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Abstract: Silver and silver alloys usually tarnish, which causes some changes in their aesthetic appearance and electrical properties, 
due to their exposure to sulphide environments (H2S), and this is a problem in the field of corrosion and conservation of cultural 
heritage metallic artefacts. In this study, the role of copper content in the tarnishing process of 0.925, 0.800 and 0.720 silver alloys in 
a 0.07 vol.% ammonium sulphide solution for different immersion periods was analyzed by electrochemical impedance spectroscopy 
(EIS) and scanning electron microscopy (SEM). The polarisation curves showed that the copper content and sulphide increased the 
corrosion current density and delayed the passivation of silver alloys. The impedance spectra collected at the open circuit potential 
(OCP) showed a single capacitive, incomplete and depressed loop, indicating that the charge transfer resistance decreased as the 
copper content increased in the alloys. In contrast, the double-layer capacitance increased as the copper content increased. The 
SEM−EDS analysis confirmed that the copper-rich phase in the silver alloys was selectively dissolved due to the preference of S to 
react with Cu, resulting in a localised attack, thus delaying the formation of a passive film. A marked localised attack was observed in 
alloys with lower copper content. The mechanism for the tarnishing of silver alloys in sulphide media was dependent on the nature of 
the alloy and the greater affinity of copper for sulphur. The dissolution of Ag and Cu to form corrosion products was proposed as the 
rate determining step. 
Key words: silver; conservation and restoration; tarnishing; electrochemical impedance spectroscopy; silver alloys; corrosion 
mechanism 
                                                                                                             

 
 
1 Introduction 
 

Silver is usually found in its native form or as an 
alloy with other metals (e.g., Cu, Au, and Pd). It has been 
widely used in industry and in the field of cultural 
heritage [1−3]. Silver artefacts have a cultural value and 
are sometimes stored in depositories or exhibited in 
museums or historical sites [4]. They develop a black 
layer on the surface, commonly known as tarnishing, in 
environments containing sulphides, such as H2S [5]. The 
tarnish layer can result in the loss of the original 
appearance (e.g., texture, aesthetic, colour, and shape) of 
artefacts as well as information about its history. 
Therefore, there is a need to develop adequate methods 
to protect, avoid or control the tarnishing of silver 
artefacts by electrochemically understanding how silver 
tarnishes. 

Over the last decade, there has been major interest 
in the corrosion process of silver in different 

environments [5−7], and its analysis by different 
electrochemical techniques has been published [8−10]; 
the research on pure silver can be considered as a 
representative study of silver alloy artefacts [2,11−13]. 
Studies on corrosion by sulphides have mainly focused 
on sterling silver (Ag 92.5%) [14−16] and to a lesser 
extent on other types of silver alloys [17], and some case 
studies have been on the corrosion films formed (e.g., 
whiskers, clumps, and dendrites) on artefacts exhibited in 
museums [18,19]. 

However, there are several studies related to corrosion 
mechanisms for silver [6,9,20] and copper [21−24] in the 
presence of sulphides, suggesting that the corrosion 
process is due to a competitive relationship between 
sulphide diffusion in the solution and the interfacial 
reactions of adsorption and oxidation of HS− on the 
metallic surface. Therefore, the corrosion of silver alloys 
undergoes three stages of reactions: first, the oxidation of 
copper; second, the adsorption of sulphur that accelerates 
the dissolution of copper (localised attack); and finally,  
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formation of a passive film (e.g., Ag2S, Cu2S and 
Ag3CuS2) [15,20,21]. The localised corrosion is 
influenced by the thickness, porosity structure, and 
migration of ions (Ag and Cu) of the passive film [15,25]. 
The passive film and the corrosion rate increase with the 
copper content in the alloy, temperature, pH, and 
sulphide ion concentration [26]. 

Thus, it is possible to explain the mechanism of 
corrosion for Ag−Cu alloys by the following steps. The 
first step is the anodic reaction of copper (Eq. (1)) and 
silver (Eq. (2)) and the cathodic reaction of oxygen 
reduction in deaerated (Eq. (3)) or aerated (Eq. (4)) 
media, according to Refs. [20,22,23]: 
 
Cu→Cu++e                                 (1)  
Ag→Ag++e                                 (2)  
2H2O+2e←→2OH−+H2                                      (3)  
O2+2H2O+4e←→4OH−                                      (4) 
 

Hydrogen sulphide ion is derived from the 
dissociation in water of (NH4)2S (Eqs. (5) and (6)) 
according to Refs. [22,27,28]:  

4 2(NH ) S→ 4 22NH (aq) S (aq)            (5) 
 

2S (aq) +H2O→OH−+ HS (aq)            (6) 
 

