Journal of
MATERIALS RESEARCH

Ym

DOI: 10.1557/jmr.2020.275

Time-resolved in situ electrochemical atomic force
microscopy imaging of the corrosion dynamics of
AA2024-T3 using a new design of cell

National Institute of Chemistry, SI-1000 Ljubljana, Slovenia

2Department of Physics, Faculty of Mathematics and Physics, University of Liubljana, Ljubljana 1000, Slovenia
*Department of Condensed Matter Physics, Jozef Stefan Institute, Liubljana 1000, Slovenia

»Address all correspondence to this author. e-mail: ahmed kreta@gmail.com

Received: 1 June 2020; accepted: 15 September 2020

An electrochemical cell was designed to enable in situ atomic force microscopy (AFM) measurements. The finite-
element method was implemented using COMSOL Multiphysics to simulate the electrical field within the cell
and to find the current and potential distribution. A comparative three-dimensional simulation study was made
to compare two different designs and to elucidate the importance of the geometry on the electrical field
distribution. The design was optimized to reduce the uncertainty in the measurement of the electrochemical
impedance. Then, an in situ, simultaneous electrochemical and time-resolved AFM experiments were conducted
to study the surface evolution of the aluminum alloy AA2024-T3 exposed to 0.5 M NaCl. The temporal change of
the surface topography was recorded during the application of chrono-amperometric pulses using a newly
designed electrochemical cell. Electrochemical impedance spectroscopy was conducted on the sample to confirm
the recorded topographical change. The newly developed cell made it possible to monitor the surface change
and the growth of the oxyhydroxide layer on the AA2024-T3 with the simultaneous application of electrochemical
methods.
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To enhance the mechanical properties of aluminum, it is usu-  also prone to corrosion. Its very negative standard electrode
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ally alloyed with elements like copper (Cu), gold (Au) [1], mag-
nesium (Mg), manganese (Mn), silicon (Si), chromium (Cr),
iron (Fe), and zinc (Zn). Owing to its low density and high
strength, aluminum is used extensively in the aerospace and

automotive industries to reduce weight and decrease fuel

potential (—1.6 V. with respect to a hydrogen electrode)
makes aluminum very unstable when exposed to moisture.
However, it is resistant to some forms of corrosion due to its
high activity because a protective layer of oxide forms rapidly

on the surface in different environments [2].
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AA2024 was chosen for this investigation because it is a
good candidate for space applications. In this case, a crucial
property of AA2024 is its resistance to corrosion, as there
could be a risk to human life. Owing to their widespread use
in the aerospace industry, the AA2xxx and AA7xxx series
alloys have received a lot of attention from researchers, who
carried out in-depth studies of their responses to corrosive
media. The disadvantage of these alloys is their increased ten-
dency to corrode due to their significant content of copper. On
the other hand, copper increases the alloys’ strength and
improves the mechanical properties.

When aluminum is exposed to a medium containing oxy-
gen, an oxide/oxyhydroxide layer is formed on its surface at
room temperature [3]. At neutral pH, the film continues to
grow and so passivates the surface [4]. This oxide layer, thus,
protects the metal from further corrosion. However, if the pH
is shifted from the neutral region, the passivation layer starts
to dissolve. For example, when the surface is exposed to an
acid that is not concentrated, the oxide layer starts to dissolve
and produce hydrogen gas. The thickness of the oxide layer
depends on the environment, temperature, and alloying ele-
ments. For pure aluminum, the oxide layer formed in the air
at room temperature is around 2-3 nm but can reach up to
20 nm if it is heated to 425 °C [5].

In the corrosion studies, it is important to understand the
nature of the films produced by the reaction of aluminum oxide
with water [6]. This reaction proceeds in several stages. First, an
amorphous film is formed in an electrochemical process, in
which the growth of a barrier film takes place in an anodic half-
reaction, while the cathodic reaction is the reduction of water
[7]. The second step involves the hydrolysis of Al-O bonds
on the surface, which depends on the concentration of alumi-
num, temperature, and pH value [7]. More specifically, below
60 °C the reaction between aluminum oxide and water was sug-
gested to proceed in three stages [7, 8], i.e., the formation of an
amorphous layer (AI(OH);), followed by the formation of a
boehmite layer (y-AlO(OH)), and finally, the formation of a
bayerite layer (a-Al(OH)s) [9].

Under the application of an electrical potential, an oxide
layer is formed with different morphologies, either micropo-
rous or nanoporous, which again depends on the chemical
nature of the solution [10, 11]. A nanoporous oxide is formed
if the electrolyte has pH 5-7 [12], while a microporous layer is
formed if the electrolyte is acidic [11, 12, 13, 14, 15]. The first
step of the anodization process is the formation of a thin oxide
layer, at which point the current decreases, indicating the lay-
er’s growth. In the second step, the oxide layer continues to
grow up to a certain level [16, 17, 18], then fine pathways are
formed in the oxide layer before the formation of the pores
[19], which can be seen as a small increase in the current.

