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The elemental dissolution behaviour of commercially available Ni-based alloys was investigated in the context of surface
activation, spontaneous passivation, and electrochemically-assisted passivation in hydrochloric acid solution using atomic emission
spectroelectrochemistry (AESEC). Following surface activation, the spontaneous passivation of each alloy was found to proceed by
the accumulation of mainly Mo-rich, but also Cr-rich oxides. An alloy’s ability to recover from surface activation was found to
improve with increased Mo content. For the alloy with the lowest Mo content considered here, approximately 8 wt.% Mo,
spontaneous passivation was unsuccessful and active dissolution was observed. For alloys with higher Mo contents, greater than
13 wt.% Mo, spontaneous passivation occurred quickly, and dissolution rates stabilized at values comparable to those found for the
native oxide, i.e., before perturbation by an applied potential. Mo(IV) oxides were found to be the species accumulating during
spontaneous passivation using ex situ X-ray photoelectron spectroscopy (XPS). During electrochemically-assisted passivation, i.e.,
applying a potential within the passive region, a portion of the previously accumulated Mo was removed while Cr oxides
accumulated at the surface. However, based on the dissolution rates observed after electrochemically-assisted passivation,
Cr-content did not dictate the barrier layer properties.
© 2021 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
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Ni-based alloys containing various alloying elements, including
both Cr and Mo, have become important industrial materials due to
their corrosion resistance in aggressive environments. Serving as the
alloy matrix, Ni can accommodate high concentrations of alloying
elements while maintaining a single-phase (fcc) structure.1 Alloying
additions of Cr promote the formation of a Cr-rich barrier oxide,
which is primarily responsible for protecting the underlying metallic
substrate.2,3 Alloying additions of Mo into Cr-containing alloys have
been shown to result in the accumulation of oxidized Mo species on
the outside of the Cr-rich oxide.4 By itself, the Cr-rich oxide
provides excellent protection in oxidizing environments; however,
the presence of Mo species becomes increasingly important at low
pH and high chloride concentration.5,6 These conditions are com-
monly associated with localized corrosion processes, including both
pitting and crevice corrosion.7–9 Resistance to localized corrosion is
influenced by the Mo content, which increases both film stability and
repassivation behaviour.4,5,10

Alloying additions Cr and Mo are recognised to act synergisti-
cally in improving corrosion resistance, but many mechanistic
features remain unclear. The current understanding of how Mo
additions impact the corrosion behaviour of Cr containing alloys has
been summarized by Lutton Cwalina et al.11 First-principles
calculations by Samin et al. demonstrated that additions of Mo
enhance the adsorption of oxygen on the surface of Ni-Cr alloys.12

Using in situ transmission electron microscopy, Yu et al. showed
that during early-stage gas-phase oxidation, Mo additions decrease
the formation of voids in the oxide layer formed on Ni-Cr alloys.13

Using scanning tunnelling microscopy, Maurice et al. observed
nanoscale surface defects in passivated Fe-Cr alloys.14 When Mo
was added to the alloy, defects were found to generate a

nanostructured “plug”, which appeared to act as a healing phenom-
enon for the defects. Based on the observations in these studies, the
influence of Mo can be generally summarized in terms of two main
outcomes: increased oxide stability and improved ability to repair
oxide film damage.

Currently, limited information has been published regarding the
in situ (or in operando) dissolution behaviour of Ni-based alloys.
This hinders efforts to optimize alloy composition, which requires a
thorough understanding of how composition affects corrosion
performance in a range of exposure conditions. Atomic emission
spectroelectrochemistry (AESEC), and other similar techniques,
have proven valuable in studying the in situ dissolution behaviour
of corroding systems, including both active and passive
systems.15–17 In our previous study, the AESEC technique was
used to reveal a previously unreported dynamic behaviour of alloyed
Mo during the transpassive film breakdown on Ni-Cr-Mo alloys in
1 M NaCl.18 Here, the dissolution behaviour of three commercial Ni-
based alloys was investigated during surface activation, spontaneous
passivation, and electrochemically-assisted passivation in 1 M HCl.
Results obtained by AESEC were then compared to ex situ surface
analyses performed by X-ray photoelectron spectroscopy (XPS).

Experimental

Materials.—Materials used in this study were provided by Haynes
International in the form of mill-annealed sheets. To conform to the
dimensions of the electrochemical flow cell used for AESEC measure-
ments, samples were machined to 25 mm × 10 mm. The thickness of
individual samples varied depending on the thickness of the original as-
received sheet. Nominal alloy compositions, as reported by Haynes
International, have been summarized in Table I. Alloy compositions are
included in Table II, determined according to ASTM E1019-18, ASTM
E1097-12, and ASTM E1479-16 procedures. These more accurate
compositions were used in the quantification of AESEC measurements
and will be referenced throughout the text.

Before experiments, sample surfaces were prepared using wet
silicon carbide (SiC) paper. Samples to be used in electrochemicalzE-mail: kevin.ogle@chimieparistech.psl.eu; jjnoel@uwo.ca

=These authors contributed equally to this work.
*Electrochemical Society Student Member.

**Electrochemical Society Member.
***Electrochemical Society Fellow.

Journal of The Electrochemical Society, 2021 168 021509

https://orcid.org/0000-0001-7415-756X
https://orcid.org/0000-0002-1453-7082
https://orcid.org/0000-0003-3467-4778
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1149/1945-7111/abe47a
https://doi.org/10.1149/1945-7111/abe47a
https://iopscience.iop.org/issue/1945-7111/168/2
https://iopscience.iop.org/issue/1945-7111/168/2
https://doi.org/10.1149/1945-7111/abe47a
mailto:kevin.ogle@chimieparistech.psl.eu
mailto:jjnoel@uwo.ca
https://crossmark.crossref.org/dialog/?doi=10.1149/1945-7111/abe47a&domain=pdf&date_stamp=2021-02-18


measurements were ground using P600, P800, P1000, and P1200
grit SiC paper. Samples intended for surface analyses were further
ground using P2500 and P4000 SiC paper, followed by polishing
with a 1-μm diamond suspension. After surface preparation, samples
were rinsed with Type-1 water, followed by ethanol, and then dried
in a stream of high purity N2 or Ar gas.

