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The Tarnish Process of Silver in H,S Enviromments
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The effects of sub-ppm levels of H,S and the adsorbed water on the atmospheric corrosion of silver were
- studied with In situ weight balance to study the effect of the adsorbed water on the kinetic behavior and
to determine the rate-controlling step, with XPS to analyze the tarnish film, and with calculation of phase
equilibrium to predict the stable solid phase, the concentrations of dissolved species (Ag , H, Sz', HS)H
and the equilibrium potentials ( & 4.+ 4,. £ g+, z,, E 5,/ o+ )- The results of weight measurements

showed that oxygen was required for the sulfidation of silver in 100 ppb H>S and humidified environments
enhanced the tarnished rate and oxidizing power. In addition, the rate determining step for tarnishing silvet
was shown to be changed to transport though the tarnish film
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1. Introduction

Silver has been used for electronic connector materials,
solder, batteries and decorating materials because of its
electrical and thermal properties. Hence, the atmospheric
corrosion of silver has been studied with an emphasis on
the effect of humidity effect, the effect of gas and the
kinetic mechanism.

Fiaud and Guinement” conducted indoor laboratory
studies on the corrosion of silver in atmospheric environ-
ments of controlled relative humidity and pollutant gases,
reporting that the corrosion product was silver sulfide and
that the kinetic behavior conformed to a parabolic law.
This does not agree with D. Simon's result” that the kinetic
behavior conformed to linear law. Kuhn and Kelsall”
calculated the stable phase in Ag - HoS - O, and Ag - H:S
- Oy - H,O with their thermodynamic data, indicating that
silver sulfate was stable instead of silver sulfide. This
difference between Kuhn & Kelsall's result and Fiaud &
Guinement's experimental result was explained by a large
barrier for the formation of sulfate from sulfide.

In addition, the reaction process is controvertible. Abbott”
proposed that the sulfidation mechanism of silver exposed
to hydrogen sulfide with ambient air was as follows:
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8HS + 40; — S5 + O

S + 16Ag — SAgS @)

According to Graedel,” the sulfidation mechanisms
were proposed depending on the humidity. At low relative
humidity, HoS gas reacted with silver metal directly, but
at high relative humidity, dissolved species (HS, SZ') from
H>S gas reacted with silver (ie., 16Ag+ HoS R AgS +
Hy(g)). Volpe and Peterson’ exposed silver to dry air
containing H,S (100 ppb - 400 ppb) in flowing gas and
proposed the following reaction:

Ag + LS + 120, — AgS + H0 )

However, according to Phipps and Rice,” at low relative
humidity (R.H. <40%, the ad-layer thickness <1 mono-
layer), it is difficult to hydrate ions, but at high relative
humidity (R.H. <65%, the ad-layer thickness <3 mono-
layer), the behavior of the adsorbed water layer approaches
that of a bulk water layer and electrochemical processes
are possible.

In this study, to get a better understanding of the sul-
fidation process of silver in Ho5 environments, the effect
of relative humidity, oxygen or H»S was studied with an
in situ weight balance and XPS. In addition, electrolyte
thermodynamics were applied by assuming that the bulk
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thermodynamical properties are the same as the surface
in order to explain the tarnishing process.

2. Experimentals

Silver was deposited on the front surface of a crystal
by evaporation at Midwest Research Technologies, Inc.
to a thickness of 5000 A. Prior to the deposition, the back
surface was masked and gold, previously deposited on the
front side was stripped by aquaregia solution, cleaned with
distilled water and acetone alternatively three times and
dried with N gas. The silver coated crystal was kept in
desiccant before and after exposure. Before the exposure,
the surface of silver was analyzed with XPS. The adsorbed
species, such as adventitious hydrocarbon, (OH).q, adsor-
bed oxygen were detected, but the oxide was not detected.

