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Abstract In situ electrochemical scanning tunnelling
microscopic (STM) measurements of the growth mech-
anism of the passive film on Ni(111) single-crystal sur-
faces in an alkaline 1 mM NaOH aqueous solution are
reported. Stepping the potential from �1,050 mV/SHE,
where the terrace topography of the bare Ni(111) surface
is observed, to �800 mV generates a continuous step
flow resulting from a slow dissolution of the surface
localized at step edges of the surface. Islands are ob-
served on the terraces that possibly correspond to the
specific adsorption of hydroxide anions, without for-
mation of an ordered structure. The nucleation of the
passivating oxide is preferentially located at the step
edges at this potential. The ongoing dissolution at the
nearby step edges not yet passivated leads to the for-
mation of isolated 2D islands of the passivating oxide.
At �780 mV, the formation of extended islands consti-
tuted of 2D nanocrystals (�2 nm) is observed on the
substrate terraces and blocks the dissolution at the step
edges. The nanocrystals have an hexagonal lattice
assigned to the formation of a monolayer of
Ni(OH)2(0001) in strained epitaxy on Ni(111). At
E‡�630 mV, the formation of a facetted topography is
observed as a result of the 3D growth of the passive film
in tilted epitaxy on the substrate. Its structure is in
excellent agreement with that expected for an unstrained
3D b-Ni(OH)2(0001) layer. This 3D layer of b-Ni(OH)2
is not reduced by a cathodic sweep of the potential down
to �1,500 mV whereas the 2D islands are reduced under
similar conditions. Ageing of the passive film shifts
cathodically the potential of non-reversibility.

Keywords Passivation Æ Structure Æ Growth
mechanism Æ Nickel Æ Oxide Æ Hydroxide

Introduction

The polarization of nickel electrodes in alkaline aqueous
electrolytes is characterized by anodic (A1, A2) and
cathodic (C1, C2) peaks (see Fig. 1) that are related to
the formation and reduction of anodic oxides grown on
the surface [1–15]. The A1 and A2 anodic peaks are re-
lated to the oxidation of Ni0 to Ni2+ and Ni2+ to Ni3+,
respectively. The C1 and C2 cathodic peaks correspond
to the reduction of Ni3+ to Ni2+ and Ni2+ to Ni0,
respectively. In acidic solution, an intense A1 peak is
observed [2–4, 12]. It is associated with the fast disso-
lution reaction of the Ni surface that precedes the
growth of the passive film. In alkaline solution [1, 5–11,
13, 14], dissolution is minimized as shown by detailed
analysis of cyclic voltammetry measurements [11] and
quartz crystal microbalance data [15]. The reducibility of
the Ni2+ oxide film depends on potential. The protective
layer can be reduced if the anodic potential of formation
does not exceed the value of �0.4 to �0.5 VSHE. This
limit has been associated with the irreversible transfor-
mation of a reducible phase (assigned to a-Ni(OH)2) into
a nonreducible phase (assigned to b-Ni(OH)2) [8–10, 16].

The Ni2+ passive film formed on nickel can be de-
scribed by a bilayer model with the inner part consisting
of nickel oxide (NiO) and the outer part of a hydrox-
ylated NiO surface or a 3D nickel hydroxide (Ni(OH)2)
layer, possibly hydrated [8, 10, 17–32]. In acid solution,
the thickness of the passive film has been measured to
range between 0.9 nm and 1.2 nm [3, 4, 17–19, 22, 27],
some authors reporting a small gradual increase up to
2 nm with increasing potential [25, 30–32]. In alkaline
solution, it has been observed that the thickness of the
outer hydroxide layer is larger than in acid solutions and
remains constant (�1.5 nm) in the Ni2+ passive range
[25], whereas the thickness of the inner oxide layer,
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forming the barrier layer against corrosion, increases
linearly with potential up to 3 nm. Other authors con-
clude to a total thickness of the passive layer ranging
from 1 nm to 2 nm [7, 8, 11, 20].

