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Abstract

The precipitation and growth of AgCl on silver in physiological NaCl solution were investigated.
AgCl was found to form at bottom of scratches on the surface which may be the less effective sites
for diffusion or the favorable sites for heterogeneous nucleation. Patches of silver chloride
expanded laterally on the substrate until a continuous film formed. The ionic transport path
through this newly formed continuous film was via spaces between AgCI patches. As the film
grew, the spaces between AgCl patches closed and ion transport was primarily via micro-channels
running through AgCI patches. The decrease of AgCl layer conductivity during film growth were
attributed to the clogging of micro-channels or decrease in charge carrier concentration inside the
micro-channels. Under thin AgClI layer, i.e. on the order of a micrometer, the dissolution of silver
substrate was under mixed activation-Ohmic control. Under thick AgCl layer, i.e. on the order of
tens of micrometers, the dissolution of silver substrate was mediated by the Ohmic resistance of
AgCl layer.

Introduction

Growth of silver chloride on silver substrate in chloride environment has been studied by
many researchers due to the widely use of Ag/AgCI electrode in laboratories as secondary
reference electrode [1-2], in sea water activated batteries as well as in dry batteries [3-6],
and the application of the system for modeling of porous electrode [7-8]. The interesting and
useful behavior of Ag/AgCl electrode is partly attributed to the high reversibility of Ag/Ag+
system in chloride environments [3,9], however this behavior makes this noble metal prone
to corrosion in chloride environment.

The oxidation of silver in chloride containing solution resulting in the formation of AgCl
film has been reported in a number of studies [6,10-17]. The reaction can be expressed as:
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Ag+Cl =AgCl+e”

and the half cell potential follows a Nernstian behavior:
E=-0.015-0.059 log[Cl"](Vyy) 1)

A precursor monolayer of AgCI was reported to be formed at potentials below the
thermodynamic Ag/AgCl reversible potential [10,14-15]. The formation of the monolayer
AgClI follows an adsorption-desorption mechanism. At a certain overpotential more positive
than the Ag/AgCl reversible potential, multi-layer AgCl grows laterally via nucleation and
growth [6]. Gradually a thick AgCl film was observed on silver electrode at longer exposure
time [16-17].

Morphology of non-continuous AgCI patches was described having rounded smooth
surfaces without manifestation of any crystal orientation [18]. The thickness of the non-
continuous layer is fairly constant, and is less than 0.5 um. The top view of the continuous
AgCI film is comprised of dense, fine particles [6,18]. At longer anodic polarization
exposure, the morphology of AgCl top layer changes to a mosaic structures [6]. Several
attempts have been made to characterize the inner structure of the continuous AgCl layer
with various cross sectioning techniques including mechanical polishing followed by
etching [17], sharp scalpel cutting [6] and breaking by liquid N, [17]. However details of the
inner structure of AgCI layer were not available and in many cases were reported with
speculations.

The growth of continuous AgCI film under galvanostatic condition results in a shift of the
applied potential to the more positive direction. This behavior is attributed to the Ohmic
resistance of the AgCl layer [11]. Depending on the magnitude of the applied anodic current
density, the growth of AgCl follows either a low field or a high field or a mixed low and
high field conduction mechanism. The low field conduction mechanism takes place at low
current density range (< 10 mA/cm?) in which AgCl film is thought to be porous and AgClI
exhibits extrinsic conductivity, i.e. Ohmic conduction via pores [11]. However, no attempt
has been made to characterize the morphology, the size, the density of these pores or to
examine the solution concentration inside the pores. The high field conduction mechanism
takes place at high current density range (> 100 mA/cm?) in which AgCl exhibited intrinsic
conductivity, i.e. exponential relationship between current density and potential [11]. A
mixed conduction mechanism can occur at intermediate current densities.

Transport of ions through the corrosion product layer is essential for continuous corrosion
[19]. In the case of silver oxidation and formation of AgCl, the dominant charge carrier
inside the AgCl layer is still controversial. Some researchers claimed that Ag* is the main
charge carrier inside the micro-channels through AgCl layer [6] while some others
suggested both Ag* and CI~ contribute to the transport process [17]. Beside the charge
carrier, the physical properties of the AgCl layer also play an important role on the transport
process. As the AgCl layer grows thicker, diffusion and migration through this layer become
more difficult due to the lengthening of the transport distance and/or the decrease of the ion
concentration inside the micro-channels. The formation of a thick AgCl layer with high
Ohmic resistance on the silver surface as the consequence of corrosion is likely to slow the
rate of the silver dissolution. However, the inter-relationship between the AgCl structure, the
resistivity of AgCl layer, the transport process through this layer and the silver dissolution
kinetics in chloride environments was not addressed in the literature.
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The objective of this work is to examine the growth of AgCI layers on silver, and its effect
on silver dissolution in 9 g/L NaCl solution which is more diluted than the concentration
commonly used in the previous studies. The thick AgCI layers were grown by
potentiodynamic and galvanostatic polarization in CI~ solution. The morphology and crystal
structure of thick AgCl layers were characterized with scanning electron microscope (SEM),
X-ray energy dispersive spectroscopy (XEDS) and X-ray diffraction (XRD). The inner
structure of the AgCI layers were characterized with focused ion beam (FIB) and SEM. FIB
provides the ability to cut the AgCl layer at high accuracy giving a smooth cross section that
can not be obtained with conventional mechanical methods. The Ohmic resistance of the
AgCl layer was measured by electrochemical impedance spectroscopy (EIS). The effect of
AgCI corrosion product layer on the kinetics of silver dissolution was studied in terms of the
structure, thickness and conductivity of AgCI layer. A mathematical model is presented in a
separated paper. The results are relevant to the dissolution and release of silver in
biomedical applications [20-21].