The sub-ppm level of concentration was controlled
using a permeation tube. In order to get reproducible
results, the concentrations of HS, the relative humidity
and the temperature in chamber were monitored during
the exposure. The temperature of the chamber was kept
at25 + 0.1 'C and the flow rate was 1 //min. The purified
air supplied by an air supply or nitrogen (with 99.99%
purity) from nitrogen cylinder was used as a carrier gas.
The concentration of H,S was maintained at 1005 ppb
during the exposure, while the concentrations of undesired
gases in the purified air were less than 1 ppb for SOs,
0.1 ppb for HyS, 1 ppb for NO, 1 ppb for NO,, 1 ppb
for Oy, 1.8 X 10° ppb for CO, and 100 ppb for CO.* The
details of the mixed flowing gas system were described
in other papers.”

An in situ mass measurement technique with high mass
sensitivity (=10 ng/em’), quartz crystal microbalance
(QCM), with high mass sensitivity(=10 ng/cnr’) was
employed to monitor the mass change during exposure to
part per billion pollutants and during the transition between
wet and dry environments. The block diagram of the
circuitry elements and the description of the particular
circuitry employed are given elsewhere.'” The circuitry
designed for the oscillation of a 5 MHz quartz crystal was
modified for the oscillation of a 6 MHz quartz crystal.
In addition, the newly designed QCM was calibrated by
the potentiostatic method with the following experimental
conditions'”: 0.2 M HCIO, +10° M AgNO; at 0.0 V
(SHE). The result (12.21 ng/Hz-cm”) agreed well with the
theoretically calculated value (12.26 ng/Hz-cm2). The
holder was made of polychloro-trifluoro ethylene to
minimize the mass change due to the chemical reaction
between the holder, silver and gases. Viton O-ring was
placed on both sides of the crystal to ensure proper sealing
and to minimize the residual stress since the frequency
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of the crystal can be affected by pressure as well as mass
change.

The tarnish film after the exposure was analyzed on
a PHI 5400 XPS system (Perkin Elmer Corp.) equipped
with a water cooled Mg-anode (Mg-Ka: 1253.6eV and
FWHM (full width at half maximum): 0.7¢V) at total
power dissipation of 400 watts (15KV, 26.7mA). The
sample stage was positioned such that the photoelectron
emitted at an angle of 45 degrees to the plane of silver
surface entered the analyzer through a 1 mmXx4 mm
aperture. The spectrometer was calibrated with two re-
ference points (Ag-3ds»: 368.3eV and C-1s: 284.5¢V) to
minimize the error due to the drift of the spectrometer
with assumption that the shift of energy due to charging
effects was negligible. In order to analyze the inside of
the tarnish film, the differentially pumped argon ion gun
(4KV, 2mA ions) of the XPS system was utilized. The
calibration of the removal rate was accomplished by
sputtering through the thickness of a TayOs standard
(1.8nm/min.).

The surface morphology. after exposure was observed
by Tield Emission Scanning Electron Microscopy (Model
S-4500, Hitachi Ltd.) with an accelerating voltage of 5
KV to provide information on the tarnishing process. The
sample stage was positioned such that the incident electron
collided with silver surface at an angle of 40 degrees to
the plane of the silver surface to maximize the spatial
resolution. The morphology could be observed with maxi-
mum magnification of 100 KX because of utilization of
field emission as an electron source.

