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Abstract

Dense silver (Ag) cathodes with a defined triple phase boundary (TPB between the interface of
electrolyte, electrode, and gas) length (Ltpg) and electrode area (Agr 1) were fabricated by
photolithography and E-beam evaporation over a proton conductive BaZr4Ce4Y01Ybo 1055
(BZCYYDb4411) electrolyte. A bi-layer lift-off resist method appears more versatile than single
layer for successful patterned cathode fabrication. The electrochemical behaviors of the Ag
patterned cathodes over the BZCYYDb4411 electrolyte were tested for electrochemical impedance
(EIS) at different temperatures in atmospheres with different concentrations of O, and H,O. The
results were processed using Distribution of Relaxation Times (DRT) and reaction order analyses
and also fitted to equivalent circuits. The directions of future work on patterned electrodes with
different Lypg and Agrt and theoretical calculations to gain further insights into the kinetics &
mechanism of cathode oxygen reduction reaction (ORR) over proton conducting electrolyte are

pointed out.
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Introduction

Solid oxide fuel cell (SOFC) has been extensively researched for a variety of applications
including portable or stationary power generation and transportation'>. The commercialization of
conventional SOFCs faces a notable obstacle due to the required high operating temperature -
typically ~700-1000°C. The high operating temperature results in prolonged start-up time and
difficulties in ensuring compatibility and durability of the materials used in the system, leading to
higher than ideal degradation rate>®. To address this challenge, extensive research is currently
being conducted on intermediate temperature (400-600°C) solid oxide fuel cell (IT-SOFC),
especially proton conducting (PC) IT SOFC due to proton conducting ceramic (PCC) electrolytes’
high ionic conductivity at intermediate temperature 1.

However, when the operating temperature drops, the oxygen reduction reaction (ORR) at the
cathode becomes more critical to the efficient functioning of SOFCs. This is due to sluggish ORR
kinetics at intermediate temperatures. The cathode reaction process for oxygen ion conducting
SOFC and proton conducting SOFC follows different pathways. The cathode ORR process for
conventional SOFC based on oxygen ion (i.e., O* or Vo°*) conducting electrolytes would proceed
via the pathway of oxygen vacancy

O, +4e’ +2Vg" < 200" (1)
1213, The ORR for oxygen ion conducting SOFCs include elementary steps such as oxygen
adsorption, oxygen dissociation, charge transfer, mass transfer of oxide ions into the bulk of the
electrolyte!>!3. The mechanism for ORR via the oxygen vacancy pathway has been extensively
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studied using various approaches, including the use of cells with patterned electrodes over oxygen
ion conducting electrolytes. In comparison, the cathode ORR process for proton conducting SOFC
would proceed via a different pathway, as described below

0, + 4¢’' + 4(OH)o" > 400* + 2H,0 2)

1213 that involves proton (or protonated oxygen, (OH)o") and water. The ORR for proton
conducting SOFC involve even more elementary steps including oxygen adsorption, oxygen
dissociation, surface diffusion, charge transfer, mass transfer of proton into the bulk of the
electrolyte, as well as water formation and desorption'?-!3. Previous studies by He et al., did
analysis of the reaction order for the ORR of proton conducting SOFC (i.e., dependence of reaction
rate on atmosphere such as pO, and pH,0) by hypothesizing eight elemental steps 4, while the
study by Grimaud et al. assumed 6 elemental steps!®>. However, despite numerous studies, there

are still aspects of the ORR mechanism for proton conducting SOFC that remain uncertain.

On the other hand, a classical approach for understanding electrode reactions including ORR
was offered by dense patterned electrodes as mentioned '62°. The utilization of patterned
electrodes enables precise control of both the length of the triple phase boundary (TPB) and the
area of the electrode, linking electrode geometry with reaction kinetics. Significant research has
been carried out on electrode reaction mechanism in conventional oxygen ion conducting SOFC
utilizing patterned electrodes made of noble metals such as platinum (Pt) or silver (Ag) 16:19-21,23.26-
28, Previous studies showed that for Pt, ORR kinetics is correlated with the length of the TPB
2023.27.28 In contrast, Ag is less expensive and has higher electronic conductivity than Pt. One study
showed that an SOFC with patterned Ag cathode exhibited comparable performance to Pt cathode
with an identical design®!. Another study showed that the rate-limiting step of the Ag cathode

