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Hydrogen energy and related technologies are essential for combating climate change and meeting the
growing energy demands. Despite being considered a key technology, proton exchange membrane fuel
cells (PEMFCs) are yet to overcome their dependence on noble-metal catalysts, hindering progress
toward a hydrogen economy. Recently, anion exchange membrane fuel cells (AEMFCs) have emerged as
promising alternatives to PEMFCs owing to the use of inexpensive metals for both the catalysts and
bipolar plates in alkaline environments. Although the AEMFC technology has achieved tremendous
Received 1st June 2023, progress in materials development, several chronic problems need to be addressed. This review presents
Accepted Sth September 2023 a comprehensive overview of the critical issues in the development of AEMFCs and the previous efforts
DOI: 10.1039/d3ee01768k made to resolve them. In addition, a comparative analysis between PEMFCs and AEMFCs is performed to
diagnose the current status of AEMFCs from a practical perspective and to propose potential avenues

rsc.li/ees for future development.

Broader context

Hydrogen, as a clean energy vector, has become increasingly crucial in combating climate change. In the hydrogen value chain, fuel cells play a vital role in
harnessing hydrogen and converting chemical energy into electricity, which can be used in various industries, including transportation, industrial, and power
generation. Although proton exchange membrane fuel cells (PEMFCs) have been the most studied type of fuel cell, anion exchange membrane fuel cells
(AEMFCs) have recently gained attention due to their use of inexpensive materials. The recent remarkable developments in anion exchange membranes (AEMs)
and ionomers (AEIs) have significantly improved the performance and durability of AEMFCs, shedding light on the path forward. However, the current status
falls short of practical applicability, demanding a significant leap beyond the current level. In this article, we present a comprehensive review of AEMFCs,
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comparing them with PEMFCs using objective indicators. We summarize the problems associated with AEMFCs from a material and system perspective and
suggest improvements accordingly. This review will provide insights for researchers and contribute to the progress of AEMFCs.

1. Introduction

Hydrogen is the most desired ecofriendly energy vector for
preventing climate change and meeting the rising global energy
demand. Fuel cells are electrochemical devices that can convert
the chemical energy of hydrogen to electricity and are regarded
as key enablers of hydrogen technologies. Among the many
types of fuel cells, proton exchange membrane fuel cells
(PEMFCs) are the most widely used, as exemplified by station-
ary fuel cells (FCgen® and FCwave® from Ballard™) and fuel
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cell electric vehicles (Nexo from Hyundai and Mirai from Toyota),
because of their superior power performance and acceptable
durability. PEMFC technology is grounded on fast oxygen
reduction and hydrogen oxidation reactions catalyzed by noble-
metal catalysts, such as platinum (Pt) coupled with a proton
exchange membrane (PEM). However, in terms of commercializa-
tion, PEMFC technology still suffers from high system costs."?
There are many reasons for this limitation, but the Achilles’ heel
for such a price increase is the acidic environment in PEMFCs due
to the use of proton exchange membranes and ionomers. In
general, an acidic environment is corrosive to materials, thereby
compelling the use of noble-metal catalysts and perfluorinated
ionomers that are stable under acidic conditions as well as acid-
resistant bipolar plates.

Anion exchange membrane fuel cells (AEMFCs) have recently
emerged as cost-effective alternatives to PEMFCs. AEMFCs are a
type of fuel cell that use anion exchange membranes (AEMs) as
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electrolytes to facilitate the migration of hydroxide ions (OH").
This technology originates from the alkaline fuel cell, which was
first developed in the 1960s in response to NASA’s Gemini,
Apollo, and Space Shuttle projects.” The alkaline fuel cell tech-
nology that utilizes highly concentrated alkaline solution as an
electrolyte has evolved into AEMFC technology by replacing the
liquid electrolyte with an AEM. However, it was not until the
early 2000s that the technology started gaining significant atten-
tion as a potential alternative to PEMFCs. Since the early 2000s,
there have been significant research and development efforts
into AEMFCs, with numerous academic and industrial groups
working to improve the efficiency and durability of this technol-
ogy. There have been several demonstration projects and
research consortia focused on AEMFCs in recent years. AEMFCs
offer several advantages over other types of fuel cells, including
their ability to use non-precious metal (NPM) catalysts, hydro-
carbon membranes, and cheap metal bipolar plates, which
significantly reduce the cost of the fuel cells.

AEMFCs constitute a relatively new technology that is cur-
rently under development. As with any new field, several critical
challenges have been faced and overcome. One of the most
significant challenges to date has been the achievement of
anion exchange membrane stability under highly alkaline
conditions.”” Researchers in this field have been working hard
to overcome these challenges, and significant progress has been
made in recent years. Based on these efforts, state-of-the-art
AEMFCs can now deliver remarkable power performances
that surpass those of ordinary PEMFCs with durability of over
2000 h.® Several manufacturers (AFC Energy and HydroLite) are
now working on commercializing AEMFCs for use in stationary
power generation and other applications. However, practical
applications of AEMFCs still remain challenging owing to
various instabilities and degradation modes that are not yet
clearly identified and understood, in addition to a myriad of
requirements for optimizing fuel cell systems for specific appli-
cations. Similar to other types of fuel cells, the development of
electrochemically active and durable catalysts is indispensable
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for commercialization. Furthermore, there is a high demand for
precise water and thermal management to maintain optimal
operating conditions.”®

The present review provides an overview of AEMFC technol-
ogy, covering its key features such as structures, materials, and
cost-effectiveness, as well as a comparative analysis with PEMFCs
to assess the current status, strengths, and weaknesses. We then
delve into the critical issues concerning AEMFCs, including their
power performance and durability, and provide detailed and
organized accounts of their causes, such as membrane degrada-
tion, catalyst activity and stability, and water management
challenges. We also highlight the practical challenges presented
by these issues and discuss their implications for future devel-
opments in AEMFC technologies. Furthermore, we identify
unexplored areas within this technology sector and suggest some
research directions and solutions for practical development of
AEMEFCs. It is expected that a timely review could stimulate more
researchers to develop the technology and provide the necessary
impetus for future progress.

2. Key features of AEMFCs and drivers
of AEMFC development

The structure of AEMFCs, as shown in Fig. 1a, is similar to that
of PEMFCs. Both types of fuel cells have a membrane electrode
assembly (MEA) as their key component. The MEA consists of a
membrane and a pair of catalyst layers (CLs) and diffusion
layers within a single cell. The single-cell structure is repeated
in a stack, like in the PEMFCs, to deliver high power and a high
working voltage. However, the materials used for the AEMFC
MEA are different because the operating environment of the
AEMFC is alkaline, contrary to the acidic environment of the
PEMFC, which offers the possibility of reducing the fuel cell
cost. NPM-based oxygen reduction reaction (ORR) catalysts are
used in AEMFCs, which is in contrast to the dominantly used
Pt-based catalysts in PEMFCs. Protons and hydroxide ions
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Fig. 1 Potential cost-reduction with AEMFCs. (a) Schematic illustrations of the structures and electrochemical reactions of PEMFCs and AEMFCs. Three
reasons for cost savings via switching from PEMFCs to AEMFCs: (b) catalyst, (c) ionomer, and (d) bipolar plate. The metal prices in (b) were calculated by
referring to the London Metal Exchange.® The corrosion rate of iron with pH is reprinted from ref. 10.
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migrate in opposite directions in PEMFCs and AEMFCs, respec-
tively, resulting in different electro-osmosis behaviors. In AEMFCs,
water is consumed at the cathode, unlike water generation at the
cathode in PEMFCs, leading to different water distributions in the
MEAs and thereby requiring different water management strategies.

Various factors contribute to the cost-effectiveness of AEMFCs.
One such factor is the use of less-corrosive NPMs, which are
expected to have high catalytic activities owing to the alkaline
environment. Carbon-supported metal nanoparticles and N-
coordinated metal catalysts are being studied parallelly as cata-
lysts (Fig. 1b). Regarding the former, carbon modification tech-
nologies such as the fluorination of the carbon support surface'"
attract interest because of their critical role in minimizing water
flooding on the anode side of AEMFCs. While Pt is mainly being
used at the single-cell level, Ag,">** Co,™* Ni,'*> and Fe metals'® or
alloys'”'® have been studied as catalysts for AEMFCs. Indeed, the
prices of NPMs are 2-5 orders of magnitude lower than that of Pt,
as demonstrated in the price comparison plot in Fig. 1b. This has
the potential to significantly reduce the cost of fuel cells.

The second aspect of cost savings is the utilization of hydro-
carbon-based ionomers (Fig. 1c). Under acidic conditions,
hydrocarbon-based PEMs are easily degraded primarily through
hydrolytic reactions;'>*® they degrade much faster in Fenton’s
reagent than perfluorosulfonic acid (PFSA) membranes.>"** More-
over, their insufficient mechanical stabilities under repeated
exposure to humid and dry conditions make them unsuitable
for dynamic PEMFC operations.>® Therefore, the industry has
standardized the use of PFSA membranes to ensure durability of
PEMFCs. However, in alkaline environments, the degradation of
hydrocarbon ionomers can be mitigated.” Indeed, state-of-the-art
hydrocarbon AEMs and ionomers (AEIs) have demonstrated long-
term operations in AEMFCs.***** Compared to the complex and
harmful synthesis process of the PFSA ionomer, the synthesis of
hydrocarbon ionomers is generally simpler and milder, which
makes them more cost-effective.>*® Although the fluorinated
backbone of the PFSA ionomer provides high chemical stability
that is sufficient for operations exceeding 10 000 h, it takes a long
time to biodegrade, requiring expensive postprocessing after use.
For reference, fluorinated polyacrylates, another type of fluori-
nated polymer, have an estimated biodegradation halflife of
approximately 1200-1700 years.””*® In contrast, the biodegrad-
ability of hydrocarbon ionomers is relatively faster, which makes
them a more ecofriendly option.

One additional driver of cost reduction is the use of low-cost
metal bipolar plates, including those made of materials like
stainless steel or nickel. This is in contrast to the use of thick
acid-resistant surface-coated metals or highly graphitic carbon
bipolar plates in PEMFCs owing to the corrosive nature of the
Nafion ionomer. As seen in Fig. 1d, the corrosion rate of iron
reduces as the pH increases, indicating the possibility of using
inexpensive stainless steel as the bipolar plate in AEMFCs. The
commercial carbon-coated stainless steel 316L has been shown
to maintain a low internal contact resistance (<20 mQ cm?) in
the AEMFC environment,”® but an additional coating process is
necessary in PEMFCs as their internal contact resistances
exceed 200 mQ em” due to surface corrosion.**?!
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3. Performance and durability of
AEMFCs compared with PEMFCs

The foundation of fuel cell commercialization is based on achiev-
ing sufficient performance and durability. Previous papers docu-
ment the performance, durability, and milestones for AEMFCs.%* %
Although significant progress has been made in improving their
performance and durability, there are still considerable gaps for
meeting practical demands. For objective assessments of the
current status of AEMFCs, their performance and durability are
compared with those of state-of-the-art PEMFCs in Fig. 2.

Fig. 2a compares the specific peak power densities reported
for Pt-based AEMFC and PEMFC single cells, which are obtained
by dividing the peak power density by the amount of Pt catalyst
used (Table 1). One notable feature here is that AEMFCs use
significantly larger amounts of Pt (> 0.3 mgp, cm ™) compared to
PEMFCs (<0.3 mgp, cm ). Furthermore, the specific peak
power of AEMFCs is less than that of PEMFCs. The peak power
density of AEMFCs is comparable to that of PEMFCs, which is
attributed to the use of a larger amount of Pt catalyst. Consider-
ing the good ORR kinetics of Pt in the alkaline environment,®®%”
the relatively low specific peak power of the AEMFC suggests low
Pt utilization. This motivates further research on the CL struc-
ture, water management, CO, poisoning, and catalyst/AEI inter-
face with the aim of augmenting Pt utilization.

