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Abstract Thin silver films (100-800 nm) were deposited by
physical vapor deposition (PVD) on yttria-stabilized zirconia
solid electrolyte. The electric percolation as a function of the
film thickness was studied during deposition and annealing
using a two-electrode in-situ resistance measurement tech-
nique. Electrical percolation was achieved in as-deposited
films greater than 5.4+0.4 nm; however, thermal treatment
(550 °C in air) resulted in film dewetting for Ag films as thick
as 500 nm and formation of electronically isolated Ag nano-
particles, as was confirmed by SEM and XPS. In thermally
treated samples, stable electronic conductivity associated with
a continuous percolated network was only observed in sam-
ples greater than 600 nm in thickness. The effect of polariza-
tion on the electrochemical reactions at the three-phase (elec-
trode-gas-electrolyte) and two-phase (electrode-clectrolyte)
boundaries of the electrode was investigated by solid electro-
lyte cyclic voltammetry (SECV) at 350 °C and Pp,=6 kPa.
With the application of positive potential, silver oxide (Ag,0)
was found to form along the three-phase boundary and then
extends within the bulk of the electrode with increasing anodic
potentials. By changing the hold time at positive potential,
passivating oxide layers are formed which results in a shift in
favor of the oxygen evolution reaction at the working elec-
trode. This oxide forms according to a logarithmic rate ex-
pression with thick oxides being associated with decrease in
current efficiency for subsequent oxide formation.

M. Fee - S. Ntais - E. A. Baranova (<))

Department of Chemical and Biological Engineering, Centre for
Catalysis Research and Innovation (CCRI), University of Ottawa,
161 Louis Pasteur, Ottawa, ON K1N 6N5, Canada

e-mail: elena.baranova@uottawa.ca

A. Weck
Department of Mechanical Engineering, University of Ottawa, 161
Louis Pasteur, Ottawa, ON KIN 6N5, Canada

Keywords Silver - Thin film - PVD - Yttria-stabilized
zirconia - Cyclic voltammetry - Percolation

Introduction

Stabilized zirconias are O>~ conductors often used as a solid
electrolyte in solid oxide fuel cells (SOFC) [1], solid electro-
lyte membrane reactors [2], gas sensors [3], electrochemical
promotion of catalysts (EPOC) [4—6], and as a support mate-
rial in heterogeneous catalysis for a variety of reaction systems
[6-10]. Yttria is a common stabilizing species which yields a
mechanically and thermally stable cubic fluorite structured
ceramic with full stabilization and maximum conductivity
occurring at yttria contents between 8 and 15 mol % [11].
Silver deposited on yttria-stabilized zirconia (YSZ) has been
studied as a potential cathode material in SOFCs due to its
high catalytic activity and high oxygen solubility [12]. Unfor-
tunately, due to the low melting point and high volatility of
silver, applications with temperatures greater than 850 °C are
not suited to the thermally unstable silver films [13]. As a
result, intermediate temperature (ca. 200-550 °C) applications
such as micro-solid oxide fuel cells featuring silver have been
studied [1]. In addition to the studied electrochemical behav-
ior, silver has shown interesting catalytic activity for the
epoxidation of ethylene [14—17], selective reduction of NOy
[18], hydrogenation of CO, [19], and methane oxidation [20]
reactions at intermediate temperatures (200—600 °C). Another
promising application of silver film electrode-catalyst is in
EPOC [21-23]. This is a catalytic phenomenon which occurs
in metal or metal oxide electrode-catalysts interfaced with
solid electrolytes. With the polarization of the catalyst-
electrode using small currents (uA) or electrical potentials
(2 V), a pronounced and reversible modification of catalytic
behavior has been observed as a result of the electrochemical
back-spillover of conducted ions from the support into or from
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the catalysts [24]. Catalytic materials found to exhibit this
behavior under polarization must be electronically conductive
and show some intrinsic open-circuit catalytic activity [24].
Because EPOC combines electrochemical and catalytic pro-
cesses at the interfaces, the study of the catalyst behavior
under polarization has been carried out for several systems
using solid electrolyte cyclic voltammetry (SECV) [26-30].
This technique, first developed by Wagner [25], was applied
by Vayenas et al. [26] as a useful tool in studying the solid
electrolyte and catalyst interfaces of EPOC systems, as well as
the three-phase boundary (tpb) between solid electrolyte, cat-
alyst, and the gas phase. It was shown [26] that a measure of
the quantity and location of electrochemically formed oxides
resulting from the back-spillover of O®" species from the
support can be determined through the application of sweep-
ing electrical potentials. At intermediate temperatures (290—
575 °C), this technique has been applied to investigate the
electrochemical behavior of thick platinum electrodes
(5-10 pm) prepared using Pt paste (Engelhard A1121)
[26], thin platinum (880 nm) [27, 28], and nickel (880 nm)
[29] films deposited by sputtering and recently a thermally
decomposed Pd film [30] interfaced with YSZ. However,
since the low control of the microstructure and in some cases
the film composition of paste electrodes may impact the
results of mechanistic studies [31], the use of physical vapor
deposition (PVD) techniques shows a great advantage for
synthesis of metal films of controlled thickness, structure,
and composition [31].