reaction for oxygen ion conducting SOFCs is the bulk diffusion through the Ag electrode at 700-
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900°C'6. Subsequent study reported that at 350-550°C, dissociative oxygen adsorption/reduction
might be the rate limiting steps of the Ag cathode reaction for oxygen ion conducting SOFC3°.
However, for proton conducting IT-SOFC, despite its recent development, there is no study
carried out utilizing the patterned electrode approach except Haile et al.3! who used
PrBay sSr sCo; sFey s0s+5, PBSCF mixed conducting cathode. It is expected that a simpler Ag
patterned electrode over a proton conducting electrolyte would be very valuable to help identify
the reaction site (i.e., at TPB or cathode surface) and clarify if the proton conducting ceramic
electrolyte plays any electro-catalytic role in the ORR reaction. Therefore, this study aims to
fabricate Ag patterned cathode on a proton conductive BaZry4Cep4Y.1Ybg 1055 (BZCYYb4411)
electrolyte. Preliminary testing for the patterned electrode cells has been carried out showing the
effects of moisture (H,O) and oxygen (O;) concentration on measured electrochemical behaviors.
The implications of the preliminary study and the directions for subsequent research have also

been discussed.

Experimental

Powder synthesis, sintering, and polishing

In this study, BZCYYb4411 proton conducting ceramic electrolyte and PrNij 5Cog 505.5 (PNC,
as the counter electrode) powders were synthesized using the Pechini method3?, and the details
have been described previously??. To fabricate the proton conducting electrolyte pellet, 0.4 g of
BZCYYb4411 powder containing 0.5 wt.% NiO as a sintering aid was pressed using a 13 mm die
with a pressure of ~300 MPa. The green pellet was sintered at 1550°C for 10 h in air under a

protective condition, as previously described’?. Subsequently, BZCYYb4411 pellets were
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subjected to grinding on both surfaces using silicon carbide abrasive papers of varying grit number
from 600 to 1200. Finally, the samples underwent a polishing procedure using diamond
suspensions of 1, 0.1, and 0.05 um in succession. The thickness of the polished BZCYYb4411

pellet is ~0.5 mm.

Photolithography for fabrication of Ag patterned electrodes

Photolithography is a microfabrication technique that uses a photomask to transfer a pre-
defined pattern onto a substrate surface through a series of steps. It is widely used in integrated
circuit (IC) and sensor fabrication. In the past two decades, photolithography was also used in the
fabrication of patterned electrodes for oxygen ion-conducting SOFCs!6:18,19,22-25,27-29,33-36
However, most previous studies did not provide adequate details on the fabrication process,
making reproducing and further fine-tuning of the patterned electrode difficult. Meanwhile, as
stated, there have been no studies on the fabrication of patterned electrodes over proton conducting
electrolyte except by Haile et al*!. Therefore, a comprehensive description of the techniques and
procedures used in the fabrication of patterned Ag electrodes over BZCYYb4411 electrolyte is
given below in detail.

First, a blank photomask was purchased from Nano film and it consists of three layers: a top
surface layer of positive photoresist, followed by a layer of chromium and a glass substrate, which
is transparent to UV light. The desired pattern for the mask was designed using the Layout Editor
software (Free version, 20230301) and subsequently transferred onto the mask by exposing the
photoresist layer using a laser mask writer (uPG101, wave length of 405 nm), as illustrated in Fig.
1(a). The laser power used for exposure was 4.8 mW. Following the exposure, the mask was

developed using a developer solution (AZ400K (15% Potassium borate/85% water) : Water = 1 :
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4 by volume) to remove the laser-exposed positive photoresist, which resulted in openings in the
photoresist layer exposing the chrome layer according to the designed pattern. The exposed
chromium was subsequently etched away by immerging the mask in Chromium Etch 1020 AC
(containing nitric acid, ceric ammonium nitrate, water; exact concentration unknown due to
commercial product) for 3 min, transferring the pattern onto the glass. Finally, the remaining
photoresist was removed through reactive ion etching by oxygen plasma, thus completing the
fabrication of the mask as shown in Fig. 1.