Fig. 2b shows the peak power densities of NPM catalysts
(metal nanoparticles supported on carbon (metal NP/C) and
Fe-N-C) at the PEMFC and AEMFC cathodes reported over the
past 6 years (Table 2). Despite being in the early stages of
research, a few AEMFCs based on NPM catalysts have exhibited
a notable power performance of over 1.5 W cm™ 2, which is far
higher than that of PEMFCs.'*'® Remarkably, a Fe-N-C
catalyst-based AEMFC was reported with a power density of
over 2.0 W cm™ > and durability of more than 150 h,'® demon-
strating the potential for cost-effective AEMFC development
and stimulating further research. However, the use of pure O,,
excessive supply of reaction gases, and high catalyst loading are
still challenges for NPM-based AEMFCs. Due to the low activity
site density of NPM catalysts, large amounts of the catalysts are
required, leading to thick CLs and making optimal design
difficult for both PEMFCs and AEMFCs.

Durability is a crucial factor for practical applications of
fuel cells. However, until recently, the alkaline stabilities of
AEMs and AEIs were too low to enable long-term operation. The
discovery of the ether-cleavage degradation pathway and sub-
sequent development of ether-free ionomers have achieved
significant strides in improving the alkaline stabilities of AEMs
and AEIs. However, the durability of AEMFCs is still lacking, as
evidenced by the comparison of the lifetimes of AEMFCs and
PEMFCs under constant current operation, as published
recently (Fig. 2c and Table 3). While PEMFCs have various
durability evaluation protocols tailored to their specific pur-
poses, AEMFCs do not have a standardized protocol and are
typically evaluated through constant current operation.

Several PEMFCs exhibit durabilities of 10000 h or more,
exceeding the 2030 DOE target for high-performance vehicles

This journal is © The Royal Society of Chemistry 2023
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power densities of fuel cells containing non-Pt catalyst-based cathodes over the past 6 years (Table 2).
degradation rate: the fuel cells are operated under the constant current mode (Table 3).

(HDVs),®® while the longest lifespan of any reported AEMFC to
the best of our knowledge has been 2000 h.® Despite the good
stabilities of metal catalysts under alkaline conditions and
recent developments in alkali-stable AEMs and AEIs, present
AEMFCs do not meet the target durability level, highlighting the
need for intensive research directed at enhancing durability. The
reasons for the rapid degradation of AEMFCs are described and
discussed in Section 5.

4. Challenges and solutions for
improving the power performance of
AEMFCs

Power performance is an essential characteristic of a fuel cell as
it is closely linked to its energy conversion efficiency and stack/
system size. It is typically evaluated using a polarization curve
that provides information on various polarization components.
The dependency on operating conditions is the basis of an
optimal fuel cell system design, considering heat management

This journal is © The Royal Society of Chemistry 2023

13.14.16.18,39,46-53 () Fyel cell operation time versus

6,13,26,38,39,41,42,54-62

and the balance of the plant. Regarding the power perfor-
mances of AEMFCs, most studies have focused on MEA devel-
opment, while very little attention has been devoted to stack- or
system-level designs. In the pursuit of enhancing the power
performance of the MEA, key materials such as AEMs, AEIs, and
catalysts have been studied extensively. However, the CLs and
interfaces are less explored despite their strong impact on
the power performance. Moreover, only a few studies have
reported quantitative analyses of the polarization curve; there-
fore, the factors affecting the power performance have not been
understood fully.

The power performance of AEMFCs is largely dictated by the
properties of the catalyst, AEM, AEI, and gas-diffusion layer.
Fast ORR/hydrogen oxidation reaction (HOR) kinetics of cata-
lysts and high OH™ conductivity of the AEM/AEI materials can
ensure higher power performance under the given operating
conditions. Moreover, the composition and structure of the CL
are of great importance for enhancing the power performance
since the electrochemical reactions in AEMFCs occur at triple-
phase boundaries (TPBs) at which the gas feed, catalyst, and

Energy Environ. Sci., 2023, 16, 5633-5662 | 5637
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Table 1 List of power performances for typical PEMFCs and AEMFCs based on the Pt-based cathode corresponding to data in Fig. 2a

Fuel cell type Pt loading (anode/cathode, mgp, cm™?)  Peak power density (W ecm™>)  Operating conditions® Ref.

PEMFC 0.05/0.07 2.21 80 °C, 100% RH, H,/O,, 150 kPa,ps 32
0.01/0.09 1.01 80 °C, 100% RH, H,/O,, 150 kPa,ps 33
0.1/0.1 1.56 80 °C, 100% RH, H,/0,, 150 kPa 34
0.1/0.13 0.909 80 °C, 100% RH, H,/O,, 150 kPays 35

AEMFC 0/0.4 2.03 95 °C, 88/97 °C, H,/O,, 250 kPa 17
0.26/0.26 2.4 80 °C, 75%/100% RH, H,/O,, 1.3 bar 38
0.28/0.33 2.34 80 °C, 75%/100% RH, H,/O,, 1.3 bar 39
0.4/0.4 2.55 80 °C, 92% RH, H,/0, 13
0.448/0.672 3.21 80 °C, 70/74 °C, H,/O, 45
0.467/0.6 3.2 80 °C, 72/74 °C, H,/O, 6
0.473/0.6 1.9 60 °C, 45/46 °C, H,/O, 7
0.4/0.4 1.42 60 °C, 56/58 °C, H,/O, 41
0.2/0.2 0.67 80 °C, 100% RH, H,/O, 36
0.1/0.6 1.0 80 °C, 100% RH, H,/0,, 285 kPa 40
0.4/0.4 0.86 95 °C, 95/97 °C, H,/0O,, 0.1 MPag 26
0.5/0.6 1.26 80 °C, 100%/50% RH, H,/0,, 147.5 kPa 25
0.4/0.0026 0.224 40 °C, 80% RH, H,/O, 37
0.47/0.5 1.01 60 °C, 51/56 °C, H,/O,, 0.1 MPa at the anode 42
0.5/0.5 0.261 60 °C, 100% RH, H,/O, 43
0.5/0.5 0.25 60 °C, 100% RH, H,/O, 44

“ Cell temperature, humidity conditions (anode/cathode), reaction gas, and back-pressure are presented in order.

Table 2 List of power performances for typical PEMFCs and AEMFCs ~ 4.1. Material development

based on the non-Pt-based cathode corresponding to data in Fig. 2b 41.1. AEMs. Over the last decade, AEMs are the most

Peak power

Fuel cell Catalyst density

type type (Wem™2)  Operating conditions® Ref.

PEMFC FeNC  0.87 80 °C, 100% RH, H,/O,, 1/2 bar 46
FeNC  0.46 80 °C, H,/O,, 1 bar 47
FeNC 1.18 80 °C, 100% RH, H,/O,, 2.5 bar 48
FeNC  0.66 80 °C, 100% RH, H,/O,, 1 bar 49
CoNC  0.64 80 °C, 100% RH, H,/O,, 1 bar 50
FeNC  0.57 80 °C, 100% RH, H,/0,, 1 bar 51
FeNC 0.8 80 °C, 100% RH, H,/O,, 1 bar 52

AEMFC Ag/C 1.72 80 °C, 92% RH, H,/O, 13
Mn-Co/C 1.1 60 °C, 100% RH, H,/O,, 0.1 MPa 18
Co/C 0.412 60 °C, 100% RH, H,/O, 14
FeNC  2.05 80 °C, 70/75 °C, H,/O,, 200 kPa 16
FeNC 1.12 60 °C, H,/O,, 1 bar 53
Co/C 0.891 80 °C, H,/O,, 0.5 bar 39

¢ Cell temperature, humidity conditions (anode/cathode), reaction gas,
and back-pressure are presented in order.

ionomer coexist. Furthermore, several chronic problems, such
as strong ionomer adsorption on the catalyst surface, severe
water imbalance between the two electrodes, and formation of
carbonate species by CO,, are crucial to the power performance
of AEMFCs.

In this section, we review the challenges related to enhan-
cing the power performance and the approaches to address
them. We first focus on the issues concerning materials and
then cover some issues pertaining to power performance, such
as water flooding and CO, poisoning. To explain the drawbacks
from a practical perspective, the current status of ionomer and
catalyst developments for AEMFCs is compared with those of
PEMFCs. The efforts regarding MEA design for power perfor-
mance enhancement are also summarized.

5638 | Energy Environ. Sci., 2023, 16, 5633-5662

extensively studied components in AEMFC technology, and their
significant progress has enabled the development of high-
performing AEMFCs. In the early stages of AEM development,
the major challenge was overcoming low ionic conductivity. For
example, the fluoropoly(olefin) membrane exhibited a low ionic
conductivity of 70 mS cm™" at 80 °C even when submerged in
water owing to the low mobility of OH™ and low dissociation of
the trimethyl amine (TMA) hydroxide moiety.*> This mobility
(21.6 x 107 m*> s~' V1) is only half of that of H" in Nafion
(36.2 x 1078 m* s7' V'),¥" and the pKy, value of TMA hydroxide
(4.2) is much lower than the —pK, value of the sulfonic acid group
(6.0). Various efforts have been made to achieve high ionic con-
ductivity, including screening different types of backbones®*** and
cationic groups,® introducing alkyl spacers or extenders,® ®°
adopting multicationic groups,®” and using composite membranes
with ion-conductive additives.®® Because of these efforts, the ionic
conductivities of state-of-the-art AEMs are now approaching those
of cation exchange membranes (CEMs) under high humidity or in
a swollen state with liquid water (Fig. 3a and Table 4). Recent
reviews offer systematic descriptions of the evolutionary processes
and structural designs of AEMs.** ! To avoid redundancy, we focus
on four specific AEMs that demonstrate exceptionally high ionic
conductivities.

Fig. 3b and Table 5 provide information on the structures,
types of backbones, types of cationic groups, and ion exchange
capacities (IECs) of the four highly conductive AEMs (polyethy-
lene with hexyl TMA side groups, polynorbornene with hexyl
TMA side groups, polyphenylene with piperidinium side groups,
and poly(fluorene-co-phenylene) with piperidinium side groups).
The ionic conductivity of each AEM is indicated in Fig. 3a. The
polyethylene-based polymer (1), developed by Varcoe’s group,
stands as one of the pioneering materials for highly conductive

This journal is © The Royal Society of Chemistry 2023
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Table 3 List of durability values of typical PEMFCs and PEMFCs corresponding to data in Fig. 2c

Fuel-cell type Operation time (h) Degradation rate (uV ") Operating conditions® Ref.

PEMFC 26300 0.005 0.8 A Cmfz, 70 °C, 100% RH, H,/air 54
18500 0.0075 0.29 A cm ™2, 71-72 °C, 100% RH, H,/air 55
12 860 0.0035 0.26 A cm ™2, 60-65 °C, 0%/60-75% RH, H,/air 56
4000 0.0031 0.4 A cm 2, 60 °C, 100% RH, H, + CO,/air 57
1600 0.0133 0.25 A cm ™2, 200 °C, H, + CO, + CO + N,/air 58
1350 0.011 04 A cmfz, 80 °C, 100% RH, H,/air 59

AEMFC 2000 0.0154 0.6 A cm ™2, 75 °C, 72/74 °C, H,/O, 6
800 0.2125 0.2 A cm 2, 80 °C, 100% RH, H,/O, 60
500 0.0393 0.5 A cm 2, 120 °C, 40% RH, H,/O, 61
440 0.068 0.6 A cm ™2, 70 °C, 92% RH, H,/air (CO, free) 13
360 0.37 0.6 A cm ™2, 70 °C, 68.5/72 °C, H,/O, 38
300 0.3128 0.5 A cm 2, 95 °C, 94/95 °C, H,/air (CO, free) 26
200 0.13 0.2 A cm 2, 70 °C, 90%/100% RH, H,/O, 39
200 0.48 0.3 A cm ™2, 70 °C, 68/70 °C, H,/O, 41
125 0.456 0.2 A cm™2, 80 °C, 100% RH, H,/air (CO, free) 62
120 0.7776 0.6 A cm 2, 60 °C, H,/O, 42

¢ Current density, cell temperature, humidity conditions (anode/cathode), and reaction gas are presented in order.