In this work, the detailed study of the electrochemical
behavior of a silver, thin film (800 nm) deposited on YSZ
(Ag/YSZ) using evaporative PVD technique is carried out. To
this end, the cyclic voltammetry (CV) of Ag/YSZ was per-
formed by varying the CV conditions, such as the initial
positive potential of the CV, the hold time at the anodic
potential, and CV scan rate. Based on the experimental results,
the mechanism of formation and location of electrochemically
controlled silver oxides is proposed.

Experimental
Preparation of samples
Preparation of YSZ solid-electrolyte disc

YSZ discs were synthesized by pressing and sintering com-
mercial co-precipitated 8 mol% Y,03—ZrO, powder
(TOSOH-8Y). Powders were placed in a stainless steel die
and pressed at 5,000 psi. This disc was heated in a
CARBOLITE chamber furnace on a zirconia plate at
1,000 °C for 1 h followed by 1,500 °C for 6 h with ramps of
10 °C min ™. The resulting polycrystalline discs measured, 1
18 mm, having densities of greater than 98 % the theoretical
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maximum density and had an ionic conductivity at 350 °C of
1.6+0.2 uS cm ' as measured using Electrochemical Imped-
ance Spectroscopy (EIS). The discs were cleaned by sonica-
tion in acetone (10 min), deionized water (18 MQ cm )
(10 min), and isopropanol (10 min) and then allowed to dry
completely in air.

Deposition of Ag film-electrode

Silver films were deposited into cleaned YSZ disks using
evaporative PVD (BOC Auto306) with resistive heating of
tungsten dimple boats (Kurt J. Lesker) at 2.5x 10> mBar.
Silver slugs (99.99 % metal basis, Alpha Aesar) were heated
in a tungsten boat by the application of an electrical current of
4.5 A until a deposition rate of 0.5 nm s ' was achieved as
measured in-situ with a quartz microbalance thin film monitor
(Edwards, FTM-5). An 800 nm silver film was produced for
cyclic voltammetry studies. For percolation threshold mea-
surement found in “Percolation studies of silver films”, silver
films with five different thicknesses (100, 370, 500, 600, and
800 nm) were prepared on YSZ discs.

Preparation of the electrochemical cell

The 800-nm silver film was deposited with a geometric
surface area of 2.5 cm® using a circular mask. Counter
(geometric area~2.46 cm?) and pseudo-reference (geo-
metric area~0.2 cm?) gold electrodes were painted into
the opposite side of YSZ according to the configuration
shown in elsewhere [32]. Gold wires were connected to
the electrodes with gold paste (Gwent). These wires
were anchored with high temperature ceramic paste
(Aremco, Ultra-Temp 516) into uncoated segments of
the pellet. The cement and gold paste were cured at
550 °C for 1 h in air.

