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Utilizing a dedicated micro-sized three-electrode cell, this study systematically investigates early-stage electro-
chemical properties and corrosion behavior of pure iron under single droplets. Various volumes and NaCl con-
centrations were considered during the evaporation-driven shape and concentration evolution of single droplets.
The measurements disclosed that reducing the droplet size from 5 pL to 1.5 pL at 0.01 M NaCl concentration,
increased noise resistance (R,) and polarization resistance (R,) values. However, at 0.1 M and 0.2 M NaCl

concentrations, reducing droplet size led to the domination of relatively high chloride ion concentration over
oxygen diffusion, resulting in a very low R, and R, and hence enhanced localized corrosion.

1. Introduction

The prevention of gradual deterioration of metallic materials
through exposure to an atmospheric environment remains a challenge
for many structural and functional applications [1]. Not only is their
chemical stability compromised by corrosion, but their mechanical
properties may also be at stake depending on in-service corrosive and
loading conditions. Examples are stress corrosion cracking [2], corro-
sion fatigue [3], and hydrogen embrittlement [4]. Single or multiple
droplets and/or thin electrolyte film can be formed owing to rain, snow,
and dew condensation, which causes a uniform or local corrosion pro-
cess on metallic materials [5]. Particularly, the shape (hemispherical or
spherical [6]) and thickness evolutions of the single droplet or thin
electrolyte film strongly affect the number of the chemo-physical pro-
cesses such as type and accumulation of the corrosion products, mass
transport of dissolved oxygen and the hydration of released metal ions
[7-9]. The atmospheric corrosion rate of metallic materials depends on
the height or thickness of a single droplet or thin electrolyte film,
respectively [9]. This further affects the oxygen gas transport and its
diffusion process to the electrolyte, resulting in different rates and types

of the cathodic reduction reaction (e.g. under activation control or po-
larization control - e.g. limiting diffusion current density) [10-12].
Therefore, these different kinds of cathodic reduction reactions in
neutral or alkaline environments influence the rate of the anodic
dissolution process [9]. Likewise, the gradual evaporation of a saline
droplet generates an increase in the concentration of anions in the
droplet (e.g. CI, CO%’, SO?{, etc.). This dynamic evaporation subse-
quently accelerates the metal ion release and reduces the pH due to an
increased hydrolyzation of metal ions [13,14].

Over the last two decades, numerous approaches have been devel-
oped to record the electrochemical response, surface microstructure/
morphology, and chemical composition of metallic materials under a
single droplet and/or thin electrolyte film. These were divided based on
two main setups such as electrochemical tests or scanning probe mi-
croscopy (SPM). These investigations were considered since traditional
corrosion tests utilizing electrochemical analyses and/or simulating a
harsh corrosive medium (e.g. salt spray chamber), denoted as acceler-
ated corrosion tests, cannot precisely assess the real corrosion resistance
behavior of all metals or alloys [15]. For instance, the single droplet
electrochemical tests can be described using a quasi-counter reference
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electrode (QCRE). This technique was employed to measure the corro-
sion behaviour of metals or alloys using potentiodynamic polarization
(destructive test) and/or electrochemical impedance spectroscopy (EIS)
measurements (non-destructive test) by approaching the syringe con-
taining droplet to the studied surface. Some previous studies with this
approach on metallic materials were focused on ultra-pure iron [13],
copper (Cu)[16], aluminum (AD)[16], carbon steel, and galvanized steel
[17]. Other studies utilized wire beam electrodes or multi-wires tech-
niques to monitor and map the electrochemical current signals (e.g. for
zinc (Zn) [6] and pure iron [14]). Nevertheless, employing the QCRE
method can notably alter the actual size of the droplet volume and its
shape, reduce the droplet surface area and an imprecise/artificial
gradient of oxygen diffusion supported by reservoir pressure, which is
away from the reality of the atmospheric environment [18]. These two
last undesirable events, alongside the capillary effect in the silicon
gasket/solid surface interface, can also happen in the electrochemical
micro-cell or scanning micropipette contact method [19]. Those tech-
niques based on SPMs include ex- or in-situ atomic force microscopy
(AFM) and Kelvin probe force microscopy (KPFM) study of Mg [20] and
steel [21], scanning electrochemical microscopy (SECM) [22] study of
Cu/Al interface under a thin electrolyte film.

Since in the natural atmosphere, the thickness of the formed thin
electrolyte or single droplet is time-dependent due to condensation and
most notably evaporation phenomena [23], a dynamic thickness/shape
evolution of electrolyte/droplet and electrochemical interactions will
occur that considerably influences the rate and type of corrosion
process.

In this research, a systematic approach was established to visualize
the early-stage dynamic shape and electrochemical signal evolutions of a
pure iron surface under a single droplet with different sizes (1.5 pL, 3 L,
and 5pL) and NaCl concentrations (0.01 M, 0.1 M, and 0.2 M). A
combination of DC and AC multi-electrochemical analyses was consid-
ered using a tailor-made micro-sized three-electrode cell incorporating
potentiodynamic polarization (PDP) and electrochemical impedance
spectroscopy (EIS) measurements. Moreover, a new approach was con-
ducted to obtain the electrochemical current and potential noise (ECN
and EPN) signals (e.g. corrosion evolutions [24-28]) of the pure iron
alongside ECN time-frequency mappings during the dynamic evolution
of a single droplet.

2. Experimental procedure
2.1. Materials and reagents

To create the micro-sized three-electrode cell, pure iron (99.99 %,
Fe005816, Goodfellow), silver (99.99 %, Ag005127, Goodfellow), and
platinum (99.9 %, 43772-Alfa Aesar) wires with diameters of 0.2 mm
were purchased. The NaCl solutions with different concentrations
(0.01 M, 0.1 M, and 0.2 M) were prepared using ultra-pure water (Milli-
Q ix7003, > 5 MQ.cm) and NaCl salt (J.T.Baker™). Using a pH meter
and solution conductivity meter, the pH and conductivity values of three
different NaCl solutions including 0.01 M, 0.1 M, and 0.2 M were
measured and values are obtained in Table 1.