After the photomask is patterned, the subsequent step involves transferring the pattern onto the
substrate coated with a photoresist layer. The photoresist comes in two forms, positive or negative.
Positive photoresist, upon UV light exposure, undergoes molecular chain breakage and becomes
more soluble in the developer solution®>-37. As a result, after development, the regions exposed to
UV light undergo material removal/dissolution, leaving the unexposed regions intact and insoluble
to the developer solution. In comparison, negative photoresist, upon UV light exposure,
experiences polymerization and becomes insoluble to the developer solution. Thus, after
development, the regions exposed to UV light remain on the substrate>-*7. Due to the disparity in
light dosage between the top and bottom layers, with the top layer experiencing a higher dose,
positive photoresists tend to produce overcut profile (i.e., the opening at the photoresist top surface
is wider than at the bottom or near the substrate), while negative photoresists tend to produce
undercut profile (i.e., the opening at the photoresist top surface is narrower than at the bottom or
near the substrate)®8-°, after the development process, as depicted in Fig.2(a) and (b).

Because of the difference in sidewall profile, the lift-off process (i.e., the removal of residual
photoresist after metal deposition) is easier when using negative photoresist than positive

photoresist, as negative photoresist prevents metal from accumulating on the walls of the resist
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after deposition®®. However, negative photoresist often has lower resolution compared to positive
photoresist. This is because for negative photoresist, the developer solution tends to infiltrate both
the UV-exposed and unexposed areas, which results in reduced resolution or pattern distortion 4°-
42, On the contrary, positive photoresist is capable of maintaining its high-resolution pattern unless
it is overdeveloped (by being left in the developer solution longer than necessary). Therefore, in
this study, positive photoresist was chosen.

To achieve effective lift-off in photolithography with positive photoresist, the use of a bilayer
resist system composed of a bottom sacrificial layer and a top imaging photoresist layer was found
to be crucial in this study3>*. Although the sacrificial layer lacks photo-reactivity, it creates
undercut during development due to its higher dissolution rate than the top imaging photoresist
layer. This enables the successful removal of the resists after Ag electrode deposition, as
demonstrated in Fig. 2(c). Without this bilayer approach, the lift-off process is challenging due to
accumulation of metal on the walls of the resist after deposition. Therefore, in this study, Ag
patterned electrodes were fabricated over BZCYYDb4411 electrolyte substrates using
photolithography with a bilayer resist system.

Prior to the photolithography process, polished BZCYYb4411 substrates underwent cleaning
with IPA, acetone, and DI water, followed by a dehydration bake at 170°C for 10 min to improve
the adhesion of the resist with the substrate. LOR 3B, as a sacrificial layer, was spin-coated onto
the cleaned substrates using the following parameters: 500 rpm for 10 s, 1000 rpm for 10 s, 1500
rpm for 10 s, 2000 rpm for 120 s. Subsequently, the sacrificial layer underwent a soft bake process
at 141°C for 90 s to eliminate the solvent in it and improve its adhesion to the substrate. Then,
AZ1518, a positive photoresist, was spin-coated over the LOR 3B sacrificial layer on the

BZCYYb4411 substrate, using the same spinning parameters. Afterward, the photoresist
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underwent a soft bake process at 110°C for 90 s to eliminate solvents and improve adhesion to the
sacrificial layer. Subsequently, the substrates were exposed to UV light of 150 mJ/cm? to form the
pattern. The photoresist was developed in AZ400K developer solution to form the pattern in the
photoresist layer (as well as the bottom sacrificial layer, with undercut) over the electrolyte (see
Fig. 3 for photos), which was necessary for subsequent Ag electrode deposition.

In microfabrication, metals are deposited commonly by two techniques: E-beam evaporation
and sputtering. For E-beam evaporation, metal deposition is unidirectional as the mean free path
of metal atoms is longer than the distance between the substrate and the target due to high vacuum
(~1077 Torr)3>37-39, This results in minimal sidewall deposition and effective lift-off. For sputtering,
the lower vacuum (~10 Torr) causes a shorter mean free path, leading to non-unidirectional
deposition with more sidewall coverage and challenges with lift-off 33373°, In this study, ~75 nm
thick Ag layer was deposited onto the BZCYYb4411 substrates by E-beam evaporation (base
pressure: 5x10 Torr; soak-1 power: 12%, rise-1 time: 5 min, soak-1 time: 30 s; soak-2 power:
14%, rise-2 time: 10 s, soak-2 time: 30 s). Finally, the lift-off of the remaining photoresist was
carried out using Remover PG (N-Methyl Pyrrolidinone) at ~70°C. Microstructural analysis and
the EDS line scan of the Ag patterned electrodes over BZCY Yb441 electrolyte substrate were done
by a scanning electron microscope (SEM JEOL JSM-F100) equipped with energy dispersive X-

ray spectroscopy (EDS).