In the second step, HS− (Eq. (6)) reacts with 
metallic copper (Eq. (1)) and silver (Eq. (2)) with a 
two-electron transfer to form the adsorbed precursors 
(Eqs. (7) and (8)), such as Cu(HS−)ads and Ag(HS−)ads, 
respectively. Thus, the dissolution on the surface of the 
silver and copper metallic substrate occurs by a 
two-electron transfer to form Cu2S (Eq. (9)) [22,23] and 
Ag2S (Eq. 10) [6, 20] as follows: 
 
Cu+Ag+2HS−→Cu(HS−)(ads)+Ag(HS−)(ads)         (7) 
 
Cu(HS−)(ads)+Ag(HS−)(ads)→ 
    Cu(HS)(ads)+Ag(HS)(ads)+2e            (8) 
 
2Cu+HS−+OH−←→Cu2S(ads)+H2O+2e           (9) 
 
2Ag+HS−+OH−←→Ag2S(ads)+H2O+2e          (10) 
 

Therefore, the overall reactions in deaerated    
(Eq. (11)) or aerated (Eq. (12)) media are 
 

22S +2Ag−Cu+2H2O←→ 

Ag2S(ads)+Cu2S(ads)+2OH−+H2+4e         (11) 
 

22S +2Ag−Cu+2H2O+O2←→ 

Ag2S(ads)+Cu2S(ads)+4OH−                       (12) 
 

Electrochemical impedance spectroscopy (EIS) is a 
non-destructive technique that has been used to 
understand the interfacial behaviour in electrochemical 
systems [29,30], as well as to study the corrosion 
mechanisms to determine their kinetics and the real 
surface areas in situ [31,32]. Therefore, this is a suitable 
technique to understand the corrosion process in silver 

artefacts. The purpose of the present work is to 
investigate the role of copper in the tarnishing of silver 
alloys in ammonium sulphide solution for different 
immersion periods by EIS and scanning electron 
microscopy (SEM−EDS) at room temperature using 
three common silver alloys in the cultural heritage 
artefacts. 
 
2 Experimental 
 
2.1 Electrochemical test 

The experiments were carried out using a 
conventional three-electrode electrochemical cell with 
nitrogen bubbling before and during the test. The 
working electrodes were plates of silver alloys, 0.925 
(92.5 wt.% Ag, 7.5 wt.% Cu) (Ag9), 0.800 (80 wt.% Ag, 
20 wt.% Cu) (Ag8), and 0.720 (72 wt.% Ag, 28 wt.% 
Cu) (Ag7) provided by Platería del RecreoTM (Mexico 
City). The counter electrode and the reference electrode 
were platinum and Hg/Hg2SO4 (saturated mercurous 
sulphate electrode, SME) with a saturated solution of 
K2SO4. In all cases, the plates used as the working 
electrode had a 1.327 cm2 exposure area. The plates were 
mechanically polished with 600 and 1500 grit (SiC, 
Truper) sandpaper and mirror polished with 1 µm 
alumina (Al2O3, Buehler). 
 
2.2 Solution 

A 0.07 vol.% solution of ammonium sulphide was 
prepared using an A.C.S. solution with 20 vol.% 
ammonium sulphide (Química Meyer) and distilled 
water (2.6 MΩꞏcm; Theissier). The pH value of the 
solution employed was 9, and the concentration of S2 in 
this solution corresponded to 3.287×10−9 g/L, much 
higher than that reported for a hydrogen sulphide- 
contaminated environment (H2S, 0.3×10−9 g/L) [5] to 
develop the tarnishing process in a short time. (NH4)2S 
was chosen because it is usually used as an accelerator in 
the corrosion process on silver and copper [17,33,34], it 
easily dissociates in water (see Eqs. (5, 6)), and HS− is 
the predominant species at pH values above 7 [20]. 
Therefore, the sulphide present in the bulk was mainly 
HS

− 
(aq). 

 
2.3 Electrochemical measurement 

Electrochemical measurements were carried out 
with a multi potentiostat VMP3-Bio-Logic with EC-Lab 
V10.34 software. The open circuit potential (OCP) was 
measured for 1 h. The EIS tests were performed at the 
OCP after 60 min of stabilisation time with an amplitude 
of ±10 mV and a frequency range from 100 kHz to    
10 mHz for different immersion periods of 60, 90 and 
120 min. The polarisation curve tests were recorded 
between −0.6 and 1 V with a scan rate of 10 mV/s. 
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2.4 Morphological characterisation 
The morphology and chemical composition of the 

corrosion product films formed on the Ag9, Ag8 and Ag7 
plates were analyzed by SEM−EDS Hitachi 3030 
equipped with a Bruker SDD X-ray detector. The energy 
used was approximately 1.5 kV. 
 
3 Results and discussion 
 

The effect of copper on the tarnishing of Ag9, Ag8 
and Ag7 commonly used in cultural heritage artefacts 
was studied in a (NH4)2S solution during different 
immersion periods by OCP, polarisation curves and EIS 
experiments, as well as morphological characterisation 
by SEM−EDS. 
 