The structure of the passive film formed in acidic
solution is well documented [12, 30–37]. It is crystalline
with NiO growing along the (111) direction in antipar-
allel epitaxy. The (111) orientation is stabilized by sur-
face hydroxylation. The surface of the inner NiO(111)
crystalline structure is facetted as a result of a tilt of the
oxide lattice with respect to the substrate lattice [12, 30–
32, 35–37]. A noncrystalline structure has also been
observed in situ [30–32, 34]. It has been assigned to a
thicker and likely porous layer of hydrated hydroxide
(possibly a-Ni(OH2)) covering the inner NiO(111) crys-
talline structure [30, 31]. In alkaline solution, fewer re-
sults have been reported. A crystalline lattice of
hexagonal symmetry has been observed on Ni(100) [38]
and Ni(111) [16] that can correspond to the growth of
NiO(111) or Ni(OH)2(0001) (a or b). On Ni(100), an
intermediate nonhexagonal structure has been observed
prior to the formation of the NiO(111) or
Ni(OH)2(0001) hexagonal phase [38]. It was assigned to
a strained 2D oxide or hydroxide layer formed in the
initial stages of growth of the passive film on the Ni(100)
surface.

The objective of the experiments reported here was to
obtain detailed structural data on the growth mechanism
of the passive film formed on Ni(111). In situ electro-
chemical scanning tunnelling microscopy (EC-STM)
was used. An alkaline aqueous solution (1 mM NaO-
H(aq), pH 11) was selected in order to slow down the
dissolution reaction that occurs in acidic solution, which
modifies the surface topography in the initial stages of
growth of the passive film. The structural changes
occurring on the metallic nickel surface, from the initial
stages of oxidation (onset of A1 peak) to the later stages
where 3D crystalline Ni2+ layers are formed, have been
investigated.

Experimental

Ni(111) single-crystals oriented within ±1� by Laüe
back-diffraction were used. The surface was mechani-
cally polished with diamond spray with a final grade of
0.25 lm. It was then electropolished in 55% sulfuric acid
for 7 min at 0.3 A/cm2 and subsequently annealed at
1,273 K for 16 h in a flow of ultra pure hydrogen (6 N)
at atmospheric pressure to heal out the defects and to
enlarge the terraces. The sample was then transferred in
air to the electrochemical cell of the STM. The area
exposed to the electrolyte was 0.16 cm2. The EC-STM
cell was made of Teflon and contained a Pt counter
electrode and a Pt pseudoreference electrode. The ref-
erence electrode was calibrated by the well-defined peaks
of the polarization curve of Ni in 1 mM NaOH(aq)
(Fig. 1) and proved to be sufficiently stable. In the fol-
lowing, all potentials are given with respect to the

standard hydrogen electrode (V/SHE). Prior to each
measurement, the EC-STM cell with the two Pt elec-
trodes mounted was cleaned first in a 2:1 mixture of
concentrated H2SO4 and H2O2 and then in concentrated
HNO3 and finally thoroughly rinsed with Millipore
water (resistivity >18 MW cm).

The measurements were performed in 1 mM NaO-
H(aq) solution prepared from ultrapure 5 M NaOH
(Merck) and Millipore water. After a cathodic pre-
treatment in the electrolyte to reduce the air-formed
oxide film, the electrode was stepped to the potential of
interest. The reduction pre-treatment consisted of three
cycles of potential between �500 mV and �1,500 mV.
Care was taken not to overpass the potential of nonre-
versibility (�500 mV) during cycling.

The EC-STM instrument used was a molecular
imaging system (PicoSPM with STM A head, PicoScan
2100 controller and PicoStat bi-potentiostat). The
tungsten tips were prepared from a 0.3-mm diameter
wire by electrochemical etching in 3 M NaOH(aq) and
covered by Apiezon wax. All images were obtained in
the topographic mode. The reported lattice parameter
values have been averaged over ten measurements of
distances extending over at least ten periods of the unit
cell.

Results

Figure 1 shows two successive cyclic voltamograms of
Ni(111) in 1 mM NaOH(aq) recorded in a classical
electrochemical cell. The potential was cycled between
the hydrogen and oxygen evolution regions, starting
downwards from �500 mV. The anodic peaks A1 and
A2 are related to the oxidation of Ni0 to Ni2+ and of
Ni2+ to Ni3+, respectively. The cathodic peaks C1 and
C2 correspond to the reduction of Ni3+ to Ni2+ and of
Ni2+ to Ni0, respectively. The first cathodic scan shows
that the C1 peak is observed when the applied potential
has not exceeded �500 mV (it was also observed during
the pretreatment when the potential was cycled between
�500 mV and �1,500 mV). In contrast, the C1 peak is
not observed during the second cathodic scan. This
indicates that a nonreducible Ni2+ oxide layer has been
formed when the potential has been scanned above
�500 mV during the first cycle. The presence of the non
reducible Ni2+ oxide layer is confirmed by the absence
of the A1 anodic wave during the second anodic scan.
These results on the effect of the applied potential on the
reducibility of the Ni2+ oxide layer are in good agree-
ment with previous observations [8, 9, 16, 38]. The STM
measurements described below were performed at the
characteristic potential of �1,150, �800, �780, �630
and �280 mV pointed by arrows in Fig.1.

