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Highly porous Pt thin films, with nano-scale porosity, were fabricated by reactive sputtering. The strategy
involved deposition of thin film PtOy at room temperature, followed by the subsequent decomposition of
the oxide by rapid heat treatment. The resulting films exhibited percolating Pt networks infiltrated with
interconnected nanosized pores, critical for superior solid oxide fuel cell cathode performance. This
approach is particularly attractive for micro-fabricated solid oxide fuel cells, since it enables fabrication of
the entire cell stack (anode/electrolyte/cathode) within the sputtering chamber, without breaking vac-
uum. In this work, the morphological, crystallographic and chemical properties of the porous electrode
were systematically varied by control of deposition conditions. Oxygen reduction reaction kinetics were
investigated by means of electrochemical impedance spectroscopy, demonstrating the critical role of
nano-pores in achieving satisfactory micro-SOFC cathode performance.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Micro solid oxide fuel cells (u-SOFC) promise considerably
higher energy densities than lithium batteries for portable power
generation in devices such as laptop computers and mobile tele-
phones and therefore have attracted recent interest [1—4]. These p-
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SOFCs rely on self-supporting, multilayer stacks, including a thin
film solid electrolyte (e.g. yttria stabilized ZrO, or acceptor doped
Ce0O;) sandwiched between thin film electrodes. This offers the
possibility of embedding miniaturized SOFC structures, together
with MEMS components, and other active electronics, within the
same silicon wafer or other planar-like structures [3,4]. Thin film
versus standard ceramic SOFC processing also promises signifi-
cantly reduced processing and operating temperatures, leading to
extended life and reduced cost [2—6]. Given considerably reduced
operating temperatures, more catalytically active electrodes are
necessary, and this work aims to develop strategies for enhancing
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the activity of SOFC electrodes, compatible with wafer scale pro-
cess, at reduced temperatures.

Platinum (Pt) is viewed as an attractive choice as an electrode in
micro-electrochemical devices, due to its process compatibility
with MEMS and microelectronic devices, excellent catalytic activ-
ity, and high electronic conductivity [7]. Considering that electro-
chemical reactions at both SOFC electrodes simultaneously involve
gas, electronic and ionic species, a highly porous and continuously
connected Pt structure with high triple phase boundary length,
serving as a gas permeable and electronic conducting layer, as well
as an electrocatalyst, is necessary [8]. The most common strategies
for fabricating such porous Pt structures are based on replication or
modification of sacrificial porous molds, either inorganic or poly-
meric [9—11]. These templating techniques have the advantage of
precise control over the size and microstructure of the final porous
metal structures, but are generally difficult and time consuming to
implement. An alternative means for creating porous structures is
by a selective dissolution method, known as dealloying [12—16]. It
involves selective electrolytic dissolution of a less-noble element
from a mixture of intermetallic compounds, leaving behind a
nanoporous framework. However, it often suffers from contami-
nation by incomplete removal of the less-noble element, which
may result in degraded catalytic properties [17,18]. Furthermore,
both of the above-mentioned methods typically utilize wet chem-
ical methods, that are often incompatible with the clean and
controlled vacuum environment required in the fabrication of mi-
cro devices. Lastly, porous structure can be prepared from pure
metal thin films as a result of Ostwald ripening, without aid of
sacrificial templates or elements, by post-annealing dense films at
high temperature [7,19,20] or by depositing at high pressure [4,5].
However, reproducible porous structures are not easily obtained,
given the inability to precisely control multiple critical variables
including rate, temperature and pressure for deposition, annealing
temperature and duration, and film thickness uniformity [3,7].

