
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 3
:5

4:
46

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Ionomer degrada
aDepartment of Chemistry and Chemical Bio

14853, USA. E-mail: hda1@cornell.edu
bCollege of Chemistry and Molecular Science

Sources, Wuhan University, Wuhan 430072,

lzhuang@whu.edu.cn
cDepartment of Chemistry, Miller Institute, U

California 94720, USA

† Electronic supplementary informa
https://doi.org/10.1039/d3sc03649a

Cite this: Chem. Sci., 2023, 14, 10429

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 15th July 2023
Accepted 28th August 2023

DOI: 10.1039/d3sc03649a

rsc.li/chemical-science

© 2023 The Author(s). Published by
tion in catalyst layers of anion
exchange membrane fuel cells†

Qihao Li, a Meixue Hu,b Chuangxin Ge,b Yao Yang,c Li Xiao,*b Lin Zhuang*b

and Héctor D. Abruña *a

Anion exchange membrane fuel cells (AEMFCs) that operate at high pH, offer the advantage of enabling the

use of abundant 3d-transition metal-based electrocatalysts. While they have shown remarkable

improvement in performance, their long-term durability remains insufficient for practical applications

with the alkaline polymer electrolytes (APEs) being the limiting factor. The stability of APEs is generally

evaluated in concentrated alkaline solutions, which overlooks/oversimplifies the complex

electrochemical environment of the catalyst layer in membrane electrode assembly (MEA) devices.

Herein, we report a study of the degradation of the membrane and ionomer independently under

realistic H2–air (CO2 free) fuel cell operation, using proton nuclear magnetic resonance (1H-NMR), cyclic

voltammetry (CV), electrochemical impedance spectroscopy (EIS), and X-ray photoelectron

spectroscopy (XPS). While the membrane degradation was minimal after the AEMFC stability test, the

ionomer in the catalyst layers degraded approximately 20% to 30% with the cathode being more

severely affected than the anode. The ionomer degradation decreased the catalyst utilization and

significantly increased the ionic resistance, leading to significant performance degradation in the AEMFC

stability test. These findings emphasize the importance of ionomer stability and the need to consider the

electrochemical environments of MEAs when evaluating the stability of APEs.
Introduction

Alkaline polymer electrolyte fuel cells (AEMFCs) have drawn
increasing attention in recent years due to their advantage of
utilizing nonprecious metals as electrocatalysts, thus enabling
large-scale commercialization of fuel cell technologies.1,2 The
development of a key component, the alkaline polymer elec-
trolyte (APE), has been a critical part of AEMFC technology.3–5

With the development of APEs with high ionic conductivity and
mechanical strength, AEMFCs have been able to achieve a high
performance of up to 3.4 W cm−2,6–8 which is signicantly
higher than that of typical proton exchangemembrane fuel cells
(PEMFCs).9 Nonprecious metal-based catalysts, such as transi-
tion metal oxides and nitrides, have also been investigated and
tested and have achieved good fuel cell performance, demon-
strating the potential of AEMFC technology.10–12 However, the
long term stability/durability of AEMFCs still remains
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a signicant challenge in realistic membrane electrode
assembly (MEA) devices. Most of the reported stabilities lie
within the range of several hundred hours or less,13,14 which is
far from the stability target for realistic applications (>8000 h).15

The degradationmechanisms of polyelectrolyte fuel cells can
be divided into structural failures, including those of the gas
diffusion layer, catalyst layer, and interfaces, as well as chemical
degradation of the catalysts and polyelectrolytes.16–18 Great
efforts have been devoted to the development of alkaline-stable
APEs, including designing heteroatom-free backbones and
stable cations such as piperidinium.6,19–22 However, the stability
of APEs still remains a limiting factor in AEMFCs.

The stability of APEs is generally tested in concentrated
alkaline solutions at elevated temperatures, which mainly
evaluates nucleophilic substitution (SN2) and elimination (E2)
degradation pathways.23 Since such testing environments are
different from those present in fuel cells and do not take into
account the complexity of the catalyst layer, many APE degra-
dation pathways that are known to exist in AEMFCs, such as
radical attack and oxidation at high potential, cannot be prop-
erly evaluated in alkaline solutions.24–26 As a result, APEs that
perform well in alkaline stability tests do not necessarily exhibit
comparable fuel cell stability. For example, while quaternary
ammonium poly(N-methyl-piperidine-co-p-terphenyl) (QAPPT)
retains over 95% of its cation exchange capacity aer a 5000
hour alkaline stability test, its AEMFC stability is limited to only
Chem. Sci., 2023, 14, 10429–10434 | 10429
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a few hundred hours.6 This discrepancy highlights the need for
detailed studies of the degradation of APEs under AEMFC
conditions, particularly the degradation, under electrochemical
conditions, of the ionomer present in the catalyst layers.