The topography of the metallic Ni(111) surface has
been systematically checked at �1,150 or �1,050 mV
prior to the study of the modifications resulting from the
polarization in the potential region of the A1 peak.
Figure 2 shows a typical image obtained at �1,150 mV.
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The terrace and step topography characteristic of the
well-crystallized metallic surface is observed. The width
of the terraces is �20 nm. The measured step height is
0.2±0.02 nm in good agreement with the reticular dis-
tance of 0.203 nm of Ni(111), indicating that the steps
are monoatomic. Islands of monoatomic height and
depth are also observed. Their presence is assigned to the
insufficient mobility of the Ni metal atoms to thoroughly
anneal the reduced surface and completely heal out the

structural modifications induced by the growth of the
air-formed native oxide and its subsequent reduction.

Figure 3 shows the topographic modifications gen-
erated by a potential step to �800 mV at the beginning
of the A1 anodic wave. A slow dissolution of the surface
essentially localized at the step edges is observed. The
resulting retraction of the step edges leads to the con-
sumption of the terraces by a step flow mechanism. The
dissolution starts right after the potential step from
�850 mV to �800 mV and continues with time. Two
arrows (marked D) are drawn in Fig. 3 to point to two
sites where the terraces dissolve. It can also be seen that
the islands of monoatomic height are consumed by the
preferential dissolution at their edges, leading first to
shrinking (Fig. 3b, c) and then to vanishing (Fig. 3d).
A similar 2D mechanism has been observed in acid
solution [12, 29] and is characteristic for the dissolution
of surfaces polarized at small overpotential values.
Soluble species, such as HNiO2

� or NiOH+ have been
assumed to be involved in the dissolution mechanism of
nickel [20, 39–41]. Their formation cannot be discussed
on the basis of our STM results, which do not provide
chemical identification of the dissolving species.

In the image shown in Fig. 3b recorded from 30 s to
73 s after the potential step, some extended areas of
lower apparent height (marked A in the image) are
developed on the terraces. The height difference between
these darker areas and the surrounding terrace areas is
approximately 0.05 nm. These areas possibly corre-
spond to islands of adsorbed OH� species on the ter-
races of the Ni(111) surface that would take place at
potentials less anodic than the one required to nucleate
the passivating oxide on the terraces (see below). The
formation of such islands of lower apparent height has
previously been observed on Cu(111) and Cu(001) in
0.1 M NaOH(aq) at potentials below the oxide forma-
tion and corresponds to the adsorption of hydroxide
[42–45]. The darker appearance on the terraces observed
on Ni and Cu is assigned to an electronic effect com-
monly observed by STM for O species adsorbed on
metal surfaces [46] and does not correspond to the true
topography of the Ni surface possibly covered by the
adsorbed OH� species. It can be seen in Fig. 3c and d
that these darker areas extend slightly but do not reach
full coverage of the surface during the time scale of the
measurement. No specific ordered superstructure is
associated with the development of these islands on Ni,
in contrast with Cu.

In the image shown in Fig. 3c, the step edges become
decorated by grains (marked G) having a lateral size of
1.9 nm and appearing slightly higher than the step edges
(0.07 nm). In Fig. 3d, some grains are isolated from the
nearby dissolving step edges. These grains are assigned
to nuclei of the passivating oxide. At this potential, the
nucleation occurs preferentially at the step edges where
it slows down or blocks the dissolution locally. The
continuous faster dissolution of the step edges on the
nearby sites not yet passivated isolates the passivated
site from the dissolving terrace thus forming passivated

