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Abstract

Anion exchange membrane unitized regenerative fuel cells (AEM-URFCs) are a promising
technology for energy storage and electricity production; however, their efficiency is limited by
the kinetics of the bifunctional oxygen electrode (BOE) where the oxygen evolution reaction
(OER) and oxygen reduction reaction (ORR) occur. A particular concern when designing the BOE
is that the OER and ORR have differing catalytic requirements, which make it challenging to
develop effective bifunctional electrocatalysts with single active sites. In this study, we focus on
advancing the BOE performance using Pt-IrOx and Pt-NiCoOx electrocatalysts. Single-layer and
dual-layer Pt-IrOx BOEs were made, with the dual-layer electrode leading to improved
performance due to efficient catalyst utilization in both modes. Using the dual-layer oxygen
electrode paired with a PtRu/C hydrogen electrode, a round trip efficiency (RTE) as high as 50%
(62 %ir-free) Was achieved at 500 mA/cm? and operation for more than 24 hours, which included
five one-hour-long H» generation and consumption cycles followed by one eight-hours-long cycle.
To the best of our knowledge, this is the highest performance for AEM-URFCs reported to date.
Lastly, the approach is extended to electrodes with a Pt loading of 0.5 mg/cm? and the IrOx

substituted by NiCoOx.



Introduction

A unitized regenerative fuel cell (URFC) is a single device that can reversibly operate as
both a fuel cell and an electrolyzer. A URFC can serve as an energy storage device (via water
electrolysis) to store excess electricity in the form of hydrogen during peak production times. This
is particularly attractive from intermittent renewable energy resources like solar, wind, tidal, etc.
(1 - 4), where a large amount of storage may be needed and traditional batteries would require a
very large footprint. URFCs can also function as an energy conversion device (fuel cell mode)
that generates electricity from the stored hydrogen and oxygen (either co-stored from electrolysis
or from air). URFCs can be a high energy storage capacity, low cost, simple, compact, and
environmentally friendly technology with advantages over conventional energy storage
technologies (5 - 10). Because of this, URFCs have received an increased amount of research
attention in recent years.

Among existing URFC technologies, proton exchange membrane (PEM)-based systems

have benefitted from the highest level of investment. As such, they are more mature and have

shown the best round-trip efficiencies (RTEZ? x100) to date — up to 60 % RTE (11) — as well as
EC

relatively good durability. Lim and Lee et al. (12) recently reported 51 % RTE using a Pt-Ir
bifunctional electrocatalyst while operating at 400 mA/cm?. Kus et al. (13) showed an RTE of
47 % at 400 mA/cm?” and 31.8 % at 1.0 A/cm? utilizing a sandwich-like Pt-Ir bifunctional anode
electrocatalyst. Similarly, Regmi et al., (14) reported 57 % and 60 % RTE at 1.0 A/cm? operating
with air and Oa, respectively, at 80° C. Peng et al., (15) demonstrated 53% RTE at 1.0 A/cm? with
constant gas mode and continuously operated the system for 500 hrs with negligible performance

degradation. Unfortunately, PEM-URFCs are expensive due to their acidic environment requiring



the use of specialized component materials (e.g. perfluorinated membranes) and platinum group
metal (PGM)-based electrocatalysts.

Alternately, anion exchange membrane (AEM)-based technologies are emerging due to
their less corrosive operating environment and possible use of low-cost membranes, inexpensive
component materials, and PGM-free electrocatalysts while offering competitive performance. The
operation of AEM-URFCs (Figure S1) is driven by the reactions at the hydrogen (Equation 1) and

oxygen (Equation 2) electrodes, and the overall reaction (Equation 3).

4H,0 + 4e« 2H, + 40H" E°=-0.828V (D)
O, +2H;0 + 4e” «— 40H" E°=0.401V 2)
2H, + O3 « 2H,0O (3)

From a catalytic perspective, the lower potential required of the oxygen electrode in the
AEM versus the PEM system decreases the number of oxygenated adlayers on the catalyst surface,
lowering the catalyst-oxygen bond formation energy and thus reducing the overpotential of the
ORR in alkaline compared to acid electrolyte (16 - 17) and making that electrode more active in
alkaline than in acid (18 - 19). Additionally, the less corrosive alkaline environment allows for
low-cost stack components (membranes, bipolar plates, air loop, cooling, etc.) to be used (20).
Fortunately, significant progress has been made recently in the development of oxygen
electrocatalysts as well as stable and highly conductive AEMs and ionomers. These advances have
led to increased device operational life in discrete fuel cells (21 - 26) and discrete electrolyzers (27
- 31), which has revived researchers’ interest in AEM-URFCs.

