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Abstract: Isolation switching devices are vital components in power grids. During their operational lifes-
pan, these devices are prone to corrosion failure in atmospheric environments. To enhance conductivity
and corrosion resistance, silver plating is applied to the contact surface of high-voltage switches. Com-
mon methods include graphite-Ag (G-Ag) coating, graphene-Ag (Gr-Ag) coating, and Ag-Sn coating.
In this article, the corrosion resistance performance of silver plating, G-Ag coating, Gr-Ag coating, and
Ag-Sn coating was studied. Firstly, adhesion tests were conducted on the plating layers. Subsequently,
immersion experiments were performed to evaluate the corrosion resistance of the samples. Scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and laser confocal microscopy
were used to analyze the morphology and elemental composition of the samples. Raman spectroscopy
was used to analyze corrosion products. An electrochemical workstation was employed to study the
electrochemical behavior of the samples. The adhesion results indicate that the adhesion of the plating
layers is excellent. The immersion and electrochemical results showed the corrosion resistance order of
the four Ag coatings was Ag-Sn coating > Gr-Ag coating > Ag coating > G-Ag coating.

Keywords: silver plating; graphene; corrosion resistance; high-voltage switch

1. Introduction

Electrical contact materials serve as conductive materials between electrical contact
components, and their performance directly determines the reliability of electrical and
electronic engineering. In the industry of high-voltage equipment, electrical contact mate-
rials are widely used in electrical equipment of power systems and are essential material
components for outdoor high-voltage isolation switches [1,2]. A contact material mainly
consists of a copper substrate and silver plating layer on the surface in domestic applica-
tions. Silver possesses excellent electrical and thermal conductivity, as well as corrosion
resistance. However, silver has high costs when used. Copper, on the other hand, has
strong conductivity and abundant reserves. However, copper has relatively high activity
and tends to develop poor conductivity for the oxide layers on the surface, which can
affect subsequent usage. The use of silver plating on copper substrates can improve their
conductivity and corrosion resistance, thereby resolving cost-related issues [3–6].

During service, Cu-Ag contact material is continuously exposed to the atmospheric
environment. When the contact surface is subjected to excessive relative humidity, a thin
liquid film is generated on the surface, which constitutes an environment conducive to
corrosion. Subsequently, the significant presence of a large number of corrosion products
further increases the contact resistance of the switch [7], resulting in the occurrence of
thermal defects during the operational lifespan of the switch [8–10]. During the operational
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lifespan of contact materials, the soft nature of the silver plating layer makes it highly
susceptible to wear and results in the exposure of the copper. A miniature galvanic cell is
formed between the substrate and the plating layer in the ambient environment. Within
this galvanic cell, copper acts as an anode and undergoes rapid consumption [11–13], which
leads to an accelerated deterioration of the contact material [14].

To solve the failure problem of the contact material, the wear resistance and corrosion
resistance of the silver plating layer should be improved. The surface treatment measures
for high-voltage isolation switch contacts, both domestically and internationally, mainly
include coating with conductive paste, adding corrosion-resistant coating [15–20], hard
silver plating, and graphite silver plating. To enhance the longevity of the Ag coating on
high-voltage isolating switch contact materials, the silver–graphite composite electroplating
process has gradually become widely utilized for surface improvement treatment on the
contact areas of isolating switches. Compared with pure silver coating, the advantages of
both high electrical and thermal conductivity were exhibited in silver–graphite composite
coatings, along with the lubricity and high hardness of graphite [4,5,21]. However, due to
the continuous increase in the capacity of high-voltage isolation switches, the load per unit
area of the contacts also sharply increases, which puts forward stricter requirements for the
electrical contact performance of the contacts. The composite of silver and graphite has
difficulty meeting the requirements of practical usage conditions.

Graphene, which is composed of a monolayer of carbon atoms densely packed into
a two-dimensional hexagonal lattice structure, boasts a thickness of 0.35 nm in its single-
layer form [22]. Graphene possesses excellent comprehensive performance. Its Young’s
modulus exceeds 1100 GPa [23]. Its thermal conductivity reaches up to 5000 W·m/K [24].
Its electron mobility at room temperature can reach as high as 2 × 105 cm/V·s [25]. And
its theoretical surface area is 2630 m2/g [26]. Graphene has been extensively used for its
incorporation into graphene-reinforced metal matrix composites (GRMMCs), encompassing
high-strength materials [27,28], conductive materials [29,30], thermal materials [31,32], and
corrosion-resistant materials [33,34].

