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Oxygen Reduction, Transport and Separation in Low Silver
Content Scandia-Stabilized Zirconia Composites
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Dense composites of silver and Sc-stabilized ZrO2 (Ag-ScSZ) are manufactured from ScSZ sub-micrometric particles coated with
silver using Tollens’ reagent. A composite with 8.6 vol % of silver exhibits metallic conductivity of 186 S cm−1 and oxygen flux of
0.014 µmol cm−2 s−1 at 600◦C for a 1-mm thick membrane when used as a pressure-driven separation membrane between air and
argon. To gain insight into the role of oxygen transport in Ag and ScSZ, a dense non-percolating sample (Ag 4.7 vol%) is analyzed
by impedance spectroscopy and the transport of oxygen through both phases is modelled. Oxygen transport takes place in both silver
and ScSZ but it is still dominated by transport in the ionic conductor and therefore a large volume fraction of the ion conductor is
beneficial for the separation. The oxygen transport in the silver clusters inside the composite is dominated by diffusion of neutral
species and not by the charge transfer reaction at the interface between ScSZ and Ag, yet small silver particles on the surface improve
the reduction of oxygen. Oxygen reduction is highly promoted by silver on the surface and there are no limitations of charge transfer
at the interface between silver and ScSZ.
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The capability of metallic silver to reduce oxygen has been long
known and recorded since Lucas reported it to Dalton as early as
18181 but better understood and quantified over the last 50 years.2,3

This particular capability of silver can be exploited to incorporate
oxygen into a solid system, be it a solid oxide fuel cell cathode4

or an oxygen separation membrane.5 Oxygen can be separated from
air using a double phase membrane with an oxygen-ion conductor,
e.g. scandia stabilized zirconia, and an electronic conductor, such as
silver, that acts as a very efficient oxygen reducing agent. Scandia
stabilized zirconia is known to have higher conductivity than yttria
stabilized zirconia since it was first reported in 1900 by Nernst6 but
identified as an oxygen ion conductor by Wagner7 several decades
later. The use of double-phase metal ceramic composites to separate
oxygen from air was first described by Mazanec,8 who mixed Pd
or Pt with YSZ and used the composite to drive chemical reactions.
Although feasible, this approach normally requires large amounts of
expensive metal to achieve percolation, ranging from 30 to 50 vol %,
so that composite membranes cannot compete with the high oxygen
flux reported in single phase perovskites, such as those reported by
Teraoka9 in 1985. To date, most of the research in high temperature
oxygen separation is still performed in mixed ionic electronic con-
ductive perovskites ABO3, where A is one or more lanthanides and/or
alkaline earths and B one or more transition metal oxides, for example
La1-xSrxCo1-yFeyO3-δ (LSCF)9 or Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF).10

Nonetheless, these materials have two persistent problems: the high
operating temperatures (>800◦C) and the unsatisfactory chemical and
mechanical stability in operating conditions. Furthermore, the chem-
ical composition of the material affects both the stability and the
oxygen separation capability, thus constraining the optimization of
these functions and often resulting in an unsatisfactory compromise.
Therefore, the double-phase approach is gaining interest again as it
gives more flexibility to tailor the choice of conducting materials and
their microstructure, as recently reported through the use of two con-
ductive ceramic materials -an ionic one and an electronic one- such
as Ce0.9Gd0.1O2-x/LSCF11 and Ag/Ce0.9Gd0.1O2-x.5 Especially, it has
been shown that low levels of Ag can yield the necessary percola-
tion for operation well below the 30–40 vol % usually considered as
indispensable to achieve percolation.12,13

In this paper, reduction of oxygen, oxygen transport and separation
in the intermediate temperature regime is demonstrated in a composite
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membrane of scandia-stabilized zirconia (ScSZ) and silver. Although
currently scandia is a relatively expensive material, ScSZ’s growing
use as electrolyte in solid oxide fuel cells may lower its price.14 The
use of Tollens’ reagent to fabricate metal ceramic composites for a
variety of purposes has been reported recently in applications such
as oxygen separation,5 methane reforming,15 hydrogen separation,16

magnetic refrigeration17 and anode fabrication.18,19 In this work, the
composite membrane fabrication is presented in detail that allows
reproducibility and it is followed by characterization by SEM, XRD
and conductivity tests. Then, two main samples are characterized in
detail: 1.- a percolating sample is used as a separation membrane to
unequivocally prove the reduction and separation of oxygen from air
and the presence of silver percolation with a low metal content and
2.- a non percolating sample is studied by impedance spectroscopy
and an electrochemical model is presented to provide for the first
time an invaluable insight into the nature of the oxygen reduction and
transport within silver and ScSZ.