Characterization
SEM

Scanning electron microscopy (SEM) was used to observe
changes in morphology of 100 and 800-nm-thin Ag films as a
result of elevated temperatures and polarization. Imaging was
performed with a JSM-7500F FESEM (JEOL) in lower sec-
ondary electron image (LEI) mode with an acceleration volt-
age of 1 kV, an emission current of 20 pA and working
distance of 9 mm.

Percolation measurements of Ag film
Measurement of the film thickness dependence on ther-

mal stability of silver thin films on YSZ was determined
using in-situ resistance measurements. Silver films were
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deposited on YSZ disk to thicknesses of 100, 370, 500,
and 600 nm with a deposition rate of 0.5 nm s~' and at a
pressure of 2.5x107° mBar. Two electrical connections
to the film were made with gold wires (99.9 % metal
basis, 6=0.3 mm, Alfa Aesar) and small NiCr (80 % Ni,
20 % Cr, Omega Engineering Inc.) clips were used to
make a contact between Ag film and Au wire. A K-type
thermocouple was fixed in the close vicinity to the Ag
film. Percolation measurements were carried out in a
200 mL CSTR-type quartz reactor. A gas mixture
consisting of helium (4.7 grade, Linde) and oxygen (4.7
grade, Linde) was achieved using MKS 1359C mass
flow controllers. The films were treated at 550 °C in
air for the first hour to simulate the pretreatment used
in SECV studies and then cooled to the operating tem-
perature of 350 °C in Py, =6 kPa (Fror=50 mL minfl)
with a balance of He. The film resistances were mea-
sured with an Agilent U1271A data logging multi-meter.

XPS

The X-ray photoelectron spectroscopy (XPS) analysis was
conducted on a KRATOS Axis Ultra DLD with a Hybrid
lens mode at 140 W and pass energy 20 eV using a
monochromatic AlKa (E=1,486.6 eV). In all cases, the
operating pressure in the analysis chamber was less than
1x10° mbar. The deconvolution of the Ag3d peaks was
performed using peaks with spin orbit splitting 6 eV,
respectively, and with an intensity ratio Izq, " /14, » =15
[33]. The binding energy (BE) scale was corrected using
the Cls peak at 284.6 eV as an internal standard. The
accuracy of measurement of the binding energy was +0.1 eV
while that of FWHM was £0.05 eV.

Electrochemical measurements

The electrochemical cell described in 2.1.3 was placed
in a 200 mL CSTR-type reactor made of Pyrex® as
shown elsewhere [27]. Helium (99.997 %, Linde) and
oxygen (99.997 %, Linde) gases were mixed with MKS
1359C mass flow controllers to achieve a total flow of
50 mL min '. Oxygen partial pressure was 6 kPa. The
electrochemical cells were placed under a 50 mL min '
flow of helium during initial heating to limit the forma-
tion of chemical oxides. CV measurements were carried
out with PARSTAT 2263 potentiostat with PowerSuite
software package (Princeton Applied Research) at
350 °C and a scan rate of 20 mV s .

The charge of each peak generated in a cyclic voltammo-
gram can be used to calculate the moles of species involved in
the reaction. For this, a baseline is selected in the cyclic
voltammogram, and the total charge determined (Eq. 1). From

this, the moles can be tabulated using Faraday’s law, given by
Eq. 2.

 AEY
0 = 5 (M
n O,

where Q; is the charge density associated with process i; AE is
the total electrical potential range of the peak; > i is the sum of
the measured currents densities subtracted from a baseline,
ampere per centimeter, for N data points given for a scan rate
of v, volt per second; z is the number of electrons exchanged
per mole of oxidized atomic silver; # is the number of moles of
oxides formed, and 4 is the geometric area over which they
are formed, centimeter squared. The result is expressed as a
mole of oxides produced per geometric surface area of
electrode.

