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a b s t r a c t

The solid polymer electrolyte (SPE) alkaline anion exchange membrane (AAEM) fuel cell

exhibits facile oxygen reduction reaction (ORR) kinetics and has the ability to utilise non-

precious metal electrocatalysts. However, the AAEM is reported to suffer from increased

instability within the alkaline media (degradation) via a number of routes, including

nucleophilic elimination when operated at temperatures above 60 �C, somewhat elimi-

nating the kinetic advantage of operating at higher temperatures. Nonetheless, modelling

studies have indicated that the membrane hydration could show improved resistance to

alkaline instability and subsequent degradation when operated at elevated temperatures.

This investigation uses the quartz crystal microbalance (QCM) to examine the thermal

stability of a commercial AAEM as a function of humidity. The results show that hydration

improves ionomer resistance to degradation, as the ions within the system (namely the

OH� nucleophile and cationic headgroups) become less reactive. In-line mass spectrometry

data confirms that the ionomer degrades during the elevated temperature excursions used

in this study.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Alkaline anion exchange membrane (AAEM) fuel cells have

the potential to replace the traditional acidic proton exchange

membrane (PEM) fuel cells for low temperature applications.

With more facile oxygen reduction reaction (ORR) kinetics

than traditional PEM fuel cells, the alkaline medium allows

implementation of lower cost, non-precious metal

electrocatalysts [1,2], compared to the more resilient precious

metals (e.g. Pt) required in acidic media [3e5].

AAEMs contain positively charged (cationic) headgroups

that have been suggested to dissociate more weakly than the

sulphonic acid groups found in Nafion; coupled with the

inherently lower electrochemical mobility of OH� ions

compared to protons, means that AAEMs typically have ionic

conductivities approximately a quarter of those for PEMs [6].

Many AAEMs include more cationic groups along the polymer
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backbone to improve ion exchange capacity (IEC) and thus the

ionic conductivity; however, the increased fixed charge con-

centration can lead to deterioration of the AAEMs'mechanical

properties [7e9].

The most common cationic group in AAEMs is quaternary

ammonium, [R4N
þ] [10], which is often used as it has higher

stability within alkaline media compared to phosphonium or

sulphonium groups [11]. However, it has been well docu-

mented that AAEMs can also suffer from chemical instability

in alkaline environments [11e13], with chemical degradation

stemming largely from nucleophilic attack by hydroxide ions

on the cationic fixed charged sites; a process accelerated by

operation at elevated temperatures.

For example, the quaternary ammonium group is suscep-

tible to cleavage in the presence of hydroxide ions, leading to

the E2 elimination reaction (the Hofmann elimination) shown

in Fig. 1.

During E2 elimination, hydroxyl ions attack b-hydrogens,

leading to the formation of an alkene, an amine and a water

molecule. Most work to date has suggested that Hofmann

elimination is negligible below 60 �C, butmuch faster at higher

temperatures, resulting in significant membrane degradation

[14e16]. This is an obvious limitation for current alkaline

membranes as the kinetic benefit of operating at higher

temperatures is unobtainable.

The other key mode of ionomer degradation is direct

nucleophilic displacement at the cation site; this can occur

through two possible reaction pathways for quaternary

ammonium charge sites, as shown below in Figs. 2 and 3. In

these cases, the hydroxide ions attack at either the methyl

group, forming methanol, or at the CeC bond between the

alpha and beta carbons to cleave the cation site (SN2 reaction)

[12]. These mechanisms are further discussed elsewhere

[17,18]. Other degradation routes presented within the litera-

ture includedeprotonationof the [R4N
þ] headgroups toproduce

nitrogen ylide intermediaries [19,20] and specific studies on the

degradation of the polymer backbone put forward by Arges

et al. [21,22], Chen andHickner [23] andMohanty et al. [24]. The

consequence of these degradationmechanisms is a loss in the

number of ion-exchange groups and a subsequent decrease in

OH�conductivity,withconsequences for fuel cell performance.

As with most SPEs, AAEM hydroxyl conduction improves

with hydration as the ionomer channels solvate and subse-

quently swell [25,26]. There is a balance between improved

membrane conductivity through hydration and the delete-

rious effects on performance seen in fuel cells caused by the

formation of liquid water blocking reactant channels and gas

diffusion layer pores. Recent published work [17,20,27] on

formulated headgroups has added a new dynamic to this

balance, indicating a correlation between ion solvation (and

hence ionomer hydration) and ionomer degradation by

nucleophilic attack.

The model presented by Chempath et al. [17] implements

an untethered cationic head group, [N(CH3)4]
þ, and shows that

the degradation mechanisms appear more aggressive in a

system with low water content. Work by Macomber et al. [20]

reports a similar conclusion, where the thermal degradation

of tetramethyl ammonium hydroxide is retarded by hydra-

tion. In both cases, the investigations explain that a dehy-

drated membrane exhibits more aggressive degradation, as

both the hydroxyl ions and cations remain un-solvated and

thus more reactive [17,20].

This investigation experimentally explores how specific

hydration levels affect the alkaline instability and hence

degradation mechanisms of a commercially available AAEM

ionomer (Tokuyama, Japan) with tethered quaternary

ammonium headgroups, using a quartz crystal microbalance

(QCM). The QCM has proved to be a powerful in-situ mass

monitoring technique for the study of polymer interactions at

a solid interface, offering nanogram mass resolution [28e31].

In-line mass spectrometry is used alongside the QCM in this

study to further elucidate the importance (and limitations) of

cation and hydroxide ion solvation for the stability of an

AAEM ionomer.

Experimental

Quartz crystal microbalance

The QCM is a bulk acoustic wave (BAW) resonator that is often

used as an in-situ mass monitoring device with nanogram

resolution [32,33]. With an applied voltage, the QCM oscillates

at a specific frequency as a function of its dimensions and the

amount of mass deposited on its electrodes. If the system

under consideration undergoes a mass deposition or loss, the

shift in frequency can be accurately measured and the anal-

ogous contacting mass change can be determined using the

Sauerbrey equation:

Df ¼ �2f 2o Dm
A ffiffiffiffiffiffiffiffiffiffiffi

mq rq
p (1)

where Df is the measured frequency shift, f0 is the microbal-

ance's fundamental frequency, A is the piezoelectric area, mq
and rq are the shear modulus and density of quartz respec-

tively, and Dm is the corresponding mass change.

Aspects of the use of the Sauerbrey equation are well

established and the reader is directed to [32e34] for further

information. Studies often only consider the frequency shift of

the QCM, limiting the extent of information accessible using

the technique. Additional insight can be derived about visco-

elastic changes in thin films by using crystal admittance

spectroscopy (CAS). In the conventional (active) mode of

operation, the QCM oscillates at its natural frequency and the

Fig. 1 e Hofmann (E2) elimination reaction mechanism.
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