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The electrode performance of solid oxide fuel cell anode with Pd nanoparticles at the interface of ScYSZ
electrolyte and Sr0.94Ti0.9Nb0.1O3 (STN) electrode introduced in the form of metal functional layer have
been investigated at temperatures below 600 �C. A metal functional layer consisting of Pd was deposited
by magnetron sputtering. Effecting from heat treatments, Pd nanoparticles with particle sizes in the
range of 5e20 nm were distributed at the interface, and throughout the backbone. The polarization
resistance of the modified STN reduced to 30 Ucm2 at 600 �C, which is three times less than an
unmodified STN backbone. In order to improve the anode performance further, Pd and Gd-doped CeO2

electrocatalysts were infiltrated into the STN backbone. The modified interface with Pd nanoparticles in
combination with nanostructured electrocatalyst by infiltration resulted in polarisation resistances of
0.35 Ucm2 at 600 �C in H2/3% H2O fuel.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Conventional anodes for solid oxide fuel cells (SOFCs) consist of
a cermet of nickel and yttrium-stabilized zirconia (YSZ) [1e3].
Although NieYSZ cermet has excellent electrochemical properties
for hydrogen oxidation, it has the drawback of high polarization
resistance at low temperatures (<600 �C) and poor redox stability
[4,5]. High performing alternative anodes are required to overcome
the limitations of NieYSZ cermets for low temperature SOFC (LT-
SOFC) applications [6].

Recently, ceramic basedmaterials have been extensively studied
for LT-SOFCs, e.g. Sr0.94Ti0.9Nb0.1O3 (STN) perovskite type oxides. In
spite of their low oxide ion conductivity and poor catalytic activity
for hydrogen oxidation, these oxides have excellent electronic
conductivity and redox stability [7]. Various attempts have been
made to use doped-SrTiO3 as a potential LT-SOFC anode. A
composite of YSZ or La0.8Sr0.2Ga0.8Mg0.2O2.8 (LSGM) with Y-doped
SrTiO3 has been tried [8]. While composites of STN/YSZ would
probably provide the necessary oxide ion transport; these cannot
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be used for SOFC anodes without further modification, due to their
high polarization resistances (Rp) [7].

When pure electronic material like STN is used as anode, the
electrochemical reactions are confined to the electrode/electrolyte
interfaces (EEI) [9], where electrode, electrolyte and the fuel gas are
in contact forming a three phase boundary (TPB). Incorporation of
nanostructured, catalytically active sites and path for oxide ion
conduction is necessary in extending the TPBs [10]. TPB length
plays a crucial role in improving the performance of SOFC anodes.
Moreover, introducing electrocatalyst such as Ni and Gd-doped
ceria (CGO) by infiltration is proven to extend the TPB length and
to improve the performances [11e14].

Themain goal of this study is to improve the performance of STN
based anodes by introducing catalyst nanoparticles at the EEI i.e.,
nanosized Pd catalyst was incorporated in the required site of
hydrogen oxidation in the form of a metal functional layer (MFL).
The study was made systematic by varying the thickness of MFL
deposited at the interface with the aim to increase the loading of
catalyst; however the best performance is achieved with a MFL of
20 and 30 nm. The combined beneficial effects of PdeCGO elec-
trocatalyst infiltration and distributed Pd nanoparticles at the
interface have shown a drastic improvement in electrode perfor-
mance at low temperatures.
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2. Experimental