The existing research has made the graphene–silver coating a viable option. Kuang
et al. [31] incorporated water-dispersible graphene oxide with excellent dispersion in a nickel
plating bath containing aminosulfonic acid. Using electrodeposition techniques, the co-
deposition of graphene with nickel was successfully achieved, and partial graphene in the
coating was observed. Chen et al. [35] used a dual-pulse electrodeposition technique to
fabricate composite coatings, and the incorporation of graphene resulted in a more compact
surface morphology of the coatings. Pei et al. [36] found that the hardness of Ag-graphene
coatings was significantly improved compared with pure Ag coatings. The graphene con-
tent in the plating solution was 10 g/L. Moreover, the corrosion resistance of Ag-graphene
composite coatings was enhanced compared with pure Ag coatings. Wang et al. [37] dis-
covered that the addition of graphene in silver coatings resulted in limited improvement of
carbon content when the content of graphene increased. This limitation, in turn, hindered
further enhancement of corrosion resistance. However, when the graphene content was
2 g/L, increasing the concentration of graphite in the plating solution significantly improved
the overall performance of the composite coating. When the concentration of graphite was
30 g/L, the composite coating presented the best performance. Based on these findings, the
silver/graphene composite coating has the potential to serve as a novel silver-based electrical
contact material for upgrading outdoor high-voltage switch contact materials.

The addition of sulfur-resistant metallic elements to silver coatings can also enhance the
corrosion resistance in sulfur-containing environments. In the early stages of exploration, the
incorporation of precious metals was often required to achieve the high corrosion resistance
in silver coatings [38]. However, it has been discovered that the addition of elements such as
aluminum, copper, iron, and zinc to the coating can also improve the corrosion resistance of
silver coatings in sulfur-containing environments [39]. The corrosion resistance of silver coatings
in sulfur-containing environments can be significantly enhanced through alloying treatments.
Sn has abundant natural resources, and its addition to silver coatings can greatly improve the
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hardness of the coating while also reducing the cost of plating. According to the findings of
Henry Leidheiser et al. [40], Ag-Sn coatings exhibit significantly good corrosion resistance in
sulfur-containing environments. Similarly, Cai et al. [41] observed that electrodeposited Ag-Sn
alloy coatings possess uniformity, density, and smoothness characteristics. Wang et al. [42]
discovered that silver–tin alloy coatings possess superior corrosion resistance to graphene–silver
coatings. Silver–tin alloy coatings exhibit excellent corrosion resistance, thermal conductivity,
and wear resistance. They are currently widely used on the surfaces of high-voltage switches in
various environments. However, the corrosion behavior of Ag coating, G coating, Gr coating,
and Ag-Sn coating was unknown in sulfur-containing environments. This research can provide
the basis for the choice of a silver coating.

In this study, to investigate the effect of different Ag coatings on the corrosion resistance
of copper substrate, four coatings of the same thickness (Ag coating, G-Ag, Gr-Ag, Ag-
Sn coating) were plated on the surface of the same copper substrate and subjected to
an immersion experiment to accelerate the simulation of materials in the atmospheric
environment service process. The corrosion rate, corrosion products, corrosion morphology,
and other data were analyzed and compared to explore the corrosion resistance of the four
coatings, providing theoretical reference for subsequent practical applications.

2. Experimental Methods
2.1. Sample Preparation

The four Ag coatings were obtained using an electroplating technique. Some of them
have been used in electrical contact materials. Purple copper with the size of 70 mm ×
20 mm × 2 mm was used as the experimental substrate. The samples were treated as
follows in this experiment: degreasing→ grinding→ ultrasonic cleaning→ alkali washing
→ water rinsing→ acid washing→ water rinsing→ electroplating→ water rinsing→
hot water rinsing→ drying. A silver graphite coating, Gr-Ag coating, and silver–tin alloy
coating were prepared with a thickness of 28 ± 1 µm on the copper substrate (Figure 1).
Four types of samples were cut into the size of 10 mm× 10 mm× 2 mm for electrochemical
testing and the size of 40 mm × 20 mm × 2 mm for immersion testing. After being cut, the
samples were cleaned with alcohol, dried, and weighed before the experiment.
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2.2. Adhesion Test

The adhesion strength of the coatings was tested according to the GB/T 5270-2005
standard [43] of Test Methods for Adhesion Strength of Metallic Coatings on Metallic
Substrates. The scratch method is as follows: Parallel lines on the surface were created
using a scribe with a sharpening edge of 30◦ with a uniform streak. The distance between
the lines was approximately 1 mm, and a square with a side length of 1 mm was forcibly
scratched. The scribe marks should penetrate to the copper substrate. If the coating did not
detach, it indicated good adhesion.