Experiments

Specimens and electrochemical cell

Silver wires of 99.9% purity with 0.5 mm diameter supplied by Alfa Aesar (Ward Hill, MA)
were used in this study. Physiological saline solution of 9 g/L NaCl was prepared from
experimental graded crystalline NaCl (Fisher Chemical, Fair Lawn, NJ) and de-ionized
water. This solution is commonly used in corrosion tests of biomaterials. A saturated
calomel electrode (SCE) and pure Pt wire were used for reference and counter electrodes,
respectively. The test cell setup followed a 3-electrode configuration.

Specimens for AgCl formation were 0.5 mm-diameter silver wires of 2 cm long. The silver
wires were ultrasonically cleaned in methanol prior to each experiment. Further cleaning
was done by cathodic polarization at —1.0 Vgcg for 10 minutes. To observe the formation
and growth process of AgCl on Ag substrate, the Ag wire specimens were polarized from a
cathodic potential of —0.50 Vscg to final anodic potentials varied from —0.04 Vgcg up to
+0.60 Vg with a scan rate of 0.5 mV/s.

Specimens for AgCl Ohmic resistance measurement were 0.5 mm-diameter silver wires. The
wires were wrapped in adhesive-line polytetrafluoroethylene (PTFE) heat shrink tube. The
cross section of the silver wire was polished with 600 grit silicone carbide paper and
ultrasonically cleaned with methanol. Then, the wire was pulled inside the tube to form a
cylindrical cavity of 0.5 mm diameter and 1 mm depth. The purpose of this treatment was to
help the formation of a uniform AgCl layer rather than a mushroom cap on top of the Ag
wire cross section as observed on flush mounted sample [22]. To obtain AgCl layers with
different thicknesses for resistance measurement, the specimens were anodically oxidized to
pass different amounts of charges up to 10 C/cm? at different applied current densities of
0.1,0.2,0.5, 1 and 2 mA/cm2,

Characterization of silver chloride layer

The morphology of AgCl formed on the specimens was observed with a Hitachi S4500
field-emission scanning electron microscope (FE-SEM) (Hitachi, Ltd.). The chemistry and
structure of the layer were examined with a Noran X-ray energy dispersive spectrometry
(XEDS) incorporated with the FE-SEM and a Scintag X-1 advanced X-ray diffractometer
(XRD) (Scintag, Inc.) using Cu (Ka) AgCl layer was observed with SEM after cross
sectioning the layer with a dual-beam focused ion beam (FIB) Nova Nanolab 200 (FEI
Company). A thin Pt layer of 1 um was deposited on top surface to protect the AgCl layer
during cross sectioning. An ion beam of 30 kV and 7 nA was used for cross sectioning, and
an electron beam of 5 kV and 0.4 nA was used for SEM imaging. The illumination time was
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minimized for both cross sectioning and imaging activities to avoid decomposition of AgCl
under energized beams.

Ohmic resistance measurement of AgCl layer

The resistances of AgCl layers formed after passing different amounts of coulombs were
measured with electrochemical impedance spectroscopy (EIS) using a Gamry FAS2
femtostat (Gamry Instruments). The impedance was measured by applying a 10 mV
oscillation perturbation and sweeping frequency from 100 kHz to 1 Hz to minimize the
effect of EIS measurement on AgCl thickness. The value of the AgCl layer resistance was
taken as approximately the impedance value at 100 Hz when the phase shift angle between
the response current and the applied potential was ca. —1 °.

Potential-pulse experiment

Results

The effect of the AgCl layer on silver dissolution Kinetics was examined with potential-pulse
experiments. A AgCl layer was grown on a heat shrink tube wrapped silver wire specimen
as mentioned earlier by galvanostatic polarization at a current density of 1mA/cm? for
1000s. Potential pulses with the pulse duration of 1s were applied using a Solartron 1280B
Electrochemical System (Solartron Analytical). The potentials were increased from an initial
value of 100 mVgcg with a step of 100 mV and the response current was recorded.

Precipitation and growth of AgCl

A representative current vs. potential curve during the potentiodynamic polarization
experiment is shown in Figure 1. The anodic behavior of silver was characterized by a low
anodic current density at the potentials near the corrosion potential followed by an abrupt
increase at a potential of ca. +0.05 Vgcg. To observe the formation and growth of AgCl on
the silver surface, the polarization was terminated at different anodic potentials of —0.04,
+0.04, +0.06, +0.08, +0.15 and +0.60 V¢ as indicated in the figure.