Experimental solutions were prepared with reagent grade HCl
and Type-1 water. Quantification of inductively coupled plasma
atomic emission spectroscopy (ICP-AES) data involved the use of
standard solutions. These standards were prepared using aliquots of
metal standards (SCP Science) directly in the experimental electro-
lyte (1 M HCl).

Electrochemical methods.—Electrochemical experiments were
carried out using either a Reference 600 (Gamry Instruments,
Warminster, PA, USA) or a Solartron Analytical model 1287
(Solartron Analytical, Hampshire, UK) potentiostat. Experiments
were conducted in a custom-built PTFE flow cell designed for
AESEC measurements. A brief description of this flow cell is
provided below, with an extensive description having been pub-
lished elsewhere.16,19,20 The exposed area of the working electrode
(WE) was limited to 1 cm2. The flow rate in the WE compartment
was maintained at ∼2.75 ml min–1 using a peristaltic pump. The
counter (CE) and reference electrodes (RE) were housed in a second
compartment, separated from the flow cell by an ionically con-
ductive membrane. A saturated Ag/AgCl electrode (–0.197 V vs
SHE) and a Pt flag served as the RE and CE, respectively. All
electrochemical measurements were repeated at least once.

The temperature during electrochemical measurements was
maintained at 75 °C by pre-heating the electrolyte and directly
heating the WE affixed to the flow cell. Electrolyte temperatures
were maintained by placing the solution reservoir in either an
isothermal bath or on a hot plate. The WE temperature was
maintained by placing a heating element directly on the back of
the metal sample, in contact with the surface opposite to the flow
cell. Here, the heating element was either a hollowed Cu heating
disk connected to an isothermal bath or an electric heating assembly
containing thermistors connected to a digital temperature controller,
allowing for closed-loop temperature regulation. Together, these
controls maintained experimental temperatures of 75 ± 1 °C during
all experiments. All experiments were performed in naturally aerated
solutions, apart from those conducted within a glove box for surface
analysis, discussed below.

Both dynamic- and static-polarization experiments were con-
ducted using the described experimental setup. Dynamic polarization
experiments were initiated at –0.4 V (vs Ag/AgCl) and scanned
positively at a scan rate of 0.5 mV s–1, until a final potential of 1.0 V
(vs Ag/AgCl). Static polarization experiments involved several

potential steps. Initially, samples were exposed to the solution at
open-circuit as temperatures stabilized, then they were subjected to
an applied potential of –0.8 V (vs Ag/AgCl) for 60 s, followed by a
300 s period at open circuit to facilitate relaxation. Samples were
then subjected to an applied potential of 0.6 V (vs Ag/AgCl) for 60 s
before again being released to open circuit (300 s) to facilitate
relaxation. These two steps, cathodic and anodic polarization
followed by an open circuit potential (OCP) measurement, were
repeated three to four times each. Potentials used for cathodic and
anodic polarization (–0.8 V and 0.6 V, respectively) were selected
based on polarization behaviour observed during dynamic measure-
ments, as well as procedures used in previous publications.21

AESEC measurements and data treatment.—The AESEC setup
has been described in detail previously.16,20 Briefly, situated down-
stream of the electrochemical flow cell is an ICP-AES instrument
(Ultima 2C spectrometer, Horiba Jobin-Yvon, France). Species
released during electrochemical experiments were carried from the
WE surface by the flow of fresh electrolyte and injected into the
plasma of the spectrometer. The emission intensity at wavelengths
specific to each element was measured and used to quantify the
instantaneous elemental dissolution rates of the alloy components.

Solution exiting the flow cell was introduced to the ICP using a
Burgener PEEK Mira Mist® Nebulizer (Horiba Jobin-Yvon, France).
Species exposed to the plasma operating at 1 kW and 40.68 MHz,
undergo atomization and excitation, with the subsequent relaxation
processes generating emission lines characteristic of the atom of
origin. Independent mono- and polychromator optics allow the
simultaneous monitoring of several emission lines. Since Mo was
the alloying element present in the lowest concentrations, it was
detected using the monochromator to provide increased spectral
resolution. For experiments involving low dissolution rates, emis-
sion intensities exhibited poor signal-to-noise ratios. When neces-
sary, data were treated with a boxcar average (n = 5) as used and
discussed previously.22 Unless otherwise stated, data were not
subjected to averaging.

For the elements studied, emission lines and their detection limits
are summarized in Table III. Experimental detection limits (C3σ)
were calculated using Eq. 1, where σB is the standard deviation of
the background signal and α is the sensitivity factor determined from
the calibration standards.

C 3 1B
3 [ ]s

=
µ

s

Standard calibration was used to convert time-varying emission
line intensities into instantaneous concentrations (CM). Values of CM

were then converted into instantaneous dissolution rates (νM)

Table I. As reported by Haynes International, the nominal composition of Hastelloy samples are summarized. Values are given in wt.% where M
indicates the maximum concentration of an individual alloying element, while, Bal. indicates the alloying element making up the balance due to
fluctuations in composition.

Alloy Ni Cr Mo Fe W Cu Co Mn V Al Si C

BC-1 Bal. 15 22 2M — — — 0.25 — 0.5M 0.08M 0.01M

C-22 Bal. 22 13 3 3 0.5M 2.5M 0.5M 0.35M — 0.08M 0.01M

G-35 Bal. 33.2 8.1 2M 0.6M 0.3M 1M 0.5M — 0.4M 0.6M 0.05M

Table II. Summary of the empirically determined compositions for alloy BC-1, C-22, and G-35. Values are given in wt.%. Analysis carried out by
Cambridge Materials Testing Limited according to ASTM E1019–18, ASTM E1097–12, and ASTM E1479-16.

Alloy Ni Cr Mo Fe W Cu Co Mn V Al Si C

BC-1 60.9 14.4 22.10 0.85 0.01 0.03 — 0.25 — 0.18 <0.01 0.011
C-22 57.6 20.7 12.97 3.74 2.80 0.06 — 0.27 — 0.28 <0.01 0.012
G-35 56.3 33.4 7.98 0.54 0.07 0.02 — 0.45 — 0.24 <0.01 <0.010
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according to Eq. 2, where f is the flow rate and A the surface area of
the WE.

f
C

A
2M

M [ ]n =

Congruent and incongruent dissolution behaviours were distin-
guished by comparing metal ion ratios in the electrolyte to those in
the bulk material. This was done by normalizing individual dissolu-
tion rates against the bulk alloying element, Ni, according to Eq. 3,
where XM is the mass fraction of alloying element M. Values used
for mass fractions were determined from the empirical data in
Table II to ensure accuracy.

