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Dense microelectrodes fabricated with well-defined microstructures and geometries using microelectronic fabrication techniques
were studied using electrochemical impedance spectroscopy (EIS) to investigate the rate-limiting reaction step(s) for oxygen
reduction reaction (ORR) on the LajgSry,MnO; (LSM)/8 mol % Y,0s-stabilized ZrO, (8YSZ) system. At least four distinct
reaction processes were observed for ORR on LSM/8YSZ under ambient PO, and at intermediate temperatures, which have been
assigned tentatively to: (i) ion transport in 8YSZ with an average activation energy of 1.16 = 0.02 eV, (ii) a surface diffusion
process on LSM with activation energy in the range from 1.34 to 1.65 + 0.03 eV, (iii) at least one surface chemical process on
LSM with activation energies in the range from 1.71 to 1.88 + 0.02 eV and an average capacitance value of 3.4 X 107 F/cm?,
and (iv) a mixed bulk/three-phase boundary (TPB) charge transfer process with activation energies in the range from
2.42 + 0.02 to 3.05 = 0.03 eV and an average capacitance value of 3.2 X 1073 F/cm?. This study suggests that the overall ORR
rate may be limited by mixed bulk/TPB charge transfer processes below 700°C and surface chemical reactions above 700°C. The
ORR current contributions from the bulk oxide ion transport and TPB incorporation path was estimated by correlating microelec-

trode geometry to impedance data.
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Conventional solid oxide fuel cells (SOFCs) that consist of
Lag gSrg,MnO3; (LSM) cathode, 8 mol % Y,05-stabilized ZrO,
(8YSZ) electrolyte, and nickel-8YSZ (Ni-8YSZ) anode typically
operate at 800—1000°C for enhanced power and minimized resis-
tance losses.' These conventional LSM/8YSZ/Ni-8YSZ cells have
been shown to be robust and successfully operate continuously for
several thousand hours.? However, due to the cost associated with
materials requirements at high temperatures, brrngmg to market
these technologically proven cells has been slow.” Lowering the
operating temperature of SOFCs to ~600°C would allow the use of
metallic components in the system and simplify gas seals, which
could lead to system cost reduction and durability enhancement.
Therefore, there have been intense efforts to reduce the operating
temperature of conventional SOFCs.™ ® However, the main barrier to
acceptable SOFC performance at ~600°C has been the voltage
losses at the LSM cathode where oxygen reduction reaction (ORR)
occurs.” Understanding the rate-limiting reaction during ORR in
LSM is essential to minimizing voltage losses at the cathode and
will lead to the accelerated development of high performance
SOFCs at intermediate temperatures.

Porous LSM electrodes.— A large number of ORR studies have
focused on porous LSM electrodes using experimental techniques
such as electrochemlcal 1mpedance spectroscopy (EIS) and steady-
state polarization. 820 BIS is a technique that, in theory, allows the
separation of physical processes occurring on the electrode surface,
bulk electrode, and at the electrode—electrolyte interface in the time
domain. This technique has an advantage over conventional steady-
state polarization experiments as processes at SOFC electrodes and
electrolytes are often influenced by more than one rate-limiting re-
action. Although numerous rate-limiting reactions have been identi-
fied on porous LSM electrodes in many previous studies using EIS,
discrepancy exists in the rate-limiting reactions and associated acti-
vation energies, as shown in Table I. The activation energy for a
specific reaction or process is, ideally, a constant value for a given
material under a given set of conditions and oxygen environment.
As shown in Table I, Siebert et al.' report a limiting reaction with
an activation energy of 1.8 eV for a process attributed to adsorbed
oxygen dissociation on LSM in the temperature range of
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680-970°C. Van Herle et al.'" also observe a limiting reaction from
adsorbed oxygen dissociation in the temperature range of
700-900°C with, however, a hrgher activation energy of 2.11 eV.
Murray et al. 16 and Chen et al. report a limiting reaction with an
activation energy of 1.61 eV for adsorption and desorption of oxy-
gen molecules from 550 to 850°C and 1.63 eV for oxygen dissocia-
tion in conjunction with surface diffusion from 700 to 950°C, re-
spectively. Similar inconsistencies can be noted by comparing the
findings of the other studies listed in Table 1. The rate-limiting re-
action step for porous electrodes typically includes a surface process
having activation energies in the range of 1.61-2.11 eV. 10.11.16.19.25

The main disadvantage to porous LSM electrode studies is that
the critical features controlling ORR, such as three-phase boundary
(TPB) length, electrode surface area, electrode particle size, and
electrode—electrolyte interface, are difficult to quantitatively mea-
sure and compare from study to study. As a result, the variation in
the pore size, particle size, TPB length, and surface area of LSM
porous electrodes can yield an inconsistent determination of rate-
limiting reactions. The use of thin-film cathodes with well-defined
microstructure and geometry can provide new insights and improve
our understanding of physical processes associated with ORR on the
LSM/8YSZ system.

Dense thin-film LSM electrodes/microelectrodes.— Dense LSM
thin-film electrodes'""'®?7?® and microelectrodes®** that allow for
quantitative analysis of cathode geometry for correlation to the ORR
pathway have been used to study the kinetics of ORR. Endo et
al”"® " reveal that the impedance of dense thin-film
Lag g;Stg 1oMnO; (with no TPB) at 700-900°C is proportional only
to film thickness (from 100 to 3000 nm) and is not affected by Po,
(in the range from 1 to 103 atm), which indicates that ORR is con-
trolled by transport of oxide ions through the bulk of LSM thin film.
Van Herle et al."' and Toroi et al.'"® also examine dense thin-film
Laj gSry,MnOj in the 3—-5 pwm range using EIS in the temperature
range of 700-1000°C. They report bulk ion transport dominating the
impedance response and reveal the presence of two additional sur-
face processes, oxygen molecule dissociation and an unidentified
surface reaction.

Brichzin et al.*'** have first used EIS to study the kinetics of
ORR of dense Laj ¢Sty ,MnO3 microelectrodes supported on YSZ at
~800°C with a range of electrode diameters from 20 to 200 pm
and two thickness values (100 and 250 nm). The overall impedance
response (or electrode polarization resistance obtained from imped-
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Table I. Summary of attributed oxygen reduction mechanism with corresponding activation energy and peak frequency from EIS studies on

porous LSM/YSZ in the literature.