AEMs."? The AEMFC utilizing this polyethylene-based polymer
exhibited an impressive power density of 2.55 W cm > with a Pt/C
cathode and a notable 1.72 W cm™> with an Ag/C cathode.
Moreover, when driven at 0.6 A cm 2 for 440 h, the AEMFC
demonstrated a mere 7% voltage loss, showcasing its exceptional
durability. Ongoing research on polyethylene-based AEMs”**
continues to inspire numerous subsequent developments in the
field. The polynorbornene polymer (2) features a remarkably high
IEC (3.59), which accounts for its high conductivity. Normally, an
increase in the IEC leads to excessive water swelling, resulting in
reduced mechanical stability. To address this issue, the polynor-
bornene AEM is partially cross-linked by linking the side groups,
thereby controlling its swelling behavior. This AEM was first
reported by Huang et al.”” and has been the subject of numerous
studies by various researchers.”*’>°® The AEMFC using the
polynorbornene-based AEM exhibits the highest power density
(3.5 W ecm ™ ?) achieved to date®” and exceptionally high durability
(2000 h).° The superior power performance is attributed not only
to its high ionic conductivity but also to its fast water transport
properties; the water generated at the anode readily moves to
the cathode through the AEM, achieving a well-balanced water
distribution inside the MEA. This prevents drying of the cathode
even at remarkably high current densities (~10 A cm?). The
polyphenylene with piperidinium side groups (3), which was first
reported by Yan’s group, also has a high IEC (2.37) and low water
swelling ratio (<20%).>® The low water swelling ratio is attributed
to its rigid and hydrophobic polyphenylene backbone structure
and high molecular weight. A single cell employing the polyphe-
nylene AEM maintains a hydrogen gas cross-over of less than
10 sccm even after 5000 wet/dry cycles, demonstrating its high
mechanical strength. Lee’s group synthesized poly(fluorene-co-
phenylene) with piperidinium side groups (4)*° and fabricated
its reinforced membrane with a porous polyethylene support.*®
The reinforced membrane exhibited a significant reduction in
water uptake and swelling ratio as well as improved mechanical
strength, leading to an impressive durability of over 300 h and a
low voltage degradation rate (0.37 mV h™'). Furthermore, the

This journal is © The Royal Society of Chemistry 2023

copolymer was found to be a promising candidate for use as an
AFI binder because the polyfluorene segment mitigates strong
absorption of the phenylene segment on the Pt surface, which
causes a drastic decrease in HOR activity due to its nonrotatable
properties. The AEMFC employing the copolymer as both AEM
and AEI delivers a high power density of 2.4 W cm ™2,

Similar to conventional CEMs, the ionic conductivities of
AEMs are impacted by the relative humidity (RH) since the level
of dissociation of the cation-anion groups and mobility of OH™
increase with higher water content in the AEMs. Although the
AEMs mentioned earlier demonstrate exceptional conductiv-
ities when fully hydrated, they have lower ion conductivities
than CEMs at low RHs, as depicted in Fig. 3c. The significant
decrease in ionic conductivity at low RHs for the AEMs compared
to the perfluorinated CEMs can be attributed to the morpholo-
gies of the water channels inside the AEMs (Fig. 3d). With
increasing RH, the hydrophilic domain of the CEM or AEM
expands through hydration and becomes more connected to the
nearby domains, eventually forming well-connected channels for
proton transport at a certain RH known as the ‘‘percolation
threshold.” As observed for hydrocarbon-based CEMs,”®°° iono-
mers with rigid backbones form narrower water channels of
AEMs compared to perfluorinated CEMs, resulting in percola-
tion thresholds at higher RH and a less-connected water channel
structure (Fig. 3d). Although increasing the IEC can improve this
issue, this approach is practically limited by the resulting
decrease in mechanical properties.

Alignment of the water channel in the thickness direction
can significantly improve the ionic conductivity at low RH."*°
This was recently achieved with an AEM having a polyvinyl
backbone and ferrocenium cationic group, whose structure is
shown in Fig. 3e (indicated by 5).°" The AEM showed similar or
even higher ionic conductivity than the CEM. The ferrocenium
moiety aligns with the direction of the external magnetic field
owing to its paramagnetic property, presenting a possibility for
aligning the water channels in the thickness direction, which is
the most preferred morphology for shortening the OH™

Energy Environ. Sci., 2023, 16, 5633-5662 | 5639
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Fig. 3 lonic conductivities and structures of the representative membranes. (a) lonic conductivities of state-of-the-art CEMs and AEMs as functions of
temperature measured under highly humid environments or in liquid water (Table 4)12-26-3941.4244.60616974 (15) Chemical structures of representative
AEMs with similar ionic conductivities as CEMs. (c) lonic conductivities of state-of-the-art CEM and AEM as functions of the relative humidity (RH,
Table 5).426175780 (d) Schematic showing the evolution of the phase-separated morphology with increasing RH for the CEM and AEM. (e) Chemical
structure of polyvinyl ferrocenium (left) and cross-sectional transmission electron microscopy (TEM) images of the polyvinyl ferrocenium membranes
with unaligned (upper right) and aligned (lower right) structures in the through-plane direction. Cross-sectional TEM images are adapted with
permission.®* The membranes were stained with tungstate to clearly observe the phase-separation morphology. In the images, the dark and bright
regions correspond to the hydrophilic and hydrophobic domains, respectively.

transport pathways. The phase-separation morphologies of the compared in Fig. 3e; the dark regions corresponding to the
AEMs prepared with and without an external magnetic field are  hydrophilic ferrocenium domains are aligned and connected in
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Table 4 Chemical structures, IECs, and ionic conductivity measurement conditions for the membranes displayed in Fig. 3a

Membrane type  Chemical structure IEC (meq g ')  Conductivity measurement environment  Ref.

CEM PFSA — Water 69
Ferrocyanide-coordinated polymer/phosphotungstic acid  1.48 70
PFSA/sulfonated CNT 0.95 High humidity 71

AEM Poly(norbornene) with TMA 3.59 Water 72
Poly(aryl piperidinium) 2.37 26
Poly(vinylferrocene) 1.65 61
Poly(arylene piperidinium) 2.34 73
Fluoropoly(olefin) with TMA 1.12 42
Partial diallyl bisphenol A poly(arylene ether) with TMA  2.16 74
Poly(arylimidazoliums) 2.86 95% RH 44
Low-density polyethylene with TMA 2.87 12
Poly(arylene ether sulfone) with imidazolium 2.2 100% RH 60
Polyphenylene/polysulfone with TMA 2.3 41
Poly(fluorenyl aryl piperidinium) 2.81 39

Table 5 Chemical structures, IECs, and ionic conductivity measurement
temperatures for the membranes displayed in Fig. 3c

Conductivity
Membrane IEC measurement
type Chemical structure (meq g ') temperature Ref.
CEM Polyphenylene with sulfonate 2.4 80 °C 75
PFSA/reduced graphene oxide 1.5 76
PFSA/reduced graphene oxide 0.84 77
PFSA 0.93 78
AEM Cu*"-cross-linked chitosan 1.6 25 °C 79
Polyethylene glycol with 1.96 80 °C 80
imidazolium
Fluoropoly(olefin) with TMA 1.12 42
Poly(vinylferrocene) 1.65 61

the through-plane direction. This result motivates future research
for achieving high ionic conductivity under low RH conditions by
aligning the water channels and achieving percolation at a much
lower RH.

4.1.2. ORR catalysts. The higher ORR kinetics observed in
alkaline electrolytes compared to acidic electrolytes is a major
incentive for utilizing AEMFCs. Although the reason for this
phenomenon is not fully understood, the outer-sphere electron
transfer mechanism proposed by Ramaswamy and Mukerjee
presents a feasible explanation (Fig. 4a and b).%” They considered
the electrical double-layer structure formed on the ORR electrode.
During fuel cell operation, the cathode potential is higher than the
potential of zero charge (PZC), resulting in a positively charged
cathode surface and a negatively charged double layer. In both
acidic and alkaline electrolytes, the inner Helmholtz plane (IHP)
consists of three molecules (H,O, OH ™, and O,), with the oxygen
atoms in these molecules oriented toward the electrode surface
due to the orientations of their dipoles under an electric field. At
the outer Helmholtz planes (OHPs) in acidic electrolytes, hydrated
H', hydrated O,, and hydrated anions are present, while alkaline
electrolytes contain hydrated O, and hydrated cations. The ORR
mechanism based on the double-layer structure is provided in
Fig. 4c. In an acidic electrolyte, the ORR involves electron transfer
from the electrode to the chemisorbed O, molecule, which is the

This journal is © The Royal Society of Chemistry 2023

rate-determining step (RDS), followed by proton transport from
the OHP to IHP. All these reactions are part of the inner-sphere

Alkaline media

Acidic media

© ®
Supporting
. . Hydroxyl Electrolyte Alkali M~
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Fig. 4 Proposed inner- and outer-sphere electron transfers for the ORR in
alkaline media. Schematic illustrations of the double-layer structures in (a)
acidic and (b) alkaline media during the ORR and (c) reaction mechanisms in
the acidic and alkaline media. (a) and (b) are adapted with permission.®”
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Fig. 5 ORR performances of state-of-the-art NPM catalysts. Tafel slopes
and half-wave potentials of various NPM ORR catalysts. The performances
were evaluated for 0.1 or 1 M aqueous alkali solution in the RDE system
(Table 6).18,67,101—110

electron transfer process. In the case of alkaline media, electron
transfer to the chemisorbed O, molecule via the inner-sphere
route is the RDS, and the subsequent reactions involving supply
of hydrogen from the nearby water molecules to the chemisorbed
O, are based on inner-sphere charge transfer. However, in alkaline
electrolytes, there are additional routes of outer-sphere electron
transfer (mechanism 3). The molecular collisions of the hydrated
0O, molecules (O, - -(H,0),) with the adsorbed hydroxyl species
lead to direct electron transfer, forming O, - --(H,0),. The for-
mation of negatively charged O, on the electrode surface via the
outer-sphere pathway deviates the RDS of mechanism 2, resulting
in faster ORRs in alkaline electrolytes.

Despite Pt-based catalysts exhibiting higher ORR activities
under alkaline conditions compared to acidic environments,
NPM catalysts have garnered more attention as ORR catalysts for
AEMFCs owing to their potentially lower cost. Previous studies have
reported that NPM catalysts may have higher ORR activities
compared to Pt-based catalysts, presenting the possibility of repla-
cing Pt catalysts with NPM catalysts in AEMFCs. Fig. 5 presents a

View Article Online
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comparison of the ORR Tafel slope and half-wave potentials for
some recently reported NPMs and conventional Pt/C catalysts; the
figure clearly shows that typical NPM catalysts have higher half-
wave potentials and lower Tafel slopes for ORRs in half-cell tests,
demonstrating the potential for cost-effective AEMFCs (Table 6).

Among NPM catalysts, manganese oxide-based catalysts have
emerged as a promising alkaline ORR catalyst and have been a
subject of intensive investigation. MnO, exhibits diverse crystal
structures, including o, B, v (1D-tunneled), & (2D layered), and A
(3D spinel), and the catalytic activity varies depending on the
crystal structure (8- & o= > y- > A~ > B-MnO,).""""** In the case of
&-MnO,, cation intercalation takes place, and ORR activity changes
with the type of intercalated cation."**™'* It was found that Ni
doping is effective in increasing the catalytic activity of manganese
oxide catalysts."">™"'” A recent research unveiled the correlation
between MnO, degradation and HO,  generation, offering valu-
able insights for advancing the durability of the MnO, catalyst.'*®

However, the high ORR activities of the NPM catalysts
measured in half cells do not necessarily translate to high
single-cell power performances. In a half-cell, the CL readily
forms a two-phase interface of electrolyte and catalyst; there-
fore, the ORR activity is not highly sensitive to the CL structure,
whereas in a single cell, the TPB involving the electrolyte,
catalyst, and gas, which sensitively changes with the CL struc-
ture determines the power performance.