Methods

Experimental.—Manufacture.—Sc-stabilized zirconia with stoi-
chiometry (Sc2O3)0.1(ZrO2)0.9 (labelled ScSZ) from Fuel Cell Mate-
rials was used as the starting powder. There were three initial nominal
compositions: a nominally pure ScSZ, a composite with 10 wt% Ag,
and one with 20 wt% Ag. The ScSZ particles were suspended in wa-
ter and coated with silver using Tollens’ reagent16,20 as follows. A
few drops of concentrated NH4OH (27–30%) were added to 30 ml of
AgNO3 (0.1 M) resulting in a precipitate which was then cleared by
adding more drops of ammonia (approximately 40 drops in total). This
was followed by addition of 15 ml of KOH (0.80 M); if a precipitate
was observed more drops of NH4OH were added; the corresponding
amount of sub-micrometric ScSZ (surface area of 8.9 m2 g−1) was
then suspended in the clear solution using an ultrasonic bath for 20
minutes. Finally, silver was precipitated by adding drop-wise 3 ml of
dextrose (0.25 M) as the reducing agent under continuous stirring.
After 5 minutes of reaction the precipitate was then rinsed with de-
ionized water and centrifuged (4000 rpm, 10–60 mins) to eliminate
the remaining salts. This cleaning procedure was repeated five times.
The precipitate was dried at 200◦C for 1 h and then pelletized and iso-
statically pressed at 265 MPa for 1 minute. The pellets were fired in
air at 1200◦C or 1300◦C for two hours using a heating/cooling rate of
5◦C min−1. The pellets were covered tightly with yttria stabilized zir-
conia (YSZ) powder to minimize silver losses during sintering. After
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sintering, the surface of the sintered pellets was polished to homoge-
nize the surface by eliminating YSZ and exuded silver. A nominally
pure ScSZ dense sample was obtained by sintering at 1300◦C for one
hour.

Structural and electrical characterization.—A field emission gun
scanning electron microscope (FEG-SEM Gemini 1525) was used for
imaging of the materials. Images of fracture surfaces of the mem-
branes were collected to confirm the dense nature of the samples. The
chemical composition was analyzed with EDX using a Phenom ProX
SEM microscope. The powders and consolidated samples were ana-
lyzed with an X’Pert PRO MRD X-ray diffraction system. The density
and open porosity was measured with the Archimedes’ method using
deionized water as the immersion fluid after previously boiling the
samples for one hour to ensure all air bubbles were eliminated. The
volume of the open porosity is obtained from the weight difference
between a dry sample and a soaked sample.

Conductivity.—Initial screening between percolating and non-
percolating samples was achieved with a hand-held ohmmeter or
a simple metal detector. The conductivity of a percolating sample
was then measured using the van der Pauw technique between room
temperature and 600◦C. The linearity of the relationship between
measured current and voltage was tested at different temperatures by
passing different currents (from ± 5 mA to ± 250 mA). Four platinum
tips were used to connect the disc-shaped sample with a potentiostat
(Autolab PGSTAT302).

This was also used for measuring electrochemical impedance spec-
troscopy (EIS) in a nominally pure ScSZ and a non-percolating Ag-
ScSZ composite; both samples were tested in air within the range
of temperatures 600–800◦C. The EIS response was measured in the
frequency range 0.1 Hz–1 MHz and a potential of a 20 mV with silver
paint as electrodes.

Permeation.—A pellet of the percolating Ag-ScSZ composite with
a surface area of 2.54 cm2 and thickness of 1 mm was attached at the
end of an alumina tube and sealed with an alumina-based inorganic
adhesive (Aron ceramics D), so that one side of the pellet was exposed
to a flow of air, while the inner side of the alumina tube could be
swept with argon. This set-up was placed into a furnace and tested
between 500◦C–600◦C after curing of the sealant. The air was fed
at 130 mL min−1 at Normal Temperature and Pressure (NTP) while
the inner side was swept with zero-grade argon at 100 mL min−1.
Immediately prior to the permeation experiment a mass spectrometer
downstream was calibrated with a mixture of 1% nitrogen in argon and
a mixture of 2% of oxygen in argon, both supplied by BOC. During
the experiments the mass to charge ratio (m/e) signals of nitrogen
and oxygen were followed. During data analysis, it was assumed that
any nitrogen present in the sweep gas mixture came from leaks from
air. By measuring the amount of nitrogen present it was possible to
calculate the oxygen present due to unwanted leaks and subtract this
from the measured oxygen concentration in the sweep gas mixture.

Modelling.—The impedance of ScSZ and non-percolating Ag-
ScSZ composite was interpreted according to the following mecha-
nistic equivalent circuit.