2.2. Camera and surface microstructural characterization

To measure and analyze the volume, surface area, and contact angle
of the hemispherical droplet during droplet evaporation and

Table 1
The pH and conductivity values of various NaCl concentrations.

NaCl concentration (M) pH Conductivity (S/cm)
0.01 6.7 0.95
0.1 5.9 4.8
0.2 5.6 17.8
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electrochemical analysis, the droplet images were processed by Image J
(Drop Analysis LB-ADSA module) software. In addition, a scanning
electron microscope (SEM, Jeol JSM-IT100) equipped with an energy-
dispersive X-ray spectroscopy (EDXS) detector was utilized to visualize
the microstructure and study the chemical composition of the micro-
sized Ag/AgCl reference electrode (RE). The SEM and EDXS surface
analyses were collected at an accelerated voltage of 20 keV and in sec-
ondary electrons (SE) mode. Raman analysis was conducted with an
Invia Reflex Raman spectroscope from Renishaw Scientific. The formed
Fe corrosion products were analyzed using a green laser with an exci-
tation wavelength of 514 nm and a spot 5 ym in size on the specimen.

2.3. Designing the different micro-sized three-electrode cells and surface
characterization

Two different types of micro-sized three-electrode cells were
considered for all electrochemical measurements. Firstly, the electro-
chemical noise (EN) type uses two identical pure iron wires as working
electrodes (WE, number #1 and #2) plus one micro-sized Ag/AgCl
reference electrode (RE). Secondly, the potentiodynamic polarization
(PDP) and electrochemical impedance spectroscopy (EIS) type, uses one
iron wire as WE, a platinum wire as a counter electrode (CE), and a
micro-sized Ag/AgCl as RE. The schematic pictures in Fig. 1a and 1b
present these different types of micro-sized three-electrode cells along-
side the electrode configuration. A macrograph image of a micro-sized
three-electrodes cell in cold mounting is also shown in Fig. 1e. With
this configuration, the shape of the droplet, when spread over the sur-
face, does not disturb the electrochemical measurements and oxygen
diffusion process within the droplet.

As represented in Fig. 1c, an Ag/AgCl electrode is located in the
center between the two iron wires. This micro-sized Ag/AgCl electrode
was fabricated by anodically polarizing the Ag wire in a 0.1 M NaCl
solution for a duration of 1 hour to form a layer of AgCl around the Ag
wire, as a core-shell electrode (SEM and corresponding EDXS elemental
maps and spectrum are shown in Fig. 1d). The potential of our designed
reference electrode turned out to be very stable during the measure-
ments. The surface roughness distribution of the Fe surface for all
electrochemical analyses was examined using a Bruker Dimension
Edge™ instrument in a tapping mode condition (TESPA-V2 probe, with
a height and tip radius of 10-15 ym and 7 nm, respectively). The mean
surface roughness was ~ 356 nm (root mean square roughness, Rq =
69.5 nm), as presented in the topography and its corresponding histo-
gram analysis in Figs. 1e and 1f. Comparing offset potential differences,
the potential value for the small Ag/AgCl electrode starts at 5 mV and
decreases to ~6.5 mV with 1.5 mV instability after 1 hour (Fig. 2a).
Considering the total monitoring time of 30-minutes, the offset potential
difference, including 1 mV instability, is ~6 mV. Moreover, the micro-
sized Ag/AgCl reference electrode exhibits a noise level of 0.6 mV to
0.8 mV, which is deemed acceptable given the much larger dynamic
range of the potential signals in all electrochemical analyses.

2.4. Designing atmospheric chamber and environmental factors

To monitor the atmospheric corrosion occurrences during droplet
shape evolution, we have designed a homemade atmospheric corrosion
setup (Fig. 2d) to perform the electrochemical measurements under
single droplets using the wire electrodes. This enabled us to execute
precise measurements with good control of the electrolyte volume and
height. Also, all electrochemical analyses were performed inside the
simulated atmospheric chamber to monitor temperature and relative
humidity (RH, EasyLog, EL-USB-2) during droplet shape evolution. All
electrochemical measurements were performed inside our chamber
under the following environmental conditions: temperature ~21 °C,
dew point ~12 °C and relative humidity (RH) ~52 %. An overview of
parameter values measured during experiments, as well as their stan-
dard deviations, are reported in Figs. 2b and 2c. Moreover, a humidifier
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Fig. 1. A schematic demonstration of our designed electrodes for (a) EN and (b) PDP and EIS analyses, (c) A macrograph image of two Fe wires plus Ag/AgCl
electrode mounted in cold epoxy resin for EN measurement, (d) A SEM image of Ag-core and AgCl-shell interface to distinguish the individual regions plus cor-
responding EDXS elemental maps, (e,f) Topography map and corresponding histogram of Fe fresh surface, respectively.
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Fig. 2. (a) Potential difference vs. time monitoring in two conventional large-scale Ag/AgCl reference electrodes (black line); designed micro-scale and conventional
large-scale reference electrodes (red line). The average values of (b) RH and temperature along with (c) dew point during our atmospheric corrosion measurements
inside the chamber, (d) schematic representation of our homemade atmospheric setup including (1) potentiostat, (2) humidifier, (3,4) inlet and outlet pipes of
humidifier, (5) temperature and humidity sensor, (6) camera, (7) syringe, (8) top surface of micro-sized three-electrode cell, (9) zoom-in on the top surface of micro-
sized electrodes (8), three colors are assigned to Fe (red), Ag/AgCl (dark blue), Pt (green), note: for electrochemical noise analysis, Pt has been replaced by Fe.
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(AH660 Medisana) and a laboratory syringe (500 pL, 1750TPLT, Ham-
ilton) were used to control the humidity inside the chamber and to place
the single droplets with precise volume/height on the wire electrodes,
respectively. Since the injected single droplet with various sizes and
NaCl concentrations gradually evaporates, both alterations in droplet
shape and evolutions in surface morphology of pure iron (e.g. corrosion
products) need to be monitored by a camera (DMK 33UX250, Mono-
chrome- 2448x2048 (5 MP), The Imaging Source) and optical micro-
scope (5x magnification), respectively.