2.1. Deposition of metal functional layer (MFL) using magnetron
sputtering

An MFL was deposited by magnetron sputtering technique on
both sides of pre-sintered ScYSZ (10 mol% Sc2O3 in 1 mol% Y2O3
stabilized ZrO2) electrolyte tape to form a symmetrical cell. The
magnetron sputtering setup consisted of a vacuum chamber evac-
uated up to 10�6 Torr with a set of roughing and turbo molecular
pumps. Ar gas was fed using a mass flow controller to create
a working pressure (p), of tens of m Torr. The magnetron sputtering
cathode (2 inch in diameter) with indirect water cooling and
possibility of both RF excitation and DC bias was produced by Kurt
Lesker. In present experiments a palladium plate of 0.2 mm in
thickness and 50 mm in diameter was bound with a thermally
conductive silver adhesive on a thicker copper disc. The resulted
target was DC biased (UDC) with more than 200 V to ignite the
plasma discharge, while measuring the discharge current (ID). Ions
produced by electron ionization in the plasma-ring following the
magnetic field of the cathode were accelerated towards the target
(biased negatively) striking its surface with energies of over 100 eV.
The ion impacts produce physical sputtering of atoms and clusters
from the target and are then transported by diffusion on the
substrate forming a film. A ScYSZ electrolyte tape with an area of
6� 6 cm2 and 120 mm thick was used as a substrate to deposit MFL.
Typical parameters were p ¼ 50 m Torr, UDC ¼ 360 V, ID ¼ 200 mA
with a deposition rate of 20 nm min�1. Deposition times of 60, 90,
300 and 500 s were used to deposit films of thickness 20, 30, 100
and 170 nm, respectively. The thickness of the films was deter-
mined using a Veeco stylus profilometer. The initial structure of the
symmetrical cells was MFL j ScYSZ electrolyte j MFL.

2.2. Fabrication of symmetrical cells

The STN powders synthesized bywet chemical method reported
elsewhere [15,16]. Backbones of STN was prepared by screen
printing an in-house STN ink on both the sides of ScYSZ electrolyte
deposited with MFL to form a STN j MFL j ScYSZ electrolyte j MFL j
STN structure. This raw symmetrical cell was sintered in air
(1100e1300 �C) for 4 h. Subsequently, the sintered symmetrical cell
was pre-reduced at 1000 �C in H2/N2 gas for 5 h. These heat
treatments resulted in distribution of MFL into nanoparticles at EEI.
The tape was cut into smaller pieces having an electrode area of
0.25 cm2 for use in the electrochemical set-up. The porosity of the
STN backbone was determined from the SEM images of the pol-
ished samples using simple phase analysis software.

A 0.75 M CGO (Ce0.8Gd0.2O2�d) precursor solution were
prepared by dissolving cerium nitrate (Ce(NO3)3·6H2O) and
Fig. 1. Schematic sketch illustrating
gadolinium nitrate (Gd(NO3)3·6H2O) in water along with a polymer
surfactants to improve wetting properties. A precursor solution of
PdeCGO was made by mixing 0.60 M palladium nitrate (Pd
(NO3)2·6H2O) in an already prepared CGO solution. PdeCGO
precursor solution contains 10 wt.% of Pd and 90 wt.% of CGO.
The STN anodes were prepared by infiltrating few drops of the
prepared precursor solution into the symmetrical cell, after which
they were placed in a vacuum chamber. Vacuum was applied in
order to remove the air bubbles and facilitate the liquid precursor
penetrate the anode homogeneously. The cell was infiltrated 3
times with PdeCGO; after each infiltration the cells were calcined
at 350 �C for 1 h in air. The change in weight after calcination was
recorded after each infiltration. The formation of fluorite type
structure of CGOwas confirmed using XRD analysis and no reaction
occurred between CGO and PdO. The volume fraction of PdeCGO is
7.6 vol.% in STN jMFL j ScYSZ electrolyte jMFL j STN, while 8.5 vol.%
for STN j ScYSZ electrolyte j STN symmetrical cell.
2.3. Electrochemical characterizations

A Solartron SI1260 frequency response analyser was used to
measure the impedance of the symmetrical cells. The symmetrical
cells were electrically contacted using Pt-paste (Ferro GmbH) and
a Pt-grid. The polarization resistance of Pt-paste as anode is very
high (123 Ucm2 at 650 �C in H2/3% H2O) owing to their larger grain
sizes and lack of oxide ion conductivity. The contribution from Pt
current collector is negligible and the same current collector was
used for all the anodes to compare the results [17]. The cells were
heated to 650 �C in dry gas mixtures of 9% H2/N2, where after the
gas was changed to dry H2 and the temperaturewere kept at 650 �C
for 12 h. The impedance spectra were recorded at open circuit
conditions (OCV) by applying amplitude of 50 mV (the output
voltage of the Solartron varies from 5e50 mV depending on the
temperature i.e., the cell impedance) in the frequency range of
1e5 MHz. The impedance was measured in the temperature range
from 650 to 350 �C in H2/3% H2O. The gas compositions were made
by humidifying H2 in a water bubbler at room temperature. The
partial pressure of oxygen, (pO2) was measured using an oxygen
sensor. The EMF values were�1.131,�1.138,�1.145 and�1.147 V vs.
air, corresponding to pO2 values of 10�26, 10�27, 10�29, and
10�31 atm at 650, 600, 550 and 500 �C, respectively. These value
corresponds very well with the gas composition of 97% H2/3% H2O.
The impedance data were corrected for inductances originating
from the leads of electrochemical setup (30e60 nH depending on
the electrode), determined on the cells in short circuit at room
temperature. The impedance spectrawere fittedwith an equivalent
circuit using ZSimpWin with a complex non-linear least squares
fitting routine (CNLS).
the structure of SOFC anode.
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Fig. 2. Impedance spectra for hydrogen oxidation measured at 600 �C with metal
functional layer (MFL) of different thicknesses and without MFL. The numbers in the
spectra indicate the frequencies, in Hz. The electrolyte series resistance are subtracted
from the spectra and the solid lines connecting the measured data points indicate the
equivalent circuit fits.
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2.4. Microstructure and elemental analysis