Results and discussion
SEM analysis of Ag/YSZ

Figure 1 shows the SEM micrograph of silver films deposited
on YSZ before and after thermal treatment. As-deposited
100 nm silver film is continuous and dense (Fig. 1a), while
after pretreatment at 550 °C in air and electrochemical polar-
ization at 350 °C in oxygen environment (Po,<20 kPa), this
film dewet and form an array of discontinuous nanoparticles/
islands (Fig. 1b). Increase in the film thickness results in
greater film stability and formation of stable electronically
percolated films, shown in Fig. 1c for an 800-nm film after
polarization at 350 °C. The effect of film thickness depen-
dence on the thermal stability of films was investigated using
in-situ resistance measurements during heating as discussed in
the section below.

Percolation studies of silver films

Since an electronically percolated network is required for
polarization experiments, determination of the critical thick-
ness was achieved using in-situ resistance measurements with
a simple two-electrode system during silver deposition. The
critical thickness of a film is the thinnest at which an electron-
ically percolated network is formed. Figure 2 shows the
change in electrical resistance of thin silver films as a function
of film thickness during deposition. As the film transitions
from isolated islands to percolated network, there is a decrease
in the resistance [34-36] as shown in Fig. 2. Measured at a
constant deposition rate of 0.5 nm s, the critical thickness of
silver films deposited on polycrystalline YSZ was found to be
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polarization experiments at 350 °C

5.4+0.4 nm when the resistance data is fit to a percolation
relation in Eq. 3 [37]:

R~(p—p.)" (3)

However, since metal thin films on oxides are generally
unstable or metastable, thermally induced restructuring is
common [48]. When sufficiently heated, polycrystalline films
undergo simultaneous coarsening and dewetting. Since
dewettting involves atomic transport, the rate of dewetting is
strongly temperature and film thickness dependant [13, 38].
The microstructure of heat-treated thin films was found to be a
function of initial thickness of the film, annealing temperature,
and annealing time [13].

Figure 3 shows the in-situ resistance change in thin films of
various thicknesses as they undergo heat treatment. The re-
sults in Fig. 3 confirm the thickness-dependence of the ther-
mal stability of films. For films thinner than 370 nm, loss of
percolation occurs during the pretreatment stage reflected in a
sudden increase in resistance. At a thickness higher than
600 nm, the increase in resistance during the pretreatment is
less pronounced and remained stable up to 49.5 h (not shown
in Fig. 3). The percolation threshold of silver was shown to be
5.4 nm in as-deposited films on YSZ, but silver only formed
thermally stable, electronically percolated networks above
500 nm at 350 °C with an hour pretreatment at 550 °C in
air. For this reason, an 800-nm silver film was deposited and
found to be stable under the pretreatment conditions and
during polarization tests.
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Fig. 2 In-situ resistance measurements of silver during deposition at a
rate of 0.5 nm s '
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On the microstructure map developed by Simrick et al.,
recently, 800 nm silver films deposited on a single crystal
YSZ heated at 550 °C had microstructures dominated by a
mix of percolated networks and grain growth with small hole
formation [13]. Imaging of the film studied in the current work
(Fig. 1c) shows greater film porosity after heat treatment than
those described by Simrick et al. This increase in porosity can
be attributed to the application of small electrical currents
required to make in-situ resistance measurements. The effect
of electromigration of metal interconnects is well documented
in silver [39]: with the application of an electrical current, a
discontinuity in electrical conductivity is observed at ambient
temperatures in integrated circuits from the electrically driven
migration of metal ions. Taking this into consideration, track-
ing changes to the film microstructure with in-situ resistance
techniques at as opposed to ex-situ imaging techniques may
result in distortion of findings. Given that the application of
such electrochemically percolated thin films interfaced with
YSZ requires the application of small currents, it is worth-
while to investigate the effect of changing the applied current
on the final microstructure of the film.

