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Abstract: This research investigates the corrosion behavior of copper (Cu) through a
comprehensive analysis of both plain and nanoporous Cu thin films. A combination of
weight-loss methods for quantitative analysis, along with polarization testing and scanning
electron microscopy, is employed for both quantitative and qualitative assessments of
Cu corrosion dynamics. The corrosion mechanisms in chloride and nitrate solutions are
compared, with an additional discussion on the influence of atmospheric oxygen (O2).
The results demonstrate that chloride ions and the presence of O2 create the most severe
corrosion conditions, while the concentration of salts has a relatively minor effect on the
corrosion behavior. Notably, the comparative study reveals that nanoporous Cu exhibits a
greater corrosion tendency, as indicated by more negative corrosion potentials. However,
its corrosion rates are lower than those of plain Cu, as determined by corrosion current
density measurements.
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1. Introduction
Copper (Cu) is one of the metals with quite common participation in our daily lives.

Cu is economically suitable, environmentally benign, and readily available. It offers
excellent electrical and thermal conductivities, making it widely used in industry and
technology. However, owing to its relatively high corrosion rate, various studies have
taken the challenge to develop approaches and techniques for Cu corrosion mitigation.
Approaches to address the Cu corrosion problem include coating methods, such as coat-
ing Cu with graphene [1], poly(pyrrole-co-N-methyl pyrrole) (P(Py-co-NMPy)) [2], and
others. Additionally, self-passivation approaches involve using aluminum doping to pas-
sivate Cu [3], self-assembly methods using 5-Methoxy-2-(octadecylthio)benzimidazole
(MOTBI) monolayers to assemble on a fresh Cu surface [4], and many common researched
approaches relying on the addition of organic compounds as inhibitors. Examples of
these inhibitors include 2-mercapto-4-amino-5-nitroso-6-hydroxy pyrimidine (MAP) [5],
extracellular polymeric substances (EPS) [6], potassium 4-(2H-benzo[d][1,2,3]triazol-2-
yl)benzene-1,3-bis(olate) (PBTB) [7], among others.

Nanoporous materials, characterized by a large surface area to volume ratio, ex-
hibit excellent functional and structural properties, making them a subject of widespread
research attention around the globe [8,9]. Nanoporous materials have been used as alter-
natives to nanoparticles in many different applications, such as electrocatalysis [10–12],
actuation [13,14], plasmonics [15,16], supercapacitance [17,18], chemical sensing [19,20] etc.
However, if corrosion-related scenarios find their way to impact the nanoporous material,
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related deleterious effects will significantly limit its practical applications. There is a lot of
information in the literature regarding corrosion research on the behavior of plain metals in
different conditions and media, such as different pH levels [21], different temperatures [22],
and different gas or liquid environments [23]. Additionally, there are many reports in the
literature on the use of TEM and XPS for studying the corrosion behavior of nanowires and
nanoparticle-shaped nanometals, especially nano-Ag [24]. However, the lack of compre-
hensive resources providing details and specifics of the corrosion behavior of nanoporous
Cu (NP Cu) and its quantitative comparison with the corrosion of plain Cu counterparts
is an undisputed fact. Therefore, research on how the NP Cu corrodes and studies of its
corrosion rates in comparison with its plain metal counterparts are rather necessary.

Among the literature sources, many reported on the corrosion behavior of plain
Cu in both NaCl [6] and NaNO3 [25] solutions. It is known that different anions will
have different impacts on the metals’ passivity behavior and thus prompt those metals to
corrode differently as well. A work published earlier classified the inorganic anions into
three distinct groups [26]. The first one contains halogen ions, with good examples being
solutions of NaCl, NaBr, and NaI, which make the metal dissolve and form complexes at the
equilibrium stage on the metal surface. The second one contains polyatomic ions presented
by solutions of Na2SO4, NaNO3, and NaClO4, which make the metal easily dissolve in
the solution in the form of its free ions. The third group comprises ions like OH−, CO3

2−,
and PO4

3− that will react with the corroding metal to form a plain passivity layer on its
surface. In this work, we performed a thorough corrosion study of NP Cu along with its
plain metal counterparts in solutions containing Cl− and NO3

− ions, respectively, with
the objective to check on how the anion affects the corrosion behavior of typical precious
metal nanomaterials.

While weight loss is the most straightforward method to determine the corrosion
rate, it usually requires a very long time, often as long as a few months to assess the
results. Polarization tests, as one of the most commonly used means to study metals’
corrosion behavior, are very reliable, as they not only allow for determining the corrosion
potential but also provide means to quantify the corrosion rate based on the current density
determined at the corrosion potential [27]. Additionally, the polarization test can examine
the corrosion behavior in a few hours, which will definitely save time along with measuring
very low corrosion rates owing to its remarkable sensitivity [28]. In this research, we will
employ both approaches to quantitatively assess the corrosion behavior of our materials,
and we also employ SEM imaging to examine and characterize the morphology of NP Cu
in its synthesized and corroded forms, respectively.