3.1 SEM−EDS characterisation 

The SEM results (Figs. 1(a), (b) and (c)) before 
exposure to (NH4)2S confirm the presence of copper 
islands in Ag9, Ag8 and Ag7, which is a common feature 
of silver−copper alloys because silver has a low 
miscibility with copper at room temperature. Figures 2(a), 
3(a) and 4(a) exposed for 120 min show the evidence of 
localised corrosion processes, particularly in alloys with 
low copper content (Figs. 2(a) and 3(a)), as well as a 
heterogeneous and porous surface. The tarnish of silver 
alloys starts as a localised attack of copper (Eq. (9)) at 
the metal−electrolyte interface, and silver remains 
cathodic. This process increases on silver alloys with 
lower copper contents (Figs. 2(a) and 3(a)). As seen in 
Figs. 2(c), 2(d), 3(c), 3(d), 4(c) and 4(d), the growth of 
the tarnishing film was ruled by the presence of sulphide 
as well as the copper content in the alloy. At the 
beginning, only Cu2S (Eq. (9)) is formed, and Ag2S   
(Eq. (10)) appears later because copper is more 
susceptible to oxidation than silver according to their 
redox potentials. 

Surface analysis of the silver alloys detected Cu,  
Ag, and S as components in the tarnish film, and the 
contents of silver and copper correspond to the expected 
composition for each alloy studied. The EDS results with 
an exposure time of 120 min (Figs. 2(b−d), 3(b−d) and 
4(b−d)) show the elemental distribution on the surface, 
in which there is a deposition preference of S for Cu   
on Ag9 (Fig. 2(d)) and Ag8 (Fig. 3(d)) in comparison to 
that on Ag7 (Fig. 4(d)), which is clearly shown as 
defined island of copper. Therefore, the copper 
enrichment [15,35] on the metallic surface is due to the 
strong affinity between S and Cu (Eq. (9)) [21,23], while 
silver remains stable. The distribution of S on the surface 
of the three alloys was more homogeneous on Ag7    
(Fig. 4(d)) mainly due to the homogeneous distribution 
of copper and silver, which could be associated with 
uniform corrosion. These results showed a mixed 

corrosion mechanism in silver alloys, uniform corrosion 
for Ag7 and localised corrosion for Ag9 and Ag8. 
 

 
Fig. 1 SEM images of as-received Ag9 (a), Ag8 (b) and Ag7 (c) 

alloys 

 

3.2 Electrochemical investigation 
3.2.1 Change in open circuit potential 

The changes in the OCP (or φcorr) for Ag9, Ag8 and 
Ag7 related to 0.07 vol.% (NH4)2S are shown in Fig. 5. 
After the immersion of the silver samples in the test 
solution, the OCP for the alloys (Ag8 and Ag7) with a 
higher copper content was more negative than that of 
those with a low copper content (Ag9), indicating a 
higher active corrosion surface. This change could be 
due to the decrease in the cathodic reaction (Eq. (3)) as 
well as the increase in the dissolution of Cu (Eq. (9)) in 
the alloys due to the action of sulphide [20,21,23], while 
silver remains cathodic. After 1500 s, the OCPs of Ag8 
and Ag7 stabilized faster than that of Ag9. The OCP 
values for Ag9, Ag8 and Ag7 were −1.307, −1.308 and 
−1.306 V, respectively, which are between the potential 
values of Ag2S (−1.29 V (vs SME)) [36] and Cu2S 
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Fig. 2 SEM image (a) and EDS maps (b, c, d) of Ag9 alloy exposed to (NH4)2S solution for 120 min 

 

 
Fig. 3 SEM image (a) and EDS maps (b, c, d) of Ag8 alloy exposed to (NH4)2S solution for 120 min 

 

(−1.51 V (vs SME)) [37]. The open circuit potential 
values are more negative than −1.29 V. This difference 
may be explained by the influence of Cu and S on 
increasing the kinetics of the anodic reactions (Eqs. (1) 
and (2)). The evolution of these values towards a steady 

state could be attributed to the formation of protective 
films on the metallic surfaces. The results indicate that 
the steady-state potential for silver alloys is reached after 
2700 s, which has sufficient time to form a 
heterogeneous corrosion film. 
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Fig. 4 SEM image (a) and EDS maps (b, c, d) of Ag7 alloy exposed to (NH4)2S solution for 120 min 
 

 
Fig. 5 Open circuit potential changes during corrosion test of 

Ag9, Ag8 and Ag7 alloys in 0.07 vol.% (NH4)2S 

 
3.2.2  Polarisation curve 

The polarisation curves for Ag9, Ag8 and Ag7 
alloys in 0.07 vol.% (NH4)2S are shown in Fig. 6. The 
φcorr values obtained from these curves are in accordance 
with the results of φcorr discussed in Section 3.2.1. The 
curves showed a decrease in the active anodic current 
and a reduction in the current density in the passive 
region from −1 to −0.27 V (vs SME). The content of 
copper in the alloy changes the potentiodynamic 
polarisation characteristics in a similar manner for Ag8 
and Ag7, which means that the anodic reaction of copper 
(Eq. (9)) influences the current density. The most 
interesting characteristic of this behaviour was the  

 

Fig. 6 Polarisation curves for Ag9, Ag8 and Ag7 alloys in  

0.07 vol.% (NH4)2S at scan rate of 1 mV/s 

 
active–passive transition from −1.0 to −0.55 V (vs SME). 