The normalized impedance Zcell of the cell Ag|Ag-ScSZ|Ag is
given by the impedance of the non-percolating composite Ag-ScSZ
Zey in series with the impedance of the two silver electrodes Zed:

Zcell = Zey + 2 · Zed [1]

The impedance of the Ag-ScSZ composite Zey is calculated as

Zey =
Ley

σey

[2]

where Ley is the sample thickness and σey is the complex conductivity.
For the composite, σey is calculated according to the Maxwell-Wagner
model with ScSZ as the continuous phase and silver as non-percolating

phase:21

σey = σScSZ

2σScSZ + σAg − 2φAg

(

σScSZ − σAg

)

2σScSZ + σAg + φAg

(

σScSZ − σAg

) [3]

where σScSZ is the ionic conductivity of ScSZ, σAg the complex con-
ductivity due to oxygen atom diffusion within silver droplets and φAg

the volume fraction of silver in the Ag-ScSZ composite. For the pure
ScSZ, σey = σScSZ as φAg = 0.

The complex conductivity due to oxygen atom diffusion within
silver droplets (σAg) is calculated according to a non-uniform diffusion
element, similarly to that used in the electrode (see after), as follows:

σAg =
L Ag

Z Ag

[4]

with:

Z Ag =
RT

42 F2

1

CO

√
D

tanh
(

L Ag√
D

(iω)pAg

)

(iω)pAg
[5]

where CO and D represent the solubility and diffusion coefficient of
oxygen atoms in silver, LAg is the characteristic length of silver droplets
in the Ag-ScSZ composite while the exponent pAg takes into account
the non-uniformity of diffusion within a silver droplet. D is assumed to
be independent of oxygen concentration and CO is considered spatially
uniform (i.e., no oxygen gradients) because impedance is collected at
open-circuit equilibrium. All the parameters are determined by fitting
of impedance spectra, CO and D are compared with literature values
afterwards. Additionally, i is the imaginary unit, ω is the angular
frequency, T is the absolute temperature while R and F represent the
gas and Faraday constants, respectively.

The impedance response of the Ag electrode Zed is given by two
contributions (see4 and Figure 1):

1. adsorption of molecular oxygen, dissociation in oxygen atoms
and incorporation into the silver bulk:

O2(g) → 2O(Ag) [6]

which is represented by a ZARC element as follows:

Z Z ARC =
(

1

R1

+
1

σC P E (iω)α

)−1

[7]
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Figure 1. Schematic representation of the transport and electrochemical pro-
cesses occurring in non-percolating samples Ag|Ag-ScSZ|Ag as considered
by the model.
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Figure 2. Schematic representation of the fabrication process.
The aldehyde represented corresponds to the species in equilib-
rium with the dextrose used.

where R1 is the resistance of the adsorption and incorporation process
(Eq. 6), σCPE is the time constant of the constant phase element (CPE)
and α is the exponent, with −1 < α < 0.

2. bulk diffusion of oxygen atoms along the thickness of the Ag elec-
trode, represented by a Non-Uniform Diffusion (NUD) element:

Z NU D =
RT

42 F2

1

CO

√

ke f f D

tanh

(

Led√
ke f f D

(iω)ped

)

(iω)ped
[8]

where Led is the electrode thickness and keff is the dimensionless effec-
tive solid diffusivity factor, which takes into account the solid volume
fraction and tortuosity of the electrode according to the Bruggeman
correlation.22 Note that Eqs. 5 and 8 are similar because they repre-
sent the same non-uniform diffusion process of oxygen atoms within
silver droplets and silver electrode, respectively. The intrinsic values
of oxygen solubility CO and diffusivity D are the same in both the sil-
ver droplets (Eq. 5) and the electrode (Eq. 8), while the characteristic
lengths LAg and Led as well as the exponents pAg and ped differ due
to the different geometric and microstructural characteristics of silver
droplets and silver electrode.

The silver electrodes and the samples tested have an interface
where oxygen atoms from Ag are reduced to oxygen ions in ScSZ
(see Figure 1). This is represented by the charge transfer oxygen
reduction reaction:

O(Ag) + 2e−
(Ag) ↔ O2−

(ScSZ ) [9]

This reaction is considered to be fast enough to be at pseudo-
equilibrium and consequently does not produce a detectable
impedance contribution.4

Results and Discussion

Manufacture and structural characterization.—A summary of
the manufacturing process is depicted in Figure 2 including the reac-
tion of coating. ScSZ is a white powder that upon coating with silver
turns to a purple/brown color.

Figure 3 shows SEM images of the uncoated and Ag-coated ScSZ
with two different initial contents of silver. The ScSZ particles match
the diameter of 119 nm expected from the surface area of the powder
(8.9 m2 g−1); the coated particles seem to retain the same morphology
and the particle size barely changes. As no clear agglomeration of
silver is observed, it is assumed that the particles of ScSZ are coated
uniformly: for Ag-ScSZ a silver layer of 1 nm is expected for 10 wt%
Ag and 2 nm for 20 wt% Ag.

A variety of sintering conditions were tested trying to achieve
metallic conductivity and low porosity using two initial silver con-
tents (10 wt% and 20 wt%). In general, sintering temperatures of
1100◦C and below did not achieve high density although they were
percolating. The best conditions to achieve low porosity and perco-
lation of the silver were 1200◦C for 2 hours. Table I summarizes the
properties of the consolidated samples. The coated samples lost silver
after deposition and sintering at high temperatures. It must be said
that the conditions of the manufacturing are not yet optimized. Two
samples, a percolating and a non-percolating one, were used in the
following experiments.