2.5. Electrochemical noise (EN) measurement and analysis

The electrochemical current and potential noise (ECN and EPN)
signals of the pure iron surface (EN configuration in Fig. 1a) under the
single droplets were analyzed simultaneously by an Ivium compact
potentiostat operating in EN mode (ASTM-G199). The noise resistance
was calculated as the standard deviation of EPN divided by the standard
deviation of ECN: R,= ogpn/Ogcn. All EN analyses were performed at
least three times under open circuit potential (OCP) in the Faradic cage
to avoid interference from external electromagnetic sources. The EN
measurements were conducted over a period of 1800s at a sampling
frequency of 5 Hz using a low-pass filter of 10 Hz.

To reveal further information regarding the type of corrosion pro-
cesses, the continuous wavelet transform (CWT) spectrum was applied
to all ECN signals to extract the time-frequency information utilizing the
Morlet wavelet analysis [29,30]. Additionally, an eight-level discrete
wavelet transform (DWT) with a Daubechies 4 wavelet was applied for
time-frequency trend removal (Supporting information, Figure S1).
After this trend removal filtering process, the energy distribution plot
was considered to disclose the relative energy caused by each crystal (EN
signal at several time scales or resolutions in so-called crystals) to the
total ECN signal [31]. The results are presented as relative energy dis-
tribution versus detail crystals D1 to D8. From prior studies [29,31],
employing these 8 crystals (i.e. an 8-level decomposition) can provide
sufficiently detailed information regarding the electrochemical signals
and corrosion processes.

2.6. PDP and EIS measurements

The cathodic potentiodynamic polarization (PDP) was performed
after 5 min OCP monitoring of the pure Fe surface, from +50 mV vs.
OCP to —1.2 V vs. Ag/AgCl. The EIS measurements were conducted in
the frequency range from 100 kHz to 0.1 Hz by applying a 10 mV si-
nusoidal excitation signal by a Biologic SP 300 multichannel potentio-
stat for a duration of 2.5 min for each measurement. All EIS and EN
measurements were carried out during the gradual evaporation of a
single droplet as dynamic electrochemical monitoring until the 1800s.
The fitting process of all EIS data was conducted using the most accurate
equivalent electrical circuits (EEC) in the Zview software (Supporting
information, Table S1) and employing relevant previous investigations
[32-36]. Both PDP and EIS analyses were recorded in a micro-sized
three-electrode cell at Fe/Ag-AgCl/Pt configuration (Fig. 1b). All elec-
trochemical analyses including PDP, EIS, and EN were repeated at least
three times.

3. Results and discussion

3.1. Geometry evolution of single droplets with different sizes and NaCl
concentration

Under realistic atmospheric conditions, any single water droplet (e.g.
cold or warm, polluted, soil droplet, etc., [37-39]) formed on metallic
surfaces is prone to evaporation or condensation in the initial stage of
atmospheric corrosion, as a dynamic electrochemical-shape evolution
process. Therefore, monitoring the electrochemical response and
particularly the corrosion mechanisms of any kind of metallic surface
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under a dynamic droplet compared to a stationary droplet will be more
representative of a veritable atmospheric corrosion environment. The
detailed information on the dynamic evolution of droplet geometry (e.g.
shape - hemispherical or spread -, size, etc.) and solution concentration
(e.g. alternation in inorganic species) is noteworthy to better understand
the corrosion mechanisms [40].

The dynamic shape evolution of single droplets due to the evapora-
tion process was monitored from the initial dropping on the three-
electrodes cell until 1800s (Fig. 3). Then, the crucial factors of droplet
geometry alongside NaCl concentration were extrapolated from recor-
ded images, as shown in Fig. 4. It is worth mentioning that the curves of
both droplet volume (Fig. 4a) and surface area (Fig. 4b) versus time
were determined considering the average of all NaCl concentrations
(0.01 M, 0.1 M, and 0.2 M). This is because the exposed surface of the
micro-sized three-electrode cell is not an entirely working electrode
which is a mixing of RE, CE, and polymer resin (Fig. 1). For this reason,
for individual droplet volumes of 5 pL, 3 pL, and 1.5 pL, an average
value of all NaCl concentrations was considered. Consequently, the
dynamic evolution of these volumes versus time (Fig. 4a) was employed
to predict the NaCl concentration of droplets over evaporation time, as
indicated in Fig. 4c. From this figure, it is noticeable that by reducing the
droplet volume from 5 L to 1.5 pL, enhancement on the NaCl concen-
tration (more saturation) shifted from a smooth or linear trend (Fig. 4c1)
to a semi-logarithmic trendline (Fig. 4¢2 and 4c¢3). This behavior is
more pronounced at the droplet volumes of 3 pL and 1.5 pL, and both
0.1 M and 0.2 M NaCl concentrations (i.e. red circles and blue triangles
in Fig. 4c2 and 4c¢3). Hence, it can be forecasted that the susceptibility
of pure Fe to localized corrosion events will be higher in this circum-
stance due to the higher availability of aggressive CI” ions, the more
dissolution of Fe, and thus hydrolysis, resulting in a decrease in pH [10,
41]. The direct impact of chloride concentration on the acceleration of
anodic dissolution and/or localized corrosion of most metals and alloys
is well established (iron [6], copper [42,43], aluminum [44], carbon
steel [45,46], stainless steel [47]).