2. Materials and Methods
2.1. Reagents

The following chemicals were used in this work as received from vendors: copper sul-
fate pentahydrate (CuSO4·5H2O; Aldrich (St. Louis, MO, USA), 99.995%), copper(II) chlo-
ride (CuCl2; Aldrich, 99.999%), zinc sulfate heptahydrate (ZnSO4·7H2O; J.T. Baker (Phillips-
burg, NJ, USA), 99.7%), potassium pyrophosphate (K4P2O7; Aldrich, 97%), monosodium
phosphate (NaH2PO4; Aldrich, 99%), sulfuric acid (H2SO4; J.T. Baker, ACS grade), ni-
tric acid (HNO3; VWR Chemicals (Singapore), ACS grade), perchloric acid (HClO4; GFS
Chemicals (Columbus, OH, USA), 70% veritas redistilled), sodium chloride (NaCl; J.T.
Baker, 99.0%), sodium nitrate (NaNO3; Fisher, 99.0%). All solutions were prepared using
Barnstead Nanopure® (Thermo Fisher Scientific, Waltham, MA, USA) water (resistance of
18.2 MΩ·cm).
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2.2. Electrode Preparation and Cell Setup

All electrochemical experiments were conducted using a three-electrode cell system,
consisting of a working electrode (WE), a reference electrode (RE), and a counter electrode
(CE). The WEs used included a Teflon-coated Au rotating disk electrode (RDE) with
a surface area of 0.28 cm2, polycrystalline Au cylinders (0.28 cm2 surface area, 0.2 cm
thick, and 0.60 cm diameter, 99.99% purity), or cylindrical Cu samples (99.99%, Advent
Research Materials, Ltd., Witney, UK) with a surface area of 0.40 cm2, 0.20 cm thick,
and 0.72 cm diameter, all of which facilitated the primary electrochemical reactions. All
WEs were polished before use. Details of the WE polishing process can be found in our
previously published paper [29]. WEs, with the exception of the RDE, were mounted on a
conductive vacuum holder and brought into contact with the electrolyte using a hanging
meniscus configuration that exposes to the electrolyte only the bottom face of the cylindrical
samples [30]. A Hg/Hg2SO4 (saturated K2SO4) reference electrode (MSE, Pine Instruments,
Grove City, PA, USA; 0.65 V vs. SHE) was used as the RE for all reactions, unless otherwise
specified. The CE used was a platinum (Pt) wire, which was cleaned by briefly dipping
it into heated nitric acid for a few seconds, followed by annealing with a propane torch
prior to each experiment. All electrochemical experiments were controlled by a VersaSTAT3
potentiostat (Princeton Applied Research, Oak Ridge, TN, USA) in combination with
VersaStudio software version 2.50.3. Further details of the setup can be found in our earlier
paper [31].

2.3. Stripping Analysis

Electrochemical stripping analysis comprises two sequential stages: electrodeposi-
tion and stripping. During the deposition step, a potentiostatic technique was employed
to maintain a constant reduction potential. A potential of −0.9 V was applied for the
deposition step performed for 120 s in both CuCl2 solutions with various known concen-
trations to build a calibration curve and solutions containing corroded Cu with unknown
concentrations for the real assay.

In the subsequent stripping process, a linear scanning voltammetry (LSV) technique
was employed to scan the potential from a negative limit to a positive enough potential
that guarantees the total stripping of the metal of interest. The potential was scanned
from −0.65 V to 0 V at a scan rate of 50 mV/s. All stripping analysis processes were
conducted on an Au RDE. Finally, by analyzing the charge under the stripping peak,
a linear relationship between the Cu ion concentration and the stripping charge was
established as the foundation of the targeted calibration curve. More details in Section 2.4.

Cu plates (purity grade 99.9%) with a surface area of 271 cm2 normally used for
heat-transfer applications were employed for the corrosion rate tests [32]. The Cu plates
were immersed in a beaker containing 200 mL of 3% NaCl. After a specific period, they
were taken out, and the Cu concentration in the solution was tested. All corrosion testing
solutions were open to the lab ambient for natural aeration. Figure 1 shows the shape and
appearance of the plain Cu samples used for stripping analysis.
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2.4. Establishing Calibration Curve for Stripping Analysis

Figure 2 illustrates the stripping peak for the oxidation of Cu pre-deposited on the Au
RDE from various known concentrations of Cu-ion-containing solutions. The first peak is
represented by Equation (1), and the second peak is represented by Equation (2) [33].