X X 3M Ni M M( ) [ ]n n¢ =

Features of increased, decreased, and congruent dissolution were
identified relative to the bulk composition by considering normalized
dissolution rates. For instance, congruent dissolution was observed
when ν′M was approximately equal to νNi, i.e., alloying element M
was dissolving at a rate proportional to its bulk alloy composition.
When ν′M exceeded values of νNi, alloying element M was being
selectively removed from the alloy matrix in comparison to Ni; i.e.,
the dissolution rate of M was higher than expected based on its bulk
alloy composition. On the other hand, when ν′M was less than νNi,
alloying element M was accumulating on the surface of the alloy;
i.e., its dissolution rate was less than expected based on its bulk alloy
composition. The quantity of excess M, ΘM, at time, t, was
calculated using Eq. 4.

X X dt 4M

t

M Ni Ni M
0

(( ) ) [ ]/ò n nQ = -

Instantaneous dissolution rates were also converted into ele-
mental current densities (jM), that represent the ion fluxes in
electrical units, according to Eq. 5, where F is Faraday’s constant,
m is the molar mass of metal M and, n is the number of electrons
transferred in the oxidation reaction of metal M.

j
Fn

m
5M

M [ ]n
=

To directly compare the elemental current densities, jM, to the
electrical current density, je, a convolution procedure was carried out
to correct for the residency time in the flow cell and through the
intermediate capillaries. Details of this convolution have been
published previously.16 Comparison of the sum of all elemental
currents (jΣ) with the convoluted electrochemical current density
(j*e) provides the opportunity to separate anodic current contribu-
tions leading to dissolution, oxide growth, gas evolution, etc.

XPS measurements.—Samples prepared for surface analysis
underwent the identical electrochemical treatment used when
making ICP-AES measurements but inside a N2-purged glove box
with the atmospheric O2 content maintained at ∼50 ppm to minimize
further oxidation following the electrochemical experiment.
Solutions used for electrochemical treatments within the glove box
required deaeration to help control the atmospheric O2 concentra-
tion. This was done by sparging the solution with Ar gas before its
introduction to the glove box. Upon the completion of electroche-
mical treatments, samples were transferred and stored in an

Ar-purged glove box with an O2 content maintained at <0.1 ppm
to avoid oxidation during the period between preparation and XPS
analysis. When required, samples were then introduced into the XPS
instrument using a custom-built Ar-filled glove box connected
directly to the spectrometer.

XPS measurements were carried out using a Kratos AXIS Supra
spectrometer. All spectra were collected using a monochromatic Al
Kα X-ray source (photon energy = 1486.6 eV) operating at 12 mA
and 15 kV (180 W). During analysis, the pressure inside the analysis
chamber was maintained at ⩽10–8 Torr. Calibration of the instru-
ment work function was done using the binding energy (B.E.) of a
standard metallic Au sample (4f7/2 at 83.95 eV). In all spectra,
photoelectrons were collected at a take-off angle of 90° from a 700
× 400 μm area. Survey spectra were recorded in a B.E. window
from 0 to 1200 eV using a pass energy of 160 eV and a step size of
1 eV. High-resolution spectra of the C 1s, O 1s, Ni 2p, Cr 2p, Mo 3d,
and S 2p lines were collected using a pass energy of 20 eV and a step
size of 0.1 eV. All spectra were charge-corrected against the
aliphatic (C–C) adventitious carbon signal set to 284.8 eV. All
signal processing and deconvolution was performed with CasaXPS
software (ver. 2.3.19) using a Shirley background subtraction.
Deconvolution of high-resolution spectra was done using previously
detailed fitting parameters and constraints collected from high-
quality standard reference samples (Ni,23,24 Cr,23,25 Mo26).

Results and Discussion

Potentiodynamic polarization behaviour.—Current densities
recorded during potentiodynamic scans on the three alloys in aerated
1 M HCl (75 °C) are presented in Fig. 1. Current densities associated
with active dissolution were influenced by changes in Mo content, as
shown previously,5,6 with alloy G-35 (7.98 wt.% Mo) displaying the
most pronounced active-to-passive transition and alloy BC-1 (22.10
wt.% Mo) showing no such transition. The values of zero-current
potential (Ej=0) were also found to exhibit a positive shift as the Mo
content was increased.

At more positive applied potentials all three alloys exhibited a
potential-independent current density, indicating passivity until
∼0.85 V. At applied potentials ⩾0.85 V, the transpassive conversion
of Cr(III) into soluble Cr(VI) species is observed.27–29 As expected,
alloys with larger Cr contents exhibited lower passive current
densities, Fig. 1. At applied potentials positive of the active-to-
passive transition for alloy G-35, the measured current density

Table III. Experimental emission lines and limits of detection.

Element Wavelength/nm Detection Limit, C3σ/ppb (wt.)

Ni 231.60 10.8 ± 0.3
Cr 267.72 4.8 ± 0.2
Mo 202.03 1.4 ± 0.1

Figure 1. Polarization behaviour of alloys BC-1, C-22, and G-35 in 1 M
HCl at 75 °C. For alloy G-35, the region of net cathodic current at applied
potentials positive of the active-to-passive transition (–0.125 V to –0.113 V)
is indicated (*). Alloy compositions (wt.%) shown here were taken from
Table II.
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switched from net anodic to net cathodic between ∼–0.13 and
–0.11 V, as previously observed for this alloy and shown to be due to
the reduction of O2 dissolved in the solution.30

The electrochemical current densities (je) shown in Fig. 1, were
compared to the elemental current densities obtained from AESEC
measurements. The results obtained during the polarization of alloys
(A) BC-1, (B) C-22, and (C) G-35, are shown in Fig. 2. To allow for
the direct comparison of je with elemental current densities, jM,
where M was Ni, Cr, or Mo, a convolution procedure was carried
out. This convolution procedure corrects je for the distribution of
residence times through the flow cell and is detailed in a previous
publication.16 The comparison of the convoluted electrochemical
current, je*, with the sum of all elemental current densities, jΣ,
provided information on the faradaic yield of the anodic reactions. In
measurements presented here, species released from the alloy and
detected by ICP-AES were assumed to have dissolved as Ni(II), Cr
(III), and Mo(IV). Oxidation states were assigned based on both ex
situ surface analyses, presented later in this study, and thermo-
dynamic data.31 For reference, the original (untreated) electroche-
mical current densities (je), plotted on log(j)-E axes, have been
included at the top of Figs. 2a–2c while the values of je*, jΣ, jNi, jCr,
and jMo, are shown below, as a function of time.