The microstructure of the EEI was investigated with a trans-
mission electron microscope (TEM) at an accelerating voltage of
300 kV (JEM-3000F, FEGTEM). An energy dispersive X-ray spectra
(EDX) analysis was performed on the particles located in the EEI
using an Oxford EDS detector. A thin TEM lamella was prepared by
use of a FIBeTEM H-bar technique in a crossbeam 1540XB dual
focused ion beam (FIB)/SEM from Carl Ziess.
3. Results and discussion

Fig. 1 is the schematic sketch of the anode structure used in this
work. Process 1, before sintering portray the raw assembly (one
side of the symmetrical cell is shown), wherein MFL is sandwiched
between the printed STN and pre-sintered ScYSZ tape. Process 2
corresponds to distribution of Pd thin film into nanoparticles at the
EEI and on the STN backbone after sintering and process 3 illus-
trates the infiltrated PdeCGO electrocatalyst into the STN backbone
forming a percolated network of PdeCGO.
Fig. 3. Bar chart illustrating the reduction in anode polarization resistance for a STN
anode with metal functional layer (MFL) measured at 600 �C in 3%H2/H2O.
Shown in Fig. 2 are the impedance spectra of STN symmetrical
cells with andwithout MFLmeasured at 600 �C. The high frequency
intercept in the X-axis corresponds to the ohmic resistance of the
electrolyte (Rs). In the spectra shown, the values of Rs and polari-
zation resistance (Rp) were determined from the impedance
spectra fitted using the general equivalent circuits Rs (RpQp). The
bar chart shown in Fig. 3 illustrates the Rp values obtained from the
impedance spectra. The impedance of STNwithout Pd shows a high
Rp of 90 Ucm2. With a Pd MFL of 170 nm at the EEI, Rp reduces to
54 Ucm2. A thinner MFL at the interface yielded better perfor-
mance. This can be seen from the impedance spectra for various
MFL thicknesses ranging from 20 to 170 nm. For instance, with 100
and 30 nm thick MFL, Rp reduces to 45 and 33 Ucm2, respectively
i.e., for thin films below 100 nm, 40e50% reductions in Rp was
achieved at 600 �C. The performance of 30 nmMFL is similar to that
of 20 nmMFL, which is about 30 Ucm2. With a 20 nm thick MFL, Rp
reduction of 70% is achieved to that of unmodified STN. Although
a considerable reduction in Rp is achieved by incorporating MFL,
a further reduction in STN anodes are required and can be achieved
Fig. 4. a) Arrhenius plot of polarization resistance (Rp) and b) temperature dependency
plot of electrolyte ohmic resistance (Rs). The straight line represents the ohmic resis-
tance of ScYSZ electrolyte with a thickness of 120 mm calculated from the conductivity
values reported in literature.