2.3. Immersion Experiment

Four coating samples were immersed in a 1 w% Na2S solution to simulate the actual
service environment. Three of the samples were used for weightlessness to reduce the error.
One was used to analyze the corrosion products. The macro morphology was recorded
using a camera during the immersion tests of 168 h.

2.3.1. Corrosion Morphology and Corrosion Product Analysis

The cross-section morphology of four coating samples was assessed using scanning
electron microscopy (SEM) (FEI Quanta 200 F, Hillsboro, OR, USA). Additionally, the
elemental composition variations within the coating area were analyzed by linear scans
using energy-dispersive X-ray spectrometry (EDS). The macro morphology was recorded
using a camera after immersion for 0 h, 12 h, 24 h, 72 h, 120 h, and 168 h. The corrosion
morphology was observed using a laser confocal microscope (OLS4100, Tokyo, Japan)
after 168 h of immersion. The type of corrosion products on the sample surface were
analyzed using a laser Raman spectrometer (inVia Qontor, London, UK). Raman spectra
were recorded with the 532 nm line of Ar+ laser excitation, using an inVia-Reflex micro-
Raman system with a spectral resolution of 2 cm−1.

2.3.2. Weight Loss Test

After the immersion test, corrosion products were removed to obtain the corrosion
rate using the weight loss method. The rust cleaning solution was a solution of 500 mL
concentrated hydrochloric acid + 500 mL water + 3.5 g hexamethylenetetramine. The
corrosion products on the surface of the sample were removed using the above solution in
ultrasonic vibration. When the corrosion products were removed, the samples were taken
out immediately. After pickling, the samples were rinsed multiple times with deionized
water and dried. Finally, the dried samples were weighed again using an electronic balance
with an accuracy of 0.1 mg.

2.4. Electrochemical Test

The electrochemical experiments (CHI660E, Shanghai, China) included open circuit
potential (OCP), electrochemical impedance spectroscopy (EIS), and polarization curve tests.
The electrochemical test was conducted using a three-electrode system, with a saturated
calomel electrode (SCE) as the reference electrode, a platinum electrode as the auxiliary
electrode (CE), and different silver-plated samples (with an exposed area of 1 cm2) as
the working electrode (WE). The electrochemical test solution was a 1 w% Na2S solution.
During the electrochemical test, the open circuit potential measurement was performed first.
After stabilization, the EIS measurement was conducted using a frequency range of 105 Hz
to 10−2 Hz and an amplitude of 10 mV. The polarization curve test was conducted with a
cathodic potential range of −200 mV (vs. OCP). The anodic test was terminated when the
pitting potential was reached. The scan rate was set at 0.5 mV/s. Each electrochemical test
was repeated at least three times until the repeatability was good. After the experiment, the
EIS data were analyzed and fitted using ZSimpWin 3.60 software. The corrosion potential
and other parameters of the polarization curve were fitted using Origin software 2018.

All tests were carried out at room temperature.
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3. Results
3.1. The Adhesion of the Coating and the Composition of the Coating