In the half-cell test with a rotating disk electrode (RDE), the
current density of the ORR is less than 10 mA ecm ™ owing to the
low O, solubility of the liquid electrolyte. In contrast, single
cells can operate at high current densities on the order of a few
amperes per square centimeter because of the significant
supply of O, gas.''® Indeed, Riasse et al. demonstrated that
the RDE analysis is not capable of assessing fuel cell perfor-
mances beyond the high potential regime, in contrast to gas
diffusion electrode (GDE) and differential cell (DC) methods."°

High-current-density operation is achieved only when the
catalyst has enough surface area or turnover frequency (TOF).
NPM catalysts suffer from low active-site densities and low
TOFs, so a larger amount of catalyst is required to enable high-
current-density operation. The high catalyst loading for NPM
catalysts leads to additional problems; the thickness of the CL

Table 6 Half-wave potentials, Tafel slopes, and measurement conditions for the catalysts displayed in Fig. 5

Catalyst type Half-wave potential (V vs. RHE) Tafel slope (mV decade ) Measurement condition Ref.
Co-N-C 0.881 75 O,-saturated 1 M KOH 101
Fe-N-C 0.899 68 102
Fe-N-C 0.94 54 103
FeCl;N,/CNS 0.921 51 104
Co30,4, Co NP/N-doped graphene 0.808 62 105
CoO NP/N-doped carbon 0.84 62 106
Fe,N NP/N-doped graphene 0.78 52 107
CoMn,0,/C 0.834 49 108
MnCo,0,/C 0.845 46

Niz;N/C 0.803 44 109
Fe;N/C 0.82 45

CozN/C 0.862 37

MnCo/C 0.85 43 18
MnCo,05/C 0.86 45 110
Pt/C 0.83 61 0O,-saturated 0.1 M NaOH 67
5642 | Energy Environ. Sci., 2023, 16, 5633-5662 This journal is © The Royal Society of Chemistry 2023
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becomes large, increasing the mass transport limitation due to
the longer O, transport pathway. In addition, the thick CL
increases the electron and ion pathways, causing an increase in
the Ohmic resistance. NPM-based CL structures have rarely
been studied, and this lack of understanding makes it difficult
to design high-performance NPM CLs. A recent review'>' and
related research.'” emphasize the importance of NPM-based
CL design.

4.1.3. HOR catalysts. In contrast to ORR kinetics, HOR
kinetics is slower under alkaline conditions than under acidic
conditions. Fig. 6a compares the exchange current densities at
pH 0 and 13 for Pt/C, Ir/C, and Pd/C catalysts. Regardless of the
catalyst type, the exchange current densities at pH 0 are two
orders of magnitude higher than those at pH 13.'** However, the
root cause of the pH dependency is not yet fully elucidated and
still under debate. Two mechanisms have been proposed for the
HOR: the Tafel-Volmer and Heyrovsky-Volmer mechanisms
(Fig. 6b). Both mechanisms commonly involve the Volmer reac-
tion, which is the reduction of adsorbed hydrogen, but differ in
the process of hydrogen adsorption. The Tafel reaction features
adsorption of hydrogen molecules on catalysts and their dis-
sociation into hydrogen atoms. Therefore, if the HOR follows the
Tafel-Volmer mechanism, the hydrogen binding energy (HBE) of
the catalyst becomes one of the key parameters determining the
reaction kinetics. On the other hand, in the Heyrovsky reaction,
OH is adsorbed first, followed by adsorption of hydrogen on the
catalyst surface. In the Heyrovsky-Volmer mechanism, the HOR
activity is influenced by the affinity between the catalyst and
OH" (oxophilicity of the catalyst).

View Article Online
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Although it is still unclear which of the two reaction path-
ways dominate the HOR, previous studies have provided sig-
nificant results supporting both mechanisms. Yan’s group
systematically compared the HOR activities of Pt at various
pH values, demonstrating that the HOR half-wave potentials
(Fig. 6¢) and HOR overpotentials monotonically increase with
greater HBE, supporting the Tafel-Volmer mechanism."** Gas-
teiger’s group demonstrated that oxophilicity is not a critical
descriptor of the HOR as Pt exhibits greater HOR activity
compared to Ir and Pd at pH 13, despite having the highest
oxophilicity for Ir."** They found that the difference in HBEs
between pH 0 and 13 (AEpinding = 12.5-13.5 k] mol ") follows

_ AEpingi
ToH=0  exp {&D and that this
"pH=13 RT

difference successfully explains the 120-180 times lower
exchange current densities at pH 13 compared to those at
pH 0 (Fig. 6a), supporting the Tafel-Volmer mechanism.

In contrast, Markovic’s group observed an increase in HOR
activity with increasing oxophilicity for metal catalysts (Ir >
Ru > Pt)."”® Moreover, they demonstrated increased HOR
kinetics by introducing Ni(OH), nanoparticles on the Pt sur-
face, which promotes the dissociation of water into hydrogen
and hydroxyl intermediates (Fig. 6d). On the basis of their
findings, they proposed that the adsorption energy of OH,qs
could be a key descriptor of the HOR, supporting the Heyr-
ovsky-Volmer mechanism.

Kim’s group presented a different view on the HOR catalytic
activity by considering the interactions between the ionomer
and catalyst."*® They suggested that the cationic groups of AEIs

the Arrhenius equation (

a b
Tafel reaction
100 +
o viH, :
E 104 x 210 E---H Volmer reaction
< x 120
E : OH- _
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Fig. 6 HOR mechanisms and performance determinants for anode catalysts. (@) HOR/HER exchange current densities of carbon-supported Pt, Ir, and
Pd at 313 K at 0 and 13 pH. (b) Two proposed HOR pathways. Three parameters governing the HOR performance: (c) hydrogen adsorption, (d) hydroxyl
species adsorption, and (e) cation-hydroxide-water co-adsorption. The HOR/HER exchange current densities in (a) are reprinted with permission.*?®* The
half-wave overpotential versus HBE plot in (c) is reprinted with permission.'2* Schematic representation of the HOR process on Ni(OH),/Pt(111) in (d) and

the cation—hydroxide—water co-adsorbed layer in (e) are adapted with permission.
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strongly adsorbed on the Pt catalyst surface hinder diffusion of
H,, thereby lowering the HOR activities (Fig. 6e). The HOR
activity of the Pt catalyst decreases with an increase in the
absorbance of the methyl peak in the infrared reflection
absorption spectroscopy data, indicating the adsorption of
TMA (typical cationic group of AEIs) on the Pt surface. Further-
more, neutron reflectance analysis demonstrates that when a
voltage of 0.1 V vs. RHE is applied to the Pt catalyst in 0.1 M
TMAOD/D,0 electrolyte (hydrogen is converted to deuterium in
TMAOH/H,0), an 18 A TMA-OH-water coadsorption layer forms
on the surface after 10.5 h. The high cation-hydroxide concen-
tration in the coadsorbed layer restricts H, access to the catalyst
surface, thereby restraining HOR activity (Fig. 6e).

HOR catalysts have received less attention in the context of
AEMFCs compared to ORR catalysts owing to their higher activities.
It is worth noting that Pt/C catalysts exhibit fast HOR kinetics in
alkaline environments and that other precious-metal catalysts such
as Ir, Pd,"®” Ru, and their alloys are not superior to the Pt-based
catalysts, as demonstrated in the comparison of HOR activities
among Pt/C, Ni/C, and other precious-metal catalysts (Fig. 7 and
Table 7). Among NPMs, nickel-based catalysts are under active
investigation for their high activity. A partially oxidized Ni surface
proves to be an ideal structure for the HOR since H strongly

adsorbs on Ni metal and weakly adsorbs on Ni oxide."**"* Various
strategies including functionalization,"*° core-shell
structures,**"*° alloys (Nig95CUo.05),"*° and carbon supports (car-

bon nanotubes (CNTs) and N, S-doped carbon),?”**® have been
employed to modify nickel-based catalysts for their use as a HOR
catalyst. However, their HOR activity remains approximately two
orders of magnitude lower than that of Pt/C catalysts.

Practical anode CLs in AEMFCs typically have higher precious-
group metal (PGM) catalyst loadings of over 0.3 mg cm 2
compared to PEMFCs (<0.1 mg cm 2).>*>* This difference
can be attributed not only to the relatively low HOR activities of
PGM catalysts under alkaline conditions but also to the
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. m134
10 135 136
—137 :
—138 = Ni/C
4 14(5\139 A Precious metal/C
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Fig. 7 HOR activities measured using the half cell with state-of-the-art
catalysts. Mass- and area-specific exchange current densities of various
HOR catalysts evaluated for 0.1 or 1.0 M aqueous alkali solution in a RDE
system (Table 7)_123,127,131—140
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adsorption of AEIs on the catalysts, which is exacerbated by
water flooding in the anode CLs (as described in the next
section). Although PtRu/C is conventionally used instead of
Pt/C because PtRu reduces the adsorption energy with AEIs
more effectively than Pt,*>'*" this does not completely solve the
problem of limiting H, diffusion caused by AEI adsorption.
Therefore, while emphasizing the importance of research on
non-precious metal-based HOR catalysts, it is essential to
consider the problem of AEI adsorption on the precious-metal
catalyst surface and the inhibition of H, supply due to water
flooding, especially for low-loading precious-metal catalysts on
the anode.

4.2. Water management

Despite the use of highly active ORR catalysts and highly con-
ductive AEMs and AEIs, the power performances of AEMFCs are
often limited by water imbalance in the MEA. This is attributed to
the simultaneous water generation at the anode and water con-
sumption at the cathode (Fig. 8a). When water cross-over from the
anode to cathode is not as fast as the generation or depletion of
water, the anode can become flooded and the cathode can
become dried out. The difference in water content between the
two electrodes increases with current or operation time, exacer-
bating the water flooding and drying problems. Water imbalance
on both electrodes during actual AEMFC operation has been
observed using neutron beams (Fig. 8b) or synchrotron X-rays
(Fig. 8c). While this issue also occurs in PEMFCs, it is not as
significant as that in AEMFCs owing to their different stoichio-
metries; in PEMFCs, two water molecules are generated per four
electrons (O, + 4H" + 4e~ — 2H,0), whereas in AEMFCs, four
water molecules are generated per four electrons (2H, + 4OH™ —
4H,0 + 4e"). Therefore, at a fixed current density, the water
generation rate at the AEMFC anode is two times faster than that
at the PEMFC cathode. Additionally, water consumption at the
cathode exacerbates the water imbalance.

Water imbalance in the MEA causes serious problems;
flooded water fills the interstitial pores in the anode CL,
blocking the supply of H, molecules to the catalyst surface.
Besides, the swelling of the AEI phase in the anode CL leads to
pore clogging, which worsens the H, transport problem. While
the water depletion at the cathode CL can facilitate diffusion of
0O, molecules, drying of the cathode leads to increased Ohmic
resistance due to the ionic conductivity loss of the AEI binder.
The mass transport resistance of the cathode CL can be
augmented because of the limited supply of H,O.

Various attempts have been made to achieve balanced water
distribution within the MEA. Peng et al. showed that the cell
performance can be dramatically improved by systematically
controlling the temperature of the cell and humidifier.® On the
left side of Fig. 9a, the micro-X-ray computed tomography
images of an anode CL at open-circuit voltage (OCV, upper)
and at a current density of 0.2 A cm > (lower) are compared.
This technique enables real-time observation of the internal
structural changes of the CL during cell operation. When a
current of 0.2 A cm™> was applied, the pores inside the
CL, which initially appeared as dark regions, became bright.