This was interpreted as cracking of the oxide because of the
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nonuniform oxide thickness that makes the pores start to
grow on the low thickness part of the barrier [18]. Thomson
et al. suggested that local cracking is formed in the oxide
because of the cumulative tensile stress and that it results in
the formation of pathways [12, 14, 20]. In the third step, the
pathways continue to grow until stable pores are formed, lead-
ing to a stabilization of the porous film and no more pathways
are formed. In the fourth step, the pathways and pores merge to
form larger pores and the oxide layer reaches a dynamic equi-
librium state, resulting in another increase in the current [16,
18, 21]. Le Coz et al. revealed that porous alumina consists of
aluminum hydroxide Al(OH), aluminum oxyhydroxide AlO
(OH), and hydrated alumina ALH,0, [22].

The atomic force microscope (AFM) and the scanning tun-
neling microscope (STM) have been widely used in the field of
electrochemistry [23, 24, 25, 26, 27, 28, 29, 30, 31] owing to
their ability to resolve changes in the surface topography
under different electrochemical conditions. Most often, the
AFM is preferred over the STM when it is operated in a liquid.
Namely, in the case of the STM, the current needs to tunnel
from the tip to the surface; the tunneling current is superim-
posed on the faradic current, which influences the measure-
ments. On the other hand, in the case of the AFM, the
surface topography is measured by the deflection of a cantilever
using an optical detection method and only the turbidity of the
liquid is a potential problem for surface imaging. In addition,
when the AFM is operated with its cantilever entirely immersed
in a liquid, the capillary forces are eliminated. That makes the
AFM a powerful tool, as it cannot only investigate the elec-
trode-electrolyte interface in different solutions, but it is also
capable of probing changes in the surface topography during
the application of different electrochemical measurements
without introducing any perturbations to the electrochemical
measurements.

Integrating the AFM and electrochemical techniques in the
same cell can yield fruitful information about the local change
of the surface in different fields, such as corrosion [31, 32], sur-
face catalysis [33], and metals deposition [34]. When the AFM
is used for measuring the change of surface topography under
electrochemical conditions, it is called an electrochemical
atomic force microscope (EC-AFM). To carry out an in situ
measurement that requires a fluid cell, it is necessary to employ
a working electrode (the sample in the study), a counter elec-
trode, a bi-potentiostat or potentiostat, and optionally a refer-
ence electrode.

In the literature, a few AFM measuring cell designs for
EC-AFM studies have been suggested [35, 36, 37, 38, 39].
Wanless et al. [35] introduced the first electrochemical cell
for the AFM that integrates all the electrodes into the measur-
ing cell, instead of having them connected to the cell through

liquid ports. They also considered the problem of electric

cambridge.org/JMR

www.mrs.org/jmr

2020

Journal of Materials Research


http://www.mrs.org/jmr
http://www.cambridge.org/JMR
https://doi.org/10.1557/jmr.2020.275

https://doi.org/10.1557/jmr.2020.275 Published online by Cambridge University Press

B I 2 e

field symmetry inside the cell, by using a ring of platinum rib-
bon, and a quasi-reference electrode of platinum wire. The
increased evaporation of the liquid for small measuring cells
was studied by Yaniv and Jung [37]. To compensate for the
evaporated liquid, the cell was connected to an external reser-
voir of the liquid; the latter compensates for the evaporated lig-
uid because of the difference in the pressure. However, they
found from the electrochemical measurements that the concen-
tration of the electrolyte was still increasing. They suggested
that this was due to the evaporation of the solvent, while the
solute remained inside the cell. Valtiner developed an interest-
ing design of electrochemical cell [39]. He also presented all the
challenges in designing an electrochemical cell for the AFM. In
this design, the working and counter electrodes were made by
the physical vapor deposition of platinum on glass slides. The
configuration of the working and counter electrodes was copla-
nar. The reference electrode was inserted horizontally through
a port. They used another setup of two separate compartments,
which was relatively complicated to use. In our former paper,
we developed a three-electrode electrochemical cell design
that had a large volume for the electrolyte (4 mL) [28] and
was used to study in situ a bare aluminum alloy [28] and a
coated aluminum alloy [29, 40, 41] under potential control.
With our former cell design, we had a problem with position-
ing the electrodes, the injection of the liquid, and the evolution
of gas bubbles.

To the best of our knowledge, no cell has been able to
simultaneously carry out AFM, chronopotentiometry and elec-
trochemical impedance spectroscopy (EIS) measurements on
the alloy AA2024. To enable such a combination measurement,
the cell needs to fulfill the following criteria. First, it needs to
have a relatively large volume (larger than 1 mL) of liquid to
reduce the effect of the electrolyte evaporation. Also, a robust
mechanical setup is required so as to prevent any mechanical
noise or vibrations that might affect the topographical and elec-
trochemical measurements. Besides that, the cell should have
inlet and outlet ports to allow the injection, evacuation, or
the flow of the liquid. Moreover, the cell must have a uniform
distribution of the electric field, so the error and/or distortions
in the measurement can be reduced. It should be easy to use
and to clean. Finally, it should allow the use of a standard ref-
erence electrode, which helps in reducing the uncertainty in the
measured potential in the electrochemical cell.

In this study, a new design of electrochemical cell that ful-
fills all the above criteria is presented. To visualize the benefits
of this cell with respect to existing designs (e.g., our own design
used previously for corrosion studies [28, 41]), we carried out
simulations of the current and electric potential distributions
inside the cell using a COMSOL Multiphysics software pack-
age. After the theoretical justification, the capability of the

new cell to explore the corrosion dynamics is demonstrated
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by carrying out simultaneous AFM and electrochemical mea-
surements on the model AA2024-T3 system (Fig. 1).