)

T/°C
I3
3

100 nm
370 nm
500 nm
600 nm

RIQ
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0 100 200 300 400 500 600
t/ min

Fig.3 Effect of film thickness on the thermal stability of thin silver films
a temperature profile b change in film resistance with time
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XPS of Ag/YSZ before and after electrochemical
measurements

Figure 4 shows the XPS measurements for 100 nm silver
samples before and after polarization experiments at 350 °C
at Po,=6 kPa. The lower XPS survey spectrum of Fig. 4a was
obtained on as-deposited Ag/YSZ. According to it, only Ag,
C, and O are present on the surface as expected since the as-
prepared Ag layer is continues and dense. The analysis of the
Ols peak (Fig. 4c) shows the existence of three peaks around
530.7, 532.1, and 533 .4 V. In the literature, there is a debate
concerning the origin of the peak at around 530.5 eV (BE)
in the case of Ag-based samples. Surface science studies using
XPS and TPD have shown that treatment of polycrystalline
silver foils with O, and/or CO, causes the evolution of a peak
at 530.5-530.7 eV [40, 41]. On the other hand, Bao et al. have
attributed this peak to bulk oxygen [42]. Thus, this Ols peak
can be assigned to chemisorbed oxygen, while the existence
of Cls component at around 287 eV (not shown here) implies
that this component can be also related to oxygen atoms of
chemisorbed CO on the Ag layer. The other two O1s peaks are
due to hydroxyl groups and residual water present on the
surface [43, 44]. To this point, we should mention that the
analysis of Ols does not reveal the existence of a component
at~529.5 eV that in the literature has been attributed to surface
oxygen atoms in Ag,0 [45]. The Ag3d XPS peak (Fig. 4e) is
detected at 368.3 eV and exhibits a full width at half maximum
(FWHM) of 0.65 eV (Ag3ds),). The position and the FWHM
of the Ag3ds, peak clearly indicates that silver is at the
metallic state [46].

XPS measurements were performed also after the electro-
chemical studies over Ag/YSZ sample in order to record
changes in the surface composition (Fig. 4 upper spectra).
The XPS wide scan (Fig. 4b) shows that on the surface beyond
the existence of carbon, oxygen, and silver, yttrium and

7l

zirconium are also detected. This finding strongly shows that
high temperature and polarization caused significant
dewetting of the silver layer and formation of porous layer
thus revealing the substrate (YSZ), in accordance with SEM
observations. The above finding is further supported by the
Ols and Ag3d spectra. The Ols peak (Fig. 4d) exhibits about
three times higher intensity, while its analysis reveals the
existence of three components at 529.6, 531.2, and at
532.2 eV. The component at the lower BE is attributed to the
lattice oxygen atoms in the mixed oxide of YSZ [47], while
the component at 531.2 eV is attributed to the chemisorbed
oxygen 0% on the catalyst surface [48]. The component at the
highest BE is due to OH species present on the surface [48].
Additionally, it has been attributed to chemisorbed O species
in other mixed oxides [49]. The Ag3d peak (Fig. 4f) on the
other hand shows a peak intensity decrease of around 65 %.
This change is attributed to the fact that the silver layer
demonstrates a significant dewetting with uncovered areas of
the substrate and a significant loss of its uniformity. The peak
is now detected at 368.4 eV (Ag3ds),), while its FWHM has
increased to 0.85 eV showing a broadening of about 0.2 eV.
This peak broadening is attributed to the fact that the mor-
phology of silver layer has changed and is not homogeneous
anymore but it also implies a change of the chemical environ-
ment of the silver atoms. This change may be explained by the
stronger interaction of silver atoms in the porous nano-
structured Ag film with the yttrium and zirconium atoms in
YSZ and/or by the changes in the oxidation state of Ag as a
result of polarization, as shown below.

