L2,
(]
" -
()
ojd
(]
>3
—d
o
<

Hydrogen oxidation kinetics on platinum-
palladium bimetallic thin films for solid acid
fuel cells

Cite as: APL Mater. 7, 013201 (2019); https://doi.org/10.1063/1.5050093
Submitted: 27 July 2018 . Accepted: 02 September 2018 . Published Online: 06 December 2018

Haemin Paik, Andrey V. Berenov, Stephen J. Skinner '/, and Sossina M. Haile

COLLECTIONS

Paper published as part of the special topic on Interfaces in Energy Materials

/RN

) &S @

open View Online Export Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

LaPrzNizOg 7¢ as a candidate solid oxide fuel cell cathode: Role of microstructure and

interface structure on electrochemical performance
APL Materials 7, 013204 (2019); https://doi.org/10.1063/1.5050249

The role of oxide interfaces in highly confined electronic and ionic conductors
APL Materials 7, 013101 (2019); https://doi.org/10.1063/1.5052057

Atomistic study of an ideal metal/thermoelectric contact: The full-Heusler/half-Heusler
interface

APL Materials 7, 013202 (2019); https://doi.org/10.1063/1.5052271

Now Onlinal

APL Materials y -

SPECIAL TOPIC: Open Framework Materials for Energy Applications

APL Mater. 7, 013201 (2019); https://doi.org/10.1063/1.5050093 7, 013201

© 2018 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1171318&setID=421856&channelID=0&CID=392286&banID=519905963&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=b9b74039cffe3b326a25bd0e94835d51c1f39838&location=
https://doi.org/10.1063/1.5050093
https://doi.org/10.1063/1.5050093
https://aip.scitation.org/author/Paik%2C+Haemin
https://aip.scitation.org/author/Berenov%2C+Andrey+V
https://aip.scitation.org/author/Skinner%2C+Stephen+J
http://orcid.org/0000-0001-5446-2647
https://aip.scitation.org/author/Haile%2C+Sossina+M
/topic/special-collections/iem2019?SeriesKey=apm
https://doi.org/10.1063/1.5050093
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5050093
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5050093&domain=aip.scitation.org&date_stamp=2018-12-06
https://aip.scitation.org/doi/10.1063/1.5050249
https://aip.scitation.org/doi/10.1063/1.5050249
https://doi.org/10.1063/1.5050249
https://aip.scitation.org/doi/10.1063/1.5052057
https://doi.org/10.1063/1.5052057
https://aip.scitation.org/doi/10.1063/1.5052271
https://aip.scitation.org/doi/10.1063/1.5052271
https://doi.org/10.1063/1.5052271

APL Materials ARTICLE

scitation.org/journal/apm

Hydrogen oxidation kinetics
on platinum-palladium bimetallic
thin films for solid acid fuel cells

Cite as: APL Mater. 7, 013201 (2019); doi: 10.1063/1.5050093
Submitted: 27 July 2018 + Accepted: 2 September 2018
Published Online: 6 December 2018

Haemin Paik,’ Andrey V. Berenov,” Stephen J. Skinner,”? ' and Sossina M. Haile'**

AFFILIATIONS

T Materials Science, California Institute of Technology, 1200 California Blvd., Pasadena, California 91125, USA
2Department of Materials, Imperial College London, Exhibition Road, London SW7 2AZ, United Kingdom
*Department of Materials Science and Engineering, Northwestern University, 2220 Campus Drive, Evanston, lllinois 60208, USA