To observe the degree of adhesion between the coating and substrate, the adhesion of
the coating was tested according to the GB/T 5270-2005 standard [43]. The scratch test was
performed using the grid method as shown in Figure 2. None of the four types of coatings
exhibited blistering or coating detachment. From the reference of GB/T 9286-2021 [44], the
adhesion levels can be divided into levels of 0 to 5. When the edge is completely smooth
and there is no loss in the grid, it can be classified as level 0. So, in this adhesion test, the
adhesion levels of the four coating samples were rated as 0.
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Figure 2. Adhesion strength testing of four coatings: (a) Ag coating, (b) G-Ag coating, (c) Gr-Ag
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Figure 3 shows the cross-section microstructure images and the EDS analysis of the
four types of coatings. The cross-section microstructure images show that the Ag-Sn coating
bonds well with Cu and there are some defects between the Ag, G-Ag, and Gr-Ag coatings
and Cu matrix, which indicates the Ag-Sn coating has a good combination with Cu. The
composition of the interface was analyzed using the line scanning of EDS. As shown in
Figure 3a, elemental analysis of silver coating was performed. Cu was observed in the
substrate, while Ag was detected within the coating. Ag was found exclusively in the
coating and dominated the main composition. No substrate elements were found in the
coating, and the coating and substrate had a distinct separation. Figure 3b represents the
elements of the G-Ag coating. It was mainly composed of Ag and C. The Cu from the
substrate was not found in the coating, and the distribution of Ag and C in the coating
was relatively uniform. Figure 3c represents the Gr-Ag coating, which was primarily
composed of Ag. No traces of Cu were found in the coating, and both Ag and C were
evenly distributed within the coating. Figure 3d depicts a Ag-Sn coating. It was primarily
composed of Ag and Sn. No Cu appeared in the coating. The boundary between the coating
and the substrate was clearly defined. It was observed that a lower concentration of Sn
and a higher concentration of Ag existed close to the side of the substrate in the coating.
The concentration of Sn increased away from the substrate and eventually dominated
the coating.
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3.2. Corrosion Morphology Characteristics

The macroscopic morphology of the four types of coatings with different immersion
times is shown in Figure 4. From the macroscopic images, it was evident that the corrosion
degree of the silver-plated samples gradually intensified with the increase in immersion
time. However, the corrosion morphology showed a significant difference. During the
immersion process, a layer of yellow-brown corrosion product appeared on the surface
of the silver coating. As time elapsed, multiple corrosion pits developed on the surface,
and the thickness of the corrosion product gradually increased. A layer of yellow-brown
corrosion product formed in the G-Ag coating during the immersion process. There
was also a noticeable tendency for color change in the corrosion product. The Gr-Ag
coating formed a thin layer of yellow-brown corrosion product during immersion. As
time increased, this layer of corrosion product gradually thickened. The Ag-Sn coating
exhibited the mildest corrosion among the different coatings. The color of the surface
gradually changed from its original bright white color to yellow. With immersion time
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prolonged, corrosion products also appeared on the surface of the coating. Compared with
the macro morphology of the four coatings, it was observed that the G-Ag coating had
the highest amount of corrosion products and suffered from the most severe corrosion.
This may be due to the galvanic corrosion that may occur between graphite and Ag. Ag
was the anode and graphite was the cathode, and Ag exhibited accelerated corrosion. On
the other hand, the Ag-Sn coating had the fewest corrosion products and exhibited good
corrosion resistance.
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To further observe the corrosion morphology of the coatings after immersion, laser
confocal microscopy was utilized to observe the samples with rust and the samples after
the removal of the corrosion products (Figure 5). The pitting depth is indicated by the
variation in the color. The deeper the color change, the larger the pits. Figure 5(a1,a2)
shows the localized microscopic morphology of the silver coating. After immersion for
168 h, a partial accumulation of corrosion products appeared on the surface, and the
scratches became shallower. Some pits also emerged. After corrosion products were
removed, a greater number of pits were observed, as demonstrated in Figure 5(a3,a4).
Through statistical analysis, the maximum depth of pits was determined to be 11.811 µm.
Figure 5(b1,b2) illustrates the localized microscopic morphology of the G-Ag coating. After
168 h of immersion, a significant amount of corrosion products appeared on the sample
surface. The predominant form of corrosion was uniform corrosion, but a few pits were still
observed. After the corrosion products were removed, the G-Ag coating surface exhibited
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a uniform distribution of flake graphite, as shown in Figure 5(b3,b4). The depth of the pits
was relatively small, and the maximum depth was about 10.139 µm. Figure 5(c1,c2) depicts
the localized microscopic morphology of the Gr-Ag coating. After 168 h of immersion,
the sample surface was covered with corrosion products. Similar to the other samples,
the corrosion form was mainly uniform corrosion with a lesser number of pits. After the
corrosion products were removed, the sample surface exhibited a uniform distribution of
stable graphene particles, as shown in Figure 5(c3,c4). The maximum depth of pits was
only 5.091 µm, which was lower than that of the other samples. This could be attributed to
the uniform distribution of graphene within the silver coating. Figure 5(d1,d2) depicts the
localized microscopic morphology of the Ag-Sn coating surface. After 168 h of immersion,
the scratches on the sample surface became shallower. The surface of the sample was
covered with some corrosion products, and a few pits were present. The corrosion was
primarily localized corrosion. After the corrosion products were removed, the coating
surface exhibited numerous pits with different depths, as shown in Figure 5(d3,d4). The
maximum depth of pits on the coating surface was about 6.665 µm. Compared with the
microscopic morphologies of the four coatings in a sulfur-containing environment, it could
be observed that the Ag-Sn coating showed the least corrosion, followed by the Gr-Ag
coating, while the silver-plated coating showed the poorest corrosion resistance.
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3.3. Corrosion Product Analysis