Electrochemical cell fabrication and test

In this study, electrochemical cells with patterned Ag working electrode were fabricated using
PNC as the counter electrode. To fabricate cells, at first fritless Ag paste was first brush painted

on the contact pad of Ag patterned electrode over BZCYYb4411 electrolyte and dried. PNC slurry

8
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was then brushed onto the opposite side of the electrolyte, as previously discussed, to form the
PNC counter electrode, followed by the application of Ag paste over the PNC electrode for current
collection 32, The cell then underwent a heat treatment at 600°C for 2 h in simulated air (Ultra Zero

Grade, Airgas, <5 ppm H,0 and CO, by volume).

Following the heat treatment at 600°C for 2 h, electrochemical impedance spectroscopy (EIS)
tests were conducted using a potentiostat (Gamry Interface 1000) without any DC bias in a
frequency range of 10° to 10-2 Hz at 400 to 600°C. The AC amplitude used was 0.1 mA. The effect
of oxygen partial pressure was tested by varying the flow rate of pure O, versus pure N, using
mass flow controllers to achieve pO, 0f 0.1, 0.2, 0.5, and 1 atm., while the effect of H,O was tested
by passing the simulated air through a water bubbler at room temperature and 66°C to achieve
pH,0 of ~0.03 and ~0.26 atm., respectively. Each time the atmosphere was changed, there was a
typical delay of 2.5 h before the electrochemical measurements could be taken. (Such a delay is
based on our previous experiments, which showed that the impedance stabilizes after similar time.
On the other hand, from the gas flow point of view, this delay is also reasonable because the total
flow rate was maintained at 40cc/min. Over 2.5 h, the total flow volume is 6000 cc, which is much

larger than the test chamber volume of ~100 cc (2.5 cm ID, 20 cm long)).

Results and discussion

Fabricated patterned electrode cell

Figures 4 (a) and 4(b) show the layout editor design and a photograph, respectively, of an Ag
patterned electrode fabricated over the BZCYYb4411 proton conducting electrolyte. The pattern

has 4 long fingers and a wide busbar for current collection. The designed TPB length (Lpg) and
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the electrode area (AgrLt) were 30.4 mm and 15.3 mm?, respectively. Figures 4 (c) and 4(d) show
a corresponding SEM micrograph and EDS line scan, respectively, of such a sample. The silver

electrode is reasonably dense considering its thickness of only ~75 nm.

Preliminary electrochemical test for patterned Ag electrode cell

Figure 5 shows the impedance spectra of a silver patterned electrode cell with PNC counter
electrode in simulated air (<5 ppm H,0 and CO, by volume, according to Airgas) as well as
humidified air with pH,O of 0.03 and 0.26 atm. at 600-450°C. A previous study by the authors3?
has shown that porous PNC cathode over the same proton conducting electrolyte gives much lower
interfacial resistance (about one tenth), which, as a first approximation, allows to neglect the
contribution of PNC counter electrode in the current patterned Ag electrode cell.

On the other hand, in comparison with simulated air, the addition of 0.03 atm. of H,O resulted
in a reduction of ohmic resistance (Rp, the high frequency intercept in the impedance spectra)
indicating higher bulk conductivity, particularly at temperatures of 600 and 550°C. This is
attributed to the hydration of the BZCYYb4411 electrolyte and formation of proton (OH)o" from
oxygen vacancy, leading to higher ionic conductivity °32. As pH,O further increased to 0.26 atm.,
there was almost no further change of R indicating saturation of hydration at 0.03 atm.

The electrode interfacial process can roughly be separated into two parts: a high-frequency
resistance corresponding to the high frequency (HF) loops (~10° to 10* Hz) and a mid-to-low
frequency (MF-LF) resistance, corresponding to multiple, partially overlapping loops in the mid
to low frequency (~10* to 103 Hz) range. With the introduction of 0.03 atm. of moisture, the HF
loops of the EIS decreased for all temperature from 600 to 450°C. With increase of pH,0 to 0.26

atm., the HF loops decreased further, especially at lower temperature of 500°C or 450°C. It is
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natural to expect that, in a simulated air atmosphere with very little moisture, ORR would proceed
via the oxygen vacancy pathway (equation 1), while after the introduction of moisture and full
hydration of the proton-conducting electrolyte, ORR would proceed via the proton pathway
(equation 2). It is hypothesized that the charge transfer step, as often believed to be represented
by the HF loops in the EIS, might be intrinsically faster for the proton route than the oxygen
vacancy route. Such a hypothesis is consistent with earlier observations of depressed HF loops
with increasing pH,O for BSCF cathode over proton conducting electrolyte!2.