The polarisation curves showed a current decrease 
and deflection in the transpassive region from −0.27 to 
0.5 V (vs SME), which is attributed to the oxygen 
evolution or water oxidation [20,38]. Furthermore, in 
alloys with a lower copper content (Ag9), the potential 
shifts to the positive direction due to the decrease in the 
rate of the anodic reactions (Eqs. (1) and (2)). Another 
characteristic of the polarisation curves is that they were 
not symmetrical, and their cathodic branch was much 
steeper than the anodic branch, which implies that the 
anodic process (Eqs. (9) and (10)) plays a more 
important role in the corrosion process. 
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Table 1 shows the electrochemical parameters 
determined by extrapolation of the Tafel line from the 
curves. The corrosion current density (Jcorr) values  
(Table 1) suggest a direct relationship between the 
content of copper and the Jcorr on silver alloys. Thus, the 
increase in Jcorr could be due to the acceleration of the 
anodic reactions (Eqs. (1) and (2)) by the copper content 
in the alloys and the greater affinity of Cu for sulphur. 
 
Table 1 Corrosion current density and Tafel slopes for Ag9, 

Ag8 and Ag7 alloys in 0.07 vol.% (NH4)2S 

Silver 
alloy 

φcorr(vs SME)/ 
mV 

ba
[a]/ 

(mVꞏdec−1) 
−bc

[b]/ 
(mVꞏ dec−1) 

Jcorr/ 
(mAꞏcm−2)

Ag9 −1150 249.40 303.20 2.80×10−2

Ag8 −1380 290.20 232.20 2.94×10−2

Ag7 −1370 333.40 308.50 3.13×10−2

[a]: Tafel slope of anodic; [b]: Tafel slope of cathodic  

 
However, it was demonstrated that sulphur on a 

metallic surface has two effects: (1) the adsorbed sulphur 
remains on the surface in the active domain of the metals 
and increases the anodic dissolution, and (2) it hinders or 
delays the formation of the passive film [20,21,23]. 
These results suggest the role of the copper content in the 
tarnishing process and that the presence of sulphide 
delays the passivation and increases the anodic 
dissolution of copper in silver alloys. 
3.2.3 Electrochemical impedance spectroscopy 
3.2.3.1 Graphical analysis 

The impedance measurements for Ag9, Ag8 and 
Ag7 alloys were performed for different immersion 
periods in 0.07 vol.% (NH4)2S, and the effect of the 
immersion time is shown in the Nyquist plots (Fig. 7). 
The impedance was carried out at the OCP (see   
Section 3.2.1) after 60 min of stabilisation. All 
impedance spectra are characterized by a capacitive loop, 
and these loops are depressed with their centre below the 
real axis. This dispersal behaviour can be attributed to 
the surface heterogeneity, surface adsorption processes, 
electrode geometry, or continuous distribution of time 
constants due to charge-transfer reactions [30−32]. 
Additionally, the appearance of depressed loops can be 
attributed to the interaction of two merged or identical 
semicircles (two time-constants, ) [32,39], or multiple 
processes with similar relaxation time constants or 
distributed non-ideal kinetics [30,32]. 

A possible explanation for the depressed semicircles 
relative to the electric circuit equivalent could be due to 
the adsorption processes of Cu2S(ads) (Eq. (9)) and 
Ag2S(ads) (Eq. (10)) or the formation of a heterogeneous 
corrosion film and double film capacitance (Cdl) in 
parallel with the charge transfer resistance (Rct) [30,31], 
corresponding to two merged or identical semicircles. 

The diameter of the capacitive loops corresponds to the 
polarisation resistance (Rp), which is inversely 
proportional to the corrosion current density (Jcorr) (see 
Section 3.2.3.3.). Thus, the Rp is greater for Ag9 and 
proportionally increases with the immersion time up to 
60 min, while in samples of Ag8 and Ag7, the Rp 
decreased in comparison with that of the Ag9 sample, 
according to a qualitative analysis of the Nyquist plots. 
Therefore, the corrosion current density (Jcorr) increased 
with a higher copper content. 
 