3.2. Role of droplet size and NaCl concentration on oxygen reduction
reaction

To detect the impact of droplet size and NaCl concentration on the
oxygen reduction reaction, a negative overpotential (i.e. cathodic po-
larization) was applied on a micro-sized Fe electrode. The PDP curves
alongside the extrapolated limiting current density (ijimit) and corrosion
current density (icorr) are shown in Fig. 5. Three distinct regions are
visible in the PDP curves, including the mixed control region, limiting
current density (mainly oxygen reduction reaction (ORR), Eq. (1)), and
hydrogen evolution (Eq. (2)) regions as follows:

Oy +2H,0 +4e” —-40H" (€)]

2H,0+2e¢ —-H, + 20H (2)

The mixed control region at the beginning of negative overpotential
(e.g., cathodic branch) describes that the primary reaction is directed by
both electron transfer and mass transport [48]. The plateau region
represents the primary reaction under complete mass transport control
which is mainly governed by oxygen concentration and its diffusion
[49]. The plateau region exhibits the transport of ions, mainly oxygen
molecules to the Fe/Fe oxide surface reaching the lowest value than the
bulk electrolyte which acts as a determining step (Fig. 5d). A meaningful
difference is detectable by comparing the approximate onset potential of
both limiting current and hydrogen evolution regions in diverse NaCl
concentrations (dash lines in Figs. 5a, 5b, and 5¢). In particular, in
0.01 M NaCl solution, the onset potential starts at —700 mV vs. Ag/AgCl
and terminates at —1100 mV vs. Ag/AgCl which is slightly lower than
that for both 0.1 M and 0.2M NaCl (-600 mV to —1050 mV vs.
Ag/AgCl), as indicated by dashed lines. It can be attributed to the impact
of chloride ions on the solubility of O, molecules, ORR, and onset
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EIS and EN

Fig. 3. An example of the macro-photographs for the shape evolution of single saline droplets with various sizes on three electrodes for 1800s. The interval time for
capturing images was 5 min.
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Fig. 4. Droplet volume and NaCl concentration values in single droplets with various initial sizes and NaCl concentrations during the monitoring evolution
for1800s (Fig. 3).

potential is predominant. In general, the solubility behavior of O, in

o

ionic conductive solution is obscured and chiefly depends on the con- log(h ) = KCeon 3)
centration and composition of dissolved inorganic species. This state- So,

ment is explained and proposed by Sechenov et al. [50] in the following . . . .

equation: Where K is O solubility constant (different for diverse electrolytes), Soz
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Fig. 5. Cathodic potentiodynamic polarization of pure Fe surface under single droplets with various sizes and NaCl concentrations including (a) 0.01 M, (b) 0.1 M,
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indicates O solubility in an electrolyte with a concentration (inorganic
species) of Cgon, 8002 is Og solubility in pure water.

Therefore, by decreasing the inorganic species in the electrolyte
(lower Ccop), for instance, at 0.01 M NaCl concentration, oxygen solu-
bility increases (higher Cpy) due to the less ion-water interaction and
fewer void occupations by inorganic species (here Cl). This results in an
increase in ORR on the cathodic site or applied negative overpotential
[50,51]. Consequently, the i) values at 0.01 M NaCl concentration are
higher than 0.1 M and 0.2 M with increasing order 0.01 M > 0.1 M >
0.2 M (Fig. 5e), which is more highlighted at 3 pL and 1.5 pL than bulk
and 5 pL. The near values of the i}y at bulk and 5 pL volumes in all NaCl
concentrations are correlated to the influence of electrolyte volume or
thickness on ORR. From Figs. 5a, 5b, and 5c¢, it is evident that by
decreasing the droplet volumes from the bulk electrolyte to 1.5 pL in all
NaCl concentrations, the plateau region, which is under diffusion con-
trol (e.g. limiting diffusion current region) changes to mixed control,
with less plateau behavior. This can be explained by Nernst-Fick’s Eq.

(0]
(a) o‘2 2 0,
O . 0,
R ~800 um -
I

200 um
e 2

(4) [52] and the schematic illustration in Fig. 5d.

[iLimic| = 7HFDC;;OZ'bulk C)]
Where D is the diffusion coefficient, Co, puik is the concentration of
diffusing inorganic species in bulk electrolyte, & represents the thickness
of the diffusion layer (here equal to electrolyte thickness), and F and n
are the Faraday constant and the number of transferred electrons,
respectively. According to a previous study [7], under a thick electrolyte
film (here, 5 uL droplet), a two-dimensional (2D) or spherical diffusion
can be considered for ORR (Fig. 6a). However, by reducing the droplet
volume to 1.5 pL, considering a dynamic evaporation process (Fig. 5d),
the O, diffusion is in a perpendicular direction to the electrode surface, i.
e. simple one-dimensional (1D) or planar diffusion (Fig. 6b), as
described by Eq. (4). Hence, an enhancement in the i}y value alongside
a sloped shape of the cathodic branch by reducing the droplet volume or
thickness is due to the decreasing & and less restriction for ORR. In this

(b)

0, 0, 0, 0, 0,

200 pm
—

Fig. 6. A schematic representation of (a) two-dimensional and (b) one-dimensional diffusion of oxygen through the hemispherical droplet on our designed micro-

sized three-electrodes cell.
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circumstance, there is less of a concentration gradient of Oy between
bulk and near metal surfaces as it merely represents a 1D configuration.
Please note that the droplet configuration is exposure time-dependent as
dynamic evaporation of droplets can cause a dynamic reduction of the
electrolyte thickness that affects the value of limiting current density
and its geometry, i.e. a 2D diffusion profile may evolve towards a 1D
configuration with time (Fig. 3 and Fig. 5d schematic profile) [53].
Regarding the impact of droplet volume and chloride concentration
on corrosion current density, a dual behavior can be discerned from PDP
curves and extrapolated icor. Reducing the droplet volume from 5 L to
1.5 pL, the value of i.oy gradually increased, particularly at low droplet
volume (3 pL and 1.5 pL). As aforementioned, at low droplet volume and
considering the dynamic evaporation process, a higher concentration of
O, molecules will be available to participate in ORR at the Fe surface
under one-dimensional diffusion and mixed control. Conversely, it is
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established that chloride ions play a crucial role in accelerating the
dissolution process of metals and alloys since the chemical affinity of the
metallic surface for chloride ions is greater than the Oy molecules. This
results in higher annihilation of the formed oxide layer and promotes
active anodic dissolution of metallic substrate [52,54].