Simulation

The main purpose of the present simulations was to find the
distribution of the electrical potential as well as the distribution

of the current [Figs. 2(c)-2(i)] in the newly designed cell.

Potential distribution

To have a better visualization of the potential distribution, the
calculated equipotential surfaces in the two cells [Figs. 2(c) and
2(d)] were chosen and plotted. Figures 2(c) and 2(d) clearly
illustrate how the electrical potential changes when altering
the electrodes’ configuration. In the previous design of cell,
the electrical potential distribution is not uniform, in neither
the horizontal nor in the vertical plane, as can be seen from
Fig. 2(c), while the new design shows a symmetrical distribu-
tion of the electrolyte’s electrical potential. In the previous
design, the equipotential surfaces [Fig. 2(c)] have a semi-
parabolic shape around the working electrode in the horizontal
plane. In the new design, the equipotential surfaces are concen-
tric cylindrical shells [Fig. 2(d)]. The shape of the cylinders

only starts to deform in the vicinity of the working electrode.

Current distribution

The distribution of the electrical current in the two designs is
illustrated by plotting the current vector inside the electrolyte,
as shown in Figs. 2(e) and 2(f). The distribution of the current
inside the electrolyte in the case of the previous design is highly
nonuniform [Fig. 2(e)]. The magnitude of the current nearby
the working electrode (red) is high, but it starts to diminish
as we get closer to the counter electrode (blue), which is repre-
sented by the size of the arrow in Fig. 2(e). In the case of the
new design, the current lines appear radial, and uniformly dis-
tributed on the working electrode (red), whereas at the edge of
the working electrode the current has a somewhat larger mag-
nitude [Fig. 2(f)].

Effect of the reference electrode’s position on the
uncertainty of the measured potential

The reference electrode (RE) is normally used to measure the
potential difference between the working electrode and a
selected point inside the electrolyte. Ideally, the reference elec-
trode should be positioned in the vicinity of the working elec-
trode to reduce the ohmic loss, and consequently to reduce the
uncertainty in the measurement, which can be done in practice
by means of a lugging capillary positioned on the surface of the

working electrode. Using a lugging capillary is not possible in
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(d)

Figure 1: Schematic of two different electrochemical cell designs: (a and ¢) old design (adapted from Ref. [28] with permission) and (b and d) new design. The
working electrode (1) is centered in the cell body (2) that is made of Teflon, mounted on a stainless-steel base (3) so it can be attached to the microscope. The
standard Ag/AgCl reference electrode (4) is plugged in from the bottom, and the counter electrode (5) made of a platinum sheet formed to make a cylindrical shell.
The cell has inlet (6) and outlet (7) ports to inject the liquid. In both designs, the working electrode is centered in the cell (red cylinder), while the counter elec-
trode (blue) is a parallelepiped in the first case (c) and a cylindrical shell in the second case (d).

the case of electrochemical AFM measurements, as it would
prevent the AFM scanning head from approaching the surface
of the working electrode. Alternatively, the reference electrode
can be positioned either outside the cell [42] or inside the cell
to sense the potential [28, 29, 35, 36, 41]. In this study, we
investigated the uncertainty introduced to the measurements
due to the displacement of the reference electrode along the
axis of the cylinder shown in Fig. 2(i).

In our new design, the position and orientation of the refer-
ence electrode were chosen by taking into account two factors.
First, the tip of the reference electrode should be positioned as
near as possible to the working electrode, in such a way that
its body does not introduce a field distortion. Second, due to
the symmetry of the potential distribution within the electrolyte
[Fig. 2(d)], the long axis should be oriented in a direction paral-
lel to the equipotential surface [Fig. 2(d)].

Figures 2(g) and 2(h) depict the change in the local poten-
tial with the displacement of the reference electrode for the two
cells when the cell potential was 0.5 V in both cases. A line was
cut in the direction of placing the reference electrode [Figs. 2(g)
and 2(h)] to find the local electrolyte potential along the axis of
this line. The line is presented using colors, with the colors
identifying the local electrolyte potential. The value of the
local potential is plotted against the displacement of the

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

electrode [Fig. 2(i)], such that it starts from the body of the
cell in the direction of the working electrode in both cases.
Figure 2(i) shows that the electrolyte potential changes expo-
nentially by displacing the electrode closer in the case of the
old cell and linearly in the case of the new one. When using
our previous design, we were trying to place the reference elec-
trode in the vicinity of the working electrode to reduce the
error in measuring the electrolyte potential [28]. Therefore,
the part of the exponential curve that is in the vicinity of the
electrode is fitted to a line. The slope of the line in the case
of the old cell is 27.4 mV/mm, while it is 0.43 mV/mm in
the second. This can result in an error and makes a comparison
between different experiments difficult. This error is greatly
reduced in the case of the new design. We can conclude that
our approach to positioning the reference electrode in the
vicinity of the working electrode and to moving along a direc-
tion parallel to the isopotential surface is a valid approach to
reducing the uncertainty in measuring the electrochemical

potential.