3. Results

3.1 Analysis of tarnish film with XPS

Fig. 1 shows the XPS spectrum of the tarnish film for-
med on silver exposed to 100 ppb H,S with air containing
75% R.H. for 72 hours. The peaks of sulfur-2p were
detected at 161.8 and 161.0 eV from the film surface
indicating sulfide. No peak indicating sulfite or sulfate was
detected before or after sputtering. The Auger parameter
(724.8eV) calculated from the silver-3ds, peak (B.E.=
368.2eV) and Ag-M4VV (K.E.=357.7¢V) detected cor-
respond to that of silver sulfide. The Auger parameter was
shifted to that for silver metal as the intensity of sulfur-2p
peaks decreased with sputtering. The broad peak of
oxygen-1s on the surface disappeared after sputtering. This
peak is thought to result from (OH).q, water and adsorbed
oxygen. No oxygen-1s peak indicating the presence of
oxide was detected before or after sputtering. Adventitious
carbon also appeared on the surface and disappeared after
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Fig. 1. XPS spectra from silver exposed to 100 ppb HaS and 75% R.H. air for 72 hours {dot line: surface, solid line: after
sputtering as deep as 3.8nm): (a) Ag-3d, (b) Ag-MiVV, (¢) O-Is, (d) C-1s, () S-2p

sputtering. The XPS spectra of the tarnish film formed
on silver exposed to 100 ppb H>S with air containing 15%
R.H. for 90 hours were similar to in Fig. 1 except for
the sulfur-2p shown in Fig. 2 indicating the presence of
sulfite. The silver peaks and sulfur peaks identify the
tarnish film as silver sulfide and the adsorbed species on
the surface as mentioned before. Sulfite was not detected
on tarnish film of silver exposed to 100 ppb H,S with
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air containing 15% R.H. for less than 90 (40 hours).
Hence, the sulfite is thought to be produced during ex-
posure as long as 90 hours. The XPS spectra of the tarnish
film formed on the silver exposed to 100ppb H2S with
nitrogen gas containing 75% R.H. for 72 hours were
similar to in Fig. 1 except for the silver peak shown in
Fig. 3. The Auger parameter of silver did not match that
of silver or silver sulfide and was positioned in the middle
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Fig. 2. Sulfur-2p spectrum from the surface of silver exposed
to 100 ppb HoS and 15% R.H. air for 90 hours

of these Auger parameters. Hence, the mismatch between
the Auger parameter obtained and that of silver sulfide
is thought to be due to that the film is thinner than the
escaping depth of electron having the kinetic energy of
approximately 360eV (= 2nm)" or that sulfide is adsor-
bed on silver surface rather than chemically bonded.

Hence, the tarnish film after exposure to environments
containing H»>S consisted of only silver sulfide covered
by adventitious carbon, adsorbed water and possibly adsor-
bed oxygen and (OH)ua.

3.2 Measurement of mass gain with QCM

Fig. 4 shows the mass gain with time when silver coated
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Fig. 4. Mass gain vs. time when silver coated crystals were
exposed to environments containing 100 ppb H,S: (a) 75% R.H.
air, (b) 15% R.H. air, (¢) 75% R.H. N,

crystals were exposed to environments containing hydro-
gen sulfide. The mass loss occurred after the exposure
condition changed from 100 ppb H,S with 75% R.H. air
(or No) to 15% R.H. air, indicating water desorption
(120ng/em’) which was 1.7 times greater than that of
adsorbed water (70ng/cm’) on as-received silver metal. It
may be due to the different in hydrophile property between
silver and silver sulfide. In addition, Fig. 4 shows that
adsorbed water enhances the tarnish rate of silver and that
the presence of oxygen is required for the sulfidation of
silver. Especially, no corrosion of silver in N, environ-
ments means that sulfide peak in Fig. 3 results from
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Fig. 3. XPS spectra from silver exposed 100 ppb HaS and 75% R.H. N, for 72 hours (dot line: the surface, solid line: after
sputtering as deep as 0.6nm): (a) Ag-3dsn, (b) Ag-MyVV, (¢) S-2p
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Fig. 5. Mass gain vs. time'” when silver coated crystals were
exposed to environments containing 100 ppb HaS: (a) 75% R.E.
air, (b) 15% R.H. air

adsorbed sulfide instead of silver sulfide. The curve (a)
and the curve (b) in Fig. 4 were plotted versus time™
scale instead of time scale in Fig. 5. The mass gain in
100 ppb H,S with 75% R.H. air increased linearly until
8 hours after the exposure, but its rate was reduced after
this period, conforming to parabolic behavior. However,
in 100 ppb HaS with 15% R.H. air, the mass gain increased
only parabolically without an initial linear region. In 100
ppb HoS with air containing 75% R.H., the kinetic
behavior is due to the change of the rate determining step
from surface reaction, mass transport in the gas phase or
the mixed step to mass transport through the tarnish film.
The reaction mechanism or transport mechanism through
the tarnish film will be discussed in the next section.