3.3. Monitoring the total polarization resistance of iron in diverse droplet
sizes and NaCl concentrations

The role of chloride concentration on electrochemical response,
corrosion resistance behavior, and the type of degradation mechanism of
Fe surface was investigated using non-destructive tests as free-exposure
tests including EIS and EN (vide infra). The EIS analysis was utilized for
early-stage monitoring of the electrochemical response, specifically
revealing the dynamic corrosion mechanisms of the Fe surface under an
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Fig. 7. (a) The Nyquist diagrams of the pure Fe surface under single droplets with various sizes and NaCl concentrations during EIS monitoring until 1800s, (b) The
equivalent electrical circuits (EECs) as used in the fitting process of EIS data shown in (a).
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evaporating single droplet. The EIS data are presented in Nyquist dia-
grams in Fig. 7a (Bode diagrams in Figure S2). Owing to a gradual
evaporation process, dynamic AC electrochemical signals or corrosion
processes versus time were detected that resulted in different EECs, as
presented in Fig. 7b. The results of the EIS fitting process are listed in
Table S1. Overall, the EEC parameters were detected as follows solution
resistance (R;), charge transfer resistance (R¢), the resistance of the
complex oxide layer (R complex oxide), total resistance (R; = Rs + Ree+ R
complex oxide), constant phase element of the double layer (CPEq), con-
stant phase element of the complex oxide layer (CPE complex oxide), and
inductor (L). The CPE is utilized instead of a capacitor since the capac-
itance element has non-ideal behaviour due to both surface heteroge-
neity and roughness [55].
1

Zcpg = Yo oy (5)
where Yy is the admittance of CPE, j is the imaginary unit, o is the
angular frequency, and n is the CPE exponent (-1 <n <1, -1,0and 1
are assigned to a system which is a pure inductor, pure resistance, and
pure capacitance, respectively). The simplified Randles circuit was
considered in the most fitting process of EIS curves, since their corre-
sponding Nyquist and Bode diagrams almost represent only a sign of
single capacitance (e.g. one-time constant), except circuit numbers 2
and 3 (Figure S2 and Fig. 7b). Hence, according to previous studies [56,
571, it is supposed that the formed rust layer is relatively limited and
porous (e.g. low formation of oxide corrosion products such as a or
y-FeOOH and Fe;O3 (hematite)[54]) during the early stages of exposure
and it could not be accurately distinguished from the metal substrate
using EIS analysis (EECs #1 in Fig. 7b)[32].

The Nyquist diagram of Fe under the 5 pL, 0.01 M NaCl droplet in
Fig. 7a exhibits one-time constant during 30 min of monitoring. Addi-
tionally, extra relaxation is recognizable in the Bode-phase diagram of
Figure S2, in the frequency range of 10-100KHz that can be attributed to
solution conductivity alongside the micro-sized reference electrode and
dynamic evaporation process. However, for 3 pL and 1.5 pL at 0.01 M
NaCl, the extent of this extra relaxation in the Bode-phase diagram is
limited and it is entirely absent at high NaCl concentration. Neverthe-
less, a transition from the one-time constant (simple Randle circuit) to
the two-time constants was identified (Fig. 7a and EEC in Fig. 7b) after
30 min for 3 pL condition that are assigned to individual regions
including complex corrosion products and the Fe substrate. From prior
investigations, it was revealed that by prolonging the exposure time of
the Fe surface, high corrosion products with less porous structure
(mainly a combination of o or y-FeOOH and Fe;O3 (hematite)[32]) will
be formed that are detectable by EIS analysis [58,59] (vide infra in
Raman analyses in Fig. 15).

By comparing the total impedance values of the Fe surface under
various droplet sizes in 0.01 M NaCl in Fig. 8a, a decrement in the Ry
value of the Fe surface was visualized at 5 uL during evaporation until
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30 min. In contrast, it was enhanced in both 3 pL and 1.5 pL volumes.
This occurrence is attributed to the impact of both fewer aggressive Cl°
ions (less anodic dissolution) and dynamic evaporation or thinning of
the electrolyte. At 3 uL and 1.5 pL volumes and considering the dynamic
evaporation of droplets, a higher concentration of dissolved O mole-
cules will be available to contribute to ORR on the Fe surface under 1D
diffusion than 5 pL under a 2D diffusion. Thus, a lower concentration
gradient of O molecules or potential distribution between bulk and near
metal surfaces can be anticipated (Fig. 6), particularly at low Cl" ion
concentrations that result in a lower corrosion rate. In fact, for small
droplet sizes, in particular at high NaCl concentrations, mixed charge
transfer (electrons) and mass transport (oxygen, dissolved Fe ions and
Cl") play a larger controlling role in the kinetics [60]. Simillion et al.
[11], using computing modeling, demonstrated that the dynamic
evaporation of a thick electrolyte film (500 um and initial NaCl con-
centration 0.1 wt%) to a thin film (2 pm) triggers variations in corrosion
potential values of zinc surface due to the variation in ORR that dis-
places equilibrium in anodic and cathodic currents.