Figure 4 shows the microstructure of three samples after sintering.
Pristine ScSZ is very dense, while there is some porosity in the silver
composites. Although the FEG-SEM gives an insight into the nature
of the porosity, silver and ScSZ cannot be distinguished. Instead, EDX
analysis was used to identify the two phases and the quantification is
presented in Table I. Figure 5 shows the back scattered electron image
as well as the EDX energy spectrum for the percolating sample (8.6
vol % Ag). The distribution and dimensions of the silver grains are
completely different to the distribution of Ag–ceramic composites ob-
tained by mixing Ag or Ag2O powder with ceramics.13 Not only is the
grain size considerably smaller but also Figure 5 shows a constellation
of interconnected silver grains rather than isolated islands. However,
no quantification can be drawn from this picture as the presence of
small grains of silver further complicates a full map of silver as in our
previous work on Gd-doped ceria-Ag composites.5

Figure 6 shows the XRD pattern of ScSZ and Ag-ScSZ composites
at room temperature: as expected there was no reaction between them
or oxidation of silver at high temperature; the pattern shows that ScSZ
is a mixture of cubic and rhombohedral phases as a consequence of
the high temperature treatment: it is known that ScSZ evolve into
different phases depending upon composition and anneal temperature
and time.23–25 The silver melting point is 953◦C and its high volatility is
known, however, even after sintering at 1300◦C, silver was retained in
the composite, probably due to the fast densification of ScSZ trapping
the silver in the ceramic matrix. Two conditions seem necessary to
obtain a percolating structure with a low content of metal: i) an onset
of sintering temperature low enough to minimize silver losses and ii)
a silver content in the range 5–10 vol %.

Conductivity and permeation.—Figure 7 shows the conductivity
as a function of temperature for ScSZ, non-percolating Ag-ScSZ (4.7
vol % Ag) and percolating Ag-ScSZ (8.6 vol % Ag) as well as ref-
erence data for ScSZ and silver. The ScSZ values match well those
of previous reports.25–27 The dc conductivity of the non-percolating
Ag-ScSZ was obtained from fitting impedance data of the sample as
described in the modelling section and corresponds to both oxygen
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Figure 3. a) Pristine ScSZ powders b) Ag-ScSZ powder (10 wt% Ag) and c)
Ag-ScSZ powder (20 wt% Ag).

Figure 4. Micrograph of fracture surfaces of a) ScSZ sintered at 1300◦C, b)
Ag-ScSZ sintered at 1200◦C, 4.7 vol % Ag, c) Ag-ScSZ sintered at 1200◦C,
8.6 vol % Ag.

Table I. Sintering conditions and resulting properties of pristine ScSZ and Ag-ScSZ composites.

Sintering
T (◦C), time

Ag wt%
EDX

Ag vol%
EDX

Density expected
(based on EDX
data) g mL−1

Archimedes’
density g mL−1

Theoretical
density %

Open
porosity % Percolation

1300, 2h 0 0 5.68 5.61 98.8 0.5 No

1300, 2h 7.7 4.3 5.89 5.53 93.9 1.2 No

1200, 2h 8.4 4.7 5.91 5.73 96.9 0.8 No

1200, 2h 14.8 8.6 6.09 5.90 96.9 2.9 Yes
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Figure 5. EDX analysis of silver on a percolating sample (8.6 vol % Ag). a)
Back scattered image, b) EDX map of silver (silver in green), c) EDX map of
zirconium (in red), d) Energy spectrum of the sample. Note that the contrast in
the back scattered image has been increased to improve the visibility of silver.

Figure 6. XRD pattern of ScSZ sintered at 1300◦C and Ag/ScSZ sintered at
1200◦C and 1300◦C.

transport in ScSZ as well as in the silver clusters embedded into the
ScSZ matrix. The oxygen flux corresponds almost exclusively to the
transport of oxygen ions through ScSZ.

The dc conductivity of the percolating Ag-ScSZ composite un-
equivocally shows metallic behavior with a temperature coefficient
equal to 1.87 × 10−3 K−1 comparable to 4.1 × 10−3 K−1 in pure
silver,28 indicating that the electrical transport is dominated by per-
colating silver despite its low content (8.6 vol %), a content well be-
low 40% vol necessary when manufacturing with conventional solid
state mixtures.13,14 A few interesting experimental observations dur-
ing the measurements in percolating Ag-ScSZ composite were that
below 400◦C, upon imposing a dc current, the system achieved a sta-
ble voltage within a minute, however, at temperatures above 400◦C,
the measurements were considerably noisier, i.e. when imposing a
current through the pellet the voltage was relatively unstable. The
sample was left to equilibrate for at least 10 minutes, but even in
these cases the measurement was noisy. There are several phenom-
ena that can account for this observation. As studied in Impedance
of non-percolating Ag-ScSZ and ScSZ section, oxygen is reduced in
both ScSZ and in silver, the dissolution of oxygen on one side of the
membrane (cathode) and its evolution in the other side (anode) can
cause a temporary change in the local resistance –and probably the
temperature- at the contacts. After the dc experiment, silver droplets