2 Author to whom correspondence should be addressed: sossina.haile@northwestern.edu.

ABSTRACT

Solid acid fuel cells (SAFCs) based on the proton-conductive electrolyte CsH,PO4 have shown promising power densities at an
intermediate operating temperature of ~250 °C. However, Pt loadings in SAFCs remain higher than desirable, and the electro-
catalysis mechanisms in these devices are still unknown. Here, hydrogen oxidation kinetics on Pt and Pt-Pd bimetallic thin film
electrodes on CsH,POy4 have been evaluated to establish the potential for a beneficial role of Pd in SAFC anodes. Symmetric cells
fabricated by depositing a metal film on both sides of electrolyte discs are characterized for studying hydrogen electro-oxidation
across the gas|metal|CsH,POy4 structure. It was found that Pd reacts with CsH,POy, forming palladium phosphide at the metal-
electrolyte interface. Accordingly, the activity of Pd was examined in a bilayer geometry of Pd|Pt|CsH,POy4|Pt|Pd. The bilayer
Pt|Pd films showed much higher activity for hydrogen electro-oxidation than films of Pt alone, as measured by AC impedance
spectroscopy. Ex situ low energy ion scattering and scanning transmission electron microscopy revealed that Pd diffused into
the Pt layer under operating conditions. The dramatic impact of Pd along with its presence throughout the film suggests that it
catalyzes reactions at both the metal-gas and metal-electrolyte interfaces, as well as increasing hydrogen diffusion rates through
the films.

(©) 2018 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http: //creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5050093

Fuel cells convert chemical energy into electrical energy
through the electrochemical reaction of oxygen with a fuel
such as hydrogen. Intermediate temperature fuel cells func-
tioning at 200-500 °C combine the benefits of high temper-
ature operation, such as fuel flexibility and high efficiency,
with the advantages of low temperature operation includ-
ing inexpensive auxiliary components and easy on-off cycling.
Solid acid fuel cells (SAFCs) have drawn attention for their
operability at intermediate temperature using the non-toxic,
proton-conducting electrolyte, cesium dihydrogen phosphate
(CsHzPOy4)."2 At 250 °C CsH,PO4 displays high proton con-
ductivity, ~10~2 S /cm, good stability, and high fuel cell power
density.>* While many of the performance characteristics of

SAFCs are now approaching commercial requirements, mar-
ket entry has been hampered in large part by high Pt loadings
(~2 mgp¢ /cm? for both electrodes combined). Moreover, sur-
prisingly few alternatives to Pt have emerged for either the
hydrogen oxidation reaction or the oxygen reduction reaction
in SAFCs.

In the present work, we examine the suitability of Pd as
a catalyst component in SAFC anodes. Pd and Pd-Pt alloys
have shown high activity in SAFC cathodes, but these materi-
als quickly react with the electrolyte.>7 It has been suggested
that this reaction is enabled by the ready oxidation of Pd in
the SAFC cathode environment. By contrast, no such oxidation
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reaction would be expected in the anode environment, sug-
gesting the possibility of stability of Pd® against reaction with
CsH,PO4. Measurements of Pd electrocatalytic activity for
hydrogen oxidation in SAFC anodes, however, have produced
contradictory results. Louie et al.® and Sasaki® independently
found Pd to be much more active than Pt, whereas Papan-
drew et al.’® have reported that Pt and Pd are comparable in
terms of both activity and stability. In the present work, we
examine the reactivity of Pd with CsH,PO,4 under anode con-
ditions and explore strategies for using Pd to enhance hydro-
gen electro-oxidation rates in solid acid systems. To facilitate
interpretation of electrochemical behavior, we employ a thin
film geometry in which metal films are deposited onto a poly-
crystalline disk of the CsH,POy4 electrolyte, and the resulting
symmetric cells are examined under a uniform hydrogen-rich
gas.811-13

For evaluation of possible reactivity between Pd and
CsH,PO4 under SAFC anode conditions, we performed depth-
resolved X-ray photoelectron spectroscopy (XPS) on as-
prepared and annealed Pd-film|CsH, POy structures, Fig. 1. The
heat treatment was carried out at 250 °C under humidified H,
(pH20 = 0.4 atm, balance Hy) for 40 h. The as-prepared struc-
ture is well-behaved, showing, for example, the presence of
a component in the P 2p edge region at 134.5 + 0.1 eV cor-
responding to the P—O bonds in CsHyPOy, only after the Pd
film has been removed. The emergence of the P—O peak at a

scitation.org/journal/apm

FIG. 1. X-ray photoelectron spectroscopy (XPS) depth pro-
file analysis in the P 2p region, collected from Pd (30 nm)
on CsH,POy4: (a) as-deposited and (b) after annealing for
~40 h under SAFC anode conditions (T = 248 °C, pH, =
0.6 atm, pH,0 = 0.4 atm). The etching depth indicated in
(a) applies also to (b). Although not easily seen here, P 2p
has spin-orbital doublets with a difference of 0.9 + 0.1 eV

Pd film between p1/2 and p3/2.