This journal is © The Royal Society of Chemistry 2023
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Table 7 Specific exchange current density, mass exchange current density, and measurement conditions for the catalysts displayed in Fig. 7

Specific exchange Mass exchange

Catalyst type current density (mA cm™?) current density (A Emetal ) Activity measured environment Ref.
Ir;PdRue/C 0.9 740 H,-saturated 0.1 M KOH 131
IrgRu/C 0.6 728

Ir/C 0.37 218 0.1 M NaOH, py;, & 100 kPayps 123
Pd/C 0.06 63

Pd/C 0.08 70.5 H,-saturated 0.1 M KOH 127
Ir/C 0.21 128.6 132
Ru/C 0.063 82 H,-saturated 0.1 M NaOH 133
Ni/C 0.028 24.41 H,-saturated 0.1 M KOH 134
Niz;N/C 0.014 12 135
Ni (core)@N-doped carbon (shell)/C 0.038 7.84 136
Ni/S-doped C 0.04 7.4 137
Ni/N-doped CNT 0.028 3.54 138
Ni (core) @boron nitride (shell)/C 0.022 3.3 H,-saturated 0.1 M NaOH 139
Nig.05CUg.05/C 0.014 2.5 140

These results demonstrate the swelling of AEI binders during cell —accumulated water in the anode CL diffuses to the cathode because
operation and clogging of the pores between the Pt/C particles. To of a concentration gradient, which is denoted as “water back-
inhibit excess ionomer swelling, the RH of the anode feed was diffusion” (upper left in Fig. 9c). The water back-diffusion is
lowered, and a 3-fold increase in the entire range of current facilitated using a membrane with higher diffusivity. Accordingly,
densities of the AEMFC was achieved (right side of Fig. 9a). a polynorbornene-based AEM with high water diffusivity resulted in
Another approach to mitigate water imbalance is controlling  superior power performance. Mandal et al. decreased the thickness
the hydrophobicity of the CL. Hyun et al. introduced oxygen-and of the polynorbornene-based AEM using light cross-linking with
fluorine-functionalized carbon additives in the CL to produce the hexyl spacer diamine (1 of Fig. 3b).”” As the membrane
hydrophilic and hydrophobic CLs, respectively.'** They observed  thickness decreased, the water flux across the membrane increased
water condensation on the CL surfaces using environmental exponentially (lower left in Fig. 9¢c)."** As shown on the right side of
scanning electron microscopy (SEM). As shown in Fig. 9b, the Fig. 9c, the power performance was enhanced with decreasing
hydrophilic CL surface was wet or partly covered with water ~membrane thickness, and by using a 10 um-thick AEM, a current
droplets with very small contact angles (upper), which is in density exceeding 6 A cm™ 2 was achieved.
contrast to water droplets with large contact angles formed on Recently, a self-regulating anode CL was suggested by Zhang
the hydrophobic CL surface (lower). The hydrophobicity- et al for better water management at the anode.'*® PtRu/C
controlled MEA paired with the hydrophilic cathode CL and catalysts have a tendency to aggregate more than Pt/C, resulting
hydrophobic anode CL showed higher current densities com- in the formation of a larger pore structure when used as a CL.
pared to the control MEA and alleviated the limiting current The researchers combined PtRu/C and Pt/C CLs into one anode
behaviors in the high-current-density regime (Fig. 9b). These CL with distinct layers, creating smaller pores from the gas
results suggest that the hydrophilic CL retains water and that diffusion layer to the AEM. The CLs with this gradient nanopore
the hydrophobic CL drains water, thus mitigating the water structure exhibit efficient water transport through the capillary
imbalance. effect. They were characterized by rapid moisture drainage even
The water imbalance can also be reduced by introducing under high humidity conditions and demonstrated high power
a membrane with high water flux. During cell operation, the performance at 100% RH.
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Fig. 9 Strategies for mitigating water imbalance. (a) Operando micro-X-ray computed tomography scans of the interface between the gas diffusion
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hydrophobic (left lower) carbon additive under fully humidified conditions. The i—V curves of the control and optimal MEAs paired with the hydrophobic
anode CL and hydrophilic cathode CL (right). (c) Predicted water distribution and direction of water flux inside the MEA during cell operation (left upper),
water flux versus membrane thickness plot (left lower), and three i—V curves for MEAs with different membrane thicknesses (right). Panels (a) and (b) are
adapted with permission.81*® The water flux plot and i-V curves in (c) are reprinted from ref. 144 and 97, respectively.

The significance of regulating water distribution within the
MEA is apparent from its substantial influence on the cell perfor-
mance. However, in practical applications like light-duty vehicles,
where the distribution of water in the MEA changes rapidly due to
the dynamic operating conditions, prompt responses are essential.
Thus, a more dynamic evaluation method that models real driving
conditions beyond the i~V polarization curve and incorporates
material development with MEA design is necessary.

Additionally, the water distribution within the CL significantly
impacts the durability of AEMFC as reported previously.'*® The
performance loss of AEMFCs can be classified into two categories:
recoverable loss and permanent loss. The former arises from
temporary limitation in H, (anode) and OH™ (cathode) supply
caused by water flooding and water drying, respectively. When the
water shortage in cathode exacerbates, the OH™ concentration in
cathode increases, leading to the degradation of the cation group
in the AEI (further details are provided in Section 5.2.2). Notably,
Hyun et al demonstrated that mitigating water imbalance
through carbon modifications can help achieve stable operation
for 1000 h, which is in contrast to the short lifetime (200 h) of the
control MEA.'*? various carbon modification methods including
fluorination'" can be used in this approach.

4.3. CO, poisoning

CO, poisoning is the most critical problem of an AEMFC from
the practical aspect. CO, can chemically react with OH,
forming carbonate species (note the equations in Fig. 10a).
The carbonate formation reaction occurs spontaneously and is
quite fast; merely 400 ppm of CO, from ambient air can
significantly lower the OH™ concentration in the AEM and
AEL Accumulation of the carbonate species greatly reduces
the AEMFC performance or destabilizes the OCV. CO, poison-
ing essentially complicates the manufacturing process of the
AEMFC. Before cell assembly, AEM- and AEI-containing CLs
should be submerged in an alkaline solution to replace the
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carbonate anions with OH™. However, despite these efforts, the
AEM and CLs are inevitably exposed to CO, again during single-
cell assembly.

CO, poisoning also makes cell operation with ambient air
challenging. As shown in Fig. 10a, the CO, injected into the
cathode reacts with the OH™ of the AEI in the CL and is
converted to CO;>". The carbonate species migrates from the
cathode to anode driven by the electric field and accumulates at
the anode CL. Some carbonate species are also reconverted to
CO, and emitted. If the AEMFC is operated under a constant
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Fig. 10 CO,; poisoning in AEMFCs. (a) Carbonate species formation and
removal processes at the cathode and anode. Three reasons for AEMFC
performance degradation due to CO, poisoning: (b) reduced cell voltage
by increase of anode potential, (c) decreased ionic conductivity of the
membrane by carbonate species formation, and (d) kinetic loss in the HOR
due to blocking of the catalyst surface by the carbonate species. The plot
for ionic conductivity versus time is reprinted with permission.**’
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voltage with constant reactant gas flow, the carbonate concen-
trations of the cathode, membrane, and anode CL can converge
to steady-state values. However, CO, poisoning is hard to control
in dynamic operations, often leading to a local increase in the
carbonate concentration in the MEA. This means that sophisti-
cated power control is required for AEMFCs used in transporta-
tion applications.

The carbonate species in the MEA decreases the perfor-
mance of the AEMFC in three ways: (1) increasing the anode
potential, (2) decreasing the ionic conductivity of the AEM, and
(3) decreasing the HOR kinetics of the anode catalyst. In the
absence of CO, in the AEMFC, it can be assumed that both the
anode and cathode have the same pH and that the theoretical
voltage is 1.23 V (Fig. 10b). However, when CO, poisoning starts
and the carbonate species accumulate at the anode, the pH of
the anode becomes lower than that of the cathode. Since the
potential of the anode decreases linearly with pH, the theore-
tical voltage of the AEMFC decreases (< 1.23 V). For this reason,
when the AEMFC is assembled under ambient air, its OCV is
often low and unstable.

The ionic conductivity of the AEM is decreased by carbonate
formation because of the reduced OH™ concentration in the
AEM. OH™ molecules can migrate rapidly in the AEM under an
electric field via the Grotthuss mechanism, whereas the migra-
tion of CO;>~ molecules is slower than that of OH™ because
they does not migrate via the Grotthuss mechanism but
through the vehicle mechanism. As shown in Fig. 10c, the ionic
conductivity of the AEM decreases exponentially to 25% of the
initial value within 1 h when exposed to ambient air. Under the
cell operating environment, the ionic conductivity of the AEM is
not expected to be significantly reduced because the carbonate
species are removed from the anode. However, in the idle
mode, when the MEA is exposed to the atmosphere, carbonate
species will be readily generated inside the AEM and AEI,
causing rapid performance degradation upon restart.

The last negative effect of CO, poisoning on AEMFC perfor-
mance is reduction of HOR catalyst activity (Fig. 10d). The high
concentration of carbonate species near the HOR catalyst sur-
face may block the access of OH™ to the surface of the HOR
catalyst and increase the charge transfer resistance.'®'*
Although there are no studies reporting the direct measure-
ment of charge transfer resistance, Mustain’s group was able to
derive it by setting up an environment that can neglect the
resistive component from the cathode ORR side and by sub-
tracting the Nernst voltage loss due to the pH increase of the
anode and Ohmic overvoltage from the total voltage drop on
the anode side.'*®

Various approaches have been attempted to suppress carbo-
nate formation. Mustain’s group controlled various operation
parameters of the AEMFC (current density, temperature, and
anode/cathode feed flow rate) as well as conducted electroche-
mical analyses and real-time probing of CO, emissions from
the cathode and anode. With increasing current density, the
Ohmic resistance of the AEM reduced, indicating reduced CO,
in the MEA (1 of Fig. 11a). This was supported by the increased
CO, concentration in the anode exhaust and decreased CO,

This journal is © The Royal Society of Chemistry 2023
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concentration in the cathode exhaust. Increasing the cell tem-
perature also mitigates CO, poisoning. With increasing tempera-
ture, the solubility of CO, in water decreases, the conversion rate
of carbonate to CO, increases, and the transportation of CO, and
OH™ become easier. Owing to these combined effects, the cell
overpotential caused by CO, decreases with temperature (2 of
Fig. 11a). The flow rate of the feed gas also impacts carbonation
in a cell. The CO, overpotential decreases with the flow rate of
the anode feed (3 of Fig. 11a), whereas it increases with the flow
rate of the cathode feed (4 of Fig. 11a). Intuitively, a higher flow
rate of the anode gas can release CO, more efficiently from the
cell, and a higher flow rate of the cathode gas will lead to
increased amount of CO, entering the cell, resulting in more
significant carbonation. In addition, the hydration level of the
cell affects CO, poisoning.'*® Increasing the amount of water
inside the cathode reduces the basicity of the electrolyte in the
CL, which leads to a decrease in CO, solubility. Under optimized
conditions, the AEMFC shows a stable -V polarization curve
without any catastrophic voltage losses.

The fine-tuning of the operating environment of the AEMFC
could significantly mitigate carbonation inside the MEA; how-
ever, it is not compatible with dynamic operations of practical
fuel cells. Instead, CO, scrubbing systems are more effective and
straightforward for solving the carbonation problem. The cur-
rently available CO, capture systems are mostly based on rever-
sible CO, adsorption and desorption on absorbent materials
with a regeneration process.">>">* However, this type of chemical
CO, scrubbing is hard to combine with AEMFC systems because
of the insufficient CO, adsorption capacity and time-consuming
regeneration step. Therefore, in the AEMFC technology sector,
an electrochemically driven CO, scrubbing system that can
continuously remove CO, has attracted interest.

One approach is using the sub-AEMFC as a CO, filter. The
overall configuration is shown at the top of Fig. 11b; the
cathode outlet of the sub-AEMFC is connected to the cathode
inlet of the main AEMFC, and the anode outlet of the main
AEMFC is connected to the anode inlet of the sub-AEMFC. The
CO,-free effluent from the sub-AEMFC is supplied to the main
AEMFC, and the residual H, from the main AEMFC is injected
into the sub-AEMFC. The reactions in the sub-AEMFC are
identical to those in the main AEMFC, as described in
Fig. 10a. The CO, from the atmosphere combines with OH™ to
form carbonate anions at the cathode of the sub-AEMFC. The
carbonate anions are transported to the anode, converted to CO,,
and released into the atmosphere with the anode effluent. Zheng
et al. implemented a pair of sub- and main-AEMFC systems and
demonstrated that a sub-AEMFC with a size of 5 cm” can reduce
the CO, concentration from 400 to 240 ppm."*° The 25 cm? sub-
AEMFC can operate for over 150 h with less than 100 ppm CO,
emission (upper right of Fig. 11b). Furthermore, they showed
that the main AEMFC exhibits the same i~V polarization curves
when tested with CO,-free air and the exhaust from a 50 cm? sub-
AEMFC that operates under ambient air.