Several AEM-URFC prototypes have been reported in the literature (32 - 38); however,
their performances and round-trip efficiencies (summarized in Table S1 in the Supporting

Information file) are still lower than those of PEM-based URFCs. For instance, Ng et al., (34)



reported RTEs of 42-45% at 20 mA/cm? operating at 55° C. Bretthaur et al., (39) reported 52 %
RTE at a very low current density of 0.1 mA/cm? using lanthanum-based electrocatalyst materials.
Such very low current densities are not suitable for practical applications. Gayan and Ramani et
al., (40) recently touted an AEM-URFC using a Pt-pyrochlore bifunctional oxygen electrocatalyst
that achieved a RTE of 75% at 100 mA/cm?, but the RTE was only ~36% at a more commercially-
relevant operating current of 500 mA/cm?. The best performing AEM-URFC in the literature to
date was recently reported by Yan and co-workers (41) where the RTE at 500 mA/cm? was 48%.
They were also able to show one-hour cycling durability with ~ 10 mins each cycle.

From the above literature data, it is clear that AEM-URFCs have shown lower operating
current densities and higher degradation rates than PEM-URFCs. This is true even with the PGM-
based catalysts that have been carried over from PEM-URFCs. In these cells, combinations of Pt
and IrOx have been used at the oxygen electrode — the need for both being in the oxygen electrode
is driven by the fact that the ORR and OER require different active sites since their rate
determining steps (RDS) and the electrocatalyst surfaces are completely different under ORR and
OER conditions (42-43). In PEM-URFCs, this has been mostly accommodated by mixing Pt and
Ir, the most stable and mature catalysts for ORR and OER, together in one electrode. This allows
them to be operated as a mixture of their base metals (in FC mode) and oxides (in electrolyzer
mode) in traditional URFCs (45 - 49). These bimetallic composites of Pt-Ir have been shown to
efficiently enable both OER and ORR on the same electrode (12 - 14) in PEM-URFCs.

The mixing of Pt and Ir in the PEM-URFC electrode has been accomplished in a number
of ways. Various combinations of Pt and Ir (or IrOx) have been investigated where their elemental
ratio, catalyst preparation method, microstructure, etc. have been manipulated. From a catalyst

perspective, there does not seem to be a consensus in the literature for the optimal ratio between



Pt and Ir. In typical studies, the proportion of Ir (or IrOx) can range from 1 wt% to 50 wt% as
shown in Table S2. In general, it is believed that the proportion of Pt should be more than half of
the total metal loading, due to the incapability of Ir towards the ORR. For instance, Jung et al.,
(67) investigated various ratios of Pt:Ir and found that 85:15 Pt:Ir (wt:wt) was the best, achieving
a RTE of 49 % at 500 mA/cm?. At the electrode level, the most commonly employed method of
combining Pt and Ir is mechanical mixing as it is an easy and direct method for the preparation of
a composite bifunctional oxygen electrode (BOE). However, it has been found that agglomeration
tends to occur quickly after mixing, which hinders fine dispersion of different catalyst components.
To solve this problem, different synthesis methods have been developed to replace direct mixing,
including Pt supported on IrOx, IrOx deposited onto Pt, or the use of multi-layer electrodes where
catalysts are separately deposited in discrete layers (Table S2). In general, better particle dispersion
and less agglomeration has been achieved in multi-layer structures (68). Unfortunately, the effects
of electrode structure and the integration of OER and ORR catalysts in AEM-URFCs has not been
studied well. It is important to find the right balance and configuration of these materials — thus
increasing the dispersion of active sites — which can be done through catalyst and/or electrode
design and optimization. Also desirable in AEM-URFCs is to transition away from PGM-
containing catalysts in order to reduce the cost compared to PEM-URFCs.

Therefore, in this work, two approaches were taken. The initial approach was to create a
Pt-IrOx BOEs with multiple structures. Pt and IrOx were chosen to first understand how composite
electrodes behave in AEM-URFC systems and investigate whether the learnings from PEM-
URFCs can be directly translated to AEM-URFCs. The first electrode structure was comprised of
a single-layer electrode. The second electrode structure was comprised of two layers where an

IrOx base layer was first deposited onto the porous transport later (PTL) followed by a Pt top layer,



which was in direct contact with the AEM in the membrane electrode assembly (MEA). The idea
behind the layered electrode configuration was to enhance the access to the active sites in each
mode and boost the cell performance while maintaining the OER catalyst at a distance from the
AEM. The performance and durability of these two electrode types are compared. Additionally,
the ionomer content of the oxygen electrode was optimized and the inclusion of Nafion™ as a
binder in the OER electrode was studied. The other approach in this work extended the dual-layer
electrode concept to a low-PGM electrode where the IrOx was substituted by NiCoOx. The
performance and cyclability of this configuration are demonstrated and discussed. The state-of-
the-art AEM-URFC performance and cycling results summarized in Table S1 opens doors for
further development of AEM-URFCs, including alternate PGM-free electrocatalysts that will

allow researchers to realize the true promise of alkaline based devices.