Figure 7. Conductivity of the composite Ag-ScSZ, ScSZ and literature data
for silver and ScSZ.
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were observed at the surface where the van der Pauw conductivity was
measured but not on the opposite face, indicating the possibility of
silver migration during the measurement. The phenomenon of electro-
migration, the migration of silver through a non-conductive surface,
is known,29 while the migration of ionic silver from metallic silver
under a strong electric field has been reported in glass30 and even in
ScSZ.31 In the latter study, a change in color from white to orange
indicated the presence of silver mobility according to the authors but
in the composites Ag-ScSZ no traces of orange color were observed.
During the open-circuit impedance measurements of non-percolating
samples there is no driving force for Ag electromigration, so the elec-
trode and Ag-ScSZ composite microstructures are rather stable over
time. The noisy signal measured during the dc studies may also be
related to the transport of charged species in the bulk since above
450◦C the net migration of oxygen becomes considerable and the
transport of electrons and the transport of oxygen cannot be consid-
ered independent anymore, i.e. the oxygen transport seems to affect
the mobility of the electrons as the Onsager coefficients for transport
are not independent.32

In the range 500◦C–600◦C the electronic conductivity is more
than three orders of magnitude higher than the ionic conductivity in
nominally pure ScSZ. Previous experimental and theoretical studies
on metal-ceramic composites prepared by conventional ceramic pro-
cessing established 30–40 vol% as the minimum amount of metal
to provide percolation12,13,33–35 but here that limit has been driven to
lower metal contents by using an innovative processing route. In this
case, the electronic percolation can theoretically take place along the
surface of ScSZ grains, thus requiring less Ag to achieve percolation.
This has a parallel in infiltrated electrodes for solid oxide fuel cell ap-
plications, wherein the formation of a surface layer of metallic phase
can result in a percolation threshold as low as 5.3 vol %,5,36 depending
on the thickness and homogeneous distribution of the metallic coating
layer. Therefore, the large amounts of metal needed for percolation
used at the early stages of research into metal ceramic composites are
not needed anymore. Percolation can be achieved with silver with con-
tents below 10 vol % as shown for Ag and doped ceria and Ag-ScSZ
in this work.5,15

A permeation experiment was carried out to confirm the separation
of oxygen from air at intermediate temperatures. The concentrations
of N2 and O2 were measured by mass spectrometry, with the nitrogen
content being used to measure the amount of air leaking into the
system. The unwanted leak of oxygen was then subtracted from the
total O2 measured in the sweep gas leading to the oxygen flux across
the membrane. The leaks are most likely due to the sealing since even
after boiling the samples for 1 hour in the Archimedes method, the
open porosity was only 2.9 vol%, below the percolation threshold of
the pore phase, equal to 4 vol%.37,38

Figure 8 shows the oxygen permeance between 550◦C and 600◦C,
the inset shows the raw data including the N2 signal to show the
unequivocal separation from air. The theoretical upper bound of the
oxygen flux is calculated with Wagner’s theory:

JO2
=

RT

42 F2 L
σ

e f f

ScSZ ln
p′

O2

p′′
O2

[10]

where L = 1 mm is the membrane thickness and σ
e f f

ScSZ is the ef-
fective ionic conductivity of ScSZ in the membrane, which is calcu-
lated by multiplying the bulk ionic conductivity of ScSZ according to
Table II and the effective conductivity factor according to the Hashin-
Shtrikman upper bound39,40 γeff = (1-φAg-φpore) / (1 + (φAg+φpore)/2)
= 0.837 for φAg = 8.6% and φpore = 2.9%. In Eq. 10, p’O2

is the
partial pressure of oxygen in the air side, equal to 0.21 atm, while
p’’O2

is the partial pressure of oxygen in the sweep side as measured
by mass spectrometry. Although the equation is a simplification of
the permeation process, it can be used as a reference upper bound
for the experimental values. Incidentally, the use of Eq. 10 is justified
by the modelling section since, as reported in the next section, ionic
conduction is the rate-determining transport process in the membrane.

Figure 8. Permeance of oxygen for a 1-mm thick Ag-ScSZ (8.6 vol % Ag)
under a gradient of argon and air. The inset shows the raw data. The surfaces
are active for oxygen reduction.

The calculated and measured values for the oxygen permeation flux
between 550◦C and 600◦C are presented and show a good consistency
considering the large number of variables that can affect the theoretical
value. It is also worth noting that the surface of the samples did not
need any treatment or coating as silver acts effectively as oxygen
reducing agent and, as in the case of Gd-doped ceria, the presence of
silver increases the oxygen surface exchange coefficient.5 An oxygen
flux of 0.014 µmol cm−2 s−1 at 600◦C for a 1-mm thick membrane
was achieved.