Another approach is adopting an electrochemically driven
CO, separator (EDCS) developed by Yan’s group.™" The EDCS is
based on carbonate chemistry similar to the sub-AEMFC, but it
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Fig. 11 Strategies for mitigating CO, poisoning. (a) Change in membrane resistance or CO, overpotential with adjustment of the operating conditions,
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and durability of the sub-AEMFC (top)'>° and EDCS (bottom)* as an electrochemical CO, scrubbing system. (c) Overall fabrication process of the spiral-
wound EDCS module. Bottom of panels (b) and (c) are adapted with permission from ref. 151.

employs a shorted membrane to induce internal current. The
shorted membrane comprising carbon and AEIs enables trans-

port of anions (OH™ and carbonate species) and electrons
concurrently. The internal shorting accelerates the ORR and
HOR in the EDCS, enhancing the efficiency of CO, removal

5648 | Energy Environ. Sci., 2023, 16, 5633-5662

from the cathode air feed. The filtering ability of the EDCS is
remarkable; it can lower the CO, concentration in the air feed
at 1000 scem from 400 to <1 ppm using only 5 scem of H, gas.
Moreover, the EDCS showed 99% CO, removal capacity for
450 h (lower right of Fig. 11b). The strong advantage of the

This journal is © The Royal Society of Chemistry 2023
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EDCS is that it does not require any external circuitry and the
degree of CO, removal from the air feed can be adjusted by
varying the flow rate of the H, injected into the EDCS. Further-
more, both the cast-made shorted membrane and spiral-wound
configurations of the EDCS (Fig. 11c) are compatible with
conventional manufacturing processes, thereby increasing the
practicality of the EDCS. However, EDCS inevitably consumes a
certain amount of hydrogen, which decreases fuel efficiency;
system level energy efficiency should be studied in more detail.

As described in this section, the injection of CO, causes
catastrophic performance loss to the AEMFC. Therefore, this
problem must be resolved before using the AEMFC as a power
source.®>"*" However, CO, removal technology is a long-
standing challenge that has not been completely solved in
other electrochemical devices, such as zinc-air and Li-air
batteries, and the complex carbonate chemistry increases the
difficulty of research. Nevertheless, the sub-AEMFC and EDCS
are promising candidates for CO, removal systems, and their
further research is encouraged. In addition, membrane CO,
filtration can be a viable option to consider.’> Alongside the
infiltration of CO, from outside into AEMFCs, CO, can be
generated inside the MEA via electrochemical oxidation of
carbon materials. This issue cannot be fully addressed even
when a CO, scrubbing system is employed. Therefore, it should
be also considered for achieving long-term operation of AEMFCs.

4.4. MEA design

The HOR and ORR occur at electrochemically active surface
areas (ECSAs) of the catalyst surfaces where the transportation of
electrons, ions, and molecules (reactants, and products) is
available, conventionally denoted as TPB. Since a thin ionomer
layer in contact with the catalysts enables the passage of ions
and molecules, the two-phase interface of the ionomer/catalyst
can form a TPB with pores and serve as an ECSA. To improve the
performance of the AEMFC with a limited amount of catalyst,
the ECSA should be augmented. Therefore, a CL design that
directs uniform ionomer distribution and a porous CL structure
is required. In the case of nonuniform ionomer distribution,
locally concentrated ionomers on the catalyst surface block the
access of reaction gases and also result in electrically isolated
catalysts. In addition, the ionomer-deficient portion of the CL
limits the migration of OH™ ions. Since the reactant and product
gases pass through the pores of the CL, it should have high
porosity for facile mass transport. In addition to porosity, the
size of the pores is also important. Small pores can cause water
flooding, which restricts gas access, and pores that are too large
reduce the connectivity of the CL. Designing an optimal CL
poses a formidable challenge as it necessitates satisfying multi-
ple conditions concurrently. Detailed discussions on this topic
can be found in recent comprehensive reviews.'>*'’

Only a few studies have been conducted on the CL structure
of the AEMFC despite its importance. Carlson et al. changed the
CL structure by varying the ionomer-Pt/C ratio to 0.2, 0.6, and
1.0 and analyzing the cell performances comparatively."”® The
SEM images of the CL surfaces varied with the ionomer con-
tent, as shown on the left side of Fig. 12a. As the ionomer
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content increased, the pores disappeared, and a thick ionomer
film was observed at a ratio of 1.0. The highest cell performance
was achieved at an intermediate ratio of 0.6 because an
adequate amount of ionomer ensures facile ion and mass
transport. The CL with a lower ionomer content (0.2) has the
lowest performance due to limited OH™ transport in the CL. Ata
higher ratio of 1.0, the thick ionomer film hinders the reactant
molecules from reaching the catalyst surface, limiting the cell
performance, as indicated by the large overpotential in the high-
current regime. The ionomer content is a critical design para-
meter that determines CL performance, and it should be carefully
adjusted considering the interplay between ionomer and catalyst
materials. The optimal ionomer content should vary depending
on the size and surface properties of the catalysts because the
catalyst surface area-ionomer volume ratio and ionomer—catalyst
interaction influence the ionomer distribution and pore structure
of the CL. Moreover, the influence of ionomer content on mass
transport may change depending on the hydrophilicity of catalyst
particles. When the catalyst is prone to water flooding, ionomer
content needs to be reduced to provide sufficient interstitial pore
volume. Understanding of the ionomer—catalyst interaction and
the consequent CL structure is necessary to advance AEMFC CL
technology.

Hyun et al. investigated the effects of the solvent of ionomer
dispersion on controlling the CL structure and demonstrated
the correlation between the resulting CL structure and cell
performance.*® The size of the ionomer aggregate in dispersion
can be controlled by adjusting the ionomer-solvent interac-
tions (Fig. 12b). If the ionomer-solvent interactions are weaker
than the ionomer-ionomer interactions, the ionomer chains
tend to aggregate. In contrast, stronger ionomer-solvent inter-
actions disperse the ionomer aggregates to smaller dimensions.
They found that the aggregate size of the QPC-TMA (poly(9-(6-
(trimethylammoniumbromide)-hexyl)-9H-carbazole-co-1,1,1-tri-
fluoroisopropane)) AEI in dispersion could be decreased in the
order of isopropanol (IPA) > methanol (MeOH) > dimethyl-
sulfoxide (DMSO). As shown in Fig. 12b, the DMSO-based CL
has a uniform and porous structure, whereas the MeOH- and
IPA-based CLs show clumpy ionomer aggregates on the surface
and pore clogging, indicating nonuniform ionomer distribu-
tion in the CLs. The power performance was enhanced by
increasing the uniformity of ionomer distribution. This study
also established a strong correlation between the ECSA and
power performance.

5. Challenges and solutions for
improving AEMFC durability

To achieve long-lasting AEMFCs, it is crucial that the materials
used in the MEA exhibit chemical, mechanical, and electro-
chemical stabilities under operating conditions. Furthermore,
the various layers and interfaces in AEMFCs must possess
mechanical robustness. To date, research has primarily focused
on the durability of materials, with limited studies conducted
on the mechanical durability of CLs or diffusion layers, and on
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the degradation or failure modes of stacks or systems. This
section provides a summary of the degradation modes of the
materials, describes the resulting decline in MEA performance,
and discusses the underlying mechanisms and strategies to
address these issues.

5.1. Catalysts

5.1.1. Pt catalysts. The Pourbaix diagram of Pt (Fig. 13a) shows
that Pt exists as PtO in the ORR potential range in higher pH
environments. This implies that the Pt inside the MEA of AEMFCs
remains stable even during cell operation. However, according to
the results of Chatenet’s group, the carbon-supported Pt severely
degrades in an alkaline environment. The ECSA of Pt/C decreased
by 57% after 150 cyclic voltammetry (CV) cycles in a 0.1 M NaOH
solution (Fig. 13b), while it decreased by 17% and 22% in 0.1 M
HCIlO, and 0.1 M H,SO, solutions, respectively.'"®® TEM images of
the Pt/C catalyst after CV cycling in 0.1 M NaOH demonstrate the
detachment of Pt nanoparticles from the carbon support.

In their subsequent work, Chatenet’s group discovered the
formation of carbonate species on the Pt/C catalyst during voltage
cycling.'®>'** Fig. 13c shows the Fourier-transform infrared (FTIR)
spectra of the Pt/C surface, which change with voltage cycling in a
0.1 M NaOH solution. The bands at 1310 and 1390 cm ' are
assigned to carbonate ions (CO;>7) and bicarbonate ions
(HCO;™), respectively, and the bands at 1610 and 1730 ecm™" are
linked to the oxygen-containing surface groups on carbon. The
intensities of these four FTIR bands increase over the CV cycles
(Fig. 13c), which suggests the formation of oxygen groups on the
carbon support and carbonate species on the Pt/C surface. Based
on this finding, they suggested that Pt detachment from the
carbon support is the major degradation mechanism of Pt/C
catalysts in alkaline solutions, as shown in Fig. 13d. The Pt/C
stably exists under <0.2 V potential. When the potential gradually
increases, carbon corrosion/functionalization starts occurring in
the 0.2-0.6 V potential range, and CO and/or COH molecules are

5650 | Energy Environ. Sci., 2023, 16, 5633-5662

adsorbed on the Pt surface through back spillover. Over 0.6 V, the
OH molecules are adsorbed subsequently because of the positive
charge and/or oxidization of the Pt. Then, Pt-adsorbed CO and
OH react together and form CO, (Pt- - -CO,qs + Pt- - -OHpgs + OH™ —
CO, + H,0 + 2Pt + e”). Another scenario for CO, formation is that
the functional group on the carbon support directly reacts with the
Pt-adsorbed OH (C,,: - -COyqs + Pt - -OHugs + OH™ — CO, + H,0 +
Pt + C, + €7). As a final step, the CO, molecules chemically react
with OH™ to form carbonate precipitates, such as Na,CO; on the
Pt/C surface, releasing Pt from the carbon support.

Lafforgue et al. investigated the stability of the Pt/C catalyst
surrounded by the AEM phase using transmission electron
microscopy (TEM) analysis."® In this work, the Pt/C and AEM-
containing ink were deposited on a Lacey-carbon TEM gold grid,
which served as both a working electrode and platform for TEM
observations. Note that accelerated stress testing (AST) was
conducted in a ““dry cell”, where the electrolyte consists of only
a solid AEM. In contrast to the significant loss of ECSA (65%)
observed for Pt/C exposed to 0.1 M NaOH solution, Pt/C sur-
rounded by the AEM exhibited only a 13% ECSA loss after 150
cycles of CV (as illustrated in Fig. 13e). As depicted in Fig. 13f, Pt
detachment did not occur significantly; instead, minor Ostwald
ripening occurred in Pt/C under the AEM environment. In a
liquid environment, detached or dissolved Pt can be washed
away from its location, but in a solid AEM environment, it can
stay around and redeposit onto Pt/C (as depicted in Fig. 13g).
Additionally, even if carbonate ions are formed, precipitates do
not form because they pair with the cationic groups of the AEM.

Only a few research groups have reported the stability of the
Pt/C cathode and PtRu/C anode catalysts under actual operation
in AEMFCs. One such study by Hassan et al. revealed that after
2000 h of constant current operation at 0.6 A cm™ 2, Pt nano-
particles in the cathode were severely agglomerated (Fig. 13h).°
Hyun et al. also found that Pt nanoparticles in the cathode had
aggregated to form worm-like shapes after operating for 125 h at

This journal is © The Royal Society of Chemistry 2023
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a current density of 0.6 A cm ™ (Fig. 13i)."®* In contrast to Pt/C
catalysts, PtRu/C catalysts used in the anode CL did not exhibit
any aggregation in both studies.