For alloy BC-1, immediately following the application of –0.4 V
(or t = 0), increases in jNi, jCr, and jMo were observed which quickly
stabilized at low values within the cathodic region, Fig. 2a. At
applied potentials <Ej=0, jΣ stabilized at ∼5 μA cm–2. As the
applied potential was increased to values >Ej=0, jΣ initially
remained low, confirming the absence of an active region, before
increasing to a maximum value of ∼10 μA cm–2, which then
persisted throughout the passive region. Comparing je* with jΣ
confirmed that a portion of the current measured by the potentiostat
could not be accounted for by dissolution. In this case, differences
between je* and jΣ are the result of oxidation reactions unrelated to
dissolution; i.e., the formation of oxidized surface species not
detected by ICP-AES. This discrepancy, jΣ < je*, which persisted
through the passive region, can be attributed to film growth.32 The
difference between je* and jΣ increased with increasing applied
potential throughout the passive region suggesting that film growth
was enhanced at higher potential, although obviously the effect of
applied potential and exposure time cannot be entirely separated in
potential sweep experiments.

Comparing the measurements made on alloy BC-1, Fig. 2a, to
those made on alloys C-22 and G-35, Figs. 2b and 2c, revealed
several similarities. Like on BC-1, the application of –0.4 V (t = 0)
on alloys C-22 and G-35 resulted in momentary increases in jNi, jCr
and jMo. Consistent with the role of Mo in suppressing active
dissolution, the maximum value of jΣ was lower for alloy C-22
(12.97 wt.% Mo) than for alloy G-35 (7.98 wt.% Mo). For alloy
G-35, values of jΣ exceeded values of je* during active dissolution,
suggesting that some metal dissolution was coupled directly to
cathodic reactions in this potential range, and therefore did not
generate measurable net electrochemical current. At higher applied
potentials, where film formation occurred, values of jΣ were smaller
than values of je* for both alloys, as also observed for alloy BC-1.
This indicated an anodic contribution to film growth. Based on the
difference between jΣ and je*, film growth appeared highest for
BC-1, followed by C-22, and lastly G-35. Nonetheless, the difference

Figure 2. Comparison of the convoluted electrochemical current density (je*) with the instantaneous elemental (jM) and sum current densities (jΣ) for dynamic
polarization experiments conducted in naturally aerated 1 M HCl at 75 °C. Both the untreated (je) and the convoluted (je*) electrochemical current densities are
included for reference. The locations of j = 0 for jΣ (and je*), jNi, jCr, and jMo are indicated by the dashed lines. Values of jM were treated with a moving boxcar
average (n = 5) in order to reduce noise resulting from relatively low dissolution rates. Alloy compositions (wt.%) shown here were taken from Table II.

Figure 3. Trends in Cr and Mo accumulation and excess dissolution during
dynamic polarization experiments, Fig. 1. Values of νNi were normalized
against the element M, either Cr or Mo. For each alloy, values of congruent
dissolution (y = 0) are indicated by the dotted line. Alloy compositions
(wt.%) shown here were taken from Table II.
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between jΣ and je* increased as the applied potential increased,
although not as obviously for G-35.

The identity of the specific elements accumulating on the surface
as oxides may be obtained by considering normalized dissolution
rate information as a function of applied potential, Fig. 3. In this
way, the potential regions of increased, decreased, and congruent
dissolution were identified based on the bulk alloy composition. In
the representation shown in Fig. 3, a positive value ((XM/XNi)νNi –
νM > 0) indicated that the dissolution rate of element M (either Cr or
Mo) was less than expected based on its bulk composition in the
alloy, indicating its accumulation at the surface. On the other hand, a
negative value ((XM/XNi)νNi – νM < 0) indicated that the dissolution
rate of element M exceeded the value expected based on the alloy
bulk composition; i.e., M was selectively removed from the surface.
The separations between depletion (or excess dissolution) and
accumulation are indicated along the right ordinate-axis, Fig. 3.

For all alloys, a transition between two distinct dissolution
behaviours was found near the Ej=0. Below Ej=0, Cr was found to
be the dominant cation released, while Mo species accumulated to
some extent. However, at applied potentials higher than Ej=0, this
trend was found to reverse, suggesting that a portion of the metal
cations from the previously accumulated Mo species became the
dominant species released and Cr species accumulated at the surface.
While the data presented in Fig. 3 cannot quantify the amount of Mo
species remaining in the surface film, ex situ surface analyses,
discussed below with potentiostatic data, found that oxidized Mo
species were present in relatively large quantities (12–32 at.%) for
films formed at high applied potential. This is discussed in greater
detail below. As the applied potential increased through the region
where film formation occurred, i.e., at applied potentials higher than
Ej=0, this opposing effect between accumulation of Cr species and
dissolution of Mo species disappeared for BC-1 and C-22, indicating
the formation of a film with a stable composition. This occurred at a
lower potential for alloy BC-1 (22.10 wt.% Mo) than for alloy C-22
(12.97 wt.% Mo)—approximately 0.4 and 0.65 V, respectively. For
the low Mo alloy G-35 (7.98 wt.% Mo), the accumulation of Cr
species and dissolution of Mo species was maintained over the full
potential range.

Although AESEC data collected during potentiodynamic polar-
ization experiments highlighted changes in dissolution behaviour as
a function of applied potential, the data were somewhat difficult to
interpret. This was especially true in the context of film breakdown

and passivation behaviour, where both the applied potential and the
time play an important role.33 To further investigate the transition
between the active and passive states, potentiostatic measurements
were employed.