Fig. 2 Topographic EC-STM image of the Ni(111) surface
recorded at E=�1,150 mV in 1 mM NaOH(aq) after cathodic
reduction of the air-formed oxide (Itip=0.5 nA; Etip=�750 mV; z
range=0.6 nm)

Fig. 1 Potentiodynamic polarization curves of Ni(111) recorded in
1 mM NaOH(aq) at a scan rate of 20 mV s�1. The potential was
cycled downwards from the starting value of �500 mV. The dotted
and solid lines correspond to the first and second cycles,
respectively. The A1 and A2, anodic peaks and C1 and C2 cathodic
peaks are marked. The arrows point the characteristic potentials
investigated by EC-STM
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and isolated islands. A similar process of roughening of
the step edges has been previously observed for Cu(111)
in a borate buffer aqueous solution and assigned to the
nucleation of the passive layer [47]. Thus for Ni(111) in
1 mMNaOH (aq), the dissolution of the metallic surface
and nucleation of the passivating oxide film are observed
at �800 mV. However, at this potential, the growth of
the passive film is slow and dissolution is the predomi-
nating process modifying the surface morphology.

Figure 4 shows the topographic modifications ob-
served after stepping the potential from �960 mV to the
more anodic value of �780 mV. Prior to the formation
of the passive film, the dissolution of the Ni(111) surface
is observed (some sites are marked D in Fig. 4b). Like at
�800 mV, it is essentially localized at the step edges and
leads to a step flow consuming the metallic terraces. The
monoatomic pits and the depressions initially present in
the terraces are enlarged by this mechanism. The fuzzy
aspect of the image suggests a high surface mobility of
the dissolving species. In Fig. 4c, the dissolution appears
to be considerably slow down and even stopped at
some sites, in agreement with the clearer aspect of the
image indicative of much less surface mobility. This
slower dissolution is assigned to the nucleation of the
passivating oxide. The time resolution of the measure-
ment and the fuzzy aspect of the image in Fig. 4b do not

Fig. 3 Sequence of topographic EC-STM images (43 s/image) of
the Ni(111) surface recorded in 1 mM NaOH(aq) (Itip=0.7 nA,
Etip=�855 mV, z range=0.35 nm). a It was recorded while
stepping the potential from E=�850 mV to �800 mV. The
horizontal arrow marks the potential step. b Recorded between
30 s and 73 s after the potential step. c Recorded between 73 s and
116 s after the potential step. d Recorded from 164 s to 207 s after
the potential step. The vertical arrows indicate the scan direction
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allow the identification of oxide grains observed at
�800 mV. However, protruding islands can be identified
in Fig. 4c that are preferentially formed at and near the
step edges (marked P). They are assigned to 2D islands

formed by the nuclei of the passivating oxide. They
nearly cover all the surfaces in Fig. 4c. This image shows
the more advanced 2D growth of the passivating oxide
after 175 s of polarization at this higher anodic poten-
tial.

The growth of the passive layer is confirmed by the
image shown in Fig. 5a and b, recorded 775 s after the
potential step at �780 mV and by the subsequent
cathodic reduction experiments where a C1 peak can be
observed (see Fig. 5c). At this stage, the surface, show-
ing a granular aspect, is completely covered by oxide
islands. The lateral size of the individual grains ranges
between 2 nm and 3 nm. Some of the substrate terraces
can still be identified (as marked in Fig. 5), which is an
indication that the passivating oxide is still 2-D. The
resolution of the individual grains varies in the image,
suggesting various degrees of coalescence of the grains.
Locally, some grains present a nearly triangular mor-
phology that is commonly observed at higher potentials
(see below). This is a first indication of a crystallization
process. The images obtained at atomic resolution after
a more prolonged polarization (40 min after the poten-
tial step at �780 mV) confirm the presence of crystalline
islands. The height difference between the crystalline
islands and the noncrystalline areas in between is very
low (�0.04 nm), indicating that the Ni(111) surface is
completely covered by the crystalline nanograins at this
stage. The measured lattice is hexagonal with a param-
eter of 0.306±0.004 nm. This is consistent with the
period of NiO(111) (0.295 nm), a-Ni(OH)2(0001)
(0.308 nm) or b-Ni(OH)2(0001) (0.317 nm). A similar
mechanism of passivation with 2D oxide islands cover-
ing first partially the metal surface has been observed for
Cu in alkaline solution [48].

