dyes, 
but the inorganic dyestuff is more resistant to heat and light. 

 Electrolytic coloring is generally a method where metal is 
deposited at the bottom of the pores by applying an alternating 
voltage.61 The metal deposition in pores was first reported by Ca-
boni,62 and then developed by Asada63 as a process now used 
around the world for manufacturing architectural components like 
colored walls, colored window-frame etc. Nickel, Co, Sn, and Cu 
are mainly deposited to achieve colors in bronze, and from maroon 
to black. The light fastness of the finishes with electrolytic color-
ing is far superior to that with organic dyestuffs.  

IV.  ROLE OF ANODIC OXIDE FILMS IN CORROSION 
PROTECTION OF ALUMINUM 

As described in Section I, aluminum has a strong chemical affinity 
with oxygen to form air-formed oxide films, which are resistant to 
corrosion. It is not easy to evaluate the protective ability of 
air-formed oxide films, since their structure and properties strongly 
depend on the atmosphere where they were formed. Formation of 
PAOF by anodizing in acid solutions and the subsequent pore 
sealing are basic processes to improve the corrosion protection 
ability of aluminum products. As shown in Fig. 39, the rate of dis-
solution of oxide films in acid solutions decreases greatly by ano-
dizing and pore sealing.  

The roles of anodic oxide films in immersion in different solu-
tions and in cathodic polarization will be described in the follow-
ing Sections. 
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Figure 51. Patterns of deterioration of BAOF during immersion in a variety of 
solutions: (a) hydration, (b) hydration/dissolution, (c) even dissolution, and (d) 
uneven dissolution.  

1.  Immersion of BAOF-Covered Aluminum in a Solution 

When BAOF-covered aluminum is immersed in aqueous solutions 
containing inorganic and organic anions at room temperature, hy-
dration and dissolution of the oxide films occur before the sub-
strate starts to corrode (Fig. 51).64 Hydration causes the formation 
of a hydrated layer (Fig. 51a), while the dissolution of the oxide 
film results in either a uniform film thinning (Fig. 51c) or the for-
mation of cracks and imperfections (Fig. 51d). 

In pure water, there is only hydration of oxide occurs due to 
penetration of water across the BAOF (Fig. 51a). Immersion in 
phosphate solutions at pH = 7.0 show a variety of behaviors, de-
pending on the concentration. At 10–3 and 10–2 M of phosphate 
concentration, there is no deterioration of BAOF during immersion 
for up to 120 h, maybe due to adsorption or thin film formation at 
the surface of the oxide film.64 At 10–1 M phosphate, both hydra-
tion and dissolution of the oxide occur, leading to decreases in film 
thickness and the formation of a hydrated oxide layer (Fig. 51b). 
At 1.0 M phosphate, an even dissolution of oxide occurs at a high 
rate (Fig. 51c). 

In 10–1 M citrate (pH = 7.0), tartrate（pH = 6.4）, and oxalate 
(pH = 6.4) and in 0.5 M H3BO3 / 0.05 M Na2B4O7 (pH = 7.4) solu-
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tions, only uniform dissolution takes place, at rates in the follow-
ing order 

 
 oxalate > tartrate > citrate > borate  (33) 
 

These anions form cationic or anionic complexes with Al3+ ions, 
enhancing the film dissolution, 

 x Al3+ + y anionz–  [Alx(anion)y]3x–yz (34) 
 
In 0.1-M borate, adipate, sulfate, chloride solutions at pH = 

7.0, and pure water, there is exclusively hydration of the oxide film 
proceeds, and the hydration rates decrease in the following:  

 
 pure water > chloride > sulfate > adipate > borate (35) 
 
Chloride, sulfate, adipate, and borate ions retard the penetra-

tion of water to some extent by adsorption or thin film formation. 
The behavior of chloride ions with only a weak capability of hy-
dration protection and no dissolution ability for aluminum oxide 
films is unexpected, as chloride ions are well known as highly ag-
gressive ions in pitting corrosion. Chloride ions are considered to 
cause the pitting corrosion by passing through the imperfections of 
the oxide film above the pitting potential. 

2.  Role of Anodic Oxide Films in Pitting Corrosion during 
Cathodic Polarization 

When aluminum covered with air-formed oxide films is polarized 
cathodically in neutral solutions, the aluminum specimen displays 
a unique phenomenon, cathodic corrosion,65 due to the amphoteric 
properties of alumina, which is the main constituent of anodic 
oxide films.  

Cathodic polarization of aluminum in neutral solutions causes 
hydrogen evolution via water reduction, leading to an increase in 
pH near the surface, 

 
 2 H2O + 4e–  H2 + 2 OH– (36) 
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Further, the oxide film on aluminum dissolves in an alkaline envi-
ronment near the surface to expose the aluminum substrate to the 
solution according to 

 
 Al2O3 + 3 H2O + 2 (OH)–  2 Al(OH)4

–  (37) 
 

and corrosion of the aluminum substrate occurs too, i.e., the ca-
thodic corrosion, like in 

 
 Al + 3 H2O + (OH)–  Al(OH)4

– + 3/2 H2 (38) 
 
Nisancioglu et al. found pitting corrosion of Al covered with 

air-formed oxide film during cathodic polarization in NaCl solu-
tion at potentials more negative than –1.4 V (vs. SCE).66 Despic et 
al. found that in cathodic polarization of aluminum covered with 
air-formed oxide films in NaCl solutions below –1.7 V (vs. SCE) 
there is hydrogen evolution, and the amount of hydrogen evolved 
is larger than would be predicted from the amount of charge 
passed.67  

Aluminum covered with BAOF is well known to show current 
rectification in aqueous solutions that enables flowing a large cur-
rent during cathodic polarization but no current during anodic po-
larization. The term of valve metals for Al, Ta, Nb, and others ori-
ginates in this phenomenon. Current rectification has been inves-
tigated extensively, and has been attributed to p-n semiconductor 
junction properties of the anodic oxide films68 and to hydrogen 
evolution after the migration of protons across the oxide film 
through the oxide itself or imperfections.69  

Figure 52 shows anodic and cathodic polarization curves in a 
neutral borate solution, obtained for aluminum covered with 
BAOF formed at different anodizing potentials.70 The anodic cur-
rent remains only small values during anodic polarization until the 
potential close to the film formation potential on each specimen is 
reached, while there is a large cathodic current flowing at a ca-
thodic polarization below minus a few volts. This rectification 
phenomenon is considered to be due to hydrogen transport, since 
rectification is not observed when specimens are tested in a va-
cuum after attaching Ag film to anodic oxide films.  
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Figure 52. Anodic and cathodic polarization curves in a neutral borate solution, 
obtained for aluminum covered with BAOF formed at different anodizing potentials. 
Reprinted from Corros. Sci., 36, (1994) 677. Copyright (1994), with permission 
from Elsevier.  

 
 
Cathodic polarization curves depend slightly on the type of 

anodic oxide films and the film thickness, showing larger 
over-potentials on BAOF-covered specimens with higher anodiz-
ing potentials (Fig. 53).71  

Figure 54 shows SEM images of the surface (Fig. 54a-b) and a 
TEM image of a vertical cross section (Fig. 54c) of PAOF-covered 
specimens after cathodic polarization up to –100 A m–2 (Fig. 54a) 
and –500 A m–2 (Fig. 54b-c). Pitting corrosion proceeds during 
cathodic polarization, showing an increase in the size and number 
of pits at more negative potentials. The pits appear to be covered 
with anodic oxide film (Fig. 54c).  

In a different experiment, a constant cathodic current of –500 
A m–2 was applied to aluminum specimens covered with BAOF to 
monitor the surface changes in the specimen by AFM.72 There are
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Figure 54. (a), (b) SEM images of the surface and (c) TEM image of the ver-
tical cross section of specimens after cathodic polarization up to (a) -100 A m-2 
and (b), (c) -500 A m-2. Reprinted from Corros. Sci., 36, (1994) 689. Copy-
right (1994), with permission from Elsevier.  

 
 

formation and growth of blisters on the surface during the cathodic 
polarization, finally resulting in a blowout (Fig. 55). 

The mechanism of the pitting corrosion during cathodic pola-
rization can be explained by the transport of H+ across the oxide 
film at imperfections (Fig.56ab), followed by the reduction to H2 
underneath the oxide film (Fig. 56c). Hydrogen gas bubbles be-
come larger with time and the pressure of the H2 gas inside a bub-
ble becomes higher (Fig. 56d) leading to the bubble bursting (Fig. 
56e). Finally, there is local dissolution of the aluminum substrate 
at the area exposed to the solution after a blister has burst, leading 
to the pitting corrosion.  

It must be noted here that pitting corrosion of aluminum oc-
curs also in solutions without chloride ions, and that anodic oxide 
films play a role in the local dissolution during cathodic polariza-
tion.
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3.  Role of Anodic Oxide Films in the Corrosion of Aluminum 
Alloys in Alcohol at High Temperatures 

When aluminum is immersed in alcohol at high temperature, it 
dissolves into the alcohol by the alcoxide formation reaction, 

 
 Al + 3 ROH  Al-(OR)3 + 3/2 H2 (39) 
 
Newly developed free-machining aluminum alloys, which 

contain small amounts of tin and bismuth, show a specific corro-
sion behavior. Extruded aluminum alloys with chemical composi-
tions as indicated in Table 7 were immersed in 2-(2-(2-methoxy 
ethoxy)ethoxy)ethanol (MEEE) and 2-(2-(2-buthoxy-ethoxy) 
ethoxy)ethanol (BEEE) for 72 h at 415 K to measure mass changes 
and rest potential transients.73 Only the No. 15-specimen shows a 
mass loss in BEEE, while No. 13 and 15-specimens showed mass 
losses in MEEE, with a higher corrosion rate on the No. 
15-specimen than on No. 13. Figure 57 shows time variations in 
the rest potential, E, of No. 10, 13, and 15-specimens during im-
mersion in MEEE. The No. 10-specimen on which no corrosion 
occurs shows a slow rise in E after a transient at the initial stage to 
reach a steady value, suggesting the suppression of corrosion by 
the growth of a stable thin oxide film. The No. 13-specimen shows 
a slow continuous drop in E with time to reach a steady low value, 
and due to the exposure of the substrate by dissolution of the 
air-formed oxide film. The change in E on the No. 15-specimen, 
which corrodes heavily, is relatively complex. The E drops till 4 h, 
and then rises from 4 to 8 h before reaching a high steady value. 
The drop in E of the No. 15-specimen can be explained in terms of 
substrate exposure as on No. 13, and the subsequent rise in E is 
due to enrichment of Sn on the surface of the specimen. Tin par-
ticles deposited or remaining on the surface may act as cathodic 
sites, enhancing pitting corrosion. It is noteworthy that No. 23- and 
63-specimens, containing small amounts of Cu or Mg as well as 
Sn, show no corrosion during 72 h immersion in MEEE and BEEE. 
Formation of intermetallic compounds between Sn and Mg and 
segregation of Cu near Sn particles may suppress the activity as 
cathodic sites. 
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Figure 57. Variations in the rest potential of aluminum alloys during immer-
sion in MEEE at 415 K. Reprinted with permission from Abstracts of 114th 
Biannual Meeting of Jpn. Inst. of Light Met. (2008). Copyright (2008), Jpn. 
Inst. of Light Met. 

 
 

Formation of PAOF and the subsequent pore sealing generally 
suppress the corrosion of aluminum alloys, since pore-sealed 
PAOF prevents the substrate from exposing to corrosive atmos-
phere. However, corrosion of aluminum alloys is enhanced by 
pore-sealed PAOF in some cases. Three specimens of No. 10, 13, 
and 15, immersed in MEEE at 415 K for 72 h after anodizing in 
oxalic acid solution and pore sealing in boiling pure water.  Both 
No.10 and No. 13 specimens showed no corrosion, but substantial 
mass loss was observed on No. 15. The enhancement of corrosion 
of No. 15-specimen by anodizing can be explained by crack for-
mation in PAOF, as shown in Fig. 58. Alcohol penetrates through 
cracks to reach the interface between PAOF and the substrate, and 
enable to dissolve the substrate along the cracks by the alcoxide 
formation reaction.  



Anodic Oxide Films on Aluminum 129 

 

 
 

Figure 58. SEM images of (a) the surface and (b) a vertical cross sec-
tion of a PAOF-covered specimen after immersion for 4 h in MEEE at 
415 K. Reprinted with permission from Abstracts of 114th Biannual 
Meeting of Jpn. Ins. of Light Met. (2008). Copyright (2005), Jpn. Inst. 
of Light Met. 
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V.  MICRO- AND NANO-TECHNOLOGIES BASED ON 
ANODIZED ALUMINUM 

The latest decade has seen the development of micro- and na-
no-technologies have developed in the fields of mi-
cro-electromechanical systems (MEMS), nano-electromechanical 
systems (NEMS), micro total analysis systems (μ-TAS), and bio-
technology. There are many investigations on the formation of 
nano-wires and nano-tubes in pores of porous anodic oxide films 
(PAOF) on aluminum, and the volume of such investigations is 
rapidly increasing. One of the reasons why PAOF has attracted 
investigator interest is that PAOF has the unique morphology of a 
hexagonal cell structure with nano-scale pores perpendicular to the 
metal substrate at the center of each cell, and as the cell size can be 
simply controlled by changing anodizing conditions such as elec-
trolyte solution, temperature, and current density.1,2 Another reason 
for the popularity of PAOF is the findings related to the formation 
of PAOF with highly oriented pores by Masuda et al.3,74 Masuda et 
al. found that the degree of orientation of pores in PAOF near the 
metal substrate becomes higher after longer anodizing, and that 
highly oriented PAOF can be obtained by re-anodizing after strip-
ping the oxide film formed by the initial anodizing. The Masuda 
group succeeded to fabricate porous membranes of metal and di-
amond by using highly oriented PAOF as the templates.75,76 

Martin et al. pioneered the deposition of materials in the pores 
of porous membranes like PAOF, and deposited Cd-Te and Cd-Se 
rods in PAOF pores by AC-electrolysis after stripping the film 
from the aluminum substrate, where current rectification was es-
tablished in the resulting system.77 Martin also deposited 
poly-pyrrole in PAOF pores by electro- and chemi-
cal-polymerization, and suggested the potential for usage as na-
no-capsules for enzymes.78 Kyotani et al. succeeded in forming 
carbon nano-tubes (CNT) in the pores of PAOF by reaction with 
propylene gas at high temperatures, and proposed that the PAOF 
containing formed carbon nano-tubes can be used as a membrane 
for ethanol enrichment from ethanol/water solutions and also as a 
good electron emitter.79,80 Chu et al. deposited TiO2 nano-tubes in 
the pores of PAOF by sol-gel dip coating, and showed that they are 
excellent candidates as photo-catalytic layers for the decomposi-
tion of organic compounds.81 Mozalev et al. anodized aluminum 
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/tantalum bi-layers, which had been evaporated on silicon, in 
phosphoric acid solutions, and showed that tantalum oxide dot 
arrays on Si are possible, suggesting their application in na-
no-electronic devices.82–84  

The authors have been working on micro- and na-
no-technologies based on Al. In the following, the principles and 
applications of these techniques will be described. 

1.  Micro-Technologies with Laser Irradiation 

Combining Al anodizing with laser irradiation utilizes two 
processes: local PAOF removal and PAOF carving (Fig. 59). In the 
former, PAOF is removed with a relatively large energy laser beam 
to expose the substrate locally;44 in PAOF carving, only the outer-
most layer of the PAOF is removed by carefully controlling the 
laser power to carve the PAOF.85  
In the PAOF removal process, an aluminum specimen covered 
with PAOF (Fig. 59a) is immersed in a dyeing solution (Fig. 59b), 
and then pores are sealed by immersing the specimen in boiling 
water (Fig. 59c). After pore-sealing, the specimen is immersed in 
water or solutions containing metal ions, electrolyte anions, and 
organic compounds and then irradiated with a pulsed Nd-YAG 
laser through a quartz window to remove the oxide film locally 
(Fig. 59d).85,86 In the film carving process (Fig. 59d), a relatively 
low energy laser beam is used to remove the outermost film layer, 
leaving the inner layer of the PAOF.44,87,88  

In both processes, the laser beam is focused or slightly 
de-focused on the specimen surface with a convex lens for the 
laser irradiation (Fig. 60). An XYZ three-dimensional stage is used 
to control the distance between the lens and the specimen, and for 
drawing patterns on the surface; in the case of tube-shaped speci-
mens, a θ-stage is also used to rotate the specimen. To draw fine 
patterns on specimens, a beam expander, an iris diaphragm, and a 
doublet lens must be set on the beam line.89 The diameter of the 
laser beam at the focal plane, Df, can be expressed by the follow-
ing equation,90, 91 

 
  Df = 2λ / [π sin {tan–1(D0 / 2f)}]   (40) 
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Figure 60. Physical arrangement of the setup involved in microstructure man-
ufacture with laser irradiation. Reprinted with permission from J. Surf. Fi-
nishing Soc. Jpn, 56, (2005) 528. Copyright (2005), Surf. Finishing Soc. Jpn. 

 
where λ is the wavelength of a laser beam, D0 the beam diameter 
before passing the convex lens, and f is the focal distance of the 
lens. The PAOF removal by laser irradiation can be explained in 
terms of either laser ablation of the aluminum substrate or thermal 
shock to the PAOF,91–94 and dyeing and pore sealing before laser 
irradiation are significant for enhancing light absorption in the 
PAOF, leading to film removal without crack formation (Fig. 61). 
One advantage of laser irradiation in water or in solutions is the 
potential to avoid specimen contamination from debris produced 
by the film removal.95 Debris, tiny flakes of oxides and hydroxides 
ejected from specimens by the laser irradiation are dispersed into 
the liquid phase. 

After the local removal of PAOF by laser irradiation, metal 
can be deposited selectively at the film-removed area by electro- 
or electroless-plating (Fig. 59–1), 
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Figure 61. Laser scanning rate vs. depth of channels carved on PAOF for different 
laser beam powers. Reprinted with permission from Appl. Phys., A 88 (2007) 617. 
Copyright (2007), Springer. 
 
 

 Men+ + ne–  Me (electroplating)  (41) 
 
 Men+ + (n/m) Redm–  Me (electroless-plating) (42) 
 

where Men+ represents metal ions and Redm– the reducing reagent. 
The formation of a relatively thick PAOF (10–20 μm, Fig. 59a) 
and sufficient pore-sealing (Fig. 59b) are essential in the local 
electroplating, to avoid metal deposition through imperfections in 
the PAOF, since the PAOF acts as a template for the local metal 
deposition.96–98 Strong adhesion of the metal layer to the substrate 
can be obtained by laser irradiation in electroplating solutions, 
since electroplating can be carried out immediately after laser ir-
radiation without specimen transfer via air to a plating solution. 
This process excluding exposure to the atmosphere may suppress 
oxide film re-formation.  

There is a further advantage of laser irradiation in the elec-
troplating solution for ensuring adhesion of the metal layer, in that 
metal ions, Men+, included in the solution react with the aluminum 
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substrate and are deposited as minute metal particles during the 
laser irradiation,99 

 
3 Men+ + n Al  3 Me + n Al3+  [ Men+: Ni2+, Cu2+, Au+] (43)  
 
The deposited metal particles may also suppress oxide film 

re-formation, resulting in good adhesion of metal layers deposited 
in the subsequent electroplating. 

The reaction in Eq. (43) plays a significant role in the local 
electroless-plating after laser irradiation (Fig. 59-1).100–103 The de-
posited metal particles act as catalytic centers during the subse-
quent electroless-plating, causing the deposition of metal only at 
the laser-irradiated area. No metal deposition occurs on PAOF that 
was not irradiated with the laser beam, because there are no cata-
lytic centers here. The authors have performed Ni-P and Cu elec-
troless-plating on pure aluminum and aluminum alloys, using hy-
pophosphite ions as the reducing reagent. In the case of Cu elec-
troless-plating, laser irradiation in a Ni2+/hypophosphite solution 
shows rapid Cu deposition, due to the high activity of the catalytic 
Ni.36 More rapid Ni-P deposition is observed on aluminum alloys 
than on pure aluminum, suggesting that alloying elements exposed 
by laser irradiation also act as catalytic centers.103 It must be noted 
here that in the process the laser irradiation plays the roles of pat-
terning, surface activation, and catalyst deposition prior to the 
electroless-plating.  

In local resin deposition by electrophoretic deposition (Fig. 
59-2), the laser-irradiated specimen (Fig. 59c) is immersed in 
acrylic acid resin nano-particle solutions and anodically polarized 
to form an acrylic acid resin film by polymerization only at the 
laser-irradiated area.100 After electrophoretic deposition, the spe-
cimen is heated at 383 K for dehydration and further polymeriza-
tion of the acrylic acid resin.  

In the local electro-conductive polymer deposition by elec-
tro-polymerization (Fig. 59-3), the laser irradiated specimen is 
immersed in a sodium dodecyl-benzene-sulfonate  (DBSNa)/ 
pyrrole solution and anodically polarized at room temperature to 
deposit poly-pyrrole at the laser irradiated area,105,106 
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 (44) 
 

Further laser irradiation after PAOF removal causes the for-
mation of micro-pores and through-holes in the aluminum sub-
strate (Fig. 59-4).93 Laser irradiation in solution rather than air is 
superior for through-hole formation, since irradiation in solution 
result in less debris remaining on the specimen surface. Laser ir-
radiation in NaCl solutions under anodic polarization results in 
hemispherical pores, as a result of electrochemical dissolution.  

The process of fabricating grooves on aluminum specimens 
covered with barrier type anodic oxide films (BAOF) involves 
irradiation with a laser beam in H2SO4 or oxalic acid solution 
while moving the exposed area at a steady rate (Fig. 59–5).107,108 
The specimen is subsequently anodized to form PAOF at the la-
ser-irradiated area before removal of both BAOF and PAOF in a 
H3PO4/H2CrO4 solution. Local coloring is achieved by immersing 
the laser-irradiated specimens in dyeing solutions, such as Alizarin 
Blue, Alizarin Red-S, Naphtol Green-B, and others.  

Abrupt destruction of oxide films on metals causes repair of 
the oxide film in oxide-forming solutions and pitting corrosion of 
the metal substrate in solutions containing aggressive ions. Analy-
sis of this behavior has been carried out by monitoring the poten-
tial- or current-transient after stripping the oxide film mechanically 
with scratched-,109 guillotined-,110 and thin foil breaking elec-
trodes.111 Oltra et al. first carried out film destruction by laser ir-
radiation to investigate the repassivation of iron,112 and the authors 
here have applied the method to anodic oxide films on alumi-
num.113,114 They illuminated PAOF-covered aluminum specimens 
with a laser beam at different potentials in neutral borate solutions 
containing Cl– ions (Fig. 59-6), and found that, after PAOF de-
struction, oxide film formation is followed by pitting corrosion, 
and the transient strongly depends on the Cl– concentration and 
potential. 

n      + DBS–                           + 2 ne–

H 
N 

H
N +

N
H

DBS–
H
N
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Figure 62. images of micro-channels formed on PAOF by laser carving: (a) sur-
face(SEM), (b) vertical cross section (SCLM). Reprinted with permission from 
Appl. Phys., A 88 (2007) 617. Copyright (2007), Springer. 
 
 
 In the PAOF carving process by laser irradiation, careful con-
trol of the laser power and scanning rate is significant. The 
processes involved here are far more delicate and difficult to 
achieve than the removal of the whole film described previously. 
In PAOF carving process, dyeing and pore-sealing are essential 
steps in carving the PAOF without damage to the metal substrate, 
as these steps greatly enhance the light absorption enabling a sup-
pression of the intensity of the laser beam reaching the interface 
between the PAOF and metal substrate. In Fig. 61, the depth of 
channels formed on PAOF with dyeing and pore-sealing is shown 
as functions of the laser power and laser scanning rate.44 The depth 
decreases with increasing scanning rate at laser powers above 6 
mW, while, at 4 mW, 1 μm deep channels are formed at all the 
scanning rates examined. Figure 62 shows scanning confocal laser 
microscope (SCLM) contrast images of channels carved on 64 μm 
thick PAOF by laser irradiation with 6 mW and a scanning rate of 
40 μm/s in distilled water. 
Local metal deposition on PAOF is possible on surfaces exposed 
by removing 1 μm of the PAOF (Fig. 63).87,88 In this process, 
Pd-seeding of the surface and inner pore wall of the PAOF is car-
ried out during the dyeing (Fig. 64). After Pd-seeding and dyeing, 
the specimen is subjected to pore-sealing in boiling distilled water 
(Fig. 64a),  this results in a highly  crystalline  hydroxide layer,  
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Figure 63. Local Ni-P deposition on PAOF by laser irradiation and electro-
less-plating; (a) SCLM image of a stripe pattern, (b) SCLM image of a grid pattern, 
(c) and (d) SEM images of the vertical cross sections of Ni-P deposited specimen 
(along (c) and across (d) stripes). Reprinted with permission from Electrochem. 
Commun., 9 (2007) 1596. Copyright (2007), Elsevier. 
 
 
which does not contain Pd2+ ions, at the outermost part of the 
PAOF. Then, laser carving is carried out at a relatively low energy 
(2–3 mW) in a Ni-P electroless plating solution (Fig. 64b) to make 
channels of ca. 1 μm depth. Finally, the specimen is transferred 
into a hot Ni-P electroless plating solution to allow the local depo-
sition of Ni-P, which occurs only at the carved area (Fig. 64c).  
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Figure 65. Prototype of a printed circuit board fabricated by laser irradiation: 
(a) Ni circuit and (b) Au circuit on an epoxy resin. Reprinted with permission 
from J. Surf. Finishing Soc. Jpn, 56, (2005) 528. Copyright (2005), Surf. Fi-
nishing Soc. Jpn. 

 

2.  Applications of Laser Irradiation Techniques 

The authors have used the laser technology described above to 
fabricate printed circuit boards,93,115– 117 plastic injection molds,114 
electrochemical micro reactors,115 free-standing 3D microstruc-
tures,116 3D micro manupilators,101,102 and micro printing rolls,117 
and the following will give brief descriptions of the manufacturing 
processes and show the resulting structures. 

(i)  Printed Circuit Boards 

In the fabrication of printed circuit boards here, aluminum foil 
covered with PAOF is subjected to dyeing, pore-sealing, laser ir-
radiation, metal deposition, epoxy resin attachment, and 
de-attachment of PAOF and metal substrate. The metal deposition 
is carried out by electroplating, and de-attachment of PAOF and 
the metal substrate is carried out by dissolving the substrate in 
alkaline solution. A few to several tens of μm of metal line-width 
and line-gaps can be obtained on epoxy resin by this process (Fig. 
65). The line width and the line-gap are much narrower than those  
of circuit boards produced by photo-lithography/cu-etching, al-
though the accuracy of the lines is relatively low. Recently, the 
authors  developed  a  new method for the fabrication of micro  
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Figure 66. (a) Aluminum molds produced by anodizing, laser ir-
radiation, and Ni-P electroless-plating, and (b) plastic sockets for 
digital memory cards produced with the aluminum molds. 

 
 
printed circuit boards by laser removal of Cu layers deposited on 
epoxy resin plates.122 

(ii)  Plastic Injection Molds 

Fabrication of plastic injection molds here involves electric 
discharge machining of Al5052 alloy, hard anodizing, laser irradia-
tion, and Ni-P deposition. Plastic injection molds require hard sur-
faces to prevent wear, and hard anodizing and Ni-P deposition are 
carried out for this purpose. Thirty μm thick PAOF formed by 
anodizing at 275 K in 16 mass%-sulfuric acid solution for 140 min 
gives a 300 Hv micro-Vickers hardness, and a 600 Hv surface is 
obtained with 30 μm thick Ni-P layers deposited at 353 K over 4 h 
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in electroless plating solutions (Melplate NI875M, pH = 5, Meltex 
Co.). Figure 66 shows (a) a set of molds produced by the above 
process and (b) plastic sockets for digital memory cards produced 
with the molds.123 

(iii)  Electrochemical Micro-Reactor 

An electrochemical micro-reactor fabricated by laser tech-
niques is shown in Fig. 67, the reactor is composed of three com-
ponents: two aluminum plates and a silicone rubber sheet.119 One 
of the aluminum plates has a small depression (2 x 2 x 0.11 mm) 
with a 5 μm thick Au layer (working electrode: WE) at the bottom, 
two channels (width: 250 μm, depth: 150 μm), and two 
through-holes (diameter: 350 μm). The through-holes are con-
nected with fused silica tubes, which function as guides for the 
inlet and outlet of solution. The other aluminum plate has a small 
depression with an Au layer (counter electrode: CE) and a 
through-hole with a nitrocellulose-covered platinum wire (refer-
ence electrode: RE). A 100 μm thick silicone rubber sheet is sand-
wiched between the two aluminum plates held tight with bolts and  

 

 
Figure 67. Schematic outline of electrochemical micro-reactor fabricated by laser 
irradiation. Reprinted with permission from Electrochim. Acta, 52, (2007) 6268. 
Copyright (2007), Elsevier.  
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Figure 68 shows the effects of a) potential scanning rate, b) 
solution flow rate on cyclic voltammograms obtained with the 
electrochemical  micro-reactor  in  0.2-M  K4[Fe(CN)6]/0.2-M  
nuts, to avoid solution leakage from the micro-channels during 
measurements. The volume of the chamber produced by attaching 
the two aluminum plates and the silicone rubber sheet is estimated 
to be about 1.3 μl, which is small enough to be applied to 
bio-systems where small amounts of solution are examined. K3 
[Fe(CN)6] solution at room temperature. Under stagnant conditions, 
there is a coupled redox current peak on each cyclic voltammo-
gram (CV), which corresponds to the redox reaction between the 
[Fe(CN)6]4–/[Fe(CN)6]3– ions. The curves have a short potential 
separation of two peaks, suggesting a high degree of reversibility 
for the reaction in the micro-reactor. The anodic peak current, iap, 
in the CV can be expressed by the following equation,126 

 
  iap = 0.446nFAc{nF/(RT)}1/2D1/2v1/2 (45) 

 
where n is the electron number of the [Fe(CN)6]3–/[Fe(CN)6]4– re-
dox reaction, F is the Faraday constant, A the surface area, c the 
concentration of [Fe(CN)6]4– ions, R the gas constant, T the tem-
perature, D the diffusion coefficient of [Fe(CN)6]4– ions, and v is 
the potential scanning rate. Equation (45) suggests that iap is pro-
portional to v1/2 and c. An analysis of Fig. 68a has shown the valid-
ity of Eq. (45), suggesting the possibility of quantitative analysis 
of solutions containing redox species.  