Activation energy (eV)

Resonant frequency

Attributed process [Temperature (°C)] (Hz) References
Oxygen molecule 1.8 100-10 Siebert, 1995
dissociation [680-970] (Ref. 10)
Oxygen molecule 2.11 10-1 Van Herle, 1996
dissociation [700-900] (Ref. 11)
Oxygen adsorption and 1.61 + 0.05 4000-3000 Murray, 1998
dissociation [550-850] (Ref. 16)
Dissociative adsorption, ~2 10,000-0.1 Jorgensen, 2001
transfer to TPB, and [800-1050] (Ref. 19)
surface diffusion
Dissociation and surface 1.63-3.02 100-0.1 Jiang, 2002
diffusion [700-900] (Ref. 23 and 24)
Dissociation and surface 1.61 10 Chen, 2003
diffusion [700-950] (Ref. 25)

ance data) has been shown to vary proportionally with microelec-
trode area and thickness, which supports the dominance of ORR
current via bulk oxygen ion transport in LSM. TPB lines present on
the microelectrodes show a measurable effect on the overall imped-
ance under anodic bias 01‘11y.31’32 In addition, Koep et al.¥ have
recently examined the impedance on dense microelectrodes of
Lag ¢Sty ,MnO3 supported on YSZ as a function of thickness (from
~100 to ~ 3000 nm), from which ORR current has been found to
be dominated by oxide ion transport through the film at 700°C for
microelectrode thickness less than ~360 nm.

With a dense thin-film microelectrode platform, chemical inter-
actions between O, molecules and the cathode surface, transport on
the surface and in the bulk, and charge transfer on the surface or
interface could be investigated experimentally as a function of elec-
trode geometry, the chemistry and microstructure of electrode and
electrolyte materials, temperature, voltage, PO,, and current and
voltage treatments. Although initial microelectrode studies™ > have
provided valuable insights into the mechanism for ORR on LSM/
YSZ, many fundamental questions remain unanswered, such as to
what extent the ORR current is carried via bulk oxygen ion transport
or TPB pathway and how surface diffusion of oxygen influences
ORR. In particular, understanding the characteristics of surface
chemical reactions, TPB, and bulk pathways is critical to obtaining
high-performance SOFCs at operating temperatures as low as
600°C. In this paper, we study the ORR using dense, patterned
Laj gSrp,MnO3; microelectrodes on thin-film 8YSZ supported by
alumina (Al,O3) and silicon (Si) substrates in the temperature range
of 790 to 570°C. The effect of substrate on the impedance response
is examined and a marked difference in the high-frequency imped-
ance response is observed between electronically semiconducting
and insulating substrates. In addition, impedance data of LSM/YSZ
supported on alumina are analyzed as a function of temperature and
LSM microelectrode size, from which four distinct processes asso-
ciated with oxygen reduction can be identified. Moreover, the rate-
limiting reaction of ORR on LSM/YSZ and the current contribution
from the TPB and bulk pathway are discussed in detail as a function
of temperature.

Experimental

Preparation of patterned LSM microelectrodes on 8YSZ—
8YSZ (Praxair Specialty Ceramics, USA) was initially sputtered on
Al,O3 (MTI Crystal, USA) and Si single-crystal substrates using
5 in. diameter stoichiometric oxide targets for 3 h using 400 W
power with Ar/O, atmospheres of 7.5:1. The deposited films were
then annealed in air at 800°C for 3 h. Lag¢Sr;,MnO5; was subse-
quently deposited on top of 8YSZ by sputtering from similar 5 in.
diameter stoichiometric targets (Praxair Specialty Ceramics, USA)
for 2 h using 300 W power with Ar/O, atmospheres of 7.5:1 and the
substrate heated to temperatures around 550°C. LSM microelec-
trodes were then fabricated by the following process: (i) spin-

coating of positive photoresist (Shipley Microposit, USA) on LSM
followed by photomask exposure with electrode features of 50, 100,
150, and 200 pm, (ii) photoresist developing, and (iii) immersion of
the LSM film in hydrochloric acid (HCI) for ~3 min to remove
excess LSM and create the square microelectrodes. The finished
LSM microelectrodes consisted of 10-30 arrayed square sets of
multiple samples. The trilayer films that consisted of as-deposited
LSM microelectrodes, 8YSZ thin film, and Al,O3 or Si substrate
were subsequently annealed in air at 800°C for 10 h before any
electrochemical measurements were performed.

Platinum (Pt) counter electrodes with dimensions of ~50 pwm
X~ 2 mm were positioned ~10 pwm away from the LSM micro-
electrodes by photolithography and Pt sputtering. Negative photore-
sist (Clariant, Switzerland) was spin-coated on top of the annealed
LSM microelectrodes, followed by photoresist exposure under pho-
tomask and photoresist developing to outline the Pt counter elec-
trode areas. Pt was then sputtered on the developed photoresist for
20 min with 100 W power in pure argon atmosphere. Excess Pt was
finally removed by photoresist liftoff using acetone. Further details
on the fabrication and photolithography processing of the microelec-
trodes can be found in a previous study.36 The completed trilayer
films are referred to as Al,03/8YSZ/LSM and Si/8YSZ/LSM in the
remainder of the paper.

Elemental and structural analyses.— Surface elemental analysis
of the annealed films was performed using X-ray photoelectron
spectroscopy (XPS) (from Kratos, USA) with a monochromatized
aluminum X-ray source (Al Ka). X-ray diffraction (XRD) patterns
of these samples were collected using a Rigaku Rotaflex X-ray dif-
fractometer (Tokyo, Japan) with a copper rotating anode (Cu Ka)
under the glancing-angle mode with an incident X-ray angle of 5°. A
specially designed aluminum (Al) holder was used to hold thin-film
trilayer systems for XRD analysis. A continuous scan rate of
0.25°/min from 25 to 75° of 26 was used for all samples.

Microstructural characterization.— Microelectrode — geometry
and morphology was examined before and after EIS testing using
optical microscopy and scanning electron microscopy (SEM). LSM
film thickness and surface roughness was measured using atomic
force microscopy (AFM) (Veeco, USA). In addition, grain structure
of annealed and sputtered LSM and 8YSZ films was revealed by
cross-sectional transmission electron microscopy (TEM) on a JEOL
2010 operating at 200 keV. Cross-sectional TEM samples were pre-
pared by sectioning the thin-film trilayer into ~3 X ~6 mm strips.
The strips were then epoxy-bonded (M-Bond, Vishay Micro-
measurements) with the sputtered films oriented face-to-face, and
glued strips were mechanically thinned and polished, followed by
ion-milling, to achieve electron transparency.