Materials and Methods
Materials

Three catalysts, 75 wt% PtRu on high surface area advanced carbon support (Alfa Aesar
47371; Platinum, nominally 50%, Ruthenium nominally 25%), Pt black (HiSPEC™ 1000), and
IrOx (Premion®, 99.99% metal basis and Ir 84.5% min) were purchased from Alfa Aesar. 2-
Propanol (ACS reagent >99.5%) and potassium hydroxide (BioXtra, >85% KOH basis) were
purchased from Sigma-Aldrich®. Vulcan® XC-72R carbon black was obtained from Cabot
Corporation. Nickel cobalt oxide (99% trace metal analysis basis, <150 nm particles) was obtained
from Sigma-Aldrich®. Low molecular weight anion exchange resin (TM1 Durion™ from Orion
Polymer), 5 wt% wet proofed Toray carbon paper (TGP-H-060), Pention™ Membranes (30 um

Pention-AEM-72-30-15% and 5 pum Pention-AEM-72-5-15%, both 15% crosslinked), and D520



Nafion™ dispersion ionomer (alcohol based 1000 EW at 5wt%) were purchased from the Fuel

Cell Store. All materials were used as received.

Ink preparation

URFC oxygen electrodes were prepared by spray coating carbon paper PTLs with Pt-IrOx
for the oxygen electrode and PtRu/C for the hydrogen electrode. Two electrode designs were
considered for the oxygen electrode — a single-layer and a dual-layer configuration. The ink for
the single-layer oxygen electrodes was prepared by mixing the appropriate amounts of TM1 resin
with 2.4 mL of deionized water and 3.3 mL of 2-propanol and mixing the components
ultrasonically for 90 minutes at 40 °C. Once all of the resin was dispersed, if used, an appropriate
amount of Nafion™ dispersion was added into the solution and vortex mixed. After the solution
cooled to room temperature, 125 mg of IrOx and 62.5 mg of Pt black were added under a blanket
of inert atmosphere. Once the catalyst was well incorporated, 20.7 mL of 2-propanol was added.
The resulting slurry was then ultrasonically mixed for an additional 90 minutes in an ice bath.
Specific amounts of anion exchange resin (TM1), Nafion™ (D520) and the ionomer to catalyst
ratio (I/C) are listed in Table 1. A similar catalyst ink preparation method was used for PGM-

free/low-PGM catalysts.



Table 1. Electrode ink composition mixed with 125 mg of IrOx and 62.5 mg Pt black in 2.4 mL of H,O
and 24 mL of 2-propanol. Note-I/C includes both TM1 and D520.

TM1/D520 1/C TM1 D520

Dry wt% (mg) (L)
15/0 0.178 33.0 0
152 0.206 34.0 100
15/4 0.234 34.7 200
20/0 0.251 47.0 0
20/2 0.283 48.2 105
20/4 0.321 50.0 220
25/0 0.336 63.0 0
252 0.370 64.0 115
25/4 0.407 66.0 225
35/2 0.589 104.5 129
35/4 0.640 107.6 267

To prepare the dual-layer oxygen electrodes, two inks were prepared, one containing IrOy
and the other containing Pt black. Similar solvent composition and polymer amounts were used
as in the single-layer electrode. In the first ink, 43.5 mg of TM1 resin was mixed with 2.4 mL of
deionized water and 3.3 mL of 2-propanol followed by ultrasonic mixing for 90 min. at 40 °C.
Once all of the resin was dispersed and after the solution was cooled to room temperature, 130.4
mg of IrOx was added in an inert atmosphere followed by 20.7 mL of 2-propanol. The mixture
was then sonicated for an additional 90 min. in an ice bath. In the second ink, the same recipe and
procedure was employed except that 65.4 mg of Pt black and 21.8 mg of TM1 were used. The
optimized I/C ratio was used to prepare low-PGM single- and dual-layer oxygen electrodes. The
procedures and solvent mixtures previously described were followed, however NiCoOx was used
instead of IrOx as the OER catalyst.

The ink for the hydrogen electrodes was prepared by ultrasonically mixing 91 mg of TM1
resin with 3 mL of deionized water and 6 mL of 2-propanol for 90 minutes at 40 °C. Once all of
the resin was dispersed, 150 pL of Nafion™ D520 dispersion was added, and vortex mixed. After

cooling to room temperature, 240 mg of PtRu/C and 120 mg of Vulcan® XC-72 were added under



an inert atmosphere. Once all the catalyst was fully incorporated into the slurry, 18 mL of 2-
propanol was added to the mixture and ultrasonically mixed for an additional 90 min. in an ice

bath.