In the reactor, cyclic voltammograms under flow conditions 
show no hysteresis, and there are diffusion limiting currents, iL, 
depending on the flow rate (Fig. 68b). Assuming that the flow is 
similar to that in a channel flow electrode, IL can be expressed 
as,127,128  

 
 iL = 1.165 nFcw(vD2x2/b)1/3  (46) 
 

where w is the electrode width, x the electrode length, and b the 
half depth of the micro-channel. Analysis of Fig. 68b shows that IL 
is proportional to v1/3, suggesting the validity of Eq. (46).  
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(iv) Free-Standing Microstructures 

Fabrication of freestanding microstructures of metals and re-
sins is possible by dissolving PAOF and the aluminum substrate in 
alkaline solutions after electrochemical deposition at the laser irra-
diated areas.120 

Figure 69 shows scanning electron micrographs of 
three-dimensional microstructures fabricated in this manner. The 
acrylic acid resin cylindrical network structure (Fig. 69a) was fa-
bricated by electrophoretic deposition on a 2 mm diameter alumi-
num tube; the flat Nickel mesh (Fig. 69b) was electroplated on 
aluminum plate; the Ni cylindrical network structure (Fig. 69c), Ni 
cylinder with gaps (Fig. 69d), and Ni spring (Fig. 69e) all fabri-
cated by electroplating on a 2 mm diameter aluminum tube; and 
the prismatic network structure (Fig. 69f) used a rectangular 2x2 
mm aluminum bar in the manufacture. The authors also succeeded 
in fabricating 3D microstructures made of platinum.129 It must be 
noted that such 3D microstructures are possible only on aluminum 
substrate where it is possible to form PAOF and perform dissolu-
tion in alkaline media. The θ−stage indicated in Fig. 60 made it 
possible to fabricate the cylindrical and prismatic microstructures, 
and more complicated structures, like spheres, cones, ovals etc. 
would be possible by using a 3D free-moving stage.  

(v)  Micro-Actuator 

Actuators are devices that transform an input signal into mo-
tion. Micro-actuators have been developed as mechano-electric 
micro systems (MEMS) in this decade, and are mainly made of 
piezoelectric materials,130 shape-memory alloys,131 and electro- 
conducting polymers.132,133  

The motion of electro-conducting polymers, for instance po-
lypyrrole (PPy), is based on volume changes due to doping and 
de-doping with ions as expressed in the following relation, 
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   (47) 
 
where (Na+)h indicates a hydrated sodium ion. The PPy synthe-
sized in dodecyl-benzene-sulfonate (DBS–) solutions includes 
DBS– ions as counter ions as shown on the left side of Eq. (47). 
Cathodic polarization in sodium DBS– solution reduces the PPy, 
leading to Na+ ion doping into spaces in the PPy matrix. Sodium 
ions present as hydrated ions (Na+)h in the solution are doped with 
a water sheath, resulting in expansion of the matrix volume.134 The 
reverse, anodic polarization oxidizing PPy, causes a volume shrin-
kage. A ribbon consisting of two layers, metal and PPy, bends to 
the metal side by cathodic polarization at the volume expansion of 
PPy, and to the PPy side when PPy shrinks, the principle of motion 
of ribbon-type actuators with electro-conducting polymers. 
 The authors attempted to fabricate three layer 3D actuators 
after successfully fabricating ribbon type actuators,  composed of 
an acrylic acid resin layer, an Au layer, and a PPy layer. The 3D 
micro-actuator can be fabricated, using a 2 mm diameter alumi-
num tube specimen with anodizing (Fig. 70a),  laser  irradiation 
(Fig. 70b), Au deposition (Fig. 70c), acrylic acid resin deposition  
(Fig. 70d), PAOF and metal substrate dissolution, deposition of 
PPy on the Au layer (Fig. 70e), and attachment to copper wire (Fig. 
70f). Figure 71 is a photo of this 3D micromanipulator gripping a 
6.5 mg mulite (3AI2O3·2SiO2) cylinder in a Na-DBS solution. The 
four fingered manipulator is positioned above the cylinder (Fig. 
71a), and then the bottom-ends of the fingers are deflected and the 
manipulator is moved to enclose the cylinder (Fig. 71b). After the 
micromanipulator has encloses the cylinder, the bottom-ends of the 
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fingers are bent in to ensure a tight grip (Fig. 71c), and the mani-
pulator gripping the cylinder is lifted up and moved (Fig. 71d). 
 A two-layer system with Au and PPy would be more flexible 
actuator than the three-layer system, as the resin layer suppresses 
the motion. However, the three-layer system gets around the  ob-
stacle that PPy loses electro-conductivity by dipping in NaOH 
solution, a step that is essential for removing PAOF and the alu-
minum substrate, as shown in Fig. 71.105 The loss of elec-
tro-conductivity has been reported to be due to a reduction or 
de-polymerization of the PPy.135–138 

Recently, the authors developed a further process for the fa-
brication of two-layer systems.139  In this new process, an alumi- 
num specimen covered with PAOF is subjected to dyeing and pore 
sealing, and followed by laser irradiation, Au electroplating, and 
PPy deposition. Finally, the specimen is connected with a Pt plate 
through a copper cable and immersed in a NaOH solution. The 
removal of PAOF and the substrate by connecting it to Pt does not 
cause the loss of electro-conductivity in PPy, as there is no reduc- 

 
Figure 70. Fabrication process of 3D micro-manipulator: (a) ano-
dizing, coloring, and pore-sealing, (b) laser irradiation, (c) Au de-
position, (d) acrylic acid resin deposition (e) PAOF and Al dissolu-
tion, and (f) PPy deposition.  
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Figure 71. Photos of 3D micro-manipulator (a) suspended over, (b) descend-
ing on, (c) holding, and (d) gripping a mulite cylinder in 0.1 M NaDBS solu-
tion. Reprinted from Electrochim. Acta, 52, (2007) 4480. Copyright (2007), 
with permission from Elsevier.  

 

 
Figure 72. Photos of Au/PPy two-layer (a) ribbon type and (b) 3D actuators. Re-
printed with permission from Abstract of the Biannual Meeting of Surf. Fin. Soc. 
Jpn, (2007) Copyright (2007), Surf. Finishing Soc. Jpn. 
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tion of PPy.139 The photos in Fig. 72 illustrate the performance of 
a) ribbon type- and b) 3D-actuators with the Au / PPy two-layer 
system, showing better flexibility than with the three-layer system. 

(vi)  Printing Roll 

Offset printing is widely used for mass printing of news pa-
pers, books, etc. and is carried out using pre-sensitized (PS) plates. 
A PS plate is an aluminum plate covered with PAOF and a photo-
sensitive resin. Printing ink easily attaches to the hydrophobic re-
sin surface while water covering the hydrophilic surface of the 
PAOF protects it from the attachment of printing ink. 

A micro-printing roll can be fabricated by a laser irradiation 
technique as shown in Fig. 73a. A 2mm diameter aluminum tube is 
anodized to form PAOF and then subjected to dyeing and pore 
sealing. The tube is irradiated with a pulsed-YAG laser to expose 
the substrate locally, and then electrophoretic deposition of acrylic 
acid resin is carried out before heating. A micro-printing roll fa-
bricated thus is shown in Fig. 73b, and the pattern printed on a 
sheet of paper using the printing roll is shown in Fig. 73c. 

Gravure printing is commonly used for long run, high quality 
printing such as printing of art works, packages, labels, bank-notes 
etc., and involves the technique that ink remaining in the recessed 
cells engraved on a copper cylinder is directly transferred to the 
sheets to be printed (Fig. 74a). Gravure printing rolls, which are 
made of aluminum, are produced by depositing silver and then 
copper before engraving patterns on the copper layer, and are 
re-used by repeating these processes after removing the copper 
layers (Fig. 74b).  

The authors have attempted to develop a method for the fa-
brication of gravure  printing rolls,  which does not include  an  
Ag-layer and is re-usable by removing and re-deposition of the 
Cu-layer.121 This novel process involves anodizing, laser irradia-
tion, nickel deposition, and copper deposition, and for the re-use, 
removal of the metal layers from the metal substrate is carried out. 
Aluminum specimens covered with PAOF are irradiated with a 
pulsed Nd-YAG laser to form pit arrays at 300 μm intervals be-
tween pits, and then Ni dots are deposited in the pits by electrop-
lating. Finally, a continuous Cu layer is deposited on the PAOF by  
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Figure 73. (a) Process of fabrication of micro printing roll, and photos of (b) the 
micro printing roll fabricated by the above process, and (c) the pattern printed on a 
sheet of paper using the printing roll in (b).  
 

 
the growth and coalescence of Cu-domes initiated on the Ni-dots 
(Fig. 75). Adhesion of the Cu-layer with PAOF is relatively poor, 
and the Cu layer can easily be detached mechanically. This is an 
important property for re-use of gravure printing rolls. 

3.  Micro- and Nano-Patterning with AFM Probe Processing 

The scanning tunneling microscope (STM)140 and Atomic Force 
Microscope (AFM)141 were invented by IBM groups, and have led 
to the development of a number of types of scanning probe micro 
scopes (SMP): the magnetic force microscope (MFM), the Kelvin 
force microscope  (KFM),  the scanning near field  microscope 
(SNOM) and others. These are very useful to characterize the local 
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Figure 74. Schematic outline of (a) gravure printing and (b) fabrication of gravure 
printing drums. 
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morphology and properties of surfaces of solid materials on a na-
no-scale, and the development of nano-technologies owes much to 
SPM. In addition to the use in characterization of materials, SPMs 
can also be used to perform processes with or on materials.142,143  
 The authors developed an AFM probe process on aluminum 
covered with anodic oxide films in solution, and it will be de-
scribed next.144–147 Relatively thin BAOF (10–20 nm) is formed on 
aluminum by initially anodizing in a neutral boric acid/borate so-
lution, and then, scratching the anodized specimen with an AFM 
probe before the deposition of metal by electroplating or resin by 
electrophoresis (Fig. 76). The scratching with the AFM probe is 
carried out in solutions containing metal ions or nano-sized resin 
particles. The AFM probe can be used for both in-situ observations 
and to perform mechanical processes, and the progress of film 
removal during scratching can be monitored by measuring the rest 
potential of the specimen. The AFM probe has a pyramidal Si-tip 
with / without diamond film coating (Fig. 77), as it has been found 
that silicon-tips coated with diamond film show much higher 
processing rates and wear much more slowly than tips without 
coating. 
 
 

 
 

Figure 76. Schematic outline of local deposition of metal and resin by AFM 
probe processing and electrochemical treatments.  
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Figure 77. (a) Schematic model of AFM probe and (b) SEM image of the probe tip 
coated with nitro-cellulose film. Reprinted with permission from Zairyo to Kankyo, 
52[1], 12-17 (2003), Copyright (2007), Japan Society Corrosion Engineering. 
 
 

In the electroplating of metals after film removal by scrat-
ching, the surface of all of the AFM probe is covered with a nitro- 
cellulose film, and this nitrocellulose film is removed only at the 
top of the Si-tip, which scratches the aluminum plate, prior to the 
film removal and metal deposition (see Fig. 76b). During metal 
deposition, the nitrocellulose film-coated AFM probe is used as a 
counter electrode, and the distance between the counter electrode 
and aluminum specimen is adjusted to between 2.5–15 μm (Fig. 
76c). In the electrophoretic deposition of acrylic acid resins, 
film-removed aluminum specimens are anodically polarized using 
a Pt wire as a counter electrode (Fig. 76d). 

Figure 78 shows scanning confocal laser microscopic (SCLM) 
contrast (Fig. 78a) and 3-D height (Fig. 78b) images at the area of 
a copper dot array fabricated by the repetition of scratching and 
deposition at different positions. There are five copper dots of ca. 
15–20 μm diameter and 3–5 μm height, located at the four corners 
and center of a 100 μm square. The numbers in Fig. 78a indicate 
the order of fabrication of the dots. The copper dot at the center of 
the square is appreciably smaller than the four dots at the corners; 
this is because  current flows between the probe and  previously 
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deposited copper dots during the deposition of copper at the center 
of the square.  

In the patterning process by resin deposition, aluminum spe-
cimens covered with BAOF are immersed in a solution containing 
acrylic acid resin and melamine resin particles, and then the poten-
tial of the specimen is kept at –1.1 V (vs. Ag/AgCl). Scratching 
with diamond-coated AFM probes was carried out under poten-
tiostatic conditions at –1.1 V with an F = 100 μN compression 
force and at a v = 50 μm/s scanning rate. After removing BAOF at 
different areas, the AFM stage was lowered, and the BAOF was 
then anodically polarized at different potentials, Ed, to deposit 
acrylic acid-/melamine-resin at the areas where BAOF had been 
removed. Finally, the specimen was heat-treated at 453 K for 30 
min.  

Figure 79 shows AFM images of an aluminum specimen cov-
ered with BAOF a) after scratching and b) after deposition of the 
resin by electrophoresis. There is 2 μm long, 80 nm deep, and 800 
nm wide groove in Fig. 79a, and a 200–250 nm high and 2.5 μm 
wide resin wall at the bottom in Fig. 79b. 
 
 
 
 
 

 
 
Figure 78. Example of a copper dot array: (a) contrast image and (b) 3-D 
height image of scanning confocal laser microscopy (SCLM). 
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4.  Formation of Composite Oxide Films by the Combination 
of Anodizing with Other Coating Methods 

As described in Section I, BAOF is used as dielectric layers of 
aluminum electrolytic capacitors, essential devices in many kinds 
of electronic devices, and their physical and chemical properties 
determine the performance of the electrolytic capacitor. Recent 
developments in mobile electronic devices, such as notebook 
computers, portable telephones, and hybrid and electric vehicles 
require much smaller electrolytic capacitors with higher electric 
capacitance. The electric capacitance, C, of the aluminum electro-
lytic capacitor is expressed by the following equation: 
 

 C = ε 0 ε S /δ  (48) 
 

where, ε0 is the vacuum permittivity, ε the specific dielectric con-
stant of the anodic oxide film, S the surface area, and δ the film 
thickness. As the charge accumulated in the capacitor, the product 
of C and the applied voltage, Vappl, expresses Q, the following equ-
ation can be derived 
 
 

 
Figure 79. AFM images of aluminum surface after (a) scratching and (b) resin de-
position. Reprinted with permission from Electrochimica Acta, 53, (2008) 8118. 
Copyright (2008), Elsevier. 
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 Q = (ε0 ε S / δ)Vappl  (49) 
 
The Vappl should be smaller than the film formation potential, 

Ea, since the application of Vappl beyond Ea would lead to film 
breakdown. Hence, the maximum accumulated charge, Qmax, in 
aluminum electrolytic capacitors is expressed in the following eq-
uation: 

 Qmax = (ε0 εS / δ)Ea   (50) 
 
The film thickness, δ, is proportional to Ea, giving Eq. (51): 
 

 Ea = δ / K  (51) 
 

where K is the film thickness per unit film formation potential. 
Substituting Ea with δ/K into Eq. (50) gives Eq. (52): 
 

 Qmax = ε0 ε S / K  (52) 
 
From Eq. (52), larger values of S and ε, and smaller values of 

K give larger Qmax, and industrially increases in S are achieved by 
electrochemical etching of the aluminum substrate before anodiz-
ing. Another way to increase Qmax is increments in ε  or decre-
ments of K. These values, however, cannot be changed indepen-
dently, since they are closely related. Generally, there is a tendency 
that oxide films with higher dielectric constants have higher 
K-values, as shown in Table 8. The ε/K-values, however, are  dif- 

 
 

Table 8 
Dielectric Properties of Anodic Oxide Films on Valve Metals. 

Anodic oxide film ε K 
nm V-1 

ε/K 
V nm-1 

SiO2  (a)   3.5 0.4  8.8 
Al2O3 (a)   9.8 1.5  6.5 
HfO2 (c) 21 1.9 11.1 
ZrO2 (c) 23 2.0 11.5 
Ta2O5 (a) 28 1.7 16.5 
Nb2O5 (a) 41 2.5 16.4 
WO3 (a) 42 1.8 23.3 
TiO2 (c) 90 3.0 30.0 
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ferent for different anodic oxide films, and anodic oxide films on 
aluminum have the smallest value in all the oxide films in Table 8. 
Therefore, the formation of composite oxide films by incorporat-
ing valve metal oxides into anodic oxide films on aluminum could 
offer an avenue to increase ε/K of anodic oxide films. The authors 
have developed several methods for the formation of Al-Me (Me: 
Ta, Nb, Si, Ti) composite oxide films on aluminum:  pore-filling 
method148 and a combination of metal organic chemical deposition 
(MOCVD),149–150 sol gel dip coating,151–158 electrophoretic sol gel 
coating,159 and liquid phase deposition160 with subsequent anodiz-
ing. In the following, the principles of these processes and their 
application to tunnel-etched specimens with uneven surfaces will 
be described. 

(i)  Pore-Filling Method148 

 In this process, aluminum specimens are anodized in an acid 
solution to form PAOF (Fig. 80a), and then immersed in acid solu-
tions on open circuit to widen the pores of PAOF by chemical dis-
solution (Fig. 80b). The specimens are immersed in solutions con-
taining metal ions to penetrate the solution into the widen pores, 
and then removed from the solution to dry at room temperature. 
The dried specimens are heated to decompose the metal complexes 
and to deposit metal oxide on the pore walls of the anodic oxide 
films (Fig. 80c). The dipping-heating process is repeated several 
times before re-anodizing in neutral solutions is carried out in the 
final step (Fig. 80d). During the re-anodizing, pores fill with new 
aluminum oxide, and the metal oxide deposited on the pore-walls 
is incorporated into the newly formed aluminum oxide. 

Figure 81 shows the relationship between the reciprocal pa-
rallel capacitance, 1/Cp, and re-anodizing potential Ef, for Ti-, Nb-, 
and Ta-oxide deposited specimens. The slope of the 1/Cp vs. Ef 
curves for TiO2 deposited specimens decreases with increasing Ef, 
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Figure 80. Principle of the pore-filling process: (a) formation of PAOF, 
(b) pore-widening, (c) deposition of metal oxide, and (d) pore-filling. 

 
 
while the 1/Cp for Nb- and Ta-oxide deposited specimens is pro-
portional to Ef. The Cp value for 400 V films incorporating 
Ti-oxide is 40% higher than that with Nb- and Ta-oxide and with-
out metal deposition. 

(ii)  Combination of Metal-Organic Chemical Vapor Deposition 
with Anodizing149,150 

In this process, aluminum specimens are covered with 
Me-oxide by metal organic chemical vapor deposition (MOCVD), 
where Me-alcoxide vapor is supplied with N2 gas into the speci-
men chamber and then heated to decompose the alcoxide. The 
specimen coated with Me-oxide is anodized in a neutral  solution. 
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Figure 81. Relationship between the reciprocal parallel capacitance, 1/Cp, 
and Ef, obtained for Ti-, Nb-, and Ta-oxide deposited specimens with td = 
90 min and n = 5. Reprinted with permission from J. Electrochem. Soc., 
144, (1997) 2756. Copyright (1997), The Electrochemical Society. 

 
 

During galvanostatic anodizing, two layer anodic oxide films 
grow: an outer Al-Me composite oxide layer and an inner alumina 
layer. Figure 82 shows TEM images of the vertical cross section of 
DC-etched specimens with MOCVD and anodizing, indicating that 
the Ta2O5/Al2O3 two-layer films cover the inner surface of tunnel 
pits of DC-etched specimen uniformly. Impedance measurements 
showed that Ta2O5 deposition on DC-etched specimen before ano-
dizing enables increases in capacitance by 50–100 %, compared 
with only anodized specimens.  

(iii)  Combination of Sol-Gel Dip Coating and Anodizing151–158 

 This process involves the deposition of Me-oxide by 
sol-gel-dip coating of aluminum and anodizing in neutral solutions. 
The aluminum specimen is dipped in metal-sol, and then removed   
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Figure 82. Al-Ta composite oxide films formed in a tunnel pit by the combina-
tion of anodizing and metal organic chemical vapor deposition (MOCVD). 

 
 
at a steady rate with a linear motor system (Fig. 83). Then, the 
specimen is dried at room temperature and heated at different 
temperatures in oxygen. The specimen with metal-oxide deposited 
is anodized in neutral solutions to form composite oxide films. 
Figure 84 shows TEM images of the vertical cross sections of spe-
cimens anodized in 0.5-M H3BO3 solution up to a) 200, b) 400, c) 
600, d) 800, and e) 1,000V after SiO2 coating by sol gel dip coat-
ing.  

The thicknesses of the Al2O3 and Al-Si composite oxide layers 
increase with increasing Ea, while the SiO2 layer becomes thinner, 
disappearing at Ea = 1,000 V. The total film thickness is 660 nm at 
1,000 V, indicating 0.66 nm/V of the film thickness per volt of film 
formation potential. This value is much smaller than that for anod-
ic oxide films formed on aluminum without coating (= 1.5 nm / V). 
This is due to the high electric field sustainability of Al-Si compo-
site oxide layers. The EDX analysis at the numbered positions in 
Fig. 84e showed that the concentration of Si becomes lower at 
more inner  positions of the composite oxide layer,  while the Al 
concentration becomes higher. The Si-Al composite oxide film has 
a 10 % higher film breakdown potential and a 5 % higher capacit-
ance than anodic oxide films formed on specimens without SiO2 
deposition. 
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Figure 83. Arrangement of the apparatus for sol-gel dip coating on aluminum. 

 
 

 (iv) Combination of Electrophoretic Sol-Gel Coating and  
Anodizing159 

 In this process, aluminum specimens are anodically polarized 
in a solution containing small particles of Me-oxide to deposit the 
particles on the oxide surface (Fig. 85). The specimen coated with 
the Me-oxide layer is heated, and anodized in neutral solutions. 
The electrophoretic sol gel deposition enables a much more uni-
form deposition of Me-oxide in tunnel pits of DC-etched speci-
mens than it  is  possible  with sol gel dip coating.  This  can  
 
 

 
Figure 84. TEM images of the vertical cross sections of specimens coated with SiO2 
after anodizing up to (a) 200, (b) 400, (c) 600, (d) 800, and (e) 1000 V. Reprinted 
with permission from J. Surf. Fin. Soc. Jpn., 54 (2003) 235 Copyright (2003), Surf. 
Fin. Soc. Jpn. 
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Figure 85. The apparatus for electrophoretic deposition of SiO2. 

 
 

 

 
Figure 86. TEM images of cross sections of DC-etched specimens after (a) dip 
coating (low magnification), (b) dip coating (high magnification), (c) electro-
phoretic coating (low magnification), and (d) electrophoretic deposition (high 
magnification). In both processes, heating was at Th = 573 K for th = 1.8 ks, and 
in the electrophoretic deposition the coating was carried out up to Vc = 10 V. Re-
printed with permission from J. Solid State Electrochem., 11, (2007) 1375. Cop-
yright (2007), Springer. 
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Figure 87. TEM image of cross section of 
DC-etched specimen after electrophoretic coating 
and anodizing.  Electrophoretic coating was car-
ried out under the conditions of ic = 0.05 Am-2, Vc 
= 10 V, Th = 573 K, and th = 1.8 ks and anodizing 
was carried out up to Ea = 100 V. Reprinted with 
permission from J. Solid State Electrochem., 11, 
(2007) 1375. Copyright (2007), Springer 

 
 
be clearly ascertained in Fig. 86, which shows SiO2 deposition in 
tunnel pits of DC-etched specimens by dip coating (Fig. 86a-b) 
electrophoretic coating (Fig. 86c-d). Anodizing after electropho-
retic deposition of SiO2 results in the formation of Al-Si composite 
oxide films, leading to an increase in capacitance (Fig. 87).  

(v)  Combination of Liquid Phase Deposition with Anodizing160 

The liquid phase deposition (LPD) process is based on the 
hydrolysis of metal fluorides, MeFx

–(x–2n), and the formation of 
tetra-fluoro-borate:161 

  
 MFx

(x−2n)− + n H2O  MOn + x F− + 2 nH+  (53) 
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Figure 88. Process of formation of Al-Ti compo-
site oxide film by the combination of liquid phase 
deposition with anodizing.  

 
 
 H3BO3 + 4 F− + 3 H+  BF4

− + 3 H2O  (54) 
 
The MOn formed by Eqs. (53) and (54) is deposited on the 

substrate, and the formation of Al-Ti composite oxide films on 
aluminum by LPD and anodizing will be described.160 

Aluminum specimens are heated at 823 K for 10.8 ks in air to 
form thermal oxide films (Fig. 88a) and then anodized in a neutral 
borate solution (353 K) with ipa = 50 A m−2 up to Epa = 100 V (vs. 
Ag/AgCl) (Fig. 88b). These steps are essential to prevent the sub-
strate from corroding during LPD, due to the formation of alumi-
num fluoride. The specimen covered with a thin crystalline Al2O3 
film is immersed in 0.01-kmol m−3 (NH4)2TiF6/0.2-kmol m−3 
H3BO3 solution at 303 K for 7.2 ks at maximum, followed by heat  
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Figure 89. Change in capacitance of Ti-Al composite oxide films formed by LPD 
and anodizing with TiO2coating time. 

 
 

treatment at 573 K for 1.8 ks (Fig. 88c). Finally, the specimen is 
anodized in a neutral borate solution (Ta = 293 K) with ia = 10   A 
m−2 up to Ea = 50 V (vs. Ag/AgCl) (Fig. 88d). The capacitance of 
anodic oxide films formed by LPD and anodizing are 60% higher 
than those formed on non-treated DC-etched specimens (Fig. 89). 

VI.  CONCLUSIONS 

This chapter has reviewed the structure and properties of oxide and 
hydroxide films formed on aluminum, as well as recent develop-
ments in micro- and nano-technologies incorporating anodizing of 
aluminum. Several applications of anodic oxide films in the fabri-
cation of micro-devices are also described. A combination of ano-
dizing with laser irradiation techniques and electrochemical treat-
ments has enabled the development of novel fabrication processes 
for printed circuit boards, plastic injection molds, electrochemical 
reactors, and freestanding structures, as well as 3D manipulators 
and micro-printing rolls. The combination of anodizing with AFM 
probe processing, and electrochemical treatments enabled mi-
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cro-patterning with metal and organic resin. The formation of 
composite oxide films by the combination of MOCVD, sol gel dip 
coating, electrophoretic sol gel coating, and liquid phase deposi-
tion with anodizing has been attempted for the development of 
new types of aluminum electrolytic capacitors.  

At the conclusion it must be emphasized that anodic oxide 
films on aluminum can be made to play an important role as a 
template in micro- and nano-technology on aluminum, and that it 
is still a challenge to form anodic oxide films without imperfec-
tions.  
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I.  INTRODUCTION 

To meet the extreme demands of modern technology, functional-
ized materials of enhanced specific properties are required. More-
over, high resolution methods of characterizing new materials are 
needed in identifying the factors responsible for such materials 
unique properties. 

This chapter falls under the general heading Chemistry for 
Materials Science, and is aimed at discussing new results, ideas 
and technologies in the field of the chemical properties of novel 
materials including (but not limited to) amorphous and nanocrys-
talline alloys obtained by rapid quenching, sputter deposition, me-
chanical alloying, heavy deformation, electrodeposition and other 
physical and mechanical methods. 

Nonequilibrium processing techniques provide the potential 
for producing compositionally and structurally graded materials  
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with optimized properties. And so it is important to discuss means 
and measures of lowering the reactivity of metastable alloys to 
reduce (or possibly eliminate) detrimental processes of deteriora-
tion such as corrosion/dissolution, or of enhancing their chemical 
reactivity, durability, and selectivity for catalytic/electrocatalytic 
processes. It has been recognized that, due to the almost unlimited 
compositional flexibility of metastable alloys, their properties can 
be optimized for the requirements of a given application.  

Low or even negligible reactivity is required for construction 
materials, as well as for biomaterials used as implants in orthoped-
ic or dental surgery, for obvious reasons. High reactivity and selec-
tivities are required for efficient electrocatalysts and catalysts. 
Developing such materials from composition-controlled 
nonstructured or amorphous alloys by exploiting mechanical, 
electrochemical, and chemical activation, calls for both 
fundamental and applied research.  

Discussion among specialists from the areas of materials sci-
ence, physics, chemistry and electrochemistry should contribute 
towards: 

• characterizing the decisive factors, including local changes, 
introduced during modification and/or activation proce-
dures, 

•  finding efficient, interdisciplinary ways of tailoring new 
functional materials for new processes including catalysis 
and electrocatalysis. 

We discuss below the following selected topics: 

• the effect of refractory metals on the stability of the passive 
state of Al-based amorphous alloys;  

• the effect of hydrostatic extrusion leading to nanostructuri-
zation of austenitic stainless steels on the stability of their 
passive state;  

• the effect of cathodic hydrogen charging on the catalytic ac-
tivity of Cu-based amorphous alloys. 

The above examples illustrate the role of high resolution 
methods in characterizing local phenomena in electrochemistry 
and in the chemistry of materials, in general. At the same time, 
they illustrate the extensive possibilities of modifying the proper-
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ties of metastable amorphous and nanostructurized materials by 
chemical or electrochemical pre-treatments.  

II.  STABILITY OF THE PASSIVE STATE OF  
Al – BASED AMORPHOUS ALLOYS 

The passivity of thermodynamically unstable, non-noble metals, 
such as Fe alloys including stainless steels, Al or Ti and their al-
loys, is the foundation of their successful practical use. The break-
down of their passivity in chloride-containing media is the main 
reason for corrosion failures such as pitting or crevice corrosion. 
For materials science, an understanding of the mechanism of pas-
sivity and its breakdown, as well as of the role of alloying ele-
ments in improving the stability of the passive state, is essential in 
the development of new corrosion-resistant materials.  

It was recognized long ago that the chemical breakdown of 
passivity (pitting) results in rapid, highly localized corrosion at 
local c.d., in a range of from several hundred mA/cm2 up to several 
A/cm2, which is 105- 106 times higher than that characteristic of 
passive metal dissolution.1-6 These results have shown that once 
pitting corrosion starts, its detrimental effect is strong and leads to 
a catastrophic dissolution in spite of the small amount of metal 
dissolved locally. Therefore, prevention of passivity breakdown is 
crucial. 

The interrelation which was found between the composition of 
the metal substrate, its passivating film and the resistance of the 
material to pitting suggested that an appropriate alloying of the 
metal substrate might result in a distinct increase in resistance 
against pitting.7-22 Thus, the stability of a passivating film in Cl–-
containing media may limit or even exclude pitting in certain sys-
tems. Hence, understanding the effect of alloying elements on a 
passivating film’s composition, structure and properties became an 
essential task for materials scientists interested in the elimination 
of pitting.  

An original suggestion was given by Marcus,7 who pointed 
out the effect of Me-Me bond strength in passivity, (see Fig. 1). 
His discussion aimed at rationalising the role of alloying elements 
in anodic dissolution and passivation, the essential reactions in the 
corrosion and protection of metals, respectively.7 The basis for this  
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Figure 1. Fundamental factors in the passivation of alloys; metal-
metal bond strength εm-m and enthalpy of oxygen adsorption ΔHads 
for different alloying elements. 
 

 
rationalization is the following: elements that enhance passivation 
(passivity promoters or passivators) are elements which combine a 
high metal-oxygen bond strength with a low metal-metal bond 
strength. The high metal-oxygen bond strength is evidently 
necessary for the stability of the passive film. The low metal-metal 
bond strength favours the rapid nucleation and growth of the oxide 
by facilitating the breaking of the surface metal-metal bonds 
involved in the early stages of passivation. On this conceptual ba-
sis, elements such as Al, Ti and Cr are passivity promoters. In 
contrast, dissolution moderators or blockers are elements that 
possess a high metal-metal bond strength: they lower the 
dissolution rate by increasing the activation energy barrier for the 
disruption of metal-metal bonds at the surface. They may also have 
a high metal-oxygen bond strength, but this is not their essential 
property. Mo, W, Ta and Nb belong to this category of metals. 
Within the framework of these ideas, it becomes obvious that pas-
sivity promoters or passivators will be the main constituents of the 
passive film,  whereas dissolution  blockers  will tend to remain  at  
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Figure 2. Distribution of alloying elements in the passivating film, and in 
the film/alloy interphase region after passivation of a binary A-B alloy 
(schematic). B-, acting as a passivity promoter becomes oxidized and 
enriched within the passivating film. B-, acting as a dissolution moderator, 
tends to remain enriched and unoxidized at the film/alloy interface, thus 
forming a corrosion barrier there.  