EIS.— EIS measurements of annealed LSM microelectrodes
were performed using a microprobe station (Karl Suss, Germany)
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Figure 1. (Color online) EIS experimental setup for microelectrodes used in
this study. The substrate/8YSZ/LSM-Pt trilayer samples were placed on a hot
stage with Pt-coated tungsten carbide probe needles used for electrical con-
tacts. Probe needles were connected to FRA and PC for data output.

equipped with an optical microscope (Mitutoyo, Japan) and
temperature-controlled stage (Linkam TS1500, U.K.), which was
situated on a vibration isolation table. The LSM and Pt microelec-
trodes were electrically contacted using Pt-coated tungsten carbide
probe needles with a 7 wm tip radius, which could be carefully
positioned via micromanipulators. EIS measurements were con-
ducted with a Solartron 1260 frequency response analyzer (FRA)
connected to a Solartron 1296 dielectric interface in the frequency
range from ~10 MHz to ~100 wHz using an ac voltage amplitude
of 10 mV with zero dc bias. A schematic of the in-plane testing
configuration and the two-electrode Pt~-LSM cell is shown in Fig. 1.
EIS tests were performed in ambient air atmosphere in the tempera-
ture range of 790-570°C with temperature intervals of 25-50°C.
The actual sample temperatures were calibrated to the temperature-
controlled stage using a thermocouple positioned on the YSZ film
surface and this was observed to have a deviation of +5°C for each
temperature point measured. Four different microelectrode sizes
were tested while the distance L between Pt and LSM electrodes
was kept constant, as shown Fig. 1. Three EIS tests were performed
at each temperature interval to ensure data reproducibility. In-plane
electronic resistance of thin-film LSM microelectrodes can be sig-
nificant, which has been shown by Koep et al.*® for LSM electrodes
with thickness lower than 180 nm. In this study, the EIS responses
were found to be unchanged when the positions of microprobe
needle contacts were varied on the LSM microelectrode, which sug-
gested that in-plane electronic resistance of our LSM microelec-
trodes was insignificant. In addition, to clarify the influence of the Pt
counter electrode on EIS data, identical Pt counter and working
electrodes were tested and the impedance of these Pt—Pt cells were
found to be less than 5% of the total LSM impedance at the largest
working electrode size and highest temperatures tested, making the
Pt counter electrode contributions negligible.

Results

Microelectrode structure— The 8YSZ film and LSM microelec-
trodes were found to be fully dense and crack-free after annealing in
both Al,O3/8YSZ/LSM and Si/8YSZ/LSM systems. A typical opti-
cal micrograph of Pt, annealed 8YSZ, and LSM surface in the
AlL,O3/8YSZ/LSM system is shown in Fig. 2. The microelectrodes
showed no significant damage after EIS measurements with micro-
probe needles. AFM imaging of the 8YSZ and LSM surface re-
vealed a fairly smooth surface with roughness in the range of
1-5 nm.

Figure 2. (Color online) Optical micrograph showing the surface of LSM
and Pt microelectrodes supported on Al,O3/8YSZ/LSM. The microelec-
trodes were found to be fully dense and crack free.

The thickness of 8YSZ film was measured to be 420 and 500 nm
for the Al,O3/8YSZ/LSM and Si/8YSZ/LSM systems, as shown in
Fig. 3a and b, respectively. Good adhesion of the electrolyte to the
substrate layer was found for both samples. Cross-sectional TEM
studies revealed that the grain structure of LSM and 8YSZ were
columnar with grain widths in the range of 20—70 nm, as shown in
Fig. 4a and b, respectively.

AFM measurements revealed that the thickness of the LSM mi-
croelectrodes was on the order of 240 nm for Al;O5; and 360 nm for
Si substrate. In addition, the actual LSM microelectrode sizes were
found to be smaller than ideal as a result of undercut etching, which
resulted in sloping sidewalls, as shown in Fig. 5. In contrast, the Pt
counter electrodes were found to have vertical sidewalls with geom-
etries in good agreement with the photomask used. The actual LSM
square sizes obtained in this study and thickness of the sputtered
films are summarized in Table II.

Elemental and structural analysis.— XPS analyses show that
the surface composition of Al,03/8YSZ/LSM and Si/8YSZ/LSM
samples could have lower manganese (Mn) content than ideal
LaygSryoMnOs3_5 compositions. Considering  La;_ Sr,MnOj3
(x = 0.2) as the ideal stoichiometry, the Sr and Mn contents in the
AlL,O3/8YSZ/LSM sample are 50 and ~30 atom % deficient, re-
spectively. It has been documented in prior thin-film studies® > that
depositing LSM and similar perovskite materials such as
La;_,Sr,CoO5; (LSC) using radio frequency (rf)-sputtering tech-
niques can result in nonstoichiometric A and B sites. The sputtered
films were found to be crystalline and to have the perovskite struc-
ture after annealing. XRD patterns of the annealed 8YSZ/LSM films
on Al,O5 and Si substrates are shown in Fig. 6a and b, respectively.
XRD peaks from the Al sample holder are marked by arrows on the
patterns. XRD peaks of the 8YSZ film were found to be in good
agreement with those of the sputtering target and joint committee on
powder diffraction standards (JCPDS).4 However, the peaks of
LSM in the AlL,O3/8YSZ/LSM and Si/8YSZ/LSM were shifted
slightly to higher 26 values in comparison to those of stoichiometric
LaOBSrO.zMnO}41 Arulraj et al.*? have reported decreased lattice
parameters in Mn-deficient films of LaMn,_,O;, where z ranges
from O to 0.2. Therefore, both XRD and XPS measurements suggest
that LSM microelectrodes in the Al,03/8YSZ/LSM and Si/8YSZ/
LSM samples are slightly Mn deficient.
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Figure 3. Cross-sectional SEM micrographs from (a) Al,05/8YSZ/LSM
and (b) Si/8YSZ/LSM showing dense 8YSZ film after annealing in air at
800°C for 10 h. The 8YSZ films are found well-adhered to the substrates