SEM/EDS measurement

Prior to [Fig. 3(a)] and after [Fig. 3(b)] running the electro-

chemical experiments, the samples were investigated using an
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Figure 2: Simulation of the electric field in the two different cell designs. (a and b) The meshing of the cell. (c and d) The equipotential surfaces in the electrolyte
for the two different electrochemical cell designs. (e and f) The electrical current vector represented by the arrows in the two cells weighted by their magnitude.
The change in the simulated electrolyte potential with the position of the reference electrode is present in (g—i); (g and h) the potential electrode in the two cell
designs along the displacement direction of the reference electrode; the color of the axis represents the local electrolyte potential given by the color bar on the
right-hand side and (i) the electrolyte potential versus the position inside the electrolyte for the two cell designs.

SEM. The goal was to find correlations between the morpho-
logical and compositional (using EDS) features, on the one
hand, and the electrochemical response, on the other hand.
From several measurements, we only display the most typical.

The elemental compositions of the sample are presented in
spectra 1-10 (Fig. 3). These correspond to the EDS spectra col-
lected prior to any exposure to NaCl at the locations marked in
Fig. 3(a). Whereas the remaining spectra represent the loca-
tions marked in Fig. 3(b) after the electrochemical processes
described in the section “In situ EC-AFM measurements”.
Spectra 1 and 2 reveal the presence of aluminum (more than
90%) and several percentage points of carbon; the rest are
traces of Cu, Mg, and Si. In contrast, spectra 3-5 have an inter-
esting feature in common, i.e., in all cases, the ratio of Al:Cu:
Mg ~ 2:1:1. This ratio corresponds well to the S-phase of
AA2024 AlgCuMg [43, 44, 45, 46, 47]. In spectra 6 and 7,
the ratio Al:Cu is found to be approximately 10:1. Spectrum
8 shows the following ratio of elements: Al:Fe:Mn:Si
=~13:3:3:1, which is close to that of the 6-phase, ie.,
Al;,(Fe, Mn);Si. Finally, spectra 9 and 10 show the ratio Al
CwFe:Mn = ~5:1:1:1 [47, 48]. It is clear that oxygen exists in
all the spectra of the sample examined before exposure to

NaCl with an average of 1.50% atomic ratio. We ascribe this

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

finding to the presence of the native oxide layer. The abun-
dance of different phases depends on the preparation method
and the treatment of the alloy. The presence of carbon could
be due to either the polishing process or the contamination
originating from the exposure to the electron beam. Due to
the penetration depth of the X-rays, some observed traces of
elements might be associated with the layer(s) underneath
the surface. An increase in the ratio of oxygen is noticeable
in the EDS spectra measured after the electrochemical process
(spectra 11-15) (Table 1). The bright spots from the two spec-
tra 14 and 15 are closer to the composition of the noble phases
Al,CuFe, and AlgMnFe,, respectively.

In situ EC-AFM measurements

The initial scan of the AA2024 sample in air is shown in Fig. 4
(a). After the injection of the electrolyte into the cell, the sam-
ple was scanned again [Fig. 4(b)]. Comparing the two images in
Fig. 4, we see that mostly the same area was scanned in both
cases, with a slight lateral shift. This is strong evidence of the
mechanical stability of our cell design, which makes it possible
to image the selected surface area irrespective of the fluid flow

and the application of the electric field.

cambridge.org/JMR

www.mrs.org/jmr

2020

Journal of Materials Research


http://www.mrs.org/jmr
http://www.cambridge.org/JMR
https://doi.org/10.1557/jmr.2020.275

https://doi.org/10.1557/jmr.2020.275 Published online by Cambridge University Press

B I 2 e

r J0um 1
(a)

300m

(b)

Figure 3: SEM images of a polished AA2024 sample. (a) Before exposure to NaCl and (b) after carrying out EC-AFM and exposure to NaCl. The labeled areas and

spots indicate the location of the collected spectra shown in Table 1.

TABLE 1: EDS spectra of AA2024.

Spectrum C (o] Al Mg Si Mn Fe Cu Na (@]

Spectrum 1 410 0.90 91.40 1.40 0.00 0.30 0.00 1.90 0.00 0.00
Spectrum 2 4.10 1.20 91.30 1.40 0.10 0.20 0.00 1.70 0.00 0.00
Spectrum 3 8.90 1.80 46.90 20.10 0.40 0.00 0.00 21.90 0.00 0.00
Spectrum 4 11.20 2.50 48.20 17.10 0.20 0.00 0.00 20.80 0.00 0.00
Spectrum 5 11.00 1.40 47.90 19.30 0.10 0.00 0.00 20.30 0.00 0.00
Spectrum 6 6.20 0.90 83.20 1.30 0.20 0.10 0.10 8.00 0.00 0.00
Spectrum 7 5.50 1.00 82.40 2.10 0.30 0.30 0.00 8.40 0.00 0.00
Spectrum 8 11.30 1.90 52.00 7.00 4,00 11.50 11.80 0.50 0.00 0.00
Spectrum 9 11.10 230 53.80 0.20 0.10 10.90 11.20 10.40 0.00 0.00
Spectrum 10 7.00 1.30 77.80 0.90 0.10 1.30 0.00 11.60 0.00 0.00
Spectrum 11 0.00 52.14 29.54 0.00 1.75 0.00 0.00 0.00 8.69 7.88
Spectrum 12 0.00 57.16 34.56 0.00 1.75 0.00 0.00 0.00 3.63 2.90
Spectrum13 6.58 61.22 29.65 0.57 0.00 0.00 0.02 0.00 1.06 0.90
Spectrum 14 0.00 58.10 25.60 0.00 0.09 0.00 7.50 4.62 2.53 1.56
Spectrum 15 0.00 58.43 25.49 0.00 0.00 450 8.20 0.00 2.10 1.28

Spectra (1-10) before immersion in NaCl, and spectra (11-15) after immersion in NaCl and exposure to different electrochemical potentials. Values

are normalized in at.%.