 
 
the film-substrate interface where they will restrain the dissolution 
process, see Fig. 2. 

These ideas made it possible to rationalize the role of alloyed 
elements in the corrosion resistance of metallic materials. The dia-
gram reported in Fig. 1 shows to which category various metals 
belong.7  

This concept can certainly be useful not only for a better un-
derstanding of the corrosion behaviour of existing alloys but also 
in the design of new corrosion resistant materials. 

While there are literature data that confirm Marcus’ concept 
for some systems,6,12-14 the affinities to oxygen of various alloying 
elements should also be taken into account. Table 1 gives /ΔG0/ for 
the elements discussed in connection with Fig. 1. It turns out that 
though the refractory metals considered above exhibit a high Me-
Me bond energy, their affinities to oxygen differ considerably.  

Mo, W, Ta and Nb belong to a group of refractory metals with 
a high Me-Me bond strength: the Me-Me bond strength for all the 
refractory metals considered is between 170 and 220 kJ/mol. The 
corresponding  value for  Al  is  <  60 kJ/mol.7  The  Gibbs free en- 
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Table 1 
Free Enthalpy of Oxide Formation ΔG0 for Different  

Refractory Metals and Aluminum. 

Oxide ΔG0 
(kJ/mol) 

MoO3        –    667.5 
WO3        –    764.2 
Al2O3        –  1582.7 
Nb2O5        –  1765.9    
Ta2O5        –1911.00 
 
 
 
thalpy ΔG0 of oxide formation are –667.5 and –764.2 kJ/mol for 
molybdenum and tungsten oxides, respectively, while that for 
Ta2O5 is –1911 kJ/mol. It is interesting to note that the correspond-
ing value for Al2O3 is –1582.7 kJ/mol, (see Table 1). 

Thus the│ΔG0│ for molybdenum and tungsten oxide is lower 
than that for Al2O3, Ta2O5, and Nb2O5. This remains true also when 
recalculating │ΔG0│ values for a mole of oxygen in a given oxide. 
Therefore, the anodic behaviour of Al-Mo and Al-W amorphous 
alloys may be different than that of the other refractory metals 
mentioned above. To thoroughly investigate the depth distribution 
of both components within the protective surface film which 
would help to differentiate between passivity promoters and the 
metal dissolution moderators, thick anodic films formed gal-
vanostatically on amorphous alloys were studied.12-14  

1. Effect of Refractory Metals on the Stability of the Passive 
State 

Amorphous/supersaturated alloys and nanocrystalline alloys with 
their enormous compositional flexibility and homogeneity, are a 
particularly interesting and suitable target for investigating the 
effect of alloying elements on passivity.22 The effects of composi-
tion in a wide concentration range can be studied without any 
change in the alloy structure. 

Table 2 summarizes the effect of refractory metals on the sta-
bility of the passive state of Al-based amorphous alloys, listing the 
breakdown  potential  Enp’  for different alloys measured under  ex- 
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Table 2 
Breakdown Potential Enp’ for Al-Based Amorphous Alloys with 

Refractory Metals in a Borate Buffer Solution Containing  
Cl– Ions. 

Alloy Breakdown potential, mV SCE 
Borate buffer + 0.1-M NaCl Borate buffer + 1-M NaCl 

Al89Ta11 
Al74Ta26 
Al54Ta46 

160 ± 20 
410 ± 40 
800 ± 70 

140 ± 10 
390 ± 40 
900 ± 70 

Al87Nb13 
Al74Nb26 
Al54Nb46 

250 ± 80 
880 ± 20 

1050 ± 130 

180 ± 10 
570 ± 20 

              1010 ± 20 

Al85W15 
Al70W30 
Al54W46 

690 ± 80 
870 ± 20 

1200 ± 100 

 
 

              1080 ± 40 
Al85Mo15 
Al75Mo25 
Al60Mo40 
Al54Mo46 

350 ± 60 
490 ± 20 
560 ± 20 
700 ± 60 

 
420 ± 40 

 

Al cryst            from –800 to –650a               –750 ± 20 
aData for crystalline Al also include results from the literature.23-26 
 
 
actly the same experimental conditions.6,12-14,17,27-28 The data for 
crystalline Al is also given for comparison.23-26 One could argue 
that the crystalline metal29 is not a good reference for amorphous 
alloys of a distinctly different structure. However, it is difficult to 
find a more appropriate reference since pure Al does not exist in 
an amorphous state. The data show that all the refractory metals 
cause a shift of Enp’ towards noble values, thus extending the pas-
sivity region by about 1.6 V or more, as compared to the corre-
sponding value for pure crystalline Al. 

The effect of Ta compares with that of Mo, whereas the effect 
of Nb is similar to that of W. The effect of the chemical composi-
tion of the alloys is clearly visible in Table 2, in contrast to a sug-
gestion found in the literature15 implying a predominant effect of 
defects over chemical composition in general.  

 
 



182 M. Janik-Czachor and M. Pisarek 

2.  AES Investigations of Depth Distribution of Refractory 
Metals within the Passivating Film 

Refractory metals are known for their beneficial effect on the pas-
sivity of many alloys, both crystalline and amorphous, although 
the mechanism of their action is still a subject of discussion.7-14,16-

20,22,27-28,30-32 Amorphous alloys thus offer the opportunity of gain-
ing an insight into the role of these elements, even when studying 
their effects at higher concentrations. In particular, one can check 
whether the preferential dissolution of Al and/or different transport 
rates within the passive film of the components determine the an-
odic behaviour,21,33 or whether the effect of the refractory metal is 
confined to that of a metal dissolution moderator rather than a pas-
sivity promoter, as suggested by Ph. Marcus.7 As the previous re-
sults6,13,14 strongly suggest the former effect for Al-W and Al-Mo, 
the results for Al-Ta and Al-Nb amorphous alloys contradict the 
general application of the metal dissolution moderators model for 
the refractory metals.  

Al-refractory metal systems including Al-Ta alloys of various 
concentrations of both components were extensively studied by H. 
Habazaki et al.34 and G. Alcala et al.35 These authors established 
the ionic transport numbers and relative migration rates of cation 
species for anodic films formed on Al-Ta alloys whose composi-
tion extended from aluminum-rich to tantalum-rich. The authors 
used various techniques, including ion implanted marker experi-
ments, transmission electron microscopy (TEM), Rutherford back-
scattering spectroscopy (RBS), and medium energy ion scattering. 
However, the AES spectra and profiles necessary to establish the 
depth distribution and chemical state of the metallic components of 
the anodic layer have been reported only recently.17,27,28 

For a better understanding of the anodic behaviour of Al-Ta 
and Al-Nb amorphous alloys and of the role of refractory metals in 
passivity, surface analytical measurements with the aid of Auger 
Electron Spectroscopy (AES) combined with Ar+ ion sputtering 
(depth profiling) were performed on anodized samples to investi-
gate in detail the depth composition of the passive films on Al-Ta 
and Al-Nb amorphous alloys, and to compare the results with 
those for Al-Mo/W amorphous alloys. These investigations aimed 
at gaining an  insight into the beneficial effect of  refractory  
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Figure 3. Examples of integral Auger spectra N(E) = f(Ekin) for Al90Ta10 
amorphous alloy measured during the course of etching of an anodic oxide 
film formed in a borate buffer at i = 0.5 mA/cm2 up to Vmax = 25 V. Reprinted 
from AES and RBS Characterization of Anodic Oxide Films on Al-Ta Amor-
phous Alloys, by Z.Werner, A.Jaśkiewicz, M.Pisarek, M.Janik-Czachor and 
M.Barlak, Z.Phys.Chem. 219 (2005) 1461-1479, Copyright (2005) Olden-
bourg Wissenschaftsverlag GmbH. 

 
 

metals.6,12-14,17,20,27,28,36 The chemical state of surface species was 
identified by using a high resolution scanning Auger microana-
lyzer – a Microlab 350. The energy resolution of the analyzer is 
continuously variable between 0.6% and 0.06%. The conversion of 
the Auger signals into the atomic concentration of the components 
was undertaken by using sensitivity factors Sf from the Avantage 
database software37 and by adopting a NLLSF (Non-Linear Least 
Square Fitting) procedure to deconvolute the Alm and Alox Auger 
signals emerging from the anodic oxide films and from the metal 
substrate beneath.  

Figure 3 shows examples of survey spectra for an anodized 
Al-Ta amorphous alloy. Disappearance of the O (KLL) peak in the  
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(a)  

(b)  
 

Figure  4. High resolution AES spectra showing changes in the posi-
tion and shape of (a) Al (KLL) and (b) Ta (MNN) Auger signals dur-
ing the course of etching the anodic layer from an oxidized state (pas-
sive layer) to a metallic state (substrate). Reprinted from AES and 
RBS Characterization of Anodic Oxide Films on Al-Ta Amorphous 
Alloys, By Z.Werner, A.Jaśkiewicz, M.Pisarek, M.Janik-Czachor and 
M.Barlak, Z.Phys.Chem. 219 (2005) 1461-1479, Copyright (2005), 
Oldenbourg Wissenschaftsverlag GmbH. 
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course of sputtering is well visible, reflecting analytical results at 
various depths of the sample: within the anodic oxide film and, 
eventually, within the substrate.  

Figures 4a and 4b present the evolution of high-resolution Ta 
and Al spectra, respectively, during the course of Ar+ etching of 
the anodic layer. In Fig. 4b the Ta spectra are compared with the 
reference Ta2O5 spectrum to show that as long as the spectrum is 
measured within the anodically oxidized layer, Ta remains in an 
oxidized state. The same is true for Al, Fig. 4a, where separation 
of the Alm and Alox signals is well visible. An intermediate state of 
Al3+ ions at the interface region between the anodic film and the 
substrate was revealed with AES: at 420s of sputtering the film 
itself was already very thin, so that the Alm signal appeared. More-
over, the position of the Alox signal was shifted to a higher energy 
than that typical of Alox (~ 1392 eV instead of 1386 eV, see Fig. 
4a). These results suggest that there is an intermediate electronic 
state of alumina cations within the interphase region at the 
metal/oxide film interface, and that these cations are neither Al3+ 
nor Alm.  

Figure 5a presents a typical composition profile for Al90Ta10 
after anodization up to 25V. Three distinct domains can be distin-
guished within the profile: I - the uppermost of Al oxide; II - an 
anodic oxide film containing a mixture of Ta and Al oxides; III - 
the substrate containing Alm and Tam only. AES results thus indi-
cate that with this alloy composition, Ta is completely absent in 
the surface layer I. This is not the case at Ta ≥ 30% at, as seen 
from Fig. 5b, where tantalum is already present in the uppermost 
monolayers of the anodic oxide film.  

Apparently, during anodic oxide film formation both compo-
nents migrate towards the surface as Al+3 and Ta+5, whereas O–2 
migrates towards the substrate. The resultant depth distribution of 
both metallic components is probably the result of a tendency of 
Al+3 to migrate faster forward than Ta+5 35,36 within the high elec-
tric field existing within the anodic layer. The final effect for low 
Ta concentration in the substrate is the formation of a thin Al2O3 
film without any tantalum (compare Fig. 5a), whereas at a suffi-
ciently high Ta concentration only a gradient of Ta exists in the 
uppermost part of the film (see, Fig. 5b). As a consequence of such 
a redistribution of elements within the profile of Al90Ta10, a rela-
tive  enrichment  of Ta  may occur within the inner part  of  the  
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Figure 5. Composition profiles of Al-Ta AA with an oxide layer 
formed during anodic polarization in borate buffer. (a) Al90Ta10 (Vmax = 
25 V); regions I, II, and III correspond to the uppermost surface layer 
of pure alumina, principal mixed oxide, and substrate, respectively. (b) 
Al70Ta30 (Vmax = 70 V); only two regions are distinguishable: principal 
mixed oxide I and substrate II. An intermediate region between the ox-
ide and the substrate is not numbered. 
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Figure 6. Composition and thickness of anodically oxidised surface layers (Vmax = 
70 V) on amorphous Al-Ta alloys as deduced from SIMNRA analysis of RBS 
spectra. 
 
 
film which, however, does not exist within the films formed on 
higher Ta alloys. The details are discussed elsewhere.27 It thus 
seems that the role of tantalum in enhancing the stability of the 
passive state of Al-Ta amorphous alloys is mainly as a passivity 
promoter which undergoes oxidation and takes part in anodic film 
formation.  

Rutherford Backscattering Spectroscopy (RBS) results, pro-
viding an average composition of the sublayers existing on the 
substrate, confirm the above statement, (see Figs. 6 and 7, and 
Table 3). 

To verify the results of composition profile analysis obtained 
by ion sputtering and AES spectroscopy, samples of amorphous 
alloys, oxidized in air and anodically oxidized up to different volt-
ages, were examined using RBS 38 with a beam of 1.7 MeV alpha 
particles. Particles backscattered from the sample at an angle of 
170º were detected with a Si(Li) detector of 14 keV energy resolu-
tion. The spectra were recorded at a total charge incident on the 
sample amounting to 10 µC. Usually, the beam was incident at an 
angle of 0º to the sample normal, but, for oxidized layers formed 
with up to 25 and 50V anodic voltage, an angle of incidence of 60º 
was used to increase depth resolution. 
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 (b)                               
Figure 7. AES composition profiles of Al-Nb AA covered with an oxide 
layer formed during anodic polarization (Vmax = 50 V) in borate buffer 
solution (a). Composition and thickness of an anodically oxidised sur-
face layer (50 V) on an amorphous Al-Nb alloy as deduced from 
SIMNRA analysis of RBS spectrum (b). 
 
 
The spectra obtained were simulated using SIMNRA code. 

The compositions and thicknesses of individual sub-layers forming 
the sample seem to be reliable to within a few percent, one should 
bear in mind that RBS measurements do not provide direct infor-
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mation on the geometrical thickness of the analysed layers, but on 
their surface atomic density,  i.e., the number of atoms in the layer 
behind the unit surface area within a thickness of a few microme-
ters. The thicknesses generated by the simulation code are origi-
nally expressed in units of 1015/cm2 of average atoms forming the 
layer and their conversion into geometrical thicknesses requires 
information about specific densities, which is not always known. 
In our case, the thicknesses of the anodically oxidized layers 
(shown in Figs. 6 and 7) were calculated under the following as-
sumptions:27 

• The oxidized layers are dense, i.e., they exhibit neither 
voids nor pores,  

• The layers are composed of a mixture of aluminum trioxide 
and tantalum pentoxide in the proportion identical to that of 
the substrate composition,  

• The specific densities of the layer components are: Al2O3  
3.97 g/cm3, Ta2O5  8.2 g/cm3,  

• The specific densities of mixtures vary linearly with com-
position between the limiting values for the pure oxides.  

Under these assumptions, the conversion coefficients between 
the thickness of the anodically oxidized layers expressed in units 
of 1015 of average atoms and the geometrical thickness are: Al2O3 
0.856 Å/1015; Al90Ta10 0.99 Å/1015; Al80Ta20 1.09 Å/1015; and 
Al70Ta30 1.14 Å/1015. 

Table 3 compares the Ta/(Ta+Al) atomic ratio within the 
anodic film to the substrate. The average Ta (Ta+Al) atomic ratio 
within the film is higher than in the substrate for Al90Ta10 only, 
where the superficial, uppermost Al2O3 sublayer exists. For the 
other two alloys the above parameter is nearly the same for both 
film and substrate.  

 
 

Table 3 
Ta/(Ta+Al) Atomic Ratio in the Substrate and in the Anodic 

Film as Determined from RBS Measurements. 

 Al90Ta10 Al80Ta20 Al70Ta30 
Substrate 11 20 30 
Anodic film 16 20 32 
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Hence, Ta may become enriched in the inner part of the film, 
thus forming a corrosion barrier as a dissolution moderator at suf-
ficiently low Ta concentration in the substrate. However, the latter 
effect is rather small, as the superficial Al2O3 upper layer I is thin 
(< 20% of the total film thickness only and, shrinking with Ta con-
tent in the alloy28), thus leaving behind only a small portion of 
excessive Ta in layer II. This subject is discussed in more detail 
elsewhere.27  

The absence of a pure alumina surface layer in anodic films on 
high Ta alloys disagrees with the results of Habazaki et al.34-35 who 
have found such a layer even at 39% at. Ta content in the sub-
strate. While this difference between the data obtained in different 
laboratories may be a result of differences in the experimental pro-
cedure applied, Habazaki’s result points to the role of Ta as a dis-
solution moderator under certain conditions. More research is nec-
essary to clarify this.  

Following the discussion on the role of refractory metals in 
the passivity of Al-based amorphous alloys, one has to note that 
the recent results for Al-Nb alloys seem to deny the idea of Nb as a 
metal dissolution blocker, (see the example in Fig. 7). The compo-
sition profiles of the anodic film grown on an Al74Nb26 amorphous 
alloy at i = 0.5 mA/cm2 up to various voltages have shown that Nb 
is present from the very beginning of the depth profiling proce-
dure, even at low Nb concentration (13 at.%), as can be seen in 
Fig. 7a. Moreover, RBS analysis leading to an average composi-
tion of the surface sublayers confirmed that no superficial Al2O3 
layer was present within the upper part of the anodic oxide film; 
see the example in Fig. 7b obtained for anodically treated Al87Nb13 
samples under similar experimental conditions as those in Fig. 7a. 

It is worth recalling here the early results for Al-Mo and Al-W 
alloys, obtained with a AES 500 Ribber spectrometer.6,13,14 Figure 
8 shows partial Mo and W profiles for Al-Mo and Al-W samples, 
containing 15% or 45–50% at. of the refractory metal, anodized up 
to 50V. The prominent feature of these profiles is the absence of 
any Mo or W signal up to ~ 60 min. of sputtering, suggesting that 
only aluminum and oxygen are present in the upper part of the 
film. This is true for both low refractory metal concentration (15 
at.%) and ~ 3 times higher concentration (45–50 at.%). Appar-
ently,  both  Mo  and  W  tend to  remain  unoxidized  during   the  
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  (a)  
 

  (b)  
Figure 8. Partial composition profiles of Al-Mo and Al-W amor-
phous alloys with an oxide layer formed during anodic polarization 
(Vmax = 50 V) in borate buffer solution. Mo/W was normalized (%) 
with respect to the total amount of metallic components (B divided 
by Alox + Alm + B). (a) Al-15B (b) Al-46/50B. The scheme below 
shows the following regions: the uppermost surface layer of pure 
alumina, principal oxide mixed with B, and substrate.   

 
 
anodization process. The absence of Mo or W in the upper part of 
the film and the enrichment of Mo or W in the inner part are 
clearly visible. These results confirm that we do have a relative 
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enrichment in refractory metal in the inner part of the film. The 
size of the Mo- or W- depleted zone is practically independent of 
the final voltage Vmax.6,14 The enrichment level seems to depend on 
the Mo or W content in the alloy.6 The findings concerning the 
depth distribution of Mo and W within the anodic film and near 
the interphase oxide/substrate region confirm that Mo and W act as 
dissolution blockers in the Al-Mo and Al-W alloys.13,14 These re-
sults are in line with those of Habazaki who found that Mo re-
mains unoxidized during anodization at low and moderate volt-
ages.30-32 

• Ta and Nb in Al-based alloys become oxidized during ano-
dization, and participate in the formation of the surface ox-
ide film. They act as passivity promoters. 

• Mo and W in Al-based alloys tend not to undergo oxidation 
during the anodization process. They accumulate within the 
inner part of the film, acting as dissolution moderators. 

• Various refractory metals contribute to an anodically-
formed oxide film in various ways, thus protecting the alloy 
underneath according to different mechanisms. The mecha-
nism operative in a specific system depends on the relative 
values of the free enthalpy of oxide formation of all the al-
loy components and on their metal-metal bond strength.  

III.  EFFECT OF HYDROSTATIC EXTRUSION 
LEADING TO NANO-STRUCTURIZATION ON THE 

STABILITY OF THE PASSIVE STATE OF AUSTENITIC 
STAINLESS STEELS 

In recent years, a number of methods for refining the structure of 
metals by severe plastic deformation (SPD) have been developed. 
Some of those methods permit grain refinement to a nanometric 
level. Numerous investigations show that metals having such a 
structure are characterized by a number of specific properties. 
However, their corrosion properties are not well known.  

Nanostructured materials initially attracted the attention of 
scientists and engineers because of their specific physical and me-
chanical properties.39-42 Although they are metastable systems, the 
degree of homogeneity of nanomaterials is higher, than for com-



Amorphous and Nanocrystalline Alloys 193 

mon ‘as received’ materials. One of the methods which has been 
developed for successful nanostructurization is that of hydrostatic 
extrusion (HE), which enables bulk nanocrystalline materials to be 
produced.43 Many studies have been carried out on the physical 
and mechanical properties of nanostructured Al, Al-based alloys, 
Ti, Cu, Ni and stainless steel.44-48 However, their corrosion proper-
ties, including the stability of the passive film on such technically 
important materials as HE stainless steel, have not been studied 
fully. Grain refinement combined with the severe plastic deforma-
tion introduced during the HE process may cause drastic changes 
in corrosion resistance. In particular, the overall surface area of 
grain boundaries is multiplied and their composition and structure 
may change. There is much in the literature concerning the passivi-
ty and pitting49-59 of metals and alloys, including austenitic stain-
less steels. However, in order to gain insight into the effect of hy-
drostatic extrusion on passivity, investigations carried out under 
the same experimental conditions should be compared. 

The principles of the HE process are quite simple and are 
shown in Fig. 9. 

 
 
 
  

 
 

Figure 9.  Scheme of HE apparatus. 
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A billet of the test material is extruded through a die located in 
the operational chamber. During the hydrostatic extrusion process 
the piston does not contact the material being extruded and in the 
deformation zone of the die, the cone, the material flows on a film 
of lubricant (hydrodynamic lubrication). The very low friction 
enables severe plastic deformations in the range of 2.0 to be ob-
tained. 

Hydrostatic extrusion is one of the methods used to produce 
nanostructured materials and to thereby obtain a homogenous mi-
crostructure throughout the entire volume of the processed materi-
al. Crucial to an understanding of the results presented below is 
that the HE samples were cut perpendicular to the deformation 
direction and that only the central part of the hydroextruded stain-
less steel rod was used in the investigations. Details are given 
elsewhere.60 

The next chapter compares the results of potentiodynamic ex-
periments on two steels, 316 and 303, in Cl–-containing electro-
lyte. 316 stainless steel contains only 0.05 at.% S, whereas the S 
content of 303 stainless steel is of an order of magnitude more. 
Both steels contain similar amounts of Cr or Ni. The detailed com-
position of both steels is given in Table 4.  

1.  Anodic Behavior of As-Received and HE Processed  
Materials in Cl– Containing Solutions 

Figure 10 summarizes the potentiodynamic polarization measure-
ments for mechanically polished and air-exposed samples of 316 
and 303 in borate buffer solution +0.1 M NaCl, after HE and in the 
as-received state. The current density within the passive region for 
the as-received material is low, from 5 up to 10 µA/cm2, which is 
comparable with the findings of Yang and Mcdonald.61 The sud-
den increase in the current density by more than a factor of 50 at 
potentials above Enp’ = 0.33 ± 0.02 VNCE (i.e., 0.37 ± 0.02 VSCE) for 
316 and Enp’ = 0.28 ± 0.02 VNCE ( i.e., 0.32 ± 0.02 VSCE ) for 303 is 
due to pit nucleation.  

316 HE stainless steel in the same solution exhibits excellent 
reproducibility of the potential independent current density within 
the stable passivity region, having a value of 42 ± 1 µA/cm2, some 
4 to 8 times higher than that for the as-received material. The pit-
ting potential Enp’ is not well reproducible for the HE material. For 
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Figure 10. Potentiodynamic polarization curves for type 303 and type 316 
stainless steels in a borate buffer + 0.1M NaCl solution: before (a) and after 
HE (b). 

 
 
316 HE breakdown of passivity occurs at and above Enp’ (HE) = 
0.80 ± 0.06 VNCE (i.e., 0.84 ± 0.06 VSCE), (see Fig. 9). Apparently, 
HE leading to homogenization of the substrate material and the 
passivating film, resulted in an increase in its resistance to pit nuc-
leation, in spite of its metastable state and the large residual 
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stresses, etc. 303 HE stainless steel exhibits a different behavior, as 
shown in Fig. 10. 

HE 303 steel in the same solution (in contrast to the behavior 
of the as-received material) exhibits a stable, potential indepen-
dent, current density of about 6 µA/cm2, which is thus higher than 
for the as-received material. It undergoes a breakdown of passivity 
at Enp’ = 0.22 ± 0.04 VNCE. These results suggest that the changes 
introduced by HE treatment may affect the structure of each steel 
in a different way, leading to an extension of the stable passivity 
region in 316 stainless steel, and to a slight reduction of it in 303 
HE. As will be discussed below, structural and surface analytical 
investigations helped towards an understanding of these differenc-
es.60,62-64 

• The values of the apparent breakdown potential Enp′ suggest 
that HE Type 303 tends to be less resistant to pitting in buf-
fered Cl− solution than the as-received material. The reason 
for such behavior will be discussed below.  

• Electrochemical accelerated laboratory tests ⎯ anodic po-
tentiodynamic polarization curves ⎯ have shown that, 
compared to the as-received material, HE Type 316 exhibits 
a current density 4 to 8 times higher than in the passive re-
gion. The values of the apparent pitting potential Enp′ sug-
gest that HE Type 316 is more resistant to pitting in buf-
fered Cl¯ solution than the as-received material. This is in 
direct contrast with the findings for Type 303 stainless steel. 

2.  Microstructure Examination and Image Analysis 

In order to understand the electrochemical tests results, and in par-
ticular the various effects of the HE process on the stability of the 
passive state, including the breakdown of 316 and 303 stainless 
steels in Cl– containing electrolyte, microstructural and image 
analysis results should be carefully considered, as follows: Light 
microscopy reveals a typical microstructure of austenite in type 
303 in the as-received state; deformation twins and many small 
non-metallic inclusions are visible. The inclusions were identified 
as MnS, see Section III.3. Typical grain size is in the range of 20-
40 μm. More details are given elsewhere.60,62-64 Light microscopy 
reveals  that the  microstructure of as-received type  316  stainless  
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Figure 11. Microstructure of 303 austenitic stainless steel after hydrostatic extru-
sion; SEM-BF (bright-field) images. 
 
 
steel is similar to that of type 303, with grain sizes in the same 
range. Sporadic non-metallic inclusions are present in the material. 

Figure 11 presents a SEM-BF image of 303 stainless steel af-
ter hydroextrusion. Evidently, HE resulted in a strong refinement 
of the microstructure. Elongated nano-grains (domain structure) of 
~ 10–20 nm width are clearly visible. The image reveals deforma-
tion twins in the primary austenite, which intersect each other at 
various angles, forming characteristic blocks – a specific structure 
at the nanometric scale. 

For comparison Fig. 12 shows transmission electron micro-
graphs of 316 steel after nanostructurization. The results suggest 
that the structure of the HE material consists of very small crystal-
lites, equal in size to those in 303 HE. There are also  
 

  

 
Figure 12. Transmission electron mi-
crograph of 316 stainless steel after 
hydroextrusion. In the upper insert the 
selected diffraction pattern (SAD) is 
shown.  
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Figure 13. Results of image analysis performed for in-
clusions in 303 stainless steel after the HE process. See 
text for details. 

 
 
domains, suggesting the presence of nano-grains. Thus, the HE 
procedure resulted in an average reduction of grain size by a factor 
of ~ 102 or more. The upper-right corner of the image in Fig. 12 
shows the selected area diffraction pattern (SAD) of 316 HE steel. 
One can see characteristic strong diffraction rings consisting of 
spot-like reflections, with the reflections being distinctly stronger 
in certain directions, suggesting a textured HE material. Detailed 
discussions are given elsewhere.62 

The amount of impurities in 316 stainless steel is low (see Ta-
ble 4). Therefore, non-metallic inclusions in this steel are rare, and 
do not play an important role in the breakdown of passivity. Ex-
aminations of 303 stainless steel’s microstructure revealed that 
there are a large number of nonmetallic inclusions both within the 
grains and at the grain boundaries. Figure 13 shows the results of 
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image analysis for the inclusions in as-received material. On the 
surface area selected for the stereological analysis, about 260 in-
clusions were considered. The mean value of the equivalent di-
ameters E(d2) of the inclusions in as-received steel is 0.66 μm.  

The number of inclusions in 303 HE was much higher than 
that in the as-received material. About 130 inclusions with an 
equivalent diameter from 0.1 to 1.6 µm were considered. A rough 
estimate is that the number of inclusions after HE increased by a 
factor of 16 per unit area. The mean values of the equivalent di-
ameters E(d2) of the inclusions are: 0.25 mm in HE pretreated ma-
terial (compared with ~ 0.66 µm in the as-received material), (see 
Fig. 13). Careful inspection of the 303 HE samples suggest that 
inclusions with a diameter below 0.1 µm are also present, but, are 
below the resolution of the image analysis program used in this 
investigation. Despite the drawbacks of the method applied, it is 
evident that the HE pretreatment reduces the size of inclusions by 
a factor of 3 (compare Fig. 13), and apparently increases their total 
number per unit volume. 

• Microscopic and TEM experiments have revealed that HE 
resulted in significant change in the structure of type 303 
and 316 stainless steels. Grain size was reduced by a factor 
of ~ 103, and a strongly textured material was obtained. 

• TEM and stereological image analysis have revealed that 
HE resulted in a reduction in the size of nonmetallic sulfide 
inclusions in Type 303 stainless steel by a factor of 3 or 
more, thus increasing their number within the matrix. 

3.  Local AES and SAM Analyses of the Inclusions in 303 
Stainless Steel 

A high resolution Scanning Auger Microprobe⎯Microlab 350 
(Thermo VG Scientific) equipped with an FEG-tip (Field Emission 
Electron Gun) was used for the local AES analysis. The Microlab 
350 was used to monitor the surface morphology (SEM) and local 
chemical composition, utilizing the Scanning Auger Microscopy 
(SAM) functions of the instrument with a lateral resolution of 
about 20 nm. The detailed lateral distribution of elements was ex-
amined utilizing the Auger line scan and mapping function. 
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Figure 14. Auger line analysis recorded across an MnS inclusion in 
303 austenitic stainless steel. Reprinted from M.Pisarek, P. 
Kędzierzawski, T. Płociński, M. Janik-Czachor, K. J. 
Kurzydłowski, “Characterization of the effects of hydrostatic ex-
trusion on grain size, surface composition and the corrosion resis-
tance of austenitic stainless steels”, Mater.Charcter. 59 (9), 1292, 
Copyright (2008) with permission from Elsevier.   

 
 
To obtain a semi-quantitative distribution of elements within a 

typical inclusion, a line scan analysis was performed across the 
inclusion/steel-interface (see Fig. 14). The line scan indicates that 
the inclusion consists mainly of sulphur and manganese in equal 
proportions, but also contains some iron and nickel. Thus, the Au-
ger line analysis taken across an MnS inclusion may suggest that 
some Fe and Ni are minor components of it, though one cannot 
exclude the possibility that the inclusion is sufficiently thin to al-
low attenuated signals from the matrix to reach the detector.  