In this work, we have studied the degradation of the
membrane and ionomer separately using proton nuclear
magnetic resonance (1H-NMR), electrochemical impedance
spectroscopy (EIS), and X-ray photoelectron spectroscopy (XPS).
We have found that the degradation in AEMFC performance can
be largely attributed to the degradation of the ionomer in the
catalyst layer, while the membrane itself exhibited no signi-
cant changes. Approximately 20% to 30% of the ionomer's
ammonium cations (responsible for ion transport) degraded to
tertiary amines, with further degradation to secondary amines
being observed, leading to signicant performance degradation
and to a 4- to 8-fold increase in the ionic resistance of the
catalyst layer. These ndings emphasize the signicance of
assessing the stability of APEs under realistic conditions that
closely resemble those of the AEMFC environment, and the
need to take into account degradation pathways that exist and
can be exacerbated in an electrochemical environment.

Results and discussion

An AEMFC utilizing QAPPT as both the membrane and ion-
omer, in combination with a commercial Pt/C catalyst on both
the anode and cathode, was tested at a constant current density
of 0.6 A cm−2. Fig. 1a presents the cell voltage and high-
frequency resistance (HFR) over a period of 60 hours. The
rapid decline in cell voltage observed in the rst few hours can
be attributed to the previously observed imbalance in water
distribution, which leads to an increase in mass transport
resistance.27 This is conrmed by the electrochemical imped-
ance spectra (EIS) obtained in the rst 3 hours and the corre-
sponding distribution of relaxation time (DRT) analysis, shown
in Fig. S1.† While the reaction resistance showed only a slight
increase, the mass transport resistance increased signicantly.
Aerwards, the cell voltage gradually decreased while the HFR
Fig. 1 (a) Fuel cell voltage and high-frequency resistance (HFR) during a s
ammonium poly (N-methyl-piperidine-co-p-terphenyl) (QAPPT) as bot
membrane is depicted in the inset. The cell temperature was set to 80 °C
were flowed into the anode and cathode, respectively, at a flow rate of 40
(BOL) and after 60 hours of the stability test.

10430 | Chem. Sci., 2023, 14, 10429–10434
increased. Aer 40 hours, the HFR increased dramatically,
nearly doubling from about 130 to 250 mU cm2, accompanied
by a faster decrease in cell voltage. Fig. 1b shows that the fuel
cell performance decreased dramatically aer the 60 hour
stability test. The peak power density (PPD) decreased from 1 to
0.4 W cm−2, and the current density at 0.4 V decreased from 2.5
to 1 A cm−2. The performance decrease remains evident even
aer iR correction, as depicted in Fig. S2.† This suggests that the
decline in performance cannot be solely attributed to
membrane ionic resistance. The stability of the AEMFC can be
extended under milder stability testing conditions. For
example, when operated at 70 °C at a current density of 0.2 A
cm−2, the cell voltage decreased from around 0.75 V to 0.6 V in
400 hours, and subsequently experienced a rapid decline aer
400 hours, showing better stability with a similar degradation
trend (see Fig. S3†).

In order to examine any chemical changes in the QAPPT
membrane aer the stability test, the catalyst layer was rst
removed from the membrane electrode assembly (MEA) by
sonication in a mixture of ethanol and water. The MEA was then
dried and dissolved in hexadeuterated dimethyl sulfoxide
(DMSO-d6) to obtain the proton nuclear magnetic resonance
(1H-NMR) spectrum. Fig. 2a presents the 1H-NMR spectra
before and aer the stability test, suggesting no signicant
changes. The cation graing ratio (GR) was calculated using the
area ratio between piperidiniummethyl protons at 3.2 ppm (H4)
and arylene protons at 7.4–7.8 ppm (H1–3) as reported in the
literature.6,28 The GR decreased slightly from 90% to 89%,
indicating that membrane degradation is not the main reason
accounting for the increase in ionic resistance observed during
the stability test. The cyclic voltammograms (CV) of the MEA
catalyst layers before and aer stability testing are presented in
Fig. 2b. One can observe that the features in the hydrogen
underpotential deposition (H-UPD) region became less well-
dened aer the stability test, particularly for the anode. Inte-
gration of the charge in the H-UPD region revealed that, aer
stability testing, the electrochemical surface area (ECSA)
tability test at a constant current density of 0.6 A cm−2 using quaternary
h the membrane and ionomer. The chemical structure of the QAPPT
with a back pressure of 0.2 MPa. Hydrogen and CO2-free air (SynAir)