Potentiostatic polarization behaviour.—A potentiostatic ap-
proach was adopted, in which negative and positive applied
potentials were used to force surface activation and passivation,
respectively. Between the applied potentials, relaxation at open
circuit was monitored. During both the applied potential and open
circuit potential measurement period, dissolution behaviour was
monitored with the premise being that the elemental dissolution rates
are inversely proportional to the barrier properties of the film.
Dissolution behaviour will be discussed in greater detail below. For
all alloys, the potential measurements made during cyclic activation-
passivation experiments are presented in Fig. 4, where cathodic
activation and electrochemically-assisted passivation processes are
indicated by the red- and blue-shaded regions, respectively.
Furthermore, locations during the polarization cycle considered for
subsequent surface analysis are indicated (*) in Fig. 4 and will be
further discussed below.

Cathodic activation was initiated by applying a potential of
–0.8 V, a polarization at which high cathodic current densities were
observed, typically on the order of –10 mA cm–2. During this period,
H2 evolution occurred at a high rate, experimentally observed as
bubbles exiting the flow cell. Similar activation procedures have
been employed previously.21,29,34 The resulting surface activation
was confirmed by increases in dissolution rate observed using ICP-
AES. While the mechanism of this activation is not completely
understood, it may be explained by either the removal or the
degradation of the film by the introduction of defect sites in the
oxide, by the partial reduction of the Cr(III) film to the more soluble
Cr(II) species, and/or by the physical removal of oxide scale due to
the rapid formation of gas bubbles at the surface. Previous studies
have shown that applications of large negative potentials increase the
number of defects in the oxide film,35,36 thermodynamic calculations
suggest the reduction of Cr(III) to Cr(II) at the applied potential used
for cathodic activation,21,31,37 and lastly, the possibility of releasing
oxide scale from the surface cannot be omitted. The results presented
here only demonstrate partial dissolution of excess Cr and Mo from
the film and subsequent activation of the surface and do not allow for
simple distinction between these mechanisms. Following surface
activation and a period of open-circuit relaxation, electrochemically-
assisted passivation occurred by the application of 0.6 V; this value
was selected from the range of potentials where film formation was
found to occur (see Fig. 1). Experimentally, cathodic activation and
electrochemically-assisted passivation processes were cycled to
investigate the effect of repeated surface activation.

Surface activation.—Potentials measured during the activation
periods are indicated as red-shaded regions in Fig. 4. Before the first
cathodic activation, i.e., t < 0 s, OCP values were related to the Cr-
content of each alloy. Alloy G-35 (33.4 wt.% Cr) had the highest
measured OCP, followed by C-22 (20.7 wt.% Cr), and lastly BC-1
(14.4 wt.% Cr). This was consistent with the influence of Cr-content
on oxide films formed in relatively non-aggressive environments, in
this case, an air formed (or native) oxide.38 After being activated, i.e.
, after the polarization at –0.8 V, this trend was found to reverse.
Once activated, the alloy’s ability to re-establish an oxidized surface
condition, as indicated by an increase in the OCP, was related to its
Mo-content. In our previous work, we demonstrated that Mo-content
was important to the stability of the oxide film, as well as in stifling
active dissolution behaviour in acidic solutions.39,40 It was shown
that Mo accumulated on the surface under transpassive conditions
was released to solution upon a return to passive conditions.18

Above, we showed a similar accumulation/release mechanism
applied for the transition from active to passive conditions, Fig. 3.
Other studies have also highlighted the ability of alloyed Mo to
improve corrosion resistance in acidic solutions.6,41 In the data

Figure 4. Measured potentials during potentiostatic experiments. Red-
shaded areas indicate the surface activation process involving both cathodic
activation (60 s at –0.8 V vs Ag/AgCl) and spontaneous passivation (300 s at
open-circuit). Blue-shaded areas indicate the electrochemically-assisted
passivation process involving the application of 0.6 V vs Ag/AgCl for
60 s, followed by a 300 s OCP measurement. Surface analysis by XPS was
conducted at the indicated times (*).
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presented here, alloys BC-1 (22.10 wt.% Mo) and C-22 (12.97 wt.%
Mo) demonstrate increases in OCP after being activated, while the
OCP of alloy G-35 (7.98 wt.% Mo) stabilized at relatively low
values. For alloy BC-1, OCP values rapidly increased and stabilized
at approximately –0.03 V, comparable to values measured before
activation, i.e., t < 0 s. For alloy C-22, OCP values increased more
slowly and stabilized at –0.05 V after the first activation, approxi-
mately 0.2 V below the OCP measured at t < 0 s. In the case of alloy
G-35, OCP values stabilized quickly and did not increase with time.
Instead, OCP values measured for alloy G-35 stabilized at –0.18 V,
approximately 0.5 V below values measured at t < 0 s. While the
behaviour of OCP remained consistent for repeated activation
cycles, shown in Fig. 4, alloys BC-1 and C-22 both demonstrated

a weakened ability to recover with repeated active-passive cycles. In
the case of alloy BC-1, achieving a steady-state condition during
consecutive activation cycles required increasing amounts of time.
In the case of alloy C-22, OCP values measured after activation
periods were found to stabilize at lower values as the number of
cycles increased.

The normalized dissolution rates, ν′M, measured during the first
cathodic activation process and the subsequent open circuit period
are presented in Fig. 5. Since similar dissolution patterns were
observed during repeated activation processes, only the first activa-
tion period will be discussed. However, the dissolution behaviour
obtained for the full potentiostatic experiment (Fig. 4) has been
included in the supporting information (Fig. S1 (available online at
stacks.iop.org/JES/168/021509/mmedia)). Before the first cathodic
activation, i.e., t < 0 s, the dissolved cation concentrations were
below the limits of detection by ICP-AES, consistent with the
presence of a protective oxide film. However, during the polarization
at –0.8 V, a surge of metal dissolution was observed, confirming
activation of the surface. During this activation process, labelled in
Fig. 5, the values of both ν′Cr, and ν′Mo were found to be greater than
that of νNi, suggesting the excess dissolution of Cr and Mo from the
electrode surface. For all alloys, Cr was found to be the dominant
metal cation released from the surface, with smaller amounts of Mo
also being released. This is consistent with the measured composi-
tion of oxides formed on Cr/Mo-containing alloys32,42,43 and
suggests the surface is activated by the partial removal of the oxide
film during polarization at –0.8 V.

