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The electrical contact resistance of a Ag/carbon nanotube (CNT) composite plating film prepared using a
cyanide-free bath was evaluated against a H2S gas corrosion test. After the corrosion test, the Ag/CNT composite
plating film exhibited a lower electrical contact resistance than a Ag plating film evaluated for comparison. The
mechanism of the superior electrical contact characteristics of the Ag/CNT composite plating film was investi
gated using various methods. Scanning electron microscopy observations and X-ray diffraction analyses revealed
that the amount of silver sulfide (Ag2S) generated on the Ag/CNT composite film was smaller than that on the Ag
film. Electrochemical measurements clarified that the sulfidation resistances of the Ag/CNT composite film and
the Ag film were approximately the same. However, the contact angle of the Ag/CNT composite film against
water was remarkably greater than that of the Ag film. This high hydrophobicity of the Ag/CNT film likely
suppressed Ag2S production by corrosion, resulting in the observed superior electrical contact characteristics
after the H2S gas corrosion test.

1. Introduction
Ag plating has been widely used for electrical contact parts because
Ag exhibits the highest electrical conductivity among all metals. One of
the troublesome problems with Ag plating films for electrical contact
parts is their sulfidation. The electrical contact resistance of Ag-plated
parts increases because of the existence of insulating silver sulfide at
the contact interface [1–3]. Although numerous studies on the tarnish
ing mechanism of Ag due to sulfidation [4,5] and on methods to prevent
tarnishing or sulfidation [6–8] have been reported, the literature con
tains few reports on the electrical contact characteristics of Ag films with
enhanced sulfidation resistance [9]. Fujishige et al. reported that the
electrical contact resistance of a Ag/carbon nanotube (CNT) composite
plating film was remarkably lower than that of a Ag film after a H2S gas
corrosion test [10]. Their method involved preparing a Ag/CNT com
posite film using a toxic cyanide bath, and the observed decrease in the
electrical contact resistance of the Ag/CNT composite film was not
clarified. Recently, we developed a new process to fabricate Ag/CNT
composite films using a non-cyanide plating bath [11].
Here, the electrical contact resistance of a cyanide-free Ag/CNT

composite film after a H2S gas corrosion test is compared with that of a
Ag film. In addition, the reason for the difference in the electrical contact
resistance between the Ag/CNT composite film and the Ag film is
investigated.
2. Materials and methods
The CNTs were commercially available vapor-grown multiwalled
CNTs (Showa Denko VGCF-H), typically 100–150 nm in diameter and
10 μm in length. A pure Cu plate (C1020, 0.3 mm thick) with an exposed
surface area of 10 cm2 (3 × 3.33 cm2) was used as the substrate. A Ag
strike (~1 μm) was applied to the Cu substrate to form a high-adhesion
Ag layer on the Cu substrate. A pure Ag plating film (~50 μm) and a Ag/
1.2 mass% CNT composite plating film (~50 μm) were formed on the
strike-Ag-plated Cu substrate at a current density of 10 mA cm− 2 at room
temperature and with aeration. Details of the procedure used to form the
plating film samples are available elsewhere [11].
The H2S gas corrosion test was conducted using a gas corrosion test
machine (KG95(D), Factk). The samples were suspended vertically in
the test room. The concentration of H2S gas, the test temperature, the
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test relative humidity, and the test time were 10 ppm, 40◦ C, 80% RH,
and 96 h, respectively. The electrical contact resistance was evaluated at
room temperature using a milliohm tester (MS7500, Factk) in
conjunction with the four-terminal method as the load was varied (0 to
0.98 N). An Au-plated contact probe (0.95R, Factk) was used as the
counter surface. The surface morphologies of the films were observed by
field-emission scanning electron microscopy (FE-SEM; 7000F, JEOL).
Sulfidation layers of the films were analyzed by X-ray diffraction (XRD)
analysis (XRD-6100, Shimazu Seisakusho) with Cu Kα radiation. Polar
ization measurements of the films were conducted in a 0.01 M Na2S
aqueous solution [5] at 25◦ C using an electrochemical measurement
system (HZ-7000, Hokuto Denko). The Ag/CNT composite film or Ag
film, a Pt plate, and a Ag/AgCl electrode (+0.199 V vs. standard
hydrogen electrode (SHE)) were used as the working electrode, counter
electrode, and the reference electrode, respectively. The wettability of
the films against ion-exchanged water was evaluated at room tempera
ture using a contact-angle meter (DMC-2, Kyowa Interface Science). The
water droplet volume was 5 μL.

Fig. 1. Electrical contact resistance of Ag and Ag/CNT composite films before
and after the sulfidation test.

