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Abstract

In single-channel scanning electrochemical cell microscopy, the pipette is usually
approached to the sample surface by applying a potential while simultaneously moni-
toring the current. The movement of the pipette is halted once the transient current
reaches a set threshold, indicating the droplet-surface contact. In corrosion study,
it has been reported that the transient current can affect subsequent electrochemical
measurements by polarizing the metal surface. Herein, a chronopotentiometric ap-
proach method, which involves applying a constant zero current and simultaneously
monitoring the potential, is compared with the typical chronoamperometric approach
method. The surface change is minimized when using the chronoampperometric ap-
proach method as confirmed by extracting the charge transfer resistance from electro-

chemical impedance spectroscopy in scanning electrochemical cell microscopy. This



study demonstrates that the chronopotentiometric approach method with a zero ap-
proach current alleviates the risks of changing the surface of interest. It highlights the
capability of scanning electrochemcial cell microscopy to investigate the properties of

pristine surfaces, thereby extending the potential applications of this technique.

Introduction

Scanning electrochemical cell microscopy (SECCM) allows for the correlation of sur-
face reactivity with microstructure on various surfaces.’® A meniscus formed at the tip of
a pipette filled with electrolyte solution acts as an electrochemical cell for high-resolution
imaging when it makes contact with the surface. The spatial resolution depends on the size
of the opening of the pulled pipette, which can be adjusted from nanoscale to microscale. %"

8-10

Among the various applications of SECCM, including electrocatalysis, electrodeposition

11,12 13-15

and patterning, and characterization of two-dimensional materials, it has been ex-

tended into corrosion science since 2019. 6727

In most of the applications to corrosion study, SECCM is typically operated by bringing
a single-channel pipette into contact with the metal surface while applying a potential and
simultaneously monitoring the current until it reaches a certain threshold. The transient
current used to trigger the stop of pipette movement is large on conductive substrates. 2829
For passive metals, large currents lead to oxide layer damage, which is undesirable as it alters
the pristine state of the surface.?? In the measurements on aluminum alloy using SECCM,
the negative approach potential causes variations in the corrosion potential E.,, in open
circuit potential (OCP) and potentiodynamic polarization (PDP) measurements, as well as
the frequency of pitting.?® Approaching in a controlled-current mode, which was introduced

31,32 is expected to offer solutions to this problem. Controlled-current

by the Unwin group,
methods are primarily used in electroplating and electrocatalysis, where fine control of the
reaction rate is desired.?®3* If the current is controlled at a low magnitude (e.g., 0 A)

during the SECCM approach, surface changes that affect the corrosion measurements can



be minimized.

In this work, we systematically compare the controlled-current (chronopotentiometric)
approach and the controlled-potential (chronoamperometric) approach used in SECCM to
study the corrosion of aluminum. The footprints of the landings on pure Al of the two ap-
proach methods are presented to demonstrate their different meniscus-surface contact state.
For example, with the chronoamperometric approach, the pipette tip physically contacts the
pure Al surface, whereas with the chronopotentiometric approach, only the droplet contacts
the pure Al surface. The effect of the contact state on the OCP and PDP results obtained by
SECCM is analyzed separately from the effect of surface change. Subsequently, the surface
change caused by the large transient current in the chronoamperometric method are verified
by comparing the charge transfer resistance with that obtained from the chronopotentio-
metric method using SECCM-electrochemical impedance spectroscopy (EIS). This study
then extends the application of the two methods to measurements on aluminum alloy (AA),
where significantly less metastable pitting behavior is observed using the chronopotentio-
metric approach. It demonstrates the ability of the chronopotentiometric approach method
to capture the electrochemical properties of the pristine metal surface without causing sig-

nificant changes during the approach process.

Experimental Section

Chemicals and Materials. Sodium chloride (NaCl, 99.0% purity) was purchased from
Sigma-Aldrich. The pure Al foils (99.999% as rolled, GoodFellow) with a thickness of 2
mm and a size of 2.5 x 2.5 ¢cm were purchased from Delta Scientific Laboratory Products.
The AA7075-T6 samples were provided by the NRC (National Research Council Canada,
Saguenay), which were then cut into 2 x 2 ¢cm pieces of 2 mm thickness. The NaCl solution
(3.5 wt%, pH = 7) was prepared with Milli-Q water (18.2 MQ cm resistivity at 25 °C,
Millipore).