On the other hand, with the introduction of moisture, the total apparent electrode interfacial
resistance, Ry, (i.e., the direct difference between the high and low frequency intercepts on the
impedance spectra) actually increased significantly, primarily due to the large expansion of the
mid-to-low frequency MF-LF loops, and the increase is more significant when the moisture
content is higher (0.26 atm. vs. 0.03 atm.). One possible explanation for such an observation is
related to the reduced shorting effect based on the defect reaction involving electron hole (h*) and
protonic defect

2H,0 + 400" + 4 h* <> O, + 4(OH)o’ 3)
, where an increase in pH,O would shift the reaction to the right and reduce electron hole
concentration, decreasing electronic leakage through the electrolyte**. Previous studies have
shown that electronic leakage through proton conducting electrolytes, such as Y-doped BaCeO;
or BaZr,Ce; O3, cause the apparent interfacial resistance R,; to be smaller than the actual values,
particularly at high temperatures and high pO,*4¢. As a result, reduced electronic leakage due to
moisture introduction and hydration of the electrolyte would cause R,; to increase, even though the
electrode kinetics might stay largely the same**. Another possibility is that, since the MF-LF

loops in EIS are commonly associated with O, adsorption and dissociation processes'>!3, their
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observed increase might be attributed to the blockage of surface reaction sites by adsorbed H,O
molecules, in this case, near the TPB between Ag electrode and the BZCYYb4411 electrolyte,
which reduces the active sites for O, adsorption and dissociation. Which of the two explanations
plays the dominant role needs to be investigated in future. It is worth mentioning that the Warburg-
like behavior is observed at lower temperatures of 500 and 450°C under different atmospheric
conditions, as well as at a higher temperature of 550°C with a higher pH,O content of 0.26 atm.
Warburg lines are often associated with diffusion (i.e., mass transport) limitations. At lower
operating temperature (e.g., 450°C) or with higher pH,O content (e.g., pH,O = 0.26 atm.), it is
hypothesized that the availability of oxygen atom becomes limited, possibly from slower oxygen
dissociation or surface diffusion (e.g., to TPB), which result in the Warburg-like behavior. Of
course, additional studies, especially computation modeling are needed to test such a hypothesis.
The impedance spectra are further analyzed using the Distribution of Relaxation Time (DRT)
method 474, as shown in Figure 6. Multiple peaks (7+) are observed across different frequency
ranges. Consistent observation (i.e., multiple processes for the electrode reaction) is obtained by
fitting the EIS data to equivalent circuit using the ZView software. Supplementary Figure S1
shows the fittings for the EIS plot at 550°C in simulated air with water addition at pH,O = 0.03
atm., considering 4, 6, 7, and 8 RC circuits. It appears that 8 RC circuits provide the best fit, while
4 RC gives the worst fitting. Supplementary Figure S3 shows the fittings for the EIS plot in
simulated air with water addition at pH,O = 0.03 atm. at 600-450°C. The fitted equivalent circuits
turn out to contain 8-9 RC circuits in series. Such a number of RC elements seems high but still
reasonable given the DRT plots in Fig.6 showing 7+ peaks. The high number is also possible due
to the complex nature of the 4-electron ORR process and the many elemental steps that may be

involved, as suggested in earlier studies!*!5.

12
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On the other hand, there are still significant uncertainties in fittings. In addition, linking the
elemental steps of the electrode reaction with the different peaks in DRT or the semi-circles in EIS
is difficult due to the complex nature of the ORR process. In fact, with the limited information
currently available, it is impossible at this stage. Therefore, both experiments and theoretical
modeling are currently underway to deepen the understanding of the cathode ORR processes for

proton conducting SOFC.

Nevertheless, Figure 7(a) shows electrode interfacial conductance, 1/R,;, normalized by TPB
length vs. inverse of temperature (i.e., 1/T) for Ag patterned electrode over BZCYYb4411 proton
conducting electrolyte in simulated air and in air with pH,O of 0.03 and 0.26 atm. at 600-450°C.
For comparison, data from previous studies by Herle et al.' and Huang et al.’® on Ag patterned
electrodes in air over conventional oxygen ion conducting yttria-stabilized zirconia (YSZ)
electrolyte, are also plotted. Despite the many differences between the current study and the one
by Herle et al.'%, i.e., silver pattern geometry, electrolyte type (BZCYYb4411 proton conducting
electrolyte vs. YSZ oxygen ion conducting electrolyte), and testing temperature, the measured
interfacial conductance (1/R,;) normalized by TPB length appear to roughly fall on the same trend
line for silver electrodes. In contrast, Huang et al.>° showed better activity for the Ag patterned
electrode on YSZ from 550°C down to 450°C. Additionally, the activation energy of the current
study is 0.93-0.98 eV, much lower than that of Herle et. Al'® (1.19 ¢V) and Huang et al.>® (1.65
eV) for Ag patterned electrode over oxygen ion conducting YSZ electrolyte. This suggests
potentially better activity for Ag patterned electrode at temperature below 450°C over the proton