Upon release to open-circuit, again labelled in Fig. 5, alloys
showed dissolution behaviour consistent with the spontaneous
passivation of the surface. Both Cr and Mo species were found to
accumulate at the surface (i.e., ν′Mo, ν′Cr < νNi): however, the
accumulation of Mo species dominated this process. This was
consistent with observations made during dynamic-polarization
experiments, where Mo species were found to be the dominant
species accumulated at potentials below the apparent Ej=0 (see
Fig. 3). Unsurprisingly, the ability of the surface to spontaneously
passivate could be related to the Mo content of the alloy. Shown in
Fig. 5a, alloy BC-1 (22.10 wt.% Mo) showed an immediate
accumulation of Mo (and Cr) species, which quickly trended toward
congruent dissolution (i.e., ν′Mo = ν′Cr = νNi) at a low overall
dissolution rate. Comparison of the dissolution rates observed for the
native oxide (i.e., t < 0 s) with those of the re-established passive
oxide (i.e., t > 250 s), suggest the excellent ability of this alloy to
recover from the surface activation process. This was consistent with
the discussion of OCP values following activation, Fig. 4, which
suggested that alloy BC-1 quickly returned to a state similar to that
of the native oxide (i.e. t < 0 s). Values of OCP were approximately
–0.02 V, regardless of whether the surface had been activated by
cathodic polarization, electrochemically passivated (discussed
below), or had a native oxide. The ability of alloy BC-1 to resist
damage to the oxide film has been previously attributed to its high
Mo content.40,44

As shown in the discussion of OCP, following the activation of
alloy C-22, OCP values increased toward a plateau, Fig. 4,
suggesting the re-establishment of an oxide layer. This was,
however, significantly slower than the behaviour found for alloy
BC-1, again suggested by the OCP. The dissolution behaviour
shown in Fig. 5b, confirmed these observations, showing that alloy
C-22 required a longer time than alloy BC-1 to spontaneously
passivate and restore low dissolution rates following surface activa-
tion. Following the release to open-circuit, accumulation of both Cr
and Mo species occurred, as observed for alloy BC-1. Elemental
dissolution rates trended toward congruent behaviour and stabilized
at low total dissolution rates, confirming the successful passivation
of alloy C-22.

During the spontaneous passivation, momentary increases in
elemental dissolution rates were occasionally observed for both alloy
BC-1 and alloy C-22, indicated by (*) in Figs. 5a and 5b, although
they were more frequent and severe for the lower-Mo-containing

Figure 5. Normalized dissolution rates obtained during the first surface
activation (–0.8 V vs Ag/AgCl) and subsequent open circuit potential
measurement for alloy (a) BC-1, (b) C-22, and (c) G-35. All dissolution
rates are normalized to the Ni-content in the alloy, Eq. 3. For clarity,
dissolution transients observed during the spontaneous passivation process
are indicated (*). The Cr and Mo contents (wt.%) shown here were taken
from Table II.
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alloy C-22. These dissolution transients are the result of film
breakdown events during the early stages of passivation.
Corresponding features were not observed during OCP measure-
ments, when negative-going potential transients would be typical.
When dissolution rates were converted into values of jM and jΣ,
transients were found to correspond to current increases of between
9 and 31 μA cm–2. An example of the converted currents can be
found in the supporting information (Fig. S2). According to
previously reported polarization resistance (RP) values, these current
transients are commonly accompanied by potential transients
⩽ 3 mV.30 During repeated activation processes, momentary in-
creases in dissolution rates were consistently observed during the
spontaneous passivation of alloy C-22 and, to a lesser extent for
alloy BC-1. It is worth mentioning that with each dissolution
transient, the separation between ν′Mo (and ν′Cr) and νNi increased,
suggesting an increased accumulation of Mo species following an
“event” which then slowly approached congruent behaviour. When
another event occurred, the separation (or accumulation) again
increased, before approaching congruent behaviour. This behaviour
is consistent with the role of alloyed Mo in the repair of localized
breakdown events, which has been shown to occur by the deposition
of Mo-rich species at sites of damage.37,45

As shown in Fig. 5c, the dissolution behaviour observed after the
surface activation of alloy G-35 differed from that of BC-1 and
C-22. While initially accumulation of Mo and Cr species was
observed following the release to open circuit, after approximately
50 s the elemental dissolution became congruent and rates increased
with time. Together the occurrence of congruent dissolution and the
continuous increase in dissolution rates, may indicate unsuccessful
passivation of alloy G-35. This is consistent with expectations for
G-series alloys, which are not noted for their corrosion resistance to

HCl solution as a result of their relatively low Mo contents, typically
between 5 and 8 wt.%.46,47 While alloy G-35 does contain a
considerable amount of Mo, 7.98 wt.%, these differences in
spontaneous passivation behaviour suggest some critical concentra-
tion of (or ratio between) alloyed Cr and Mo must exist to promote
film stability in acidic Cl–-containing environments.

The extent of Mo species accumulation (ΘMo) was quantified
during the spontaneous passivation processes using Eq. 4. A
graphical representation of the area corresponding to accumulation
of Mo species for alloy C-22 is highlighted in Fig. 6a as an example.
The ΘMo values for all alloys obtained over repeated activation
processes are shown in Fig. 6b. Although the accumulation of Mo
species would be expected to scale with an alloy’s Mo content, the
experimentally determined values of ΘMo show that accumulation

Figure 6. Quantification of Mo accumulation (ΘMo) during spontaneous
passivation. (a) Graphical representation of the area considered as accumula-
tion of Mo species during the first activation process on alloy C-22.
(b) Values of ΘMo for repeated activation processes for all alloys. Dotted
lines indicate calculated averages. The Cr and Mo contents (wt.%) shown
here were taken from Table II.