By increasing the NaCl concentration to 0.1 M NaCl at 5 uL volume
during all evaporation times, only one relaxation process was consid-
ered, indicating that the formed Fe corrosion products are non-
protective with a porous structure (EEC in Fig. 7b) and redox re-
actions were limited by charge transfer resistance at Fe substrate/elec-
trolyte interface [57,61]. By reducing the droplet size to 3 pL, the EIS
fitting process confirmed a one-time constant (a mix condition of thin
and porous corrosion product film and Fe substrate [58], EEC in Fig. 7b).
As the droplet volume decreased to 1.5 pL, two recognizable relaxation
processes were noticed in EIS curves during 5 min and 10 min evapo-
ration times. Before reaching a completely dried Fe surface at 20 min, a
very small capacitive loop (very low impedance value) alongside an
inductive loop at low frequency was monitored. The origin of this
inductance loop at low frequencies can be explained by two main
opinions: First, the relaxation of adsorbed intermediate products like
FeOH,qs on the metal surface remarkably influenced this inductance
characteristic at low frequencies [35], and second, the non-stationary
behavior of most active metallic surface (e.g. Mg [62,63], Al [64,65],
and Fe [66]) due to high aggressivity of solution that trigger localized
corrosion attacks. The recent work by Wang et al.[36] demonstrated that
the non-stationary of Mg-based alloy is a combination of internal
non-stationarity and externally induced non-stationarity. Particularly,
the internal non-stationarity of Mg-based alloy in various environments
is correlated to the growth of a surface oxide film and localized corrosion
(in specific Mg-based alloys like AM and AZ series). Owing to a dynamic
evaporation process and in turn additional saturation of aggressive CI’
ions, the tendency of Fe oxide/Fe substrate to high anodic dissolution
and localized corrosion event is enhanced as proved by the most suitable
EEC (Fig. 7b) and prior investigations [33,67]. This is consistent with
localized corrosion attacks observed in optical microstructural images
(vide infra in Fig. 14a) acquired after the electrochemical noise analysis
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Fig. 8. Early-stage monitoring (interval time was 5, 10, 20, and 30 minutes after injection) on total resistance (R,) values (at 0.1 Hz) of pure Fe under various droplet

sizes and NaCl concentrations, including (a) 0.01 M, (b) 0.1 M, and (c) 0.2 M.
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Fig. 11. CWT spectra of all ECN signals as shown in Fig. 9.

phenomenon is highlighted at 0.2 M NaCl since all droplet volumes at
the beginning (e.g. 5 min and 10 min) indicate two relaxation processes
that evolve to extremely small capacitance loop (very low impedance
value) at 20 min and 30 min along with an inductive loop at low fre-
quency (Fig. 7a). According to previous studies on carbon steel [68], tin
[69], and aluminum alloys [70], the presence of an induction loop at low
frequencies is assigned to the formation of pits at defective sites due to
the adsorption of aggressive Cl” ions in a active region that further
accelerate local metal dissolution. This two-times increase in NaCl
concentration from 0.1 M to 0.2 M further establishes the predominant
role of aggressive Cl ions in accelerating the anodic dissolution of a pure
Fe surface in the form of localized corrosion that remarkably reduced the
total impedance during dynamic evaporation (Fig. 8). Consequently, the
appearance of the inductance loop at low frequency and in high NaCl
concentration can be ascribed to three combined (even simultaneous)
events: dynamic saturation of Cl', adsorption/desorption of intermediate
species, and internal non-stationarities induced by the localized corro-
sion process and/or external non-stationarities introduced by EIS anal-
ysis [36]. In the EN section, it is intended to explore the correlation
between the magnitude of EIS impedance and the noise resistance (Ry)
and non-stationary observations obtained from EN data during the dy-
namic evaporation process until 30 min.

3.4. Monitoring the current and potential noise signals of Fe in diverse
droplet sizes and NaCl concentrations

The EPN and ECN signals revealed the early-stage electrochemical
activity of the Fe surface under the single droplets. As presented in
Fig. 9b, it is observed that in a 0.01 M NacCl solution and with 5 uL
droplet volume, the Fe surface displayed a substantial magnitude of the
ECN signal, including larger fluctuations (and hence a larger standard
deviation ogcy) as compared to the other droplet volumes (3 uL. and
1.5 pL). These large current oscillations are visualized in more detail by
employing a discrete wavelet transform (DWT) to the ECN signals,

10

which is visualized in Fig. 10. Here, an energy distribution plot is shown,
ranging from the relative energy contribution in the signal at the
smallest timescale detail crystal D1 to the largest timescale D8. At 5 pL
droplet volume, detail crystals D4 and D5 contain a relatively large
amount of energy, proving the heterogeneity of the system under mixed
control, with additionally a slightly increased contribution of the
smallest timescales reflected in detail crystals D1-D3 [31].

This kind of electrochemical response with high-frequency fluctua-
tions in the EN analysis can be ascribed to mainly localized corrosion
processes [30]. However, by decreasing the droplet size from 5 uL to
1.5 pL, an inverse process was observed in which the ECN magnitude
and fluctuations diminished and gradually reached zero (polarity
reverse line). Additionally, the relative energy distribution of detail
crystals D1-D6 gradually diminished, whereas D7 and D8 increased,
which corresponds to a smoother ECN signal that, combined with the
decrease of the average value of the ECN, is an indication of reduced
electrochemical activity at the Fe surface [31]. Particularly, the ECN
signal of the Fe surface under the 1.5 pL droplet eventually reaches zero
after a rise of the current peak at ~1200 s, confirming that the droplet
completely evaporated (blue arrow as drying peak in Fig. 9b). This
corresponds well with the optical macrograph shown in Fig. 3,