Electrode Fabrication

All electrodes were fabricated using an automated ultrasonic sprayer (Prism-400BT,
Ultrasonic Systems, Inc.). Initially, the ink was loaded into the system and mechanically mixed
for an additional 30 minutes before spraying. Carbon paper PTLs (Toray 60 with 5% wetproofing)
having 25 cm? area were placed on a heated vacuum plate (at 60 °C) and coated with the desired
catalyst loadings. While carbon is typically avoided for high voltage operation, commercially
available wet proofed carbon paper PTLs are considered a low-cost and easily accessible
alternative for short-term testing as opposed to more costly metal based PTLs that will require wet
proofing optimization (58). To ensure low/negligible carbon oxidation in our tests, the operating
potentials and current density were maintained below 2 V and 1.0 A/cm? respectively (59). The
ink was sprayed at a flowrate of 500 uL/minute, a nozzle speed of 60 mm/s, and a nozzle height
of 50 mm. The hydrogen electrode metal loading (Pt+Ru) was maintained at 1.25 + 0.05
mgmetai/cm” and the total oxygen electrode loading (Pt+IrOx) was kept at 2.6 + 0.05 mg/cm? for
single- and dual- layer electrodes. Dual-layer oxygen electrodes were prepared by first spraying
the IrOx ink (~1.6 mgrox/cm?) followed by the Pt black ink (~1.0 mgp/cm?). Low PGM single-
and dual-layer oxygen electrodes were prepared following the procedures previously described.
However, the electrodes were made with NiCoOx (1.10 or 2.00 mg/cm?) and Pt black (0.50

mg/cm?).
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Cell assembly

Prior to the cell assembly, 5 cm? electrodes were cut from the larger 25 cm? electrodes.
The cut electrodes and the membrane were then immersed in 1 M KOH solution. The solution
was changed every twenty minutes three times to ensure full ion exchange and to minimize any
carbonates. Immediately afterwards, the components were loaded into electrolyzer hardware
(Scribner Associates, Inc.) with triple serpentine flow-fields. Glass reinforced silicone gaskets
(165 um) were used to control the degree of compression, resulting in a pinch of around 25%.
Once the MEA was assembled, the bolts holding the cell hardware together were tightened with a

torque of 3.4 N-m each.

UREFC Testing

Short-term testing was performed using an Arbin Instruments fuel cell test station. During
cell start up, humidified nitrogen was purged at a rate of 750 sccm to the anode and cathode until
the cell reached the operating temperature of 60 °C. The humidifiers were set to 58 °C and 56 °C
for the oxygen and for the hydrogen side, respectively. Once all of the set temperatures were stable,
the nitrogen flow was stopped and switched to oxygen (cathode) and hydrogen (anode) to operate
the cell in fuel cell mode. To break the cell in, the cell was polarized to 0.5 V to activate the MEA
for 5 minutes. Then, polarization curves were recorded from the open circuit voltage (OCV) to
0.1 V every five minutes until stable performance was obtained. Once steady polarization behavior
was achieved, two fuel cell polarization curves were recorded and a reductive current density of
500 mA/cm? was applied for a desired duration. After the constant current run, the cell was
allowed to rest back to the OCV, and the gases were switched to humidified nitrogen. To initiate

the electrolyzer mode, a 0.1 M KOH was fed to the oxygen electrode at a rate of 0.3 mL/min. The

11



cell was allowed to equilibrate for 10 minutes prior to collecting a polarization curve from OCV
to 2.0 V or 1.0 A/cm?. After the polarization, an oxidative current of 0.5 A/cm? was applied for a
desired time. To switch back to fuel cell mode, the liquid feed was stopped, and the gases were
switched back to oxygen and hydrogen at 750 sccm. After keeping the cell at OCV for one minute,
two fuel cell polarization curves were collected, and the cycle was repeated. After the second
cycle, the high frequency resistance (ca. 10 kHz) was measured under open circuit conditions (10
mV amplitude) and 0.1 M KOH flow by means of potentiostatic electrochemical impedance
spectroscopy using a potentiostat (HCP-803, Biologic).

Longer term cycling was performed using two separate test stations; a Scribner 850E was
used for fuel cell testing while an Arbin BT2000 was used for electrolyzer testing. A similar
procedure was applied for longer term cycling. First, in FC mode, nitrogen gas with full
humidification was fed to both electrodes and the cell temperature was set to 60° C. When the cell
temperature was stabilized, hydrogen and oxygen were fed to respective electrodes and a break-in
procedure was applied where the cell was gradually polarized from OCV to 0.1 V. Next, the
hydrogen and oxygen reacting gas dew points were optimized, and polarization curves were
collected. The cell was then operated at 0.5 A/cm? for the desired time. To switch to electrolyzer
mode, nitrogen was fed to both sides of the cell, replacing hydrogen and oxygen. The cell was
then disconnected from the Scribner test station and connected to the Arbin. Then, dilute KOH
(0.1 M, 1.6 mL/min) solution was constantly circulated to the oxygen electrode only while the cell
temperature was maintained at 60 °C. Next, polarization curves were collected, scanning from 0.0
— 1.0 A/em?. After polarization, a constant current of 0.5 A/cm? was applied for a desired duration.
To switch back to fuel cell mode, the 0.1M KOH flow was stopped and connected with the fuel

cell test station while not allowing the cell temperature to drop. Cell temperature and gas
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humidification temperatures were set to desired levels and the cell was operated again at a constant

current density of 0.5 A/cm? after the temperatures were equilibrated.