Figure 6 shows the topography observed after step-
ping the potential further anodically to �630 mV. The
complete crystallization of the passive film is observed at
this potential. It is characterized by the progressive
development of a facetted topography not observed
prior to the increase of potential and indicative of the
full crystallization of the passive film. The facets have
nearly the triangular morphology characteristic of the
passive film formed on Ni [30–32, 35, 36]. The substrate
terraces can no longer be identified in contrast with the
image in Fig. 5. This is assigned to the further growth
(i.e. thickening) of the crystalline passive film to form a
3D layer, in good agreement with previous studies
concluding to the formation of a 3D passive film [7, 8,
11, 25]. At atomic resolution, a hexagonal structure is
measured on the facets (see Fig. 5b). The lattice period is
0.318±0.012 nm, slightly larger than that measured at

Fig. 4 Sequence of topographic EC-STM images (100 s/image) of
the Ni(111) surface recorded in 1 mM NaOH(aq) (Itip=0.5 nA,
Etip=�810 mV in (a) and �930 mV in (b, c), z range=0.9 nm in
(a), 1 nm in (b) and 0.85 nm in (c). a Recorded at E=�960 mV, b
and c were recorded 75 and 175 s after stepping the potential to
E=�780 mV, respectively. The scan direction is indicated by the
vertical arrows

b
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�780 mV, and fitting better the lattice parameter of
Ni(OH)2(0001) than that of NiO(111) (the assignment to
a- or b-Ni(OH)2 is discussed further on). The formation

of facets is indicative of the tilt of the passive film lattice
with respect to the substrate lattice as previously ob-
served in acid solution [12, 30–32, 35–37]. This tilt can be
associated with the transition to the growth of a 3D
passivating oxide. It is to be noted that the C1 peak was
not observed in the cathodic reduction experiment per-
formed after this series of STM measurements, despite a
polarization at less anodic values than the critical value
of �500 mV usually reported for the non reducibility of
the Ni2+ layer and confirmed in our cyclic voltammo-
grams. This is assigned to the effect of aging under
polarization of the passive film (56 min at �780 mV
followed by 51 min at �630 mV). Ageing at the rela-
tively low potential also favors the growth of the 3D
film, not observed in cyclic voltammetry measurements
[7, 8, 11].

Figure 7 shows the topography of the passivated
surface formed at �280 mV. At this high anodic po-
tential in the passive range, the topography is also fac-
eted. The terraces forming the facets have a width
ranging from 3 nm to 5 nm. Many have a nearly trian-
gular morphology pointing in the same direction and are
better resolved in the lower part of the image. Their
formation is also indicative of the tilt of the passive film
lattice with respect to the substrate lattice. The atomic
structure obtained on the facets has an hexagonal lattice
with a parameter of 0.318±0.015 nm (see Fig. 7b), in
better agreement with the structure of Ni(OH)2(0001)
(a or b) than with that of NiO(111). The larger param-
eter already measured at �630 mV when a 3D passiv-
ating oxide is formed is thus confirmed at �280 mV.
Subsequent cathodic reduction experiments do not show
the cathodic peak C1 corresponding to the reduction of
the Ni2+ oxide film. The surface topography remains
facetted. The measurements are consistent with the
polarization curves shown in Fig. 1 and confirm the
nonreducible character of the 3D crystalline passive film
formed at high anodic potential.

Discussion

Specific adsorption of hydroxide species

The STM observations performed at �800 mV at the
onset of the anodic A1 peak have revealed the formation
of islands of lower apparent height (0.05 nm) on the
terraces of the metal surface. This STM observation is
similar to those recently reported for Cu(111), Cu(100)
and Ag(111) in 0.1 M NaOH(aq) and suggest the
adsorption of hydroxide species in a potential region
negative to the formation of the oxide/hydroxide pas-