Raman testing was conducted on the G-Ag coating and the Gr-Ag coating before
immersion corrosion. From Figure 6a, it can be observed that characteristic peaks of carbon
were detected in both the G-Ag and Gr-Ag coatings. This indicated that graphite and
graphene are uniformly dispersed within the coatings. The characteristic peaks of graphene
were found at the same position as the characteristic peaks of graphite, but the ID/IG
ratio of graphene was smaller. Figure 6b presents the Raman spectroscopy analysis of the
corrosion products after 168 h of corrosion in a sulfur-containing environment for the four
coatings. The main compounds identified were Ag2S and Ag2O. The corrosion products
of the silver coating primarily consisted of Ag2S and Ag2O. The corrosion products of the
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G-Ag and Gr-Ag coatings were mainly composed of silver sulfide, with a small amount
of Ag2O. The corrosion products of the Ag-Sn coating contained Ag2O, Ag2S, and SnS
simultaneously. The types of corrosion products were similar among the four coatings.
The silver coatings exhibited evident oxidation and hydrogen evolution corrosion in the
sulfur-containing environment.
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3.4. Corrosion Rate Analysis

Figure 7 displays the corrosion rates of the four coatings after immersion in a 1 w%
Na2S solution for 168 h. It can be clearly observed that the corrosion rates of the Ag
coating, G-Ag coating, Gr-Ag coating, and Ag-Sn coating were 0.2876 mm/a, 0.5322 mm/a,
0.2372 mm/a, and 0.1557 mm/a, respectively. Based on the corrosion rate values, it can be



Coatings 2023, 13, 1796 10 of 16

seen that the corrosion rates of the four coating specimens in a 1 w% Na2S solution were as
follows: G-Ag coating > Ag coating > Gr-Ag coating > Ag-Sn coating.
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Figure 7. The corrosion rates of four different silver-plated layers during a 168 h testing period.

3.5. Electrochemical Measurement Analysis

The corrosion behavior of four silver-coated samples in a sulfur-containing environ-
ment was analyzed through an electrochemical test. Figure 8a shows the Nyquist diagram
and Figure 8b shows the Bode mode value diagram and phase angle diagram of the four
silver-plated samples. The Nyquist diagram shows that the arc radius of the Ag-Sn coating
is significantly higher than that of the other three coating samples, and the arc radius of
the G-Ag coating is the smallest. This shows that the Ag-Sn coating has the best corrosion
resistance, and the G-Ag coating has the worst corrosion resistance.

To better analyze the electrochemical behavior of the four coating patterns, impedance
fitting analysis was carried out. From the phase angle diagram, it can be found that the
Ag-Sn coating has two platforms and the Ag, G-Ag, and Gr-Ag coatings have at least three
platforms, which explains the interface changing differently. In the Nyquist diagram, the
low-frequency area was in the fourth quadrant for the Ag, G-Ag, and Gr-Ag coatings, which
indicates there may be some corrosion products in the surface generating the dispersion
effects of corrosion products. So, there were two capacitive reactances in Ag-Sn coating
and two capacitive resistances and one inductive resistance in the three other coatings.
The fitting circuit is shown in Figure 9, and the fitting results are shown in Table 1. Here,
RS is a solution resistor, Qf is a surface film constant-phase-angle element, Rf is a film
resistor, Rct is a charge transfer resistor, Qd is a double electric layer constant-phase-angle
element, and L is an inductor element. In Table 1, it can be seen that the charge-transfer
resistance values of the four coating samples are Ag coating: 171.1 Ω·cm2, G-Ag coating:
159 Ω·cm2, Gr-Ag coating: 318 Ω·cm2, and Ag-Sn coating: 3128 Ω·cm2. The charge transfer
resistance of the Ag-Sn coating is the highest, which indicates that the resistance is larger
and the corrosion resistance is better. On the contrary, the charge transfer resistance of the
G-Ag coating is the smallest, which indicates that the resistance is the smallest and the
corrosion resistance is low. This may be because the graphite particles in the G-Ag coating
are large, and the dispersion of graphite is not very good in the coating. The graphene
particle size is small, and graphene is well dispersed in the silver plating layer, reflecting
better corrosion resistance.
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Table 1. Impedance curve fitting data of four silver-plated samples.