(norminally)

nominal depth of 26 nm despite a film that is 30 nm thick is
likely due to the 5 nm sampling depth inherent to the XPS
method. The spectra from the annealed structure, by contrast,
reveal the presence of P through the entirety of the nomi-
nally Pd film with a peak position of 130.1 + 0.1 eV. This fea-
ture corresponds to the formation of palladium phosphide'#
and reveals that even metallic Pd can react with CsHyPOy.
Deeper into the structure, the P 2p peak position corresponds
to that in pristine CsH,POy. A large region (~50 nm) of coexis-
tence between reduced and oxidized phosphorous suggests a
non-uniform reaction front.

The XPS spectra about the Pd 3d and Cs 3d peaks, Fig. S1
of the supplementary material, were consistent with the inter-
pretation developed on the basis of the P 2p spectra. The Pd
film and CsHyPOy4 electrolyte are sharply delineated in the
as-prepared sample, whereas after annealing, Pd is incorpo-
rated into the electrolyte, and conversely, Cs is incorporated
into the film. Further evidence of reaction between Pd and
CsH,POy4 is provided from electron microscopy imaging of
free-standing films obtained by dissolving away the CsHPOy4
substrate, Fig. 2. The as-deposited films reveal the surface
structure of the underlying polycrystalline electrolyte. By con-
trast, the annealed films have evolved into a less-defined
structure with significant porosity. Such porosity presum-
ably contributes to the detection by XPS of P and Cs even at
the very top region of the annealed CsH,PO4-Pd structure,

FIG. 2. Scanning electron microscope (SEM) images of
the electrolyte-facing side of freestanding 30 nm Pd films
removed from the CsH,PO, substrate: (a) as deposited and
(b) after annealing for ~40 h under SAFC anode conditions
(T =248 °C, pH, = 0.6 atm, pH,0 = 0.4 atm). Image in (a)
reflects the morphology of the polycrystalline substrate and
is essentially identical of that of analogous Pt films, Fig. S2
and prior work." "
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Fig. 1(b) and Fig. S1(d) of the supplementary material. More-
over, the XPS analysis of the annealed free-standing Pd films
revealed the presence of significant quantities of P and Cs on
the electrolyte-facing side, whereas no P or Cs was detected in
films which had not been annealed, Fig. S2 of the supplemen-
tary material. A similar study of freestanding Pt films showed
no morphological evolution in response to heat treatment and
no evidence of P or Cs incorporation, Figs. S3 and S4 of the
supplementary material.

Based on these observations, the overall reaction between
CsH,POy4 and Pd is tentatively described as

CsH,yPOy4 + Pd + ZHz(g) b %CSzo/CSOH +PdxP + szo(g),

with Cs remaining in the fully oxidized state, whether it exists
in the electrolyte or is part of a minor impurity phase in the
metal /metal phosphide film. A slight shift in the Pd peak posi-
tion after annealing toward high binding energy at the metal-
electrolyte interface [Figs. S1(b) and S2(c) of the supplemen-
tary material] indicates maximum formation of the phosphide
at this location.

In light of the obvious reaction between CsH,PO4 and Pd,
electrochemical experiments with Pd directly applied to the
electrolyte material were not pursued. Instead, the activity of
Pd for catalyzing the reaction step at the metal|gas interface
was assessed using bilayer films of Pd on Pt, under the hypoth-
esis that Pt would serve as a reaction barrier to be eventually
replaced by a less expensive material should Pd prove promis-
ing in this configuration. In this context, it is to be noted
that we have previously demonstrated that the global inter-
facial impedance associated with hydrogen electro-oxidation
across the CsHyPO4|Pt-film|gas interface as measured by AC
impedance spectroscopy occurs via a serial process in which
hydrogen is incorporated at the gas-metal interface, diffuses
through the metal to the electrolyte interface, and is incor-
porated there as protons.'’ Though not demonstrated, it is
supposed that charge transfer (conversion of atomic hydrogen
to protons) occurs at the metal-electrolyte interface. In thick
films (>~50 nm), the process is dominated by solid state dif-
fusion through the Pt film, whereas the process is co-limited
by reaction and diffusion across thinner films. On the basis
of the film thickness trend, the resistance associated with
the reaction step (or steps) alone, i.e., excluding diffusion,

scitation.org/journal/apm

for hydrogen electrooxidation on Pt was estimated to be 2.2
Q cm?. Those results are generally corroborated here, Fig. S5
of the supplementary material, in which impedance as a func-
tion of the Pt film thickness in the range 15-80 nm has been
recorded.