Results and discussion

URFCs with single-layer oxygen electrodes were assembled and tested to better understand
how two electrode-level variables influence cell performance, reversibility, and durability. The
first variable was the inclusion of the Nafion™ D520 binder. Nafion™ has been widely used in
the literature as a binder in AEM-URFCs (27, 50 - 52) to reduce catalyst detachment, despite the
fact that it does not contribute to the ionic conductivity of the electrode. In fact, Nafion™ ionomers
and the AEM polymer resin could be incompatible and differences in the thermal and hydrated
expansion of the interface between the Nafion™ ionic binder and catalyst could result in
performance loss (52). Moreover, it is possible that there is some charge neutralization at the
AEM:PEM interface, which can reduce water mobility and OH" transport. Figure 1 shows
polarization and steady-state voltage response data for an electrode with only the TM1 anionomer
and an electrode with both TM1 and Nafion™ D520. In Figure 1a, the electrode employing only
TM1 (I/C=0.336) showed very good performance in both fuel cell and electrolyzer modes. At the
target operating current density of 500 mA/cm?, the TM1 electrode was able to operate at a cell
voltage of 1.49 V as an electrolyzer and 0.77 V as a fuel cell, resulting in a round-trip-efficiency
of 52 %. At 1.0 A/cm?, this configuration also performed well, with the ability to achieve an
electrolyzer voltage of 1.57 V, fuel cell operating voltage of 0.69 V and round-trip efficiency of
44 %. Increased amounts of TM1 and Nafion™ D520 markedly reduced the performance and the
cell voltages in both modes were negatively impacted. At 500 mA/cm?, the electrolyzer operating

voltage increased to 1.62 V, while the fuel cell voltage was reduced to 0.69 V, which resulted in a
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compromised RTE of 43 %. Additionally, the polarization curves in both modes showed a lower
achievable current, and a clear transition to mass-transport controlled conditions, most likely due
to reduced water and anion transport. The negative effect of Nafion™ D520 and excess TM1
addition was confirmed at steady-state as well, Figure 1b, where the operating voltages were
worsened once Nafion™ was added, and the voltage stability was reduced. These results show
that although adding Nafion™ ionomer can help catalyst adhesion, it reduces the overall URFC
performance, suggesting that other strategies are needed to improve catalyst adhesion while
employing anion-conducting materials in AEM-URFCs. Therefore, Nafion™ was not used in any

other electrodes in this study.
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Figure 1. URFC performance for electrodes prepared with 25 wt% TM1 (I/C-0.336, solid lines) and with
35 wt% TM1 + 2 wt% D520 (I/C=0.587, dashed lines). a) URFC polarization curve and b) potential
response as a function of time under a current hold of 0.5 A/cm?. Hydrogen electrode: 1.27 mg/cm? PtRu/C,
750 scem H, or Na, 1 bara; Oxygen electrode: 2.6 mg/cm? Pt+IrOy, 750 sccm O or 0.3 mL/min 0.1 M
KOH; Membrane: Pention-AEM-72-30-15%; Cell size: 5 cm?.

The second variable that was investigated in the single-layer electrodes was the
ionomer/catalyst (I/C) ratio. Oxygen electrodes with several I/C ratios listed in Table 1 were

prepared and tested. Both polarization and steady-state measurements were made. The results of
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10 minute cycle (2™ cycle, iR-free) steady-state voltage measurements at 500 mA/cm? are shown
in Figure 2. The results show a mostly flat fuel cell response, though the electrolyzer performance
shows a gradual decrease in electrolysis potential and a corresponding improvement in RTE up to
an increase in the I/C ratio of 0.3-0.4. Beyond this ratio, an increase in cell voltage and decrease
in RTE was observed. The data suggests that an I/C ratio in the range of 0.3-0.4 was optimal. At
1/C=0.336, an RTE as high as 50% (62% based on iR-free cell voltage at 500 mA/cm?) was
obtained, which is one of the highest ever reported efficiency values in the literature for PEM or
AEM URFCs (15). The optimum I/C ratio of 0.3-0.4 yields an approximate ionomer content of

25 wt% (I/C=0.336), which was used for the rest of the electrodes tested in this study.
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Figure 2. iR-free potential response at 0.5 A/cm? for the second cycle of electrodes evaluated for fuel cell
(red line) and electrolysis (blue line) performance. Secondary y-axis shows the iR-free second cycle RTE
(black line). Hydrogen electrode: 1.27 mg/cm? PtRu/C, 750 sccm H» or N, 1 bara; Oxygen electrode: ~2.6
mg/cm? Pt+IrOy, 750 sccm O or 0.3 mL/min 0.1 M KOH; Membrane: Pention-AEM-72-30-15%; Cell size:
5 cm?.