Figure 7. Normalized dissolution rates obtained during the first electro-
chemically-assisted passivation process (0.6 V vs Ag/AgCl) and subsequent
open circuit potential measurement for alloy (a) BC-1, (b) C-22, and (c) G-
35. All dissolution rates are normalized to the Ni-content in the alloy, Eq. 3.
The Cr and Mo contents (wt.%) shown here were taken from Table II.
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increased according to: G-35 (7.98 wt.% Mo) < BC-1 (22.10 wt.%
Mo) < C-22 (12.97 wt.% Mo). Furthermore, comparing values
obtained over repeated activation cycles, alloy C-22 was found to
consistently show the highest ΘMo value.

An explanation for this behaviour is based on the observations of
the dissolution transients during the spontaneous passivation of alloy
C-22 (Fig. 5b). There are two mechanisms by which Mo increases
corrosion resistance that are largely agreed upon: however, their
details remain an area of ongoing research.11 First, Mo content is
beneficial in establishing a stable oxide film, especially in acidic
chloride media.6 Here, during the spontaneous passivation process
observed for alloys BC-1 and C-22, accumulation of Mo species was
found to be dominant, as dissolution rates stabilized at low values.
Second, Mo content is vital in the repair of localized breakdown
events.48 While BC-1 was able to quickly form a stable oxide film,
and exhibited only small breakdown events, alloy C-22 displayed
much larger breakdown events. During these events, the increased
separation between ν′Mo and νNi indicated increased accumulation of
Mo species following each event. Alloyed Mo is well known to
promote the deposition of polymeric molybdate species at the
breakdown site to stifle or block further dissolution.37,45 If events
are both frequent and severe, as for alloy C-22, one would expect the
accumulation of Mo species at the surface to be greater than that at
the surface of an alloy like BC-1 that experiences only minor
breakdown events and more rapidly establishes a stable passivating
oxide.

Electrochemically-assisted passivation.—Although the ability of
the oxide film present on each alloy to recover from surface
activation was of primary interest, the electrochemically-assisted
passivation processes are also worth mentioning. Seen in the blue-
shaded regions in Fig. 4, after the application of 0.6 V, OCP values
were found to increase relative to the values measured after
activation. This increase was most significant for alloy C-22,
followed by G-35, and lastly BC-1. The normalized dissolution
behaviour recorded during this process was similar for all alloys,
Fig. 7. During the polarization at 0.6 V, all alloys showed the
selective dissolution of Mo (i.e., ν′Mo > νNi) and the accumulation of
Cr species (ν′Cr < νNi). While passive oxide films formed on Cr/Mo-
containing alloys are known to accumulate both Cr and Mo species,
the selective removal of Mo species observed here was believed to
be the consequence of the previous surface activation and sponta-
neous passivation process. As discussed above, during spontaneous
passivation all alloys were found to accumulate Mo species at their
surfaces. Additionally, this was consistent with dynamic experi-
ments (Fig. 3) which highlighted the excess dissolution of Mo and
accumulation of Cr species at applied potentials higher than the
apparent value of Ej=0. Previously, we demonstrated the dynamic
nature of Mo species, which concentrate at the surface in the event of
film breakdown and are partially released during the re-formation of
Cr oxides.18

While the dissolution behaviour of all alloys suggested the re-
formation of a Cr-rich surface film, differences in the electrochemi-
cally-assisted passivation behaviour were observed. In the case of
alloys BC-1 and C-22, dissolution rates were found to quickly
approach the limits of detection once the electrode potential was
released to open-circuit. In contrast, alloy G-35 showed a signifi-
cantly slower decrease in dissolution rates than the other alloys,
despite having the highest Cr content (33.4 wt.% Cr), and estab-
lished a steady-state congruent dissolution rate rather than re-
establishing passivity. These differences suggest that a critical film
composition is important in controlling the barrier layer properties in
HCl solutions.

Surface analysis.—Surface compositions were determined after
both surface activation (including spontaneous passivation) and
electrochemically-assisted passivation using XPS. The experimental
locations considered for surface analyses are indicated by (*) in
Fig. 4. Since similar dissolution patterns were observed for repeated
activation/passivation processes, the surface compositions were
analyzed only following the first activation/passivation processes.
Survey spectra obtained for the three alloys in both conditions are
compared in Fig. 8. Subtle differences in the intensities of the Ni 2p,
Cr 2p, and Mo 3d signals between the activated and passivated
surface conditions were found. For all alloys, the intensity of the Mo
3d signal was higher following activation than it was for the passive
surface condition. In contrast, the Cr 2p signal was higher following
passivation than it was for the active surface condition. These
changes, quantified using the Ni 2p3/2, Cr 2p, and Mo 3d signals, are
summarized in Table IV.

Since the oxidized alloy surface species were of primary interest
here, the O 1s signal was not considered in the surface compositions
listed in Table IV. Oxide films formed on various Cr-containing
alloys during exposure to a variety of conditions are known to be on
the order of a few nm thick.15,42,49,50 Since the XPS has an effective
analysis depth of 5–10 nm,51 which is thicker than the oxide film, the
photoelectron signals for Ni, Cr, and Mo obtained from survey
spectra are expected to originate from both metallic and oxidized
components. Information on oxide compositions was extracted by
deconvolution of chemical state information present in high-resolu-
tion spectra.

High-resolution spectra obtained for the Ni 2p3/2, Cr 2p3/2, and Mo
3d photoelectron peaks, as well as the deconvoluted chemical states,
for specimens analyzed after both activation and passivation are
presented in Fig. 9. In all cases, the Ni 2p3/2 signal was dominated by
metallic Ni (86.4 to 100 at.%), as shown in Figs. 9a, 9d, and 9g. The

Figure 8. Comparison of survey spectra collected for alloys G-35, C-22, and
BC-1 following activation and passivation processes. Experimental locations
used to prepare samples for surface analysis are shown in Fig. 4.
Quantification of the Ni2p3/2, Cr 2p, Mo 3d, and O 1s peaks is given in
Table IV.

Table IV. Surface composition (at.%) of G-35, C-22, and BC-1 after
surface activation (including spontaneous passivation) and electro-
chemically-assisted passivation processes, considering the Ni2p3/2, Cr
2p, and Mo 3d signals.