Because the diffusion and surface reaction resistance
contributions to the global reaction resistance are known for
Pt, it is possible to estimate the minimum resistance that
would be encountered should a Pd overlayer render the reac-
tion steps on Pt essentially barrierless. Of course, higher
impedance than this minimum would result if Pd either has
no effect or hampers the reaction steps. In Fig. 3(a) is shown a
comparison of the measured global electrochemical resistance
on Pt of varying thickness, the estimated minimum possible
resistance values, and the measured resistance of Pt films with
a 5 nm Pd overlayer. Impedance spectra were collected con-
tinuously under humidified hydrogen at 248 °C, and the results
shown are from measurements made after 22 h of stabilization.
The impedance drifted upwards over this period, Fig. S6 of
the supplementary material, and the measurement after 22 h
is taken as a reasonable equilibration time for the purpose of
exploring the impact of the film thickness and bilayer struc-
ture. In all cases, the bilayer films display resistance values
that are far lower than the estimated minimum resistances
under the assumption that the role of the Pd is simply to elimi-
nate the resistance associated with surface reaction steps. The
result is particularly dramatic in the case of the 80 nm thick Pt
film, which in principle, is entirely dominated by bulk diffu-
sion resistance. Moreover, the thickness of the Pd overlayer
has limited impact on the interfacial resistance. For an under-
lying Pt film that is 30 nm thick, the interfacial resistances fall
from an already low value of ~0.6 Q cm? when the Pd over-
layer is 2 nm thick to ~0.2 Q cm? when the thickness is 20 nm,
Fig. 3(b).

The dramatic influence of Pd in the bilayer configura-
tion indicates that it must modify the bulk characteristics of
the underlying Pt. The behavior also suggests the possibility
that Pt-Pd alloys may yield anodes with decreased precious
metal loadings and higher activity than today’s state-of-the-
art electrodes. For example, given an electrode resistance
of ~0.2 Q cm? for bi-layer films of 30 nm Pt + 20 nm Pd,
Fig. 3(b), with a total metal loading of ~0.09 mg/cm?, the mass

@ )
1 o Pt R
& O Pt+5nmPd &
<_E) 124 Minimum resistance % E 1.21
<3 9 <3 0.94
3 3 o
& 64 {, S 0.6
@ @
2 3 ° 2 0.3
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04 (o] 0.04

Ptonly

=3.5+-1.7 Q-cm’ FIG. 3. Electrochemical interfacial resis-
tance under SAFC anode conditions
(T = 248 °C, pH, = 0.6 atm, pH,0O
= 04 atm, after 22 h of equilibration)
at zero bias of (a) Pt|CsH,POy4|Pt
and Pd|Pt|CsHyPO4 |Pt|Pd  symmetric
cells with varied Pt thickness and (b)
Pd|Pt|CsH,PO4 |Pt|Pd  symmetric cells
with varied Pd thickness on 30 nm Pt. Also
shown in (a) is the resistance anticipated
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normalized activity is on the order of 55 S/mg, a value
approaching that achieved using Pt nanoparticles deposited
on carbon nanotubes.'®