5.1.2. Fe-N-C catalysts. As described in Section 4.1.2., the
NPM catalysts have shown good performance in alkaline AEMFC
systems. Among the NPM catalysts, the most studied and
promising catalyst is Fe-N-C owing to its potential for high
ORR activity and low price. Despite the advantages, the biggest
obstacle to its practical use is its poor durability. Previous assess-
ments of the stability of Fe-N-C catalysts have been conducted in
acidic environments because these works were intended to
replace expensive Pt/C catalysts with Fe-N-C catalysts in PEMFCs.
Numerous degradation pathways under acidic conditions have

This journal is © The Royal Society of Chemistry 2023

been noted to date, which can be classified into the following four
mechanisms:  demetalation,'®®  surface  oxidation,'®>'®°
agglomeration,"”® and protonation of nitrogen'”* (Fig. 14a).
Owing to the recent interest in the use of NPM catalysts for
AEMFCs, the durability of Fe-N-C-based catalysts in alkaline
environments is being investigated. Bae and Chung et al
demonstrated that the Fe-N-C catalyst is more stable in an
alkaline environment than in an acidic environment.'®® The
stability was assessed by monitoring changes in the half-wave
potential for ORRs after H,0, treatment. As shown on the left
side of Fig. 14b, the change in the half-wave potential was
smaller at higher pH. Under acidic conditions, H,O, that is
formed via the two-electron pathway of ORR reacts with Fe**

Energy Environ. Sci., 2023, 16, 5633-5662 | 5651
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Fig. 14 Degradation of Fe—N-C catalysts in alkaline media. (a) Schematic of the degradation mechanism of the Fe—N-C catalyst. (b) Difference in Ey»
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for 2 h at 50 °C. Pourbaix diagram of FeN4Cy3zg, HO-FeN4Ci3g, and their dis
permission from ref. 165 and 166. (c) Comparison of Fe—N—-C demetalation

solution states (Fe2* and Fe®*) at 298.15 K (right). Plots are reprinted with
between Ar- and O,-saturated alkaline (0.1 M NaOH) environments. The

current density profile (top) and corresponding Fe dissolution rate and amount of dissolved Fe (bottom). The plot in (c) is adapted with permission from
ref. 167. (d) Alkaline durability test results for the AEMFCs using FeCo—N-C (left) and Fe—N-C (right) are reprinted with permission from ref. 168 and 169,

respectively.

ions, releasing OH*® radicals. The OH® radical results in surface
oxidation of the carbon of Fe-N-C, reducing the electrical
conductivity, inducing demetalation due to structural collapse,
and decreasing the TOF due to a change in the electrical
structure. Under acidic conditions, the surface oxidation is
significant because the OH® radical is stably maintained. In
contrast, under alkaline conditions, the formation of the ferryl
ion species (FeO>"), which is less reactive with carbon, is more
preferred over the OH® radical, resulting in higher stability of
carbon compared to that under acidic conditions. In addition,
the dissolved Fe®* and Fe®" are readily precipitated in their
hydroxide forms (Fe(OH), and Fe(OH)s, respectively), prevent-
ing OH* radical formation. Holby et al. investigated the stability
of a Fe-N-C catalyst through density functional theory (DFT)
calculations.’®® As shown on the right side of Fig. 14b, the
FeN,Cj;g catalyst is stable in the pH range of 3-16, whereas Fe**
dissolution could occur below pH 2 in an operating voltage
range of OCV-0.4 V.

In contrast to the reports mentioned above, some studies
have reported the degradation of Fe-N-C catalysts under alka-
line environments. Recently, Ku et al. reported that a Fe-N-C
catalyst can be dissolved due to the occurrence of ORR.'®’
Comparison of Fe dissolution from the Fe-N-C catalyst
between Ar- and O,-saturated 0.1 M NaOH solution (Fig. 14c)
shows that the dissolution rate is much faster in the presence
of O,. Another important feature is that Fe dissolution begins

5652 | Energy Environ. Sci., 2023, 16, 5633-5662

to occur as soon as the ORR current flows and that it is
proportional to the current density. On the basis of these
observations, they proposed that Fe dissolution is induced by
the instability of the coordinated Fe during the Fe**/Fe*" redox
reaction during the course of the ORR. The instability of Fe-N-
C was also observed under actual AEMFC operation. As shown
in Fig. 14d (left), an AEMFC using the FeCo-N-C catalyst for
the cathode CL showed a degradation rate of 1.7 mV h™" at
0.6 A cm™>.'%® Similarly, an AEMFC utilizing a silica-templated
porous Fe-N-C catalyst exhibited a degradation rate of
0.46 mV h™" during 150 h of 0.6 A cm 2 operation (Fig. 16d
(right))."® Taken together, the electrochemical stabilities of
Fe-N-C catalysts under alkaline conditions are still the subject
of debate and the degradation pathways of Fe-N-C catalysts are
not fully clear, highlighting the need for additional research.

5.2. AEMs and AEIs

5.2.1. Alkaline stabilities of AEMs. Recent progress in the
development of long-lasting AEMFCs can be primarily attrib-
uted to advancements in the alkaline durability of AEMs and
AEIs. The alkaline durability of these materials is dependent on
their molecular structures as well as operating conditions, such
as concentration of alkali, temperature, and humidity. Fig. 15a
displays the retention of ionic conductivity after storage time in
a 1 M alkaline solution for the recently reported AEMs. More
detailed information on the AEM structure, test conditions, and

This journal is © The Royal Society of Chemistry 2023
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conductivity retention is presented in Table 8. Over the past few
decades, most AEMs have been composed of an ether-containing
backbone, particularly polyphenylene oxide, owing to its flex-
ibility and ease of synthesis. However, these polymers lose their
ionic conductivities over a short period of time under 1 M
alkaline conditions (Fig. 15a) because the electron-deficient
ether group is susceptible to nucleophilic OH™ attacks, causing
it to break down into two hydroxyl groups (Fig. 15b).

In recent years, new-generation AEMs, which have an ether-
free backbone such as polyphenylene and polyolefins, have been

View Article Online

Review

proposed and their enhanced alkaline stabilities have been
reported. The delocalized electron densities of these ether-free
AEMs enable them to endure nucleophilic OH™ attacks
(Fig. 15b). Indeed, the ether-free AEMs demonstrate exceptional
durability in 1 M alkaline solution (>1000 h operation while
retaining >90% of their initial conductivities) (Fig. 15a). However,
the use of an ether-free backbone does not completely prevent
the decrease in ionic conductivity because of the degradation
of the cationic groups that impart ionic conductivity. The alkaline
degradation pathway for the representative cationic group,
hexylTMA, is presented in Fig. 15c. The hexylITMA group is
commonly degraded by nucleophilic substitution (Sy2) and Hof-
mann elimination (E2). In the Sy2 reaction, the OH™ molecule
attacks the carbon atom linked to the nitrogen atom in the
cationic group, forming the hydroxyl group. At this moment, the
OH™ molecule can attack both the backbone side (Sx2(1)) and
methyl side (Sn2(2)) carbons connected to the nitrogen atom;
thus, the two pathways are possible. For the E2 reaction, the OH™
molecule attacks the hydrogen atom of the carbon from the hexyl
group and forms H,0; in this case, the C-H and C-N bonds break
and the C=C double bond forms simultaneously.

To enable facile conduction of OH™, the cationic groups in
AEMs must be both positively charged and highly polarized.
This polarization leads to the localization of electrons near the
cation groups. As a result, the nucleophilic OH™ ion can attack
the electron-deficient site, which can ultimately lead to decom-
position of the cationic group. To address this issue, we suggest
that the best cationic structures are those that are highly
polarized with low pKj, values and that can also sterically hinder
OH™ access to the electron-deficient sites. Additionally, incor-
porating a structure capable of minimizing the localization of
electrons would also be preferable.

5.2.2. Alkaline stability of the AEI binder. Since the water is
consumed at the cathode, the hydration level at the cathode
decreases with operating time or current (Fig. 16a). Dekel et al.
predicted a decrease in the hydration level at the cathode upon
cell operation and a consequent exponential increase in the

Table 8 Chemical structures, alkaline stability test conditions, storage times, and ionic conductivity retentions after the alkaline stability test for AEls

displayed in Fig. 15a

Alkaline stability Conductivity

AEM type Chemical structure test condition Test time (h) retention (%)  Ref.
Ether-free Poly(vinylferrocene) 1 M NaOH, 95 °C 4320 100 61
Poly(aryl-co-aryl piperidinium) 1 M KOH, 80 °C 2160 91 172
Poly(aryl piperidinium) 1 M NaOH 100 °C 2000 96 26
Poly(fluorenyl aryl piperidinium) 1 M NaOH 80 °C 2000 96 39
Poly(terphenylene) with TMA 1 M KOH 95 °C 1440 98 173
Poly(norbornene) with TMA 1 M KOH 80 °C 1200 99 174
Poly(norbornene) with TMA 1 M NaOH 80 °C 1000 99 45
Poly(fluoroalkylene-co-phenylene) with TMA 1 M KOH 80 °C 1000 97 175
Poly(olefin) with TMA 1 M KOH 80 °C 1000 84 176
Poly(fluorene) with TMA 1 M KOH 80 °C 720 97 177
Poly(ethylene) with imidazolium 1 M KOH 80 °C 720 95 178
Poly(fluoroalkylene-co-phenylene) with TMA 1 M KOH 80 °C 500 97 179
Ether-containing  Poly(phenylene oxide) with piperidium 1 M KOH 90 °C 192 91 180
Poly(sulfone) with TMA 1 M KOH 50 °C 6 61 181
Poly(arylene ether sulfone ketone-co-phenylene) with TMA 1 M KOH 60 °C 1000 34 182
Partially fluorinated poly(arylene ether-co-phenylene) with TMA 1 M KOH 80 °C 500 3 183
This journal is © The Royal Society of Chemistry 2023 Energy Environ. Sci., 2023, 16, 5633-5662 | 5653
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operation at 0.6 A cm™2. Panels (e)—(g) are reprinted with permission from
ref. 163.

degradation kinetic coefficient of trimethylbutylamine (TMBA)
at the cathode based on a mathematical model.'®* They simu-
lated the average IEC of the cathode AEI during constant
current AEMFC operations at different current densities and
found that the rate of IEC decrease increased with increasing
operating current density (Fig. 16b). Furthermore, they demon-
strated that the activation energy for Sy2(1) degradation of the
TMBA moiety decreased with the decreasing hydration level
through ex situ experiments and DFT simulations (Fig. 16c),"®>
indicating that Sy2(1) degradation becomes more severe at
lower hydration levels. Given the highly alkaline environment
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experienced during actual application of the AEI binders, the
stability of the AEI in a highly concentrated alkaline solution
may be more important than that in a 1 M alkaline solution.
Fig. 16d displays the stabilities of ether-free AEIs in a highly
concentrated alkaline solution (>3 M). Table 9 lists the struc-
tures, measurement conditions, and conductivity retentions for
the AEIs compared in this figure. The alkaline stability in a
highly concentrated alkali solution does not exceed 2000 h for
the AEIs reported. In contrast to their high stability in 1 M KOH
(Fig. 15a), the ether-free AEIs showed considerable loss in ionic
conductivity in highly concentrated alkaline solutions owing to
the degradation of the cationic groups. These findings suggest
that when designing a cathode AEI, it is crucial to prioritize the
alkaline resistance.

The deterioration of the cathode AEI during actual AEMFC
operation was experimentally verified for a CL based on the QPC-
TMA ionomer, whose structure is given in Fig. 16e. Hyun et al
investigated the relative amounts of the cationic group (C;HgN")
and a main-chain moiety (CF") of the AEI in the cathode CL
before and after 125 h of AEMFC operation at 0.6 A cm™ > using
ToF-SIMS analysis.'® As shown in Fig. 16f, the CF' intensity
decreased by only 6%, whereas the C;HgN" intensity reduced by
74% after the operation, indicating significant degradation of
the side-chain cationic group compared to the main chain. The
TEM images of the cathode CL (Fig. 16g) demonstrate that
the QPC-TMA phase, which clogs the interstitial pores between
the Pt/C particles, was damaged after 125 h of cell operation,
forming pores. In the high-magnification image, damaged QPC-
TMA residues were identified at the perimeters of the pores.

In addition to chemical degradation under an alkaline environ-
ment, electrochemical reactions are another cause of AEI degra-
dation at the cathode. Maurya et al. reported the electrochemical

190 As shown in

oxidations of phenyl-group-containing AEIs.
Fig. 17a, the cell voltage gradually decreased at a current density
of 0.6 A cm 2 and 80 °C, followed by immediate recovery after
alkaline solution replenishment by injection of 1 M KOH solution
into the cell. The arrows in Fig. 17a indicate injection of the
alkaline solution. The gain achieved through the replenishment
process is regarded as a recoverable performance loss. However,
despite the replenishment step, the initial cell voltage decreased
gradually, as indicated by the dashed line, which is considered a
permanent performance loss. The other interesting finding of this
work is the decreased lifetime of the AEMFC with decreasing
operating current (Fig. 17b), which implies that the cell durability
is lower at higher cell voltages, which contrasts with the previous
perception that the degradation of the cathode AEI becomes more
severe with increasing operating current due to cathode
dehydration.'®* The 'H NMR analysis for the cathode AEI (BPN
ionomer) before and after 75 h of operation at 0.9 V (Fig. 17c)
shows that the phenylene moiety is oxidized and converted to
phenol after operation. Based on these findings, they suggested
that the permanent performance loss originates from phenyl
oxidation (Fig. 17d). The phenyl groups of the AEI backbone
adsorb onto the Pt surface and are electrochemically oxidized to
phenol owing to the high potential at the ORR catalyst. The
hydroxyl group of the phenol drags the TMA'/OH™ pair and

This journal is © The Royal Society of Chemistry 2023
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Table 9 Chemical structures, alkaline stability test conditions, storage times, and ionic conductivity retention after alkaline stability tests for the AEls

displayed in Fig. 16d

Alkaline stability Conductivity

Chemical structure test condition Storage time (h) retention (%) Ref.
Poly(fluorenyl aryl piperidinium) 5 M NaOH 80 °C 2000 76 39
Partially fluorinated poly(arylene ether-co-phenylene) with TMA 4 M KOH 80 °C 1000 74 186
Partially fluorinated poly(arylene ether-co-phenylene) with TMA 8 M KOH 80 °C 570 9

Poly(olefin) with TMA 10 M NaOH 80 °C 700 93 187
Poly(aryl piperidinium) 5 M NaOH 80 °C 720 89 188
Quaternary ammonium-containing poly(olefins) with chain extenders 5 M NaOH 80 °C 700 87 189

reduces the pH at the ORR catalyst/AEI interface, resulting in
decreased ORR kinetics in the AEMFC (Fig. 17e).