In this work, we investigate an alternative approach based on
the reactive sputtering of platinum in an oxygen containing at-
mosphere to deposit platinum oxide (PtOy) films that, upon sub-
sequent high temperature anneal, are converted back to Pt with
consequent formation of nanoporosity. While a similar approach
was recently described by Cho et al., [21] a detailed analysis
regarding the formation of PtOy and the role of the oxygen in
creating porosity was not provided. Here, we examine this aspect in
some detail. The morphological and chemical properties of the
porous Pt thin films are systematically controlled by changing
deposition atmosphere, and are investigated by means of SEM,
XRD, and XPS. Furthermore, no attempt was made in the previous
study to examine the electrochemical activity of the resultant
structures as a function of porosity and film thickness. Here, the
electrochemical performance of porous Pt thin films (as a potential
SOFC cathode), deposited onto both sides of a single crystal yttria-
stabilized zirconia electrolyte (YSZ) substrate, is thoroughly inves-
tigated with the aid of electrochemical impedance spectroscopy
(EIS). The complex impedance data are analyzed and compared
with previous results reported for various porous Pt electrodes on
YSZ, demonstrating the critical role of nano-porosity in achieving
satisfactory cathode performance.

2. Experimental
2.1. Nanoporous Pt thin film fabrication

Porous Pt thin films were produced by reactive magnetron
sputtering (Kurt J. Lesker, Clairton, PA), at a DC power of 50 W, from

a two-inch diameter metal target of 99.99% pure Pt (ACI Alloys),
under controlled argon/oxygen atmosphere, with subsequent

annealing in air at elevated temperature. The total chamber pres-
sure was maintained at 10 mTorr after pumping the background
pressure down to less than 3 x 10~ Torr. Controlled concentrations
of argon and oxygen were introduced into the sputtering chamber
at argon to oxygen ratios between 9:1 and 3:7, in order to reactively
sputter PtOy films. The substrate was unheated, but the substrate
surface temperature increased to approximately 180 °C during
deposition. Following deposition, the films were quickly heated to
600 °C in air for an hour to decompose the platinum oxides and
subsequently quenched to room temperature (RT).

2.2. Structural and chemical characterization

The morphology of the resulting films was characterized by
scanning electron microscopy (SEM, FEI/Philips XL30 FEG ESEM),
showing highly porous films with nano-scale porosity. The thick-
ness of as-deposited PtOy films was determined by surface profil-
ometry (KLA-Tencor Alpha-Step P-10). Chemical compositions and
bonding states were investigated in a Kratos Analytical (Man-
chester, UK) model Axis Ultra x-ray photoelectron spectrometer
(XPS). CasaXPS software was used for peak-fitting and chemical
quantification. A monochromated aluminum x-ray source of
1486.6 eV was used at a power of 150 W. Pass energies of 160 eV
and 20 eV were used for survey and high resolution scans,
respectively. Binding energy values were calibrated by setting the
peak energy of the 1s electron in carbon, found as a surface
contaminant in open air, to 285.0 eV.

2.3. Electrochemical performance

A symmetric structure, with identically sized (9 mm x 9 mm)
porous Pt electrodes on both sides of the YSZ electrolyte, was used
for electrochemical impedance spectroscopy (EIS) measurements.
Both a custom-designed enclosed probe station, manufactured by
McAllister Technical Services (Coeur d’Alene, ID) and a tube furnace
were used for the EIS measurements at temperatures between
315 °C and 450 °C in air. EIS measurements, covering the frequency
range from 16 mHz to 1 MHz, with amplitude of 20 mV, were
performed with a Solarton 1260 impedance analyzer.

3. Results and discussion

3.1. Morphological and chemical properties of the porous Pt thin
films

The strategy for the fabrication of porous Pt thin films involves
the deposition of thin film PtOy at room temperature, followed by
the subsequent decomposition of the oxide by heat treatment. Fig. 1
shows SEM images of the resulting Pt films after thermal decom-
position of the platinum oxides at 600 °C for 1 h for sputtering
atmospheres of 0,/(0, + Ar) = 10, 20, 25, 30, 50 and 70, on a per-
centage basis, utilized during sputtering. (The as-deposited films
have the same thickness, ~200 nm). A highly porous microstructure
with tens of nanometer sized pores was obtained only for O,/
(02 + Ar) ratios higher than 30%; while a dense film was obtained
for O,/(0; + Ar) ratios of less than or equal to 20%. The onset of pore
formation just begins at an O/(0 + Ar) ratio of 25%. Temperatures
higher than 600 °C were not used during subsequent annealing,
given that the goal of this study was to find a process compatible
with typical micro-fabrication schemes that operate under
restricted thermal budgets.