Cu + Cl− → CuClads + e− (1)

CuClads → Cu2+ + Cl−ads + e− (2)

Electrochem 2025, 6, x FOR PEER REVIEW 4 of 16 
 

Figure 1. Cu plate sample used for corrosion. 

2.4. Establishing Calibration Curve for Stripping Analysis 

Figure 2 illustrates the stripping peak for the oxidation of Cu pre-deposited on the 

Au RDE from various known concentrations of Cu-ion-containing solutions. The first 

peak is represented by Equation (1), and the second peak is represented by Equation (2) 

[33]. 

Cu + Cl− → CuClads + e− (1) 

CuClads → Cu2+ + Clads
− + e− (2) 

The charge under the first peak has been used for calculation. The resulting values 

are employed to create a calibration curve with the concentration of Cu to establish their 

relationship, as depicted in Equation (3). 

Anodic Charge(C) =  0.0001534 ×   Concentration(ppm) (3) 

 

Figure 2. Stripping analysis for different concentrations of CuCl2 solution with a calibration curve 

inserted. The “1.0E-4” in the plot represents 1.0 × 10−4, and is applicable to all legend labels. 

2.5. Preparation of NP Cu 

For producing NP Cu, a Cu-Zn precursor alloy was first synthesized by electrodep-

osition on a polished Au WE in a solution containing 0.1 M K4P2O7, 7 mM NaH2PO4, 2 mM 

CuSO4, and 38 mM ZnSO4. Details of the WE polishing process can be found in our previ-

ously published paper [29]. The earlier introduced potentiostatic setup controlled the dep-

osition potential at −2.0 V (vs. MSE) and stirred at 1200 rpm to deposit the CuZn alloy 

precursor until the targeted charge density of 1 C/cm2 was reached as detailed in our ear-

lier paper [34]. This process was repeated five times per sample, yielding samples with 

sufficient thickness. LSV was then performed for the dealloying of the Cu-Zn sample, 

starting at −1.7 V and ending at −0.25 V with a scan rate of 1 mV/s to strip off the entire Zn 

content from the alloy, as described in another earlier work of our group [35]. The com-

position of Zn in the synthesized NP Cu has been confirmed to be less than 5 at% based 

on both previously published studies [34,35] and EDS test results. For further details, refer 

to our earlier papers [34,35]. 

2.6. Polarization Test 

Figure 2. Stripping analysis for different concentrations of CuCl2 solution with a calibration curve
inserted. The “1.0E-4” in the plot represents 1.0 × 10−4, and is applicable to all legend labels.

The charge under the first peak has been used for calculation. The resulting values
are employed to create a calibration curve with the concentration of Cu to establish their
relationship, as depicted in Equation (3).

Anodic Charge (C) = 0.0001534 × Concentration (ppm) (3)

2.5. Preparation of NP Cu

For producing NP Cu, a Cu-Zn precursor alloy was first synthesized by electrode-
position on a polished Au WE in a solution containing 0.1 M K4P2O7, 7 mM NaH2PO4,
2 mM CuSO4, and 38 mM ZnSO4. Details of the WE polishing process can be found in
our previously published paper [29]. The earlier introduced potentiostatic setup controlled
the deposition potential at −2.0 V (vs. MSE) and stirred at 1200 rpm to deposit the CuZn
alloy precursor until the targeted charge density of 1 C/cm2 was reached as detailed in
our earlier paper [34]. This process was repeated five times per sample, yielding samples
with sufficient thickness. LSV was then performed for the dealloying of the Cu-Zn sample,
starting at −1.7 V and ending at −0.25 V with a scan rate of 1 mV/s to strip off the entire
Zn content from the alloy, as described in another earlier work of our group [35]. The
composition of Zn in the synthesized NP Cu has been confirmed to be less than 5 at% based
on both previously published studies [34,35] and EDS test results. For further details, refer
to our earlier papers [34,35].
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2.6. Polarization Test

Cylindrical Cu samples (99.99%, Advent Research Materials, Ltd.) with a thickness
of 2 mm and a surface area of 0.28 cm2, along with NP Cu prepared as described in the
previous section, were utilized for the polarization tests. Four corrosion-testing electrolytes
were used in this study: 1 wt.% NaCl, 3 wt.% NaCl, 1 wt.% NaNO3, and 3 wt.% NaNO3.
The corrosion tests were conducted in two environments: one without purging (naturally
aerated environment) and the other in a nitrogen (N2)-purged environment, performed for
at least 15 min for de-oxygenation prior to the testing. In the first step of the polarization
test, the open circuit potential (OCP) (Eoc) was measured for at least one hour (in some
cases two hours) until it was stabilized. Following that, the potential was scanned from
−0.25 V to +0.25 V vs. Eoc (with the range extending in some cases) at a scanning rate of
~0.17 mV/s [36]. A plot of the logarithm of the current density (log j) vs. potential (E) was
generated, where j represents the current density in A/cm2, to determine the corrosion
potential (Ecorr) and corrosion current (Icorr). The current was then used to calculate the
corrosion rate (CR) in mils per year (mpy), where 1 mpy = 0.0254 mm per year. The CR was
calculated using Equation (4), where Icorr is the corrosion current in A, K is a constant that
defines the units for CR (1.29 × 105 milli-inches/A-cm-year for mpy), EW is the equivalent
weight in g/equivalent, d is the density in g/cm3, and A is the sample area in cm2 [37].