Next, the cycling durability of an AEM-URFC with the optimized I/C ratio was

investigated. Figure 3a shows polarization curves for optimized single-layer electrodes at the

beginning of life (BOL). After collecting the BOL data, the cell durability was evaluated and is
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reported in Figure 3b. During the durability experiment, the cell was tested cyclically in
electrolyzer and fuel cell modes for one hour duration at each mode, while operating at a constant
current density of 500 mA/cm?. In electrolysis mode, the cell voltage was 1.58 V in the first cycle
and increased to 1.62 V and 1.77 V at the end of 2" and 3™ cycles, respectively. While operating
in FC mode, the cell potential was 0.804 V during the first cycle and decreased to 0.774 V and
0.723 V at the end of 2" and 3™ cycles, respectively. The corresponding RTE during cycling of
the cell was ~ 50 % during the first cycle which then decreased to ~ 48% and ~ 46% for the 2™
and 3™ cycles, respectively. One of the reasons for the reduced performance with cycling was a
gradual increase in area specific resistance (ASR) in just three cycles, where the measured ASR
was 33 mQ cm? at the beginning of the first cycle and increased to 67 mQ cm? at the end of 3™
cycle. This accounts for ~ 17 mV degradation at 500 mA/cm?, which was only a small fraction of
the overall voltage change. Additional performance degradation during URFC operation can be
due to catalyst detachment, though this was not observed in the present study. Another possible
cause for reduced cell performance is reactant limitations at higher current densities due to a
change in the wetting properties of the catalyst layer. Having both reactions occurring in a single-
Pt-IrOx catalyst layer can lead to degradation due to exposure of the ORR catalyst and ionomer to
the OER reaction products and operating conditions, especially at high potentials, and vice versa.
This can lead to diffusional limitations such as bubble trapping and electrode attrition due to gas

evolution.
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Figure 3 Single-layer electrode results: a) URFC polarization curve, the electrodes prepared with 25
wt% TM1 (I/C-0.336) BOL - solid lines and EOL — dashed lines. Hydrogen electrode: 1.27 mg/cm?
PtRu/C, 1000 sccm H, or Ny, 1 bara; Oxygen electrode: 2.6 mg/cm? Pt+IrOy, 1000 sccm O; or 1.6
mL/min 0.1 M KOH; Membrane: Pention-AEM-72-5-15%; Cell size: 5 cm?. b) Potential response as a
function of time under a current hold of 0.5 A/cm? — FC-red and EC-blue solid lines and HFR over time
— black solid lines.

Therefore, an electrode design was conceived that would allow for each catalyst in the
oxygen electrode to operate independently by creating a dual-layer oxygen electrode. In this
configuration, an IrOx layer was first deposited onto the PTL and then a Pt black layer was
deposited on top of that as described in Materials and Methods section. Once assembled in a cell,
the Pt layer 1s in intimate contact with the AEM, which is desired in FC mode where ionic mobility
is only facilitated by the solid electrolyte. In electrolysis mode, an alkaline electrolyte (0.1 M
KOH) is fed, which allows for ion transport in the liquid and solid phases from the outer layer to
the AEM. In electrolysis mode, water and evolved oxygen are not required to rapidly penetrate
the entire thickness of the catalyst layer as only the outer layer is electroactive.

The BOL and EOL polarization curves and cyclic durability of a dual layer MEA in an
AEM-URFC are shown in Figure 4. As shown in Figure 4a, the BOL and EOL polarization curves
were very similar. In fact, at the EOL, there was no change in overpotentials in the electrolysis

mode while a slight decrease in voltage is recorded in FC mode due to an increase in the ASR at

17



the EOL. The cycling durability of the dual-layer electrode was also superior to the single-layer
electrode, as shown in Figure 4b.