The Pt/O binary system is highly immiscible with a limited ox-
ygen solubility of only 19 ppm even at 1450 °C and 1 atm of oxygen.
[22] However, Pt oxidic compounds (PtOy) can be formed under
certain conditions, such as at relatively extreme conditions of
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Fig. 1. Scanning electron microscope micrographs of the resulting Pt films as a function of the oxygen ratio, 0,/(0, + Ar) utilized during sputtering, following heating at 600 °C in air
for 1 h. Pores, marked by arrows, begin to be appear at an O,/(0; + Ar) ratio of 25%. All of as-deposited films have the same thickness (~200 nm).

pressure and temperature, [23]| under highly anodic potentials in
aqueous solution, [24] and under Ar/O; plasma conditions.
[21,25—32] In addition, once formed, PtOy is unstable at interme-
diate temperatures, with none of the oxides (i.e. amorphous PtOy,
PtO and PtO,) known to be thermodynamically stable above 350 °C.
[31—33] Sputtering allows oxygen to react with Pt metal and
maintain a metastable Pt—O bond, provided the chamber is main-
tained at a relatively high oxygen partial pressure, when combined
with a low deposition temperature. During subsequent heating,
PtOy decomposes with accompanying loss of oxygen, resulting in
highly porous Pt thin films with nano-scale porosity (see Fig. 1). For
Pt operating as electrodes in SOFCs, the electrochemical reactions
are confined to the three-phase-boundary (tpb) where gas, elec-
trolyte and electrode meet together. [8,34,35] Accordingly, a high
tpb-length, coexisting with networks enabling simultaneous elec-
tronic and oxygen percolation pathways to access the tpb, are
considered crucial for superior electrochemical performance of Pt
electrodes deposited onto solid oxide electrolytes such as YSZ.
Previously, similar strategies for obtaining porous Pt films were
attempted by reducing the sputtered PtOy layers with hydrogen gas
or by electrochemical means at room temperature [36,37]. Despite
the resulting high surface area of the Pt layer, these techniques do
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not create pores that completely penetrate through the Pt layer,
resulting in limited accessibility of the oxygen gas molecules to the
solid electrolyte surface. Furthermore, the room-temperature-
reduced Pt structures are unlikely to remain thermally stable at
the operating temperature of the micro-SOFC, e.g., >350 °C. The Pt
thin films obtained in this work, in contrast, provide a percolating
Pt network with continuous pathways for the oxygen gas via the
interconnected pores. In addition to enhanced thermal stability
characteristic of our films, our method is also more generally
applicable to other materials systems, for example, nanoporous Au
and Ni thin films (see Supporting Information Fig. S1).

The deposition atmosphere was controlled by varying the argon
to oxygen gas ratio, 02/(0; + Ar), from 10% to 70%, while main-
taining the same total pressure of 10 mTorr. The formation of the Pt
oxide phases in as-deposited films was first confirmed by XPS
analysis of the Pt 4f electron, exhibiting three different bonding
states (i.e., Pt, PtO and PtO;) as shown in Fig. 2a. While pure Pt is
reported to show two energy states at 71.2—3 eV and 74.6 eV for 4f7,
2 and 45y, respectively, the corresponding energy states of PtO and
PtO; are shifted to higher energies i.e., 72.3—4 eV/75.6—7 eV and
73.6—74.2 eV[76.8—77.5 eV, respectively. [26,38] The atomic ratio
between O and Pt in the as-deposited films is also shown in Fig. 2b,
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Fig. 2. (a) XPS spectra of Pt 4f electrons in as-deposited films vs. oxygen gas ratio before annealing. While pure Pt shows two energy states at 71.2—3 eV and 74.6 eV for 4f7/, and 4fs,
2, respectively, the corresponding energy states of PtO and PtO, are shifted to higher energy such as 72.3—4 eV/[75.6—7 eV and 73.6—74.2 eV/76.8—77.5 eV, respectively. [26,38] (b)