Corrosion Rate (CR) =
Icorr·K·EW

d·A (4)

2.7. Characterization Techniques

Inductively coupled plasma optical emission spectroscopy (ICP-OES) using a
PerkinElmer 2000 DV instrument was employed to quantitatively analyze the Cu ions
dissolved in the analytes and compare the results with those obtained by stripping analysis.

Scanning Electron Microscopy (SEM), a non-destructive two-dimensional imaging
technique, was employed to capture the surface morphology of the samples. The SEM used
for this project was the FEG-SEM Zeiss Supra 55 VP, equipped with a top-view SE2 detector.
Imaging was conducted at an accelerating voltage of 15 kV with a working distance of
5–6 mm.

Energy-dispersive X-ray spectroscopy (EDS) was employed for the quantitative analy-
sis of the elemental composition of the samples, measuring atomic concentrations from the
surface to a depth of at least 1 µm. The EDS system was integrated with an SEM, using an
SE2 detector at an accelerating voltage of 15 kV and a working distance of 15 mm.

3. Results and Discussion
3.1. Quantitative Analysis of Plain Cu Corrosion Behavior Using Stripping Analysis and
ICP-OES

In Figure 3a, the solutions are shown after specific days of immersive corrosion
treatment of a Cu plate presented earlier in Figure 1. A few aliquots of solution were
extracted from each beaker, diluted, and then subjected to stripping analysis to obtain the
charge for the stripping peak. With the charge under the peak, the concentration of Cu ions
in the original solutions that immersed the Cu plate for different days can be calculated.
Finally, the relationship between corroded Cu amount and days can be determined. Besides
the stripping analysis, Inductively Coupled Plasma—Optical Emission Spectrometry (ICP-
OES) analysis was also performed for the unknown solution. Figure 3b presents the
correlation between the concentration of Cu ions and the duration of corroded Cu over
different days, and the slope will be used for calculating the CR. After data analysis, the CR
for pure Cu is determined to be 0.334 mpy from the stripping analysis test and 0.380 mpy
from the ICP test, demonstrating good agreement.
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3.2. Polarization Tests on Plain Cu Within N2 Environment

Since weight loss methods require long-term testing to obtain corrosion results and
provide no information about the corrosion process mechanism, we explored the use of
polarization testing for the quantitative analysis of Cu corrosion behavior. During the
polarization test, the process begins with the cathodic branch, where H+ ions in the solution
are reduced to H2, as shown in Equation (5).

2H+ + 2e− → H2 (5)

The test then progresses to the corrosion potential, at which point the oxidation of the
metal of interest commences. The corresponding reactions will be discussed later in this
section [36]. The polarization test results for plain Cu corroded in different solutions in an
N2-purged environment are presented in Figure 4, with the corresponding key corrosion
parameters summarized in Table 1. To investigate the effects of different anions on corrosion,
chloride (Cl−) from NaCl and nitrate (NO3

−) from NaNO3 were used in the corrosion
solutions. The Ecorr provides insight into the corrosion tendency of the metal in various
environments under different conditions, while the Icorr directly relates to the rate of the
corrosion reaction. Therefore, both Ecorr and Icorr are essential benchmarking parameters
to consider when assessing the corrosion behavior of a metal in different conditions. The
inserted diagram represents how to find the point to be used to illustrate the Ecorr and Icorr.
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Table 1. Polarization results for plain Cu in various corrosion solutions within N2 purging.

Solutions Corrosion Potential
(V vs. MSE)

Corrosion Current Density
(A/cm2)

Corrosion Rate
(×10−3 mpy)

3% NaCl −0.73 4.17 × 10−7 381
1% NaCl −0.71 2.88 × 10−7 263

3% NaNO3 −0.57 2.51 × 10−7 229
1% NaNO3 −0.50 1.51 × 10−7 138

Several important conclusions can be drawn by comparing the Ecorr and Icorr at dif-
ferent conditions. Regarding the effect of concentration, the Ecorr shifts positively with
the decrease in the salt concentration in the corrosion media, indicating that Cu is more
corrosion-impacted at higher salt concentrations. Additionally, Icorr decreases with lower
concentrations, concurrently meaning that higher concentrations result in faster corrosion
rates. However, the shift in Ecorr is relatively small, within approximately 70 mV, and
the CR increases only modestly—around 1.5 times—for a threefold increase in the salt
concentration. This suggests that the concentration effect plateaus at a certain point and
further. Beyond that point, higher concentrations do not lead to higher CR [38]. When
comparing the Cl− and NO3