Then, a fresh sample was mounted into the cell and a
smaller spot of 10x 10 um*> was chosen for the purpose of
studying in situ the changes in morphology. Besides monitor-
ing the changes with time, we were particularly interested in
changes caused by the application of different values of poten-
tial pulses. For this experiment, we used our newly designed
electrochemical cell [Fig. 1(b)].

In the first step of the experiment, we simply monitored the
development of the open-circuit potential (OCP) without
applying any electrical signal [Fig. 5(a)]. Then, still under

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

OCP conditions, the EIS was measured (Fig. 7). Afterwards,
chrono-amperometric pulses of different potential values and
20 s duration were applied to the working electrode. We started
at —0.8 V/Ag/AgCl/NaCl Satd and ended at a more anodic
potential of 0.2 V/Ag/AgCl/NaCl Satd. AFM images were col-
lected after the application of each chrono-amperometric
pulse, some of which are presented in Fig. 5. A dramatic change
in the surface topography as a consequence of the electrical
pulses can be seen in Fig. 5. The measurements were carried

out for about 3 h, after which the EIS was measured again at
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Figure 4: AFM topography images of the AA2024 sample. (a) The sample scanned in the air and (b) the sample scanned immediately after injecting the electrolyte

into the cell.

the OCP (Fig. 7). The collected AFM images were used to con-
struct a video so as to visualize the temporal change of the
topography with the application of the anodizing potentials
(see Supplementary material).

The observed changes were quantified using three statistical
surface parameters (roughness root mean square Sq, skewness
Ssk, and kurtosis Sku) [28, 41].

The extracted parameters were plotted versus time and the
applied potential pulse (Fig. 6). After 4 min of immersion
[Fig. 5(a)], the sample’s roughness, skewness, and kurtosis
were 4nm, —1.84 and 12.71, respectively. After 10 min of
immersion, a chrono-amperometric pulse with an amplitude
of —0.8 V/ Ag/AgCl/NaCl Satd and a duration of 20s was
applied to the working electrode. The pulse had a negligible
effect on the roughness [Fig. 6(a)], while the skewness [Fig. 6
(b)] and kurtosis [Fig. 6(c)] increased, which is evidence of a
layer or sublayer growing on the surface. We found that the
surface started to shift slightly, and some features appeared
to make the surface more asymmetric. After 20 min of immer-
sion, another 20 s pulse was applied to the working electrode;
however, this time with an amplitude of —0.6 V/Ag/AgCl/NaCl
Satd. A small increase in the roughness, accompanied by a
decrease in the skewness and kurtosis were observed. The
change of the surface parameters can be correlated with
selected features that started to appear in the image. In the
next step, a more positive pulse (—0.4 V/Ag/AgCl/NaCl Satd)
of 20 s was applied, which caused a slight increase in the
roughness (from 4 to 5 nm), with a simultaneous increase in
both the skewness (from —0.1 to 1.39) and kurtosis (from
20.63 to 23.50). After 52 min of immersion, a —0.3 V/Ag/
AgCl/NaCl Satd pulse was applied to the working electrode

while imaging. It was found that the roughness started to

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

increase rapidly, although no potential was applied during
the next 30 min. The roughness reached a value of 9 nm, the
skewness increased noticeably, while the kurtosis started to
decrease. The roughness attained its maximum value (18 nm)
upon the application of —0.2 V/Ag/AgCl/NaCl Satd after
88 min of immersion. That increase in the roughness could
be correlated with the evolution of selected features on the sur-
face. Since the electrolyte used has a neutral pH, the increased
roughness, which is clearly present in Fig. 5(c), must be due to
the formation of an amorphous oxide/oxyhydroxide layer [7,
12]. With the application of a —0.1 V/Ag/AgCl/NaCl Satd
pulse for the second time at 103 min of immersion [Fig. 5
(d)], the roughness started to decrease. This trend continued
during the next step as well, i.e., with the application of
0 V/Ag/AgCl/NaCl Satd [Fig. 5(e)]. Then, with the application
of more positive pulses, specifically 0.1 V/Ag/AgCl/NaCl Satd,
the surface roughness started to increase as well as the kurtosis
and skewness (Fig. 6). As shown in Fig. 5(f), the features on the
surface have a larger size than the initial one [Fig. 5(a)]. Thus,
it is clear that the surface looks smoother in Fig. 5(f) than
before [Fig. 5(d)]. The increased size of the features appeared
to have a significant effect on the increasing roughness and
the other parameters. The increase of the features’ sizes on
the surface could be either due to the change in the tip geom-
etry,or a change in the feature surface. Since the AFM tip could
resolve some small particles on the surface in the last image,
that means the AFM tip was relatively sharp. After 180 min
of immersion, an EIS spectrum was acquired (Fig. 7). The
acquired spectrum showed an increase in the impedance.
Therefore, that change of the surface topography, accompa-
nied by an increase in the electrochemical impedance, was due
to the formation of a pseudo-boehmite layer [9, 28, 49]. This
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Figure 5: In situ AFM topography measurement of immersed AA2024 with the application of chrono-amperometric pulses: (a) 4 min; OCP, (b) 72 min; —0.3 V, ()
95 min; —0.2 V, (d) 103 min; —0.1V, (e) 110 min; 0V, and (f) 175 min; 0.1 V. Time in minutes refers to the time elapsed after the introduction of 0.5 M NaCl elec-
trolyte. The duration of each chrono-amperometric pulse was 20 s. The images were collected after the application of chrono-amperometric pulses. All the potential
values are measured versus a standard Ag/AgCl/NaCl Satd reference electrode. The scale bars are of length 4 pm.
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Figure 6: Time dependence of the surface parameters for an electric potential applied to AA2024 in NaCl (0.5 M). (a) The surface roughness RMS, (b) the surface
kurtosis, (c) the surface skewness, and (d) the applied potential pulse value with time (the duration of each pulse is 20 s). The arrows indicate the images selected