Fig. 5 Topographic EC-STM images of the Ni(111) surface
recorded in 1 mM NaOH(aq) after stepping the potential from
�960 mV to �780 mV. a Itip=0.5 nA, Etip=�930 mV, z
range=0.70 nm. b Itip=1.4 nA, Etip=�930 mV, z ran-
ge=0.15 nm) , c cathodic polarization curve of the oxide formed
at �780 mV

b
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sivating surface layer. On Cu [42–45], the adsorption
and desorption of the OH� species gives well-resolved
anodic and cathodic peaks in the cyclic voltammetry
measurements. Assuming a one electron discharge
reaction of adsorption (OH� () OHads + 1 e�), the
measured charge transfer corresponds to a surface cov-
erage that is confirmed by the well-ordered superstruc-
ture formed by the OHads species and observed by EC-
STM. These recent structural studies confirm the
underpotential adsorption of hydroxide previously re-
ported on this substrate [49–54]. On Ag, the adsorption
of hydroxide at potential below the oxidation potential
has also been reported [55–60]. The absence of specific

anodic peaks in the cyclic voltammetry measurements
led to the conclusion of a specific adsorption of OH�

species. This is associated with a marked modification of
the surface structure of the metallic surface with lower-
ing of the apparent height in the adsorbed islands [61]
and formation of an ordered superstructure [62].

On Ni, there is no direct evidence of the adsorption of
hydroxide species in the potential region negative to the
formation of oxide/hydroxide compounds. However,
the presence of adsorbed hydroxyl species, OHads, in the
potential region below the A1 peak has been proposed to
explain the observed pH dependence of the electrooxi-
dation of hydrogen on this substrate [10]. Also, theo-

Fig. 6 Topographic EC-STM images of the Ni(111) surface
recorded in 1 mM NaOH(aq) after stepping the potential to
E=�630 mV (Itip=1.3 nA, Etip=�785 mV, z range=0.53 nm in
(a) and 0.13 nm in (b))

Fig. 7 Topographic EC-STM images of Ni(111) recorded in 1 mM
NaOH(aq) at E=�280 mV (Itip=1.2 nA, Etip=�760 mV,
z range=1.1 nm in (a) and 0.1 nm in (b))
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retical calculation predicts that the adsorption of OH
groups in the threefold hollow sites, the twofold bridge
sites and the atop sites of the Ni(111) surface is exo-
thermic [63]. The cyclic voltammograms obtained in the
present study on Ni in 1 mM NaOH(aq) do not show
any specific anodic and cathodic peaks that could be
related to the adsorption and desorption of hydroxide
ions accompanied by a charge transfer. This is an indi-
cation that the modifications of apparent height mea-
sured on the Ni(111) terraces could correspond to the
specific adsorption of hydroxide not forming an or-
dered-superstructure on Ni(111). The absence of a well-
ordered superstructure may be related to a weaker
bonding and a higher mobility of the adsorbed
hydroxide on Ni.

Nucleation and 2D growth of the passive film

The STM observations performed at �800 and
�780 mV reveal that both the dissolution of the metal
surface and the formation of oxide (or hydroxide) nuclei
modify the surface topography in the initial stages of
growth of the passive film. Both processes take place
preferentially at the defects (i.e. terrace edges) of the
metallic surface, leading respectively to step flow and to
the roughening of the step edges by formation of the 2D
grains of nanometer size (�2 nm). The step flow gener-
ated by the preferential localization of the dissolution at
the step edges has previously been observed at low
overpotentials in acid solutions for Ni [12] and Cu [64]
single-crystal surfaces and the roughening of the step
edges related to the nucleation of the passive film have
been previously observed for Cu in slightly alkaline
aqueous solutions [45].

The results obtained in the present study show that
the effect of the potential on the initial stages of 2D
growth of the passivating oxide. At �800 mV, the
nanograins, assigned to hydroxide (see below), nucleate
at the step edges and can be isolated from the dissolving
terrace due to the ongoing dissolution of the neighboring
sites of the step edges not yet passivated. At slightly
higher overpotential (�780 mV), hydroxide nanograins
are also observed in the upper terraces in the vicinity of
the passivated step edges and form extended islands of
2D nanograins thus increasing the surface coverage. The
higher driving force for dissolution leads to a faster
modification of the terraces and to the formation of
indents in the terraces that can lead to 2D pits separating
the islands of hydroxide nanograins.