− ions effects on Ecorr and CR, the Ecorr values in Cl− solutions
are approximately 200 mV more negative, and the corrosion rates are about two times
higher than those in NO3

− solutions. To understand the difference in Ecorr between Cu in
Cl− and NO3

− solutions, it is essential to consider the distinct corrosion mechanisms at play.
In Cl− solutions, Cu tends to adopt a +1-oxidation state, as shown in Equations (6)–(10).
Specifically, Equations (6)–(9) outline two pathways where Cu reacts with Cl− to form
CuCl2−,

1st pathway

Cu → Cu+ + e− (6)

Cu+ + 2Cl− → CuCl−2 (7)

2nd pathway
Cu + Cl− → CuCl + e− (8)

CuCl + Cl− → CuCl−2 (9)

which then leads to the formation of a Cu2O layer covering the Cu surface (as shown in
Equation (10)) [6,39,40].

2CuCl−2 + OH− → Cu2O + 4Cl− + H+ (10)

Conversely, in NO3
− solutions, NO3

− can be reduced to NO2
− (Equation (11)) at potentials

below 0.8 V (vs. NHE), equivalent to 0.15 V (vs. MSE). At more negative potentials, undergo
further reduction to form NO or NH3, as demonstrated in Equations (12) and (13) [41,42].

NO−
3 + 2e− + 2H+ → H2O + NO−

2 (11)

NO−
3 + 3e− + 4H+ → 2H2O + NO (12)

NO−
3 + 8e− + 9H+ → 3H2O + NH3 (13)

This makes Cu more likely to stabilize in the +2-oxidation state, as described in
Equations (14) and (15) [25].

Cu → Cu+
surf + e− (14)
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Cu+
surf → Cu2+

sol + e− (15)

This tendency is supported by previous research, which has successfully demonstrated
Cu-containing alloys in nitrate electroreduction applications [43]. A published paper
further supports this mechanism, stating that in NaNO3, Cu corrosion leads initially to the
formation of Cu(I) oxide films, which subsequently transform into Cu(II) oxide films at
higher potentials [25]. From the Pourbaix diagram, which maps the passivation zones of
Cu species, the formation potential of Cu in the +1 state is more negative than that of Cu
in the +2 state [44]. This observation explains why Ecorr is more negative for Cu in NaCl
than in NaNO3. Additionally, the highly aggressive Cl− ions adsorb onto the Cu surface,
transforming slightly soluble Cu oxides into more soluble CuCl or CuCl2−. This, in turn,
increases the ease and rate of Cu dissolution, which accounts for the higher CR of Cu in
NaCl solutions [45].

In addition, the polarization curve of Cu in 3% NaNO3 exhibits significant current
oscillations, which we hypothesize to result from changes in the Cu oxidation state [25,43].
These oscillations are less pronounced at more negative potentials but become prominent
near the corrosion potential. As previously mentioned, Cu initially tends to form Cu+,
which can be further oxidized to Cu2+ under the influence of NO3

−. A similar oscillation
phenomenon is observed for Cu in 1% NaNO3; however, due to the lower concentration
of the electrolyte, the effect is less significant. Interestingly, these oscillations are absent in
experiments conducted without N2 purging. This absence is attributed to the presence of
oxygen (O2) in the non-purged solution, which facilitates the formation of a passive film
on Cu, as evidenced by the decrease in current density in the anodic polarization region.
This behavior will be discussed in greater detail in the next section. In the case of NP Cu,
the oscillation phenomenon is less significant, likely due to the unique interpenetrating
solid-void structure of NP Cu. These structural features distribute the electrochemical
activity across multiple active sites, thereby reducing the overall effect of oscillations.

3.3. Polarization Test on Plain Cu Within Air Environment

In addition to testing the corrosion behavior in an N2-purged environment, we also
aimed to evaluate the corrosion impact in the presence of O2. To perform this, we conducted
the same set of corrosion tests on plain Cu in identical solutions, but without N2 purging,
allowing the system to remain in ambient air. The polarization test results are presented in
Figure 5, with the corresponding key corrosion parameters summarized in Table 2. The
results followed a similar trend as the N2-purged environment: lower salt concentrations
resulted in more positive Ecorr, though the difference was limited to around 40 mV, and
the CR between solutions of different concentrations remained very similar. Once again,
Cl− ions were found to create a much more aggressive corrosion environment compared to
NO3