Our SAM measurements point to the role of discontinuities in 
the passivating film on the MnS inclusions in 303 HE stainless 
steel (see the example in Fig. 15). The distribution image of the 
Auger O KLL signal from the surface shows unambiguously that 
there is a lack, or at least a depletion, of oxygen within these  
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Figure 15. Distribution images of elements: Fe (LMM), S (LMM), O (KLL) on the 
surface of 303 HE stainless steel after HE process, suggesting a distinct depletion of 
oxygen on the surface of sulfide inclusions. Reprinted from M. Pisarek, P. 
Kędzierzawski, T. Płociński, M. Janik-Czachor, K. J. Kurzydłowski, “Characteriza-
tion of the effects of hydrostatic extrusion on grain size, surface composition and 
the corrosion resistance of austenitic stainless steels”, Mater.Charcter. 59 (9), 1292, 
Copyright (2008) with permission from Elsevier.   
 
 
surface regions,  where the  S LMM  Auger signal infers the pres-
ence of manganese sulfide inclusions. It is therefore clear that 
these regions and their boundaries with the matrix tend to be more 
prone to Cl– attack than is the matrix itself. 

There is a lot of discussion in the literature on the role of 
nonmetallic inclusions18, 27-31 in the deterioration of corrosion resis-
tance in stainless steels. There is a general agreement that MnSx 
inclusions are the most damaging.65-73 The main reasons for their 
detrimental role, pointed out by different authors, are: 

• their chemical instability in acidic solutions,65 
• the presence of voids or crevices at the inclusion/matrix 

boundary,66-68 
• the absence or lower stability of the passivating film formed 

on the inclusions locally69 as compared to the passivating 
film on the matrix.  
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Figure 16. (a) TEM image of MnSx inclusion in a rapidly quenched 303 stainless 
steel ribbon after additional thinning. The edge of the resultant 303 foil is visible at 
the lower part of the image. (b) EDS line scan across the inclusion, marked by an 
arrow in (a). (c) A number of MnSx inclusions within the 303 foil near its edge 
with the diameters below 30 nm (black circles). Two inclusions were removed 
completely during anodic thinning (open “empty” circles). A scheme of a cross-
section of the foil along the line A-B is shown below (c). 

 
 
Our above results suggest that the last reason, in general, is 

the most significant:  

• SAM microanalytical investigations of Type 303 stainless 
steel revealed local discontinuities within the passivating 
oxide film over the sulfide inclusions at the surface before 
and after HE. Such discontinuities provide for direct contact 
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between the inclusions and the aggressive environment and 
apparently facilitate the breakdown of passivity.  

• The larger density of local discontinuities within the surface 
oxide film due to the presence of more sulfide inclusions in 
the HE Type 303 steel compared to the as-received material 
is most probably responsible for the low stability of 303 HE 
in Cl– containing solution. 

An interesting example of a joint application of electrochemi-
stry and high resolution techniques for characterization of mod-
ified material is given below in connection with a local chemical 
analysis of very small nonmetallic inclusions occurring within the 
303 stainless steel matrix, (see Fig. 16). 

Rapid quenching, which is a commonly used procedure for 
amorphization or nanostructurization of materials, was used in an 
attempt to obtain a grain refinement in 303 stainless steel. It has 
been found that rapid quenching from 15300C at a rate of cooling 
from 20 up to 50 rpm/min. did not result in any distinct grain re-
finement. However, it did reduce the size of the MnS inclusions by 
a factor of 102 or more (thus ~ 2 orders of magnitude more than the 
HE procedure did, compare Fig. 13). It was possible to visualize 
the inclusions within the rapidly quenched matrix by TEM, after a 
procedure of thinning the samples electrochemically in an acidic 
solution (95% concentrated acetic acid + 5% perchloric acid) or, 
alternatively, by the ion sputtering technique. 

An example is given in Fig. 16c. A large number of small, 
round inclusions with a diameter of 20–30 nm are clearly visible. 
It is worth nothing that SAM (Scanning Auger Microscopy) analy-
sis failed to obtain composition maps of the inclusions within the 
matrix. Signals from the austenite matrix only were detected. Ap-
parently the inclusions on the surface were removed completely 
during the thinning procedure. EDS analysis was then performed 
to analyze the inclusions located within the thin austenite foil 
(compare the Scheme below, Fig. 16c). The information depth of 
EDS is ~ 1 μm or 103 times larger than that of AES, and, therefore, 
it was possible to detect the inclusions within the foil. On the other 
hand, by using a thin foil one was able to eliminate possible strong 
signals from the matrix (Fe, Ni, Cr) which could adversely inter-
fere with the Mn and S signals.  
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An example of such an analysis is presented in Fig. 16b. A 
line scan across the inclusion (Fig. 16a) confirmed, in agreement 
with the AES data for 303 HE, that the inclusion is made up of Mn 
and S. Some signals from Ni(Kα) and Cr (Kα) apparently originat-
ing from the matrix were also detected within the inclusion area, 
(compare scheme underneath Fig. 16c).  

The above discussion shows that the advances in EDS micro-
analytical technique enabled chemical analysis of highly dispersed 
different phases within a metal matrix to be obtained. However, 
EDS does not provide true surface information, in contrast to that 
obtained by AES.  

The surface oxide film on 316 HE seems to be fully continu-
ous which is compatible with the fact that MnS inclusions are ab-
sent there. To determine the internal composition of the oxide film 
covering the metal matrix, the depth composition profiles were 
measured on 316 and 303 stainless steels using AES and Ar+ ion 
sputtering technique. 

4. AES Investigations of the Surface Oxide Film on  
HE Materials 

The internal composition of the oxide film covering the metal ma-
trix was deduced from composition profiles.62-63 Figure 17(a)-(b) 
shows partial compositional profiles (the relative Cr/Fe atomic 
concentration) of air-formed films on Type 303 and 316 stainless 
steels before and after the HE process, as measured with AES 
combined with Ar+ ion sputtering. O (KLL) composition profiles 
are also given. The boundaries between the film and the substrate 
are marked by the dotted lines. As seen from Fig. 17, the film on 
the as-received materials is removed after ~ 36s of sputtering, 
which corresponds to a thickness of about 3.6 nm, based on a sput-
tering rate of 0.1 nm/s. Similar composition profiles are shown in 
Fig. 17 for the HE processed materials. The film thickness seems 
to be the same for as-received Type 316, as-received Type 303 and 
Type 316 HE, but, seems larger (about 5.6 nm) for Type 303 HE. 
As highlighted in Fig. 17, the main difference here is a larger 
enrichment of Cr for the HE processed materials than for the as-
received ones. The maximum Cr/Fe concentration ratio within the 
film on HE steels reaches ~ 0.5, whereas it approaches only 
~ 0.4 for both steels in the as-received state. Additional details are  
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Figure 17. Comparison of Cr/Fe concentration ratio vs. sputtering time for Type 
303 (a) and 316 (b) stainless steels before and after the HE process. The plots show 
the depth distribution of Cr/Fe within the surface oxide film and in the underlying 
matrix. The oxygen profiles are also marked by a dotted line. Dashed vertical lines 
mark the oxide/matrix boundaries. Dashed horizontal lines mark the Cr/Fe concen-
tration ratio within the bulk matrix. Reprinted from M. Pisarek, P. Kędzierzawski, 
T. Płociński, M. Janik-Czachor, K. J. Kurzydłowski, “Characterization of the ef-
fects of hydrostatic extrusion on grain size, surface composition and the corrosion 
resistance of austenitic stainless steels.”, Mater.Charcter. 59 (9), 1292, Copyright 
(2008) with permission from Elsevier.   
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given elsewhere.62-63 Apparently, hydrostatic extrusion may en-
hance the migration of components to the surface of the metastable 
matrix, which contains a large density of grain boundaries and 
accumulated internal stresses, thus resulting in a higher enrichment 
of chromium within the surface oxide film on the HE substrate.62 
Some differences in the degree of chromium enrichment in the 
surface film due to different pretreatment of samples have already 
been reported.74 

The above AES results suggest that Cr acts as passivity pro-
moter in austenitic stainless steels, being enriched and oxidized 
within the film.  

• There are distinct differences in the chemical composition 
of the post-HE air-formed films. Type 303 HE and Type 
316 HE surfaces are covered with an air-formed film 
enriched with Cr to a greater extent than films present on 
the as-received material. 

• Apparently the greater enrichment of Cr in the oxide film on 
HE pretreated 303 stainless steel is not sufficient to elimi-
nate local film discontinuities caused by the presence of a 
large number of MnS inclusions and so it does not improve 
the steel’s resistance to pit nucleation.  

• The general conclusion from this investigation is that nano-
structurization (via hydrostatic extrusion) and the following 
homogenization of the material appears inefficient in im-
proving resistance to pit nucleation in steels containing MnS 
inclusions—in this case, type 303 stainless steel. Even after 
a reduction in size, the MnS inclusions do not undergo pas-
sivation; thus there exists a large density of locations sus-
ceptible to pitting attack in a chloride-containing environ-
ment. 

IV.  CATALYTIC ACTIVITY OF Cu-BASED 
AMORPHOUS ALLOYS MODIFIED BY CATHODIC 

HYDROGEN CHARGING 

Materials scientists are interested in the preparation and charac-
terization of new functional materials, including new catalysts for 
technically important reactions.  
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In this chapter we show how a detrimental process of material 
degradation can be successfully applied to obtain new functional 
materials exhibiting appreciable catalytic activity and high selec-
tivity. Thus, the above processes provide useful methods of metal 
alloys modification for practical applications in catalysis. 

The dehydrogenation of aliphatic alcohols to produce corre-
sponding carbonyl compounds is one reaction requiring an effi-
cient catalyst. Cu powder is known to catalyse such processes, but 
easily becomes deactivated, mostly due to sintering. In order to 
improve performance, supported Cu catalysts, usually Cu on an 
oxide support, are used. The best examples of these are the binary 
and ternary industrial Cu-metal oxide systems used in methanol 
synthesis.75-77 

Amorphous alloys may be considered as model systems4 and 
are known as precursors for a number of efficient catalysts for 
technically and ecologically important reactions.78-80 Specifically, 
they have been found to display outstanding properties in ammonia 
synthesis81 and have been suggested for use in global carbon diox-
ide recycling.82 

Amorphous Cu-Zr and Cu-Hf alloys are known as precursors 
for efficient and selective supported catalysts for the dehydrogena-
tion of alcohols.83-84 The transformation of these precursors into a 
Cu/ZrO2 or Cu/HfO2 catalyst requires a modification procedure. 
Chemical and electrochemical methods have proved to be efficient 
here.84-85 In particular, cathodic hydrogen charging with subse-
quent air exposure has appeared to be highly efficient.84,87-89 This 
method, moreover, has appeared promising for Cu-Ti amorphous 
alloy, which had seemed to be totally inactive, and unsuitable for 
the activation processes discussed above.  

To illustrate the problems involved with the activation of Cu-
Ti alloy for catalytic application the results of Molnar et al.90 
should be considered, (see Fig. 18). Those results concern an at-
tempt to activate Cu-Ti amorphous alloys prepared by mechanical 
alloying. Such alloys offer a high specific surface area, which is 
beneficial to heterogeneous catalysis. Unfortunately, as one can 
see from Fig. 18, it was impossible to activate the Cu-Ti powders, 
in contrast to those of Cu-Hf and Cu-Zr.  
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Figure 18. Activity and selectivity of Cu-M powders in the dehydrogenation of 2-
propanol (523K, 20 ml/min hydrogen). M = Ti, Zr or Hf. 

 
 

 In order to successfully enhance Cu-Ti amorphous alloys for 
catalytic purposes, the mechanism of the catalytic reaction should 
be  understood.  Moreover, the  structure  and composition  of   the 
active sites on the surface of a catalyst, and their functions, as-
sessed on the basis of surface analytical investigations, should be 
considered. 

Most earlier experimental observations, including the results 
of surface science studies17 and data acquired by catalytic92-93 and 
kinetic investigations,94-95 are in harmony with the so-called car-
bonyl   mechanism  depicted  in  Scheme   1  for 2-propanol.  With 
respect to the  surface active sites involved in the process
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the results are somewhat contradictory. The rate of dehydrogena-
tion was found  to  be proportional  to  the  concentration  of   ex-
posed   Cu0 sites.96-98 In other studies, in contrast, the coexistence 
of metallic and oxidized copper was shown to be necessary for 
catalytic activity.99 In fact, surface oxygen was found to greatly 
enhance the ability of Cu to dissociatively chemisorb methanol and 
ethanol in single crystal studies.100-103 

Both the latest results95 and earlier observations104 show that 
the rate-determining step in the dehydrogenation of secondary al-
cohols is the breaking of the O–H bond.  

Detection of surface alkoxide species on copper91,100-101,105-106 

is considered to be definitive proof that O–H bond breaking occurs 
prior to the breaking of the α C–H bond. This is despite the fact 
that the α C–H bond in secondary alcohols is somewhat weaker 
than the O–H bond. It is supposed that this may be due to the fa-
vourable orientation of the hydroxyl group on the surface.95 

The catalytic action of the copper catalyst is the result of par-
tial charge transfers between the various entities on the surface and 
in the adsorbed molecule according to the electronegativity of in-
dividual atoms. The carbonyl mechanism, in fact, was originally 
suggested to interpret the dehydrogenation of alcohols on oxide 
catalysts such as Cr2O3 ,107-108 and may be viewed as the weakening 
of the corresponding 3 bonds in the aliphatic alcohol through in-
teractions with 3 surface entities Cu0, Cuδ+ and Oδ–, as shown in 
Scheme 1. 

Hence, the goal for materials scientists is to transform a stable 
Cu-Ti amorphous alloy, which is highly resistant to activation, into 
a modified material where the above 3 entities exist, in a suitable 
configuration on the surface (Cu0 + Cuσ+ + Oσ–). In an attempt to 
achieve this, cathodic hydrogen charging followed by air exposure 
was used as a modification method.  

Our own recent results have shown that the procedure devel-
oped by Gebert et al.109-110 was efficient in transforming Cu-Hf 
amorphous alloys into stable, efficient (~ 90% conversion) and 
selective (~ 95%) catalysts.88 After hydrogen charging the Cu-Hf 
samples were exposed to air for a prolonged time to desorb hydro-
gen. This allowed the second element to undergo oxidation, 
thereby enhancing segregation phenomena. Our preliminary re-
sults89 suggest that the same procedure is promising for Cu-Ti, as 
well.  
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Table 5 
Effect of Hydrogen Charging on Catalytic Behavior of Cu-

Based Amorphous Alloys. 

Precursors Treatment Conversion  
(%) 

Selectivity  
( %) 

Cu-Zr High pressure hydrogen charging ~ 50 ~ 85 
Cu-Hf Cathodic hydrogen charging ~ 90 ~ 98 
Cu-Tia Cathodic hydrogen charging ~ 60 ~ 99 
aOnly cathodic hydrogen charging is efficient in the activation of Cu-Ti precursor 

1.  Catalytic Activity, Porosity and Specific Surface Area of 
Cu-Based Catalysts 

Table 5 compares the conversion and selectivities in dehydrogena-
tion of 2-propanol to acetone obtained on modified Cu-based cata-
lysts. Only the most efficient methods were compared for each 
alloy under consideration. Although the conversion level is lower 
for Cu-Ti than for Cu-Hf catalysts, yet, the selectivities are supe-
rior for the Cu-Ti catalyst. 

Table 6 shows the effect of hydrogen charging on the catalytic 
activity of Cu-Ti amorphous alloys, as well as, on their BET spe-
cific  surface area.  Catalytic activity increases with  charging time  
 
 

Table 6 
Average H/M Atomic Ratio, BET⎯Specific Surface Area, Po-

rosity and Conversion of 2-Propanol on Cu60-Ti40 Amor-
phous Alloy After Cathodic Charging at –1 mA/cm2 Over 

Varying Charging Time from 27 h Up to 96 h. 

Cu60-Ti40 
i ≈ 1 mA/cm2 

(0.1 M H2SO4) 

Atomic 
ratio  
H/M 

BET surface  
 (m2/g)  

averagea 

Porosity  
 (cm3/g)  
averagea 

Conversion 
(%) 

after 3 h after 5 h  
t = 27 h   0.39 2.3 (~230) 0.005 (0.5) ~11 ~10 
t = 50 h 1.0 2.7 (~270) 0.006 (0.6) ~22 ~18 
t = 70 h   0.86 1.1 (~110) 0.002 (0.2) ~26 ~27 
t = 96 h 1.0 1.7 (~170) 0.003 (0.3) ~60 ~60 
aAverage value calculated with respect to the total weight of the ribbon. 

The values of BET surface and porosity estimated for the modified layer of the 
material only are given in parentheses. True values of BET specific surface area 
and porosity (in parentheses) are estimated for the modified region only. Those 
values were estimated taking into account that the cathodic hydrogen charging 
modified only ~ 1% of the Cu60-Ti40 ribbon thickness11. 
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Figure 19. Catalytic activity and selectivity to acetone for dehydrogena-
tion of 2-propanol on a Cu60-Ti40 amorphous ribbon after hydrogen 
charging in 0.1-M H2SO4 at low current density. Reprinted from M. Pisa-
rek, M. Janik-Czachor, A. Molnar, B. Rac “Cathodic hydrogen charging 
as a tool to activate Cu-Ti amorphous alloy catalysts.”, Electrochem.Acta, 
50, 5111, Copyright (2005) with permission from Elsevier.   

 
 
up to conversion of ~ 60%, while the H/Metal atomic ratio (H/M) 
also increases from 0.39 to ~ 1.0, which is not in harmony with 
BET specific surface area and porosity data, as can be seen from 
Table 6. This subject will be discussed in more detail below.  

The selectivity to acetone of the Cu-Ti catalyst, which reached 
about 100%, is superior to that obtained for modified Cu-Hf111 or 
Cu-Zr. Figure 19 shows an example of the stability of the catalytic 
activity of hydrogen-charged Cu-Ti and its selectivity, reaching 
99% over a prolonged testing period, at a conversion reaching  
~ 60%. Figures 20 and 21 show BET specific surface area and 
porosity vs. cathodic hydrogen charging time for Cu-Ti and, for 
comparison, for Cu-Hf amorphous alloys. 

Although BET areas may not necessarily be relevant to ca-
talysis, the rather small values (a few m2/g or less) are indicative of 
a small concentration of active sites. The average BET areas are 
small and decrease  with  hydrogen  charging  for Cu-Ti; neverthe- 
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Figure 20. BET specific surface area (estimated with respect to the total weight 
of the modified ribbon) vs. time of hydrogen charging of Cu-Hf and Cu-Ti 
alloys at low current density in 0.1 M H2SO4. Corresponding conversion data 
are also given. 
 
 
less, catalytic activity increases. Inspection of the average pore 
diameter, moreover, reveals that it oscillates between 8.6 nm and 
7.2 nm for a hydrogen charging time varying from 27 h up to 98 
h.85,111 Thus, the average porosity characteristic is not in harmony 
with the catalytic data either. 

It is important to emphasize that for this modified precursor 
surface Cu0 could not be detected, even after hydrogen treatment. 
It may be argued that the sensitivity and accuracy of N2O titration 
are not high enough to measure the surface concentration of Cu0 
accurately. However, for Cu-Zr and Cu-Hf alloys and powders in 
earlier studies90,112 activities could be correlated with the Cu0 con-
centration measured by the same method. Furthermore, even if 
small amounts of undetected Cu0 are present on Cu-Ti, this defi-
nitely cannot account for the activities, which are comparable to 
those determined for Cu-Zr and Cu-Hf.  

The BET surface area and porosity (estimated with respect to 
the total weight of the modified ribbon) given in Table 6 and in 
Figs.  20–21  require an  additional  comment.  Our attempt  to  ex- 
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Figure 21. Average porosity (estimated with respect to the total weight of 
the modified ribbon) of the surface of the precursors vs. time of hydrogen 
charging of Cu-Hf and Cu-Ti alloys at low current density in 0.1 M H2SO4. 
Corresponding average pore diameter data are also given. 

 
 
amine the changes in a cross-section of Cu-Ti amorphous alloy 
introduced by cathodic hydrogen charging (and peeling off the Cu, 
see the comment to Fig. 21, below) was not successful. The hy-
drogen modified layer was thin (< 1μm) as compared to the thick-
ness of the ribbon, and not homogenous in thickness, so it was not 
possible to estimate its thickness unambiguously. Apparently, hy-
drogen concentration is maximized at the very thin surface layer as 
titanium hydride, which then blocks further entry of hydrogen into 
the bulk. This type of blocking effect by hydrogen is known for 
other metals.113 Hydrogen charging, therefore, affects primarily the 
surface layer, (in the case of Cu60-Ti40 ~ 1% of the total thickness 
of the ribbon) which is relevant to catalysis. Certainly, the specific 
surface area and porosity also change only locally; thus the corres-
ponding average figures for the modified layer given in Table 6 
should be, in fact, multiplied by a factor of about 102, as indicated 
in parentheses in Table 6.  

As Ti is known for its tendency to readily form hydrides,114 it 
is thus very probable that, upon cathodic charging, hydrogen pene-
tration into the bulk results in the formation of TiH2. Because the 
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hydride has a higher volume, swelling takes place, inducing phases 
separation and crystallization and the migration of Cu to the 
surface. Since the catalytic results for the above material are not in 
harmony with those of their BET specific surface area and porosity 
measurements, an attempt was made to carefully examine the 
morphology and surface composition to identify the decisive fac-
tors responsible for the increased catalytic activity of the Cu-Ti 
precursor after activation with hydrogen charging. Considering the 
large difference between the behaviour of Cu-Zr83-84 and Cu-Ti, we 
conclude that Cu-Ti alloy is more stable, and that only a very thin 
surface layer is involved in the modification.  

2.  Surface Characterization of Cu-Based Catalysts 

High-resolution local characterization is necessary to gain insight 
into the mechanism of catalytic action of modified Cu-based al-
loys. The local chemical and morphological changes of the catalyst 
at the nanometer scale during modification of the catalyst precur-
sor need to be monitored. Scanning Auger microscopy (SAM) is a 
suitable technique for this purpose because it is surface sensitive. It 
offers information limited to a depth of 1 nm or less.86,115-116 Si-
multaneously, a lateral resolution of ~20 nanometers can be ob-
tained. An Auger microprobe analyzer, a Microlab 350 (Thermo 
Electron), was employed to monitor subtle changes in surface 
morphology (scanning electron microscopy, SEM) and local 
chemical composition, utilizing Auger electron spectroscopy 
(AES). 

The Microlab 350 has a Schottky type field emission electron 
source, which consists of a single crystal tungsten wire coated with 
zirconium oxide semiconductor material. This provides a fine elec-
tron beam with a diameter of several nanometers, which is suitable 
for local excitation of the process of Auger electrons emission.117 
Detailed lateral distribution of elements was examined utilizing the 
Auger line scan function. The chemical state of surface species 
was identified using the high-energy resolution of the Auger spec-
trometer (the energy resolution of the spectrometer is continuously 
variable between 0.6% and 0.06%) and the appropriate standards. 
Details are given elsewhere.85,89,111 

It was clear from the previous results85,88,111 that the catalytic 
activity of  Cu-Hf  increases with hydrogen charging time  because  
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Figure 22. Morphology of a 60Cu-40Ti amorphous 
glassy ribbon after cathodic hydrogen charging in 0.1-
M H2SO4 at low current density for 98 h. Cu layer peels 
off and does not contribute to the catalytic activity. 

 
 
of the development of specific surface area and porosity. In con-
trast, it was still unclear what was the decisive factor increasing 
the catalytic activity of Cu-Ti, although a similar unique behaviour 
of the Cu-Ti system had already been observed.87 Additional data 
acquired by surface analytical techniques are presented below to 
further characterize the working CuTi catalysts. 

Figure 22 shows a typical morphology of Cu60-Ti40 amor-
phous alloy after hydrogen charging at i = –1 mA/cm2 in 0.1-M 
H2SO4 for 96 h. Here the picture is completely different than that 
observed for the Cu-Hf amorphous alloy,87,89 where a typical Cu 
catalyst on a HfO2 support was formed during hydrogen charging. 
A rather flat Cu layer (Cu segregated at the surface during cathodic 
hydrogen charging) covers part of the surface. Upon cathodic 
charging hydrogen penetrates into bulk resulting in the formation 
of TiH2. Since the hydride has a higher volume swelling takes 
place inducing phases separation and crystallization and the migra-
tion of Cu to the surface. 

This peculiar type of Cu segregation usually resulted in a par-
tial peeling of the Cu surface layer, thus exposing the remaining 
oxide support underneath. As a major part of the Cu layer peeled 
off the surface, it did not participate in the catalytic process.  

A closer look at both areas after tilting of the sample revealed 
a surprising picture.  The  Cu surface layer (Fig. 23)  is all  cracked  
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Figure 23. High resolution SEM image of Cu layer af-
ter cathodic hydrogen charging at i = –1 mA/cm2 in 
0.1-M H2SO4 during 98 h. The image demonstrates de-
tails of a typical morphology with small cracks devel-
oped in the process of hydrogen charging. 

 
 
and contains micro-voids, which may be easy paths for hydrogen 
penetration during continuation of the cathodic pretreatment or 
during the catalytic test reaction. The substrate image (Fig. 24) 
reveals small, highly porous clusters on the surface, with diameters 
of 20–100 nm. It is, however, obvious that still smaller ones, be-
low the resolution limit of the Microlab 350, are also present. 
 
 

 
Figure 24. High resolution SEM image of typical substrate 
beneath a Cu layer after cathodic hydrogen charging at i = 
-1 mA/cm2 in 0.1 M H2SO4 during 96 h. The picture 
shows very small metal clusters on the oxide support. The 
points of Auger local chemical analysis: P1 – cluster, P2 - 
substrate are marked on the SEM image.  
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Figure 25. Local differential Auger spectra recorded on a cluster 
(P1) and on the porous  substrate (P2) after sputtering for 10s, see 
Fig. 24 . 

 
Local Auger spectra presented below (Fig. 25), taken at a 

cluster (P1) and at the substrate (P2), of the SEM image (Fig. 24) 
reveal the following typical features: 

• the cluster consists of Cu, O and some amount of Ti; the 
corresponding peak to peak heights ratios in the differential 
spectrum are Cu(LM2)/Ti(LM2) = 2.5, O(KL1)/Cu(LM2) + 
Ti(LM2) = 0.6 for P1; for the other clusters the correspond-
ing values varied from 2.3 to 6.7 for pph ratio Cu(LM2)/ 
Ti(LM2); 

• the background consists of Ti and O and a small amount of 
Cu; the corresponding peak to peak height ratios in the dif-
ferentiated spectrum are Cu(LM2)/Ti(LM2) = 0.7, O(KL1)/ 
Cu(LM2) + Ti(LM2) = 0.9 for P2; for the other locations 
the corresponding values varied from 0.5 to 0.8 for pph ra-
tio Cu(LM2)/Ti(LM2). 

These results illustrate the chemical inhomogeneity of the 
catalysts surface, which apparently facilitates its selectivity for 
acetone in the catalytic reaction. 
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Thus, it is clear that all three components (Cu, Ti, O) are pre-
sent in different proportions both on the surface and in the clusters. 
The latter are enriched in Cu (to different degrees depending upon 
the cluster),89 which certainly is important for their catalytic effi-
ciency. Moreover, the substrate is more oxidized than the clusters. 

3.  Modified Mechanism of Dehydrogenation of Aliphatic 
Alcohol on Cu-Ti Catalysts 

The results of our investigations have shown that the mechanism 
of dehydrogenation of aliphatic alcohols proposed for Cu powder, 
and apparently valid for modified Cu-Hf amorphous alloy precur-
sor, does not apply to Cu-Ti catalysts. Thus we propose its modifi-
cation, as follows:  

While Cuδ+ and Oδ– centres play their role according to the 
previously proposed mechanism (Scheme 1, steps 1 and 2), the 
identification of the actual surface species in step 3 to split off a 
second hydrogen atom needs further consideration. In fact, the 
actual surface site responsible for the removal of this hydrogen 
was not discussed in earlier studies. The only exception is a work 
comparing the characteristics of Cu and ZnO in the dehydrogena-
tion of ethanol.118 Here, a Cu site is suggested to participate in the 
final step as depicted in Scheme 1. 

The unique behaviour of Cu-Ti suggests that ionic Ti centres 
may play a role in the final step of dehydrogenation. The complex-
ity of the actual catalyst surface is a strong indication that a 
mechanism similar to that occurring on oxides requiring the close 
proximity of all three components may be operative here. The 
main feature of this mechanism is the removal of the β hydrogen 
by a metal ion centre (Scheme 2), which is similar to an enolic-
type mechanism.107,118 Then, the final product is formed as a result 
of a simultaneous hydride transfer as suggested in Ref. 85, 89, 111 
and 118.  

Alternatively, α-hydrogen removal by a surface Ti site may 
also be possible (Scheme 3). Both suggestions are based on the 
known tendency of Ti to form stable hydrides readily. The third 
mechanism, however, seems less probable than the second for the 
reason discussed elsewhere107,111,119 for oxide-type catalysts: 
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• Detrimental processes of material degradation by hydrogen 
embrittlement occurring during cathodic hydrogen charging 
appeared to be a useful method of functionalization of Cu-
based amorphous alloys precursors for catalytic applica-
tions.  

• The only successful method to transform Cu-Ti into an ac-
tive catalyst is cathodic hydrogen charging. This is the only 
procedure found so far which can induce the changes in 
structure, composition and morphology necessary for effec-
tive performance as a catalyst. 

• The electrochemical process of cathodic hydrogen charging 
proved to be an efficient method of modifying so far cata-
lytically inactive Cu-Ti into efficient (average conversion 
attained ~ 60%) and selective (99%) catalysts for the dehy-
drogenation of aliphatic alcohols. 

• Combined high resolution microscopic and local surface 
analytical investigations of Cu-Ti catalysts modified by ca-
thodic hydrogen charging provided a new insight into the 
catalytic mechanism of the dehydrogenation of 2-propanol. 
Accordingly, a modification of the previously suggested 
mechanism was proposed. 

• High resolution SAM investigation show that modified Cu-
Ti catalysts do not consist of two well-separated phases. 
Highly porous, Cu-Ti-O particles (enriched in Cu) on a Ti- 
O-Cu support exist there. A modification of the previously 
suggested catalytic reaction mechanism was thus required. 
The proposed modification involves Cuδ+, Oδ– and Tiδ+ enti-
ties as possible active centres. The above results provide an 
insight into a possible engagement of the catalyst’s support 
itself in the catalytic reaction. 
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V.  SUMMARY AND CONCLUSIONS 

In this chapter we have shown on three examples that a combina-
tion of electrochemistry, microscopy, and surface analysis helps to 
identify the factors responsible for a specific function of the mod-
ified amorphous or nanocrystalline alloys. Figure 26 illustrates the 
information depth and lateral resolution provided by different ex-
perimental techniques (and by different instruments) used in the 
investigations of metastable materials discussed above. While light 
microscopy and SEM are useful mainly in examining morphologi-
cal details at the surface, AES and SAM provide important chemi-
cal information confined to a few top atomic monolayers. X-ray 
microanalysis, RBS and XRD pattern in fact provide bulk informa-
tion, but for very thin samples they are a source of surface infor-
mation. Electrochemistry, on the other hand, provides average 
information on the rate of surface reactions. Depending upon the 
goal, a combination of these methods is useful for materials func-
tionalization and/or for characterizing the topography and chemi-
stry of their surfaces.  