In acid solution, the simultaneous dissolution of the
Ni(111) surface and nucleation of the passive film have
also been observed with EC-STM [32]. However, dis-
solution is considerably enhanced at low pH and leads to
3D roughening of the surface by creating 3D pits in the
sites not yet passivated between the oxide grains. The
results obtained here in alkaline solution show only a 2D
roughening extending over the surface with time and are
consistent with the formation of a 2D film consisting of

hydroxide nanograins. These results provide a direct
observation of a 2D growth mechanism previously de-
duced from CV measurements performed at low tem-
perature (�90 �C) [11]. This growth mechanism
characterized by nucleation at preferential sites followed
by the lateral growth of islands of hydroxide nanograins
is consistent with a solid state mechanism where the
oxide formation result from the reaction of surface metal
atoms with the solution species. A precipitation mech-
anism involving the deposition of corrosion products
dissolved in the solution is not consistent with the very
slow metal dissolution observed in these experiments.

3D growth and crystallization of the passive film

The results obtained in this study for E‡ �780 mV in
1 mM NaOH(aq) confirm the crystalline character of
the passive film formed on nickel in aqueous solution as
previously reported for passive films formed in acid [12,
30–33, 35–37] and alkaline [16, 38] electrolytes. In all the
cases, a facetted topography of the passivated surface is
observed in acid solutions [8, 10, 17–20, 22–32]. The
facets have an hexagonal atomic structure that was as-
signed to NiO(111) stabilized by surface hydroxylation.

The present results obtained in alkaline solution show
that an hexagonal atomic lattice with a small but sig-
nificant increase of the lattice parameter from 0.306 nm
to 0.318 nm with the transition from a mostly 2D film at
�780 mV to a 3D film at E‡ �630 mV. The higher value
measured when the film is 3D is in better agreement with
Ni(OH)2(0001) (a or b) than with NiO(111). It is as-
signed to a thicker and continuous hydroxide outer layer
of the passive film formed in alkaline solution, in good
agreement with the 3D thickness reported for the outer
hydroxide part of the passivating oxide formed in the
Ni2+ passivation range [7, 8, 11, 20, 25]. The discrimi-
nation between the a or b forms of nickel hydroxide is
delicate on the basis of the STM data alone. Neverthe-
less, the a form has been reported to be unstable in
alkaline solution [65]. Moreover, it is described as semi-
crystalline because of the possible H2O intercalation
between the hexagonal basal planes. As a consequence,
the well-crystallized structure (E‡ �630 mV) is assigned
to the stable b-Ni(OH)2(0001) structure. This is in good
agreement with its nonreducible character, confirmed in
our measurements and previously assigned to the for-
mation of the b-Ni(OH)2 phase [8, 9, 16].

At E=�780 mV, the passive film consists of nano-
crystals having an hexagonal lattice with a smaller
parameter of 0.306 nm. Since it is 2D, the distinction
between the a or b form is meaningless (it must be
viewed as a single monolayer of Ni(OH)2(0001) with no
possible intercalation of water molecules that requires a
multilayer film). Its structure can differ slightly from that
of the 3D compound since the epitaxy with the substrate
having the same hexagonal in-plane symmetry but a
lower lattice parameter is expected to strain the lattice of
the 2D overlayer, as previously observed on Ni(100) [38].
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On Ni(111), assuming the formation of a (0001)-oriented
monolayer of Ni(OH)2 having the structure of the b
phase, the strained epitaxy would induce a contraction
of 3.8% of the hydroxide lattice.

The formation of a monolayer of NiO(111)
(0.295 nm) cannot be fully excluded on the basis of our
STM data. However, the growth of the passive film re-
sults from the reaction of the Ni atoms with hydroxide
or hydroxyl species, and the formation of NiO involves a
dehydroxylation reaction observed in the inner layer of
the duplex 3D films formed on nickel [17–20, 22–32]. On
Cr [66, 67] and stainless steels [68, 69], this reaction has
been observed to be promoted by the increase of the
potential and by ageing under anodic polarization. The
fact that the nanocrystals discussed here are 2D and
observed at the lowest anodic overpotential of formation
leads us to exclude the formation of NiO.

Tilt of the oxide lattice

The crystalline structure of the Ni(111) surface passiv-
ated at E‡ �630 mV shows the typical faceted topog-
raphy that is indicative of the tilt of the hydroxide lattice
(and presumably of the inner oxide lattice of the film)
with respect to the substrate lattice. This confirms, for a
passive film consisting of a 3D inner layer of NiO and a
3D outer layer of Ni(OH)2, the previous observations
performed in acid solutions, where the film is essentially
a 3D layer of NiO [12, 30–32, 35–37]. One essential new
result presented here is that the tilt is also observed for
the thicker films formed in alkaline solution and that the
tilted epitaxy is related to the 3D growth of the film since
it is not observed when the film is 2D and consists of
nanocrystals having a lateral size of 2–3 nm.