Fig. 11 presents the kinetics of all electrochemical interactions in
detail in the time-frequency domain. As shown in the spectra at 0.01 M
NacCl, the energy distribution, including the relatively large red spikes at
high frequencies, as marked by “High” (>1 Hz), reduces (less electro-
chemical activity) with reducing droplet volume. Under the same sur-
face area that is covered by various droplet sizes, decreasing the droplet
volume or thickness generates a shorter diffusion path for O molecules
to reach the Fe surface. Therefore, at 1.5 uL volume, a lower oxygen
concentration gradient around the Fe surface for the ORR will be
established (or less driving force for the oxygen concentration cell), thus
causing a more homogeneous distribution of the corrosion potential at
the lowest Cl” concentration (there is less anodic dissolution as well)
[14]. Hence, the uniform corrosion process which is accompanied by
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localized events (associated with relatively high current spikes in me-
dium- (0.1-1 Hz) and high frequencies (>1 Hz)) in the early rust layer
(mostly y-FeOOH [57]) reduces with decreasing droplet volumes. This is
consistent with the increase in total impedance value achieved from
both EIS data (Figure 8) and R, (Fig. 12) alongside a decrease in Fe
corrosion product formation, visible in the optical micrograph in
Fig. 14a. Additionally, according to prior studies [57,71], the infre-
quent, large fluctuations in the ECN or in the CWT spectrum at 0.01 M
NaCl can be attributed to the instability of an early-formed film of
corrosion products such as soluble ferrous hydroxide (Fe(OH),) or
accumulated y-FeOOH that contain cracks and may partially dissolve,
facilitating O2 molecules and CI ions to reach the metal surface.

Upon increasing the NaCl concentrations from 0.01 M to 0.1 M and
then 0.2 M at constant large droplet size (5 pL), Figs. 9d and 9f show an
increasingly intensive ECN without significant current fluctuations or
distinctive peaks, at NaCl concentrations of 0.1 M and 0.2 M. This is
further evidenced by the DWT representation in Fig. 10, in which a
lower energy contribution can be visualized in D1-D3. However, the
energy contribution gradually increases towards D8, demonstrating a
relatively smooth ECN. Analyzing the CWT spectrum in Fig. 11, two
phenomena could be distinguished from the ECN signal. These include
an intensive energy peak (dominant red peak) for 0.2 M NaCl at “Low”
frequencies (3 mHz to 0.1 Hz), probably due to intensive uniform
corrosion, and peaks at “High” and “Medium” frequencies for 0.01 M
NaCl that can be assigned to the formation of corrosion products with
semi-protective behavior leading to localized attack, respectively [30,
72]. As a statistical parameter, the value of R, is inversely proportional
to the corrosion rate (for example, corrosion current density). Figs. 12b
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Fig. 14. (a) Optical microscopy images of pure Fe surfaces in electrochemical
noise configurations under single droplets with various NaCl concentrations
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schematic representation of Fe corrosion products distribution at 5 pL and
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sented in Fig. S3.
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and 12c exhibit an overall decrease in the R, value of the Fe surface in
both 0.1 M and 0.2 M NaCl concentrations over decreasing droplet size
which is consistent with EIS data (Fig. 7a and Fig. 8) and the extracted
icorr from the PDP analysis in Fig. 5f.

Nevertheless, by decreasing the droplet size from 5 pL to 1.5 uL at
both 0.1 M and 0.2 M NaCl (Figs. 9d and 9f), the magnitude of the ECN
value intensively increased alongside the appearance of new current
peaks that can be ascribed to localized corrosion attack, which are
mainly metastable events (e.g. rapid rise continued by exponential
decline [72]), as shown in the optical micrograph in Fig. 14a.
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Furthermore, this is proven by the DWT (Fig. 10) that shows an increase
in the energy distribution at medium detail crystals (D4-D6) and a
decrease for detail crystals D7 and D8. Additionally, for 0.2 M also the
energy distribution in D1-D3 increases gradually with decreasing
droplet volume. Similar to the DWT, some continuous (expanded red
and light green color peaks) ECN peaks in Fig. 11 become evident mainly
at “Mid-high” frequencies (from 20 mHz to 2 Hz). Each transient quickly
decreases back to the matrix current distribution (red and black arrows
in Fig. 11). This further proves the initiation and quick repassivation of
metastable events (which corresponds to a large amount of corrosion
products with semi-protective action in this case). It is worth mentioning
that the baseline currents in Figs. 9d and 9f and their corresponding
CWT spectra (“Low” frequencies (3 mHz to 0.1 Hz)) represent an
intensive uniform corrosion process and, as a result, the formation of
large amounts of corrosion products. Since there is a dynamic evapo-
ration process and a higher saturation of Cl ions, the baseline ECN
(uniform corrosion process) will increase over time, which triggers a
steep trend rather than the formation of a plateau (Figs. 9d and 9f).
Finally, Fig. 13 schematically depicts the impact of droplet size and NaCl
concentration on the corrosion processes of the Fe surface during dy-
namic evaporation.

3.5. Characterization of corrosion products under various droplet sizes
and NaCl concentrations

Fig. 14a represents a surface micrograph image of the Fe surface
after EN measurement during the 1800s under all droplet sizes and NaCl
concentrations. Generally, by the formation of a thin film electrolyte,
atmospheric corrosion will proceed by balancing the anodic dissolution
of Fe and the reduction reaction which is assumed to be the O, reduction
reaction (Eq. 1). The first diffusion barrier layer that forms on the Fe
surface is ferrous hydroxide Fe(OH), due to the interaction of OH™ with
Fe®" ascribed as follows [71]:

1
Fe?* +5 0 (g)+ H,0— Fe(OH), (6)

The Fe(OH); corrosion products are soluble in the electrolyte causing
to formation of passive films that directly affect the overall rate of
anodic dissolution of the Fe surface. The continuous interaction of the
Fe(OH), with more Oy and water molecules forms Fe(OH),, as follows
[71]:

1
2Fe(OH),+5 0, (g)+ H,O— 2Fe(OH), %)