Sample preparation. The pure Al was ground successively with 320, 1200, 4000 grit
SiC papers (Struers, Canada) until the final step of polishing using a colloidal silica suspen-
sion (OP-S, 0.25 pm, Struers, Canada) with a MD Chem cloth pad (Struers, Canada). The
polished sample surface was sonicated in water, ethanol and acetone for 10 min to remove
the residuals of silica particles, before it was dried in air.

Instrumentation. The SECCM experiments were performed with an ElProScan 1
system (bipotentiostat model PG618, HEKA, Germany) in a Faraday cage on a vibration
isolation table (Micro 60 Halcyonics Active Vibration Isolation Platform, Novascan, Ames
[A, USA). All electrochemical measurements were performed in a 3-electrode system, with
a saturated calomel electrode (SCE) (CHI 150, CH Instruments) as the reference electrode
(RE) and a platinum wire (GoodFellow) as the counter electrode (CE).

Oil-immersed SECCM. The micropipettes with a 2 pm diameter opening were fab-
ricated from quartz glass capillaries (Sutter Instrument, Navato, CA) with dimension of
(0.d./i.d.) 1.0/0.3 mm using a COs-laser puller. The pulling parameters are: heat = 585,
filament = 2, velocity = 30, delay = 130, pull = 30. The micropipette was filled with NaCl
solution and then connected to a syringe with a PVC tube (inner diameter 0.76 mm). The
SCE and Pt wire were both immersed in the same NaCl solution in the syringe. To prevent
the droplet at the pipette tip from evaporating, a layer of mineral oil was added onto the
sample surface. The approach process is explicitly described and criticized in the following
part. Once a spot on the surface was wetted by the droplet, electrochemical tests involving
a 60 s OCP measurement followed by a PDP measurement (scan rate: 100 mV /s, potential
range: -1.3 V to -0.3 V) or an EIS measurement (frequency range: 200 kHz to 1 Hz, ampli-
tude: 10 mV) were performed. After the measurements, the sample surface was rinsed with
acetone to remove the oil and imaged using a VHX-7000 KEYENCE optical microscope to

capture the landing footprints.



Figure 1: (a) The scheme of oil-immersed SECCM setup. In chronoamperometric (CA)
mode, a potential -F,,, = 2.5 V is applied to the CE and the output current is measured
on the metal surface. In chronopotentiometric (CP) mode, a current i,,, = 0 A is applied
to the CE and the output potential is measured between the metal surface and RE. (b) The
approach curves of CA approach (blue) and CP approach (red).

Results and Discussion

Working Principles of Chronoamperometric Approach and Chronopotentio-
metric Approach. The scheme of the oil-immersed SECCM setup is depicted in Figure 1a
(not to scale). In chronoamperometric (CA) mode, the approach potential E,,, =-2.5V vs.
SCE, which means a 2.5 V was applied to the CE as the pipette moved towards the metal
surface. When the droplet meniscus protruding from the micropipette tip was away from
the surface, the current output Zouput measured on the surface remained at the background
noise level (around 0.4 pA oscillation, see Figure 1b blue curve). As soon as the meniscus
made contact with the surface, the ionic contact led to a transient increase in current beyond
the break criterion (1 pA), stopping further approach of the micropipette.

In chronopotentiometric (CP) mode, an approach current i,,, = 0 A was applied to
the CE. In the absence of meniscus-surface contact, the output potential Eoypye was in an
undefined state by the design of the amplifier, and it gradually drifted towards the electronics
saturation limit (-5 V for HEKA PG618 potentiostat). Upon establishment of contact and

closure of the electrochemical cell, Fqypye jumped from the lower limit potential to the



open circuit potential of the metal in the electrolyte solution (Figure 1b red curve). The
significant change in Eouput surpassed the break criterion (1 V), halting the micropipette
approach. In both CA or CP approach, the SECCM experiment is performed in a hopping
mode, necessitating approach of the droplet onto the surface for each experimental spot.
From the experimental perspective, the current threshold magnitude in the CA approach
is typically close to the noise level, making it susceptible to environmental vibrations, which
can easily produce a current exceeding the threshold and result in false landings where the
droplet-surface contact is not made. Whereas, in the CP approach, the potential changes
are much larger, in the order of volts, making the trigger very clear and not limited by
instrument noise or precision. Thus, a break criterion significantly bigger than the noise can

be set to reduce the occurrence of false landings.