Starting with electrolysis mode, the cell voltage was 1.60 V during first cycle which
remained unchanged after 5 cycles. In FC mode, the cell potential was 0.788 V (slightly lower
than the single layer) during the first cycle and decreased to 0.754 V at the end of the 5" cycle,
which is an improvement of ~ 30 mV over the 3" cycle of the single-layer electrode. There was
no significant increase in the ASR (increased from 51.5 mQ.cm? to 57 mQ.cm?) during the first 5
cycles. The RTE was ~ 49.4 % at the start of cycle 1 and declined to ~ 48% at the end of 5" cycle.
For the 6" cycle, the cell was exposed to one long-duration cycle of ~ 8 hrs in each mode, yielding
a total continuous operating time of 26 hours. To the best of our knowledge, the present work
shows the highest combination of RTE and cyclic durability at 500 mA/cm? for an AEM-URFC.
However, improvements are still needed, and our future work will focus on further improving the
performance and durability. The slight increase in ASR suggests that there is still a water
deficiency when operating the URFC in fuel cell mode that needs to be addressed. It is also
possible that some of the voltage decay can be related to the oxidation of carbon PTL in the oxygen

electrode while operating at higher potentials for extended duration (53).

Similar two-layer configurations have been studied in the literature for PEM-URFCs
(Table S2). For example, Chen et al. (69) deposited a Pt layer directly onto the GDL and the Ir
layer onto the membrane in a PEM-URFC. They concluded that the dual-layer approach showed
a more homogeneous and porous surface than a single-layer electrode, which prevented water
flooding at high current density in fuel cell mode. The current work shows a different
configuration where the OER catalyst was first deposited onto the PTL followed by the ORR

catalyst in such a way that the Pt black is in close contact with the AEM. Though slightly different
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in conformation, the results indicate that the dual-layer electrodes are effective in AEM-URFCs,

which, to the best of our knowledge, has not been reported previously.
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Figure 4. Dual-layer electrode results: a) URFC polarization curve, the electrodes prepared with 25 wt%
TM1 (I/C-0.336) BOL — solid lines and EOL — dashed lines. Hydrogen electrode: 1.27 mg/cm? PtRu/C,
1000 sccm Hs or N, 1 bara; Oxygen electrode: 2.6 mg/cm? Pt+IrOx, 1000 sccm O or 1.6 mL/min 0.1 M
KOH; Membrane: Pention-AEM-72-5-15%; Cell size: 5 cm®. b) Potential response as a function of time
under a current hold of 500 mA/cm? — FC-red and EC-blue solid lines and HFR over time — black solid lines.

Another important focus for future work is the replacement of PGM-based catalysts with
low-cost PGM-free metal catalysts. The use of low-cost cell construction materials and PGM-free
electrocatalysts is one of the most often cited advantages of alkaline electrochemical systems and
most of the studies in the literature continue to focus solely on PGM-containing materials. An
important fact is that the stability of both ORR and OER catalysts over the entire potential window
of operation (0.6-1.8 V) must be considered while designing a URFC BOE. Moreover, transition
metal oxide PGM-free OER catalysts have been the focus of many recent studies (60 - 64),
showing relatively good performance and stability. The best-performing PGM-free ORR catalysts
are mostly based on Fe-N-C type and despite their good ORR catalytic activity, these catalysts do
not show good stability (65, 66), especially at high potentials. Because of this, low PGM-loading

oxygen electrodes were made that use Pt black as the ORR catalyst and commercial NiCoOx as
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the OER catalysts to replace the expensive IrOx. Also, the loading of Pt black was reduced to 0.5
mg/cm? resulting in PGM loading reduction from 2.6 mg/cm? to 0.5 mg/cm? or an 80% PGM
catalyst reduction at the oxygen electrode. Figure 5 compares the effect of dual-layer and single-
layer electrodes containing PGM-free OER catalyst. As observed in high PGM loading dual-layer
electrodes, the low PGM loading dual-layer electrode showed superior performance compared to
the single-layer electrode. These results support the notion that electrode structure and
optimization can yield improvements in AEM-URFC performance and can be used to offset the

lower performance normally observed with PGM-free catalysts.
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Figure 5. URFC polarization curves for low PGM single layer and dual layer bifunctional electrodes prepared
with NiCoOx OER catalyst and low loading Pt black ORR catalyst at the oxygen electrode. Oxygen electrodes
prepared with 25 wt% TM1 (I/C-0.336); Single layer — solid lines and Dual layer — dotted lines, FC-red and
EC-blue solid lines. Hydrogen electrode: 1.27 mg/cm? PtRu/C, 750 sccm H; or Ny, 1 bara; Oxygen electrode:
1.1 mg/cm? NiCoOx and 0.5 mg/cm? Pt black, 750 sccm O> or 0.3 mL/min 0.1 M KOH; Membrane: Pention-
AEM-72-5-15%; Cell size: 5 cm?.