Ni 2p3/2 Cr 2p Mo 3d

G-35 Activation 36.8 46.3 16.9
Passivation 33.8 56.2 10.0

C-22 Activation 45.7 24.2 30.1
Passivation 38.1 46.1 15.8

BC-1 Activation 52.5 14.8 32.7
Passivation 42.4 32.3 25.3
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contributions from NiO and Ni(OH)2 were found not to exceed a total
of 13.6 at.%.

The high-resolution Cr 2p3/2 spectra recorded on alloys BC-1
(Fig. 9b), C-22 (Fig. 9e), and G-35 (Fig. 9h), indicate mixtures of
Cr2O3, Cr(OH)3, and metallic Cr. This was true for both the
activated and passivated surfaces. Following surface activation
(and spontaneous passivation), the contribution from oxidized Cr
species was relatively low compared to that of the metallic species,
especially for the low-Cr alloy BC-1. The concentration of oxidized
Cr species after activation was found to increase with increasing Cr
content of the alloy, with BC-1 (14.4 wt.% Cr) < C-22 (20.7 wt.%
Cr) < G-35 (33.4 wt.% Cr). The contributions from oxidized Cr
species were higher following the electrochemically-assisted passi-
vation process than those measured on alloys after surface activation
(and spontaneous passivation).

Deconvolution of high-resolution Mo 3d spectra collected on the
three alloys, BC-1 (Fig. 9c), C-22 (Fig. 9f), and G-35 (Fig. 9i), after
both activation and electrochemically-assisted passivation processes,
revealed a complex mixture of metallic and oxidized Mo species

(Mo(IV), Mo(V), and Mo(VI)). In some analyses, a small amount of
S contamination was also observed. The S 2s signal, which over-
lapped with the Mo 3d signal, was subtracted using the chemical
state information provided by analysis of the S 2p peak. The relative
amount of oxidized Mo species was found to decrease on the
electrochemically passivated surfaces compared to those which had
been activated (and spontaneously passivated). This was consistent
with AESEC results which demonstrated the tendency of Mo species
to accumulate during spontaneous passivation and be removed
during the electrochemically-assisted passivation process. The
spectra in Fig. 9 indicate a clear preference for Mo(IV) surface
species after spontaneous passivation, while Mo(VI) species domi-
nated after electrochemically-assisted passivation. Thermodynamics
supports the formation of higher valence state Mo species such as
MoO3 or MoO4,

2–31 with the latter being known to undergo complex
polymerization reactions at low pH.37,45,52

While deconvoluted high-resolution spectra provide information
on the ratios of oxides to metal as well as the distribution of various
oxidized species, they do not provide a true representation of what is

Figure 9. High resolution Ni 2p3/2, Cr 2p3/2, and Mo 3d spectra collected on alloys (a)–(c) BC-1, (d)–(f) C-22, and (g)–(i) G-35. Surface analysis was conducted
after activation (bottom) and passivation (top) steps, as discussed for potentiostatic polarization data. Experimental data (solid black) are presented along with the
resultant fits (dotted black curves) and individual components considered in the deconvolution (solid curves in various colours).
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on the surface. A more representative analysis of surface composi-
tion can be obtained by coupling the information provided by the
survey spectra (i.e., the average surface composition) and the
deconvoluted high-resolution spectra (i.e., the relative speciation
concentrations). Shown in Fig. 10, are the relative surface composi-
tions expressed in terms of the metallic (Ni, Cr, and Mo) and
oxidized contributions (Ni(OH)2, NiO, Cr2O3, Cr(OH)3, Mo(IV),
Mo(V), and Mo(VI)).

After surface activation and spontaneous passivation, Fig. 10a,
the amount of oxidized Mo surface species increased in the order G-
35 < BC-1 < C-22, consistent with the trends observed by AESEC,
as expressed by the values of ΘMo, Fig. 6b. Both the AESEC and
XPS data indicate that alloy C-22 exhibits the largest amount of Mo-
rich surface species following surface activation and spontaneous
passivation. For surfaces analyzed after electrochemically-assisted
passivation, Fig. 10b, all alloys demonstrated a decrease in oxidized
Mo content and an increase in oxidized Cr content relative to their
activated counterparts. This change was consistent with observations
made by AESEC, which showed a tendency of Mo species to
accumulate during spontaneous passivation (i.e., after activation)
and subsequently be released alongside the accumulation of Cr-rich
surface species during electrochemically-assisted passivation.

Conclusions

Using the operando measurements afforded by atomic emission
spectroelectrochemistry (AESEC), the dissolution behaviour of
Hastelloy BC-1, C-22, and G-35, was studied during the surface
activation, spontaneous passivation, and electrochemically-assisted
passivation in 1 M HCl (75 °C). Following surface activation, the
accumulation of Mo species was found to dominate the spontaneous
passivation behaviour, however, the accumulation of Cr species was
also an important factor. After surface activation, high Mo content
alloys, BC-1 (22.10 wt.% Mo) and C-22 (12.97 wt.% Mo), were
found to rapidly recover, however, alloy C-22 required a slightly
longer time and exhibited transient behaviour consistent with film
breakdown. After processes of surface activation and spontaneous
passivation, the accumulation of Mo species was found to be higher
for alloy C-22 than for alloy BC-1, despite its lower Mo concentra-
tion. This was attributed to Mo deposition that occurred during the
transient breakdown behaviour observed for alloy C-22 and not alloy
BC-1. In the case of alloy G-35 (7.98 wt.% Mo), while an attempt to
spontaneously passivate the activated surface was apparent, ele-
mental dissolution rates rapidly increased, with congruent behaviour
suggesting active dissolution. During electrochemically-assisted
passivation processes, previously accumulated Mo species were
found to be partially removed while accumulation of Cr species
dominated the film formation process. The concept of Mo species
accumulation and subsequent dissolution is consistent with previous

studies conducted on film breakdown/repair. Data acquired by
AESEC were also compared to the results of ex situ XPS surface
analysis. Both relative surface composition and oxidation state
information were discussed, with connections made to the AESEC
data. Most notably, the observation suggesting the large accumula-
tion of Mo species on the moderate Mo content alloy (C-22) was
consistent between both AESEC and XPS measurements. These
findings suggest the dual role of alloy Mo in stabilizing and repairing
the oxide film.
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