It is well known that lower Sr contents in LSM can reduce the
electronic conductivity of the material; however, the decrease in the
electronic conductivity from Lag¢Srg4MnO5_,; to LaMnO;_; has
shown to be less than an order of magnitude43 at ~600°C and
above. Therefore, it is believed that the electronic conductivities of
our Sr-deficient LSM microelectrodes may be similar to
La;_ Sr,MnO;3 (x =0.2). Although lowering the Sr content in
La;_,Sr,MnO; from x = 0.5 to x = 0.25 reduces oxygen vacancy
concentrations, this trend is not observed at low levels of Sr
substitution.** In contrast, increasing Sr from LaMnO;_; to
Lag gSrg,MnO;_, leads to a minor decrease in the vacancy concen-
tration, diffusion coefficient of oxygen ions, and surface oxygen
exchange coefficient.** Therefore, we believe that the effect of Sr
deficiency in our thin-film samples on the ORR kinetics is not sig-
nificant. As for Mn deficiency, a study by Mitterdorfer and
Gauckler © has shown that there is no discernible change in the
electrical conductivity between LSM, ¢ and LSMn; 5,. However,
reduced Mn contents were found to be more susceptible to the for-
mation of insulating phases (i.e., La,Zr,0;) along the LSM/YSZ
interface,'* which could significantly alter ORR kinetics. No insu-
lating phase was observed from cross-sectional TEM examinations
of our thin-film samples after high-temperature annealing. As no

Figure 4. Cross-sectional TEM micrographs showing typical columnar grain
morphology in (a) LSM and (b) 8YSZ sputtered films on Si/8YSZ/LSM after
annealing in air at 800°C for 10 h. The columnar grains had widths of
~25 nm and lengths approaching the thickness of the film.

study that examines the effect of Mn stoichiometry on the kinetics of
surface exchange and oxygen diffusion has been noted in the litera-
ture, it is assumed in this study that the extent of Mn deficiency in
our thin-film samples has negligible effects on the rates of these two
processes. Therefore, it is believed that the effect of Mn deficiency
on our sputter deposited films on the ORR kinetics is not significant.

Effect of substrate— EIS data obtained from in-plane measure-
ments of the Al,O3/8YSZ/LSM samples are shown in Fig. 7, where
a clear high-frequency intercept can be noted. Two additional high-
frequency semicircle arcs other than a high-frequency intercept were
observed for the Si/8YSZ/LSM system (Fig. 7a and 8), which could
not be attributed to any electrochemical process given the testing
geometry. Similar high—frequency behavior was also reported by
Bieberle—Hutter et al.*® using Si substrate, and this was attributed to
electrical leakagf:.38 Therefore, we speculate that the high-frequency
semicircles from the Si substrate result from similar electrical leak-
age current or stray capacitance. A difference in impedance response
between Si and Al,Oj3 substrates can be clearly noticed above
100 Hz in the plot of frequency (Hz) vs imaginary impedance
(=Z;m), and the EIS data are identical for both systems at frequen-
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Figure 5. (Color online) AFM image of LSM microelectrode on Si/8YSZ/
LSM that shows sloped LSM sidewalls due to undercut from acid etching
during photolithography processing.

cies lower than 100 Hz, as shown in Fig. 8. High-frequency inter-
cepts were always found for systems with electronically insulating
substrates such as Al,O3, magnesia (MgO) and single-crystal 8YSZ.
Our in-plane microelectrode studies show that the choice of sub-
strates plays an important role in the impedance response of the
electrodes of interest. As a result, subsequent EIS analyses in this
paper are only focused on the electronically insulating
Al,O3/8YSZ/LSM system.

Effect of temperature.— One large and depressed semicircle arc
was found in the low-frequency range at temperatures above 700°C,
which is labeled as LF in Fig. 7b for the Al,03/8YSZ/LSM system.
At temperatures lower than 700°C, two distinct semicircle arcs, LF1
and LF2, were revealed in the low-frequency range, as shown in Fig.
7c. These two low-frequency arcs become more apparent at even
lower temperatures, as shown in Fig. 7d at 570°C. As temperature is
decreased, the magnitude and peak frequencies of the LF1 and LF2
processes are further displaced apart to make these features more
apparent. Moreover, an almost 45° linear region, labeled ALO-W,
was found for the Al,05/8YSZ/LSM system at frequencies directly
below the ALO-HF intercept, as shown in the inset of Fig. 7d.

Equivalent circuit modeling.— Equivalent circuit modeling was
used to analyze impedance data and extract parameters relevant to
physical processes responsible for the high-frequency intercept
(ALO-HF), the linear impedance regime (ALO-W), and the low-

Table II. Summary of ideal LSM electrode size, actual size ob-
tained after photolithography, apparent TPB lengths, and sput-
tered film thickness on Al,O3;/YSZ/LSM and Si/8YSZ/LSM

systems.
Al,05/8YSZ/LSM Si/8YSZ/LSM
Ideal Actual Apparent Actual Apparent
square square TPB square TPB
size size length size length
(pum) (pum) (pm) (um) (pum)
50 ~40 ~160 ~40 ~160
100 ~90 ~360 ~80 ~320
150 ~140 ~560 ~130 ~520
200 ~190 ~760 ~180 ~720
LSM Thickness 240 nm 360 nm
8YSZ Thickness 420 nm 500 nm
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Figure 6. XRD patterns of sputtered (a) Al,0;/8YSZ/LSM and (b) Si/
8YSZ/LSM films after annealing in air at 800°C for 10 h. X-ray patterns
were collected using the glancing-angle mode with an incident angle of 5°
and a 0.25°/min scan rate. Characteristic peak shift to higher 20 is observed
for the LSM film.

frequency arcs (LF1 and LF2). Mitterdorfer and Gauckler'> had
shown that the double-layer capacitance (Cg;) could mask the true
faradaic impedance (Z;) response of porous electrodes. The equiva-
lent circuit used by Mitterdorfer and Gauckler' contains a resis-
tance for the electrolyte (R.) in series with a Cy that is parallel to
the Z; component, which consists of the electrode impedance (Z;)
and charge-transfer resistance (R.), as shown in Fig. 9a. We had
tried to first subtract Cg using the method developed by Berthier et
al.* and apply this model in Fig. 9a to determine Z;. Both Cy and R,
were determined to be negligible in comparison to the electrode
faradaic impedance. Therefore, an equivalent circuit with
elements—R.-W,-(R,/CPE)(R,/CPE,) shown in Fig. 9b was used
instead to deconvolute the impedance response and extract resis-
tance and capacitance values from the high-frequency intercept
(ALO-HF), linear impedance region (ALO-W), and low-frequency
semicircle arcs (LF1 and LF2). This alternative circuit contains an
electrolyte resistance R, that can be quantified from ALO-HF, in
series with a finite-length Warburg element (W) that can be mod-
eled from the linear regime ALO-W at high frequencies, and finally
two sets of parallel resistance (R; and R,) and constant phase ele-
ments (CPE, and CPE,) to capture separate processes corresponding
to LF1 and LF2 over the entire test-temperature range. Our experi-
mental impedance features of ALO-W and LF1 as shown in Fig. 7d
and inset do not bear the shape of Gerischer impedance and they
cannot be modeled using one Gerischer-type impedance circuit ele-
ment. Therefore, a separate finite-length Warburg (W;) and one set
of R-CPE elements (R, and CPE,) have to be utilized.