 
Fig. 7 Impedance diagram of corroding Ag9, Ag8 and Ag7 

alloys in 0.07 vol.% (NH4)2S 

 
The role of sulphur during the corrosion process on 

different metals has been investigated by PROTOPOPOFF 
and MARCUS [20,23], and MARCUS [21], and 
according to them, sulphur can accelerate dissolution and 
hinder the formation of a passive film on a metal surface 
because adsorbed sulphur weakens metal−metal bonds as 
a result of lowering the activation energy for dissolution. 
Thus, corrosion can be strongly localised. In addition, 
sulphur blocks the sites of adsorption of hydroxyl ions 
(OH−) (Eqs. (9) and (10)) for the formation of the passive 
state (see Fig. 6) [20,21]. When this film grows on top of 
the adsorbed sulphur film, its structure and properties are 
modified, such as the current density, which can be 
several times higher at the metal−oxide interface [21]. 

For the Ag8 and Ag7 alloys rich in copper, the 
formation of sulphide preferentially occurs on 
copper-rich phases and explains the higher corrosion of 
such alloys (see Figs. 3(a)−(d) and 4(a)−(d)). Moreover, 
the dissolution of single-phase alloys has been classified 
into two categories: simultaneous dissolution and 
selective dissolution [21]. In this study, it is assumed that 
the copper-rich phase in Ag9, Ag8 and Ag7 alloys is 
dissolved selectively by sulphide, leaving behind a 
porous metal phase enriched in the silver-rich      
phase, resulting in localised attack or dealloying (see 
Figs. 2(a−d), 3(a−d) and 4(a−d). 

The Bode plots for Ag9, Ag8 and Ag7 alloys in  
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0.07 vol.% (NH4)2S are presented in Fig. 8, showing the 
changes of the impedance modulus (lg |Z|) versus 
frequency (lg f) (Fig. 8(a)) and the phase angle (°) versus 
frequency (lg f) (Fig. 8(b)) as a function of the 
immersion time. At low frequencies, the Bode modulus 
in alloys with lower copper content is higher, which is 
confirmed by the copper content with increasing the 
corrosion rate, and then, the formation of Cu2S increases. 
This sulphide is more conductive than Ag2S, according to 
the Refs. [40,41], so the conduction through a film 
resulted in a decrease in rich-silver alloys. 
 

 

Fig. 8 Bode diagrams of corroding Ag9, Ag8 and Ag7 alloys in 

0.07 vol.% (NH4)2S: (a) Module; (b) Angle 
 

The phase angle plots (Fig. 8(b)) show that the 
maximum phase angles for Ag9, Ag8 and Ag7 alloys 
occurred at approximately −50°, −45° and −40°, 
respectively. These phase angles may be due to the 
adsorbed sulphur on the silver alloys delaying the 
formation of a passive film, which is less protective 
when the copper content increases in the alloy. For a 
highly capacitive typical behaviour in passive materials, 
the phase angle approaching −90° suggests the formation 
of a very stable and protective surface film [38]. A single 
peak at low frequencies could suggest that there are two 
corrosion processes overlapping (see Eqs. (9) and (10)); 
for this reason, only one time-constant is clearly 
distinguished in the phase angle plots. 

To confirm the presence of two time-constants, the 
logarithm of the imaginary part of the impedance was 

plotted against the logarithm of the frequency (Fig. 9). In 
these plots, it can be observed that the curves almost 
overlap for different immersion periods [10] and show an 
apparent linear behaviour in the frequency interval from 
0.40 to 0.90 Hz. Also the maximum was observed for 
each alloy, indicating that the data should be interpreted 
in terms of only one process related to activation (charge 
transfer) control. 
 

 
Fig. 9 Imaginary part of impedance vs logarithm of frequency 

 
The imaginary part of the impedance as a function 

of the frequency is a representation independent of the 
electrolyte resistance and permits its influence on the 
high-frequency region of the diagrams to be ignored, 
reveals the existence of constant phase element (CPE) 
behaviour and provides a more reliable value [31,42]. 
Figure 9 shows the slope of the line at high frequency 
that corresponds to the CPE exponent (−n) [31,42]. The 
dispersal behaviour of time constant () is usually 
modelled by a CPE. These plots indicate that the two 
time contants  are coupled, representing two corrosive 
processes as described before, and it could be through 
double-layer capacitive or CPE. Then, the tarnishing 
process of Ag9, Ag8 and Ag7 alloys in 0.07 vol.% 
(NH4)2S solution can be explained using two , which 
correspond to the processes at the corrosion product 
film/solution interface (1) and at the metal/film interface 
(charge transfer resistance, 2). 
3.2.3.2 Fitting analysis 

The electrochemical behaviour obtained from the 
impedance measurements cannot be represented by a 
single capacitive loop, but by two time-constants, 
requiring computer fitting of experimental data, as 
shown in Fig. 10 [24,36], since it was assumed that there 
is a contribution from the corrosion product film 
(Cu2S(ads) and Ag2S(ads)) and charge transfer resistance 
(Eqs. (9) and (10)). In Fig. 10, Rsol is the solution 
resistance; RF, QF and nF represent the contribution of the 
impedance involved in the corrosion product film 
(Cu2S(ads) and Ag2S(ads)) accumulated on the surface 
due to the redox process, charge accumulation, and   
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the depression of loops due to the formation of   
different metallic sulphides, respectively; Rct and Cdl 
corresponded to charge transfer resistance and the double 
layer capacitance associated with the corrosion   
process [30−32]. 
 