Atomic ratio of O to Pt in the as-deposited films.
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based on the chemical quantification of the photoelectron spectra
by peak-fitting with Pt 4f electron. The XPS results of as-deposited
film at 10% of O2/(03 + Ar) ratio shows that a mixture of pure Pt and
PtO is formed. As the O,/(O, + Ar) gas ratio increases, the PtO
component is found to increase, and PtO, begins to be distinctly
observed beginning at 30% O,. As expected, the increase in the O,/
(O + Ar) ratio during deposition leads to an increase in the oxygen
content in the as-deposited films, consistent with earlier work
relating to PtOx by Hecq et al. and McBride et al. [26,27] Note that
while the O/Pt atomic ratio should remain smaller or equal to 2,
values above 3 are reported in Fig. 2b. Given that 4+ is the highest
oxidation state of Pt found in this study (for PtO,), the O/Pt ratios
greater than 2 obtained by XPS are likely due to contributions from
adsorbed oxygen at the surface.

Cho et al. similarly prepared porous Pt films by depositing them
under a 50% O,/(O, + Ar) ratio, followed by thermal annealing. [21]
They found that porous films began to form above 600 °C, and
explained that the porous structure evolved by thermally activated
agglomeration, following crystallization/reduction of the as-
deposited PtOy film into Pt. By examining a wider range of condi-
tions, we found, for example, that films deposited under lower O,/
(02 + Ar) gas ratios than 25%, even when annealed at 600 °C for 1 h
in air, showed no porous structure formation (see Fig. 1). In addi-
tion, we found pores to form in under a minute, even at tempera-
tures as low as 500 °C, consistent with observations of Westwood
et al. that while the PtO phase is stable below 300 °C, it begins to
decompose into pure Pt above 500 °C. [25] This observation is
supported by in-situ SEM observation as a function of temperature
(see Supporting Information II). Therefore, we conclude that oxy-
gen gas evolution from PtOy initiates and/or facilitates the forma-
tion of pores and that a critical minimum amount of oxygen
incorporated within the Pt oxidic compounds (in the form of PtOy)
is required in order to form a porous structure.

The crystallographic properties of the thermally decomposed Pt
films, following annealing, were studied by X-ray diffraction, as
shown in Fig. 3. Two main Pt peaks, (111) and (200), were observed
for all films. Interestingly, the relative intensity of the (200) peak
increased with increasing O2/(0; + Ar) ratio from 10% to 25%, while
it largely remained at an approximately constant ratio of (200)/
[(200) + (111)] for an O3/(02 + Ar) ratio ~30%. This observation is
consistent with the SEM analysis, showing that the pore structure
was formed above 05/(0; + Ar) ratio of ~30%. Further investigation
with in-situ XRD measurement with high temporal resolution may
help further clarify the pore formation mechanism.

Currently, many p-SOFCs designs operate with porous sputtered
Pt electrodes, obtained by annealing dense, pure Pt films at elevated
temperature [3,7]. Under these circumstances the Pt films break up
and agglomerate as a result of Ostwald ripening [39,40]. This work
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is distinguished from this thermal agglomeration method, by the
fact that pores are rapidly formed due to oxygen loss even before
thermal agglomeration of the Pt layer can take place, as discussed
above. Accordingly, this technique provides a major advantage over
the agglomeration method, which requires much higher annealing
temperatures (650—800 °C) and longer times [7]. More impor-
tantly, the agglomeration method significantly limits the choice of
the Pt layer thickness, given that agglomeration is highly sensitive
to both annealing temperature and layer thickness and uniformity
(See a map of film thickness and annealing temperature for porous
structure formation in reference 7) [7]. On the other hand, the
method proposed in this study can provide a wide range of porous
Pt layer thickness without significant change in morphology.