The bulk phase diagram of the Pt-Pd system suggests lim-
ited miscibility of these elements at 250 °C,’¢ but the data are
not entirely conclusive. The clear impact of Pd on the bulk
characteristics of Pt films motivated us to perform chemical
analysis of Pd-Pt bilayer films and search for possible inter-
mixing. Specifically, as-deposited and annealed bilayer struc-
tures were characterized using depth-resolved low energy
ion scattering (LEIS) spectroscopy, where depth profiling was
achieved using Ar sputtering, and cross-sectional energy dis-
persive spectroscopy (EDS) in combination with high resolu-
tion scanning transmission electron microscopy (STEM). For
ease of interpretation, the analyses were performed on bilay-
ers grown on single crystal Si (111) with Pt and Pd thicknesses of
20 nm and 15 nm, respectively, and high temperature anneal-
ing was performed under dry air. Both the LEIS and EDS, Figs. 4
and 5, respectively, show that the as-deposited bilayers are
formed of distinct Pd and Pt films. Depletion of Pd at the top
surface suggested by the LEIS measurements, Fig. 4(a), is likely
due to the presence of exterior impurities, and an apparent
intermixing region of ~5 nm at the Pd-Pt interface is likely due
to roughness created by the Ar sputtering.'” After exposure
to 250 °C for 24 h, by contrast, Pt is clearly detected in the Pd
region and conversely, Pd is clearly detected in the Pt region,
Figs. 4(b) and 5(b).

Complete intermixing between Pd and Pt is unexpected
in light of the limited miscibility of these two metals at 250 °C.

(a)
——

(b)

However, it is known that when a polycrystalline metal film is
in contact with another material, rapid incorporation of the
foreign element along grain boundaries can occur even at a
low temperature.'® The heterogeneous distribution of Pt in Pd
and of Pt in Pd as evidenced by the EDS elemental mapping,
Fig. 5(b), suggests that such a phenomenon has occurred here.
Accordingly, we propose that Pd-rich grain boundaries within
the nominally Pt film become pathways for rapid hydrogen dif-
fusion, Fig. 6. With increasing thickness of the underlying Pt
film at constant Pd thickness, the cross-sectional area of such
Pd-rich pathways must decrease, resulting in the observed
increase in the global electrochemical reaction resistance,
Fig. 3(a). The analogous situation presumably occurs when
the thickness of the Pd film is varied at a fixed Pt thick-
ness, Fig. 3(b). The extremely low impedance (0.2-0.5 Q cm?)
when the Pd:Pt film thickness ratio exceeds 2:30, falling below
that for the electrochemical reaction step(s) of Pt-only films
(~2.2 Q cm?), indicates that Pd must also provide benefit to
the interfacial processes.

In an attempt to assess whether the benefits of Pd
accrue from the inherent chemistry of a fine-scale com-
posite of Pt-Pd or from the proposed grain-boundary tem-
plated structure, we measured the electrochemical charac-
teristics of co-sputtered films of Pd and Pt. Remarkably, the
co-sputtering yields resistance values that are about 3 times
greater than that of bilayer structures with identical over-
all composition and film thickness, Fig. 7. The result sup-
ports the hypothesis that grain-boundary templating creates
favorable hydrogen transport pathways. Despite the activity
penalty encountered by co-sputtering, even these films show

FIG. 5. Scanning transmission electron
microscope (STEM) images in the high-
angle annular dark-field (HAADF) mode
and energy-dispersive X-ray spectroscopy
(EDS) measurements of Pd (red) and Pt
(yellow) concentrations, from 15 nm Pd|20
nm Pt bilayers on an Si substrate: (a) as-
deposited and (b) after annealing at 250 °C
for 24 h in synthetic air.
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FIG. 6. Schematic of the structure proposed to form from Pt-Pd bilayers as a
consequence of Pt-Pd interdiffusion along grain boundaries and the resulting
pathways created for hydrogen electrooxidation on CsH,POy.

much higher activity than Pt-only films of equal thickness and
even higher activity than if only the surface steps on Pt are
considered.

In summary, despite reaction between Pd and CsH2POy4
under reducing conditions, Pd-Pt nanocomposites appear
to be more suitable electrocatalysts for hydrogen electro-
oxidation than Pt alone in solid acid fuel cells. Moreover, we
find that the activity in such composites can be manipulated

Resistance (Q-cm®)
~ o
L L

N
1

Bilayer Co-Sputtered Pt-only Pt_rxn

FIG. 7. Comparison of electrode resistance under hydrogen at 250 °C obtained
from different types of 50 nm thick films on CsHyPO4: Pd-20nm|Pt-30nm; co-
sputtered Pd,Pts; Pt; and an estimate of the resistance for the surface reaction
steps (only) on Pt. Error bars are the standard deviations obtained from averaging
results from multiple cells.

scitation.org/journal/apm

via control of the Pd-Pt distribution. We propose that Pd in
an initially bilayered structure is incorporated into the grain
boundaries of Pt films, creating pathways for rapid hydro-
gen diffusion. Remarkably, the surface/interfacial reaction
steps in such composite films are also more facile than the
analogous steps on Pt-only films. This observation opens up
the possibility that the products of reaction between Pd and
CsH,POy4, which require several hours to form and may have
been overlooked in other experiments, may be highly active
catalysts for hydrogen electrooxidation.