0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.0

0.2

0.4

10

10010
2

10

100

Pd-CGO without MFL

Pd-CGO with MFL

Z' (Ω cm
2

)
-
Z

''
(
Ω

c
m

2
)

1.1 1.2 1.3 1.4 1.5

0.1

1

10

10
3
/T (K

-1
)

R
p
(Ω

c
m

2
)

T ( C )

Pd-CGO without MFL

Pd-CGO with MFL

E a

=
0
.9
e
VE a

=
1
e
V

650 600 550 500 450 400
b

a

1.1 1.2 1.3 1.4 1.5

10
-1

10
0

10
1

10
2

10
3

Pd-CGO without MFL

Pd-CGO with MFL

ScYSZ electrolyte, 120 µm

T ( C )

10
3
/T (K

-1
)

R
s
(Ω

c
m

2
)

c
650 600 550 500 450 400

Fig. 5. a) Impedance spectra of PdeCGO infiltrated STN anodes with and without metal functional layer (MFL) measured at 600 �C in moisturized hydrogen. The numbers in the
spectra indicate the frequencies, in Hz. The electrolyte series resistance is subtracted from the spectra and the solid lines connecting the measured data points indicate the
equivalent circuit fits. b) Arrhenius plot of polarization resistance (Rp) and c) Temperature dependency plot of electrolyte ohmic resistance (Rs). The straight line represents the
ohmic resistance of ScYSZ electrolyte with a thickness of 120 mm calculated from the conductivity values reported in literature.
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only with the introduction of electrocatalyst by infiltration into the
STN backbone.

Shown in Fig. 4a is the Arrhenius plot of Rp. The activation
energy (Ea) was determined and is in the range of 0.95e1.00 eV for
all anodes, both with or without MFL and irrespective of its thick-
ness, despite the variation in polarization resistance. Fig. 4b shows
the temperature dependence of Rs. A comparison of Rs with an
ohmic resistance of ScYSZ electrolyte is shown. The ionic conduc-
tivity values of ScYSZ electrolyte were adopted from the literature
[18] and calculated based on the electrolyte thickness of 120 mm.
The random variations of the electrolyte ohmic resistance between
the different electrodes are thought to originate from any improper
contact of the current collector and from the microstructural vari-
ations of the electrode in contact with electrolyte.



Fig. 6. TEM image of the STN symmetrical cells with metal functional layer (MFL). a) Illustration of the Pd nanoparticles at the interface of STN backbone and ScYSZ electrolyte and
b) Energy dispersive X-ray spectroscopy (EDX) analysis on the nanoparticles.

Table. 1
Electrode polarization resistance and summit frequencies obtained from the equivalent circuit analysis of the impedance spectra at 600 �C in H2/H2O.

STN Backbone R0 (Ucm2) Fmax, 0 (Hz) R1 (Ucm2) Fmax, 1 (Hz) R2 (Ucm2) Fmax, 2 (Hz) Rp (Ucm2)

PdeCGO electrocatalyst w/o MFL e e 0.3 105 0.8 4.3 1.1
PdeCGO electrocatalyst with MFL(20 nm) 0.1 2 � 105 0.35 507 e e 0.35
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Fig. 5a shows the impedance spectra of PdeCGO infiltrated STN
backbone with and without MFL of 20 nm thickness measured at
600 �C. Equivalent circuits R’0 (R0Q0) (R1Q1) and Rs (R1Q1) (R2Q2)
were used to determine Rs(¼ R’0 þ R0) and Rp (¼ R1 þ R2). The fitted
parameters such as resistance (R), admittance parameter (Y0), and
frequency power (n) for each (RQ) sub-circuits were used to
calculate the characteristic frequency (Fmax) using the relations 1.

Fmax ¼ 1

ðR$QÞ1=n$2$p
(1)

The equivalent circuit fitted parameters of the anode at 600 �C
are listed inTable 1. The Rp of PdeCGO electrocatalyst infiltrated STN
is 1.1 Ucm2 and for an infiltrated backbonewith Pd nanoparticles at
the EEI, Rp has been reduced to 0.35Ucm2, which is a 65% reduction.
The performance of these electrodes was compared with almost
similar loading (8 vol.%) of PdeCGO electrocatalyst.