Figure 2: (a) The footprints of two approach methods on pure Al. Pipette indentation is
observed with the CA approach, but not with the CP approach. (b) There is a discrepancy
between the Eoupyt obtained by the two approach methods. The median of Eyyipus is -1.65
V with the CP approach, and -1.05 V with the CA approach. (c¢) The current magnitudes
of five PDP curves obtained by the two methods exhibit significant differences. The data
variance for the CP approach is considerably smaller than that of the CA approach.

Distinct Electrochemical Results Are Obtained by CP and CA Approach
Methods. The two approach methods were compared by measuring the same pure Al
surface across 8 rows of 11 landings, alternating between CP and CA methods. Remarkably
distinct contact patterns were observed from the landing footprints. The footprints of CA
approach (outlined in blue in Figure 2a) shows concave circles with diameter of about 2

pm similar to the tip size, indicative of pipette indentation upon contact. Conversely, the
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footprints of CP approach (outlined in red in Figure 2a) are scarcely discernible under
microscopic observation. However, the subsequent PDP results in Figure 2c indicate that
reactions occur in the droplet cell, suggesting that the droplet contacts the surface. The
indentation observed with CA approach can be attributed to the presence of an insulating
oxide film. When the droplet meniscus encounters this oxide film, the transient current
is limited due to its high resistance. However, as the micropipette continues its descent
to generate a current surpassing the break criterion, it physically damages the oxide film
upon crashing onto the surface. In contrast, with CP approach, potential changes occur
within the instrument response time upon droplet-surface contact as it is not dependant on
reaction kinetics, avoiding surface indentation. The two approach methods yield notably
different electrochemical results. The histogram depicting the distribution of E.,.,(OCP) is
presented in Figure 2b. The median E ., (OCP) value obtained by the CP approach is -1.65
V, whereas the median FE.,(OCP) value obtained by the CA approach is -1.05 V. Figure
2¢ shows five representative PDP curves obtained by the CP and CA approach methods,
respectively (overlapped in the CP approach). Notably, the magnitude of currents observed
in subsequent PDP curves using the CP approach is lower compared to those obtained by
the CA approach, which will be explained in the next section. Additionally, the variance
among PDP curves obtained by the CP approach is significantly smaller than those obtained
via the CA approach.

In the CA approach the substantial transient current density generated upon droplet-
surface contact will induce damages the existing oxide film. This surface change due to
cathodic polarization during CA approach, together with pipette indentation shown in Figure
2a, causes the disparity in electrochemical results between the two approach methods.

The Meniscus-Droplet Contact State Only Affects Cathodic Reactivity. To
isolate and analyze the individual influences and emphasize the contact state, an alternative
approach protocol was compared with normal CP approach, involving a downward movement

of the z-piezo by 0.5 nm after the CP approach. This protocol artificially creates pipette



Figure 3: (a) An alternative approach protocol aiming to artificially create pipette indenta-
tion by moving the z-piezo downward by 0.5 pm after the CP approach was compared with
normal CP approach. (b) Eco(OCP) obtained by the alternative approach is similar to
that by the CA approach. (c¢) The PDP curves obtained by the alternative approach show
overlapped anodic branch with the CP approach, but the cathodic currents are larger.

indentation without introducing transient cathodic polarization, as illustrated in Figure 3a.
Three representative OCP curves of each approach protocol are shown in Figure 3b. The
Ecore(OCP) values at 60 s for the alternative approach protocol fall within the range of
Ecorr(OCP) distribution obtained by CA approach shown in Figure 2b. It suggests that
the difference in FEu,(OCP) between the CP and CA approach methods originates from
the different contact state. Specifically, when pipette indentation occurs, the oxide layer
is disrupted at the edge of the pipette tip, such that more Oy can diffuse from the oil to
surface. Consequently, a larger cathodic current is generated, which positively shifts the
Eeor:(OCP) based on the mixed potential theory.?® The increase in cathodic currents due
to pipette indentation is corroborated by the subsequent PDP curves shown in Figure 3c.
Conversely, the overlapping of anodic branches observed in both blue and red curves from
-0.9 V to -0.3 V indicates that the anodic currents remain constant with the CP approach,
irrespective of pipette or droplet contact.