CsH,PO4 was synthesized by dissolving Cs,CO3; and
H3PO4 (85% assay) in de-ionized water, followed by precip-
itation in methanol. Disks of CsH,POy,, 0.75 in. diameter and
typically 1 mm in thickness, were fabricated by uniaxial com-
pression at 69 MPa. The surfaces were polished to a final mir-
ror finish using silicon carbide sandpaper with a grit size of
8.4 um. Metal deposition was performed using an AJA Interna-
tional ATC Orion system under 3 mTorr Ar. Pt was deposited
in the DC mode using a plasma power of 75 W, and Pd in the
RF mode using a power of 150 W.

X-ray diffraction patterns were collected using a Rigaku
SmartLab X-ray diffractometer (Cu Ko radiation). Diffrac-
tion analysis was used to confirm synthesis of CsH,PO4 and
deposition of crystalline metal films (not shown). Field emis-
sion scanning electron microscopy (FE-SEM) was performed
using Hitachi SU8030 with accelerating voltage 5 kV. XPS
spectra were measured with a Thermo Scientific ESCALAB
250Xi X-ray photoelectron spectroscopy system using Al Ka
X-ray radiation in combination with an electron flood gun.
The X-ray probe size was 300 um. For depth profiling, Ar*
ion with 3 keV energy was used to etch 2 x 2 mm? area
of the sample. All spectra were referenced to the C 1s peak
(284.8 eV).

Low-energy ion scattering (LEIS) experiments were per-
formed using a Qtac100 (ION-TOF GmbH, Germany) instru-
ment fitted with a double toroidal energy analyzer, which
collects the scattered ions at a scattering angle of 145° from
all azimuthal angles. The LEIS spectra were collected using
3 keV He* primary ion beams directed perpendicular to the
sample surface. The primary beam was rastered over a large
area (L0 x 1.0 mm?) to maintain an ion fluence below 10
ions cm~2 and to avoid significant surface damage. The low-
energy sputtering for depth-profiling was performed using a
1keV Ar* beam bombardment at 59°. The sputtered area was
1.5 x 1.5 mm?.

High resolution imaging and Pt and Pd elemental map-
ping were performed using a Hitachi HD-2300 STEM (scan-
ning transmission electron microscope) equipped with dual
energy-dispersive X-ray spectroscopy (EDS) detectors. Data
were obtained in the high-angle annular dark-field (HAADF)
mode using an accelerating voltage of 200 keV. Cross-
sectional samples for such analysis were obtained following
an established lift-out procedure’? using a FEI Helios Nanolab
600 dual-beam focused ion beam (FIB) instrument. Around
1.5 um of a Pt/C protection layer was deposited on top of
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the bilayer film to prevent surface erosion during milling,
which was performed using 30 keV Ga* ion with 21 nA-93
PA current. In the final step, the surfaces of the extracted
samples were cleaned with 2-5 keV and 28-46 pA Ga* ion
current.

Electrochemical impedance spectroscopy (EIS) was per-
formed using a Solartron analytical 1260 frequency response
analyzer in a pseudo-four-probe configuration. A 20 mV per-
turbation voltage about zero bias was applied over a frequency
range of 100 kHz-0.1 Hz. The impedance spectra were insen-
sitive to the gas flow rate in the range used for the mea-
surement, ensuring that the results were not impacted by
gas-phase mass diffusion limitations. Electrode resistance val-
ues were obtained by fitting the impedance spectra using
ZView software (Scribner Associates) with an empirical equiv-
alent circuit comprised of R-CPE circuits, where CPE is a con-
stant phase element.?? Between 3 and 6 distinct cells were
measured for each electrode thickness, and the data in this
work reflect averaged values from the multiple cells.

See supplementary material for additional experiment
results and discussion.
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