0 sccm. (b) Corresponding fuel cell performance at the beginning of life

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Proton nuclear magnetic resonance (1H-NMR) spectra of the QAPPT membrane at the BOL and after a 60 hour stability test. (Inset:
chemical structure with numbers indicating the peak assignment of the NMR spectra). (b) Cyclic voltammetry (CV) of catalyst layers at the BOL
and anode and cathode after 60 hours of stability testing. CV was performed with a 2-electrode configuration with the side purging hydrogen
serving as both the reference and counter electrode. Note that the CVs of the anode and cathode were identical at the BOL.
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decreased by 24% and 48% for the anode and cathode,
respectively. The decrease in ECSA could result from (i) an
increase in the Pt particle size or loss of Pt due to dissolution
and related processes, with both resulting in a smaller Pt
surface area, or (ii) a decrease in the ionic conductivity of the
catalyst layer, which would lead to a loss of Pt surface accessi-
bility in the catalyst layer. The X-ray diffraction (XRD) spectra of
the catalyst layer displayed no signicant peak shi at both the
anode and cathode. The average crystallite size, calculated
using Scherrer's equation, was determined to be 2.0 nm at the
BOL, and 2.1 nm and 2.3 nm for the anode and cathode aer 60
hours of the stability test, respectively (Fig. S4†). This minor
change is insufficient to account for the alteration in the H-UPD
region ECSA. To further analyze the decrease in ECSA, we
measured the ionic conductivity in the catalysts layers.

The direct measurement of ionic conductivity in the catalysts
layers is challenging since they are electrically conductive, and
the complex electrochemical reaction processes of the two
electrodes in the MEA further complicate the EIS behavior and
interpretation. To mitigate/overcome these challenges, we
measured the EIS spectrum under nitrogen with the potential
held within the double layer region (0.45 V) to eliminate/
minimize the contributions from the electrochemical reac-
tion, while the other electrode was purged with hydrogen so its
behavior could be minimized due to the fast hydrogen reaction
kinetics. Based on de-Levie's solution for the transmission line
model,29 the impedance Zc(f) and complex capacitance Cc(f) can
be described by using the following equations:

Zcðf Þ ¼ Rionffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2pRionCdlf

p coth
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

j2pRionCdlf
p �

(1)

Ccðf Þ ¼ 1

j2pfZcðf Þ ¼
Cdlffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

j2pRionCdlf
p tanh

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2pRionCdlf

p �
(2)
© 2023 The Author(s). Published by the Royal Society of Chemistry
where Rion is the ionic resistance in the catalyst layer, Cdl is the
double layer capacitance between QAPPT and electrically
conductive components, j is the imaginary unit, and f is the
frequency. In addition, the catalyst layer ionic transport resis-
tance can be calculated by using the following equation:

fp = 0.404/RionCdl (3)

where fp is the peak frequency in the real capacitance plot.
The EIS spectrum (Fig. S5†) indicates that the resistance of

the membrane increased from 20 to 40 mU aer the stability
test, which partially explains the increase in HFR. The corre-
sponding real and imaginary capacitance plots of the catalyst
layer EIS spectrum are shown in Fig. 3a and b. The capacitance
of the anode and cathode decreased from 28 mF cm−2 to 23 mF
cm−2 and 20 mF cm−2, respectively, aer the stability test. This
decrease in capacitance at the ionomer/catalyst interface is
consistent with the observed decrease in ECSA following the CV
tests. The peak frequency for the anode and cathode decreased
from 25 to 6 and 4 Hz, respectively. The ionic resistance of the
catalyst layer (Rionic) was calculated and is shown in Fig. 3c, with
a signicant increase from 0.6 to 2.2 and 6.4 U cm2 for the
anode and cathode, respectively. The decrease in ionomer/
catalyst interface capacitance and increase in ionic resistance of
the catalyst layer is consistent with the observed decrease in
ECSA and less well-dened H-UPD features in the CV proles
aer the stability test. Collectively, the results of these experi-
ments suggest that the ionomer in the catalyst layer degrades
during the stability test, resulting in lower Pt catalyst utilization
and an increase in the ionic resistance of the catalyst layer. And
all experimental evidence indicates that the extent of degrada-
tion is more signicant at the cathode. These observations,
together with the 1H-NMR results of the membrane aer the
stability test, lead to the conclusion that there is a signicant
Chem. Sci., 2023, 14, 10429–10434 | 10431
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Fig. 3 Experimental (a) real and (b) imaginary capacitance plots of the catalyst layer at the BOL, anode, and cathode after a 60 hour stability test.
(c) Corresponding calculated ionic resistance in the catalyst layer.
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difference in the degradation rate between the membrane and
the catalyst layer ionomer, which is more pronounced at the
cathode.