Solid electrolyte cyclic voltammetry of Ag/YSZ
Electrochemical polarization of this film can be used to deter-

mine the mechanism of oxygen interaction with polarized
films commonly used in a variety of electrochemical

Fig. 4 XPS survey scan of XPS AlKo 7
Ag/YSZ before a and after wide scan _A_93d5,2
polarization experiments at Ag3d
350 °C b, Ols (¢ before and 3 9%
d after) and Ag3d (e before 2
and f after) >

L~

7]

c

2

= Zr3<.15,2

g-) vad_, .zr3d3

% lovs 0.
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applications. The size and locations of peaks on a solid state
cyclic voltammogram can provide information about the an-
odic and cathodic processes occurring at the electroactive
interfaces of the electrode.

Figure 5 shows a typical cyclic voltammogram of an
800 nm Ag thin film interfaced with YSZ at Po,=6 kPa and
T=350 °C with the baseline used for peak charge calculations
(Eq. 1) illustrated. There is a cathodic peak, C1, at 0.15 V with
a shoulder, C2, at lower electrical potentials and no anodic
peaks. Given that chemically formed oxides decompose at
temperatures above 189 °C according to the Ellingham dia-
gram [50], the film is assumed to be in the silver metal state
(Ag’) under open circuit conditions at 350 °C. The current
increase at 240 mV could be due to first electrochemical
formation of Ag,O (Eq. 4) and then oxygen evolution at the
tpb (Eq. 5). The silver oxide is formed by the reaction of Ag
with back-spillover of 0%~ from the YSZ at the tpb according
to Eq. 4. This oxide could grow further inward electrochem-
ically from the three-phase boundary, forming bulk Ag,O
according to Eq. 6:

2Ag + 0* (YSZ)2Ag,Opp + 2¢~ (4)
0% 210, 4 2¢- 5

ysz‘_§ ) +2¢ ( )
AgyO0pb 2AZ) Obulk (6)

The electrochemically formed Ag,O is subsequently re-
duced in peak C1 and shoulder C2.

Figure 6 shows the effect of positive potential on the
formation of Ag,O. In this experiment, the upper potential
limit, E;, was varied (Fig. 6a), and the changes in electrochem-
ical peak charge (Fig. 6b) were calculated using Eq. 1. Addi-
tionally, peak potential (Fig. 6d) and peak current (Fig. 6¢)
were determined for the stable cycle (3rd cycle). With starting
points, E;, below 400 mV, neither peak C1 or C2 are observed.
Above E;=400 mV, a small cathodic peak at 120 mV appears,
followed by a shoulder appearing at more negative potentials

C1
-1.0 -0.5 0.0 0.5
E/V

Fig. 5 Cyclic voltammogram of Ag (800 nm)/YSZ, 7=350 °C, v=
20mV s |, Po,=6 kPa
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when the anodic hold potential is higher than 700 mV. This
potential controlled change in the reduction peaks is an indi-
cation that these oxide species are electrochemically formed
during the anodic scan in O, evolution reaction region.

Additionally, as shown in Fig. 6b, with increased
positive potential, there is an exponential increase in
the electrochemical peak charge indicating an increase
in oxides formed at higher starting potentials. With
increased oxide formation, a shift in the peak potential
is expected when a passivating scale inhibits the forma-
tion of subsequent oxides, as was found for anodic
formation of bulk Ag,O in aqueous systems [51]. In
Fig. 6d, for scans beginning below 900 mV, the oppo-
site is observed with the peak C1 shifting slightly to
more positive potentials, which is representative of a
faster reduction process [52]. Above 900 mV, the scale
begins to inhibit the electrochemical reduction. With
increased positive potential, the oxide may propagate
from tpb within the bulk of the electrode and more
negative potentials are required to reduce Ag,O. Ac-
cording to Faraday’s law (Eq. 2), the moles of oxide
in the monolayer can be calculated from the total elec-
trochemical charge of the cathodic peak and lies be-
tween 1.53 nmol cm 2 (900 mV) and 2.83 nmol cm 2
(1,000 mV).