 
Fig. 10 Equivalent electrical circuit used to fit impedance data 

 

Due to the depressed semicircles (see Fig. 7) of the 
Nyquist plot, the time constant of the corrosion film in 
the circuit model (Fig. 10) was substituted by one CPE as 
a substitute for the ideal capacitor [31,32,42]. The 
impedance of the constant phase elements is expressed   
as [42] 
 

CPE
1

( j )n
Z

Q 
                             (13) 

 
where Q is the magnitude of the CPE (Fꞏcm−2ꞏsn−1), ω is 
the angular frequency and n is an empirical exponent 
(0≤n≤1). The value of this empirical exponent is 
inversely correlated to the homogeneity of the film. 
When n=0, the CPE is equivalent to a resistor; when  
n=1, the CPE is equivalent to a capacitor, and when 
n=−1, the CPE is equivalent to an inductor. Finally, if 
n=0.5, the CPE is equivalent to the Warburg   
impedance [31,32]. However, Q does not have units of 
capacitance, and then to obtain the dimensionally correct 
value for Q, an effective capacitance (Ceff) can then be 
found by the following equation [43,44]: 
 
Ceff=Q(ωm)n−1                                                (14) 
 
where ωm is the frequency at which the imaginary part of 
impedance (Zi) has a maximum. 

The fitted electrochemical impedance parameters of 
silver alloys are summarized in Table 2. The fitting 
quality is evaluated by the complex non-linear least 
squares analysis and is represented by the relation 
(Chi-squared)/number of points. The χ2 must be between 
10−4 and 10−5 indicating good agreement between the 
measured and simulated values. The RF and Ceff are 
related to the formation of corrosion product films 
(Cu2S(ads) and Ag2S(ads)) and their interaction with 
redox processes (Eqs. (3), (9) and (10)). The corrosion 
resistance of alloys is also related to this film and its 
surface properties (inhomogeneities, electronic, etc.). 
Cu2S(ads) (Eq. (9)) and Ag2S(ads) (Eq. (10)) are intrinsic 
semiconductors (i-type) with band gaps of 1.8 eV (p-type, 
hole conduction) [40] and 0.9 eV (n-type, electron 
conduction) [41], respectively, and can form p−n 
junctions. Such a junction is known as a p−n junction 
diode where the current flows in one direction. Therefore, 
this film can behave as a semiconductor [32]. 

The porous structure of the film has been explained 
as a Cu-rich (or enrichment of copper) phase on a 
subsurface that is transformed (Eqs. (1), (9) and (11)) 
into voids. When silver starts to corrode (Eqs. (2), (10) 
and (11)), the voids increase so that the adhesion of the 
corrosion film to the metal weakens [15]. This process is 
associated with localised corrosion [45]. For this reason, 
the RF value could be higher in alloys with lower copper 
content (Ag9), indicating that the corrosion film on the 
metallic surface is less porous and is mostly composed of 
acanthite (Ag2S). Ag2S is occasionally accompanied by 
jalpaite (Ag3CuS2) [15,17]. Jalpaite is considered a 
precursor that plays an important role in the formation of 
Ag2S. The Ag3CuS2 is formed at grain boundaries, and in 
regions where the copper sulphide compounds are in a 
high concentration and favour its formation [15,40]. 

The values for the Ceff in silver alloys (Ag9, Ag8 
and Ag7) decreased as the copper content decreased in 
the alloys (Table 2), which could be attributed to slower 

 
Table 2 Fitting values of equivalent circuit elements for Ag9, Ag8 and Ag7 alloy in 0.07 vol.% (NH4)2S 

Alloy 
Immersion 
time/min 

Ceff/ 
(µFꞏcm−2) 

RF/ 
(Ωꞏcm2) 

Cdl/ 
(µFꞏcm−2) 

Rct/ 
(Ωꞏcm2) 

Jcorr/ 
(mAꞏcm−2) 