SEM micrographs showing the morphologies of the specimens after polarization are
presented in Figure 2. At the terminated anodic potential of —0.04 Vscg the anodic current
density was ca. 8x10~7 A/cm2. The SEM micrograph of the specimen after polarization
(Figure 2a) shows a surface free of AgCI. At the anodic potential of +0.04 V¢, the anodic
current density increased to ca. 1.3x1078 A/cm2. The morphology of the polarized specimen
terminated at +0.04 Vgcg (Figure 2b) was featured by particles with size of less than 100 nm
scattered over the surface. The anodic current density increased significantly at the potential
of +0.06 Vg to ca. 1.2x107> A/cm?. Clusters of 100 nm size particles were observed on
specimen at this terminated potential (Figure 2c). At +0.08 Vscg, the current density was ca.
1.8x1073A/cm?, and the specimen surface after polarization was covered with patches of
non-continuous corrosion product film. During growth, the patches expanded laterally to
cover the silver substrate more than growing thicker from the surface. A preferential
expanding direction was observed that followed the scratch direction on the surface (Figure
2d). At higher anodic overpotentials, the current density did not increase but stayed at the
higher magnitude on the order of 1073 A/cmZ2. The surface of specimen after polarization
was covered with a continuous layer as shown in Figure 2e and Figure 2f.

Structure of AgCl layer

An XEDS spectrum taken from a patch on the specimen polarized to +0.08 Vgcg is shown
in Figure 3. Silver and chlorine were detected. In addition, an XRD pattern of the corrosion
product formed on the specimen after polarization to +0.60 Vscg is shown in Figure 4. The
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crystalline peaks in the XRD pattern were identified as AgCl with fcc structure
(PCPDFWIN software Version 2.1, International Centre for Diffraction Data).

The morphologies of the non-continuous and continuous AgCl layers grown by
potentiodynamic polarization are shown in Figure 5. AgClI patches in the non-continuous
layer had rounded edges (Figure 5a) and tended to expand laterally rather than thickening. In
the continuous AgCI film formed after potentiodynamic polarization to +0.15 Vscg (Figure
5b) the top layer was comprised of rounded particles with size of less than 1 um. Spaces
between AgCI particles can be seen in the SEM micrograph. The top layer of the continuous
AgCI film changed to irregular-shaped grains at the terminated polarization potential of
+0.60 Vgcg (Figure 5¢). The spaces between AgCl grains were not observed, and instead
micro-channels running through the grains can be seen from the top surface.

The inner structure of a thick, continuous AgCl layer was examined by cross sectioning in
the direction vertical to the substrate surface with FIB followed by SEM observation. The
SEM micrographs of the cross sections are shown in Figure 6a and Figure 6b. Figure 6¢
shows a cross section of the AgCI layer in the direction parallel to the substrate surface after
removal part of the layer by ultrasonic cleaning. AgCl grains of several micrometers were
observed in Figure 6a. Some micro-channels running from the top surface through the grains
into deeper layers were also observed in Figure 6a and Figure 6¢. The micro-channel in
Figure 6a indeed penetrated deep into the AgCI layer, however due to the tortuosity of the
channel, only a portion of it was observed in the present cross section. After ca. 20 s
exposure under electron beams, the AgCI grains were quickly decomposed creating a porous
nanostructure with the pore size of approximately 100 nm (Figure 6b). The decomposition
of AgCl to silver under the illumination of energized beams is well known and is utilized in
photography. No significant delamination at the Ag/AgCl interface was observed in Figure
6b. To maintain such adherent interface during continuous dissolution of the silver substrate,
AgCIl must be formed at the bottom of the AgCl layer.

The Ohmic response behavior of silver dissolution underneath AgCl layers

To examine the dependence of silver dissolution currents on applied potentials with the
existence of a continuous AgCl layer, potentiostatic step experiments were performed. The
thickness of the AgCl layer after passing 1 C/cm? was approximately 20 um. Figure 7 shows
the relationship between the anodic current density and the overpotential during the
potentiostatic step experiment. The overpotential was calculated with the assumption that
the potential of the silver electrode underneath the AgCI layer was equal the Ag/AgCl
reversible potential of +0.033 Vgcg in 9 g/L NaCl solution as obtained from equation 1. For
a large range of applied potential from +0.1 to +2.0 VgcE, the response current density
followed a linear relationship with overpotential indicating the dissolution of silver
underneath a thick AgCl layer was under Ohmic control as discussed below.