Figure 7 shows the effect of changing the scan rate on the
CV of silver films with aims at determining the kinetics of
these processes. With increasing scan rate, there is an increase
in peak current (Fig. 7b) and a shift in the peak potential to
more negative values (Fig. 7c). The relation of peak current is
linear with respect to v-°, which is consistent with a diffusion
limited processes according to the Randles-Sevcick equation
[52]. Furthermore, the change in scan rate is linear with
the natural logarithm of the scan rate and agrees with
Eq. 7, which describes the irreversible reduction of an
adsorbed electroactive species [52].

RT
acncF

AVwr = —< )Aln(v) (7)

Figure 8 illustrates the effect of hold time at the
positive potential on the first scan of the CV. The
changes in the curve as a result of this modification
can be used to glean the mechanism of electrochemical
oxide formation. Two regions of behavior can be ob-
served in this data. The first region, at hold times below
60 s, is characterized by an increase in peak current and
a shift in peak potential to more negative values as hold
time is increased, shown in Fig. 8b and c, respectively.
During this stage, initial current is constant at an aver-
age of =163 wA cm 2 and is consistent with the forma-
tion of passivating oxide layer, though there is insuffi-
cient data to conclude whether the mechanism follows a
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Fig. 6 Effect of positive potential a
on a cyclic voltammogram of Ag
(800 nm)/YSZ, Po,=6 kPa, third
cycle, 7=350 °C, v=20 mV stb
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parabolic or logarithmic growth mode. Above 60 s,
there is a drop in initial current and a shift to more
positive peak potentials. The total anodic charge
expended at the beginning of the first scan which ac-
counts for processes given by Eqs. 3-5 above can be
used to determine the current efficiency based on the
reduction of silver oxides during the negative sweep,
according to Egs. 8 and 9.

Oan lith
Moo = %100 = — "1™« 100 (8)
A80 Ohg,0 Oci + Oz
Mo, = 100 — N4g,0 9)

where 7; is the current density value measured following
the hold time, #; and QOan are the charge measured

during ty, and Q,, Is the charge associated with
the reduction of Ag,O which is equal to the sum of
Oc; and Qc,, the charge measured from peaks C1 and
C2 as labeled in Fig. 2. Calculating the current efficien-
cy of the reduction of silver oxides (7)54,0) and that of
oxygen evolution (7p,) can give an indication of the
efficiency of the electrode. The result is shown in
Fig. 8c, at low hold times, current efficiencies for the
formation of silver oxides is high, but decreases signif-
icantly due to the inhibiting nature of Ag,O scale.

Proposed model

Figure 9 illustrates a proposed model for the silver
oxide growth in Ag/YSZ based on the experimental
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Fig. 7 Effect of scan rate on a
cyclic voltammogram of Ag

(800 nm)/YSZ, Conditions idem
and scan rates indicated in the
figure; b peak current; and ¢ peak
potential

results discussed above. In the literature, models for the
0,,Me/YSZ system behavior based on cyclic

Fig. 8 Effect of hold time at
1,000 mV for a cyclic
voltammogram of Ag (800 nm)/
YSZ, Conditions idem; b charge
of anodic and cathodic processes
(explanation in the text); and ¢
current efficiencies from Egs. 8
and 9
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Ag film

(ii) Oyq)
(i) Ag20tpn)

0z ©=

Counter Electrode (Au)

Fig. 9 Model of electrochemical oxide formation on 800 nm silver film
interface with YSZ

[30], or platinum [28] thin films. The model shown in
Fig. 9 is discussed in relation to these studies.