2/10−4

Ag9 

60 269.57 1449.08 44.66 6762.39 8.79 x10-3 3.13 

90 300.59 1798.08 45.07 9496.01 6.26 x10-3 3.16 

120 326.84 1737.04 43.53 12183.19 4.88 x10-3 5.23 

Ag8 

60 350.73 620.37 186.51 4133.6 1.31 x10-2 7.43 

90 417.02 668.67 171.14 5195.21 1.04 x10-2 6.92 

120 441.14 697.47 174.07 6037.85 8.98 x10-3 8.04 

Ag7 

60 556.78 719.9 280.03 3322.81 2.09 x10-2 8.5 

90 689.32 704.37 248.6 4126.97 1.69 x10-2 8.74 

120 703.19 700.79 259.68 4145.55 1.68 x10-2 9.01 
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film formation kinetics at a lower copper content and  
the formation of adsorbed species (Cu2S(ads) and 
Ag2S(ads)) and surface roughness (Figs. 2(a), 3(a) and 
4(a)). The roughness could be due to an increase in 
Cu2S(ads) (Eq. (9)) and decrease in Ag2S(ads) (Eq. (10)) 
accumulated on the surface of silver alloys [15]. The 
average nF value of 0.67 is rougher than 0.76 (Ag9) and 
0.77 (Ag8). Over time, the mechanism of the silver 
alloys could change from charge transfer to diffusion 
control due to the tendency of nF to decrease. 

Rct and Cdl are associated with the redox processes 
of water (Eq. (3)), the formation of adsorbed precursor 
(Eq. (8)), and the dissolution of copper (Eq. (9)) and Ag 
(Eq. (10)). These processes take place on the surface of 
the silver plates (Ag9, Ag8 and Ag7) in parallel with the 
corrosion product film formation previously mentioned. 

The values of Rct are related to corrosion for 
different immersion periods of silver alloys due to the 
electron transfer (4e) across the interface during the 
redox processes previously mentioned. In Table 2, it is 
possible to see that the Rct increases noticeably with time 
for alloys with lower copper content (Ag9) as a result of 
the Jcorr decrease (see Table 2). This can likely be 
attributed to a decrease in the reactivity and reversibility 
of the redox reactions (Eqs. (3), (9) and (10)) [41]. 
Additionally, the lower Rct on Ag7 could be due to 
adsorbed sulphur, which increases the dissolution of the 
Cu-rich phase and delays the formation of the passive 
film [20,21]. Due to the p−n junction previously 
mentioned, the corrosion product film could take part in 
the charge transfer process, where the electrons freed 
from Ag2S(ads) (Eq. (9)) can move through the film and 
can be transferred into the solution, and the holes of 
Cu2S(ads) (Eq. (10)) can migrate across the film and the 
electrons can transfer from the solution. [24,32,38] In 
such p−n junctions in alloys with the higher copper 
content (Ag8 and Ag7), the holes of Cu2S(ads) may 
contribute to increasing the current flow for conduction. 

The values of Cdl are influenced by the charge 
accumulation of the redox processes previously 
mentioned. The decrease in Cdl for Ag9, Ag8 and Ag7 
alloys can be attributed to a decrease in the reactivity and 
reversibility of the redox processes. Due to covering   
the electrode surface by the corrosion product film  
(Figs. 2(a), 3(a) and 4(a)), the film reduces the contact 
area between the solution and the silver alloy. The 
average values of Cdl for the Ag9, Ag8 and Ag7 alloys 
are estimated to be approximately 44.42, 177.24 and 
262.77 µF/cm2, respectively. Cdl values of 50−      
100 µF/cm2 for metal surfaces have been reported, 
although much higher values could be found for metals 
with porous conducting surface films [46]. Thus, it could 
be inferred that the Ag8 and Ag7 alloys richer in copper 
may have a more porous and conducting surface film 

than Ag9. It is known from the Ref. [24] that copper 
frequently forms a bilayer corrosion product in sulphide 
solutions, constituted by an internal Cu2S barrier layer 
and an external CuS layer; this external layer is porous 
and an n-type semiconductor. As a result, the film 
(Cu2S−CS) forms a p−n junction. 

In summary, the results of EIS demonstrate that it is 
an appropriate technique to study the tarnishing process 
in silver alloys. EIS is a non-invasive technique that 
enables understanding of the role and importance of 
copper and sulphur in corrosion mechanisms and 
identified that the corrosion process was controlled by 
activation (charge transfer) control in silver alloys in the 
presence of sulphide. 
3.2.3.3 Estimation of corrosion current density 

The corrosion current density (Jcorr) is related to the 
linear polarisation resistance (Rp) by the Stern−Geary 
linear approximation to the Butler−Volmer equation  
(Eq. (15)). It is generally accepted that EIS provides data 
more directly related to the corrosion process. Thus, Rct 
is equivalent to the linear polarisation resistance (Rp) in 
activation-controlled processes and is correlated with the 
corrosion current density [46]. 
 

a c
corr

a c ct ct2.303( )

B
J

R R

 
 

 


               (15) 

 
where B is the Stern−Geary coefficient, and its value is 
determined using experimental Tafel slopes and 
calculated with Eq. (15). The values of B estimated are 
shown in Table 3, and they are influenced by the copper 
content in the alloy, particularly for Ag7. To calculate 
Jcorr values, Eq. (15) was used, and Rct values were 
obtained from fitting the EIS data (Table 2). 