−, with Ecorr values being approximately 200 mV more negative and corrosion rates
about an order of magnitude faster in Cl− ion solutions. The greater increase in the CR in
the air-exposed solution is due to the ease with which Cu oxide and hydroxide compounds
form in O2-containing environments. Chloride ions can transform slightly soluble Cu
hydroxide or other Cu oxides into more soluble CuCl or CuCl2, which accelerates corrosion,
whereas NO3

− ions lack this functionality, which leads to a more pronounced difference
between the two. Another noteworthy point is the current decrease observed around
−0.35 V (vs. MSE) under both conditions, which was not evident in the polarization
curves obtained under N2 purging. This decrease is attributed to the formation of a passive
film caused by a reaction between the Cu and O2 in the air. Following this, the current
transitions into a transpassive region [46]. A similar phenomenon is also observed in the
nanoporous cases, while the intricate structure of NP Cu adds complexity to the passive
film formation process. Under N2 purging, however, the limited O2 availability and the



Electrochem 2025, 6, 1 9 of 15

more negative potentials make this effect less pronounced, which explains why it was not
significant in the earlier polarization diagrams.
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Figure 5. The potentiodynamic polarization curves of plain Cu in various corrosion solutions without
N2 purging.

Table 2. Polarization results for plain Cu in various corrosion solutions without N2 purging.

Solutions Corrosion Potential
(V vs. MSE)

Corrosion Current Density
(A/cm2)

Corrosion Rate
(×10−3 mpy)

3% NaCl −0.62 4.26 × 10−6 3890
1% NaCl −0.57 3.98 × 10−6 3630

3% NaNO3 −0.42 3.72 × 10−7 340
1% NaNO3 −0.41 2.24 × 10−7 204

Additionally, when comparing the corrosion behavior in different air environments,
we observed that the Ecorr values were approximately 100 mV more negative in N2-purged
environments, and the CR was about 10 times lower in Cl− solutions and 2 times lower
in NO3

− solutions. It is noteworthy that such a difference between different anions has
been quantitatively highlighted previously as well. Since Ecorr reflects the potential where
the rates of the cathodic and anodic reactions are equal, it is consequently clear that the
metal dissolution rate equals the O2 reduction rate. As the potential shifts to more positive
values, the metal dissolution rate increases. At the same time, in O2-rich environments,
the O2 reduction rate increases, which would be balanced by a higher Cu oxidation rate,
thus effectively resulting in a potential shift to more positive values. This result aligns
with previous literature. For instance, a study by Junwei Wang et al. reports that as O2

concentration decreases, the corrosion potential shifts negatively [47]. Similarly, research
by A. Ismail et al. demonstrates that in deoxygenated solutions, the open circuit potential
(OCP) also shifts negatively [48]. Additionally, O2 contributes to the oxidation of Cu
from a +1 to a +2 state, which further explains the positive shift in Ecorr in oxygenated
environments according to the Pourbaix diagram that we discussed before [44]. The higher
CR in air is due to O2 acting as a promoting factor for any metal corrosion, which in turn
accelerates the metal dissolution and/or formation of oxides, which generally weakens the
metal’s structure [49].

Figure 6 presents SEM images of plain Cu before and after corrosion in different solu-
tions for 2 days under naturally aerated conditions. Figure 6a shows a flat, smooth surface
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with no visible particles before corrosion. In contrast, Figure 6b,c reveal significant changes
in surface morphology after corrosion in NaCl and NaNO3 solutions, respectively, with
uniform changes across the entire surface. In NaCl solution, irregular spherical particles
(50–300 nm) appear, lacking distinct edges or corners. Meanwhile, corrosion in NaNO3

results in irregular rectangular particles with sharp edges and corners (100–800 nm). This
difference is attributed to the Cl− ion’s ability to dissolve oxidized Cu, which, combined
with the flat and plain surface, allows the reacted Cu species to dissolve into the solution,
resulting in smaller, smoother particles. In contrast, NO3

− does not exhibit this behavior,
leading to larger, angular particles, as the mechanism has already been discussed.
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Figure 6. SEM surface characterization of plain Cu: (a) before corrosion and after corrosion in
(b) 3% NaCl and (c) NaNO3, both for 2 days. Insets of (b,c) depict a higher magnification view of
surface morphology.