At open circuit potential, the electrode is assumed to
be in the metal state, and upon application of an external
positive potential, two processes are proposed to occur:
Ag,0 formation and oxygen evolution at the three-phase
boundary, as shown in Fig. 9 process i and ii, respec-
tively. With increasing initial positive potentials, the ox-
ide is driven into the bulk of the electrode (Fig. 9,
process iii). The electrochemical formation of silver ox-
ides at the tpb and within the bulk of the electrode is
reflected in the cyclic voltammogram as the presence of
a cathodic peak (C1) and a shoulder (C2) which was
sensitive to changes in the starting anodic potential of
the CV. The presence of multiple adjacent cathodic peaks
is also reflected in findings of Falgairette et al., who
found these to be representative of location specific
oxides formed at longer polarization times for sputtered
880 nm nickel films on YSZ [28]. The back-spillover of
0*" from the YSZ may occur along the three-phase
boundary, at the two-phase boundary of electrode and
YSZ, or may migrate through existing scale to form bulk
oxides [28]. Based on the behavior of silver electrodes in
aqueous alkaline systems [53] and the high oxygen mo-
bility within silver [13], the formation of bulk silver
oxide is proposed. By contrast, the platinum model pre-
sents a submonolayer to single monolayer formation of
oxides along the tpb which propagates along the inter-
face between Pt and YSZ upon higher polarization times
[28]. This is due to the low oxygen solubility in platinum
if compared with silver.

With increased starting anodic potential, the total
charge of silver oxides present is also found to increase
logarithmically, while these oxides become more diffi-
cult to reduce (shift in cathodic peak potential to more
negative potentials) due to the presence of a passivating
surface layer extending from the three-phase boundary,
as was found in nickel sputtered films [29]. With in-
creased initial hold time at a given anodic potential,
there is an observed decrease in current efficiency for
Ag,O reaction resulting from oxide buildup over the
electroactive tpb. With change in scan rate, the silver
behavior was found to be in agreement with Randles-

Sevcick equation for diffusion limited irreversible
processes.

Conclusion

Evaporative PVD was used to deposit high purity silver
thin films on YSZ. Using an in-situ resistance technique
during deposition, percolated network began to form at a
critical thickness of 5.4+0.4 nm. However, when these
films were heat pretreated at 350 °C in air, as confirmed
using SEM and XPS measurements, the films were found
to dewet from the substrate (YSZ) and form non-
percolated nanoparticles/islands which resulting in loss
of polarization of the film. The thermal stability of silver
films on polycrystalline YSZ was found to be thickness
dependent, and films greater than 600 nm were found to
be necessary to produce stable films. A film of 800 nm
showed a continuous network and was selected for elec-
trochemical studies by means of cyclic voltammetry.

XPS measurements of 100 nm Ag/YSZ before and
after polarization at 350 °C, Pp,=6 kPa showed that
for as-prepared sample, only Ag, C, and O are present
on the surface. The position and the FWHM of the Ag3d
peak indicated that silver is at the metallic state. For the
sample after polarization, the XPS wide scan showed in
addition to C, O, and Ag, also yttrium and zirconium
peaks. This finding confirmed that high temperature and
polarization caused a significant dewetting of the silver
and formation of porous layer. At the same time, the
Ag3d peak showed a peak intensity decrease of around
65 % and FWHM broadening as a result of dewetting
and a loss of film uniformity, as well as due to a change
of the chemical environment of Ag atoms.

Solid electrolyte cyclic voltammetry was used to in-
vestigate 800 nm Ag film on polycrystalline YSZ. Stud-
ies have illustrated the formation of Ag,O with positive
polarization from the electrochemically back-spillover O*~
species from the YSZ support. The interpretation of the
results of this study has led to the presentation of the
following model. Under anodic polarization, there are
two processes that take place simultaneously at tpb:
formation of Ag,O and O2 evolution. With prolonged
application of a positive electrical potential, Ag,O oxide
was found to propagate from the tpb inside the Ag film
along the two-phase boundaries. The accumulation of
this scale resulted in electrode resistance and loss of
current efficiency for Ag,O process, such that the oxy-
gen evolution reaction becomes favored.
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