5.3. Mechanical durability of the AEMFC

In addition to chemical durability, mechanical durability is an
essential factor for achieving long-lasting AEMFCs. In the
PEMFC field, the mechanical durability of the membrane is a
critical issue, and it is enhanced by either designing an
ionomer structure or incorporating a reinforcing element, such
as a porous support and filler. To assess the mechanical
durability of CEMs, the essential work of fracture and tensile

tests were suggested and demonstrated.’®’ Considering the
repeated volume expansion and shrinkage of the AEM during
dynamic operation, mechanical failure of the AEM can include
the formation of pinholes or cracks in the AEM and delamina-
tion between the AEM and CL (Fig. 18a). For PEMFC MEAs, CLs
strongly bind with the membrane via thermal lamination as an
external reinforcement; however, the thermal Ilamination
method does not always work optimally with AEMs. The
mechanical disintegration of the CLs can be an important
degradation mode in AEMFCs; however, this issue has not
been investigated yet.

Phenyl oxidation on ORR catalyst
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Fig. 17 Permanent performance degradation of AEMFCs caused by oxidation of the phenylene backbone of the AEI on ORR catalyst. (a) Cell voltage and
high frequency resistance changes under operation at 0.6 A cm™~2. (b) Correlation between cell operating current density and time to permanent cell
failure for an AEMFC MEA. The MEAs were constructed using m-TPN AEM, quaternized poly(fluorene) (FLN) AEI, and Pt/C for the cathodes and PtRu/C for
the anode. (c) Structural changes in the quaternized poly(biphenylene) (BPN) ionomer due to phenyl oxidation on the cathode catalyst surface (top) and
'H NMR spectra of the BPN ionomer before and after 75 h of holding test at 0.9 V. (d) Schematic illustration of the phenyl oxidation process on ORR
catalyst. (e) ORR voltammograms of the Pt polycrystalline RDE in pH-controlled NaOH solutions. The rotating speed and scan rate were 1600 rpm and
20 mV s72, respectively. Panels (a)—(e) are adapted with permission from ref. 190 and 146, respectively.
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The most commonly used durability test protocol for evaluating
the mechanical stability of a fuel cell is wet/dry cycling that consists
of repeating stages of fully humid and dry conditions every 2 min
(Fig. 18b). Although originally developed for PEMFCs, the test can
also be applied to AEMFCs. Fig. 18c shows the change in hydrogen
cross-over with the wet/dry cycle number for an MEA with PiperlON
AEM?® and one with a composite membrane consisting of a porous
polyethylene membrane and the PDTP-RCM ionomer.*® The rein-
forced membrane exhibited superior durability, and hydrogen
cross-over barely occurred over 2000 wet/dry cycles.

Fig. 18d shows the changes in OCV and Ohmic resistance for
MEAs using various AEMs (QPC-TMA, Sustainion, FAA-3, and
PiperION) as functions of the wet/dry cycle number (our data that
has not been published yet). Except for PiperION, all AEMs exhibited
a drop in OCV below 0.9 V within 600 cycles. The significant
decrease in the OCV implies that H, and O, gases pass through
the AEMs owing to their mechanical damage. A post-mortem
analysis (Fig. 18e) revealed membrane tearing at the edge of the
CL for the QPC-TMA and Sustainion AEMs and pinholes for FAA-3.

View Article Online
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In contrast, the PiperION AEM did not show any notable membrane
failure. Although the PiperlON-based MEA maintained the initial
OCV value, the Ohmic resistance abruptly rose after 1200 cycles, and
the -V power performance was significantly reduced after 1800
cycles, as shown in Fig. 18f. Such degradation can be caused by
delamination of the AEM/CL interface or disintegration of the CL.
The superior wet/dry cycling stability of PiperION can be attributed
to its high ultimate stress compared with other AEMs (Fig. 18g).

Xu’s group also reported interfacial delamination between
the AEM and CL and used a thermally cross-linked AEM
(CBBQPPO) (Fig. 18h) to achieve a robust interface.'®> For the
reference membrane where a 3D-zipped structure is not applied,
the interface was delaminated after AEMFC operation at 70 °C
(Fig. 18i left). In contrast, when the thermally cross-linked AEM
and AEI binder were used, the AEM/CL interface was stably
maintained after AEMFC testing (Fig. 18i right). The strong AEM/
CL interface resulting from the cross-linking enables over 120 h
of operation at 0.6 A cm™ > while the other MEAs without 3D-
zipped interfaces show rapid voltage losses.
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Fig. 18 Mechanical instability of the AEMFC MEA. (a) Mechanical deterioration modes for the AEMFC MEA. (b) Humidity changes under wet/dry cycling
test. (c) Hydrogen cross-over changes with wet/dry cycling for the MEA using PipelON AEM (left) and a reinforced membrane (PDTP-RCM) with a porous
polyethylene film (right). Data in (c) are adapted with permission from ref. 26 and 38. (d) Changes in OCV and Ohmic resistance with the wet/dry cycle
number for the QPC-TMA, PiperlON, FAA-3, and Sustainion AEMs. (e) Optical images of the membranes after wet/dry cycling tests. (f) i—V polarization
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3D-zipped ionomers (ZIL-MEA). Data in (h)-(j) are reprinted with permission from ref. 192.
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6. Outlook

Significant progress has been made in the development of
AEMs and AEIs, thereby greatly improving the performances
of AEMFCs. This has increased expectations for AEMFCs as
viable alternatives to PEMFCs. However, from a commercializa-
tion perspective, AEMFCs still require substantial leaps forward
in increasing their cost-competitiveness, durability, and relia-
bility. Current AEMFC studies mainly deal with materials and
MEAs; however, successful system development requires deli-
cate water and thermal management, which is missing.

Although achieving higher power performance is desirable,
it is essential to note that AEMFCs require significant amounts
of Pt compared to PEMFCs. This negates the inherent incentive
for cost-competitiveness. To address this issue, it is necessary
to design a CL that maximize the ECSA or to develop catalysts
with higher electrochemical activities. Mitigating the water
imbalance is also necessary to augment the ECSA. Additionally,
iterative MEA designs with lower amounts of Pt catalyst are
required to identify factors that limit their performance. In the
PEMFC technology sector, optimal CL structures have been
designed by tuning the catalyst/ionomer compositions and
their distribution. The remarkably high specific power density
of PEMFCs (>8 W cm > mgp, ') resulting from long-term
accumulated efforts in optimizing the CL structure can moti-
vate further research on the CL designs of AEMFCs.

An intuitive way to increase the cost competitiveness of AEMFCs
is to use non-Pt catalysts as the ORR catalysts as they have higher
ORR activities in bases than acids. However, the design of a CL
exploiting non-Pt catalysts presents a lot of challenges. Owing to the
low volumetric density of electrochemically active sites, the CL
thickness can be quite large at the catalyst loading level required for
high power performance, resulting in large electrical resistances
and/or mass transport resistances. The large and inhomogeneous
sizes of the current non-Pt catalysts hinder the expansion of
ionomer/catalyst contact. Therefore, more full-cell-level studies on
cathode CLs based on non-Pt catalysts are needed.

Regarding the use of non-precious-metal catalysts for the
anode, current HOR catalysts do not deliver high enough activ-
ities to replace Pt/C catalysts. Given the susceptibility of AEMFC
anodes to water flooding, a physical structure that facilitates
efficient drainage of water and gas diffusion must be considered
in addition to the HOR activity. Carbon supports with hydro-
phobic surface modifications'** or mesoporous structures (CNo-
vel™ from Toyo Tanso)'*>'** can be good options. Additionally,
the problem of strong adsorption of the AEI binder on the
surface of the HOR catalyst should be addressed. The structural
design of the AEI based on the calculation of the binding energy
to the catalyst surface and tuning the AEI distribution in the CL
can be effective approaches.

Durability is the biggest hurdle for AEMFCs from a practical
standpoint, but it has not been fully emphasized in favor of
presenting high power performances in a competitive manner.
In sharp contrast to the durability of PEMFCs (over 10 000 h in a
stack), AEMFCs have delivered a maximum of 2000 h of opera-
tion at the single-cell level. In our opinion, the most critical
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problem is the insufficient understanding of the key factors
causing degradation during cell operation. To the best of our
knowledge, the durability of AEMFCs has only been evaluated
at constant current. However, considering the operating envir-
onments of real fuel cells, the current values are bound to vary
depending on the power requirements. At this time, the water
distribution of the MEA changes dynamically, and the degrada-
tion behavior also changes. Therefore, it is necessary to evalu-
ate the durability of AEMFCs in an environment where the
current or RH value changes, and it is also necessary to develop
a standard protocol for this purpose.

Another overlooked aspect of durability is the mechanical
deterioration of materials and components, which is more
important in automotive applications. Crack and pinhole for-
mation in membranes during repeated swelling/drying of the
AEM and AEI at startup/shutdown can lead to sudden death. The
interfacial delamination of the AEM/CL and disintegration of the
CL can result in a drop in cell performance. However, in contrast
to the chemical durability of AEMFCs, the mechanical durability
has not been the subject of intensive investigations, probably
owing to the use of the constant current mode in durability tests,
which may not lead to significant mechanical degradation. A test
protocol that reflects dynamic operation of AEMFCs would hence
be necessary to motivate research on mechanical durability.

CO, poisoning presents a potential risk for fuel cell system
development. Even though electrochemical CO, scrubbing
systems appear promising, it is questionable whether the
scrubbing system is durable enough because it shares a lot of
degradation mechanisms with AEMFCs. The consumption of
H, fuel in the scrubbing system results in a loss of fuel
efficiency in the total AEMFC system. A techno-economic
analysis would be needed to assess the cost-effectiveness of
an AEMFC paired with a CO, remover. A new strategy to resolve
the CO, poisoning problem in an efficient and cost-effective
manner will have a great impact on AEMFC technology.

Acquiring fabrication technologies for the membranes, cat-
alysts, CLs, and MEAs are important milestones for advancing
AEMFC technology. For example, the state-of-the-art CLs for
AEMFCs conventionally employ the spray-coating method,
because it enables the use of small amounts of catalysts and
ionomers. For PEMFCs, spray coating was used in the early
stages of MEA research; however, current PEMFC CLs are
manufactured mainly by slurry-casting methods, which are
compatible with the roll-to-roll process. Very recently, our
group presented a slurry cast CL for AEMFCs, initiating the
research on CL manufacturing.’®® It is essential that the
fabrication technology keeps pace with materials development
to ensure the successful advancement of AEMFC technology.

Considering the fuel cells for transport applications signifi-
cantly require low humidity and high-temperature operation to
minimize the need for radiators and balance of plant, research
focusing on such harsh operating conditions is highly mean-
ingful. However, few studies reported low humidity and high-
temperature operation of AEMFCs.®"'°® More research would
be needed to explore the possibility of simplifying the system by
enabling low-humidity or high-temperature operations.
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In summary, AEMFCs have significant potential to power the
hydrogen future owing to their high cost competitiveness.
Current strides in material developments have encouraged
the community to move forward. However, to make AEMFCs
practical, the next step should be achieving sufficient durabil-
ity, incorporating non-precious-metal catalysts, and improving
reliability by addressing problems such as CO, poisoning and
water imbalance.
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