Analysis of the existing data suggests that the changes occur-
ring in the metastable materials in contact with an electrolyte or 
with air – leading to their functionalization – may extend deeper, 
and laterally wider, than those one would expect for crystalline 
materials. Therefore, metastable materials, including amorphous 
and nanocrystalline ones, are suitable as model systems and pro-
vide good targets for functionalization. Their potential in these 
areas is still not sufficiently recognized and exploited. One has to 
consider, however, that the local and in-depth effects are confined 
to only nanometers or less. Therefore, for future progress in mate-
rials science, electrochemical and high resolution surface analyti-
cal and microscopic investigations are both crucial and promising. 
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rials Science and Engineering, WUT. 
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I.  INTRODUCTION 

The stabilization of metallic surfaces against corrosion processes 
in natural and industrial environment rests on the onset of passivity 
condition with a subsequent drastic reduction of the corrosion rate 
of the underlying metallic substrate. In spite of a longstanding con-
troversy it is now universally accepted that a passive metal is 
usually covered by a thin or thick external layer the whose physi-
cochemical properties control the evolution of corrosion process as 
well as the possible reactions occurring at metal/oxide and 
oxide/electrolyte interfaces.1,2 In many cases of practical impor-
tance, passivity of metals is reached in presence of very thin (few 
nm thick) layer which makes the complete physico-chemical cha-
racterization a very complex task requiring the use of different 
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powerful in situ and/or ex situ techniques. This is particularly true 
if we want to get information pertaining to the chemical composi-
tion, morphology, crystalline or disordered nature and solid-state 
properties of the passive layers. 

Many useful information on the film composition can be ga-
thered from ex situ techniques (Auger, ESCA, XPS, SIMS, RBS, 
GDOES) although they suffer some limitations and drawback spe-
cially when investigating very thin films, owing to the risk of 
changing structure and composition of the passive film on going 
from the potentiostatic control in solution to the vacuum. Accord-
ing to this a large agreement exists on the advantages of passive 
film characterization based on in situ techniques or controlled 
transfer under inert atmosphere on going from electrochemical cell 
to analytical equipment.3–11 

Besides more traditional (and mainly optical) techniques (dif-
ferential and potential modulated reflectance, ellipsometry, interfe-
rometry, Fourier transform infrared spectroscopy, Raman and 
Mössbauer spectroscopy), new in situ techniques have been intro-
duced in the last years, which are capable of providing useful in-
formation on structure, composition, morphology and thickness of 
passive films, such as: EXAFS, XANES, EQCM, STM and AFM. 
The use of these analytical techniques has improved our under-
standing of the structure and composition of passive films grown 
on metal and alloys.1–14 

As for the study of solid state and electronic properties of pas-
sive films and corrosion layers differential admittance (DA) and 
photocurrent spectroscopy (PCS) techniques have been largely 
used by electrochemists and corrosion scientists during the years. 
Both techniques take advantage from the pioneering works of Gar-
rett and Brattain in the mid 1950s and from the advent of Gerisch-
er’s theory and its systematic use for interpreting the kinetics of 
electron and ion transfer reactions (ETR and ITR) at the semicon-
ductor/electrolyte interface.15–25 We have to mention that both ITR 
and ETR are involved in determining the kinetics of growth and 
the breakdown processes of passive films.1,2,26–33 In many cases the 
combined use of both DA and PCS techniques is able to provide 
the information necessary to locate the characteristic energy level 
(flat band potential, Ufb, conduction and valence band edge EC, EV) 
of the passive film/electrolyte junction. 
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The location of characteristics energy levels of the 
metal/passive film and passive film/electrolyte junctions is a pre-
liminary task for understanding the kinetics of ion and electron 
transfer reactions at passive film electrolyte-interface. In fact, both 
the ITR and ETR are controlled by the: 

• energetics of the metal/film and film/electrolyte interfaces  
• electronic properties of the passive film. 

In the case of differential admittance technique apart the se-
minal papers of Mott34 and Schottky35 on the rectifying properties 
of metal/semiconductor contacts (copper/cuprous oxide) there is 
no doubt that the classical papers of Dewald on the 
ZnO/electrolyte interface,36 showing the validity of Mott-Schottky 
analysis for the location of characteristic levels of the semiconduc-
tor/electrolyte junction, opened up a new route for a deeper under-
standing of the structure of SC/electrolyte interface. 

If we take into account that in the case of passive films the ex-
treme thinness and their disordered or amorphous structure adds 
further complications to the possible interpretative models of DA 
data, it is not surprising that in spite of the numerous studies on 
passive film/electrolyte interfaces an unambiguous picture or gene-
ralized acceptance of interpretative models is still lacking. 

Together with differential admittance studies and among other 
optical methods, PCS has gained a large consideration in the last 
decades as in situ technique for the characterization of photocon-
ductive passive film able to provide information not only on the 
location of characteristic energy level of passive film/electrolyte 
junction and internal photoemission threshold (Eth) at the met-
al/passive film interface, but also as a possible analytical tool for 
identifying the nature of passive film and corrosion layers.37–40 The 
attractive features of PCS are due to the fact that it is a non-
destructive technique based on the analysis of the electrochemical 
response (photocurrent or photopotential) of the passive elec-
trode/electrolyte interface under irradiation with photons of suita-
ble energy and intensity. Often the choice of a potentiostatic con-
trol is preferred, by taking into account the prominent role of the 
electrode potential in the establishment of electrochemical equili-
brium involving different metal oxidation states and reactivity of 
the passive films.41 
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It is in the aims of this work to stress the limitations of a tradi-
tional approach, based on the theory of ideal crystalline semicon-
ductor, to the study of semiconducting behavior of passive films 
and to provide, possibly, a more general interpretative frame for a 
deeper understanding of the semiconducting properties of passive 
films. At this aim after an initial introduction to the theory of Mott-
Schottky barrier valid for ideal single crystal SC/electrolyte junc-
tion a more extended introduction to the theory of amorphous sem-
iconductor Schottky barrier will be presented. In this frame some 
inconsistencies usually encountered in literature of thin passive 
films will be discussed and possible alternative explanations sug-
gested in agreement with the more realistic model of the solid state 
properties in disordered and amorphous materials. 

In the second part of the work a short introduction to the opti-
cal properties of crystalline semiconductor/electrolyte interface 
will be presented as preliminary to a more extended discussion on 
the influence of lattice disorder on the optical properties of semi-
conductor and insulating materials. New features related to the 
extremely thin thickness of passive films will be presented and 
discussed. Finally the use of PCS as an analytical tool for identify-
ing the possible nature of corrosion and passive film will be dis-
cussed on the basis of a semi-empirical correlation between optical 
band gap of oxides and composition of passive films grown on 
metal and alloys. 

II.  IMPEDANCE MEASUREMETS FOR PASSIVE FILMS 

1.  Semiconductor/Electrolyte Interface 

With very few exceptions, most of passive layers grown on metals 
and alloys behave like semiconducting or insulating materials. 
Accordingly, widespread use of the theory of crystalline semicon-
ductors has been made to discuss the behavior of passive 
film/electrolyte junction. Such an extension is not always critically 
checked by taking into account whether the hypothesis underlying 
the theory of bulk crystalline materials are also valid in the case of 
the thin passive films investigated. Moreover,  in spite of the exist- 



Passive Films and Corrosion Layers  235 
Po

te
nt

ia
l

0-x H x SC

x

φEl (- ∞)

φSC (∞)

ΔΦSC/El

 
Figure 1. Galvani potential distribution across an n-type SC/El interface in absence 
of specific adsorption of ions in solution and surface states. 
 
 
ing evidence that in many cases the passive films are amorphous or 
strongly disordered such an information is not usually taken into 
account to explain the admittance behavior of the junction neither 
to modify the traditional approach to the study of the interface by 
using the more pertinent theory of amorphous semiconductor 
Schottky barrier. For a better understanding of the influence of 
amorphous nature on the differential admittance and photocurrent 
spectroscopy measurements a brief introduction on the structure of 
semiconductor/electrolyte interface will be given to derive some 
equations usually employed to investigate the structure of such 
interface. 

With respect to the metal/electrolyte interface in the case of 
SC/electrolyte interface the main differences stem out from the 
different electronic structure of the electrode.16–25 In fact, different-
ly than in a metal, owing to a much lower density of free carriers 
in the conduction band of semiconductor a much larger screening 
length in SC electrode is necessary to neutralize the excess of 
charge lying in the solution side. 

In Fig. 1 we report the schematic Galvani potential distribu-
tion across an n-type SC/El interface in absence of specific absorp-
tion of ions in solution. According to Fig. 1 the total potential drop 
across the SC/El interface is given by: 



236  F. Di Quarto, F. La Mantia, and M. Santamaria 

 
  ( ) ( ){ } ( ) ( ){ }∞−φ−φ+φ−∞φ=ΔΦ ElSCSCSCSC/El 00   (1) 
 
where the first term in the bracket of Eq. (1) represents the Galvani 
potential drop from the bulk (zero electric field) to the surface of 
SC/El junction, whilst the term in the second bracket is the Gal-
vani potential drop occurring into the compact and diffuse double 
layer (if any) of the electrolytic solution. In presence of concen-
trated electrolyte the diffuse double layer is missing and we can 
rearrange the previous equation as: 
 

  HSCSC/El ΔΦ+ΔΦ=ΔΦ    (2) 
 

where ΔΦSC and ΔΦH represent the potential drop into SC and the 
Helmholtz double layer respectively. In equilibrium conditions the 
potential drop inside the semiconductor can be calculated by solv-
ing the Poisson equation (see below) under the same conditions 
used for an ideal semiconductor/metal Schottky barrier and by 
taking into account that the potential drop within the semiconduc-
tor is only a part of the total potential difference measured with 
respect to a reference electrode. Moreover, by assuming that in 
presence of a sufficiently concentrated (> 0.1 M) electrolytic solu-
tion the potential drop in the diffuse double layer is negligible, the 
measured differential capacitance of the interface, Cm, in electro-
chemical equilibrium can be defined as:36 
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where CSC is the capacitance of the space charge region in the sem-
iconductor, and CH is the capacitance of the Helmholtz compact 
double layer. In terms of equivalent electrical circuit the interface 
can be represented by two capacitors in series: 
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The value of CSC changes with the width of space charge re-
gion within the semiconductor, XSC, and it is a function of the po-
tential drop, ΔΦSC, within the SC whilst a constant value (10–30 
μF cm–2) is usually assumed for CH. 

The region of SC necessary for screening the potential drop 
ΔΦSC defines the space charge region. The width of the space-
charge region in crystalline semiconductor (c-SC) changes with 
the potential drop according to the following equation: 
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where X0

SC represents the space-charge width into the SC electrode 
at 1 V of band bending (ΔΦSC = ψSC = 1 V) and its value depends 
on the concentration of mobile carriers into the SC. In the hy-
pothesis of completely ionized donors (n-type SC) or acceptor (p-
type SC) the expression for such a characteristics length is given 
by: 
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where ND/A are the donor (or acceptor) concentration in cm–3, εox 
and ε0 are the SC dielectric constant and the vacuum permittivity, 
respectively. By assuming for the passive film dielectric constant 
the typical value of ~ 10 and a donor concentration of 1019 cm–3 we 
get for X0

SC a value around 100 Å V–0.5. 
In Figs. 2a and 2b we report the schematic diagram of an n-

type SC/electrolyte junction in energy-distance coordinates at flat 
band conditions (XSC = 0) and under slight depletion (XSC > 0). 
ΔΦSC = 0 (no potential drop within the SC) corresponds to the spe-
cial flat band condition reported in Fig. 2a whilst an anodic ΔΦSC > 
0 (n-type SC) polarization corresponds to the conditions depicted 
in Fig. 2b. In the case of p-type material a space charge layer de-
velops inside the SC for ΔΦsc < 0. 
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In terms of electrode potential, UE, for not heavily doped SC 
and in absence of an appreciable density of electronic surface 
states (SS), we can write: 

 
  ( )refUU fbESC −=ΔΦ    (7) 

 
where Ufb(ref) represents the flat band potential measured with 
respect to a reference electrode in the electrochemical scale. 

2.  Location of Characteristic Energy Level in  
c-Semiconductor/Electrolyte Interface 

The first task in the location of the energetics of a semiconductor/ 
electrolyte interface is to derive the flat band potential of the junc-
tion, corresponding to the condition of zero Galvani potential drop 
inside the SC. A common practice in electrochemistry is to get 
such a parameter by measuring the differential capacitance of the 
junction defined as above: 

  

  
SCm C

 
C

11 ≅    (8) 

 
by assuming 1/CH << 1/Csc. In order to get the expression of the 
differential capacitance CSC it is first necessary to solve the Pois-
son-Boltzmann equation for the band-bending in the SC and then 
calculate the charges from Gauss's law.36 and refs therein Under the 
simplifying assumptions of: 

• crystalline semiconductor electrode homogeneously doped 
under depletion regime; 

• fully ionized single donor (or acceptor, for p-type SC) level; 
• absence of deep lying donor (acceptor) levels in the forbid-

den gap of the SC; 
• negligible contribution of surface states and minority carri-

ers to the measured capacitance; 
• absence of Faradaic processes at the SC/El interface; 
• width of space-charge layer much lower than the semicon-

ductor thickness; 
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it is possible to get a simplified expression for the space charge 
capacitance, which coincides with the well-known Mott-Schottky 
equation: 
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where ΔΦSC = (UE – Ufb) and ND is the density of ionized donors in 
the n-type SC. The previous equation holds for a p-type material, 
with the minus sign in front of ΔΦsc and NA instead of ND. The 
extrapolation to zero of the first term in M-S equation provides the 
value of the intercept with voltage axis U0, whilst from the slope of 
Eq. (8) it is possible to derive the concentration of donor (or accep-
tor) in the SC. A more general equation taking into account the 
degree of dissociation of donors (acceptors) has been reported36 
but rarely employed in the study of passive film.28 

The assumption of neglecting the contribution of Helmholtz 
capacitance to Cm can seriously affect the value of flat band poten-
tial. In fact we recall that the following relationship exists between 
the intersection of the M-S plot with potential axis, U0, and the flat 
potential value:42–44 
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The required correction in the Ufb value remains negligible as 

long as the dielectric constant value and donor density are small 
but it becomes important as εox or ND (or both) increase close to 
values as those sometimes reported for passive films (see below). 
The location of the Fermi level of the c-SC, in the electrochemical 
scale, is carried out by means of the equation:39 

 
  ( ) ( )refUeElE fbf −=0    (10) 
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According to the theory at any other electrode potential the Fermi 
level of the SC, in the hypothesis of electronic equilibrium trough 
the space charge region, will be located by assuming Ef = E0

f – 
|e|ΔΦsc. 

The location of the remaining energy levels of the junction is 
performed by means of the usual relationships for n- and p-type 
semiconductors: 
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where NC (and NV) is the effective density of states (DOS) at the 
bottom (top) of the SC conduction (valence) band, EC and EV the 
conduction and valence band edges, respectively, and Eg is the 
band gap of the SC. The simplified method reported above and 
based on the use M-S theory for locating the energy levels at the 
SC/El interface is very popular among the corrosion scientists. 
However, we have to mention that, although the validity of Eq. (8) 
has been tested rigorously for several SC/El interfaces,43–50 since 
the seminal work of Dewald36 on single crystal ZnO electrodes, in 
many cases a misuse has been made of such equation. 

In order to highlight this aspect we come back to the limita-
tions included in the use of the above reported equations. As for 
the effective DOS at conduction (valence) band edge for n-type (p-
type) SC it is given by: 
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where MC is the number of equivalent minima (maxima) in the 
conduction (valence) band, m* is the effective mass for the DOS in 
the corresponding band and the other symbols have their usual 
meaning. By assuming MC = 1 and m* equal to the mass of free 
electron, m0, we get NC = 2.5 × 1019 cm–3 at room temperature. By 
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taking into account that Eq. (11) on the hypothesis that the follow-
ing relationship: 

 
 (Ev + 3 kT) ≤ EF ≤ (Ec – 3 kT) (13) 

 
holds, we can estimate for an hypothetical donor (acceptor) density 
equal to 1019cm–3 an effective mass of electron (holes) in the con-
duction (valence) band m* ≥ 7 . Such a value of m* is not unusual 
for transition metal oxides so that we can also estimate the corre-
sponding space charge thickness of the semiconducting oxide by 
means of Eq. (6) reported above. According to the previous calcu-
lations and by assuming ΔΦSC = 0.5 V a value of space charge 
length of ~ 9 nm for iron oxide (εox = 15) and ~ 8 nm for nickel 
oxide (εox = 12) are estimated. Both these values are larger than the 
oxide film thickness usually reported for passive iron (3 ~ 5 nm), 
nickel (2 ~ 3 nm), chromium and stainless steels (2 ~ 3 nm) in dif-
ferent solutions before the onset of the transpassive region,51–56 so 
that the hypothesis of SC space charge width much lesser than the 
thickness of SC could be untenable and the electrical equivalent 
circuit of the junction should be modified by adding a further ca-
pacitance in parallel with the CSC term which accounts for the 
metal contribution to the total stored charge.57 

On the other hand donor or acceptor concentration larger than 
1020 ~ 1021 cm–3 for passive films on iron, nickel and stainless steel 
have been reported58–66 and up to 1022 cm–3 in some chromium 
carbon steel.67 At such high level of donor or acceptor concentra-
tion the applicability of classical M-S theory to the study of a de-
generate (or strong impurity metal68) semiconductor/electrolyte 
interface is open to serious doubts. By considering that in this case 
the Fermi level should be located well above (below) the conduc-
tion (valence) band edge, the passive film/electrolyte interface 
becomes now more similar to a semimetal/electrolyte interface for 
which a different theoretical approach has been suggested.31,69–70 

In presence of such large density of donor (acceptor) concen-
tration the experimental data should be taken with caution and the 
electrical equivalent circuit, employed to extract the space-charge 
capacitance data, carefully scrutinized in order to verify if the re-
strictions underlying the simple M-S analysis are satisfied special-
ly in absence of ideally polarizable interface. Moreover at such 
high donor (acceptor) concentration, neglecting the contribution of 
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the capacitance of the Helmholtz double layer to the measured 
capacitance is no more acceptable whilst the assumption of a po-
tential independent CH value, at negative potentials with respect to 
the flat band condition, should be tested.31 For highly doped mate-
rials, as previously mentioned, the values of Ufb can differ consid-
erably from the intercept value U0. By substituting the value of 
dielectric constant usually reported for passive iron (εox = 15) and 
an average ND value of 1021 cm–3 we obtain (see Eqs. 9a,b) a dif-
ference between the flat band potential and the intersection voltage 
U0 ranging from 0.26 V up to 1.06 V by assuming for CH values 
ranging between 20 and 10 μF cm–2. 

Further limitations in the application of classical M-S analysis 
to passive films come out from the strong frequency dependence 
usually observed in the differential capacitance values of the junc-
tions affecting considerably both the slope (ND, NA) and the flat 
band potential values. As possible explanations of such a behavior 
the presence of deep lying donor (acceptor) level and/or the pres-
ence of surface states has been frequently invoked in the case of 
crystalline semiconductors and semiconducting passive film. 
However, the apparent measured density of donor (acceptor) car-
ried out trough the M-S equation is meaningless whilst the location 
of characteristics energy levels of the junction performed by means 
of Eqs. (11) may be misleading as discussed in the specialized 
literature several years ago.71,72 In the case of c-SC the possible 
physical cause of such frequency dependence has been also attrib-
uted to the presence of an external (disordered or amorphous) 
layer, which after chemical etching of the surface of c-SC could be 
removed to restore the expected behavior.73 

In the case of thin passive film the presence of a frequency 
dependent differential capacitance is intrinsic to the formation of a 
layer having an amorphous or strongly disordered nature requiring 
the use of interpretative models accounting for such a specific fea-
ture. According to this it appears preferable to afford such a com-
mon aspect in the study of passive film/electrolyte interface by 
using a more general theoretical approach based on the theory of 
amorphous semiconductor Schottky barrier which is able to pro-
vide a better physical description also for the behavior of crystal-
line semiconductor junction containing a distribution of donor (ac-
ceptor) level in the forbidden energy gap of the SC. 



244  F. Di Quarto, F. La Mantia, and M. Santamaria 

On the other hand semiconducting passive films in a large 
range of thickness (2 ~ 200 nm) can be grown on different valve 
metals (Ti, Ta, Nb, W) with donor density values of 1017 ~ 1020 
cm–3, measured according to M-S equation. For these systems a 
thickness dependent, as (dox)–2, donor concentration changing with 
the growth conditions, initial surface treatment, post-anodizing 
annealing and nature of investigated metal has been reported by 
different groups.28,74–75 Also for these systems a systematic de-
pendence of the measured capacitance values from the frequency 
of ac signal has been observed. Usually at constant frequency a 
transition from semiconductor-like to insulating behavior was re-
ported with increasing film thickness at not too low estimated do-
nor concentration (ND > 1018 cm–3),74 whilst at large film thickness 
the same transition may occur with increasing ac signal fre-
quency.75–78 

In this frame the theory of amorphous semiconductor Schottky 
barrier provides a unified approach to the theory of electrical ad-
mittance of electrode/electrolyte junction including as limiting 
case the ideal SC/electrolyte junction on which the traditional M-S 
approach is based. The theory and the results of such studies will 
be presented and discussed in the next Section. 

3.  Differential Admittance in Semiconductor/Electrolyte 
Junction 

In order to understand the main differences in the behavior of a-SC 
Schottky barrier with respect to the case of crystalline semiconduc-
tor it may be helpful to compare preliminarily the density of states 
distribution in both materials. We stress that usually amorphous 
materials maintain the same short-range order than their crystalline 
counterparts and that the main differences come out from the ab-
sence of the long-range order, typical of crystalline phases.78–84 It 
is now generally accepted that the band structure model retains its 
validity also in absence of the long-range lattice periodicity. This 
means that the long-range disorder perturbs but does not annihilate 
the band structure: its main effect is the presence of a finite DOS 
within the so-called mobility gap, EC – EV, of the amorphous semi-
conductor (a-SC) or insulator.  

In Fig. 3 we report the model of DOS distribution vs. energy 
for generic crystalline and amorphous material. Although the gen-



 

E
FE
C

E
V

N
(E

)

E
F

E
C

E
V

E
A

E
B

N
(E

)

Mobilitygap

V
B

C
B

E VE C E F

N
(E

)

Mobility gap

Band gap a)
b)

c)
 

Fi
gu

re
 3

. M
od

el
 o

f t
he

 e
le

ct
ro

ni
c 

st
ru

ct
ur

e 
fo

r a
 c

ry
st

al
lin

e 
se

m
ic

on
du

ct
or

 (a
), 

am
or

ph
ou

s 
se

m
ic

on
du

ct
or

 fo
llo

w
in

g 
th

e 
C

oh
en

-
Fr

itz
sc

he
-O

vi
sh

in
sk

y 
m

od
el

 (b
), 

an
d 

am
or

ph
ou

s s
em

ic
on

du
ct

or
 fo

llo
w

in
g 

th
e 

M
ot

t-D
av

is
 m

od
el

 (c
). 



246  F. Di Quarto, F. La Mantia, and M. Santamaria 

eral features of DOS distribution are preserved, especially if we 
compare Fig. 3a with Fig. 3c, some differences are evident and 
they strongly affect the response of a-SC/El junction under ac elec-
trical as well under light stimulus (see below). The DOS distribu-
tion of Fig. 3b, initially proposed by Cohen-Fritzsche-Ovishinsky 
(CFO model),79 takes into account the possible existence of lattice 
defects inside the semiconductor which originate a continuous 
distribution of electronic states within the mobility gap (like in a-
Si:H). On the other hand the DOS distribution of Fig. 3c, due to 
Mott and Davis,81 has been proposed for an ideal amorphous mate-
rial in which only the long-range lattice disorder is taken into ac-
count. Other models have been suggested for explaining the be-
havior of different classes of amorphous materials, but they in-
volve only minor modifications to those of Fig. 3, when the exis-
tence of specific defects in the investigated material is considered.  

As evidenced in the Fig. 3, the general features of the DOS of 
crystalline materials are preserved also for disordered phases, but 
some differences are now evident with respect to the crystalline 
SC and these can be summarized as follows: 

(a) Existence of a finite DOS within the mobility gap, defined 
by two mobility edges, EC and EV, in the conduction band 
(CB) and in the valence band (VB), respectively. 

(b) For energy levels below EC or above EV, the free electron-
like DOS, N(E) ∝ E1/2 is no more generally valid. In these 
energy regions the presence of a tail of states, exponen-
tially82 or linearly81 decreasing, has been suggested by dif-
ferent authors for explaining the optical properties of differ-
ent amorphous materials. 

(c) Different mechanisms of charge carriers transport are in-
voked in extended (below EC or above EV) or localized 
(within the mobility gap) electronic states. A free carrier-
like mechanism of transport is involved in the first case, 
whilst a transport by hopping (thermally activated) is as-
sumed in localized states. 

These differences between the distributions of electronic states 
in crystalline and disordered materials have noticeable influence 
on both the impedance and the photoelectrochemical behavior of 
the a-SC/El junction. In order to highlight such differences in the 
impedance behavior of the a-SC/El junction, we will derive some 
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of the most important results of the theory of Schottky barriers 
which are relevant for a better understanding of the difference in 
admittance behavior of c-SC/electrolyte and passive film/ electro-
lyte junctions.76,78,85–90 

It was shown by different authors that the existence of deep 
electronic states in the mobility gap of the material influences both 
the shape of the space-charge region and the frequency response of 
the barrier to the modulating ac signal.85–90 As for the first aspect, 
the potential distribution inside the SC can be obtained by solving 
the one dimensional Poisson equation with the suitable boundary 
conditions: 
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where ψ(x) represents the band bending at a point x within the bar-
rier (the galvani potential has opposite sign), and ρ(x) the volumet-
ric density of charge at x. ρ(x) is strictly related to the local poten-
tial so that Eq. (14) can be integrated by changing the variable x 
with ψ: 
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If the space charge region is very small with respect to the total 
thickness of the semiconductor, the usual boundary conditions for 
infinite length semiconductor holds: 

 ψ = 0   and   dψ/dx = 0        for x → ∞;   
 ψ = ψSC                                for x = 0. 

The first integral of Poisson Eq. (15) gives: 
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where + is used if ψ is negative and – if ψ is positive. By further 
integration we can find the value of x for different values of band 
bending in the semiconductor ψ0: 
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The integration of Eq. (17) in the hypothesis of a constant DOS 
distribution, N, has been carried out in reference85 and it provides 
the dependence of band bending on the distance from the semi-
conductor/electrolyte interface as: 
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where x0 = (εoxε0/e2N) and N is the DOS in cm–3 eV–1. 

The charge per unit area stored in the semiconductor, QSC, is 
equal to: 
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The general expression of the steady state space charge capaci-
tance of the junction is given by: 
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As expected, the response of the semiconductor is dependent 
on ρ which is a function of the band bending and charge distribu-
tion into localized states within the forbidden gap (mobility gap) of 
the crystalline (amorphous) semiconductor. 

The dependence of the density of charge on the band bending 
for a n-type c-SC with deep traps, behaving as donor-like levels, 
can be written as: 
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where ET,i is the energy level of the i-th deep trap and NT,i the con-
centration of deep traps at ET,i in cm–3. It can be easily shown that 
the previous equations give, as particular case, the M-S equation 
once the expression of the volumetric density of charge for crystal-
line SC as a function of the band bending is substituted in Eq. (20). 
In fact for a single donor-like level completely ionized (ET,i – EF 
>> 0) Eq. (21) reduces to the Mott-Schottky case: 
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By using Eq. (22) in Eq. (20), after simple algebraic manipu-

lation, the M-S equation, previously reported (Eq. 8), is obtained. 
In this last case the frequency dependence in Eq. (20) is absent 
owing to the fact that there is no delay in following the ac signal 
by the electrons staying in extended states of the conduction (or 
valence band), whichever is the chosen frequency of the modulat-
ing ac signal. 
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On the other hand by using Eq. (21) together with Eq. (20) the 
static space charge capacitance for an n-type semiconductor with 
multiple deep donor levels is obtained as reported in a previous 
work.91 Such an expression does not take into account the finite 
time of answer of electrons lying in deep trap71,72 so that a new 
model which accounts for the frequency dependence of the a-SC 
Schottky barrier containing deep donor levels and/or a distributed 
density of states within the mobility gap of a-SC was successively 
put forward by the same authors in agreement with the theory of a-
SC Schottky barrier.92 

4.  Static Differential Capacitance in a-Semiconductor with 
Constant DOS 

In Fig. 4 the energetics of n-type a-SC/El interface is reported, 
under the simplifying hypothesis of a spatially homogeneous a-SC 
having a constant DOS distribution in energy into the mobility 
gap. Both the assumptions (homogeneity and constancy in energy) 
are necessary to get an analytical solution for the general expres-
sion of CSC in a-SC Schottky barrier.85–90 Both these assumptions 
will be relaxed in discussing the admittance behavior of passive 
film/electrolyte junction. 

Owing to a large density of localized states within the mobil-
ity gap we can assume as negligible the contribution of the free 
electrons in the conduction band (EC –EF > 3kT) to the density of 
charge ρ(ψ). Moreover an abrupt change in the electron occupancy 
of the localized states at the Fermi level is assumed.86 The electric 
charge density for a-SC can be written, within the given assump-
tion, as: 
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The contribution of minority carriers to the density of charge 

is assumed negligible, whilst the electron quasi Fermi level is as-
sumed flat throughout the semiconductor as long as the band bend-
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ing is not too high (see below). Under these conditions the static 
capacitance (see Eq. 20) can be calculated as: 

 

  ( )
212

00, ⎟
⎠
⎞⎜

⎝
⎛ εε=ψ NeC oxSCSC   (24) 

 
It may be useful to compare the results for CSC obtained for a-

SC with those reported by Gerischer69 for graphite as well as the 
extension of space charge layer in amorphous semiconductor with 
constant DOS: N(E) = N. By assuming the space charge region as 
the distance inside the a-SC where the band bending is in the order 
of kT/e we can derive from Eq. (17) the extension of XSC as: 

 

 ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ ψ
=

kT
e

XX SC
SC ln0   for |e|ψSC > 3kT (25) 

 
By assuming a DOS at EF around 1020 eV–1 cm–3 we get for 

CSC a constant value of 3.8 μF cm–2 and a space charge length XSC 
= 5.4 nm for a band bending around 0.25 V with εox = 10. We like 
to stress that in the case of base metals like: Ni, Fe, and Cr the 
value of XSC at 0.25 V of band bending results higher than the 
thickness of passive film reported in literature for such metals. If 
we take into account that the value of CSC is of the same order of 
the Helmholtz double layer and that small changes in CH as well as 
in the value of dielectric constant of the passive film can occur 
with changing potential during the capacitance measurements it is, 
once more, necessary to be aware that the rather unusual donor 
(acceptor) density measured on these systems could be affected by 
different pitfalls in the assumed physical model. 

In order to evidence the main differences in the admittance 
behavior of a-SC with respect the crystalline counterpart it is nec-
essary to derive, however, the expression of differential admittance 
in a-SC-Schottky barrier as a function of the frequency of ac sig-
nal. 
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5.  AC Response of a-Semiconductor Schottky Barrier 

According to the schematic DOS distribution reported in Fig. 4 the 
most part of electronic charge is now located below the Fermi 
level in localized states quite distant in energy from the conduction 
band mobility edge separating the extended states region from 
localized ones. According to the theory,85–90 at variance with the 
case of crystalline SC, the filled electronic states into the gap (see 
Fig. 4b) do not follow instantaneously the imposed ac signal, but 
they need a finite response time. This response time depends on 
their energy position with respect to the Fermi level and it can be 
much longer than the period of the ac signal having angular fre-
quency ω. In fact the relaxation time, τ, for the capture/emission of 
electrons from electronic states E below EF is assumed to follow 
the relationship: 
 

  ⎟
⎠

⎞
⎜
⎝

⎛ −τ=τ
kT

EECexp0   (26) 

 
where, at constant temperature, τ0 is a constant characteristic of 
each material usually ranging between 10–14 ~ 10–10 s. According 
to Eq. (26), by decreasing the energy of the localized state in the 
gap, τ increases sharply so that deep states (for which ωτ >> 1) do 
not respond to the ac signal. 