The SECCM-EIS Verifies the Surface Change Due to Cathodic Polarization
During CA Approach.

Due to the challenges of directly characterizing surface changes during the CA approach
using microscopic techniques, an indirect method is employed, which involves measuring the

charge transfer resistance R using EIS. R serves as an indicator of surface resistance to the
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Figure 4: (a) The equivalent circuit of the micro-droplet cell consists of resistance of the
solution Ry, capacitance of the electrical double layer at the solution/metal interface Cq,
resistance to the polarization at the interface R.; and Warburg impedance of diffusion process
Zgq. (b) and (c) are the Nyquist impedance plots obtained by the CA and CP approach,
respectively.

polarization, with a decrease indicating potential damage to the oxide layer. Theoretically,
the total impedance comprises contributions from the electrolyte solution, the pipette tip,
and the metal-solution interface. However, given that the characteristic frequency of the tip
is not within the frequency range employed in this study (20 kHz to 1 Hz), the impedance
associated with the tip is disregarded.3® The equivalent circuit of the micro-droplet cell is
shown in Figure 4a. The impedance of the electrolyte solution is a pure resistance Rg. On
the other hand, the impedance of the metal-solution interface consists of the charge transfer
resistance in series with the Warburg impedance attributed to the diffusion of active species,
denoted as Zg, followed by the electrical double layer capacitance, represented in parallel as
Cq. Since the diffusion path is restricted by the pipette wall, semi-infinite diffusion cannot
be achieved. Thus, Z4 is characterized by a finite length Warburg impedance expressed as

follows: 37

tanh(y/jTqw)
VI Taw

where R4 is the diffusion resistance and 7y is the diffusion time constant.

Za= Ry (1)

The Nyquist impedance obtained by the CA and CP approach methods is illustrated in



Table 1: Fitted Values of EIS circuit elements obtained by the CA and CP approach methods.

Approach Method R, (©) Ca (F) Rt (2) R4 () Ta (s)
CA 1.02x10°  6.69x10712  2.20x10° 1.57x10°  0.05
CP 1.10x10®  4.0x107'  1.11x10% 7.93x101°  0.23

Figure 4b and 4c, respectively. The fitting data overlaps well with the experimental data,
indicating the validity of the simplified equivalent circuit. The extracted values of the circuit
elements are presented in Table 1. The R, value obtained by the CP approach (1.11x10%° )
is five times greater than that obtained by the CA approach (2.20x10° ). This discrepancy
suggests that the oxide film undergoes damage due to transient cathodic polarization with
the CA approach, while the surface remains unchanged with the CP approach. The variance
in PDP data can also be attributed to the consistency of R... The R values obtained from
five experiments using the CA and CP approaches are presented in Table 2. The relative
standard deviation (RSD) of R acquired with the CA approach (136%) is significantly larger
than that obtained with the CP approach (8.25%). This discrepancy arises from the fact
that during each instance of the CA approach, the surface undergoes cathodic polarization of
varying current magnitudes. Consequently, the CP approach yields more consistent results
compared to the CA approach.

The significance of the ohmic drop in SECCM, which might be a concern due to the
increased distance between the metal and the RE using the PVC tube, can be assessed from
the value of Rs. Assuming the current reaches the selected current range limit (500 pA), the
resulting ohmic drop is approximately 0.5 mV, which is negligible compared to the applied
potential. Therefore, the ohmic drop is minimal and does not affect the accuracy of the
experimental results, aligning with findings from previous studies.?43%

The CP Approach Method Can Reveal the Pristine Pitting Behavior of Al
Alloy. The two approach methods are also compared on AA7075, known for its higher

susceptibility to pitting corrosion compared to pure AL 3%%° The potential range for PDP
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Table 2: R values of five experiments using the CA and CP approaches.