and presented in Fig. 5.

(a) (b)

mo T T T T T T T T ] 30 T T T T

5504 [« Before b J— Lo

500 +  After ] _.‘.J""—’—N

450 ] _,-". O ——

400 4 ] 2.5 e - -20

1 oy o

T 350 1 B
£ 1 = ™~ e
O 3004 4 O of -0 @
= @ 1 = o o
250 - 4 = S
-é- . P g £ |§_]‘
w - 3 = , 60 §

150 . ] 3 e

100 4 . ] log (12|) Before &

0] sertre, S ] - log (|2|) After - -80

e V.r" ] £ Phase(Z) Before ° Ty
0 7 Phase(Z) After .
-SU 1 T 1 1 L} 1 T 1 1 L} 1 T T T " T N T ¥ '100
=50 0 50 100 150 200 250 300 350 400 450 500 550 600 -2 0 2 4 [} 8
Re(Z) (Ohm) log (freq/Hz)

Figure 7: In situ EIS measurements of AA2024 measured before and after applying chrono-amperometric pulses. (a) Nyquist plot (b) Bode plot of EIS was measured

before (black curve) and after (red curve).
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was already proven in our previous infrared reflection-absorp-
tion study [28].

The newly designed cell [Fig. 1(b)] made possible measure-
ments of the topography by locating the same spot in the air
and after injecting the liquid into the cell (Fig. 4), with only
a slight drift during the course of the experiment (3 h), as
shown in Fig. 5. The advantage of this cell over our previous
design [Fig. 1(a)] is that it can carry out different electrochem-
ical measurements (e.g., chrono-amperometric and EIS) simul-
taneously by scanning the surface topography. Thus, the
symmetry of the field distribution within the electrolyte
together with choosing the pulse duration (20 s) reduced the
evolution of gas bubbles that were obstacles to the AFM tip
with the previous cell [28, 41]. Typically, the new cell allows
controlling, monitoring, and measuring electrochemical events,
while monitoring the change of topography. The cell is easy to
use and maintains the field symmetry, which ensures the

repeatability of the experiments.

A comparative study showed the effect of electrode geometry
and arrangement on the uniformity of current and voltage dis-
tributions in an electrochemical cell intended for in situ AFM
measurements. 3D FEM simulations showed that the newly
proposed cell design had a much more uniform current and
voltage distribution in the electrolyte than an earlier design.
The selection of the reference electrode in the new design
can reduce the uncertainty of displacing it by a factor of 60
times less than our previous design. It was proven that an in
situ AFM could follow the changes in the topography to eluci-
date the growth of an oxyhydroxide layer upon the application
of anodizing potentials. By combining the AFM and in situ EIS
before and after the measurements, we confirmed the change in
the surface due to the growth of the oxyhydroxide layer. The
SEM/EDS showed an increase in the oxygen contents on the
surface due to the growth of the oxyhydroxide layer. Finally,
we can conclude that the newly designed electrochemical cell
allowed the use of different electrochemical techniques (EIS
and chronopotentiometry), while monitoring the surface’s

topography, simultaneously.

Material

Aluminum alloy AA2024-T3 sheet of 4 mm thickness
(Goodfellow, UK) was cut into 7-mm-diameter disks and pre-
pared for in situ and polished as described elsewhere [28]. An
Ag/AgCl/0.3 M NaCl reference electrode (BASi) was used, and
99.99% platinum foil of 0.5 mm thickness (Sigma-Aldrich,

Taufkirchen, Germany) was cut and formed as a cylindrical

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

shell counter electrode. Sodium chloride electrolyte of 0.5%
molar concentration was prepared using NaCl purchased
from Sigma-Aldrich that it was dissolved in deionized water
(18.2 MQ cm Milli-Q water).

Electrochemical cell simulation and design for in
situ measurements

3D Simulation of electric field distribution in
electrochemical cells

The symmetry of the electric field distribution is an important
factor in an electrochemical cell, as it is correlated with the
uncertainty of the electrochemical measurements. For example,
the distribution of the current lines can critically influence the
electrochemical processes in the cell. More specifically, the area
of the electrode that has a higher current density can become
more prone to degrade faster than its corresponding area
with a lower current density. In many electrochemical systems,
knowledge of the current density distribution can be used for
either minimizing the error in the measurements or minimiz-
ing the unwanted effects, such as inhomogeneous deposition in
the case of electrochemical deposition, and the inhomogeneous
degradation of electrodes.