Due to highly accessible dissolved O, the ferrous oxide (Fe(OH),)
converts to ferric hydroxide (FeOOH) according to the following
reaction:

0,

2Fe(OH), + 1 (8

5 (§)— 2FeOOH+ H,0

Since the FeOOH is unstable, it will transform into the new stable
stoichiometry state of Fe oxides, which are the most common verities of
Fe oxides, including goethite (a-FeOOH) and lepidocrocite (y-FeOOH).
These types of Fe corrosion products or rusts (formerly observed [73,
74]) can be formed at 5 uL and 0.01 M NaCl conditions (Fig. 14a, region
I zoomed-in at the bottom, Fig. 14b). However, by decreasing the
droplet size from 5 uL to 1.5 uL, the amount of the corrosion products is
reduced and their presence becomes scattered, limiting the possible
protection effect. Nonetheless, by increasing the NaCl concentration to
0.1 M and 0.2 M at 5 pL, the reddish brown and/or brown color corro-
sion products (marked as region II) formed on the matrix with the same
color distribution at 5 uL and 0.01 M NaCl. According to the Raman
spectrum analysis in region II (Fig. 15), it is assigned to the formation of
hematite (a-Fe3O3) and maghemite (y-FepOs3) that deposited on the
yellow and reddish-orange colored corrosion products as a matrix (these
are related to a-FeOOH and y-FeOOH, see peaks in Fig. 15). This is
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schematically indicated in the right-bottom in Fig. 14¢c. In 0.2 M NaCl
solution compared to 0.1 M NaCl at 5 pL, there is a noticeable increase in
corrosion rate and iron dissolution (increased rust formation is evident
in Fig. 14), indicated by a higher i.,r and ECN amplitude, as well as a
lower R and R, in both DC and AC electrochemical evaluations [75,76].

A heterogeneous distribution of reddish-brown to dark brown
corrosion products is observed when the droplet size is reduced from
5 pL to 1.5 yL in both 0.1 M and 0.2 M NacCl concentrations. At 3 uL and
1.5 pL, 0.2 M NaCl, the electrode surface exhibits an increased corrosion
product formation as well as increased signs of localized corrosion
attack as compared to 0.1 M NaCl (Fig. 14). This observation aligns with
energy distribution plots (DWT), which show increased detail crystal
D1-D4 for 0.2 M NaCl.The random Raman spectra analysis of the sample
at 0.2 M and 3 pL (region III) indicates the formation of the magnetite
(Fe304) and FeO plus of a-Fe,O3 and maghemite y-FepO3. At high NaCl
concentration and small droplet size, the y-FeOOH accumulates on the
Fe metallic surface and forms the early outer rust layer which acts as a
pseudo-barrier layer for surpassing the chloride ions diffusion. Because
of the electrical contacting of y-FeOOH thin film with the metallic
substrate, the following reduction reaction also could occur as follows
[57]:

3y—FeOOH+H" +e - Fes0,+ 2H,0 9

According to a previous study utilizing IR spectroscopy [57], it was
proved that FezO4 can be formed directly from other Fe corrosion
products, especially in high NaCl concentrations (3 % NaCl). This is not
only a reason for the localized corrosion attacks at high NaCl concen-
trations (0.1 M and 0.2 M NaCl) and low droplet sizes (3 pL and 1.5 uL)
observed by EIS (significant decrease of impedance value and appear-
ance of inductance loop) and EN (intensive background current with
multiple transient peaks (metastable events)) but also for establishing
the formation of Fe304 and FeO that mainly appeared near the localized
attack sites [54].

4. Conclusions

A systematic multi-electrochemical approach was considered for the
early-stage monitoring of the electrochemical properties and corrosion
processes of pure Fe under various single droplets with different vol-
umes and NaCl concentrations. The key findings are summarized as
follows:

1. By reducing the droplet size from 5 uL to 1.5 uL at all NaCl concen-
trations, an increase in ijjyi alongside a switching from diffusion- to
mixed control (increased localized activity) was observed. The slope
of the cathodic polarization branch changed from a plateau with a
relatively low ORR to a slope with a higher ORR due more access of
O, for the ORR and a lower O concentration gradient. This was due
to the change from a two-dimensional (2D, 5 uL) to a simple one-
dimensional (1D) Oy diffusion process at 1.5 uL, which caused a
high level and uniform distribution of O3 at the Fe surface.

2. By increasing the NaCl concentration from 0.01 M to 0.2 M, the Fe
surface under various droplet sizes represented a decreasing trend in
ilimit and an increase of icorr, indicating: i) that a high concentration of
Cl" ions remarkably decreases the diffusion of Oy and decreases its
mobility processes and ii) its large impact on the anodic dissolution
of the Fe surface.

3. At 0.01 M concentration and 5 pL droplet volume, the Fe surface
generated a high magnitude of ECN and fluctuations (large ogcn)
until 1800s. Nonetheless, by reducing the droplet size from 5 pL to
1.5 L at the same concentration, an inverse process was observed in
which the ECN magnitude and fluctuations diminished, leading to an
increase in Ry, as well as Ry,

4. By increasing the NaCl concentrations from 0.01 M to 0.1 M and then
0.2 M at 5 L droplet volume, an increase in the magnitude of the
ECN baseline magnitude was detected with a relatively smooth
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current noise, that could be ascribed to active uniform corrosion.
However, by reducing the droplet size from 5pL to 1.5 puL, the
magnitude of the ECN fluctuations significantly increased due to
localized corrosion events, resulting in a decrease of R, and Ry,

5. The combined DC and AC electrochemical analyses noticeably infer
that rather than oxygen diffusion, Cl" ions represent the rate-
determining step at high NaCl concentrations (0.1 M and 0.2 M) By
contrast, at low NaCl concentration (0.01 M), the role of O5 mole-
cules is predominant.
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