High-frequency intercept ALO-HF.— The high-frequency inter-
cept, ALO-HEF, is plotted as a function of LSM size over the entire
testing-temperature regime, as shown in Fig. 10a. An average slope
of —1.01 + 0.06 is observed for ALO-HF as a function of LSM
square size. The activation energy of the high-frequency intercept
ALO-HF for each microelectrode size was calculated using the re-
lationship
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Figure 7. Nyquist plots from Al,05/8YSZ/LSM ~ 90 wm LSM electrode at (a) ~750°C showing high frequency, (b) ~750°C showing low frequency, (c)
~660°C showing low-frequency, and (d) ~570°C showing low-frequency areas with high-frequency inset. All tests conducted in air. Numbers in Nyquist plot

are values of frequency in Hz.

Gy —Ea)
G = —2 exp| —=2 1
TeXp( kT (1]

where the conductance G is equal to 1/R (unit of 1/Q), T is the
testing temperature in kelvin, and E, is the activation energy in eV.
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Figure 8. Log frequency vs log imaginary impedance (-Z,) for Si/8YSZ/
LSM ~80 pm size and Al,O3/8YSZ/LSM ~90 pm size LSM electrode at
660°C in air. Note the varied EIS response between the samples above
100 Hz frequency due to substrate effects and not from ORR on LSM.

The activation energy of ALO-HF was found independent of micro-
electrode square size with an average of 1.16 = 0.02 eV, as shown
in Fig. 10b.

Linear impedance response ALO-W.— The finite-length War-
burg element is used to quantify transport/diffusion processes in
media4g)f finite size. The finite-length Warburg element can be writ-
ten as

Re
i Ve
Re Wi Ll r M
——\ e
CPEY CPE2
— r—

Figure 9. Equivalent circuit diagrams used with Al,03/8YSZ/LSM EIS data
for (a) subtracting double-layer capacitance (Cy;) to obtain the faradaic im-
pedance (Z;) and (b) quantifying resistance and capacitance values. R, mod-
els the high-frequency intercept ALO-HFE, W1 is for the linear impedance
region ALO-W, and R; and CPE; are used for semicircle arcs LF; (where
i=1,2).
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LSM distance L. ~10 pm and (b) activation energy for ALO-HF as a func-
tion LSM electrode size.

: e}
7, = p,SLTO)] [2]
(Tiw)*

where Z,, is the Warburg impedance, R,, is the diffusion resistance in
units of (), i is the imaginary number, T is the characteristic time
constant in seconds, and « is ideally 0.5. Using R,, obtained from
equivalent circuit analysis of the model in Fig. 9b, the activation
energies for ALO-W were calculated using Eq. 1. The activation
energy of ALO-W was found in the range of
1.34 = 0.05-1.65 = 0.03 eV for different electrode sizes, as shown
in Fig. 11a.

Low-frequency region LF1 and LF2.— As shown in the Nyquist
plots for Al,O3/8YSZ/LSM in Fig. 7b, one large and depressed
semicircle arc is observed above 700°C; however, this actually con-
tains two semicircle arcs LF1 and LF2, as shown in Fig. 7d. The
extracted real resistance associated with LF1 and LF2 for different
microelectrode sizes are shown using Arrhenius plots in Fig. 12a
and b, respectively. The activation energies for LF1 and LF2 were
calculated using Eq. 1 which are shown as a function of microelec-
trode size in Fig. 13. The activation energies of LF1
(1.71-1.88 = 0.02 eV) were found be consistently lower than those
of LF2 (2.42 = 0.02-3.05 + 0.03 eV) for all microelectrode sizes.
In addition, because the electrode geometries are known, a correla-
tion between real impedance data (R, and Ry p,) of LF1 and LF2
and microelectrode size can be made, as shown in Fig. 14a and b,
respectively. Moreover, the sum of R gy + Ry, is plotted as a func-
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Figure 11. (a) Activation energy in Al,05/8YSZ/LSM system for ALO-W
diffusion resistance, R,,, from Eq. 2 as a function of LSM electrode size and
(b) calculated diffusion length / as a function of microelectrode size at dif-
ferent temperatures from Eq. 7.

tion of microelectrode size in Fig. 14c. The dependence of Ry
+ R g, follows closely that of the R, semicircle arc as this is
typically 1 order of magnitude greater than R g;.

The capacitance values of LF1 and LF2 semicircles are shown in
Fig. 15, which were obtained using the relationship47

C = (R'"7d)"" (3]

where R is the parallel resistance value in the equivalent circuit, & is
the nonideal capacitance, and p is the nonideality factor used to fit
the CPE. Both ® and p can be determined from modeling the im-
pedance of the CPE element using the following expression4

(4]

ZepE=
CPE™ D (jw)?

where i is the imaginary number,  the angular frequency, and ®
and p are the same variables as in Eq. 3.

Discussion

High-frequency intercept ALO-HF.— Given the testing geom-
etries used this microelectrode study, the oxygen ion transport in the
electrolyte occurs in-plane of the 8YSZ thin-film, as detailed in Fig.
1. In this study, the values of ALO-HF can be correlated to micro-
electrode size using the following expression
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—1 and -2 indicates TPB and surface/bulk/interface pathway dominance,
respectively.