3.3 Observation of morphology with FESEM

The surface morphologies of the tarnish films afier
exposure to various environments containing 100 ppb Ha5
were the same as the surface morphology of the silver
coated crystal at 100 K magnifications. Hence, the tarnish
film is thought to form on the silver surface uniformly.

3.4 Phase Prediction

Fig. 6 shows the E-pH diagrams in Ag-H>O-100 ppb
H,S system obtained from the method suggested by
Zappia.B)”M) In solid phase, silver metal, silver sulfide and
silver sulfate were predicted as stable phases depending
on potential, while in liquid phase silver ion, sulfite, sulfate
are predicted as the stable species depending on potential.
To calculate the concentrations of dissolved species (Ag ,
1S, ) and equilibrium potentials ( E 4, ap0 E #¢) 1, )
the following charge balance equation is set up under
assumption that the concentration of carbon dioxide and
hydrogen is 1.8 ppm and 500 ppb, respectively.
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Fig. 6. The prediction of stable phases in Ag-100 ppb HaS5-H20:
(a) Liquid phases, (b) Solid phases, (dot line: total activity of
dissolved silver (-log[Ag 1), linea: E -, aplinebs £ o o)

[Ag" ]+ [H 1 =[HCO;1+2x[CO7 | +[HS 1+ 2x[ST]+ [0 ] (4)

In addition silver is thought to be corroded as only a
form of silver sulfide observed according to the XPS
results. Hence, the concentration of dissolved silver ion
was expressed using solubility product of silver sulfide
and dissolved species in equation (4) were be expressed
as the concentration of hydrogen ion and the equilibrium
constants listed in Table 1, finally to yield equation (5).

— Koo Kops Ko
; [H7]-Ks.p. F[H ] = Pyas - Kipas c/l/;/l.\ 4o i B 2&://33
VPH,\' “Kuns Kams Kars [H7] [H]
Kico, . Kaco, Kpco,, K,
+Feo,  Kiico, € ,:f *2(—‘—+;—4)+_%
7] [#7] 7] (2)

, where P g5 and P o, is 100 ppb and 1.8ppm, respectively.

Equation (5) gave the concentrations of dissolves species
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Table 1 Equilibrium constants®

Equilibrium constants Value Chemical equations
Henry's constants Ky for CO, 3.4x107 [CO-)/Pcoz
Ky for HsS 10 [H28]/Pras
Dissociation constants Kg for CO» 10 [H'] - [HCO; /[CO]
Ka for CO, 107 [H'] - [COs )/[HCO5 ]
Kai for HaS 10”7 [H'] - [HS1/[H2S]
Ko for HaS 1o [H'7 - [S7)/[HS]
K, for HO 10" [H - [OH]
Solubility product Ksp for AsS 107 [Ag] [s9]

(Ag’, HS, Sy and the equilibrium potentials
(E 4y 1agr E g+)y,) inFig. 7. The pH was almost in-

dependent of the concentration of hydrogen sulfide.
E 4.+, decreased with of hydrogen sulfide, while
E .-, , increased with of hydrogen sulfide. Especially,
at 100 ppb HaS, the difference between E ,,-,,, and
E jp+;y, was as small as 8 mV though £ ;. was
higher than E ,,.,,,. Hence, choosing more correct

values of activities and the concentrations of hydrogen and
carbon dioxide in air may cause E , -, to be higher

than £ -, . Inthis case, it accounts for the reason why

silver is not corroded by hydrogen gas though reaction
in equation (6) is favorable with a viewpoint of ther-
modynamics.