By assuming a full response for states satisfying the condition 
ωτ << 1 and a null response for states having ωτ >> 1, a sharp cut-
off energy level, Eω, separating states responding from those not 
responding to the signal, can be defined from the condition:  
ωτ = 1. 

The location of the cut-off level Eω is found by imposing in 
Eq. (26) ωτ = 1 for E = Eω, which gives: 

  
  ( )0ln ωτ−=− ω kTEEC   (27) 
 
This condition occurs at some position within the barrier (X = 

XC) which is a function of band bending and ac frequency (see Fig. 
4b). The intersection of the cut-off level, Eω, with the Fermi level 
allows to locate the point within the barrier, XC, which separates 
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two regions of the a-SC (see Fig. 4b). The first region (for X > XC) 
represents the region where all electronic states fully respond to 
the ac signal (ωτ << 1), the second one (for X < XC) where they do 
not respond at all (ωτ >> 1). The corresponding band bending at 
XC is given according to Fig. 4b by: 

 
        ( ) FC EkTe Δ−ωτ−=ψ 0ln   (28) 

 
with ΔEF = (EC – EF)bulk. We like to stress that XC is now a distance 
in the barrier which changes with changing frequency, ω, and band 
bending ψS. In particular XC increases with increasing frequency, 
at constant polarization, or with increasing polarization at constant 
frequency. From the theory it comes out that the total capacitance 
is sum of two series contribution coming from the X < XC and X > 
XC regions of the a-SC. The contribution to the conductance comes 
mainly from the region around X = XC dividing the total response 
from null response regions. In the hypothesis of a constant DOS 
the total capacitance is given by the sum of the two contribu-
tions77,78,93,94 (see Fig. 5): 
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Figure 5. Equivalent electrical circuit of an ideally polarizable a-SC/electrolyte 
interface in absence of surface state contribution. 
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where ( ) NeC C
2

00, εε=ψ  coincides with the static space charge 
capacitance of a-SC previously derived and it is frequency inde-

pendent whilst 
C

SC
C Ne

X
ψ
ψεε= ln2

0  is the distance from the surface 

of the barrier at which the Fermi level crosses the cut-off energy 
level Eω inside the space charge region. After substitution the fol-
lowing relationship is obtained for the total capacitance: 
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while the parallel conductance of the junction is given by: 
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The analytical solutions for the admittance components of the 

junction have been derived under conditions that ψSC > ψC > 
3kT/|e| and at not too high band bending (Low Band Bending re-
gime).76–78 

It has been shown that G(ψSC, ω) has a spectroscopic character 
with respect to the distribution of electronic states within the gap, 
whilst variations in DOS cause only minor changes in the 
C(ψSC,ω) vs. potential plots provided that the DOS varies little 
over an energy range of kT. At variance with the M-S analysis in 
the case of a-SC a fitting procedure is required for getting flat band 
potential and DOS distribution around the Fermi level. As reported 
in previous works77–78 the fitting must be carried out on both com-
ponents of the admittance of the junction. For an ideally polariz-
able a-SC/electrolyte interface and in absence of surface state con-
tribution to the measured admittance the electrical equivalent cir-
cuit of such an interface is shown in Fig. 5. Such an equivalent 
circuit has been used by the authors for fitting both the compo-
nents of space charge admittance, YSC,, at high frequency when the 
contribution of surface state admittance, YSS, is negligible with 
respect to YSC. The fitting procedure must be performed under 
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condition that at any employed ac frequency both the 1/CSC vs. ψSC 
and the GSC vs. ψSC plots give the same Ufb value, within an as-
signed uncertainty (in our case, 0.025 V). Moreover an additional 
constraint arises from Eq. (28) requiring for ψC a variation of 59 
mV for decade of frequency at room temperature.76–78,93–98 

As reported previously76–78 a very meaningful difference with 
respect to the use of M-S analysis is the procedure for locating the 
mobility edge, EC (n-type) or EV (p-type), by considering that now 
the most part of electronic charge is located into the localized 
states below the Fermi level. At this aim instead of Eq. (11) valid 
for c-SC we can make use of Eq. (28) once the ψC parameter and 
flat band potential Ufb have been obtained. In order to perform 
such a task we need to know for each material the constant τ0. For 
our purposes an average τ0 value of 10–12 s can be assumed in ab-
sence of further information. This choice could affect the location 
of the mobility edge (EC or EV) by a quantity equal to 0.12 eV 
which is not too bad if we take into account the absence of a sharp 
boundary between localized and extended states region. 

The ability of previous admittance equations, in low band 
banding approximation, to fit the experimental curves of different 
amorphous passive film SC/electrolyte junctions has been tested in 
previous works.76–78 It is in our opinion that such an approximation 
could be generally employed for analysing the admittance behav-
ior of thin passive films on base metal (Fe, Ni, Cr) where it is ex-
pected that the space charge region reaches the metal interface at 
rather low values of band bending (see above for estimates of XSC) 
for reasonable values of DOS (1020 cm–3 eV–1) near the Fermi 
level. 

In the case of thicker films like those grown on valve metals 
(Ti, Nb, W, Ta, etc.) may be of interest for a better understanding 
of the mechanism of growth of the film and for deriving informa-
tion on the DOS distribution inside the a-SC to investigate the ad-
mittance behavior of the passive film/electrolyte junction in a lar-
ger range of band bending values. At high band bending a para-
bolic potential distribution will appear in the deep depletion region 
at the surface of a-SC/El junctions where the quasi-Fermi level of 
the a-SC is now pinned, due to the equilibrium of the emission rate 
for electrons and holes from localized states to the respective  band  
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Figure 6. Band bending distribution across an n-type a-SC/El interface under the 
conditions of high band bending (HBB). 
 
 
edge. It is possible to define a band banding ψg (see Fig. 6) corre-
sponding to the equilibrium of emission/capture process: 
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The point at which the band bending of the semiconductor is 

equal to ψg is xg and it can be obtained from Eq. (17) by imposing 
ψ0 = ψg. In order to include the deep depletion region the previous 
equations have been modified95–98 as follows: 
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Figure 7. DOS distribution for a-WO3 obtained from Eq. (33) as a function of the 
position inside the passive film at different frequencies. 
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Equations (33) and (34) have been derived under the same 

conditions valid for the low band bending (LBB) expression and 
they coincide with the previous ones for ψSC = ψg. The first test on 
the ability of Eqs. (33) and (34) to fit the two components of the 
differential admittance in a relatively large range of band bending 
values was carried out for passive film on WO3 and Nb2O5 about 
25 nm thick.94 It was noticeable, in the case of WO3, that from Eq. 
(33) an almost constant average DOS equal to about 1020 eV–1 cm–3 
was derived for a-WO3 in agreement with previous results, ob-
tained in the low band bending approximation.78 However a more 
close inspection of the admittance behavior at different scan rates 
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and ac frequencies suggested the possible presence of a more 
complex dependence of localized DOS both from energy as well 
as from the spatial coordinate (metal/oxide interface distance) (see 
Fig. 7). 

In more recent papers95–97 a study aimed to get information on 
the possible spatial and energy dependence of DOS near the Fermi 
level of a-SC has been carried out trough a detailed investigation 
of a-Nb2O5 passive films anodically grown. The choice of a-Nb2O5 
was dictated by its long term stability in aqueous solution of vari-
able pH and by the fact that anodic film of Nb2O5 are amorphous 
and easily prepared in a wide range of film thickness, from few to 
hundredths of nanometers. These aspects make a-Nb2O5 an ideal 
candidate for testing any proposed model of a-SC/electrolyte junc-
tion. From such studies it comes out the importance of the choice 
of the equivalent circuit to be used to subtract from the measured 
admittance the components of the admittance depending on the 
electrochemical reactions at the a-SC/electrolyte interface by in-
cluding also the presence of intrinsic surface states which could 
result from the amorphous nature of the material (see Fig. 8). 
 Moreover it came out that in order to fit the EIS spectra of the 
junction in the overall investigated range of frequency (0.1 Hz– 
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Figure 8. Equivalent electrical circuit of an a-SC/electrolyte interface, considering 
the contribution of an electrochemical reaction occurring through electrons/holes 
exchange with the surface states. 
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Figure 9. DOS distribution for a-Nb2O5 obtained from Eq. (36) as function of the 
position inside the passive film at different frequencies. Reprinted from F. Di 
Quarto, F. La Mantia, and M. Santamaria, “Physicochemical characterization of 
passive films on niobium by admittance and electrochemical impedance spectros-
copy studies.” Electrochim. Acta 50 (2005) 5090, Copyright (2005) with permis-
sion from Elsevier. 
 
 
100 kHz) as well the two components⎯Cp(ω,ψ), Gp(ω,ψ)⎯of the 
admittance curves in a wide range of frequencies (10 Hz–10 kHz) 
and electrode potentials (~ 5 V) a DOS distribution slightly chang-
ing with energy and along the spatial coordinate was necessary 
(see Fig. 9 and 10).  

As for the spatial dependence of DOS a fitting of the admit-
tance curves, CSC(ω, ψS) and GSC(ω, ψS), at different frequencies 
(10 Hz ≤ f ≤ 10 kHz), was carried out95–97 by using Eqs. (33) and 
(34) modified as: 

 

 ( ) ( ) ( )( )SC
SCSCSC

x
CxC

ψ
ωψ

=
ωψ ωf

,
1

,,
1    (35) 

 
 ( ) ( ) ( )( )SCSCSCSC xgGxG ψωψ=ωψ ω,,,   (36)



 

-0
.3

-0
.2

-0
.10 1E

+1
9

1E
+2

0
1E

+2
1

D
O

S 
 / 

 c
m

-3
eV

-1

(EF-eψC)  /  eV

Fi
gu

re
 1

0a

D
O

S 
 / 

 c
m

-3
eV

-1

Fi
gu

re
 1

0b

(EF-eψC)  /  eV -0
.3

-0
.2

-0
.10 1E

+1
9

1E
+2

0
1E

+2
1

x C
= 

0.
48

x C
= 

0.
35

 
∆

x C
= 

0.
2

N
aO

H
H

2S
O

4
∆

H
3P

O
4

 
Fi

gu
re

 1
0.

 (a
) D

O
S 

di
st

rib
ut

io
n 

fo
r a

-N
b 2

O
5 o

bt
ai

ne
d 

fr
om

 E
q.

 (3
6)

 a
s 

a 
fu

nc
tio

n 
of

 th
e 

en
er

gy
 a

t d
iff

er
en

t p
o-

si
tio

ns
. (

b)
 D

O
S 

di
st

rib
ut

io
n 

fo
r a

-N
b 2

O
5 g

ro
w

n 
in

 d
iff

er
en

t e
le

ct
ro

ly
te

s 
ob

ta
in

ed
 fr

om
 E

q.
 (3

6)
 a

s 
fu

nc
tio

n 
of

 
th

e 
en

er
gy

 a
t x

C
/d

ox
 =

 0
.3

5.
 R

ep
rin

te
d 

fr
om

 F
. D

i Q
ua

rto
, F

. L
a 

M
an

tia
, a

nd
 M

. S
an

ta
m

ar
ia

, “
R

ec
en

t a
dv

an
ce

s 
on

 p
hy

si
co

-c
he

m
ic

al
 c

ha
ra

ct
er

iz
at

io
n 

of
 p

as
si

ve
 f

ilm
s 

by
 E

IS
 a

nd
 d

iff
er

en
tia

l a
dm

itt
an

ce
 te

ch
ni

qu
es

.”
 C

or
r. 

Sc
i. 

49
 (2

00
7)

 1
86

, C
op

yr
ig

ht
 (2

00
7)

 w
ith

 p
er

m
is

si
on

 fr
om

 E
ls

ev
ie

r. 
 



262  F. Di Quarto, F. La Mantia, and M. Santamaria 

where fω(x(ψS)) and gω(x(ψS)) are respectively two different trial 
functions depending only on the electrode potential but changing 
with employed frequency. The term multiplying the two trial func-
tions can be considered as coincident with the expression of (CSC)–

1 and GSC in absence of spatial variation in DOS (homogeneous 
film) but averaged in energy (N(E) = Nav).  

By using the spectroscopic character of the conductance in a-
SC Schottky barrier,87,88 the DOS at xC, N(EF – eψC), was obtained 
by using the following equation:95 

 

 ( ) ( )
( )

( )( ) ( )0,f
,

,2
2 CSC

SCSC

SCSC
CF Cx

C
G

kT
eEN ψψ

ωψ
ωωψ

π
=ψ− ω

 

   

( )∫
ψ−

×
F

CF

E

eE

dEEN   (37) 

 
and by substituting to the integral the term eψcNav. As first ap-
proximation for Nav that one derived from the fitting of CSC at the 
same ω and xC have been chosen. As mentioned in previous 
work,94,97 the choice of the other fitting parameters (Ufb, ψg, ψC) 
could be carried out through an educated guess procedure by tak-
ing into account that: 

• as for the ψC parameter the constraint of a decrease of 0.06 
eV for decade of frequency has to be introduced in the fit-
ting procedure. A check of the acceptability of the ψC 
choice is the prediction of flattening of capacitance curves 
at a frequency corresponding to ψC = 0; 

• in absence of further information the ψg parameter can be 
calculated by assuming an equal emission-capture time con-
stant for electrons and hole in the conduction and in valence 
band (Eq. 32) and by using the measured mobility gap for 
passive film (a mobility gap equal to 3.40 eV was used for 
a-Nb2O5 film); 

• the Ufb value derived from fitting the CSC(x, ω, ψS) and 
GSC(x, ω, ψS) curves should have to differ no more than 
kBT/e volt. 
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The DOS distribution in a-Nb2O5 grown in different electro-
lytic solutions as a function of energy and distance from the 
film/solution interface are reported in Fig. 10a. The results suggest 
that the DOS in anodic film is changing with distance in energy 
from the Fermi level but such a distribution of DOS is largely in-
dependent from the nature of the electrolytic solution96,97 (see Fig. 
10b). It was worth to note that almost coincident values of DOS, as 
a function of the energy distance from the Fermi level, were de-
rived from EIS analysis and DA measurements thus confirming the 
spectroscopic character of the admittance measurements as a func-
tion of the ac signal frequency. We like to stress that, at variance 
with the simple M-S approach, in the frame of the theory of amor-
phous Schottky barrier the frequency dependence of the differen-
tial admittance curves is explicitly taken into account and the study 
of such dependence is able to provide further information on the 
DOS distribution in energy. As for the spatial dependence it seems 
that a DOS distribution steadily increasing on going from the ox-
ide/electrolyte interface toward the metal/oxide interface is com-
patible with the experimental results. Such a finding seems quite 
reasonable if it is assumed that the DOS distribution is related to 
the anodizing process and in particular to some specific mobile 
defects becoming frozen when the anodizing process is stopped. 
An exact quantitative analysis of these aspects needs to solve the 
problem of taking into account the effects of a finite film thickness 
on the measured values of admittance particularly in the case of 
thin films where the space charge region could reach the total film 
thickness. However if carefully used the DA measurements can 
provide useful information, also in a quantitative way, on the elec-
tronic structure of passive film beside the ordinary estimate of the 
flat band potential which in dubious cases should be confirmed by 
other technique like photocurrent spectroscopy (see below). This 
last technique in presence of insulating passive film is a possible 
route to the estimation of the flat band potential of the passive 
film/electrolyte junction and a complementary way to get informa-
tion on the solid-state properties of passive film as will be dis-
cussed in the next Section. 
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III. PHOTOCURRENT SPECTROSCOPY IN PASSIVITY 
STUDIES 

The first experimental report on the interaction between light and 
passive films on metal can be traced to the Becquerel’s study of 
photoeffects at metal-electrolyte interface dating back to the first 
half of 19th century.99 Earlier studies on photoelectrochemical be-
havior of oxidized metals were summarized in a review of the ini-
tial 1940s100 but the beginning of photoelectrochemical science is 
marked by the work of Brattain and Garret in the mid-1950.15 
However, the first attempt to use photoelectrochemical technique 
in passivity studies dates more recently to the end of 1960s when 
Oshe and Rozenfeld101 proposed to characterize the nature of pas-
sive films on metals and alloys by using a photopotential method 
initially proposed by Williams102 for bulk semiconductors. Some 
applications of such a method in passivity studies can be find in 
Refs. [103, 104] and in references therein. The inadequacy of Oshe 
and Rozenfeld’s method in characterising complex 
metal/oxide/electrolyte interfaces was initially evidenced by 
Hackerman et al.105 This fact and the onset of more refined theo-
ries of photocurrent generation at illuminated semiconduc-
tor/electrolyte interface in the mid-1970s106–107 made obsolete the 
Oshe and Rozenfeld’s method of characterisation of passive 
metal/electrolyte interface. In fact, as a result of an intensive re-
search effort on the photoelectrochemical behavior of semiconduc-
tor electrodes, aimed to harvest solar energy by photoelectro-
chemical solar cells, different electrochemical techniques started to 
be exploited as analytical tools for in situ characterisation of semi-
conductor/electrolyte (SC/El) interface.108–110 In many cases the 
investigated photoelectrodes were oxides so that it was evident to 
electrochemists that passive films and corrosion layers having 
semiconducting or insulating behavior could be scrutinised by us-
ing the same techniques used for studying SC/El interface.37–40 

It is worth to note that photoelectrochemical techniques were 
practically absent in the passivity meeting held in Airlie3 but they 
gained importance since the fifth Symposium on Passivity of Met-
als and Semiconductors held in 1983.4 Since this last symposium 
PCS technique became a constant presence at passivity meetings 
and workshops around the world. This is due to the fact that PCS 
is able to provide information on: 
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(1)  the energetics at the metal/passive-film/electrolyte inter-
faces (flat band potential determination, conduction and va-
lence band edges location, internal photo-emission thresh-
olds); 

(2)  the electronic structure and indirectly (through the optical 
band gap values) chemical composition of passive films in 
situ and under controlled potential in long lasting experi-
ments. 

With respect to other optical techniques PCS offers the further 
advantage that the photocurrent response of the passive film is 
directly related to the amount of absorbed photons. This means 
that the technique is not demanding in terms of surface finishing so 
allowing the monitoring of long lasting corrosion processes, where 
changes of surface reflectivity are expected owing to possible 
roughening of metal surfaces covered by corrosion products. As 
for the risk of electrode modifications under illumination, it can be 
minimised by improving the sensitivity of the signal detection by 
using a lock-in amplifier, coupled to a mechanical light chopper, 
which allows scrutinizing very thin films (1–2 nm thick) also un-
der relatively low intensity photon irradiation. More details on the 
use of Lock-in technique to measure photocurrent signal can be 
found in Refs. [39, 40] and references therein. PCS presents limita-
tions owing to the following aspects: 

(1)  the technique is able to scrutinize only photoactive passive 
films and corrosion layers; 

(2)  the investigation of surface layers having optical band gap 
lower than 1.0 eV or larger than 5.5 eV requires special set-
up or they are experimentally not accessible in aqueous so-
lutions; 

(3)  structural information and chemical composition of the lay-
ers are not accessible directly and complementary investiga-
tion based on other techniques can be required. 

The first two limitations are rather apparent than real. With the 
exception of noble metals (Ir, Ru, etc.) which are covered by con-
ducting oxides only at high electrode potentials, most of metals are 
thermodynamically unstable by immersion in aqueous solution, 
and they become covered by oxide or hydroxide films having often 
insulating or semiconducting properties. Moreover, with the ex-
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ception of very few oxides grown on metals of lower electronega-
tivity, the most common base metal oxides have band gap values 
largely lying within the optical window experimentally accessible 
by PCS.39–40 

The third limitation is the principal one but it has been shown 
by different authors in the last years that PCS can provide indi-
rectly compositional information once some interpretative model 
of the photo-electrochemical behavior of passive film/electrolyte 
interface is introduced which accounts also for the complex elec-
tronic structure of amorphous materials.35–39 Complementary in-
formation accessible by other in situ and ex situ techniques can 
help this task and may be unavoidable for very complex systems 
(see below). The aim of this Section is to: 

(a)  provide a general interpretative framework of the photoelec-
trochemical behavior of passive metal electrodes by dis-
cussing some features which are related to the extreme thin-
ness and/or amorphous nature of the passivating layers; 

(b)  highlight the more recent quantitative use of PCS for char-
acterising the chemical nature of passive films and corro-
sion layers. 

A very short theoretical background on the photoelectrochem-
istry of crystalline semiconductors will be provided for readers not 
acquainted to the subject, in order to evidence the differences be-
tween the photoelectrochemical behavior of passive films and bulk 
crystalline semiconductors. More extensive and detailed introduc-
tion to the principles of photoelectrochemistry of semiconductors 
can be found in classical books and workshop discussions pub-
lished on the subject.14,21,22,38,108,109 Theoretical interpretations of 
the experimental results will be presented on the basis of simple 
models developed initially for passive films grown on valve-
metals (Al, Ta, Zr, Nb, Ti, W) and their alloys. In order to show 
the ability of PCS to scrutinise also complex systems we will dis-
cuss some results pertaining to passive films grown on base metals 
and alloys (Fe, Cr, Ni, stainless steels, Mg). Moreover recent re-
sults of a quantitative use of PCS for the chemical characterization 
of passive films on metallic alloys and conversion coatings will be 
presented. 
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1.  Semiconductor/Electrolyte Junctions under Illumination: 
the Gärtner-Butler Model 

The modelling of photocurrent vs. potential curves at fixed irradi-
ating wavelength (photocharacteristics) for a crystalline SC/El 
junction has been carried out by several authors.107,111–114 starting 
from the seminal paper of Gärtner115 on the behavior of illumi-
nated solid state Schottky barrier. 

In Fig. 11 the absorption process of incident light in the bulk 
of a SC is sketched: Φ0 (in cm–2 s–1) is the photon flux entering the 
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Figure 11. Schematic representation of a crystalline n-type 
SC/El interface under illumination, showing the electron-hole 
pair generation (a) and the change of light intensity due to the 
absorption process within the semiconductor (b). 
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semiconductor (corrected for the reflections losses at the SC/El 
interface), which is absorbed following the Lambert-Beer law. The 
number of electron-hole pairs generated per second and unit vol-
ume at any distance from the SC surface, g(x), is given by: 
 
 
   g(x) = Φ0 α e–αx  (38) 
 
where α (in cm–1), the light absorption coefficient of the semicon-
ductor, is a function of the impinging wavelength. It is assumed 
that each absorbed photon, having energy hν ≥ Eg originates a free 
electron-hole couple. In the Gärtner-Butler model the total photo-
current collected in the external circuit is calculated as sum of two 
terms: a migration term, Idrift, and a diffusion term, Idiff. The first 
one takes into account the contribution of the minority carriers 
generated into the space-charge region; the second one accounts 
for the minority carriers entering the edge of the space-charge re-
gion from the bulk field free region (x > XSC) of SC. No light re-
flection at the rear interface is assumed, so that all the entering 
light is absorbed within the SC. Moreover, it is assumed that mi-
nority carriers generated in the space- charge region of the SC do 
not recombine at all, owing to the presence of an electric field 
which separates efficiently the photogenerated carriers. The same 
assumption is made for the minority carriers arriving at the deple-
tion edge from the bulk region of the SC. In order to calculate Idiff, 
Gärtner solved the transport equation for minority carriers, which 
for a n-type SC is: 
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with the boundary conditions: p = p0 for x→∞ and p = 0 for x = 
XSC. In Eq. (39), p is the hole concentration under illumination, p0 
the equilibrium concentration of hole in the bulk of the (not illu-
minated) SC and Dp the diffusion coefficient of the holes. The zero 
value for p at the boundary of the depletion region comes out from 
the previous assumption that all the holes generated into the space-
charge region are swept away without recombining. According to 
Gärtner, for the total photocurrent we can write: 
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where e is the absolute value of the electronic charge. By solving 
Eq. (39) in the steady-state approximation for getting out the dis-
tribution of holes in the field free region, and by substituting Eq. 
(38) for g(x) in the integral of the drift term, we get finally the 
Gärtner equation for a n-type semiconductor:115 
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where Lp is the hole diffusion length. The same equation holds for 
p-type SCs, with Dn and Ln (electron diffusion coefficient and dif-
fusion length, respectively) instead of Dp and Lp and n0 (electrons 
equilibrium concentration) instead of p0. 

2.  PCS Location of Ufb and Eg Determination in  
c-Semiconductor/Electrolyte Junction 

For wide band gap SCs, where the concentration of minority carri-
ers into the bulk is very small, Eq. (41) can be further simplified 
by neglecting the last term. In this case, by using also Eq. (5) for 
XSC, Butler derived the following expression for the photocurrent 
at a crystalline SC/El junction:107 
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In this equation, XSC

0 represents the space-charge width into 
the SC electrode at 1 V of band bending, and ΔΦSC = (Ue – Ufb). It 
is easy to show107 that if αXSC << 1 (slightly absorbed light) and 
αLp << 1 (small diffusion length for minority carriers), the photo-
current crossing the n-type SC/El interface can be rewritten as: 
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Equation (43) foresees a quadratic dependence of the photo-

current on the electrode potential, which can be used for getting 
out the flat band potential of the junction. In fact, by neglecting the 
term kT/e, a plot of (Iph)2 vs. UE should intercepts the voltage axis 
at the flat band potential, Ufb, regardless the employed λ as long as 
αXSC << 1 condition is obeyed. Apart from the initial assumption 
of Gärtner of an ideal Schottky barrier, we have to mention that 
several hypotheses underlie to the use of Eqs. (41)–(43) for inter-
preting photoelectrochemical data. Other authors have introduced 
the possible existence of a kinetic control at the SC surface or 
within the space charge region111–114,116–117 showing that: 

(a)  in presence of strong surface recombination effects the on-
set photocurrent may occur at much higher band bending 
than that foreseen by the Gärtner-Butler equation;111 

(b) a square root dependence of the photocurrent on the elec-
trode potential is still compatible with the existence of some 
mechanism of recombination (first order kinetics) within the 
space charge region,113 so that the determination of the flat 
band potential from the square of the photocurrent vs. elec-
trode potential plot must be taken with some caution. 

According to this it is possible to write a generalized Gartner-
Butler equation for the photocurrent at illuminated crystalline 
SC/El junction as : 
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In the previous equation the St /(St + Sr) term accounts for the 

ratio between the minority carriers transfer reaction rate, St, and 
total recombination rate Sr. At high band bending such a ratio goes 
to 1 so that in presence of low recombination rate the onset photo-
current potential, U*, could provide a close estimate of the flat 
band potential118. This last value is expected to be coincident or 
more anodic (cathodic) than Ufb of n-type (p-type) SC/El junction. 
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These aspects must be carefully considered when the photocurrent 
vs. potential curves are used for deriving the flat band potential of 
SC/El junctions, especially in the case of corrosion layers which 
are far from the ideal behavior of crystalline semiconductors pre-
viously assumed. Finally we have to remark that all previous equa-
tions pertain to the steady-state values of the dc photocurrent. The 
equations derived for steady-state remain valid also for chopped 
conditions provided that the lock-in measured signal remains pro-
portional to the steady-state chopped value.39 

A second important aspect embodied in Eq. (44) is the direct 
proportionality between the measured photocurrent and the light 
absorption coefficient. By considering that in the vicinity of the 
optical absorption threshold of the SC,21 the relationship between 
the absorption coefficient and optical band gap of material, Eg can 
be written as: 
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it is possible to derive the following expression: 
 

   
( )  UUX Ehν Qhν fbesc

n/opt
g ⎟

⎠
⎞

⎜
⎝
⎛ −−= 02

 
(46) 

 
Q = (Iph)/eΦ0 represents the photocurrent collection efficiency and 

opt
gE  the optical threshold for the onset of photocurrent at the illu-

minated electrode. Eq. (46) shows that, at constant electrode po-
tential, it is possible to get the optical band gap of the material 
from the dependence of the photocurrent on the wavelength 
(shortly referred as the photocurrent spectrum of the junction) of 
incident light at constant photon flux. In fact by plotting (Qhν)2/n 
vs. hν at constant electrode potential (UE – Ufb = const.) we get a 
characteristic photon energy hν0 = opt

gE . For an ideal SC/El junc-
tion opt

gE  coincides with the minimum distance in energy between 
the filled states of VB and empty states of CB (band gap, Eg) and n 
can assume different values depending on the nature of the optical 
transitions between states of the VB and states of the CB. 
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Optical transitions at energies near the band gap of a crystal-
line material may be direct or indirect. In the first case no interven-
tion of other particles is required, apart the incident photon and the 
electron of the VB; in the second case the optical transition is as-
sisted by the intervention of lattice vibrations. By assuming a 
parabolic electronic density of states distribution, DOS, (N(E) ∝ 
E1/2) near the band edges, in the case of direct transitions n as-
sumes values equal to 1 or 3, depending on whether the optical 
transitions are allowed or forbidden in the quantum mechanical 
sense.21 In the case of indirect optical transitions the value of n in 
Eq. (45) is equal to 4. It will be shown in the case of amorphous 
materials that the measured optical band gap does not necessarily 
coincides with the band gap of crystalline material but it can be 
still related to the material composition and morphology. 

3.  Passive Film/Electrolyte Interface under Illumination 

On going from crystalline thick SC electrodes to very thin insulat-
ing or semiconducting corrosion films on metals, new experimen-
tal features are observed which require the extension of previous 
interpretative models and the introduction of new theoretical con-
cepts in order to account for novel results not observed for crystal-
line bulk materials. In the following we discuss the main differ-
ences in the optical properties of amorphous and crystalline mate-
rials79–82 and how they can affect the photoelectrochemical behav-
ior and band gap values of passive films. 

(i)  Electronic Properties of Disordered Passive Films 

The electronic properties of disordered passive films described 
in previous Sections affect the generation and transport process of 
photocarriers and then the photoelectrochemical answer of the a-
SC/El junction. The main differences in the photocurrent response 
of disordered thin films with respect to the case of bulk crystalline 
semiconductors arise from the following facts: 

(a) the optical band gap of an amorphous material may coincide 
or not with that of the crystalline counterpart, depending on 
the presence of different types of defects which can modify 
the DOS distribution; 
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(b) at variance with crystalline materials, the generation process 
of free carriers by the absorption of photons having energy 
equal or higher than the optical band gap of the film may 
depend on the electric field, owing to the presence of initial 
(geminate) recombination effects; 

(c) the small thickness of passive film makes possible the opti-
cal excitation at the inner metal/film interface. This allows 
injecting photocarriers from the underlying metal into the 
VB or CB of thick film (internal photoemission), or directly 
into the electrolyte (external photoemission) in the case of 
very thin films (1–2 nm thick); 

(d) the presence of reflecting metal/film and film/electrolyte in-
terfaces makes possible the onset of multiple reflections, 
even for photons having energy higher than the optical ab-
sorption threshold. This fact originates interference effects 
in the photocurrent vs. film thickness curves. This last as-
pect will be not treated here for brevity; but interested read-
ers can make use of previous published works.39–40 In the 
following we derive an equation for the photocurrent in 
amorphous SC and insulators by taking into account the in-
fluence of the amorphous nature on the electronic properties 
of materials. 