3.2. Electrochemical properties of the porous Pt films

The electrochemical performance of the porous Pt films under
cathode operating conditions was investigated by electrochemical
impedance spectroscopy as a function of the thickness of the Pt
layer and the degree of porosity. For a comparison, the impedance
spectra (IS) of a dense Pt film, prepared under pure Ar deposition
gas, were also measured following the same thermal annealing
condition of 600 °C. The complex impedance spectra for the sym-
metrical structure, with identically sized (9 mm x 9 mm) porous Pt
electrodes (prepared with Oy/(Ar + O3) ratio of 70%) on both sides
of the single crystal YSZ substrate, show contributions from two
semicircles, as illustrated in Fig. 4a. The impedance spectra were
well-represented by two RQ sub-circuits as shown in inset, where R
represents a resistance and Q a constant phase element (CPE),
respectively. CPEs are used to consider inhomogeneities in the
electrodes, resulting in depressed arcs and deviating from expec-
tations based on ideal capacitors [8]. Arc I, the high-frequency (HF)
semicircle, is attributed to the series ohmic resistance of the YSZ
single-crystal electrolyte. The behavior of this semicircle is quan-
titatively very similar for all films, as expected. The resistance, Ry,
derived from the equivalent circuit fitting, is characterized by an
activation energy of 1.1-1.2 eV, is independent of pO, and dc bias,
as typical for the YSZ electrolyte. Further the conductivity,
normalized to the electrolyte geometry, closely matches literature
data for the ionic conductivity of YSZ (see Fig. 4b) [41]. Further-
more, as evident from Fig. 4b, it is also independent of the Pt film
thickness, within experimental error. One can thus confidently
conclude that this IS feature should be solely attributed to the YSZ
electrolyte and not the electrode. Accordingly, Arc II, the low-
frequency (LF) semicircle, is believed to be due to the Pt electrode
activation polarization with an activation energy of 1.24 + 0.03 eV,
close to that reported for dense Pt microelectrodes (1.36 + 0.11 eV)
[42]. The -equivalent capacitance, computed according to
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Fig. 3. (a) XRD pattern of a 200 nm thick Pt film after annealing at 600 °C as a function of 0,/(0 + Ar) gas ratio during sputtering. (b) Relative intensity of (200) orientation with

respect to (111) vs. O,/(0; + Ar) gas ratio.
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Fig. 4. (a) Typical impedance spectra of dense (triangle) and porous (square) Pt elec-
trodes deposited on a YSZ single crystal measured in air at 375 °C. The fitting result
(solid line) for porous Pt electrode modeled with the equivalent circuit (inset) is
included. The approximate peak frequencies of the high frequency semicircles are
indicated in the figure. The dense electrode was prepared with pure Ar as the depo-
sition gas, while the porous film was grown in an atmosphere of 70% O in Ar + O,
followed by a high temperature anneal. Both electrodes were prepared under the same
total pressure of 10 mTorr and DC power of 50 W. (b) Log electrical conductivity —
temperature product vs 1000/T assigned to YSZ single-crystal electrolyte, as derived by
appropriate fitting of the high frequency IS features. Reported conductivity values from
the literature are also inserted for comparison, (dashed line).

C=(R'""Q)"" is at around 10~ F/cm? which is characteristic of an
interfacial effect. This second arc is depressed for all films, with an n
parameter as low as 0.6—0.7 (for an ideal capacitance, n = 1). The
polarization resistance from the Pt electrode was estimated from
equivalent circuit fitting, given that there is no additional imped-
ance feature at an even lower frequency regime, as confirmed by
measuring the impedance spectra at temperatures above 500 °C
(data not shown in manuscript). Fig. 4a compares the impedance
spectra obtained for dense and porous Pt electrodes. Given the
extremely high resistance from the dense Pt electrode, it was not
possible to precisely extract its value at all measurement temper-
atures. Nevertheless, the estimated area specific resistance
(3.0 + 1.0 x 10° Q.cm? at 375 °C in air) of the nominally dense Pt
electrode exhibited several orders of magnitude higher resistance

than the Pt electrode  with
(8.0 + 0.1 x 10* Q-cm? at 375 °C in air).