At temperatures above 600◦C the sealing was compromised and
after the permeation experiment was finished it was observed that the
silver formed a dendritic growth at the edge of the seal in the low pO2

side. This might be an indication that silver migrates during opera-
tion at high temperatures under a chemical potential gradient; similar
examples can be found in the literature: for example, in the system
Ag–SnO2–In2O3, exudation of silver was observed as a consequence
of the chemical potential gradient and not as a consequence of the
internal stresses during oxidation. Silver exudation has been found to
occur always in the direction opposite to the oxygen concentration
gradient.15,41 The development of oxygen separation membranes will
require sealing issues and the migration of silver to be addressed along
with the manufacturing of thinner membranes to achieve a higher oxy-
gen flux.

Impedance of non-percolating Ag-ScSZ and ScSZ.—The model
presented above was used to interpret the impedance spectra at differ-
ent temperatures of two non-percolating samples: Ag|ScSZ|Ag, made
with a pure ScSZ electrolyte, and Ag|Ag-ScSZ|Ag, which contains
non-percolating silver (4.7 vol%). In both the cases, the thickness of
the samples was Ley = 1.95 mm and the thickness of the electrode
was roughly estimated to be as Led = 3.2 µm from SEM micrographs.
Based on the estimated electrode porosity, keff was taken equal to 0.5
according to the Bruggeman correlation.22

Table II. Ionic conductivity of ScSZ, σScSZ, resulting from the
fitting of the ohmic resistance of Ag|ScSZ|Ag.

T◦C σScSZ S m−1

600 1.786

650 3.018

700 4.370

750 5.617

800 6.604
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Figure 9. Fitting of Ag|ScSZ|Ag at 600◦C (a and b) and at 750◦C (c and d) according to the model presented. The numbers next to the data points correspond to
the log of the frequency. The inset in a) shows the equivalent circuit used for the fitting.

Analysis of sample Ag|ScSZ|Ag and ScSZ conductivity.—The bulk
of this sample does not contain silver, thus φAg = 0. In such a case, the
impedance of the electrolyte becomes a pure resistance equal to Zey =
Rey = Ley/σScSZ. Thus, the fitting of spectra at different temperatures
is useful to determine the ionic conductivity σScSZ as a function of
temperature from the high-frequency intercept Rey, as reported in
Table II. From the same data fitting, the adsorption and diffusion of
oxygen atoms in the silver electrodes was obtained similarly to van
Herle and McEvoy.4 All fitted parameters are reported in the annex
(Table AI).

The fitting of the EIS spectra was performed using ZView and
an inductive element was added in series to account for the cable
inductance. Figure 9 shows the fitting of the spectra at two differ-
ent temperatures. The different contributions to impedance are also
reported: NUD refers to ZNUD (Eq. 8), ZARC to ZZARC (Eq. 7) and
Zey to the electrolyte impedance which is a pure resistance in this
sample.

Table II reports the values of ScSZ ionic conductivity σScSZ fitted
from the high-frequency intercept Zey at each temperature. These val-
ues are compared in Figure 10 with expected values according to the
following correlations provided in the literature:27,42

σScSZ =
100

T
10

(

3.34 + 1.51 1000
T

−3.16
(

1000
T

)2
)

[

S m−1
]

[11]

σScSZ = 6.5 · 104 exp

(

−
9250

T

)

[

S m−1
]

[12]

The analysis of results shows that the model reproduces the ex-
perimental data across the whole frequency range for all tempera-

tures, and decouples the depressed electrode feature into two con-
tributions as expected. In particular, the ionic conductivity of ScSZ,
which is evaluated from fitting the electrolyte resistance Zey = Rey, is
fairly consistent with the values reported in the literature, as shown in
Figure 10. Therefore, the values of σScSZ can be considered acceptable
and are used in the next section for interpreting the impedance spectra
of Ag|Ag-ScSZ|Ag.
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Figure 10. Arrhenius plot of the ScSZ ionic conductivity fitted in Ag|ScSZ|Ag
(squares). Estimated values from the literature are reported with solid lines
(Eq. 11 in blue, Eq. 12 in red). The activation energies are 0.59 eV, 0.95 eV
and 0.80 eV for fitted results, Eq. 11 and Eq. 12, respectively.
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Figure 11. Fitting of Ag|Ag-ScSZ|Ag (4.7 vol % Ag) at 600◦C (a and b) and at 750◦C (c and d) according to the model presented.