conducting BZCYYb4411 electrolyte than YSZ electrolyte. Further study is needed to verify this.

To gain additional insights into the reaction process including possible rate limiting steps,

reaction order analysis is often carried out'+!35-0, Such an analysis may provide information
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regarding the influence of different reactants’ activity, such as the partial pressures of oxygen (pO,)
and water vapor (pH,0), on the rate of the ORR. According to literature, the overall reaction rate,
or the inverse of electrode apparent interfacial resistance depends on oxygen and water vapor
pressure: 1/R,; o« (pO,)" - (pH,O)™, where n and m are reaction order for pO, and pH,O,
respectively. The cathode reaction involves several fundamental steps for proton conducting
SOFC: 1. Oxygen adsorption, 2. Oxygen dissociation, 3. Charge transfer (multiple steps, actually),
4. Water formation, and 5. Desorption of water'4!3. By plotting 1/R,; against pO, or pH,0 (both
in logarithmic scale), the reaction order (n or m value) might be obtained from the fitted slope of
the plot. Figure 7(b) shows plots of log(1/(R,;*Ltpg)) vs. log (pH,0) for patterned Ag cathode at
different temperatures from 600 to 450°C. The obtained reaction order with respect to pH,0, m, is
-0.14 to -0.22. These values fall outside the range of m (0.5-1) modeled in previous studies. On
the other hand, these numbers are very close to the wvalue (-0.21) obtained for
Lag6Sro4Cog,Feps05-5 (LSCF) cathode over BaCey9Y(103-5 (BCY10) proton conducting
electrolyte at 600°C'>. Whether such a consistency is pure co-incidence given the difference in
electrode and electrolyte materials or the two cells are indeed limited by the same fundamental
process (e.g., electronic leakage effect in the proton conducting electrolyte) needs to be studied in
future.

Figure 8 shows the impedance spectra of the Ag patterned electrode cell in various pO, (0.1,
0.2, 0.5, and 1 atm.) at 600-450°C. The bulk or ohmic resistance decreases with increasing
temperature, which is expected for solid oxide fuel cells. The primary factor contributing to the
observed drop in ohmic resistance with increasing temperature is the higher mobility for the charge
carriers (oxygen vacancy or protons, if water is present) at higher temperature. It is also expected

that the cell’s ohmic resistance would be independent of the electrode’s architecture, whether

14
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porous or dense, and should show the decrease with temperature. This was indeed observed in the
current study: the area corrected ohmic resistance for the Ag patterned electrode cell matches very
well with our earlier study using a porous electrode over the same BaZr4Cep4Y1Ybo 1055
(BZCYYb4411) electrolyte 32.

On the other hand, at 600 and 550°C, ohmic resistance Ry increased as pO, decreased from 1
to 0.1 atm., which is attributed to the decrease in the electronic conduction (or leakage) of the
BZCYYDb4411 electrolyte resulting from a drop in pO,: Based on the defect reaction involving
oxygen vacancy and electron hole:

200°+4h < 0,+2Vy" (4)
a drop in pO, would shift the reaction to the right and reduce electron hole concentration. At 500
and 450°C, there is almost no change in R. This is likely because hole conduction is significantly
less at lower temperature for electrolytes that display electronic leakage (e.g., acceptor-doped
CeO, and BaCe0;)*. (In comparison, previous studies have shown that small change in pO, has
no obvious effect on Rq for oxygen ion-conducting YSZ electrolyte, as the electronic conduction
in YSZ is negligible under similar condition 28-61.)