The electrode polarization conductance normalized to the
nominal electrode area is plotted as a function of reciprocal tem-
perature in Fig. 5. For comparison, the reported values [7,21,43—46]
for porous Pt electrodes prepared via paste and sputtering are also
inserted in Fig. 5. While many of the curves exhibit similar activa-
tion energies, the magnitude of electrode conductance is seen to
differ by as much as 5 orders of magnitude between the various
studies. Near linear correlations of electrode conductance with
triple phase boundary length have been demonstrated, pointing to
the key role played by the Pt morphology, in addition to possible
effects associated with variations in chemical purity [34]. The
present method provides a highly porous Pt geometry with an
estimated triple boundary density of 65—80 m cm™2 by SEM image
analysis, comparable to the value of 15—-150 m cm™2 reported for
porous Pt paste electrodes [47]. In addition, this technique ensures
considerably higher purity, e.g., with respect to Si contamination,
[34] compared with a typical platinum paste or a templated elec-
trode, which often suffers from significant contamination issues
and/or requires a high temperature annealing process (>700 °C). It
is therefore not surprising that the porous Pt thin films prepared in
this work provide amongst the highest electrode conductance re-
ported in the literature (See Fig. 5).

Interestingly, within a similar range of temperatures, the elec-
trode conductance of this work is within an order of magnitude of
ones also prepared by sputtering either under pure Ar atmosphere
followed by post-growth annealing () [7], or sputtering under
high Ar deposition pressure (<) [7]. However, while those porous
Pt thin films, with thickness on the order of 50 nm and with
nanoscopic pores, facilitate oxygen permeability, they are likely
vulnerable to thermal agglomeration under long term annealing.
[39] On the other hand, following ~76 h of electrochemical mea-
surements at temperatures between 345 °C—450 °C in air, the
150 nm thick porous Pt thin film investigated here showed no
significant change in the porous structure or performance (see
Supporting Information III). Furthermore, the method used in this
study can be used to fabricate much thicker porous layers
(>500 nm) with less likelihood for agglomeration. This suggests
that the method employed in this study is not only straightforward
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Fig. 5. Arrhenius plot of electrode conductance (normalized) for the porous Pt elec-
trode in this study (solid red circles). For comparison, previously reported electrode
conductance (normalized) values for porous Pt electrodes are also inserted. Reactively
sputtered: + [21]; Paste: M [43], A [44], W [45], @ [46]; Sputtered: < [7], O [7], A
[46], O [43], V [46]. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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and compatible with micro-fabrication processing, but can also
provide superior long term performance as an SOFC cathode.

Interestingly, the electrode conductance exhibited little varia-
tion in magnitude as a function of deposition atmosphere (between
02/(02 + Ar) of 40% and 70%) or Pt thin film thickness (see
supporting Information IV). This is likely due to the fact that the
porous film morphology does not vary sufficiently, within experi-
mental error, with the variations in deposition atmosphere and film
thickness applied in this study. Further reduction of the electrode
polarization resistance, and in turn improved micro-SOFC fuel cell
performance, will require additional control of film morphology, as
well as, careful examination of the pore formation and cathode
reaction mechanisms.

4. Conclusion

Porous Pt thin films were fabricated by reactive sputtering,
followed by decomposition of the metastable Pt oxides to Pt metal
during a brief high temperature treatment at 600 °C. The decom-
position of PtOy, and the subsequent oxygen gas evolution, played a
controlling role in forming nanoporous structures with inter-
connected porosity when the O, to argon ratio in the sputtering
chamber exceeded 30%. The method described in this study is
compatible with micro-fabrication processing, providing a highly
controlled morphology, characterized by nano-scale porosity and
higher chemical purity, than achievable by previously reported
methods. The resulting porous Pt thin films also demonstrate
satisfactory performance comparable to the highest conductance of
platinum film electrodes reported in the literature, indicating this
structure as a promising candidate for p-SOFC cathodes operated at
300 °C—450 °C. In addition, given that thicker porous structure can
be obtained in this manner, the method described in this study can
be expected to provide better long term stability.
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