Analysis of sample Ag|Ag-ScSZ|Ag and oxygen transport
properties.—Figure 11 shows the experimental spectra of non-
percolating Ag|Ag-ScSZ|Ag (4.7% vol Ag) for different temperatures.
Comparing Figure 9 and Figure 11, there is clearly an extra element
at high frequency in the impedance spectra of the Ag-ScSZ sample.
The low/medium-frequency feature roughly matches the polarization
response of Ag|ScSZ|Ag, which was ascribed to the silver electrodes.
The additional depressed contribution at high frequency must then
be associated with the processes occurring within the non-percolating
Ag-ScSZ composite.

The application of the model allows for the fitting and deconvolu-
tion into different contributions. The corresponding fitting parameters
are reported in Table III and plotted in Figure 12 along with the
correlations reported in the literature4 (see Eqs. 13 and 14). All fitted
parameters are in the annex in Table AII. Note that σScSZ is not re-fitted
and the same values obtained in the Ag|ScSZ|Ag sample reported in

Table III. Fitted parameters for Ag|Ag-ScSZ|Ag (4.7 vol % Ag).
keff = 0.5 is used in the electrode.

T [◦C] D [m2 s−1] CO [mol m−3] φAg LAg [µm]

600 6.332 · 10−10 1.275 0.0710 0.8

650 9.789 · 10−10 1.624 0.0473 0.8

700 1.265 · 10−9 2.266 0.0473 0.8

750 1.608 · 10−9 2.691 0.0473 0.8

Table II are used to describe the ion conduction in the ScSZ matrix:
only the value at 600◦C is adjusted to better fit the data. Notably, the
same values of CO and D are used in both the impedance element Zey

of the Ag-ScSZ composite (Eqs. 2–5) and the NUD element of the
electrode (Eq. 8).

CO = 4.68179 · 10(1.403−2593/T +0.5log10(pO2
·760))

[

molm−3
]

with pO2 in atm [13]

D = 4.9 · 10−7 exp

(

−
0.503eV

RT

)

[

m2s−1
]

[14]

Figure 11 shows that the model fits the experimental data rea-
sonably well across the whole frequency range over the measured
temperatures of 600–750◦C. The contribution of the ZARC element
to electrode polarization resistance, that is, the ratio between R1 and
the electrode resistance, lies between 20 and 40%, which is in good
agreement with the range 25–30% found in Ref. 4 The activation en-
ergies of CO (0.40 eV) and D (0.47 eV) match reasonably well those
reported by van Herle and McEvoy, equal to 0.51 eV and 0.50 eV,
respectively (see Figure 12). In addition, despite the fact that the val-
ues of keff and Led are only estimated, the fitted D and CO lie within the
same order of magnitude of the values obtained in Ag|ScSZ|Ag and
are consistent with values reported in the literature, enabling accept-
able fitting of both the electrode and composite Ag-ScSZ response
by using the same values of D and CO in both electrode (Eq. 8) and
composite Ag-ScSZ (Eq. 5). In addition, except at 600◦C, the same
values of σScSZ are used in both Ag|ScSZ|Ag and Ag|Ag-ScSZ|Ag
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Figure 12. Arrhenius plot of the fitted parameters (squares) for non-
percolating Ag|Ag-ScSZ|Ag (4.7 vol % Ag) in comparison with estimated
values from Ref. 4 (solid lines): a) equilibrium concentration of oxygen in
silver; b) diffusion coefficient of oxygen atoms in silver.

samples, showing that the ion conduction in the ScSZ matrix is co-
herently reproduced in both the samples. These results are positive
confirmations of the validity of the model and the consistency of the
experimental data of the Ag|Ag-ScSZ|Ag sample.

Notably, the model provides a mechanistic explanation of the high-
frequency contribution present in this sample, which is due to the
diffusion of oxygen atoms in the Ag drops dispersed within the Ag-
ScSZ composite. Indeed, the fitting of the additional feature with the
Maxwell-Wagner model (Eq. 3) is rather good. Nonetheless, while
the characteristic length of Ag grains LAg remains constant with tem-
perature, φAg differs from the nominal value of 4.7 vol% (8.4 wt%)
at 600◦C. This inaccuracy may be attributed to the difficulty to de-
convolve the Ag-ScSZ impedance contribution Zey from the middle-
frequency electrode feature ZZARC, as they both appear in the same
frequency range at 600◦C (see Figure 11b), thus affecting the estima-
tion of the specific parameters of the Ag-ScSZ composite response
Zey, such as φAg. However, it is remarkable that both the fitted LAg and
φAg assume credible values.

Therefore, despite the complexity of the system compared to
Ag|ScSZ|Ag, the fitting of the electrode response provides specific
parameters which are consistent with the literature. In addition, the
additional feature present in the impedance of non-percolating Ag|Ag-
ScSZ|Ag can be interpreted as a contribution from oxygen atom dif-
fusion in the Ag grains, which is described with the same values of
parameters D and CO used to fit the electrode response, along with
credible microstructural values of LAg and φAg.

Final considerations on non-percolating samples.—The analysis
of non-percolating samples allowed for the evaluation of material-
specific parameters that can be used to help understand the percolating
samples.