To further study the changes in the ionomer, especially the
ammonium cation, the X-ray photoelectron spectroscopy (XPS)
spectrum of the catalyst layer was recorded before and aer the
stability test. Fig. 4a shows the N 1s XPS spectra of the catalyst
layer before the stability test. The peaks with binding energies
of around 402.7 eV and 399.2 eV can be assigned to quaternary
amine (ammonium cation) and tertiary amine, respectively,30

with 94% being quaternary amine and 6% being tertiary amine,
which is in close agreement with the 95% cation graing ratio
(GR) of the QAPPT used as an ionomer in the catalyst layer.
Fig. 4b and c show the N 1s XPS spectrum of the anode and
cathode aer the 60 hour stability test, respectively. They show
that the percentage of quaternary ammonium decreased to 73%
and 63% for the anode and cathode, respectively, indicating
a 21% and 31% degradation of the ammonium cations. This
explains the capacitance decrease and ionic resistance increase
Fig. 4 N 1s XPS spectra of the catalyst layer at (a) the beginning of life (BO
(d) Quaternary and possible tertiary and secondary amine structures cor

10432 | Chem. Sci., 2023, 14, 10429–10434
in the catalyst layer, which causes the decrease in performance
aer the stability test. It is also in agreement with a lower ECSA
and higher ionic resistance observed in the cathode when
compared with the anode. Furthermore, a peak with a binding
energy of around 397.7 eV emerged in the N 1s XPS spectrum
aer the stability test in both the anode and cathode, with 7%
and 15% relative intensity, respectively, which can be assigned
to secondary amines.30 Structures of initial quaternary ammo-
nium and subsequent tertiary and secondary amines based on
likely degradation pathways are shown in Fig. 4d. Nucleophilic
substitution (SN2) and elimination (E2) degradations are the
most commonly reported chemical pathways. In addition,
oxidative radical induced electrophilic degradations are also
possible because of piperidinium's lability to electrophilic
attack. Alternative techniques are required in future studies to
reveal the degradation mechanism in detail.

Reported degradation products of quaternary ammoniums
in APE alkaline stability tests include tertiary amines23,28,31,32 The
further degradation of tertiary amines into secondary amines in
L) and the (b) anode and (c) cathode after 60 hours of stability testing.
responding to N 1s XPS peaks.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the catalyst layers highlights the amplifying impact of the
electrochemical environment on the degradation of the alkaline
polymer electrolyte, particularly the cations. The severe degra-
dation of the ionomer in contrast to the almost unchanged
membrane aer the stability test also highlights the necessity of
considering the effect of electrochemical environment in MEAs
on the degree and pathways of APE degradation. Possible
reasons for this difference are (1) the applied potential and (2)
radicals generated during electrochemical reactions in the
catalyst layer. This can also explain the higher degree of ion-
omer degradation in the cathode, which may be attributed to its
higher potential and greater generation of radicals during the
oxygen reduction reaction. These results unambiguously high-
light the signicance of ionomer stability and the need to
evaluate the stability of APEs while considering the inuence of
the electrochemical environments. Studying the inuence of
potential, radicals and electrochemical reactions on ionomer
stability is currently underway.
Conclusions

In this study, we investigated the degradation of both the
membrane and catalyst layer, independently, using 1H-NMR,
CV, and EIS, aer subjecting AEMFCs to constant current
stability tests. We observed that while the membrane remained
virtually unchanged, the ionic resistance in the catalyst layers
signicantly increased and the ECSA decreased, with the
cathode being more signicantly affected than the anode. N 1s
XPS analysis revealed that the quaternary amine of the ionomer
in the catalyst layer degraded by 20–30%, which is the main
reason for AEMFC degradation using QAPPT. Our ndings
underscore the critical role of ionomer stability in AEMFCs and
highlight the inuence of the catalyst layer environment on the
degradation rates and pathways of APEs. This suggests that
future research should consider the complex electrochemical
environment, including the applied potential and generation of
radicals, when evaluating APEs' stability.
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