(ii)  Amorphous Film/Electrolyte Junction under Illumination 

Due to the low mobility of carriers in amorphous materials it 
is reasonable to assume that a negligible contribution to the meas-
ured photocurrent arises from the field free region of the semicon-
ductor. In this case it is quite easy to derive an expression for the 
migration term in the space-charge region of the a-SC, in a quite 
similar way to that followed by Gärtner but introducing also a re-
combination probability for the photocarriers generated in the 
space charge region of the a-SC. 

Like in the Butler model, we will assume the absence of ki-
netic control in the solution and a negligible recombination rate at 
surface of the semiconductor. The limits of validity of such as-
sumption have been discussed previously for the case of crystalline 
SC/El junctions112 and they will not be repeated here. We will as-
sume also an efficiency of free carrier generation, ηg, position 
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independent under illumination with light having energy higher 
than the SC mobility gap. 

Under steady-state conditions the recombination of photogen-
erated carriers in the space-charge region can be taken into account 
by assuming that the probability of any carrier photogenerated at a 
position x to leave the space-charge region is given by:119 
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where F  is the mean electric field in the space-charge region of 
the a-SC and Ld is the drift length of the photocarriers ensemble in 
the average field approximation, given by: 
 

  FLd μτ=   (48) 
 
μ and τ being the drift mobility and the lifetime of the photocarri-
ers, respectively. According to these equations and to the assump-
tions made, we can write: 
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where Φ0 is the photon flux corrected for the reflection at the elec-
trolyte/film interface, having assumed negligible reflections at the 
film/metal interface, and ηg, the efficiency of free carriers genera-
tion in presence of geminate recombination effects, is a function of 
the thermalization distance, r0, and of F . By integration of Eq. 
(49) we get:119 
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Figure 12. Photocurrent vs. potential curves at different λ relating to an anodic 
films grown to 4 V(SCE) on sputter-deposited Ti-10at.%Zr in 0.5 M H2SO4. vscan 
= 10  mV s-1 and solution: 0.5 M H2SO4. 

 
 
 An expression for the efficiency of free carriers generation, 
ηg(r0, F ), for amorphous materials was given by Pai and Enck.120 
This last expression shows that very low efficiency of free carriers 
generation are expected at low electrical fields and thermalization 
lengths r0 i.e., at photon energy near the mobility gap.121 This find-
ing could affect in some extent the measured optical band gap 
value of amorphous anodic films. 

According to Eq. (50) any dependence of Iph vs. UE curves 
(photocharacteristics) from the energy of incident photons must be 
traced out to the dependence on energy and electric fields, and it 
has been frequently observed in amorphous SC (refs), as shown in 
Fig. 12 where we report the experimental photocurrent vs. poten-
tial curves at different λ relating to an anodic films grown to 4 
V(SCE) on sputter-deposited 90Ti-10Zr.122 

We like to stress two aspects in the expression of the photo-
current in a-SC/El junction. The first one is that from Eq. (50) it 
follows a direct  proportionality  between the photocurrent and  the  
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Figure 13. Photocurrent action spectrum recorded at +2 V(SCE) for a film grown 
up to 4 V(SCE) on sputter-deposited Ti-42at.%Zr in 0.1 M ammonium pentaborate 
electrolyte. Inset: determination of the optical band gap by assuming indirect transi-
tions. Reprinted from M. Santamaria, F. Di Quarto, and H. Habazaki, “Photocurrent 
spectroscopy applied to the characterization of passive films on sputter-deposited 
Ti–Zr alloys.” Corr. Sci. 50 (2008) 2012, Copyright (2008) with permission from 
Elsevier. 
 
 
absorption light coefficient for αLd >> 1 (no recombination) and 
αXSC << 1 (slightly absorbed light), as previously derived for crys-
talline materials (see Eq. 43). On the other hand for αLd << 1 still a 
direct proportionality between Iph and α is assured by the fractional 
term αLd/(1 + αLd). According to these considerations, we can still 
assume for amorphous SCs a direct proportionality between the 
photocurrent yield, Q = Iph/eΦ0, and the light absorption coeffi-
cient, α, in the vicinity of the absorption edge under constant elec-
trode potential. Like for crystalline materials, this allows to replace 
α with the photocurrent yield in deriving the optical band gap of 
amorphous semiconducting films from the photocurrent spectra 
(see Fig. 13). 

A second aspect we like to stress is that Eq. (50) contains as a 
particular case  the  expression of  the  photocurrent  for  an  amor- 
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Figure 14. Fitting of the photocurrent vs. potential curves of Figure 12. 

 
 
phous insulator/electrolyte junction after substitution of the film 
length, df, to the space charge region XSC. According to this we can 
write for insulating film/electrolyte junction the relationship: 
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The usual expression for the mean electric field in insulator Fav = 
(UE – Ufb)/df holds in absence of trapping phenomena.39,123 In both 
cases the variation of the efficiency of generation with the electric 
field and photons energy, through r0, can account for changes in 

opt
gE  values measured at different electrode potentials as well as 

for the dependence from the incident photon energy of the photo-
current vs. potential curves. This last aspect has been deeply dis-
cussed both for semiconducting (a-WO3 and a-TiO2) and insulating 
(a-Ta2O5) anodic films in previous works.39,121,124 In Fig. 14 we 
report the fitting curves of experimental data for films grown to 4 
V(SCE) on 90Ti-10Zr. The details of fitting procedure can be 
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found in Ref. [122]; here we have to mention that the flat band 
potential can now be derived as a fitting parameter of the photo 
characteristics. 

(iii)  Optical Gap in Amorphous Materials 

It was previously mentioned that optical transitions at energies 
near the band gap of a crystalline material may be direct (allowed 
or forbidden) or indirect. In the case of amorphous materials, ow-
ing to the relaxation of the k-conservation selection rule: 

“no intervention of phonons is invoked to con-
serve momentum and all energy required is pro-
vided by the incident photons.”81  

By assuming again a parabolic DOS distribution in the vicin-
ity of the mobility edges of both the conduction and valence band 
(above EC and below EV, with reference to Fig. 3) it has been 
shown82 that for amorphous materials the following relationship 
holds: 

 

   
( )2m

g Ehν const hν −=α
 (52) 

where m
gE  = EC – EV is now the mobility gap of the a-SC (see Fig. 

3). The exponent 2 is reminiscent of the indirect optical transitions 
in crystalline material but now photons interact with the solid as a 
whole: this type of transition in amorphous materials is termed 
non-direct. Because some tailing of states is theoretically foreseen 
for a-SC by any proposed model of DOS, m

gE  represents an ex-
trapolated rather then a real zero in the density of states. On the 
other hand in presence of a DOS distribution varying linearly with 
energy in the ranges EC – EA and EB – EV of Fig. 3b, it is possible 
to get for the absorption coefficient81 of amorphous material the 
following relationship: 
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where opt
gE  now represents the difference of energy (EA – EV) or 

(EC – EB) in Fig. 3b, whichever is smaller, whilst the constant as-
sumes values close to 105 eV–1cm–1. The range of energy in which 
Eq. (53) should be valid is in the order of 0.4 eV or less.81 In order 
to distinguish between these two different models of optical transi-
tions, both giving a similar dependence of absorption coefficient 
on the photon energy, we will refer to the first one as the Tauc’s 
approximation and to the second one as the Mott-Davis approxi-
mation. From the first one we derive an estimation of the mobility 
gap and from the second one the optical gap of amorphous materi-
als. If (αhν)0.5 vs. hν plots display a linear region larger than 0.4 
eV it seems more correct to interpret the data on the basis of the 
Tauc’s model of optical transitions. The coexistence of both types 
of transitions has been reported for thin anodic films grown on 
niobium,125 with the presence of a mobility gap in the order of 3.5 
eV in the high photon energy range extending around 1 eV and an 
optical gap (in the Mott’s sense) of about 3.05 eV. 

In the case of anodic films on valve-metals, an exponential 
decrease in the photocurrent yield (Urbach tail) as a function of 
photon energy is frequently observed at photon energies lower 
than the mobility gap. A possible origin of such dependence can be 
attributed to a variation of the light absorption coefficient accord-
ing to the following law: 

 

 
⎟
⎠

⎞
⎜
⎝

⎛ ν−
γ−α=α

kt
hE0

0 exp  (54) 

 
with γ and α0 constant. This relationship, which has been found to 
hold also for crystalline materials, has been rationalized in the case 
of a-SCs by assuming an exponential distribution of localized 
states in the band edge tails.126 In this case E0 marks the energy 
where lnα vs hν (Urbach plot) ceases to be linear. This value fre-
quently coincides with the mobility gap value determined accord-
ing to Eq. (52).  

A typical example is reported in Fig. 15 for the anodic film of 
Fig. 13: the value of m

gE , equal to about 3.75 eV, is in good 

agreement with the value of  E0  (≅ 3.85 eV)  derived  form the Ur- 



280  F. Di Quarto, F. La Mantia, and M. Santamaria 

0

0.5
1

1.5

2
2.5

3
3.5

4

4.5
5

2.5 3.5 4.5 5.5

A

hν /  eV

L
og

 (I
ph

/ a
.u

.)

B

 
Figure 15. Urbach plot relating to the anodic film of Figure 13. 
Reprinted from M. Santamaria, F. Di Quarto, and H. Habazaki, 
“Photocurrent spectroscopy applied to the characterization of pas-
sive films on sputter-deposited Ti–Zr alloys.” Corr. Sci. 50 (2008) 
2012, Copyright (2008) with permission from Elsevier. 

 
 
bach plot. Other explanations have been suggested for this behav-
ior in the case of crystalline materials.81 At very low absorption 
levels, a second exponential part in the Urbach plot (weak absorp-
tion tail, B in Fig. 15c) can be frequently observed. Such behavior 
has been interpreted by assuming a dependence of the light absorp-
tion coefficient on energy according to the following relationship: 

 

 
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∝

tE
hν α  exp  (55) 

 
where the energy parameter Et is always larger than E0.127 This part 
of the log α vs. hν plot is not as well reproducible as that at higher 
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energy due the high structure sensitivity of the light absorption 
coefficient in this energy range.127 

In agreement with a general statement reported in Ref. [81], it 
has been suggested39–40 that, in absence of appreciable differences 
in short range order of amorphous and crystalline counterparts, the 
mobility gap of amorphous anodic films should be equal or larger 
than the band gap of the crystalline counterpart. Such a difference 
in optical band gap value can be assumed as a measure of the in-
fluence of lattice disorder on optical gap of the films. 

In Table 1 we report the mobility gap and band gap values of 
some passive films grown on valve metals. The difference 

)( cryst
g

m
gam EEE −=Δ  in the range of 0.1 – 0.35 eV, is in agree-

ment with the expected extension of the localized states regions 
near the band edges due to the lattice disorder.81 Values of E0 (see 
Eq. 54) nearly coincident with the mobility gap, m

gE , have been 
 

 
Table 1 

Measured Optical Gap, m
gE  for Passive Films on Pure Metals 

Compared with the Band Gap of the Crystalline Counterpart, 
cryst
gE . ΔEam is the Difference Between m

gE  and cryst
gE . 

Phase m
gE  

( eV) 

cryst
gE   

(eV) 

ΔEam 
 

(eV) 
ZrO2 4.70~4.80137 4.50 a 0.20~0.30 
Ta2O5 3.95~4.05137 3.85 a 0.10~0.20 
Nb2O5 3.30~3.40137 3.15 a 0.15~0.25 
TiO2 3.20~3.35 a 3.05 (rutile) a 

3.20 (anatase) a 
0.15~0.20 

WO3 2.95~3.15137 2.75137 0.20~0.40 
MoO3 2.95~3.10137 2.90144 0.05~0.20 

Cr2O3 3.30~3.55137 3.30137 0.0~0.25 
NiO 3.43137 3.45~3.55137 0 
Cu2O 1.86137 1.86137 0 
Fe2O3 1.90~1.95137 1.90137 0~0.05 
Fe0.25Ti0.75O1.875 2.95137 2.80a 0.15 
Fe0.1Ti0.9O1.95 3.15145 3.00a 0.15 
aEstimated from the corresponding crystalline phases according to Eqs. (60a) and 
(61). 
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frequently derived for passive films on valve metals. It seems quite 
reasonable to suggest, for such a class of amorphous materials, a 
band model similar to that shown in Fig. 3b with an exponentially 
decreasing DOS in the mobility gap of the films at energies lying 
below EC and/or above EV. A mobility gap of passive film lower 
than the band gap of the crystalline counterpart must be interpreted 
as an indication that differences are present in the short-range or-
der of the two phases. A different short-range order can imply the 
formation of a defective structure, with a high density of localized 
states within the mobility gap as well as changes in the density of 
the passive film, which is known to affect also the value of the 
optical gap in amorphous materials.79–81 The experimental findings 
on passive films and corrosion layers suggest that large differences 
in optical gap values, between amorphous and crystalline counter-
parts, should be traced out to a different chemical environment 
around the metallic cation or to the presence of large amount of 
defects within the passive films, originating electronic states 
within the mobility gap. A remarkable case is reported in Ref. 
[128], where the incorporation of organic species into anodic 
films, grown on electropolished Al samples in tartrate containing 
solution, originated a DOS distribution within the band gap of a-
Al2O3 so allowing the onset of anodic photocurrent at photon ener-
gies (hν ≅ 3.0 eV) well below the band gap of Al2O3 (Eg ≥ 6.30 
eV). 

(iv)  Photoemission Phenomena at the Metal/Passive Film  
Interface 

In this Section we discuss the role of the inner metal/film in-
terface in the generation processes of photocarriers for thin and 
thick passive films. In presence of thin passive films it is possible 
that under illumination a large fraction of photons impinging the 
film/solution interface arrive at the metal/film interface, by excit-
ing metal electrons to higher energy levels and leaving vacant 
states below the Fermi level of the metal. The fate of the excited 
states into the metal depends on the occurrence of different physi-
cal deactivation processes at this interface. Apart the thermal deac-
tivation by scattering of excited electrons with the lattice vibra-
tions, photoemission phenomena of excited photocarriers can be 
observed. In the case of very thin passive films (dox ≤ 2 nm) exter-
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nal (into the electrolytic solution) photoemission processes become 
possible by tunnelling of excited electrons or holes at the metal 
surface throughout the film. A hole photoemission process has 
been suggested in the case of a gold electrode covered with a very 
thin oxide.129 The photoemission of electrons directly from the 
metal to the ground state of liquid water has been observed more 
frequently through very thin oxide films covering metals.130–132 
When such an external photoemission process occurs, in absence 
of diffuse double layer effects or large adsorbed molecules, it is 
possible to write for the emission photocurrent the so-called five 
half (5/2) power law, which gives the dependence of photocurrent 
from photon energy and electrode potential as:39,40,133,134 

  
 Iph = const.(hν – hν0 – ⏐e⏐UE)5/2 (56a) 
 

where UE is the electrode potential measured with respect to a ref-
erence electrode, hν0 is the photoelectric threshold at zero elec-
trode potential (changing with reference electrode) and hν is the 
photon energy in eV. At constant potential the photocurrent yield 
can be expressed as: 
 

 Q0.4 = const.(hν –Eth)   (56b) 
 

where Eth = hν0 +⏐e⏐UE is the measured photoemission threshold, 
dependent on the imposed electrode potential. It follows that a 
change in the photoemission threshold vs. potential of 1 eV/V is 
expected. By assuming that the electron photoemission process 
occurs from the metal Fermi level to the bottom of the conduction 
band134 of solvent, C

solventE , this last level can be estimated (with 
respect to the vacuum) according to the equation: 
 

 C
solventE  = Eth –⏐e⏐UE(ref)-⏐e⏐UE,ref(vac) (57) 

 
where Eth is the photocurrent emission threshold calculated accord-
ing to Eq. (56b), UE is the electrode potential with respect to a ref-
erence electrode, and UE,ref(vac) is the reference electrode potential 
with respect to the vacuum. A value of 4.60 V has been assumed 
on the vacuum scale for the NHE according to different authors.23 
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Figure 16. Photocurrent spectrum relating to Mg after mechanical treatment re-
corded by polarizing the electrode at - 1.94 V (MSE) in 0.1 M Na2SO4 (pH = 
6.15). Inset: estimate of the external photoemission threshold. Reprinted from M. 
Santamaria, F. Di Quarto, S. Zanna, and P. Marcus, “Initial surface film on mag-
nesium metal: A characterization by X-ray photoelectron spectroscopy (XPS) 
and photocurrent spectroscopy (PCS).” Electrochim. Acta 53 (2008) 1314, Copy-
right (2007) with permission from Elsevier. 

 
 
Figure 16 shows the photocurrent spectrum, in the long wave-

lengths region, recorded at constant potential UE = –1.94 V(MSE) 
(more cathodic than the respective UOC potential), for a freshly 
prepared mechanically cleaned Mg electrode (MTE) at pH = 6.15, 
from which an external photoemission threshold of 2.35 eV was 
estimated (see inset)135. At very close electrode potential (–1.97 ≤ 
UE ≤ –1.84 V(MSE)) an almost identical photoemission threshold 
was measured for MTE Mg electrodes in a wide range of solution 
pH (6 < pH < 14), allowing to estimate an almost constant EC

H2O ≅ 
–1 eV (see Fig. 17). This value agrees quite well with previously 
reported value (–1 ± 0.1 eV).39,40,133,136  

The same photoemission processes can operate in organic sol-
vent, as shown in Fig. 18, where we report the cathodic photocur-
rent spectra of MTE Mg electrode recorded at - 2.4 V(SCE) in  0.1  
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Figure 17. Estimated energy levels of water conduction band from external photo-
emission data relating to Mg after mechanical treatment as a function of solution 
pH. Reprinted from M. Santamaria, F. Di Quarto, S. Zanna, and P. Marcus, “Initial 
surface film on magnesium metal: A characterization by X-ray photoelectron spec-
troscopy (XPS) and photocurrent spectroscopy (PCS).” Electrochim. Acta 53 
(2008) 1314, Copyright (2007) with permission from Elsevier. 
 
 
M LiClO4 in propylene carbonate electrolyte. As evidenced in the 
figures (see inset) the photocurrent yield plotted according to the 
5/2 law (see Eq. 56) gives an onset photocurrent threshold value of 
~ 1.8 eV. The threshold values are reported as a function of UE in 
Fig. 19. A slope of ~ 1 eV/V was derived, in agreement with the 
theoretical expectation.134 It is interesting to mention that the 
(Iph)0.4 vs. UE plots at different wavelengths (λ = 450, 400 nm) (see 
Fig. 20) showed a zero photocurrent potential value which shifted 
with photon energy (about 1 V/eV) as foreseen from the theory 
(see Eq. 56).134  
 The data of Fig. 19 and 20 allow to locate the bottom of the 
conduction band of the organic solvent (or the energy level of pho-
toemitted electron in propylene carbonate) by subtracting to the 
photoemission threshold (4.15 eV), at zero electrode potential, the 
Fermi energy level of SCE measured with respect to the vacuum  
(–4.84  eV).  It came out that the bottom  of the conduction band of  
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Figure 18. Photocurrent spectrum relating to Mg after mechanical treatment re-
corded by polarizing the electrode at - 2.40 V(SCE) in 0.1 M LiClO4 propylene 
carbonate electrolyte. Inset: estimate of the external photoemission threshold. Re-
printed from M. Santamaria, F. Di Quarto, S. Zanna, and P. Marcus, “Initial surface 
film on magnesium metal: A characterization by X-ray photoelectron spectroscopy 
(XPS) and photocurrent spectroscopy (PCS).” Electrochim. Acta 53 (2008) 1314, 
Copyright (2007) with permission from Elsevier. 
 
 
propylene carbonate is located at about –0.7 eV with respect to the 
vacuum. Such a value incorporates an uncertainty on the potential 
drop at the organic solvent/SCE junction. However the value de-
rived for the conduction band bottom edge of propylene carbonate 
compares quite well with corresponding values reported in Ref. 
[134] for other organic solvents and it allows to get an estimate for 
the Volta potential difference (≈ –0.3 V) between Mg and propyl-
ene carbonate at zero charge. 

In the case of thicker films (dox ≥ 5 nm), where the external 
photoemission processes are forbidden, the possibility of an inter-
nal photoemission process due to the injection of photoexcited 
electrons (or holes) from the metal into the CB (or VB) of the pas-
sive film must be considered. In such a case the internal photocur- 
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Figure 19. External photoemission threshold as a function of 
electrode potential relating to Mg after mechanical treatment. 
Sol: 0.1 M LiClO4 in propylene carbonate. Reprinted from M. 
Santamaria, F. Di Quarto, S. Zanna, and P. Marcus, “Initial sur-
face film on magnesium metal: A characterization by X-ray pho-
toelectron spectroscopy (XPS) and photocurrent spectroscopy 
(PCS).” Electrochim. Acta 53 (2008) 1314, Copyright (2007) 
with permission from Elsevier. 

 
 
rent emission varies with the photon energy according to the so-
called Fowler photoemission law:134 

 

   ( )2thEhQ= const −ν   (58) 
 
where Eth is the internal photoemission threshold energy, which 
can be obtained from a plot of QQ0.5 vs. the photon energy, hν, at 
constant photon flux. This threshold is a measure of the distance in 
energy between the Fermi level of the metal and the CB (electron 
photoemission) or VB (hole photoemission) edge of the film.  The  
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Figure 20. (Iph)0.4 vs. UE plots for mechanical treated Mg, recorded by scanning 
the electrode potential at 10 mV s-1. Sol: 0.1 M LiClO4 in propylene carbonate. 
Reprinted from M. Santamaria, F. Di Quarto, S. Zanna, and P. Marcus, “Initial 
surface film on magnesium metal: A characterization by X-ray photoelectron 
spectroscopy (XPS) and photocurrent spectroscopy (PCS).” Electrochim. Acta 53 
(2008) 1314, Copyright (2007) with permission from Elsevier. 

 
 
occurrence of electron or hole internal photoemission in the case 
of insulating films is established by the direction of the electric 
field, and in turn by the electrode potential value with respect to 
the photocurrent sign inversion potential. In absence of trapping 
effects, the inversion photocurrent potential can be used to deter-
mine the flat band potential of insulating passive films. In the case 
of insulating anodic films on valve-metals internal electron photo-
emission processes are usually observed under cathodic polariza-
tion and under illumination with photons having energy lower than 
the optical band gap of the film.130,132 In Fig. 21 we report the de-
termination of the internal photoemission threshold for a passive 
film grown on Mg metal after mechanical treatment and immer-
sion in 0.1 M NaOH at 80°C for 1 h, recorded by polarizing the 
electrode at –1.53 V(MSE) in 0.1 M NaOH at room temperature.  
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Figure 21. Photocurrent spectrum relating to Mg after mechanical treatment and 
immersion in 0.1 M NaOH at 80°C for 1 h, recorded by polarizing the electrode 
at - 1.93 V(MSE) in 0.1 M NaOH at room temperature. Inset: estimate of the 
Fowler photoemission threshold. Reprinted from M. Santamaria, F. Di Quarto, S. 
Zanna, and P. Marcus, “Initial surface film on magnesium metal: A characteriza-
tion by X-ray photoelectron spectroscopy (XPS) and photocurrent spectroscopy 
(PCS).” Electrochim. Acta 53 (2008) 1314, Copyright (2007) with permission 
from Elsevier. 

 
 
It is interesting to stress that the thickening of the film grown 

in alkaline solution at high temperature hinders the direct photo-
emission process of electrons into the electrolyte observed for the 
same metal after scraping. In the case of semiconducting films no 
evidence of internal photoemission process is expected, owing to 
the absence of any electric field at the metal/film interface, as long 
as the space charge region of the SC is less than the film thickness. 
The knowledge of the internal photoemission thresholds allow to 
locate the energy level of the conduction band of the oxide films 
with respect to the Fermi level of the underlying metal, once the 
work function of the metal is known. In Table 2 the internal 
thresholds for cathodic photoemission of a series of insulating ox-
ide films grown on different valve-metals have been reported. 
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Table 2 
Threshold Energy Values Derived from the Fowler Plots for 
the Internal Photoemission Process at the Metal/Passive Film 

Interface. The Uncertainty is of ± 0.1 eV. 

Interface F
thE    

(eV) 
Y/Y2O3 2.1039 
Bi/Bi2O3 1.4039 
Pb/PbO 1.0039 
Zr/ZrO2     1.8039,146 
Hf/HfO2     2.1539,147 
Al/Al2O3 2.0039 
Ta/Ta2O5 1.5039 
Mg/Mg(OH)2  2.15135 
anodic oxide on Mo-79at.%Ta     1.7539,144 
anodic oxide on Al-34at.%Ta     1.5339,143 
anodic oxide on Al- 25at.%Nb 2.25a

anodic oxide on Al- 44at.%Hf 2.40a

anodic oxide on Al- 34at.%Hf 2.48a

aUnpublished data. 
 

4.  Band Gap and Oxide Film Composition 

(i)  Binary Crystalline Oxides 

In spite of the relevant information on the structure of the pas-
sive film/electrolyte junctions obtainable by PCS a more wide-
spread use of this technique in corrosion studies has been ham-
pered by the lack of a viable theory which relates the measured Eg 
values to the passive film composition. In general terms such a 
task is a very challenge one, also for advanced theoretical methods 
based on quantum mechanical calculations. It is within the aims of 
this chapter to show that it is possible to relate the band gap values 
of numerous oxides to their composition by means of a semi-
empirical approach. In a previous work137 it has been shown that 
such a task could be accomplished by proposing the following 
general correlation between the band gap of crystalline oxides and 
the difference of electronegativity of their constituents: 

 
 Eg = 2[EI (χM - χO)2 + Ξ]  (59) 
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where according to Phillips138 EI is the extra-ionic energy unit or-
bitally dependent, assumed “to vary with hybridisation configura-
tion, i.e., with different atomic co-ordination in different crystal 
structures.” χM and χO are the electronegativities of metal and oxy-
gen respectively. By plotting the band gap values of numerous 
oxides as a function of (χM – χO)2 it comes out that the proposed 
correlation was able to provide: 

(a) apart few exceptions (see below), two clearly separated in-
terpolating lines were found for sp-metal and d-metal ox-
ides, according to the following equations: 

 
d-metal oxide:       Eg = 1.35(χM – χO)2 – 1.49    in eV   (60a) 
 

           sp-metal oxide:     Eg = 2.17(χM – χO)2 – 2.71    in eV   (60b) 
 

(b) a better fitting of the experimental data with respect to pre-
vious proposed correlation as evidenced by the higher cor-
relation coefficient values. 

From the d-metal correlation it follows that metallic oxides 
(Eg ≅ 0) are expected to form on metals having Pauling’s electro-
negativity value around 2.45 in agreement with the common ex-
perience that noble metal oxides at higher oxidation states (RuO2, 
IrO2 notably) usually display metallic conductivity. From a practi-
cal point of view two more aspects are interesting for corrosion 
studies: 

(a) in this correlation NiO stays neatly on the sp-metal oxides 
interpolating line, whilst Cr2O3, FeO, Fe2O3, Cu2O and CuO 
are well interpolated as d-metal oxides; 

(b) three non transitional-metal oxides (PbO, In2O3, Tl2O3) are 
better interpolated like d-metal oxides. According to this an 
intriguing d-/sp-metal oxides dividing line along the diago-
nal Zn, In, Pb/Ga, Sn, Bi appears, with some of sp-metals 
(In, Tl, Pb) of higher atomic number showing a d-like be-
havior in terms of optical band gap vs. (χM – χO)2 correla-
tion. Like all semiempirical approaches the correlation can-
not account for such a different behavior, moreover a fur-
ther complication comes out from the fact that in some ma-
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terials the nature of optical transition (direct or indirect) can 
affect sensibly the measured band gap value. 

As for the electronegativity values in all calculations the 
Pauling's scale of electronegativity,139 integrated with the Gordy-
Thomas values140 has been used with the exception of Tl(III) for 
which the value given by Allred141 has been preferred. The elec-
tronegativity value of different elements, calculated by using the 
experimental band gap values of the corresponding oxides and 
according to the best fitting straight lines, differ from those re-
ported in Refs. [139-141] by a quantity of about 0.05, which is 
more or less the uncertainty given by the authors. According to 
this procedure in Table 3 the estimated electronegativity for a 
group of lanthanides metals, obtained by using the d-metal correla-
tion and the band gap values reported in the same table, is re-
ported. The electronegativity values for such a group of metals 
stay within the limits 1.1–1.3 usually reported for f-block elements 
and in fair agreement with those reported by Allred141 for the same 
elements at different oxidation states. Although the proposed cor-
relation seems to work nicely also for f-block elements, some un-
certainty still remains as for the parameters of the sp-metal oxides 
correlation owing to the limited numbers of oxides band gap val-
ues used to derive it as well as to the difficulty to get reliable opti-
cal band gap values for sp-metals having very low electronegativ-
ity parameters. 

 
 
 
 

Table 3 
Experimental Band Gap Values and Electronegativity Pa-
rameter Estimated by Using the d-Metal Correlation for a 

Group of Lanthanides Metals.40 

Phase Eg / eV χM 
Sm2O3 5.0 1.31 
Dy2O3 5.0 1.31 
Yb2O3 5.2 1.27 
Gd2O3 5.3 1.26 
La2O3 5.4 1.24 
CeO2 5.5 1.22 
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(ii) Ternary Crystalline Oxides 

The most interesting aspect embodied in the proposed correla-
tion is the possibility to use such relationships for predicting the 
band gap of mixed oxides so opening a new route to the quantita-
tive characterization of corrosion layers on metallic alloys. It was 
suggested that Eq. (60) could be extended to ternary oxides,  
AaBbOo,137 containing only d,d-metal or sp,sp-metal oxides, by 
substituting to the metal electronegativity, χM, the arithmetic mean 
for the cationic group, χc, defined as: 

 

   ba
ba
 + 

  +   = BA
c

χχχ  (61) 

 
where a and b are the stoichiometric coefficients of the cations in 
the ternary oxide, and χA and χB their electronegativities.  

In Table 4 the experimental band gap values for a number of 
binary and ternary d,d-metal oxides covering a quite large range of  
 
 

Table 4 
Experimental Optical Band Gaps Values for d-Metal and d-d-
Metals Alloys Oxides and Comparison Between Metal Electro-

negativity Estimated According to Eqs. (60a) and (61), χexp, 
and Pauling Electronegativity.40 

Phase exp
gE  

(eV)  

χexp χPauling 

Y2O3 5.50 1.22 1.20 
Sc2O3 5.40 1.24 1.30 
CuYO2 3.50 1.55 1.55 
MnTiO3 3.10 1.65 1.60 
La2Ti2O7 4.00 1.48 1.445 
FeTiO3 2.85 1.71 1.725 
Y3Fe5O12 3.00 1.68 1.64 
CuScO2 3.30 1.62 1.60 
Fe18Ti2O31 2.09 1.87 1.88 
Fe8Ti2O16 2.17 1.85 1.85 
Fe6Ti4O17 2.35 1.81 1.80 
Fe10Ti10O35 2.50 1.78 1.775 
Fe18Ti22O71 2.60 1.76 1.76 
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Figure 22. Experimental band gap values relative to Fe-Ti mixed oxides145 and 
Ti-Zr mixed oxides122 as a function of (χav – χO)2. The continuous line represents 
the theoretical prediction according to Eq. (60)a. 