L
Rgysz = (5]
OgyszIX
where L is the Pt to LSM distance, ogysy is the ionic conductivity of
8YSZ, ¢ is the thickness of the 8YSZ film, and x is the LSM micro-
electrode square size (as shown in Fig. 10a inset). An average slope
of —1.01 £ 0.06 was observed in the plot of ALO-HF as a function
of microelectrode size x in Fig. 10a, which indicates that the
ALO-HF intercept can be ascribed to oxygen ion transport in the
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8YSZ film. Moreover, the reported values of activation energies for
ion transport in 8YSZ range from 0.8 to 1.10 eV, 5! which is in
close agreement with the average activation energy of
1.16 = 0.02 eV obtained for ALO-HF in this study. It is important to
mention that our in-plane testing configuration leads to nonunifor-
mity in the current density along the 8YSZ electrolyte film and LSM
microelectrodes, where the leading edges of the Pt and LSM micro-
electrodes have the lowest resistance to ion transport in 8YSZ. If
most of the ion transport in 8YSZ occurred along the leading edge
of LSM, a —1 slope dependence of ALO-HF on the LSM microelec-
trode size would be expected, which is observed experimentally in
Fig. 10a.

Linear impedance response ALO-W.— Chen et al.® have re-
ported that the activation energy for surface diffusion of oxygen in
conjunction with adsorption on porous LSM electrodes is 1.61 eV.
Lewis and Gomer,52 on the other hand, using faceted Pt field emit-
ters, report that the activation energy of oxygen surface diffusion on
Pt is 1.45 eV above 500 K. Moreover, the surface of Pt is widely
understood to be covered by oxide at temperatures above
527°C.3 Therefore, it is speculated that similarities on the value
of activation energy for oxygen surface diffusion on Pt and
LSM might be attributed to the oxide coverage on both surfaces.
Activation energies of ALO-W in the range from
1.34 £ 0.05 to 1.65 + 0.03 eV were found for different electrode
sizes (Fig. 11a), which might suggest that ALO-W might correspond
to a surface diffusion process of oxygen species.

To verify whether ALO-W corresponds to the bulk diffusion of
oxygen ions in LSM, we here estimate the bulk diffusion coeffi-
cients by assuming that R,, obtained from equivalent circuit analysis
results from bulk diffusion in LSM using the following relationship

__L AT
" R,Ang’

where D,, is the bulk diffusion coefficient of oxygen ions (cm?/s), [
is the characteristic diffusion length (the thickness of the film for
bulk diffusion), A is the cross-sectional area for surface diffusion, n
is the volume concentration of the mobile ion (#/cm?®), ¢ is the
elementary charge, k is Boltzmann’s constant, and 7 is the tempera-
ture (kelvin). The concentration of mobile ions vacancies, n, used
for Eq. 6 was obtained from estimates by Van Hassel et al. of ~5
X 10%5/cm? at 1000°C.%° Using the known microelectrode thickness
and surface area in Table II for / and A, the calculated diffusion
coefficients D,, were found to be ~7 to 10 orders of magnitude
higher (D, ~ 107° cm?/s) than the reported bulk diffusivities

(6]

(3.10 X 107190 1.6 X 10713 cm?/s in the temperature range of
700-900°C) reported by De Souza et al.”’ This analysis shows the
fact that R, is too small in magnitude to result from bulk diffusion
in LSM. The characteristic length / for surface diffusion of oxygen
species might be estimated from the characteristic time constant T
(obtained from equivalent circuit analysis) using the relationship46

1=\Dr (7]

where D is the surface diffusion coefficient in cm?/s. Although bulk
diffusion coefficients of oxygen ions in LSM have been determined
by De Souza et al..”” to the authors’ knowledge, surface diffusion
coefficients for LSM have not been reported. In the face-centered
cubic metal systems, it has been reported that bulk diffusion is about
5 orders of magnitude smaller than surface diffusion.”® For example,
we may assume an oxygen surface diffusion coefficient of 1
X 107! em?/s at 700°C and plot the characteristic diffusion dis-
tance calculated from Eq. 7 as a function of microelectrode size at
different temperatures from the obtained activation energies, as
shown in Fig. 11b. Just for comparison, the oxygen surface diffusion
coefficient of 4.65 X 1078 cm?/s on Pt at 800°C has been reported
by Verkerk et al.” The characteristic diffusion length or utilization
lengths were found to range from 0.5 to 3 nm and were not greatly
affected by temperature. The small gradients in the oxygen ion con-
centration at the surface of LSM can, therefore, be explained by fast
surface diffusion processes on LSM. Examination of activation en-
ergy, real impedance, and characteristic time 7 extracted from the
equivalent model based on the testing geometry does not support the
assignment of the impedance feature to in-plane 8YSZ ionic current.
Therefore, we tentatively assign the ALO-W feature to a surface
diffusion process on LSM. Although the activation energy of
ALO-W was found to slightly increase with increasing microelec-
trode sizes, the physical origin of this observation is not understood
at this time.

Low-frequency region LFI and LF2.— If the ORR rate-limiting
reaction step were dominated by processes at the TPB, a relationship
between TPB length and real impedance was first proposed by Ka-

14 .. h
mata et al., which could be written as

R ! ! R = [8]
b L — L — — b o x

’ 0, L v

where o, is the interfacial conductivity in S/cm?, Lpg is the total
TPB length, and x is the microelectrode size that is equal to }‘ TPB
length. In this case, a dependence of Ry, > x~! or a slope of —1 is,
therefore, expected. If the rate-limiting step of ORR were dominated
by processes from the bulk (b), surface chemical reaction (s), and
interface (int), the real impedance can be described by

Riyging * X2 [9]

In this case, a dependence of Ry, < X2 or a slope of =2 is ex-
pected.