The motivation for the new design was to be able to simul-
taneously measure the change in the surface topography and
the electrochemical impedance under potential control with a
reduced uncertainty. The purpose of simulating the electric
field distribution in the electrochemical cells is to find how
the electrical currents and potentials are distributed inside
the electrolyte, and how they change when changing the elec-
trode configuration before manufacturing the newly designed
cell. A comparison between our previous cell [Fig. 1(a)] and
the newly designed cell [Fig. 1(b)] will highlight the effects of
the cell and electrode geometries on the distribution of the elec-
tric field inside the cell.

In the case of using a finite-element method (FEM) simu-
lation, a set of differential equations is solved using the FEM.
By defining the boundary conditions for each geometry, the
solution can be determined. A three-dimensional simulation
is carried out wusing standard finite-element software
(COMSOL Multiphysics™) [50].

Physics of simulation

First, the geometry of each cell is modeled in 3D, as illus-
trated in Figs. 1(c) and 1(d), such that the electrolyte is repre-
sented as a cylinder that has boundaries with both the anode
and the cathode. The working electrode only contacts the elec-
trolyte on one surface, while the counter electrodes are simu-
lated by two metals contained inside the electrolyte cylinder,
which has a rectangular shape in the first design and a cylindri-

cal shell in the second design.
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The aim of this simulation study was to investigate the
effect of the electrodes’ arrangement and their geometry on
the symmetry of both the current and the potential distribution
within the electrolyte. There are three different schemes of cur-
rent distribution in the electrolyte: primary, secondary, and ter-
tiary [51]. In our study, we were interested in studying the
primary current because it depends solely on the geometry of
the electrodes and their arrangement [51]. Fast kinetics is
assumed in the case of the primary current distribution,
which conveniently leads to a simplification whereby the
potential of the electrolyte adjacent to the electrode equals
that applied to the electrode. The primary current distribution
is governed by Ohm’s law [Eq. (1)], which only depends on the
electrolyte’s conductivity (o) and the potential (¢) gradient.
The potential distribution fulfills the Laplace equation [Eq.
(2)]. The FEM is used to solve these two differential equations
at points distributed within the electrolyte through a mesh,
which is described below. The boundary conditions are used
as mentioned above: the electrolyte potential equals that
applied to the metal electrodes. To find the field distribution,
we assume that the working electrode is the anode and the
counter electrode is the cathode. The system is described
with the following equations:

J=—-0oVe 1)

where J is the current density (A/m?), o is the electrolyte’s con-
ductivity, and ¢ is the potential in the liquid.

Ve =0 )

The cathode potential was chosen to be zero (V¢ = 0) since the
potential of the electrode equals the potential difference between
the electrode and the ionic potential of the adjacent liquid.

Since the kinetics is fast, the equilibrium potential Vg
equals the potential difference between the solid phase poten-
tial of the cathode (V) and the adjacent electrolyte potential
¢c, which implies that

Veq(cathode) = Ve — ¢c = —¢¢ 3)

Since the cell potential is the potential difference between
the anode (V) and the cathode (V) potentials

Vel = Va — Ve =V, (4)

Veq(an()de) =Va—¢p = Ve — P4 (%)

All the parameters and the initial values are listed in
Table 2.

Meshing
After setting all the physical parameters of the simulation,

the meshing had to be setup. In a finite-element simulation, the
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TABLE 2: Parameters used in the simulation.

Parameter Description Value

Veen (V) Cell potential 0.5

Veq (anode) (V) Equilibrium anode potential 1.188 [52]
(platinum)

Veq (cathode) (V) Equilibrium cathode potential —1.662 [53]
(aluminum)

0 (S/m) Electrolyte conductivity 4.6655 [54]

Priquid (V) Initial liquid potential (Veell — Veq (anode) —

Veq (cathode))/2
T (K Temperature 300

meshing step is a critical point, as poor meshing parameters
lead to unreliable results. The meshes were chosen in such a
way that the boundaries between the electrodes and the electro-
lyte interface meshed with a very fine thickness of 20 nm,
which means that 392,000 elements were used in the meshing
of each cell. Figures 2(a) and 2(b) show the concept of meshing
for the cells.

Cell design

In the case of designing an electrochemical cell for the scanning
probe microscopy (SPM) measurements, many factors had to
be considered. The main problem is the space constraint,
which is common to all AFMs. The electrode arrangement is
important since an inappropriate arrangement can introduce
uncertainty and/or distortion [55, 56] to the electrochemical
measurements.

The previous cell [Fig. 1(a)], which is used here as a refer-
ence cell, was designed for in situ AFM measurements of
corrosion—either spontaneous or under potential control [28,
29, 40, 41]. The first problem with this asymmetric design
[Fig. 1(a)] was that the scanning head of the AFM had to be
removed to inject the solution into the cell. Additionally, the
arrangement of the electrodes could change from one measure-
ment to another. The latter can result in an error in the mea-
surements or can make a comparison between different
samples less reliable. In the new symmetric design [(Fig. 1
(b)], two liquid ports were added, which means the cell can
be used as a flow cell. In addition, the counter electrode was
made of a platinum sheet formed as a cylindrical shell to sur-
round the working electrode to preserve the field symmetry;
therefore, a more uniform current distribution can be attained.
In contrast to our previous design, the reference electrode is
placed vertically for different reasons: first, it facilitates maneu-
vring the AFM head in the cell; second, it disturbs the current
distribution to a lesser extent (as elaborated in the simulation
section “Effect of the reference electrode’s position on the
uncertainty of the measured potential”); and, finally, it helps
avoid the contaminations that can result from the reference