Ag + HaS (100ppb) — AgsS + Hs (S00ppb) AG =-3034J  (6)
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Fig. 7. Fhe concentrations of dissolved spemes such as [H+],
[HS7, [S7], and the equilibrium potentials of Ag'/Ag and H'/H,
in aqueous electrolyte under H>S of the range between 100 ppb
and 1000 ppb
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4, Discussion

The analysis of tamnish films in three different en-
vironments indicates that the overall film consisted of only
silver sulfide covered by adventitious carbon, adsorbed
water and possibly adsorbed oxygen and (OH)ag. The solid
film phase detected by XPS did not same as silver sulfate,
the thermodynamically predicted phase in Ag-H»S-O- or
Ag-HS-00-HaO ( 4G g, 50,{ 4G p,s)- T. Kuhn and

G.H. Kelsall” reported that the discrepancy was explained
by the large activation barrier for transition from silver
sulfide to silver sulfate. However, it could not explain the
following results: (a) the presence of sulfite on the surface
after exposure in low humid environments in Fig, 2, (b)
the presence of sulfide only after exposure in high humid
environments in Fig. 1-(c). The adsorbed water is reported
to play an important role fo transport species on sui-
face.” "' In other words, the adsorbed water makes it easy
to move species so that more silver ion can be fed across
the film in Fig. 8 if the tarnish rate is controlled by the
transport of silver across the film. The assumption men-
tioned just before can be justified the following facts: (a)
the film growing parabolically in Fig. 5, (b) silver sulfide
being a good electronic conductm as well as an good ionic
conductor (ie., }ngz()fle QOlem’ ;anvg~]O o'l ),17) )

Ag Ag

Fig. 8. The tarnish process of silver exposed to humid air (high
R.H.) containing HaS'°
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(c) silver is a dominant species for ionic conduction due
to higher diffusivity,w)’zo) (dy the uniform growth
according to FESEM observation. Hence, the surface
coverage of water increases the effective anodic area so
that the oxidizing power decreases. This proposal gives
a key to explain the presence of sulfite after low humid
exposure but no detection of sulfite after high humid
exposure. In addition, the stable solid phase (AgsS,
AgS0y) depending on potential as shown in Fig. 6 is
agreed with the proposal and XPS results.

Considering measurements of tarnish rate in environ-
ments without oxygen in Fig. 4-(c), silver and hydrogen
sulfide in high humid environments, reacts each other as
follows and the film uniformly grows in Fig. 8:

Anodic reaction (at m/f interface):
Ag — Ag + ¢ E = -225mV (7N

Cathodic reaction (at f/s interface):

12H,0 + 1/40; + ¢ — OH E = 804mV 8)

Overall reaction:
2Ag + HS + 1720, — AgS + H,O 9

In this study, the tarnish rate was not measured unfor-
tunately in real dry environments so that the effect of water
on the tarnish rate like oxygen is not known. However,
the tarnish rate is thought to be much smalier.

It was explained with QOakes's proposalzl) that silver
could not be oxidized by molecular oxygen, but by atomic
oxygen. However, low tarnish rate in real dry environ-
ments is more reasonably supposed to be necessary to
transport reactive species on surface in Ag-H,S unlike
Ag-H,5-NO» system. R

5. Conclusions

From the calculation of phase equilibrium, XPS analysis
and weight measurements, the tarnish process of silver is
an electrochemical process in an bulk agueous solution,
where oxygen is reduced to hydroxide, and oxidized silver
(Ag") reacts with dissociated hydrogen sulfide to form
silver sulfide, and a growth process of sulfidation film
which silver ion or sulfide is transported across. The
adsorbed water provided a role of media for transporting
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dissolved species such as hydroxide and dissociated
hydrogen sulfide and a site for electrochemical reaction
to enhance tarnish rate.
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