Meanwhile, with reduced pO,, there is an increase in total apparent electrode interfacial
resistance R,;. Such a behavior (increase of R,; with reduced pO,) is consistent with porous Ag
cathode symmetrical cell over BaZr,Cey7Y01Ybo 1035 (BZCYYb1711) proton conducting
electrolyte! and is expected to come from a slowdown in oxygen gas phase transport, surface
adsorption, and dissociation with lower oxygen concentration. In addition, the reduced electronic
leakage, due to shifting of reaction (4) to the right with lower pO,, especially at higher temperature
such as 600 and 550°C, is also expected to contribute to the increase in R,;%%. Interestingly, at

elevated temperatures such as 600 and 550°C, there appears to be a continuation of the EIS loop
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at the low frequency end towards the real axis. The exact reason is not clear. One possibility is
that, at these temperatures, the ORR elemental steps such as O, dissociative adsorption might be
much faster than at a lower temperature (i.e., 450°C). This might enable the presence of surface
active species even under very low frequency (near DC condition) and the continuation of the EIS
loop towards the real axis instead of the Warburg-like behavior seen at lower temperatures such
as 450°C.

Figure 9 are DRT curves for impedance spectra shown in Figure 8. Similar to the testing in
simulated air (see Figure 6), multiple peaks (7+) are also observed across the frequency range.
Like before, the supplementary Figure S2 shows the fittings for the EIS plot at 550°C in dry 20%
0,-80% N, mixture (i.e., pO, = 0.2 atm.), considering 4, 5, 6, and 8 RC circuits. In this case, 6 RC
circuits seem to be enough to give a reasonable fit, while the fitting with 4 RC gives unsatisfactory
results. Supplementary Figure S4 shows the fittings for the EIS plot in dry 20% O,-80% N, mixture
(i.e., pO, = 0.2 atm.) at 600-450°C. The fitted equivalent circuits turn out to contain 6-8 RC
circuits in series. As explained before, such a high number of peaks is probably due to the complex
nature of the 4-electron ORR process involving many elemental steps.

Fig. 10 shows inverse of R,; normalized by TPB length vs. pO, plot, both in logarithm scale
for the Ag patterned electrode cell over BZCYYb4411 proton conducting electrolyte in this study
at 600-450°C in comparison to dense Ag electrode by Herle et al. at 753°C'6, and by Huang et al.>®
at 450°C, all over conventional YSZ electrolyte. For current dense Ag patterned electrode over
proton conducting electrolyte, 1/R,; increases with increasing pO, for all temperature from 600 to
450°C, with roughly the same slope, indicating that the same rate-controlling mechanism. The
fitted slope # is in the range of 0.39-0.47, which indicates the ORR process on Ag electrode over

BZCYYb4411 proton conducting electrolyte is likely controlled by both oxygen dissociation (n =

16
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0.5) and charge transfer (n = 0.25), according to earlier study by Grimaud et al'>. Further study is

needed to confirm this.

In addition to the studies discussed above, new experiments are currently underway involving
the fabrication of dense patterned Ag electrodes with different TPB lengths and electrode contact
areas to clarify the relationship between geometric parameters (e.g., Ltpg) and electrode kinetics
for ORR over proton conducting electrolyte. Reference electrode will also be added to the
patterned electrode cell to get polarization curves. More systematic studies with respect to
atmosphere and bias conditions will also be carried out. Additionally, Ag patterned electrodes
with the same electrode geometry will be fabricated over both proton conducting and oxygen ion
conducting electrolytes with comparable total ionic conductivity (e.g., BZCYYb4411 and GDC at
~450°C in simulated air). This will allow for another angle to examine the roles of proton
conducting electrolyte in the critical ORR versus conventional oxygen conducting electrolyte.
Last, but not the least, theoretical calculations using both density functional theory (DFT) method
and electrochemical modeling based on finite element method (FEM) will be conducted to reveal

the cathode ORR reaction mechanism including all the elemental steps for proton conducting

SOFC.

Conclusions

In this study, Ag patterned cathodes were successfully fabricated on BZCYYb4411 proton
conducting electrolyte by photolithography and E-beam evaporation. Electrochemical cells with
the fabricated Ag patterned working electrode and PNC counter electrode were tested for
electrochemical impedance spectroscopy. The results show for Ag metal cathode over proton
conducting electrolyte, with the introduction of moisture to air, both ohmic resistance and EIS high

frequency loop decrease, representing bulk hydration and change of reaction pathway from oxygen
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ion to proton, while the mid-to-low frequency loops increase, possibly due to either water
adsorption blocking O, adsorption/dissociation and diffusion to the TPB or reduced electronic
leakage through the electrolyte. In addition, decreasing pO, also appears to slow the cathode
process in a way similar to moisture effect. The reaction order in terms of interfacial conductance
is estimated to be in the range of -0.14 to -0.22 for moisture and 0.39 to 0.47 for oxygen. Analysis
of the EIS data by both the DRT analysis and fitting to equivalent circuits suggest multiple
elemental steps reflecting the complex nature of the cathode ORR reaction, especially when water
and proton are involved. Future work, involving both experiments and theoretical calculations
(e.g., by finite element electrochemical modeling and DFT calculation), will focus on revealing
the effects of patterned electrode geometry on electrode kinetics and the fundamental mechanism