electrode. Such a design is easy to fit into the microscope, it
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facilitates the connection of the electrodes and makes it possi-
ble to keep the microscope box closed during the experiment
and thus reduce the mechanical noise. However, our main con-
cern was whether such a design was able to keep the field dis-
tribution symmetric. This problem was solved and the field
distribution preserves a high symmetry, which is further pre-
sented and elaborated in the simulation section “Simulation”
below. The inner diameter of the newly designed cell is
32 mm, and this can accommodate samples of different
diameters up to 9 mm. In addition, it supports a standard
reference electrode to reduce the uncertainty of the potential
measurement. The electrodes are then connected to an external
potentiostat using a coaxial cable to reduce the electrical noise.
Using this design, it is guaranteed that the position of the elec-
trodes will not change from one experiment to another, which
significantly contributes to the repeatability. The cell can be
used either as a flow cell or a constant-volume cell. In the
former case, a pump is remotely connected to the inlet and out-
let liquid ports, while in the latter one, port is closed and the
electrolyte is injected into the cell using a syringe through a sil-
icon tube.

The most common materials used in the production of
electrochemical cells are glass, such as Pyrex [57] and quartz
[36], or polymers, such as Kel-F [42] and Teflon [58, 59, 60].
Obviously, on the one hand, glasses have a high service temper-
ature, and they have outstanding toughness compared to poly-
mers. On the other hand, polymers have superior electrical
resistivity and are resistant to most chemical compounds. In
our case, Teflon was the most appropriate material for the
cell’s construction based on the following advantages: ease of
fabrication, low cost, high electrical resistivity, chemically inac-
tivity toward mild and most harsher chemicals, and ease of
cleaning.

The base of the cell was made of steel, so that it could be
attached to the magnetic base of the microscope. The final
design of the cell was made in three dimensions using a
CAD program and exported as a binary file to a computer
numerical controlled (CNC) milling machine, where it was
fabricated.

In situ EC-AFM measurements

An Agilent AFM 5500 was used for the in situ measurements.
Four-sided (pyramidal) silicon tips with the radius less than
50 nm (Nanosensors) were used, gold coated on a detector
and a tip side, with a nominal spring constant of 0.1 N/m, a
resonance frequency of 75kHz in the air and a cantilever
length of 200 pum.

The in situ AFM measurements were carried out in the tap-
ping mode, so that the repositioning of the corrosion features

during imaging as well as reducing the lateral forces could be
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avoided. The images were collected at a scanning rate of 2 Hz
with dimensions of 10 x 10 pm?.

Before performing the measurements using the electro-
chemical cell [Fig. 1(b)], the cell was washed using a detergent
in tap water and then carefully rinsed with deionized water.
Afterwards, it was sonicated twice in deionized water for
30 min, and then sonicated in acetone for degreasing and
finally in acetone, for 30 min each time. Finally, it was soni-
cated in Milli-Q water (18.2 MQ cm) for 30 min. Next, the
sample was mounted in the center of the cell. To have a robust
electrical contact with the conductor fixed at the bottom of the
cell, a conducting colloidal silver paste was added below the
sample (between the sample and the conductor at the bottom),
which ensures the electrical connectivity to the wire-connected
potentiostat and makes the sample mechanically fastened. The
sample height was adjusted to make sure it was at the same
level as the base of the cell. Paraffin wax was applied to the
perimeter of the sample, so that the edges of the sample were
covered and appropriately anchored in the sample [49]. The
cell was then attached to the microscope and the three elec-
trodes were connected to a Bio-Logic SP-200 (Bio-Logic SAS,
Claix, France) potentiostat to make the electrochemical mea-
surements. Afterwards, the electrolyte was injected into the
cell. The cantilever’s oscillation frequency was tuned and
approached the sample’s surface. After 30 min of immersion,
EIS was conducted at the OCP using a sinusoidal potential sig-
nal of 5 mV amplitude in the logarithmically spaced frequency
range from 7 MHz to 0.1 Hz. Then, the sample surface was
scanned continuously for about 3 h with the application of
chrono-amperometric pulses from the cathodic potential
(—0.8 V/Ag/AgCl/NaCl Satd) to the anodic potential
(0.2 V/Ag/AgCl/NaCl Satd). After that, the EIS was measured
again, before removing the tip and the electrolyte. After the
experiment, the collected images were processed to extract
the statistical parameters (roughness root mean square Sq,
skewness Ssk, and kurtosis Sku) using a previously developed
Matlab script [28, 41].

SEM/EDS measurements

The SEM micrographs of the samples before and after the
immersion were recorded on a Supra 35 VP (Carl Zeiss) field-
emission scanning electron microscope (FE-SEM) equipped
with an INCA 400 (Oxford Instruments). The EDS sensor
was of an emergency type with an area of 10 mm> The cor-
roded samples were first dried using a gentle flow of nitrogen
and then kept in a dry box for a day before inserting them
into the SEM. The samples were mounted on aluminum
stubs using the carbon tape to avoid any charging of the sam-
ples. The micrographs and EDS spectra were collected at an

accelerating voltage of 10 kV.
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