3.4. Corrosion of NP Cu in Different Solutions

Figure 7a presents the SEM image of the CuZn alloy before dealloying. The morphol-
ogy exhibits a mixture of densely spherical and linear particles, with sizes ranging from
50 to 400 nm, and a relatively flat surface. This structure differs from that of the CuZn alloy
reported in a previous paper from our group, where densely packed polygonal particles
were formed [34]. We believe this difference arises from stirring, which alters the deposi-
tion route and prompts the structuring of the deposited metals differently. The purpose
of stirring the solution is to facilitate the transport of depositing ions to the electrode and
thus raise the odds of maintaining the deposition under activation control. This, in turn,
is expected to keep the surface roughness under control up to sufficient sample thickness
for corrosion testing and to expedite the deposition process, thereby minimizing the re-
placement of deposited Zn with Cu. As we maintain the deposition process at a constant
overpotential, the deposition current is influenced by the stirring rate, as described by
the Levich equation. The final composition ratio of Cu to Zn prior to dissolution was
determined to be 1:4 from the EDS results, indicating a higher Cu concentration compared
to the solution ratio of 0.5:9.5. This discrepancy is attributed to the replacement of some
deposited Zn by Cu2+ ions in the solution, which we just described, given that copper is
more noble. After dissolution, a typical interconnected NP Cu structure is observed, which
is shown in Figure 7b, with ligament sizes ranging from 20 to 40 nm. The Zn composi-
tion was confirmed to be less than 5 at% through EDS analysis, with the remaining Zn
entirely encapsulated by Cu within all ligaments of the as-prepared NP Cu structure [34].
This NP structure is sufficiently porous, and thus different from the plain Cu one, for our
corrosion analysis.
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Figure 7. (a) SEM surface characterization of as-deposited CuZn alloy with their corresponding Cu
and Zn ratios determined through EDS testing inserted, (b) SEM characterization of dealloyed NP
Cu with an inset depicting a higher magnification view of the surface morphology.

Figure 8 illustrates the surface morphologies of NP Cu after corrosion in different anion
solutions for two days under naturally aerated conditions. Corrosion changes are uniform
across the entire NP Cu surface. Similarly to plain Cu, the images reveal that the type
of anion significantly influences the morphology of the nanoporous surface structure. In
NaNO3 solution, the NP Cu transforms into a spherical structure, whereas in NaCl solution,
it adopts an irregular, rectangular morphology, differing from the morphologies observed
for plain Cu. These differences arise from distinct corrosion mechanisms driven by the
respective anions. Compared to plain Cu, the nanoporous structure provides more active
surfaces for reaction, while the pores trap reaction products and hinder their diffusion.
Despite these variations, both environments share a common effect: the nanoporous
structure degrades, with ligament sizes coarsening and pores closing due to the formation
of oxidized Cu compounds. This structural damage is more pronounced in NaNO3 solution,
as NO3

− lacks the capability to react with oxidized Cu and form soluble compounds. In
contrast, Cl− facilitates the transformation of oxidized Cu into more soluble species, such as
CuClx(x−1)− or CuClx(x−2)−, mitigating the extent of structural coarsening, which is similar
to what was discussed for plain Cu.

Electrochem 2025, 6, x FOR PEER REVIEW 12 of 16 
 

 

Figure 8. SEM surface characterization of NP Cu corroded in (a) 3% NaNO3 and (b) 3% NaCl for 2 

days, with insets depicting a higher magnification view of the surface morphology. 

3.5. Polarization Test on NP Cu 

The polarization test results for NP Cu are shown in Figure 9, with the corresponding 

data analyzed in Table 3. Since concentration did not significantly affect the results, a 3% 

concentration was selected for all salt solutions. Similar to plain Cu, the results show that 

Cl− ions lead to more negative Ecorr values and higher CR compared to NO3− ions. Addi-

tionally, in a naturally aerated environment, the Ecorr values for NP Cu were more positive, 

and the CR was higher than in N2-purged conditions. This behavior aligns with that of 

plain Cu, where the O2 presence accelerated corrosion. 

 

Figure 9. The potentiodynamic polarization curves of NP Cu in various corrosion conditions. 

Table 3. Polarization results for NP Cu in various corrosion conditions. 

NP Cu in Different Condi-

tions 

Corrosion Potential 

(V vs. MSE) 

Corrosion Current Density 

(A/cm2) 

Corrosion Rate 

(×10−3 mpy) 

3% NaCl N2 −0.9 6.46 × 10−8 59.0 

3% NaCl air −0.46 3.72 × 10−7 340 

3% NaNO3 N2 −0.69 2.63 × 10−8 24.0 

3% NaNO3 air −0.39 5.25 × 10−8 47.9 

When comparing NP Cu with plain Cu, several key differences emerge. In N2-purged 

environments, NP Cu exhibits Ecorr values that are 100–200 mV more negative, indicating 

that corrosion initiation occurs more readily in NP Cu than in plain Cu when O2 is absent. 

Figure 8. SEM surface characterization of NP Cu corroded in (a) 3% NaNO3 and (b) 3% NaCl for
2 days, with insets depicting a higher magnification view of the surface morphology.