(especially pathway) of ORR for proton conducting IT-SOFC.
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Fig. 1: (a) Schematic representation of the fabrication process of the photomask (b)

photograph of the final photomask (¢) microscopic image of the photomask, showing the fine

features and patterns.
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Fig. 2: Schematic showing (a) overcut profile formed in positive photoresist, with wider

opening at the photoresist top surface than at the bottom or near the substrate 3°, (b) undercut

profile formed in negative photoresist, with narrower opening at the photoresist top surface

than at the bottom or near the substrate 3°, and (c¢) photolithography process using a bilayer

resist system.
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(a) S|

Fig. 3: (a) Photograph and (b) optical microscopic image of the BZCYYb4411 electrolyte

substrate covered by patterned photoresist after development.
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Fig. 4: (a) The Layout Editor design, (b) photograph, (¢) SEM micrograph, and (d) EDS line

scan of Ag patterned electrode over BZCYYb4411 electrolyte substrate.
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various pH,0 level of 0.03 and 0.26 atm. at (a) 600, (b) 550, (c) 500, and (d) 450°C, respectively.
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Figure 6: Distribution of relaxation times (DRT) curves from impedance spectra for an
electrochemical cell with patterned Ag working electrode, BZCYYb4411 proton conducting
electrolyte, and PNC counter electrode in simulated air (<5 ppm H,0 and CO, according to Airgas)

and with added pH,0 0of 0.03 and 0.26 atm. at (a) 600, (b) 550, (¢) 500, and (d) 450°C, respectively.
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Figure 7 (a) Plot of inverse of R,; normalized by TPB length versus inverse temperature for the Ag

patterned electrode cell over BZCYYb4411 proton conducting electrolyte in simulated air, and in

air with pH,0 of 0.03 and 0.26 atm. at 600-450°C. The results from previous studies by Herle et

al.' and Huang et al.>* on Ag patterned electrodes, all in air over oxygen ion conducting yttria-

stabilized zirconia (YSZ) electrolyte are also shown for comparison. (b) Inverse of R,; normalized

by TPB length vs. pH,0 plot, both in logarithm scale, showing the fitted reaction order m with

respect to pH,O for patterned Ag cathode over BZCYYb4411 electrolyte at 600-450°C.
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Figure 8: Electrochemical impedance spectra (EIS) for an electrochemical cell with patterned

Ag working electrode and PNC counter electrode in O,-N, mixture with pO, of 1, 0.5, 0.2,

and 0.1 atm. at (a) 600, (b) 550, (c¢) 500, and (d) 450°C, respectively.
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Figure 9: Distribution of Relaxation Times (DRT) curves of impedance spectra for an
electrochemical cell with patterned Ag working electrode and PNC counter electrode in O,-
N, mixture with pO, of 0.1, 0.2, 0.5, and 1 atm. at (a) 600, (b) 550, (¢) 500, and (d) 450°C,

respectively.
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Fig. 10 (a): Plot of log (1/(Ry;*Ltpg) vs. log (pO,) for the dense Ag patterned electrode over
proton conducting BZCYYb4411 electrolyte in this study. Data for dense Ag patterned
electrode over YSZ electrolyte by Herle et al.'® at 753°C, and Huang et al.3 at 450°C are also

shown for comparison.
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Supplementary Figure S2: Equivalent fittings for the EIS plot at 550°C in dry 20% 0,-80% N,

mixture (i.e., pO, = 0.2 atm.), considering (a) 4, (b) 5, (c) 6, and (d) 8 RC circuits.
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Supplementary Figure S3: Equivalent fittings for the EIS plot in simulated air with water

addition at pH,O = 0.03 atm. at (a) 600, (b) 550, (¢) 500, and (d) 450°C.
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Supplementary Figure S4: Equivalent fittings for the EIS plot in dry 20% 0,-80% N, mixture

(i.e., pO, =0.2 atm.) at (a) 600, (b) 550, (c¢) 500, and (d) 450°C.