First of all, the dc conductivity contribution of oxygen transport
in Ag is expected to be negligible according to the specific param-
eters evaluated with impedance spectroscopy. Indeed, the equivalent
oxygen conductivity in silver σAg(ω = 0) = 42F2COD/(RT) is much
smaller than the ionic conductivity of ScSZ: for example, at 600◦C,
σAg(ω = 0) = 1.66 · 10−2 S m−1 while σScSZ = 1.786 S m−1. This
means that, in a composite Ag-ScSZ meant for oxygen separation,
oxygen is mainly transported via ionic conduction in ScSZ, thus the
rate-determining process in the membrane is the conduction of oxygen
ions within the ScSZ matrix. This suggests that the lower the silver
volume fraction to achieve electronic percolation, the larger the ScSZ
volume fraction and so the effective ionic conductivity, thus increasing
the oxygen permeation flux (see Eq. 10). Therefore, the fabrication
method proposed in this study, which enables for a reduction in the
percolation threshold of silver, is a promising approach to minimize
the amount of costly metal and simultaneously maximize the effective
ionic conductivity and the oxygen permeation flux.

In addition, impedance results indicate that the oxygen reduction
reaction at the Ag-ScSZ interface is not rate-determining, thus sug-
gesting silver as a good candidate not only as an electronic conductor
but also as a suitable electro-catalyst due to its capability to dissolve
oxygen atoms and promote the oxygen reduction at the interface with
the ceramic ionic conductor. Therefore, as silver functions as an oxy-
gen reducing agent, the activation of the surface of the Ag-ScSZ
percolating membranes is not strictly required.

Conclusions

Composites of silver and scandia stabilized zirconia were prepared
according to a coating process using Tollens’ reagent, which allows
silver to form a percolating network at 8.6 vol %, well below the 30–40
vol% usually considered unavoidable to achieve percolation, reducing
the need for costly metal and increasing the oxygen permeation flux.
Oxygen was separated from air with a 1 mm thick pellet at 600◦C using
argon as sweep gas, a value of 0.014 µmol cm−2 s−1 was obtained
without the need for activation of the surface as the silver functions
as an oxygen reducing agent.

The impedance response of a non-percolating composite Ag-ScSZ
was modelled to provide an insight into the nature of the oxygen re-
duction and transport in the composites. In addition to estimating the
parameters of oxygen diffusion and conductivity in the silver trapped
inside the ceramic matrix, the modelling indicated that, although there
is migration of atomic oxygen in silver, the main migration path is
through the ceramic phase. It also corroborates the conclusion that
charge transfer (involved in the reduction of atomic oxygen) at the
interface between silver and ScSZ is not a limiting factor for oxygen
migration in the composite, suggesting why the membrane is active
for oxygen reduction and further surface activation is not strictly re-
quired; nonetheless a large surface where oxygen can be incorporated
is necessary.

A further challenge for the application of these composites remains
the understanding of silver migration under electrochemical gradients
as there is evidence of silver mobility under both electric and chemical
potentials.
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Table AI. All fitted parameters for Ag|ScSZ|Ag. keff = 0.5 is used in the electrode. The electrode thickness is assumed equal to Led = 3.2 µm.

T [◦C] R1 [� m2] α σCPE [� m2 sα] ped D [m2 s−1] CO [mol m−3] σScSZ [S m−1]

600 1.07 · 10−4 −0.737 0.0121 0.467 9.861 · 10−10 1.250 1.786

650 4.99 · 10−5 −0.755 0.0202 0.456 3.333 · 10−9 1.045 3.018

700 5.03 · 10−5 −0.717 0.0130 0.476 4.094 · 10−9 1.462 4.370

750 3.81 · 10−5 −0.705 0.0106 0.501 8.354 · 10−9 1.775 5.617

800 3.15 · 10−5 −0.761 0.0139 0.574 1.669 · 10−6 0.099 6.604

Table AII. All fitted parameters for Ag|Ag-ScSZ|Ag (4.7 vol % Ag). keff = 0.5 is used in the electrode. The electrode thickness is assumed equal
to Led = 3.2 µm. This set of parameters shows high consistency with the literature as discussed in the text, thus it must be preferred to the values
reported in Table AI.

T [◦C] R1 [� m2] α σCPE [� m2 sα] ped D [m2 s−1] CO [mol m−3] φAg LAg [µm] pAg

600 2.57 · 10−4 −0.486 0.0630 0.375 6.332 · 10−10 1.275 0.0710 0.8 0.70

650 1.03 · 10−4 −0.617 0.1031 0.357 9.789 · 10−10 1.624 0.0473 0.8 0.68

700 4.25 · 10−5 −0.746 0.2002 0.345 1.265 · 10−9 2.266 0.0473 0.8 0.64

750 2.10 · 10−5 −0.816 0.2653 0.369 1.608 · 10−9 2.691 0.0473 0.8 0.61
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