 
 
band gap values (1.90–5.50 eV) and d-metal electronegativity (Δχ 
≅ 0.7) are reported. A very good agreement is observed between 
the χ experimental value obtained by PCS and the Pauling’s ones. 
The difference between the two values stays always within the 
experimental uncertainty given in the Pauling’s book.139 A further 
confirmation of the validity of the proposed correlation for d,d-
metal ternary oxide comes from the data of Fig. 22 showing the 
fitting of the experimental Eg values of ternary Ti-Fe and Ti-Zr 
mixed oxides as a function of different cationic ratio into the films. 
It is interesting to stress that for amorphous or disordered mixed 
oxides slightly larger Eg values are experimentally observed  By 
taking into consideration the results at our disposal for d-metal and 
d,d-metal mixed oxides we can reasonably state that Eq. (60a) to-
gether with Eq. (61) are able to predict the band gap of transition 
metal oxides within the experimental uncertainty. 
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Unfortunately we are not aware of a similar large range of 
band gap values for sp-metal mixed oxides. The few available data 
seem to confirm the validity of sp-metal correlation also for ter-
nary oxides with differences in the experimental and calculated Eg 
values in the order of 10%. 

As for ternary sp,d-metal oxides it was found that the d-metal 
correlation was able to fit quantitatively their band gap values pro-
vided that the difference in the electronegativity between the me-
tallic cations is less than 0.5137 (see Table 5). Due to the limited 
number of systems investigated it remains unsolved the limits of 
applicability of such correlation to the sp,d-metal mixed oxides. 
Very recent results both for crystalline bulk Mg-Zn142 oxides and 
amorphous anodic oxide on Al-W alloys143 alloys seem to suggest 
that when the atomic fraction of d-metal in the ternary oxides 
reaches values lower than 20% the experimental Eg data are better 
interpolated by the sp-metal oxide correlation. These aspects need 
further investigations aimed to better define the limits of validity 
of the proposed semiempirical correlation. 

 
 
 
 
 
 

Table 5 
Experimental Optical Band Gaps Values for sp-d-Metal Alloys 
Oxides and Comparison Between Metal Electronegativity Es-

timated According to Eqs. (60) and (61), χexp , and Pauling 
Electronegativity.40 

Phase exp
gE  

(eV) 

χexp χPauling 

Bi0.7Y0.3O1.5 3.0 1.68 1.69 
SrZrO3 5.40 1.24 1.20 
MgTiO3 3.70 1.54   1.425 
La2NiO4 4.0 1.48 1.43 
Mg0.19Zn0.81O 3.76 1.53 1.52 
Mg0.27Zn0.73O 3.92 1.50 1.49 
Mg0.36Zn0.67O 4.19 1.45 1.46 
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(iii)  Amorphous Oxide Films 

The previous correlation was extended to amorphous anodic 
films and corrosion layers by taking into account the influence of 
the amorphous nature on the optical band gap of passive films as 
previously discussed. Numerous investigations on anodic oxide 
films of valve metals have shown that amorphous oxides usually 
displayed optical band gap values larger than crystalline counter-
part in absence of other specific defects. According to these results 
it has been proposed to take into account the influence of amor-
phous nature of passive films on their optical band gap values by 
modifying the correlation, used for crystalline oxides, as fol-
lows:144 
    
   Egf - ΔΕam = A(χc -χO)2 + B (62) 
 
where Egf is the optical band gap of a passive film and ΔEam repre-
sents the difference between Egf and the optical band gap of the 
crystalline counterpart in eV. The choice of A, B and ΔEam depends 
on the nature (sp or d) of the metal cations as well as on their rela-
tive atomic fraction in the case of mixed oxides.  

As for the influence of the lattice disorder on Eg a value of 
ΔEam ≤ 0.35 ~ 0.40 eV seems able to account for the experimental 
data (see Table 1). ΔEam values in the order of 0.35 ~ 0.40 eV are 
typical of truly amorphous oxides (MoO3, WO3, Al2O3,), whilst 
lower values are expected for anodic film oxides having a ten-
dency to grow in microcrystalline forms (ZrO2, TiO2, Ta2O5). In 
Fig. 22 it is reported a fitting, according to Eq. (62), of the band 
gap values as a function of the compositional parameter χc ob-
tained according to Eq. (61) for two different ternary oxides sys-
tems containing only d-metal cations and forming both amorphous 
and crystalline phases as a function of cationic ratio into the film. 
The oxide films were obtained by anodizing metallic alloys (Ti-Zr 
magnetron sputtered alloys) or by metal-organic chemical vapour 
deposition.122,145 As previously mentioned in both cases a ΔEam 
value near to zero, in agreement with the theoretical expectation, is 
derived for crystalline phases, whilst from the fitting of experi-
mental data a ΔEam value different from zero is obtained for amor-
phous phases. 
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Figure 23. Experimental band gap values relative to Al-d metal mixed ox-
ides143 as a function of (χav – χO)2. The continuous line represents the theoreti-
cal prediction according to Eq. (60)a. The dotted line represents the theoretical 
prediction for amorphous oxides with ΔEam = 0.4 eV to Eq. (62). 

 
 
The value of ΔEam, as previously mentioned, seems to be a 

measure of the degree of long range disorder provided that the 
oxide stoichiometry remains almost the same in the two phases. 
According to this systems showing a tendency to form microcrys-
talline phase display band gap values very near to the crystalline 
counterpart. This is evidenced in Fig. 23 where it is reported the 
fitting of the band gap values as a function of the compositional 
parameter χc obtained for different amorphous ternary oxides, con-
taining both sp-metal (i. e. Al3+) and d-metal cations, grown by 
anodizing sputter-deposited or physical vapour deposited metal 
alloys.143 In both cases a ΔEam value in agreement with the theo-
retical expectation was derived from the fitting of experimental 
data and, significantly, larger ΔEam value were measured for an-
odic films made by oxides having a tendency to grow in truly 
amorphous state. Further evidence in favour of the proposed corre-
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lation for anodic films grown on Mo-Ta, Ti-Zr, Hf-W metallic 
alloys can be found in Refs. [144,146-148]. We have to mention 
that apart the nature of the oxide other experimental parameters 
can affect the lattice disorder degree of passive films and then the 
ΔEam value in anodic films.127,143,146 

(iv)  Correlation for Hydroxides and Oxi-hydroxide Films 

For a further improvement toward the possibility to use PCS 
in a quantitative way for the investigation of corrosion layers 
grown in different conditions, we need to correlate the optical band 
gap of hydroxides and oxy-hydroxides to their composition. The 
experimental data collected on a number of systems suggest that 
hydroxides films display lower optical band gap values with re-
spect to the corresponding anhydrous oxides. This finding can be 
rationalized on the basis of the correlation between the band gap of 
the films and the electronegativity of their constituents. In the case 
of hydroxide phases we can postulate that the band gap depends on 
the difference between the electronegativity of metal cation, χM, 
and hydroxyl group, χOH. The latter can be calculated as the arith-
metic mean of those pertaining to oxygen (3.5) and hydrogen 
(2.2): accordingly a value of 2.85 is obtained. 

In order to interpret some experimental data pertaining to pas-
sive layers on metals, for which the formation of hydroxides was 
inferred on the basis of PCS study and supported by thermody-
namic considerations or confirmed by surface analytical investiga-
tions (XPS and XANES), we assumed137 that, in agreement with 
the findings on pure and mixed oxides, also for hydroxides the 
optical band gap value depends on the square of the difference 
between the electronegativity of the metallic cation and the aver-
age anionic electronegativity (χM - χOH). In the electrochemical 
literature there were few, but experimentally well defined, investi-
gated systems which seemed to support our assumption. Further 
studies, carried out in our laboratory on selected systems, have 
now provided a number of experimental data sufficient to derive 
numerical correlation regarding the optical band gap of hydroxide 
films on both sp- and d-metals.135,149,150 Figure 24 shows the 
photocurrent spectrum relating to an Mg(OH)2 film on mechani-
cally polished magnesium formed by anodizing the metal in 0.1 M  
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Figure 24. Photocurrent spectrum relating to Mg after mechanical treatment and 
anodizing in 0.1 M NaOH to 0.6 V(MSE), recorded by polarizing the electrode at 
the formation potential in the same electrolyte. Inset: (Iphhν)0.5 vs. hν plot. Re-
printed from M. Santamaria, F. Di Quarto, S. Zanna, and P. Marcus, “Initial sur-
face film on magnesium metal: A characterization by X-ray photoelectron spec-
troscopy (XPS) and photocurrent spectroscopy (PCS).” Electrochim. Acta 53 
(2008) 1314, Copyright (2007) with permission from Elsevier. 

 
 
NaOH to 0.6 V(MSE): an optical band gap of 4.25 eV is deter-
mined, by assuming indirect optical transitions (see inset of the 
figure), a value well below the value of 7.8 eV, now widely ac-
cepted, for MgO. On the basis these experimental data,149 the fol-
lowing correlation has been proposed: 

 
 Eg = 1.21(χM- χOH)2 + 0.90  (63a) 

 
for hydroxides grown on sp-metal, and: 
 
  Eg = 0.65(χM- χOH)2 + 1.38  (63b) 
 
for hydroxides grown on d-metals. It is noteworthy that, as previ-
ously reported for metal oxides, different relationships hold for sp-
metal and d-metal hydroxides. With respect to the analogous cor-
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relation obtained for sp-metal oxides (Eq. 60), the most relevant 
difference in Eq. (63a) comes out from the second term of the right 
side, suggesting that sp-metal hydroxides present always a finite 
optical band gap, in the order of 1.70 eV for Tl, the most electro-
negative sp-metals (χ = 2.03). Although this last correlation suffers 
some limitations owing to the rather limited number of investi-
gated systems it is able to rationalise some results reported in the 
literature. In fact from Eq. (63a) an optical band gap around 2.25 
eV is derived for Ni(OH)2 by assuming χNi = 1.80 according to the 
Pauling scale and under the hypothesis that also for Ni-hydroxides 
holds the sp-metal correlation valid for NiO. The optical gap esti-
mated according to Eq. (63a) is in good agreement with the value 
estimated from photocurrent spectra reported in the literature151 for 
passive films on Ni (Eg = 2.20 eV) and for Ni(OH)2 electrochemi-
cally deposited and soaked in KOH solution.152 These findings 
confirm once more that in the proposed correlation Ni(II) oxide 
and hydroxide conforms to the sp-metal behavior. 

Further support to the proposed hydroxides correlations comes 
from more recent data obtained from the PCS study of conversion 
coating grown on Mg metal in stannate bath, where the formation 
of a mixed MgSn(OH)6 layer has been reported,153 as well as from 
PCS characterisation of Co(OH)2 and La(OH)3 films grown in al-
kaline solution.150,154 Owing to the lack of information on the band 
gap values of a larger number of hydroxides, the correlation be-
tween the optical band gap and the difference of electronegativity 
of the hydroxides constituents are based on a restrict number of 
systems and, thus, it must be taken with some caution. Neverthe-
less, it is possible to make some general considerations on the be-
havior of some investigated systems lending a further support to 
their validity. 

By comparing the correlation relative to transition metals, it 
comes out that larger band gap values are expected for the hydrox-
ide phase than for the corresponding anhydrous oxide, when the 
cation electronegativity is higher than 1.95. Such a finding can 
help to rationalize the experimental results reported for gold elec-
trode as well as for other noble metals. In the case of gold an opti-
cal band gap of about 1.50 eV is expected for the hydroxide phase 
in comparison with the near to zero band gap value foreseen for 
the anhydrous oxide. Analogously, for platinum metal (χM = 2.1), 
an increase of the optical gap is calculated from our correlations on 
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going from the oxide (Eg = 1.16 eV) to the hydroxide phase (1.75 
eV). Although the nature and the photoelectrochemical behavior of 
the oxide films grown on these noble metals are still under de-
bate,39 this finding could help to explain the complex behavior 
observed experimentally.  

The last point we like to discuss is the possibility to relate the 
band gap values of passive films to their hydroxylation degree. At 
this aim it has been suggested137 on a purely heuristic basis, a con-
nection formula between the band gap of oxides and the band gap 
of the corresponding oxi-hydroxide, MO(y-m)OH(2m) . According to 
this suggestion it has been proposed that the band gap of anhy-
drous and hydroxilated oxide phase can be related trough the rela-
tionship: 
 

   
OH1 xk

E
E

m

anh
ghyd

g +
=   (64) 

 
 where km is a constant that can be calculated for each system once 
the band gap values of the anhydrous oxide and hydroxide are 
known. xOH is the fraction of hydroxyl group into the oxi-
hydroxide phase defined as: 

 

   
my

mx
+

= 2
OH   (65) 

 
It is interesting to note that Eqs. (64) and (65) have been suc-

cessfully used to get the composition of Chromate Conversion 
Coating (CCC) formed on aluminium from their band gap values 
as a function of the hydration degree and as a function of the 
Cr(III)/Cr(VI) ratio.155 The photoelectrochemical characterization 
of CCC grown for different conversion times and in different elec-
trochemical baths data showed that a quite reproducible optical 
band gap value, around 2.55 eV, is derived for freshly prepared 
CCCs. Such a value is different from that measured for passive 
chromium155 and assigned to Cr(OH)3 anodic film (2.40 eV), and 
has been attributed to the formation of an amorphous Cr(III)-
Cr(VI) mixed oxy-hydroxide of formula Cr0.667Cr0.333O1.2(OH)1.6, 
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having a stoichiometric ratio O/Cr equal to 2.80, in fair agreement 
with data obtained by XANES and Auger spectroscopy.155 

(v)  PCS Analysis of Passive Films and Corrosion Layers on 
Base Metals and Alloys 

One of the most challenging task for any experimental ana-
lytical technique is to be able to provide useful information on the 
electronic properties and chemical composition of passive films on 
base metals (like: Cu, Fe, Cr, Ni) and their alloys (stainless steels 
(SS), Fe-Cr alloys, etc.). The previous correlation has been used to 
relate quantitatively PCS data to passive films composition formed 
on some of these metals.131,137,156–159 In the last years an increasing 
use of such correlation has been registered in PCS studies aimed to 
characterize passive film on base metals and alloys (Fe-Cr, SS).160–

166 In these complex systems further information on the oxidation 
state of each metallic cation and their atomic fraction can be nec-
essary in order to use quantitatively the previous correlation. 
Moreover in some cases the expected optical band gap values of 
oxides and hydroxides of the same metal, at different oxidation 
states, are very close or almost coincident so that it becomes diffi-
cult to get quantitative information from PCS measurements alone. 

In order to highlight this point, in Table 6a we report the band 
gap values of crystalline oxides and hydroxides of a group of base 
metals (Cu, Cr, Fe, Ni) experimentally measured by PCS tech-
nique or derived from the literature. In the same table we report the 
Pauling electronegativity parameter for the different oxidation 
states. Apart from the electronegativity value of Cr(VI) for which 
we are not aware of other reliable values in literature, we like to 
stress that the electronegativity data obtained by Eq. (60a) are in 
very good agreement with those reported in literature139–141 so that 
we suggest to use these last values as preferred PCS electronega-
tivity parameters for characterisation of passive films on pure base 
metals and on their alloys. According to this we reported in Table 
6b the estimated band gap values of the corresponding hydroxides 
as derived from the proposed correlation and by using the PCS 
preferred χM values. 

It comes out from data of Table 6 that oxides and hydroxides 
of d-metal having electronegativity around 1.90 display very close 
band gap  values,  so making  very  difficult to distinguish by  PCS  
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Table 6 
(a)Band Gap Values of Crystalline Oxides and Hydroxides of a 

Group of Base Metals. Comparison Between Pauling  
Electronegativity and PSC Estimated Electronegativity.40  

Phase   Eg  
(eV) 

χPauling χPCS 

Cr2O3 3.30 1.60 1.62 
Cr(OH)3 2.43 1.60 1.62 
CrO3 2.0   – 1.89 
ZnO 3.34 1.60 1.60 
Cu2O 1.86 1.90 1.90 
CuO 1.40 2.00 2.04 
FeO 2.40 1.80 1.80 
Fe2O3 1.90 1.90 1.91 
NiO 3.80 (direct) 

3.58 (indirect) 
1.80 1.80 

1.77 
Ni(OH)2 2.31 1.80 1.77 
 
(b) Band gap values of some base metal hydroxides estimated 

according to Eq. (63)b. 
Phase χPCS Eg  

(eV) 
Zn(OH)2 1.60 2.39 
CuOH 1.90 1.97 
Cu(OH)2 2.04 1.80 
Fe(OH)2 1.80 2.10 
Fe(OH)3 1.91 1.95 

 
 

alone which type of passive films is formed. This is the case of 
copper and iron passive films for which at least three different 
phases at different hydroxylation degree exist with very close opti-
cal band gap values. In such a case further information gathered by 
other (possibly in situ) analytical techniques are necessary to ra-
tionalise PCS data of passive films. 

Other authors167–169 have proposed a different route for the 
identification of passive film. According to these authors a com-
parison of PCS data (as well as of the general semiconducting be-
havior) between passive films anodically grown and sputtered ox-
ides could help to identify the nature of passive films. This ap-
proach may be useful provided that any difference in the defect 
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structure and hydroxylation degree for oxide phases grown in such 
different ways is negligible. 

The data of Table 6 and the previous considerations could 
help to rationalise some of the experimental findings on PCS 
analysis concerning passive films on iron, for which band gap val-
ues ranging between 1.90 eV and 2.10 eV are reported in the lit-
erature.169 A band gap value of 1.90 eV has been estimated for 
passive films formed on iron in borate buffer solution (pH = 8.4) at 
high potential (UE = 0.6 ~ 0.8 V(SCE)).169 This value matches well 
the one reported in the same work for evaporated Fe2O3 and the 
one reported in Table 6a for crystalline Fe2O3, thus allowing iden-
tifying the passive film composition as Fe(III) oxide. This conclu-
sion is in agreement with recent XANES data suggesting the for-
mation of micro-crystalline iron oxide structure (LAMM phase)170 
on passive iron anodized under similar conditions. The higher Eg 
measured at lower polarizing voltage (UE < 0.4 V(SCE)) have been 
be ascribed to the presence of crystallographic disorder, as in 
amorphous passive films, or to the partial reduction of Fe(III) to 
Fe(II) with a subsequent variation of film composition.171 Accord-
ing to Eqs. (60a) and (61) a band gap of 2.0 eV is expected for a 
10% Fe(II) containing oxide in agreement with the value reported 
in Ref. [169] for oxidised magnetite, while Eg = 2.1 eV can be es-
timated for Fe3O4 in contrast with the value reported in the same 
work. The Eg variation with UE, reported in Ref. [169], is predicted 
by the above mentioned equations as a function of the Fe(II) con-
tent into the film, and it should agree with the description of pas-
sive film on iron, described as a Fe(II) deficient magnetite of for-
mula Fe(II)1-xFe(III)2O4-x, with Fe(II) content in the range of 10-
25% depending on the passivation potential.169 

By considering that a band gap value around of 1.90 ± 0,05 
eV has been estimated for Fe(III) oxide and hydroxide, almost 
coincident with that of Fe2O3 and Fe(OH)3 is estimated in Table 6, 
we can conclude that Eg = 1.85 ~ 1.95 eV is expected for iron pas-
sive films having composition equal to FeOOH, and thus PCS is 
not sensitive to variation of the hydration degree of Fe passive 
films due to the small dependence of the band gap values on the 
OH content. A detailed discussion of the influence of anodizing 
solution, spanning a large range of pH (1 ≤ pH ≤ 15), and electrode 
potential values on the measured optical band gap of passive film 
on metallic iron can be found in Ref. [171]. 
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The use of PCS in the identification of passive films on iron-
chromium-nickel alloys and stainless steel appears even more dif-
ficult, despite the appreciable differences in the band gap values of 
the corresponding pure crystalline oxides. The possible formation 
of a passive film with an unknown hydration degree and with dif-
ferent metals at different oxidation state makes the PCS analysis 
very complex. By the way, different photoelectrochemical data on 
such systems are reported in the literature and the interested reader 
can access to the published works.104,160–166,172–183 

Owing to space limitations we will discuss shortly and quali-
tatively some selected PCS data pertaining to such systems, which 
can be compared in some extent to more recent quantitative analy-
sis based on in situ and ex situ techniques (XANES, XPS, 
EQCM).184–187 

The formation of Cr(OH)3 on passive Cr at low potentials (UE 
≤ –0,6V(MSE)) and in a wide range of pH (0 < pH < 9) has been 
suggested on the basis of the measured optical band gap value (Eg 
= 2.45 ± 0.1 eV, see Refs. [159.160-162,188]). Such a hypothesis 
is in agreement with XPS and XANES data reported in Refs. 
[184–187] for films grown on Cr and on Fe-Cr alloys in acidic 
solutions as well as in slightly alkaline solutions.189 

As for PCS data of passive films grown on Fe-Cr alloys (Cr 
content ≤ 30at.%) in borax buffer solution (8.4 ≤ pH ≤ 9.2) band 
gap values ranging from 1.90 eV to 2.20 eV with increasing Cr 
content have been reported in Refs. [177,181]. In a more recent 
work,190 by using steady-state PCS data band gap around 3.0 eV 
have been reported for passive film on Fe-Cr alloys (Cr content ≤ 
20at.%) at variance with the previous ones. Such difference in Eg 
values could be attributable, in principle, to a loss of sensitivity in 
the last method, which could miss to detect the lower photocurrent 
values usually measured for photon energies near the band gap of 
passive films. This last hypothesis could also explain higher Eg 
values measured, for passive films grown on experimental ferritic 
SS174 in chloride containing solution, at low anodic potentials (Eg 
= 2.80 eV). On the other hand Eg values around 2.60 eV were 
measured, at higher electrode potentials (UE = 0.6V(SCE)), for 
passive films formed on analogous ferritic SS containing small 
amount (< 4% in weight) of Mo and Ni.172 

Due to the large range of Eg values collected in the literature 
for passive films on Fe-Cr alloys, the loss of sensitivity of PCS for 
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photon energies near the band gap of passive films does not seems 
a satisfactory explanation. The data on passive films composition 
obtained by in situ and ex situ analytical techniques reported in 
Refs. [184-187] for Fe-Cr passive films grown at pH values ≤ 4.5 
can be useful to justify these results.  

XANES data on various Fe-Cr alloys184 strongly suggest that 
at pH = 4.5 (acetate buffer solution) films formed at low potentials 
(Ue = –0.3V(MSE)) are enriched, with respect to the base alloy, of 
Cr(III) usually present in the films as hydrated species, whilst at 
higher potentials (UE = 0.2 V(MSE)) the passive films display both 
a minor Cr enrichment as well as a decrease in hydroxides content. 
These findings suggest that passive films on Fe-Cr alloys are ox-
ides containing both the metals with a Fe/Cr ratio and a hydration 
degree dependent on experimental conditions. In a more recent 
paper187 the formation of Cr(OH)3 in acidic solution of 0.5 M 
H2SO4 has been reported on the basis of a XPS analysis of passive 
film on Fe20Cr grown at various potentials. More interestingly in 
the same paper the formation of a chromite (Fe(II)Cr2O4) com-
pound at anodic potential near to +0.4 V(SHE) was suggested. At 
still higher potential UE > 0.8V(SHE) the co-presence of Fe(III) 
and Cr(III) oxide species was suggested in presence of a decreas-
ing amount of Fe(II) and Cr(OH)3 species. A band gap value near 
to 2.5 eV, very near to that estimated for Cr(OH)3, has been re-
ported in Ref. [160] for a film grown in acidic solution on similar 
alloy, whilst both the presence of an optical band gap near to 2.5 
eV as well as a second optical band gap around 3.0 eV have been 
reported in Ref. [161] for Fe-18Cr passive film formed in borate 
buffer solution. We like to mention that as for chromite 
(Fe(II)Cr2O4) compound an optical band gap around 3.0 eV is 
foreseen according to the correlation previously reported, whilst 
for mixed Fe(III)-Cr(III) oxides at the different composition near 
those reported in Ref. [187] band gap values ranging between 2.5 
eV and 3.0 eV can be estimated on the basis of the correlation for 
mixed d-metal oxides. It is also interesting that lower Eg values 
pertain to the passive film grown on Fe-Cr alloys at highest elec-
trode potential. By extending the previous considerations to pas-
sive films on ferritic SS, the decrease of their optical band gap 
with increasing electrode potential can be analogously explained 
by an increase of the iron content in the passive film. 
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According to Eqs. (60), (61) and (64), band gap around 2.1 ± 
0.1 eV strongly point toward the presence on the surface of Cr-Fe 
alloys of passive films constituted of mixed iron-chromium hy-
droxides richer in iron, with larger Eg values attributable to passive 
film at higher Cr content. 

As for passive films on austenitic SS (Fe-18Cr-8Ni) and Ni-Cr 
alloys (alloy 600 series), formed at high anodic potential (UE = 0.8 
V(SCE)) in borate buffer solution at pH = 9.2, a rather constant 
optical band gap (Eg = 2.35 ± 0.1eV) has been reported in Refs. 
[181–183], with the highest values for passive films on SS at 
higher Ni content or on Ni-Cr alloys. The Eg value suggests that 
also in this case a chromium hydroxide rich phase is the main 
component of the passive films. At lower potentials (UE < 0.1 
V(SCE)) higher band gap values (Eg = 2.75 ± 0.1 eV) have been 
found.178,180 However, passive films on austenitic SS with higher 
molybdenum content (> 4% in weight) usually displayed a more 
limited variation in the Eg values as a function of electrode poten-
tials.174,178 This finding was particularly evident in the case of the 
superaustenitic commercial alloy 254-SMO (20Cr-18Ni-6Mo), 
which displayed an almost constant Eg value (2.45 ± 0.1 eV) in a 
rather large range of electrode potential (–0.1 ≤ UE ≤ 0.9 V(SCE)) 
at pH = 6.5 and in presence of chloride.174 The beneficial action of 
Mo in improving the pitting resistance of SS is well known191 and, 
according to PCS data, it could be ascribed to its ability to keep on 
the surface of such an alloy a passive film having an almost con-
stant composition (very close to Cr(OH)3, according to the Eg val-
ues) at different potentials. This interpretative hypothesis is in 
qualitative agreement with the results of STM and XPS analysis 
reported in Ref. [185] showing that the passive film grown on Fe-
18Cr-13Ni in 0.5 M H2SO4 at 0.5V(SHE) keeps a stable thicker 
outer layer containing almost chromium hydroxide also at longer 
polarization times. It seems reasonable to conclude that in the case 
of 254-SMO alloy the external layer of the passive film formed at 
pH = 6.5 and in presence of chloride ions in solution has a compo-
sition close to Cr(OH)3, as reported for the outer layer of the Fe-
Cr-Ni alloy discussed in Ref. [185]. 

Higher Eg values (> 2.40 eV) are expected for passive films on 
austenitic SS at higher potentials in presence of a dehydration 
process and/or for the formation of an anhydrous Cr(III) richer 
mixed oxides.185,192 However, very recently, in a series of papers 
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dealing with the PCS characterization of passive film grown in 
borate solution on different SS (254 SMO, AISI 304L and AISI 
316L) Blackwood and coworkers have suggested the possible 
presence of a surface layer of Fe2O3 at higher anodic potential and 
a duplex structure with a chromite-like inner phase underlying the 
external Fe2O3 layer at intermediate electrode potentials. At still 
more cathodic potential the possible formation of a p-type FeO 
oxide on the surface of the alloy 254SMO austenitic SS was sug-
gested. These results indicate that the nature of passive films could 
be strongly dependent also from the nature of ionic species present 
in solution apart from the solution pH. Further studies are neces-
sary for reaching final conclusions on particular systems. 

However, all the above mentioned results highlight both the 
ability of PCS technique to scrutinize very complex systems as 
well as the possibility to extract semi-quantitative information on 
the surface layer composition not conflicting with experimental 
data obtained by other very sophisticated techniques. We are con-
fident that future PCS investigations on carefully chosen systems 
could provide further evidence in favour of a widespread use of 
such a technique in passivity and corrosion studies. 

IV.  CONCLUSIONS 

A critical analysis of the experimental results on the electronic 
properties of passive film, obtained by using a traditional approach 
based on the Mott-Schottky theory, has shown some aspects se-
riously conflicting with the theoretical hypothesis underlying the 
validity of the M-S analysis. In this review it has been shown that 
a better unifying framework for getting out information on elec-
tronic properties of passive films is provided by the theory of a-SC 
Schottky barrier. In the frame of this theory the differential admit-
tance behavior of passive film/electrolyte junction can be qualita-
tively and quantitatively analyzed providing important information 
useful to locate the energy levels of the passive film/electrolyte 
junction as well as new insight on the DOS distribution inside the 
film. 

As for the location of energy levels of the junction, in the case 
of amorphous or strongly disordered material, they can be serious-
ly in error if the analysis of measured capacitance is carried out by 
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means of traditional M-S approach. Moreover such an approach is 
not able to explain, neither qualitatively, the changes in the capa-
citance behavior observed at different ac frequencies of electrical 
signal. 

It has been suggested that in presence of very thin passive 
film, like those reported for base metal and alloys, a different ap-
proach, as that suggested by Gerischer for crystalline graphite 
electrodes, could offer a coherent approach to the study of the 
highly doped crystalline passive film formed on these material. It 
appears however rather surprising that, in the case of well docu-
mented systems having strongly disordered or amorphous nature, 
many researchers still employ the classical M-S analysis in spite of 
the fact that a well developed theory of amorphous semiconductor 
Schottky barrier has been developed more than 25 years ago, at 
least, for bulk amorphous semiconductors. Some further refine-
ments to this last theory appear necessary for a quantitative analy-
sis of the electronic properties of amorphous thin passive film in 
order to account for the limited thickness of the passive film and 
for the possible metal capacitance contribution to the measured 
capacitance of the film/electrolyte junction. Once such refinements 
will be carried out, it is our opinion that we could become able to 
get more insight also on the influence of anodizing process and 
post-anodizing treatment on the electronic properties of passive 
film grown on base-metal and valve-metal too. This last class of 
materials, which are of large interest in the electronic industry ow-
ing to their high k values, and specially anodic niobia and tantala 
deserve more investigation owing to the fact that they display 
some attractive features making them ideal candidates for testing 
further improvements in the theory of a-SC Schottky barriers. 

In this review we presented also a relatively simple approach 
to the fundamentals of PCS technique currently used for characte-
rizing passive films and corrosion layers on metal and alloys. 
Some of the interpretative models suggested in the past by the 
present authors to rationalize the experimental PCS data, gathered 
from many investigated systems, have been validate by different 
authors but some of them are still under scrutiny and they should 
be used with some caution. This is particularly true for the pro-
posed correlation between optical band gap of hydroxides and dif-
ference of electronegativity of the constituents owing to the still 
limited, although increasing, number of investigated systems. 
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Nevertheless, it is in our opinion that, PCS technique remains one 
of the most versatile techniques at our disposal, for getting out 
information on the solid-state properties of passive layers in corro-
sion studies.  

The combined use of DA and PCS techniques in the characte-
rization of thin and thick passive films on metal and alloys it has, 
already, provided important information, on electronic and solid 
state properties of films, which cannot be accessible by other tech-
niques. If we consider that both techniques are able to test in situ 
real corroding systems at different time scales and electrode poten-
tial window, without any special procedure, it appears reasonable 
to predict a still wider use of both techniques in corrosion and 
electrochemical material science. 

We are aware that, in many cases, other in situ and ex situ 
scanning probes having very high spatial resolution or vacuum 
techniques providing more precise information on the morphology 
or chemical composition of thin passive layers will be mandatory, 
but we have no doubts that DA and PCS techniques, together with 
other electrochemical techniques, will play an unchallenged role 
for a complete physico-chemical characterization of passive films 
and corrosion layers. 
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