3.5. Polarization Test on NP Cu

The polarization test results for NP Cu are shown in Figure 9, with the corresponding
data analyzed in Table 3. Since concentration did not significantly affect the results, a
3% concentration was selected for all salt solutions. Similar to plain Cu, the results show
that Cl− ions lead to more negative Ecorr values and higher CR compared to NO3

− ions.
Additionally, in a naturally aerated environment, the Ecorr values for NP Cu were more
positive, and the CR was higher than in N2-purged conditions. This behavior aligns with
that of plain Cu, where the O2 presence accelerated corrosion.
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Table 3. Polarization results for NP Cu in various corrosion conditions.

NP Cu in Different
Conditions

Corrosion Potential
(V vs. MSE)

Corrosion Current Density
(A/cm2)

Corrosion Rate
(×10−3 mpy)

3% NaCl N2 −0.9 6.46 × 10−8 59.0
3% NaCl air −0.46 3.72 × 10−7 340

3% NaNO3 N2 −0.69 2.63 × 10−8 24.0
3% NaNO3 air −0.39 5.25 × 10−8 47.9

When comparing NP Cu with plain Cu, several key differences emerge. In N2-purged
environments, NP Cu exhibits Ecorr values that are 100–200 mV more negative, indicating
that corrosion initiation occurs more readily in NP Cu than in plain Cu when O2 is absent.
Our group’s previous research showed that the dealloying potential shifts more negatively
for nanoscale alloys compared to their bulk counterparts [50,51]. Since Ecorr is the point
where the metal dissolution rate equals the O2 reduction rate, this shift in Cu dissolution
rate pushes the Ecorr to more negative values. Additionally, a study by M. Al-Khateeb
et al. [52] concluded that increased surface roughness enhances mass transfer rates in
N2-purged environments, which aligns with our findings that NP Cu corrodes more easily
than plain Cu in these conditions. Under naturally aerated conditions, NP Cu exhibits
Ecorr values that are 30 mV more positive than those of plain Cu in NO3

− solution and
160 mV more positive in Cl− solution, indicating a significant dependence on the solution’s
anion. To explain this difference, we should consider the distinct corrosion mechanisms
of Cu in these environments. In Cl− solution, Cu tends to exist in the +1 oxidation state
under deoxygenated conditions. However, in an O2-rich environment, combined with the
high surface activity of the nanoporous structure, O2 readily oxidizes Cu from a +1 to a +2
state. This change in oxidation state significantly alters the corrosion pathway, resulting
in a much more positive Ecorr for NP Cu compared to plain Cu. In contrast, this effect is
limited in NO3

− solution, where Cu already favors a +2 oxidation state, making the Ecorr

shift less pronounced.
When comparing the corrosion rates of NP Cu to plain Cu, NP Cu consistently showed

lower CR across all conditions. J. Erlebacher et al. recently floated the idea of developing
corrosion-resistant dealloyed materials [53], which in a way aligns with our findings that
NP Cu exhibits lower CR compared to their plain counterparts when assessed on the
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basis of current density. Therefore, when factoring in the surface area enhancement of NP
Cu—about 10 times greater than plain Cu—the nominal CR (based on nominal current
measurements) still becomes comparable to that of plain Cu. This suggests that the CR is
predominantly associated with exposed surface area, and the porous structure itself does
not significantly alter the metal’s dissolution rate. Such behavior could be associated with
rapid blocking of the interconnected pores in the bulk of the NP structure driven by a
current oscillatory behavior demonstrated by S.G. Corcoran et al. [54] in epoxy-embedded
Ag micro-wire electrodes and attributed to recurring salt film formation and its subsequent
dissolution, which effectively slows down the corrosion process. This may also occur in NP
Cu, with the porosity becoming covered and only the geometric surface area contributing
to the corrosion process. Additionally, a paper by Qun Cao et al. [55] shows that large-scale
surface roughness can lead to thin-layer electrochemical behavior, where analytes become
trapped in pores, slowing the diffusion process. This aligns with our observation that NP
Cu exhibits slower CR than plain Cu.

4. Conclusions
A systematic study compared the corrosion behavior of plain Cu and NP Cu using

stripping analysis, ICP, and polarization tests. Polarization testing revealed that NP Cu has
a higher corrosion tendency in O2-free environments, with a CR approximately 10 times
slower than that of plain Cu as determined by corrosion current density measurements.
Chloride ions were found to be more aggressive than nitrate ions, resulting in a more
negative Ecorr and up to 10 times faster CR under identical other conditions. The salt con-
centration had a limited effect, while air exposure significantly accelerated CR, promoting
metal oxide formation and altering Ecorr.

Future studies in this research direction will focus on other metals and their
nanoporous counterparts, examining comparative trends, particularly for metals that
form insoluble corrosion products in corrosive environments of interest. For instance,
insoluble compounds such as AgCl, formed during Ag corrosion in NaCl environments,
could influence corrosion behavior by hindering dissolution.
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