The influence of the copper content in silver alloys 
is reflected by the trend of the Jcorr values, as shown in 
Table 2. The Jcorr is higher in alloys with a higher copper 
content (Ag8 and Ag7). As mentioned before, such an 
increase results from the acceleration of the anodic 
reaction (Eq. (9)) as well as the adsorbed sulphur 
increasing the anodic dissolution of copper. 

The mechanism of tarnishing silver alloys 
significantly depends on the nature of the alloy and the 
greater affinity of copper for sulphur. Therefore, it could 
be proposed that the rate determining step (RDS) is the 
dissolution of silver and copper to form Cu2S (Eq. (9)) 
and Ag2S (Eq. (10)). 

The symmetry factor () is associated with the RDS 
for a simple reaction (one electron). It relates to quantum 
mechanics and molecular structure and describes the 
fraction of charge transferred to the reactant at the 
position of the activated complex [47,48]. In single step 
reactions, the transfer coefficient (α) and symmetry 
factor coincide. Usually,  is assumed to be 0.5 for 
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kinetics calculation and must have a value between 0 and 
1. It was calculated from the experimental Tafel slopes 
(see Table 1) and was determined using the following 
equation [31]: 
 

a
2.3

(1 )

RT
b

nF



                             (16) 

 

c
2.3RT

b
n F

                                 (17) 

 
where n is the number of electrons transferred in RDS, R 
is the gas constant, T is the thermodynamic temperature, 
F is the Faraday constant, and ba and bc are the Tafel 
slopes of anodic and cathodic, respectively. Table 3 
shows the values of the symmetry factor calculated, 
which were between 0 and 1. For Ag9, the corresponding 
 values for the anodic reaction are closer to 0.5 than the 
alloys richer in copper, and the reactant state is a much 
lower energy than the product [49]. The  values for the 
cathodic reaction for the three alloys are so low that  
there could not be enough activation energy to   
continue [49]. 
 
Table 3 Stern−Geary coefficient (B) and symmetry factor () 

calculated from measured Tafel slopes 

Alloy B/mV a −b 

Ag9 59.42 0.76 0.19 

Ag8 54.22 0.8 0.27 

Ag7 69.58 0.82 0.19 

a and b were calculated from Tafel slopes of anodic and cathodic, 
respectively 

 

4 Conclusions 
 

(1) The EIS analysis reveals two time-constants 
associated with the sulphide thin film (1, processed at 
the film/solution interface) and the corrosion process (2, 
processed at the metal/film interface). The Rct decreases 
substantially in alloys with higher copper contents, while 
the CF increases. This is due to an accumulation of 
corrosion products at the metallic surface. 

(2) The mechanism that governs the tarnishing 
process is activation (charge transfer) control and is 
dependent on the nature of the alloy and the greater 
affinity of copper for sulphur. The rate determining step 
is the dissolution of Ag and Cu to form corrosion 
products. 

(3) The SEM results show that localised corrosion is 
more evident with a lower copper content. The EDS 
studies reveal the enrichment of copper due to adsorbed 
sulphide on the surface of the silver alloys. 

(4) The potentiodynamic polarisation results reveal 
that the copper content in Ag9, Ag8 and Ag7 alloys 
generally accelerates the Jcorr by increasing the anodic 

dissolution of copper. Regarding the tarnishing process, 
copper increases the passive current density, and 
sulphide delays the passivation and increases the anodic 
dissolution of copper in silver alloys. 

(5) Although these results are a good reference for 
studying silver alloys, more work on artefacts exhibited 
in museums or buried should be addressed. The 
preservation methods should consider not only the 
influence of copper content and other elements on 
tarnishing silver alloys but also the environment where 
the artefacts are or were exposed. 
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硫化物介质中银合金失泽过程中铜的作用 
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摘  要：由于暴露在硫化物环境(H2S)中，银和银合金的外观美感和电学性能往往会发生一些变化，这是文化遗产

金属制品腐蚀和防护领域的一个问题。采用电化学阻抗谱(EIS)和扫描电子显微镜(SEM)技术分析 0.925、0.800 和

0.720 银合金在 0.07%(体积分数)硫化铵溶液中浸没不同时间的失泽过程中铜的作用。极化曲线表明，铜含量和硫

化物使腐蚀电流密度增大，延缓银合金的钝化。在开路电势(OCP)处得到的阻抗谱呈现不完整的、压扁的单一容

抗弧，表明电荷转移电阻随着合金中铜含量增大而降低。相反，双层电容随着铜含量增大而增大。SEM−EDS 分

析表明，由于 S 优先与 Cu 反应，银合金中的富铜相被选择性溶解，导致局部腐蚀，从而延缓钝化膜的形成。在

铜含量较低的合金中观察到明显的局部腐蚀。硫化介质中银合金失泽的机理取决于合金的性质以及铜对硫的较大

亲和力。银和铜溶解形成腐蚀产物的过程被认为是速率决定步骤。 

关键词：银; 保护与修复；失泽；电化学阻抗谱；银合金；腐蚀机理 
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