Ohmic resistance of AgCl layer

The resistances of the AgCl layers grown by galvanostatic polarization experiments were
measured by EIS at different AgCI thickness during the experiments. Figure 8 shows a
typical potential vs. time curve during galvanostatic polarization experiments. The potential
at the oxidizing electrode increased with time. Potential fluctuations were observed in all
experiments; however, the events occurred at different times and lasted for different
durations depending on the applied current density. This behavior has been observed by
others [17]. One notable behavior is that despite the intermittences of the galvanostatic
experiments for EIS measurements, the overall potential vs. time curves was smooth. The
arrows in Figure 8 indicate the times of interruption during the galvanostatic experiment.
The inset in Figure 8 shows a segment of the potential vs. time curve in which two

Electrochim Acta. Author manuscript; available in PMC 2012 February 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ha and Payer

Page 6

interruption events for EIS measurement took place. The restoration of the potential to the
value before the interruption for EIS measurement, even during oscillation period, indicates
the strong dependence of the potential on the physical properties of the AgCI layer itself
rather than on time dependence processes such as diffusion, at least in the time scale of the
experiments. The smoothness of the overall potential vs. time curves indicated the
alternation between galvanostatic and EIS experiments had negligible effect on the
galvanostatic experiments.

The resistances of the AgCI layers formed during galvanostatic experiments at different
current densities were measured by EIS. Figure 9 shows the dependence of the AgCl layer
resistance on the amount of coulombs passed per unit area on the silver electrode during the
formation of the AgCl layers at different applied anodic current densities of 0.1, 0.2, 0.5, 1
and 2 mA/cm?. The AgCl resistances increased with the coulombs passed per unit area or
corresponding as the resistance increased with the thickness of the AgCl layer. However, the
resistance of the AgCl layer was not dependent on the magnitude of the applied current
density under which it grew. Compared to the resistances of thin AgCl layers, the resistances
of thicker AgCl films grown under different current densities were more scattered.

Discussion

Formation and growth of AgClI

The formation and growth of AgCI on silver substrate in 9 g/L NaCl solution was studied
during potentiodynamic polarization. At small anodic overpotentials, the anodic current
density was small, i.e. the concentration of dissolved Ag+ in the solution was small, and no
AgCl was observed on the silver substrate (Figure 2a). As the anodic current density
increased due to higher anodic overpotential, the solution near the silver surface became
more concentrated with Ag*. Precipitation of AgCl occurred when the solution saturated
with Ag*. AgCl particles with size of less than 100 nm were observed at the current density
of ca. 1.3x107%A/cm? (Figure 2b). AgCl patches expanded laterally at higher anodic
overpotentials and current densities with preferential directions along scratches on the
surface. This may be due to a higher extent of Ag* supersaturation at the scratch bottom or a
decrease in the free energy for nucleation at these heterogeneous sites. However, no further
study was conducted to elucidate this speculation.

When patches impinged and AgCl formed a continuous layer on the silver substrate, the
layer started thickening. Spaces between AgClI particles were visible at this period (Figure
5b). The spaces between AgCl particles are likely to be the primary route for the ionic
transport between the dissolving silver electrode and the electrolyte during this early stage of
film growth. As the AgClI layer thickened, the spaces between the AgCl particles were
closed (Figure 6a), and the ionic transport via this route was limited. In addition, the field
strength through AgCl layer was estimated on the order of 103 VV/cm, thus intrinsic
conduction via solid AgCl layer by high field mechanism was ruled out. Therefore micro-
channels running through the AgCl particles are likely to be the main conduction path at this
later stage. Figure 10 summarizes the growth of AgCl patches and the evolution in the
structure of AgCl layer.

The change in the morphology of the AgCl top surface and the adherence of the AgClI layer
to the silver substrate indicates that the formation of AgCI occurred at both the top and
bottom of the AgCl layer. This observation implies that there must be transport of Ag* from
the silver substrate toward the electrolyte and CI™ from the electrolyte toward the silver
electrode to support the continuous formation of AgCl. In the newly formed, continuous
AgCl layer, Ag* and CI~ ions may be transported via pores between the AgCl particles.
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However, in thick AgCl layers, micro-channels through AgClI are likely to be the main path
for ionic transport.

The effect of the AgCI corrosion product layer on limiting the corrosion of the silver
substrate has been reported [22]. This effect of the AgClI layer is due to the retardation of the
ionic transport through the layer. Transport of ions in an electrolyte can be due to a
concentration gradient (diffusion), to an electrostatic field (migration), or to a bulk fluid
motion (convection). During silver dissolution and AgCl growth, convection inside the
micro-channels is negligible, therefore it does not affect the dissolution current of silver.
Nevertheless, the process can be under diffusion control or Ohmic control or mixed
diffusion-Ohmic control.

The appearance of a constant current density at the high potential ranges during
potentiodynamic polarization experiments (Figure 1) mimics the behavior of a limiting
current density in diffusion controlled regime. The limiting current density, i, is calculated

by:
. zDFC,

l,=

P a-1)6 @

where z is the valence of the charge carrier; D is the diffusivity of the charge carrier (cm?/s);
F is the Faraday constant (F=96500 C/mol/equivalent); Cy, is the concentration of CI™ and
Na* ions in the bulk or is the concentration Ag™ cation at the silver electrode (mol/cm3); t, is
the transport number of the charge carrier; and ¢ is the diffusion layer thickness (cm).
During potentiodynamic polarization experiments, the thickness of the AgCl layer increased
and therefore the diffusion layer thickness associated with the micro-channels also
increased. Hence, if the process was under diffusion control, the limiting current density
calculated by equation 2 would decrease during the course of the potentiodynamic
experiment rather than kept a constant value.