The observed dependence of LF1 on the microelectrode size in
Fig. 14a is close to —2 throughout the temperature range tested,
which indicates that this process is not dominated by oxygen reduc-
tion and incorporation of oxygen ions into the electrolyte at TPB. To
further investigate and pinpoint the precise dominant process for
LF1, the activation energies and capacitances of LF1 are examined.
The activation energies of LF1 were found to vary in a small range
of 1.71-1.88 £ 0.02 eV for the electrode sizes examined in this
study, as shown in Fig. 13. Previous studies on porous electrode
studies show that processes occurring on the electrode surface have
activation energies in the range of 1.61-2.11 eV [ILIGI92S Bop oy
ample, Siebert et al.'” and Van Herle et al.'' have reported a rate-
limiting step for ORR on porous electrodes involving oxygen disso-
ciation having an activation energy of 1.8 and 2.11 eV, respectively.
It is believed that the rate-limiting step responsible for LF1 origi-
nates from surface chemical processes. To further confirm that LF1
originates from surface chemical processes, the capacitance values
for LF1 shown in Fig. 15 are compared with values found in the
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literature. Adler® has recently reported that capacitance can be used
as an indicator to determine the degree at which TPB or bulk par-
ticipates in the reactions; capacitance values in the range of 1
X 107-1 X 107° F/cm? are typically associated with oxygen re-
duction at TPB of the Pt/YSZ system. Although capacitance values
are not reported in the study by loroi et al.'® of thin-film LSM
supported on chemical vapor deposited (CVD) thin-film YSZ, they
could be estimated from the reported impedance data, where values
of ~10™* and ~ 1073 F/cm? were obtained for the attributed surface
and bulk processes, respectively. Moreover, Mitterdorfer and
Gauckler'” have reported a surface process on LSM/YSZ having
capacitance values on the order of ~107™* F/cm?, which have been
attributed to competing dissociative adsorption and surface diffu-
sion. Given the LF1 dependence on microelectrode size close to —2
(Fig. 14a), activation energies in the range of 1.71-1.88 + 0.02 eV
in this study (Fig. 13), and an average capacitance value of 3.4
X 107* F/em? (Fig. 15), it is believed that surface chemical pro-
cesses such as oxygen adsorption/desorption and dissociation are
responsible for the LF1 semicircle. Although the activation energy
of LF1 was also found to slightly rise with increasing microelec-
trode sizes, the physical origin of this observation is not understood
at this time.

The LF2 semicircle, in contrast, has a slope dependence on the
microelectrode size that ranges from —1.18 £ 0.08 at 570°C to
—2.46 = 0.07 at 790°C, as shown in Fig. 14b. Although the upper
and lower limits for slope dependence are ideally —1 and -2, re-
spectively, the slope values lower than —2 could be due to an ex-
perimental uncertainty as only four microelectrode sizes were used
in the test. Slope dependence below —2 of ORR resistance as a
function of electrode size has been found by Brichzin et a3 ina
similar study on LSM microelectrodes at ~800°C. It is important to
note, however, that the slope dependence on the electrode size
clearly decreases and becomes more negative with increasing tem-
perature. This change suggests that LF2 has a significant contribu-
tion from oxygen reduction and incorporation of oxygen ions into
the electrolyte at TPB; the TPB pathway at low temperatures and
shifts to a bulk dominated pathway at high temperatures (greater
than ~700°C shown in Fig. 14b), where oxygen reduction and in-
corporation of oxygen ions into LSM occur on the LSM surface and
oxygen ions diffuse in bulk LSM and migrate into the electrolyte. It
has  been Previously reported  using tracer  diffusion
measurements” ! that activation energies of 2.6-3.0 eV are related
to bulk oxide ion transport processes in LSM. The range of activa-
tion energies found for LF2 from 2.42 + 0.02 to 3.05 £ 0.03 eV is,
therefore, in close agreement with these tracer diffusion studies. The
activation energy rises with increasing electrode sizes, which might
be attributed to a relatively greater contribution of bulk pathway to
TPB pathwazy for larger electrode sizes. Moreover, Adler®
and Kawada® have recently reported that capacitances found for the
mixed ionic electronic conductor LSC approach
1 X 107" F/em2,%%9%8% where oxygen reduction via the bulk path-
way dominates. The observed capacitance values obtained for LF2
have an average of 3.2 X 107 F/cm?, which is consistently 1 order
of magnitude higher than that of LF1. Chemical capacitances of
~ 1073 F/cm? associated with oxygen reduction via bulk pathwag/ in
LSM can be estimated from the data published by loroi et al."8 on
dense thin films of LSM, which is in good agreement with the re-
sults found for LF2. Moreover, by assuming oxygen ion diffusion in
bulk LSM is the rate-limiting step in the bulk pathway, the ionic
conductivity for LSM can be estimated at temperatures higher than
700°C, where the bulk pathway is dominant. Using Eq. 5, average
ionic conductivity values of 2.9 X 1078, 1.7 X 1077, and 5.2
X 1077 S/cm were found at 700, 750, and 790°C, respectively.
These values are in agreement with previously reported oxygen ion
conductivities of ~107to ~ 107 S/em in LSM,”"*>* which
confirms that oxygen reduction via bulk pathway is responsible for
LF2 and bulk oxygen ion transport is the rate-limiting step in the
bulk pathway above 700°C. Furthermore, our results are in agree-
ment with the findings of Koep et al.** and Brichzin et al.*'”? in
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Figure 16. (Color online) Schematic of (a) the four ORR mechanisms ob-
served in this study and (b) circuit diagram analog to the ORR process.

which the LSM bulk pathway is dominant and bulk oxygen ion
transport is rate-limiting for ORR under similar temperatures and
film thicknesses.

General Discussion and Conclusions

In this thin-film, dense microelectrode study, we clearly note four
processes that take place upon oxygen reduction on LSM, which
might be assigned tentatively to the following: (i) oxide ion trans-
port in 8YSZ (ALO-HF) with an average activation energy of
1.16 £ 0.02 eV, (ii) surface diffusion on LSM (ALO-W) with acti-
vation energies in the range of 1.34 + 0.05-1.65 + 0.03 eV, (iii) sur-
face processes on LSM (LF1) with activation energies in the range
of 1.71-1.88 £ 0.02 eV and an average capacitance of 3.4
X 107* F/cm?, and (iv) mixed charge transfer processes (LF2)—
surface incorporation and bulk oxygen ion transport, and TPB incor-
poration changing as a function of temperature with activation en-
ergies in the range 2.42 + 0.02-3.05 £ 0.03 eV and an average
capacitance of 3.2 X 1073 F/cm?.