Type RS (Ω·cm2) Qf (mF·cm2) Rf (Ω·cm2) Qd (mF·cm2) Rct (Ω·cm2) L (Ω·cm2)

Ag 18.22 8.394 × 10−6 22.88 5.243 × 10−4 171.1 1.568 × 10−5

G-Ag 39.77 2.156 × 10−6 26.56 7.149 × 10−4 159 1.569 × 10−5

Gr-Ag 0.56 1.374 × 10−6 24.69 1.306 × 10−3 318.7 5.527 × 104

Ag-Sn 2.484 2.089 × 10−6 30.96 1.157 × 10−3 3128

The polarization curves of the four coating samples in the Na2S solution are shown
in Figure 10. It can be seen from the shape of the polarization curve that the overall
polarization curve of the Ag-Sn coating was close to the leftmost, while the polarization
curves of the G coating, Ag coating, and Gr-Ag coating were relatively close to the right.
This indicates that the Ag-Sn coating sample has better corrosion resistance than the other
three samples. The corrosion potential and corrosion current of the four samples were
calculated using the Tafel extrapolation method, as shown in Table 2. The results show that
the corrosion potential of the Ag-Sn coating is more negative, and the corrosion tendency is
the largest, but the corrosion rate is the smallest, only 5.24 × 10−5 A/cm2. The corrosion
tendencies of the other three coatings are similar, and their corrosion potentials are similar.
The corrosion potentials are −0.823 V (Ag coating), −0.812 V (G-Ag coating), and −0.830 V
(Gr-Ag coating). The corrosion tendency of these three coatings is lower than that of the
Ag-Sn coating. However, the corrosion current density of the three coatings is higher than
that of the Ag-Sn coating. The corrosion current densities from high to low are as follows:
G-Ag coating (1.38 × 10−3 A/cm2), Ag coating (1.23 × 10−3 A/cm2), and Gr-Ag coating
(1.17 × 10−3 A/cm2). This means that the corrosion rate of the Ag-Sn coating in the Na2S
environment is lower than that of the other three coatings. When the polarization potential
further increases, the passivation phenomenon can be found in all four kinds of coatings in
the Na2S solution, and the pitting potential and passivation interval are shown in Table 2.
The Gr-Ag coating has the highest pitting potential and the widest dimensional passivity
region, while the G-Ag coating has the lowest pitting potential. From the perspective of
dimensional passivation potential range, the four coatings have good passivation stability.
The pitting potential order of the four coatings in a 1 wt%Na2S solution is as follows: Gr-Ag
coating > Ag-Sn coating > Ag coating> G-Ag coating.
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Table 2. Polarization curve fitting data of four silver-plated samples.

Type Ecorr/V Icorr/A·cm−2 Ep/V Passivation Region

Ag −0.823 1.23 × 10−3 0.403 −0.409 V~0.377 V
G-Ag −0.812 1.38 × 10−3 0.036 −0.369 V~−0.006 V
Gr-Ag −0.830 1.17 × 10−3 0.599 −0.395 V~0.584 V
Ag-Sn −0.964 5.24 × 10−5 0.594 −0.267~0.594 V

4. Discussion

The main problem faced by copper-based silver-plated electrical contact materials
during service in atmospheric environments is the corrosion of the surface silver (Ag)
plating by trace amounts of sulfides. In moist atmospheric environments, a thin liquid
film can easily form on the surface of the Ag coating, which can facilitate the ionization of
sulfides into HS− ions. These HS− ions then react with Ag and lead to the formation of
sulfides on the surface of the plating [45–48]. The reaction process is as follows:

8Ag− + 4HS− − 4e = 4Ag2S + 2H2 (1)

O2 + 2H2O + 4e− = 4OH− (2)

When a thin liquid film is formed on the Ag surface, the first reaction is prone to occur.
Then, black sulfides are formed on the surface of the plating. Simultaneously, when Ag in
the plating is oxidized, it combines with the OH− generated in reaction 2 to form AgOH.
But AgOH is highly unstable and readily decomposes into stable Ag2O. The reaction
process is as follows:

8Ag + O2 + 2H2O = 8AgOH (3)

2AgOH = Ag2O + H2O (4)

Raman data showed that the types of corrosion products of the four coatings were
roughly the same. The reaction occurred in a Na2S solution, and a layer of black sulfide was
formed. Carbon has good reducibility and can effectively inhibit the oxidation of Ag; thus,
the formation of sulfide slowed down. Sn exists in the Ag-Sn coating, and the reducing
property of Sn is weak, which cannot effectively hinder the oxidation of Ag. In a Na2S
solution, Ag and Sn react together and form the corresponding sulfide. Sn and Ag are
uniformly mixed in the Ag Sn coating, and the density of Ag and Sn is similar to that of the
pure silver coating. The Ag-Sn coating is relatively dense on the Cu matrix, which isolates
the contact between the coating and the solution more or less. As a result, the intensity and
quantity of the characteristic peaks of Ag2S corrosion products on the Ag-Sn coating are
less than those of the other three coatings.

Similar conclusions can be obtained from the electrochemical data. According to the
AC impedance and polarization curves, the capacitive loop of the Ag-Sn coating is the
largest, while that of the G-Ag coating is the smallest (Figure 8). Except for Ag-Sn coating,
the low frequency appeared in the fourth quadrant, which means inductive reactance may
exist. This may be due to the layer of corrosion products, which makes ion migration
difficult. In the polarization curve test, the corrosion current density of the Ag-Sn sample
was the smallest (5.24 × 10−5 A/cm2), while the corrosion current density of the G-Ag
coating was the largest (1.38 × 10−3 A/cm2), as shown in Table 2. This is consistent
with the results of Lv et al. [49]. They mentioned that the corrosion resistance of Gr-Ag
coating samples is higher than that of Ag coating samples. Due to the large particle size of
graphite, the coating is loose, and the specific surface area is larger, so the sodium sulfide
solution has more contact with the coating, and more corrosion products are produced
on the surface. On the contrary, the particle size of graphene is small, and graphene has
a special structure. The addition of graphene not only does not affect the density of the
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coating but also improves the corrosion resistance of the Ag coating. So, the corrosion
resistance of the Gr-Ag coating is better than that of the Ag coating and G Ag coating. As
for the Ag-Sn coating, Sn is added to the coating, and Sn and Ag are oxidized in a Na2S
solution to produce the corresponding sulfide (Figure 6b); the reaction between Sn and
HS− is dominant in the immersion process due to the stronger reduction of Sn than Ag. In
addition, the sulfide of Sn is more stable than that of Ag2S and can form a physical barrier
on the surface of the coating and prevent the coating from continuing to react with HS−. As
a result, the corrosion resistance of the Ag-Sn coating in the Na2S system is higher than that
of the Gr-Ag coating. The results of electrochemical corrosion resistance are consistent with
those of corrosion rate, which has the same result. The corrosion rate order is as follows:
G-Ag > Ag coating > Gr coating > Ag-Sn coating. So, the Gr-Ag coating and Sn-Ag coating
can be used as electrical contact materials for outdoor high-voltage switches.

All these results were obtained in a laboratory experiment; more data can be ob-
tained from research in real-world conditions. This may be a limitation of this study,
and researchers should study Ag coatings in real-world conditions in the future. The
Gr-Ag coating and Sn-Ag coating may be studied to determine the reason for their good
corrosion resistance.

5. Conclusions

1. The Ag coating, G coating, Gr coating, and Ag-Sn coating studied have good bonding
force, as determined in an adhesion test, and this illustrates that the electroplating
technique is good.

2. Ag, Sn, and graphite had good dispersibility in the four coatings, as shown by the
cross-section morphology. After the immersion test, the corrosion products on the
surface of the four coatings had silver sulfide and silver oxide, as shown by Ra-
man analysis.

3. Through the electrochemical and immersion tests, statistically, it was found that the
corrosion resistance of the four coating samples was sorted as follows: the corrosion
resistance of the Ag-Sn coating was higher than that of the Gr-Ag coating, which
was higher than that of the Ag coating, and the G-Ag coating had the worst corro-
sion resistance. The Gr-Ag coating and Sn-Ag coating are better choices than the
Ag coating.
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