The argument that the dissolution of silver after the formation of a continuous AgCl layer is
under Ohmic control is needed to be examined. This argument implies that (i) if the
resistance of the AgCl layer is constant, the rate of the silver dissolution will increases
proportionally with the overpotential and (ii) if the anodic dissolution current is controlled at
a constant value, the overpotential at the electrode will increase proportional to the AgCl
resistance.

The results of the galvanostatic step experiments are shown in Figure 7. In these
experiments, the pulse duration was chosen as 1 s to minimize the change in the AgCl
thickness. Thus, the resistance of the AgClI layer is considered constant during the test.
Figure 7 shows that the dissolution current of silver indeed increased linearly with the
overpotential. Extrapolation of this data crosses the origin in the i vs. overpotential plot.
These experiments validate point (i).

Point (ii) is validated by the galvanostatic experiments. During these experiments, the
thickness of the AgCl layer increased, and so did the resistance of the layer. An increase in
the overpotential was observed in Figure 8 as the result of an increasing AgCl layer
resistance. Furthermore, the restoration of the overpotential to the value before the
interruption time for EIS measurement indicates the strong dependence of the overpotential
on the resistance of the AgCI layer. Quantitative examination of this point will be performed
after the conductivity of the AgClI layer is analyzed in the section below.
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lonic conductivity of the electrolyte inside the micro-channels

The resistance vs. coulombs passed per unit area curves in Figure 8 shows that the resistance
of the AgClI layer increased approximately linearly with the coulomb passed to a certain
thickness from which the resistance increased at a faster rate. Assuming that the micro-
channels were the main ionic transport path through the AgCl layer, the dependence of the
AgCl layer resistance on the coulombs passed can be explained as the result of the
lengthening of the micro-channels and/or the thinning or restriction of some of the channels.
The resistance of the AgCl layer, R, is calculated from the film thickness, x, by:

:,B-x l Q)

R
AlllCKlllC N (3)

where f is a structural factor representing the increase in the ionic transport distance due to
the tortuosity of the micro-channels (5> 1); Ay is the average cross-section area of the
micro-channels (cm?); K is the conductivity of the electrolyte inside the micro-channels
(S/ecm); and N is the number of the micro-channels running through the AgCl layer. As the
film thickened, the ionic transport distance in the micro-channels increased proportionally
with the film thickness. If the conductivity of the electrolyte inside the micro-channels does
not change, and if the structural factor and the number of the micro-channels are constant,
the resistance of the AgCl layer will increase linearly with the film thickness. These
conditions are more likely to be met during a short time of AgClI growth, i.e. when the
thickness of the AgCl layer is thin. Therefore a linear relationship was observed in the R vs.
q curves at low q regions (Figure 9).

For longer times, the precipitation of AgCI inside the micro-channels might occur if the
saturation condition was met. Precipitation of AgCI was observed at both Ag/AgCl and
AgCl/solution interfaces. Therefore it is likely that AgCl also precipitates inside the micro-
channels. Thus, the radiuses of the micro-channels are likely to decrease with time which
resulted in a reduction of the micro-channel cross-section area, Ayc. Eventually some of the
channels might be blocked and the number of micro-channels, N, decreased. In addition, the
formation of AgCl at the Ag/AgCl interface and inside the channels consumed CI~ and Ag*
and decreased the concentration of CI~ and/or Ag™ ions inside the channels, i.e. a decrease
in the conductivity of the electrolyte inside the micro-channels, K. Either the decrease in
Ame, N or Kic leads to a faster increase in the resistance of the AgCl layer, and the R vs. g
curve deviates from a linear relationship.

To estimate the concentration of charge carriers inside the micro-channels, the conductivity
of the electrolyte inside the micro-channels is calculated from Equation 3. The AgCl layer
formed after passing 6 C/cm? is chosen for this estimation. Assuming that all dissolved Ag*
cations precipitated as AgCl, Faraday’s law gives:

my,,=A-x- ——MA‘QU . 49
AgCl N pA_E('/ ) F (4)

where magc is the mass of AgCI (g); A is the surface area of the electrode (cm?); x is the
thickness of the AgClI layer (cm); pagci is the density of the AgCl layer (glcmd); Magcl IS
the molecular weight of AgCI (g/mol); n is the number of electron transferred in the silver
dissolution reaction (n = 1); q is the number of coulomb passed per unit area (C/cm?); and F
is the Faraday’s constant (F = 96,500 C/mol/equiv). Therefore, the thickness of this layer is
calculated by:
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nkF Pagar (5)

_n_F pAp(‘] R A,"CN (6)

From Figure 9, the resistance of the AgCl layer after passing 6 C/cm? was ca. 200 kQ. The
number of the micro-channels and the average cross-section area of the micro-channels were
estimated from the SEM micrographs which gave approximately 14,400 channels and
0.5%1078 cm? cross-section area on the entire sample surface of 2x1073 cm2. Then, the
micro-channels accounted for ca. 4% volume fraction of the AgCl layer. The tortuosity of
the micro-channels was assumed to increase the transport distance by a factor of two, i.e. f =
2. The molecular weight and the density of AgCI was taken as 143.5 g/mol and 5.56 g/cm3,
respectively [23]. Substitution of the numerical values into Equation 6 yielded Ky =
2.15x107* S/cm.