These four processes are illustrated on the LSM surface and at
the LSM/YSZ interface and in a circuit diagram in Fig. 16a and b,
respectively. It is proposed that at least two surface processes occur
prior to the charge-transfer processes, which corresponds to surface
chemical processes (LF1) and surface diffusion (ALO-W) on the
LSM microelectrode. Although the exact nature of surface chemical
reactions of LF1 has not been identified, our results are consistent
with the hypothesis that surface oxygen adsorption and oxygen dis-
sociation reactions are responsible for LF1. As shown in Fig. 16a
and b, the surface chemical processes are then followed by two
possible charge-transfer pathways into the 8YSZ electrolyte, either
via the bulk of LSM or through the TPB. The real impedance of the
four processes can be plotted as a function of temperature, and the
results from the ~190 wm LSM microelectrode are shown in Fig.
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Figure 17. Plot of resistance fraction as a function of temperature for the
~190 wm LSM microelectrode. Below 700°C the LF2 semicircle arc is the
rate-limiting reaction step due to largest resistance. Above 700°C the LF1
arc becomes the rate-limiting reaction step; however, the total resistance
magnitude above 700°C is ~3 orders of magnitude smaller.

17. Assuming that a process with the largest fraction of total resis-
tance would be the rate-limiting step of ORR, the mixed TPB/bulk
charge-transfer process for LF2 limits ORR at temperatures lower
than 700°C, and surface chemical processes become limiting above
700°C. The total real impedance at 570°C is approximately 3 orders
of magnitude higher than at 790°C shown in Fig. 17, where surface
rate-limiting ORR is observed. Therefore, the low polarization of
LSM above 700°C observed for porous electrodes’ having area spe-
cific resistance less than 0.5 Qcm?® can be attributed to reasonably
fast TPB/bulk charge-transfer processes and surface chemical pro-
cesses.

The change in the slope dependence on microelectrode size ob-
served the LF2 semicircle was analyzed as a function of tempera-
ture, from which the fraction of oxygen ion current passing through
the bulk and TPB pathways could be estimated by a first-order ap-
proximation. As previously mentioned, a slope dependence of —1
and -2 indicates a dominant TPB and bulk ionic pathway, respec-
tively. For the slope dependence values between —1 and -2, the
amount of current passing through the TPB or bulk can then be
extracted using the expression below

J—
ln(A B ) =@y- l)ln<?ﬂ) + yln(jbﬂ) [10]

C total total

where A, B, and C are pre-exponential factors determined from im-
pedance data at the testing temperatures, y with values from 0 to 1 is
the slope dependence of LF2 on microelectrode size, and [/l
(x = TPB, bulk) is the fraction of the total current passing through
the TPB and bulk paths. The derivation of Eq. 10 can be found in
the Appendix. Given the scatter in the experimental data, all values
smaller than —2 of slope in the range from 750 to 790°C is assumed
to be —2. Itpp/liya and T/ Lo from Eq. 10 is plotted as a function
of temperature in Fig. 18. ORR current was found to be governed by
the TPB charge-transfer pathway at temperatures below 600°C and
to switch to the bulk path dominating above 600°C.

The in-plane geometries of the two-electrode Pt-LSM cell used
in this study lead to nonuniform current densities along electrolyte
and electrodes. Further experiments involving cross-plane geom-
etries and three-electrode cells would provide further insights into
the mechanism of ORR on LSM/YSZ and other cathode systems.

Insights into ORR kinetics from our microelectrode study could
be potentially applied to guide the design and development of po-
rous electrodes for low-temperature SOFCs. The TPB current in Fig.
18 is expected to dominate at even higher temperatures than 600°C
as LSM particle aspect ratios in porous electrodes are closer to unity,

1.0 T T T
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Figure 18. Plot of current path fraction as a function of temperature for the
LF2 semicircle arc. Below 600°C the majority of ORR current passes
through the TPB. Above 600°C, a significant fraction of current passes
through the bulk of the LSM microelectrodes.

originating from the larger surface area to bulk LSM rations. In
addition, a similar effect of increasing TPB dominance would be
observed when using thicker LSM films, as this would increase the
bulk transport resistance and lead greater TPB current dominance.
As the LF1 surface chemical reactions have much comparably
smaller impedance than the LF2 process over a wide range of tem-
peratures, decreasing particle sizes of LSM lead to lower ORR
losses in SOFC cathodes due to a more facile surface pathway (Fig.
17). Porous electrodes with nanoparticles of LSM could, therefore,
potentially provide much reduced polarization of ORR at operating
temperatures as low as 600°C.

Using thin-film, patterned LSM microelectrodes, great versatility
in probing the kinetics of ORR has been demonstrated by correlating
the impedance response with the known electrode geometries. We
note that the impedance response is highly dependent upon the sub-
strate type used in the in-plane microelectrode measurements, and
insulating substrates such as 8YSZ, MgO, or Al,O5 should be used
to avoid the presence of artifacts at high frequencies. In addition,
using in-plane configurations, a greater degree of current-density
nonuniformity is present. At least four ORR processes are identified
from the EIS measurements of LSM thin-film microelectrodes sup-
ported on 8YSZ with Al,O5 substrates, which have been assigned
tentatively to (i) oxide ion transport in 8YSZ, (ii) a surface diffusion
on LSM, (iif) at least one surface chemical process in LSM, with its
precise nature to be determined by future EIS testing, and (iv) mixed
bulk and TPB charge transfer in LSM. It is proposed that the overall
ORR of LSM/YSZ microelectrodes is limited by the bulk/TPB
charge transfer below 700°C, while the limiting reaction shifts to the
surface chemical process(es) on LSM above 700°C. The ORR cur-
rent contributions from the TPB and bulk pathways in these LSM
microelectrodes have also been quantified, and ORR current from
the bulk pathway appears to be dominant down to 600°C. Improved
bulk properties and decreasing particle sizes are critical to reduce
polarization in SOFCs to achieve high performance and efficiency at
reduced temperatures below 600°C.
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Appendix
Derivation of Eq. 10
1 1 1

= — 4 —

Rl Rpp  Roui

R = Cx™1™) where x is the microelectrode square size

Ry = Cxt-H-2--0D)

R
ln(l‘T’m) ={-1+[-2-(=Dh}nx=Inx"+ylnx? - ynx"!

R
1n<‘%‘“‘> =(1 - y)nx" +ylnx2 [A-1]
at 750°C Ry = Bx~>
R
1n(ﬂ) =Inx2 [A-2]
B
at 570°C Ry, = Ax™!
R
In| =22 | = Inx! [A-3]
A

plug in A-2 and A-3 into A-1

R R R
1n(—‘g““) =(1- y)1n(—‘L"> +y 1n(—"““‘>

AR R R
]n( ) =(1- y)ln(—l&) + y]n(ﬂ)

C

1
because R = ;

=(1- y)ln(ﬁpi) + yln(ﬂ>

total total
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