PdeCGO electrocatalyst infiltrated STN without MFL was fitted
with an equivalent circuit containing the sub-circuits (R1Q1) and
(R2Q2) i.e., Rs (R1Q1) (R2Q2). The former sub-circuit in high frequency
part (100e500 Hz) of the spectrum represents the charge transfer
resistance at the electrode/electrolyte interface, while the latter sub-
circuit at low frequency part (5e10 Hz) represents the impedance
due to dissociative adsorption in combination with gas diffusion
limitations [19e21].However, the gasphasediffusion impedancemust
bevery small compared to the impedance of other electrodeprocesses.
In case of PdeCGO infiltrated with Pd MFL of 20 nm thickness, (R0Q0)
and (R1Q1) i.e. R’0 (R0Q0) (R1Q1) equivalent circuit was used to fit the
spectrum. (R0Q0) at very high frequency part (10 kHz) of spectrum is
not an electrode related process and represents the bulk properties of
electrolyte. This can be supported from low capacitance (0.8 mF cm)
and by observing the impedance spectra at low temperatures, where
impedance arcs ascribed to grain boundary and grain interior fall
within the frequency range of the impedance analyser. As suggested
earlier, the sub-circuit (R2Q2) is linked to electrode process in combi-
nation [19,21]. A drastic improvement in charge transfer in combina-
tion with dissociative adsorption of hydrogen is observed in these
modified electrodes. The presence of gas diffusion impedances at low
frequencies (10 Hz) slightly appears at this temperature and is more
evident at high temperature measurements.

TheArrhenius plot of Rp is shown in Fig. 5b. The Ea of the PdeCGO
infiltrates STNanodewithoutMFL is 1 eVand for theanodewithMFL
a similarEa of 0.9 eV isobtained. ShowninFig. 5c are the temperature
dependencies of Rs. The calculated Ea are 1.26 and 1.3 eV for STN
anodes and ScYSZ electrolyte, respectively [18].

The role of the MFL in improving the performance of the STN
based anodes was investigated using TEM. Hydrogen oxidation in
STN was expected to take place only at the interface and modifica-
tion at interface with high surface area catalyst is proven beneficial
[9]. Figs. 6 and 7 gives an overview of STN electrode with 30 nm Pd
MFL in the EEI. Fig. 6a is the cross section of STN/ScYSZ symmetrical
cell. Close examination at the interface of ScYSZ electrolyte and STN
backbone reveals dark spots of Pd nanoparticles and they are about
20 nm in size. Furthermore, STN backbone adheres well with the
ScYSZ electrolyte. Fig. 6b shows the presence of Pd peak at 2.84 keV
resulted from an EDX point analysis on these dark sites.

Further elemental analysis on STN/ScYSZ interface shown in Fig. 7a
reveals the nanoparticles of Pd at the interface and on the STN back-
bone (shown inFig. 7b). Thesizeof thePdparticles is small i.e., less than
5nm.Duringsintering inair, thePd thinfilmoxidizesand isexpectedto
form PdO agglomerates. It is believed that a fraction of the PdO
migrates along with the STN powder particles, while other fraction
remains on the ScYSZ electrolyte. Following sintering, a treatment in
H2/N2 gas conditions at 1000 �C would convert the PdO into Pd parti-
cles. Shown in Fig. 8a and b (high resolution image) is the PdeCGO
infiltrated STN anode in combination with Pd nanoparticles. The



Fig. 7. TEM images of the STN backbone showing the distribution of MFL after sintering. a) STN/ScYSZ interface with distributed Pd nanoparticles and b) Three images shows the
presence of nanosized Pd on the STN backbone.

Fig. 8. TEM images a) STN anode showing nanostructured PdeCGO electrocatalyst in combination with Pd nanoparticles. b) High magnification image (part of Fig. 8a).
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image shown in Fig. 8a clearly reveals the distribution of Pd nano-
particles at the interface and demonstrates that they uniformly cover
STN backbone. It is suggested from Fig. 8b that PdeCGO has the
particles size distribution smaller than the Pd nanoparticles, which
may have resulted in a better electrode performance.
4. Conclusions

The electrochemical properties of Sr0.94Ti0.9Nb0.1O3 ceramic
backbone as SOFC anodes were improved by a Pd nanoparticles at
the interface of electrode and electrolyte. The catalytic activity is still
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insufficient to attain a decent SOFC anode performance at low
temperatures of SOFC. Hence, the anode is further infiltrated with
PdeCGO electrocatalyst, which resulted in a drastic reduction of
electrode polarization resistance. The combination of interface
modification with PdeCGO electrocatalyst infiltrations had shown
an improved electrode performance of 0.35 Ucm2. The microstruc-
tural analysis on the electrode revealed the presence of nanosized
electrocatalyst with two different particle size distributions.
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