Re: (Q) 1 2 3 4 5 RSD (%)
CA 6.95x10°  1.80x10% 1.83x10° 1.38x10°  2.20x10° 136
CP 1.11x10'  1.10x10°  9.83x10° 1.01x10"  9.24x10° 8.25

Figure 5: (a) The anodic current map at 0 V obtained by alternating CP and CA approach
on AA7075.(b) The maximum current map excluding all current smaller than 3 pA. (c)
and (d) show five representative PDP curves extracted from the dashed boxes in Figure 5a.
Current peaks representing metastable pitting are observed on PDP curves in (d) but not
on PDP curves in (c).

measurement is from -1 V to 0 V vs. SCE. The anodic current at 0 V for each spot is
extracted and presented as a scatter plot (Figure ba), with data acquired with the CP
approach outlined in red, and data acquired with the CA approach outlined in blue. Unlike
pure aluminum, the magnitude of the anodic current generally does not exhibit a significant
difference between the CA and CP approaches for AA7075. However, a detailed examination
of the full PDP curves reveals a clear distinction between the two methods. Figure 5c¢ and
5d present five representative PDP curves extracted from the dashed boxes in Figure 5a.
Current peaks indicating the occurrence of metastable pitting corrosion followed by the
repassivation of the oxide film*' are observed exclusively on the PDP curves obtained by the

CA approach method. It can be explained by the enhanced vulnerability to pitting corrosion
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resulting from the hydration and increased porosity of the oxide film induced by cathodic
polarization during the CA approach.**** Figure 5b displays all maximum currents (ipeax)
exceeding 3 pA. A ipeax value smaller than 3 pA indicates the absence of metastable pitting
behavior. Apparently, there is considerably less occurrence of metastable pitting with the
CP approach, although not completely absent. It implies that measurements with the CP
approach unveil the genuine reactivity contrast on the surface, without interference from

inconsistently stimulated hotspots introduced by the CA approach.

Figure 6: (a) A 200 pm by 200 pm FEe (OCP) map measured on AA7075 by the CP
approach method. (b) The maximum current map showing all currents larger than 3 pA.
(c) Representative PDP curves on 4 different spots selected from the map in (b).

The CP approach method was subsequently employed to generate a large corrosion map
measuring 200 pm by 200 pm (21x21 spots) on AA7075. The E.,(OCP) map presented
in Figure 6a confirms the successful achievement of a continuous 11 h measurement. The
Eeorr(OCP) values range from -0.85 V to -0.45 V vs. SCE, with no drifting observed through-
out the entire experiment. The ipex values exceeding 3 pA from the PDP measurements
are extracted and plotted in Figure 6b to show the hotspots susceptible to pitting corrosion
on the pristine surface. Spots 8, 9, 421 and 422 are outlined to highlight the comparison
between locations exhibiting metastable pitting and those showing no pitting, which is con-
firmed by the full PDP curves shown in Figure 6¢c. The PDP curves for spots 9 and 421
exhibit a current peak indicative of oxide film breakdown and repassivation, while the PDP
curves for spots 8 and 422 display nearly identical anodic current magnitudes without the

metastable pitting peak. The results suggest that the CP approach enables stable and con-
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sistent corrosion mapping, effectively revealing the pristine pitting behavior of the AA7075

surface.

Conclusions

A thorough comparison has been conducted between the CA and CP approach methods
in SECCM. The results indicate that the CP approach can prevent pipette indentation on the
pure Al surface, which is typically caused by the CA approach, thereby avoiding its impact on
the cathodic current of oxygen reduction. The difference in current magnitude and variance
in PDP curves between the two approach methods is shown to be unrelated to the meniscus-
surface contact state, but rather due to potential surface changes caused by transient cathodic
polarization during the approach. FEIS has been utilized to demonstrate the minimized
surface change using the CP approach method, as evidenced by the extraction of a much
higher R value compared to the CA approach. The relative standard deviation of replicated
R values indicates that the larger data variance obtained using the CA approach method
is caused by the random cathodic polarization at each spot. Reduced pitting behavior has
been observed on AA7075 using the CP approach method compared to the CA approach
method. Therefore, the CP approach method is employed to acquire a large map of AA7T075,
revealing the pitting corrosion properties of the pristine alloy surface.

This work highlights the superiority of the CP approach method in SECCM, demonstrat-
ing increased accuracy and precision in PDP results. The CP approach is recommended for
corrosion studies that focus on pristine surface properties, as it provides more accurate ki-

netic information without introducing significant changes during the approach process.
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