The concentration of the charge carriers inside the micro-channel was estimated using the
relation:

ch:Z/i/‘ZjCj
J

where j represents the charge carrier species of interest; J; is the equivalent ionic
conductivity of the species (S.cm2/mol); zj is the charge of the species; and Cj is the
concentration of the species (mol/cm3). In micro-channels, it is likely that Na* and CI~ are
the dominant charge carriers. The equivalent ionic conductivity of Na* and CI~ ions are 50
and 76 S.cm?/mol, respectively [24]. Thus, Equation 7 can be rewritten as:

2.15-107*=50C,,. +76C.. @)

This expression indicates that the concentrations of Na* and CI~ inside the micro-channels
were on the order of 1076 mol/cm3. This concentration is approximately 100 times more
diluted than the concentration of these ions in the bulk solution which is ca. 1074 mol/cm?3.
The concentration of Ag* in the micro-channels is limited by the solubility product of AgCl,
Ksp, Which is represented by:

c

Ag+

-Cy < KXP 9)

At room temperature, the solubility product of AgCl is 1.8x10716 (mol2/cm®) [23]. If the
concentration of CI~ was on the order of 1076 mol/cm?3 as calculated earlier, the
concentration of Ag* in the micro-channels was on the order of 10720 mol/cm3 or smaller.

The apparent conductivity of the AgCl layer

In addition to the conductivity of the electrolyte inside the micro-channels, another
important parameter is the apparent conductivity of the AgCl layer. Based on the resistance
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of the AgClI layer measured from EIS, the apparent conductivity of the AgCl layer, K, is
calculated by:

R-A (10)

where x is the thickness of the AgCI layer (cm); R is the resistance of the AgCl layer (Q);
and A is the surface area of the electrode (cm?). The thickness of the AgCl films was
calculated from Equation 5. The resistance of the AgCl layer at different coulombs passed
per unit area was taken from EIS measurements.

The apparent conductivity of the AgCl layer calculated at different charge passed per unit
area is shown in Figure 11. A trend of decrease in the apparent conductivity as the film grew
thicker was observed. After passing an amount of 10 C/cm?, the apparent conductivity of the
AgCl layer was approximately 2x10~6 S/cm which was 10 times lower than the conductivity
of the film after passing 2 C/cm?2. The apparent conductivities obtained in this study are
consistent with the values of the AgCI conductivities reported in the literature and as
summarized in Figure 12 [6, 11, 25]. The decrease in the AgCI apparent conductivity with
the film thickness supports the hypothesis of either decrease in the number of micro-
channels, the restriction of some of the channels or the decrease of the charge carrier
concentration inside micro-channels as the film grows.

The effect of the continuous AgCl layer on the silver dissolution mechanism

As the apparent conductivity of the AgCl layer decreases with the thickness, the transport
via this layer becomes more difficult. The continuous increase of the applied potential to
pass the same amount of current in the galvanostatic experiment is due to this effect. The
applied potential, V, is expressed in terms of the electrode potential, E?, the anodic
activation overpotential, 7,2, the anodic concentration overpotential, 7%, and the Ohmic
overpotential, no, by:

V=E"4n,"+1."+n0 (11)

The Ohmic overpotential at the silver electrode is mainly due to the Ohmic resistance of the
AgCl layer. Thus, during galvanostatic experiments, the Ohmic overpotential is expressed
by Ohm’s law:

K (12)

nF pua K (13)

The galvanostatic polarization experiments were performed at applied current densities of
0.1,0.2, 0.5, 1 and 2 mA/cm2. The values of the apparent AgCl conductivity after passing
different charge per unit area were calculated earlier.

Figure 13 shows the overpotential vs. time curves during galvanostatic polarization
experiments calculated from Equation 13 plotted in the same graph with the experimental
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data. In all cases, the calculated curves resembled the experimental data with some offsets.
This indicated the dominance of the Ohmic overpotential through the AgCI layer during the
dissolution of the silver electrode beneath thick AgCl layers. For instance, the Ohmic
overpotential after 4 hours at the applied current density of 0.5 mA/cm? (Figure 13c) was
accounted for ca. 80% of the measured potential. At the applied current densities of 1 and 2
mA/cm?2, some deviation in the slopes of the calculated curves from the experimental curves
toward the ends of these experiments was observed and may be due to the change in the
ionic conduction mechanism through the AgCl layer from extrinsic to an intrinsic one. At
these high applied current densities and therefore high overpotentials, the conduction via
micro-channels was complemented by high field conduction in AgCl solid phase as
observed by others [25].