Fig. 2. Surface SEM images of (a) the Ag film before the sulfidation test, (b) the Ag film after the test, (c) the Ag/CNT composite film before the test, (d) and the Ag/
CNT film after the test. XRD patterns of (e) the Ag film before and after the test and (f) the Ag/CNT composite film before and after the test.
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after the sulfidation test (Fig. 1).
Fig. 4 shows the sessile droplet shapes of water on the films. The Ag/
CNT composite film showed an extremely high contact angle (144◦ )
compared with the Ag film (88◦ ). This high contact angle is most likely
due to the hydrophobic nature of the CNTs [12].
Under a high-humidity environment and in the presence of H2S gas,
sulfidation of Ag proceeds electrochemically as follows. First, H2S dis
solves in the condensation water on the film, as represented in Eqs. (1
and 2) [13]:
H2 S + H2 O ⇌ HS− + H3 O+

pKa1 = 7

(1)

HS− + H2 O ⇌ S2− + H3 O+

pKa2 = 15

(2)

Under the standard conditions, the spontaneous redox reaction for
the corrosion of Ag can be written as Eq. (5) [4] using half-reactions of
Eqs. (3 and 4) [14]:
O2 + 4H+ + 4e− ⇌ 2H2 O
Fig. 3. Polarization curves for the Ag and Ag/CNT composite films.

Ag+ + e− ⇌ Ag

(4)

◦

E = +0.80 V vs. SHE

/
/
Ag + 1 4O2 + H+ → Ag+ + 1 2H2 O

3. Results and discussion

(3)

◦

E = +1.23 V vs. SHE

(5)

◦

Ecell = +0.53 V

The Ag ions represented in Eq. (5) react with the HS ions or S2−
ions represented in Eq. (1) or (2) to form insoluble Ag2S. In the case of
the Ag film, the sulfidation of the film mainly proceeded electrochemi
cally according to these reactions, resulting in the formation of a large
amount of Ag2S. By contrast, in the case of the Ag/CNT composite film,
the electrochemical reactions were greatly inhibited by the high waterrepellency of the film, which resulted in a small amount of deposited
Ag2S. This difference in the amount of Ag2S should lead to a large dif
ference in the electrical contact resistances between the Ag film and the
Ag/CNT composite film after the corrosion test. Even after the sulfida
tion test, the CNTs on the Ag/CNT composite film protrude from the
surface Ag2S layer (Fig. 2d). Therefore, the CNTs on the composite film
possibly became conductive paths between the Ag part under the Ag2S
layer and the Au-plated contact prove, resulting in a reduction of the
contact resistance.
+

Fig. 1 shows the results of the electrical contact resistance mea
surements of the films before and after the corrosion test. Before the
corrosion test, the Ag film exhibited the smallest electrical contact
resistance among the investigated samples, especially at low load. The
Ag/CNT composite film showed a contact resistance similar to that of
the Ag film. After the test, the Ag film exhibited a contact resistance
substantially greater than that of the Ag/CNT composite film.
Surface SEM images and XRD patterns of the films before and after
the corrosion test are shown in Fig. 2. After the corrosion test, clear fine
cracks due to the formation of a sulfide layer were observed on the entire
Ag film (Fig. 2b), whereas no obvious morphological change was
observed on the Ag/CNT composite film (Fig. 2d). In addition, α-Ag2S
was observed on both films after the test and the intensity of the peaks
associated with Ag2S in the XRD pattern of the Ag film was greater than
that of the peaks associated with Ag2S in the pattern of the Ag/CNT
composite film (Fig. 2b). Therefore, the amount of Ag2S on the surface of
the Ag film was greater than that on the surface of the Ag/CNT com
posite film after the corrosion test. This large amount of Ag2S on the Ag
film most likely led to the observed high contact resistance (Fig. 1).
Fig. 3 shows the polarization curves for the films. The corrosion
potential of both the Ag film and the Ag/CNT composite film was
approximately − 0.74 V, and their cathode and anode polarization
curves were also similar. Thus, the sulfidation resistance of the Ag film
and that of the Ag/CNT composite film differed only slightly, which
means the sulfidation resistance did not affect the difference in the
contact resistance between the Ag film and the Ag/CNT composite film

−

4. Conclusions
The Ag/CNT composite film formed using a non-cyanide plating bath
exhibited lower electrical contact resistance compared with a pure Ag
plating film after a H2S gas corrosion test. The difference in contact
resistance between the Ag/CNT composite film and the Ag film was most
likely caused by a difference in the amounts of Ag2S formed on the films,
where the high water repellency of the Ag/CNT composite film likely
inhibited the formation of Ag2S. This Ag/CNT composite plating film
with sulfidation resistance is expected to be a potential alternative to Ag
films plated onto electrical contact parts via a cyanide plating bath.

Fig. 4. Images of sessile water droplets on (a) a Ag film and (b) a Ag/CNT composite film. The contact angles of the Ag film and the Ag/CNT composite film were 88◦
and 144◦ , respectively.
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