Next, the dual layer Pt-NiCoOx oxygen electrode was tested for its cycling durability. The
BOL and EOL polarization curves and cyclic durability of a dual-layer MEA in AEM-URFC are
shown in Figure 6. It is important to note that while the Pt loading is kept the same at 0.5 mg/cm?,

the NiCoOx loading was increased from 1.1 mg/cm? to 2.0 mg/cm?. The increase in the OER
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catalyst loading resulted in an increased electrolysis performance while improving the fuel cell
performance. The increase in fuel cell performance can be explained as follows: the NiCoOx
catalyst layer forms a microporous layer-like surface which facilitates uniform Pt deposition and
increases Pt utilization for the ORR. With the increase in FC performance, the low PGM loading
electrode performed as good as the single-layer or dual-layer high PGM-loading electrodes. As
shown in Figure 6a, performance degradation is observed from BOL to EOL polarizations in both
EC and the FC modes. For the EC mode, the electrode went through an initial catalyst deactivation
period during the first 45 minutes of electrolysis operation (Figure 6b). After this deactivation
region, the OER performance was stable during the test showing minimal degradation after 3
cycles (ca. 6 hrs of testing). On the other hand, no drastic voltage loss is observed in the FC mode;
however, it did undergo a slow linear decay throughout the test.

Starting with operation in FC mode, the cell voltage was 0.789 V which is almost identical
to that of the high PGM loading electrodes discussed in Figure 4. By the end of the third fuel cell
cycle, the voltage decreased to 0.735 V (loss of 54 mV). This decrease was much higher than that
observed in Figure 4 after 26 hrs of operation; however, the degradation was lower than the 80 mV
of degradation observed after three cycles for the high PGM loading single layer electrode shown
in Figure 3. In EC mode, the initial potential was 1.648 V at 0.5 A/cm? and after the initial
deactivation in the first cycle, the voltage was 1.782 V. At the end of the third EC cycle, the
voltage was 1.798 V. Disregarding the initial degradation step, only a 16 mV loss is observed for
the PGM-free OER electrode which is significantly lower than the degradation by 192 mV
observed in Figure 3 for the high PGM loading single-layer electrode. The RTE was 48 % prior
to initial degradation. After the initial degradation, a RTE of 44% was obtained. At the end of the

third cycle the final RTE was 41%. Apart from the previously discussed possible degradation
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mechanisms, it is possible that the PGM-free OER catalyst degradation is affecting the ORR,
though this is an area that is not well understood and is outside the scope of the present work.
Certainly, this work shows complete replacement of the OER catalyst with a low-cost PGM-free
material that is still able to operate at commercially relevant current densities (500 mA/cm?) while

achieving high RTE for an AEM-URFC.
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Figure 6. Dual-layer electrode results for a low PGM bifunctional oxygen electrode: a) URFC polarization
curve, the electrodes prepared with 25 wt% TM1 (I/C-0.336) BOL — solid lines and EOL — dashed lines.
Hydrogen electrode: 1.27 mg/cm? PtRu/C, 750 sccm Hz or Na, 1 bara; Oxygen electrode: 2.0 mg/cm?
NiCoOx + 0.5 mg/cm? Pt black, 750 sccm O or 0.3 mL/min 0.1 M KOH; Membrane: Pention-AEM-72-5-
15%; Cell size: 5 cm?. b) Potential response as a function of time under a current hold of 500 mA/cm? -
FC-red and EC-blue solid lines.

Conclusions
In this study, the oxygen electrode for an AEM-URFC was studied with several

configurations and catalyst layer compositions. The addition of Nafion™ as a binder was
evaluated as part of the electrode design and shown to increase catalyst layer adhesion, however,
it had a negative effect on performance and durability due to an increase in Ohmic resistance. An
ionomer to catalyst ratio of 0.336 was found to be optimal. Single-layer and dual-layer Pt-IrOx«
BOE structures were prepared and tested in AEM-URFC. It was found that the dual-layer

electrode structure resulted in an improved URFC performance due to efficient catalyst utilization
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in both modes. The dual-layer electrode configuration, with an IrOx layer deposited directly onto
the PTL and a Pt layer deposited on the surface facing the AEM, resulted in higher URFC
performance than a single-layer electrode. This structure also allowed for a significant
improvement in long-term operation and electrode durability. The advances here resulted in AEM-
URFC RTE of 50% and the successful completion of multiple 1-hour and an 8 hour cycle. Lastly,
the dual-layer electrode structure was extended to low PGM loading BOE electrodes having 0.5
mg/cm? Pt for the ORR and up to 2.0 mg/cm? NiCoOx for the OER. The low PGM loading BOE
showed comparable overall URFC performance to that of high PGM loading single- or dual-layer
BOE. The low PGM loading BOE employing inexpensive NiCoOx exhibited an initial RTE of
48% and 7% reduction after a short-term durability cycling. These promising results obtained
using dual-layer low PGM loading BOE opens new avenues for further optimization of

inexpensive PGM-free electrocatalysts for AEM-URFC application.
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