Figure 13 also shows that there are offsets between the calculated overpotentials and the
measured potentials. These offsets are the sum of the electrode potential, the anodic
activation overpotential and the anodic concentration overpotential as indicated in Equation
11. The offsets between the calculated overpotentials and the measured potentials were
measured at the time when 2 C/cm? has been passed, i.e. at the first EIS measurements.
Figure 14 shows the dependence of the offset values on the applied current density in the
galvanostatic experiments. A linear relationship between the offset values and the applied
current density was observed. This finding indicates that beside the Ohmic drop through the
AgCl layer, another current dependence factor contributed to the overall overpotential at the
silver electrode at the beginning of the experiments, i.e. when the AgCl layer was thin.

From Equation 11, the offset values can be expressed as:

Of fset=E“+n,"+n." (14)

The concentration overpotential for the anodic reaction is expressed by:

RT ]

i (15)

In the above equations, R is the gas constant (R = 8.314 J/mol.K); T is temperature (K); iq is
the exchange current density of the silver dissolution reaction (A/cm?); and iy is the limiting
current density of the silver dissolution reaction (A/cm?). Equation 15 does not indicate an
overpotential limit, unlike the one for the cathodic reaction. At the anode, insufficient
diffusion does not cause depletion of the reactant in the solution but may result in
precipitation at the electrode when the solution is saturated with cations released from the
anodic reaction. If the precipitation forms an insulation layer, the current will be physically
limited unless the layer is porous. In the situations considered here, since the AgCI deposit
remains porous, the anodic concentration overpotential as indicated in Equation 15 is
negligible. Thus, the anodic activation overpotential is calculated by:

na=0ffset — E° (16)

The value of the electrode potential, E?, is taken as the Nernstian potential of a Ag/AgCI
electrode in 9 g/L NaCl solution (E& = +0.033 V5cg). Therefore, the exchange current
density, io, can be obtained from the Butler-Volmer equation:
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i

exp (%16) — exp (— %5776 (17

ip=

where aj, o are the charge transfer coefficients of the anodic and cathodic reactions,
respectively, at the silver electrode (ag + a¢ * n). Assuming that a4 = a. = 0.5, the value of
the exchange current density for the silver dissolution reaction at the temperature of 298 K
calculated from Equation 17 is summarized in Table 1.

The value of the exchange current density for the Ag/Ag* redox reaction varied over large
ranges depending on the nature of the electrolyte. An extremely high exchange current
density on the order of 1071 A/cm? for Ag/Ag™ redox reaction in perchlorate solutions has
been reported in literature [26-27]. In other cases, the exchange current density in the range
of 1075 to 1073 A/cm? for the silver electrodeposition in cyanide electrolyte has been
reported [28-30]. However no value was found for the reaction in diluted NaCl solution.

Since the concentration overpotential in the situation considered here is negligible, the
measured potential given in Equation 11 can be rewritten as:

X
V=E+= . i+
g T (18)

This expression indicates the contribution of the Ohmic overpotential and the activation
overpotential on the dissolution kinetics of silver. When AgCl is a non-continuous layer, the
value of the second term in Equation 18, which represents the Ohmic overpotential, is small
in comparison with the third term, which represents the activation overpotential, therefore
the activation overpotential is dominant and determines the dissolution current. When the
AgCl is a thin, continuous layer, e.g. after 1 hour at i = 0.5 mA/cm2, the second term and the
third term in Equation 18 are of the same order, therefore the dissolution of silver is under
mixed Ohmic-activation control. After a long time when the thickness of the AgCl layer
becomes large, e.g. after 4 hours at i = 0.5 mA/cm?, the second term in Equation 18
dominates the last term. Thus, after a long enough time, the activation overpotential
becomes negligible, and the silver dissolution is under Ohmic control.

Conclusion

The precipitation and growth of AgCl on a silver substrate in physiological 9 g/L NaCl
solution were investigated. AgCI particles nucleated at the bottom of the scratches on the
surface which may be less effective sites for diffusion or favorable sites for heterogeneous
nucleation. The particles grew to patches which expanding laterally on the substrate until
forming a continuous film. lonic transport through the newly formed continuous AgCl film
was via the spaces between the AgCI grains. As the film thickened, the spaces between the
AgCI grains were closed and the ionic transport was mainly via micro-channels running
through the AgCl grains. The Ohmic resistance of the continuous AgCl layer restricted the
dissolution of the silver substrate. At high current densities and when the AgCl layer is
thick, the conduction mechanism transitions from extrinsic, i.e. via electrolyte in the micro-
channels, to intrinsic, i.e. via AgCl solid phase.