Different models can be envisaged to explain this tilt.
A first model is based on the 3D roughening of the
oxide/metal interface induced by the extensive dissolu-
tion occurring in the initial stages of growth of the
passive film in acid solution [32]. In this model, the oxide
atomic planes are tilted because the oxide is growing
above the succeeding steps of the substrate. This model
might not be valid in our case since 3D roughening of
the oxide/metal interface has not been observed in our
experiments in alkaline solution where the dissolution is
minimized.

A second model is based on the lowering of the
interfacial energy by an improved match between the
oxide (or hydroxide) and metal lattices [36]. The high
density of boundaries between the 2D nanocrystals of
the film provides multiple sites of possible relaxation of
the stress induced by the lattice mismatch between the
hydroxide nanocrystals and the metal substrate. In
contrast, when the film is 3D, larger nanocrystals are
expected to form by coalescence in the inner oxide layer
of the passive film and the lower density of boundaries
between the nanocrystals might not be sufficient for the
relaxation of the stress induced by the lattice mismatch.
This could induce the tilt between the lattices of the

overlayer and substrate, contributing to the lowering of
the interfacial energy (the lattice mismatch decreases
with increasing tilt).

A third model is based on the mechanism of 3D
growth of the oxide (or hydroxide) [70]. The tilted epi-
taxy implies the presence of misorientation dislocations
at the oxide/metal interface. In the case of oxide growth
by anion/vacancy diffusion control, anions can add to
the misorientation dislocations of the oxide lattice to
grow the oxide at the oxide/metal interface. In the case
of oxide growth by cation/vacancy diffusion control,
misorientation dislocations and misfit dislocations in the
metal act as sources for cations. Cations diffuse to the
external interface where the step edges correspond to the
sites of growth of the oxide. Thus, the mechanism of 3D
growth of the passive film, whether it proceeds by anion
and/or cation diffusion control, produces interfacial
misorientation dislocations that could also be the cause
of the tilted epitaxy between the oxide lattice and the
metal lattice.

Conclusion

The EC-STM measurements have been performed to
study in situ the structural modifications of a single-
crystal Ni(111) surface associated with the growth of the
passivating Ni(II) oxide under controlled anodic polar-
ization in 1 mM NaOH(aq).

At E=�800 mV, i.e. at the onset of the A1 anodic
peak corresponding to the growth of the passivating
oxide, a slow dissolution of the nickel surface is ob-
served. The dissolution takes place at the step edges,
leading to the consumption of the metal terraces by a
step flow mechanism. Islands of lower apparent height
have been observed on the terraces that possibly corre-
spond to the specific adsorption of hydroxide anions
without formation of a specific superstructure. 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=�780 mV, 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 formation
of a 2D passivating oxide with a nanogranular mor-
phology. The crystalline areas have a hexagonal lattice
with a parameter of 0.306±0.004 nm assigned to 2D
nanocrystals of Ni(OH)2(0001) in strained epitaxy on
Ni(111).

At E‡�630 mV, the 3D growth of the passive film is
observed. It is characterized by the formation of a fac-
etted topography indicative of the tilt between the oxide
lattice of the passive film and the lattice of the substrate.
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The hexagonal lattice observed at atomic resolution at
�630 and �280 mV has a parameter of 0.318 nm,
slightly larger than that of 0.306 nm measured at
�780 mV when a 2D passivating oxide is formed. The
parameter is in excellent agreement with the value of
0.317 nm expected for an unstrained 3D layer assigned
to b-Ni(OH)2(0001). This is consistent with the forma-
tion of a 3D outer hydroxide layer of the passive film
formed in alkaline electrolytes, as opposed to the 2D
outer hydroxide layer formed in acid electrolytes.

The nonreducibility of the passive film has been ob-
served for E‡�500 mV in potentiodynamic measure-
ments and for E‡ �630 mV in potentiostatic
measurements, showing a cathodic shift of the potential
of nonreducibility with ageing of the passive film. It is
consistent with the formation of a crystalline 3D layer of
b-Ni(OH)2 in the outer layer of the passive film.
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