The micro-channels were accounted for ca. 4% volume fraction of the AgCl layer. The

conductivity of the electrolyte inside the micro-channels was estimated to be on the order of
10~4 S/cm. The concentration of CI~ and Ag* inside the micro-channels was estimated to be
on the order of 1076 mol/cm3 and 10710 mol/cm3, respectively. The apparent conductivity of
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the AgCl layer was on the order of 107 to 107> S/cm and decreased with the film thickness.
The exchange current density of the Ag/Ag* redox reaction in 9 g/L NaCl was ca. 1.3x1074
Alcm?,

In the current density range from 0.1 to 2 mA/cm2, the concentration overpotential at the
silver electrode was negligible. When the AgCl is a non-continuous layer, the dissolution of
silver is under activation control. When the AgCl layer is thin, i.e. on the order of several
um, the dissolution of silver is under mixed control of Ohmic overpotential through the
AgCl layer and activation overpotential at the silver electrode. When the AgCl layer is thick,
i.e. on the order of tens of um or thicker, the dissolution of silver is controlled only by the
Ohmic overpotential through the AgCl layer.
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Figure 1.

Current vs. potential curve of the silver wire specimens during potentiodynamic polarization
in physiological 9 g/L NaCl solution. The terminated potentials for preparation of different
AgCl layers are shown in the curve.
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Figure 2.

SEM micrographs showing the morphology of different AgCl layers during formation on
silver surface. The specimens were prepared by potentiodynamic polarization and
terminated at different anodic potentials of (a) —0.04, (b) +0.04, (c) +0.06, (d) +0.08, (e)
+0.15, and (f) +0.60 VgcE.

Electrochim Acta. Author manuscript; available in PMC 2012 February 28.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Ha and Payer Page 17
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Figure 3.

XEDS spectrum of the non-continuous film on the specimen after polarization to +0.08
VscE in the potentiodynamic polarization experiment. The spectrum shows the existence of
Ag and Cl in the corrosion product layer.
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Figure 4.

XRD pattern of the continuous film formed on the specimen after polarization to +0.60
Vsck in the potentiodynamic polarization experiment. The pattern confirms fcc crystal
structure of AgCl layer.
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Figure 5.

SEM micrographs of the surface morphology of different AgCl layers after potentiodynamic
polarization in physiological 9 g/L NaCl solution. The anodic potentials were terminated at
different potentials of (a) +0.08, (b) +0.15 and (c) +0.60 VgcE.
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Figure 6.

SEM micrographs of the cross sections of the AgClI layers grown by galvanostatic
polarization in physiological 9 g/L NaCl solution. The layers were grown at 0.5 mA/cm? to
pass a charge amount of 5 mC/cm?; (a) FIB cross sectioning at top layer showing a portion
of a micro-channel; (b) FIB cross sectioning at Ag/AgCl interface; and (c) a cross-section of
AgCl layer after ultrasonic cleaning to break the top layer.
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Figure 7.

Silver dissolution current density vs. overpotential in potentiostatic step experiments. The
duration of each applied potential was 1 second to minimize the growth of AgClI layer. The
overpotential was calculated with the assumption that the electrode potential is equal the
Nernstian potential of Ag/AgCl in 9 g/L solution, i.e. E? = +0.033 Vg¢E.
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Figure 8.

Potential vs. time curve during galvanostatic preparation of AgCl layer with i = 0.5 mA/cmZ.
The arrows indicate the time when EIS experiments took place. The inset shows a segment
of the E-t curve at a higher magnification.
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Figure 9.

Dependence of AgCI layer resistances on coulomb passed per unit area during galvanostatic
experiments at different applied current densities of 0.1, 0.2, 0.5, 1 and 2 mA/cm?2. The
resistances of AgCl layer were taken as the impedance value at 100 Hz when the phase shift
angle was ca. —1°.
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Figure 10.

Schematics of AgCl growth and the evolution in the structure of AgCI layer during
potentiodynamic polarization in 9 g/L NaCl solution, (a) lateral growth of AgCl patches, (b)
impingement of AgCl patches, and (c) thickening of AgCl layer.
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Figure 11.

The apparent conductivity of the AgCl layers during galvanostatic experiments in 9 g/L
NaCl solution at different current densities of 0.1, 0.2, 0.5, 1 and 2 mA/cm?. The apparent
conductivities were calculated from Equation 10.
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Comparison between the conductivities of AgCI layer obtained in this study and literature
data. The AgCI layers in this study were formed at different applied current densities in

0.154M NacCl solution. The AgCI layers in the literature were formed at different applied
current densities and in different chloride solutions [6,11,25].
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Figure 13.

Calculated and measured potential vs. time curves during galvanostatic polarization
experiment in physiological 9 g/L NaCl solution. The applied current densities were (a) 0.1;
(b) 0.2; (c) 0.5; (d) 1 and (e) 2 mA/cm2. The calculated overpotentials were obtained from
Equation 13.
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Figure 14.
Dependence of the offsets between the calculated and the measured overpotentials on the

applied current densities during galvanostatic experiments.
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Table 1

Summary of the calculated exchange current density

i (mA/cm?) | 722 (V) | io (MA/EM?) | igaveragey (MA/EM?) | Standard deviation
0.1 0.021 0.119
0.2 0.033 0.145
0.13 0.03
0.5 0.053 0.204
1 0.103 0.137
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