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A. Abstract

The research has focused on designing and testing anion-exchange membrane fuel
cells (AEMFCs). The results mentioned herein include a novel, milestone model of
AEMFC performance stability, and additional conclusions on anion-exchange
membranes' (AEM) behavior in realistic, CO2-containing air. These results have been
published in peer-reviewed papers — attached below as-is. The preparation of non-Pt
electrodes and their testing in fuel cells has not been published yet and is presented in

the following section.

B. Non-Pt AEMFC Testing

We have prepared two types of non-Pt anodes (AN), and used the same, non-Pt,
N-doped carbon cathode (CA). The two anodes were a NiFe and a Pd-CeOz2. The
IV (polarization) curves and both settings are presented below.

1. NiFe

Anode - Catalyst Coated Membrane (CCM): 4.135 mgnire/cm? on A-201 with AS-

4 ionomer (50:50 AEI to catalyst ratio)
Cathode — Gas Diffusion Electrode (GDE): 0.703 mgn-doped-c/cm? with TMA-

functionalized Fumatech ionomer (30:70 AEI to catalyst ratio)
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AN: DP = 95°C, Inlet = 95°C, Flow = 0.01 SLPM, RH = 100%, Pressure=2 bara
CA: DP =95°C, Inlet = 95°C, Flow = 0.2 SLPM, RH = 100%, Pressure = 0 bara

Cell temp = 95°C

The activity of this catalyst combination seems to be quite poor, mainly due to the novel,

NiFe catalyst as the next results show. Still, it does present some activity, and further

development of this promising catalyst is underway.

2. Pd-CeO>

AN GDE: 0.719 mgprdceo2/cm? with TMA-functionalized Fumatech ionomer (20:80

AEI to catalyst ratio)
CA GDE: 0.703 mgn-doped-c/cm? with TMA-functionalized Fumatech ionomer (30:70
AEI to catalyst ratio)
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Cell temp =70 °C
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This catalyst combination, including the proven Pd-CeO:2 anode catalyst and the N-doped
carbon catalyst shows good results in a wide range of operation temperatures, and in different
pressure combinations. The relative humidity (RH) is not set to the maximum, following

modeling inputs (See below in the published paper).

C. Published papers (from the next page)

1. “Predicting performance stability in anion exchange membrane fuel cells”; Dario R.
Dekel, Igal G. Rasin and Simon Brandon; J. Power Sources, 420, 118-123, 2019.

2. “Effect of CO2 on the properties of anion exchange membranes for fuel cell
applications”; Noga Ziv, Abhishek N. Mondal, Thomas Weissbach, Steven Holdcroft
and Dario R. Dekel; J. Membrane Sci. 586, 140-150, 2019.
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HIGHLIGHTS GRAPHICAL ABSTRACT

® We present a unique model capable of
predicting the performance stability of
AEMFCs.

® The model relates between ionomer
degradation, hydration and operating
conditions.

® Model results provide critical insights
for the development of highly stable
AEMFCs. 0

® Using AEMs with achievable targeted 0
properties, the model predicts life-
time > 5000h
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ARTICLE INFO ABSTRACT

Keywords: Anion-exchange membrane fuel cells (AEMFCs) are attracting increasing attention worldwide mainly due to this
Anion exchange membrane fuel cells technology's potential to considerably reduce fuel cell device costs. However, their development and im-
Modeling plementation is significantly handicapped by the membrane and ionomer's decomposition during cell operation.
Hydration

In this study we propose and apply a unique one-dimensional model capable of predicting, for the first time, the
performance stability of AEMFCs. The model accounts for the ionomeric material degradation and its re-
lationship with local hydration, which depends on cell material properties, design parameters and operating
conditions. Using this model, we successfully demonstrate the strong impact of operating current density and
membrane characteristics on the performance stability of a representative cell. The predicted cell stability
provides critical insights for the design and development of highly stable AEMFCs. By using membranes with
achievable targeted properties, the model predicts an AEMFC life-time higher than 5000 h, suitable for auto-
motive applications.

Membrane degradation
Ionomer degradation
Cell performance stability

1. Introduction

The growing interest [1] in anion exchange membrane fuel cells
(AEMEFCs) is driven by the potential advantage of these systems over the
relatively established proton exchange membrane fuel cells (PEMFCs).
These advantages include superior oxygen reduction reaction (ORR)
kinetics due to the high pH conditions, enabling the use of relatively
cheap Pt-free catalysts [1-9], and reduced fuel crossover due to the use
of hydrocarbon-based anion exchange membranes (AEMs) [1,10]. As a

result of these strengths (relative to PEMFCs), AEMFCs can potentially
revolutionize the fuel cell market, particularly for automotive applica-
tions, where fuel cell stack costs are critical.

The large effort invested in hydrogen AEMFC research has recently
led to substantial advances in cell performance in these systems, as was
recently summarized in a review study [11]. Achievements include
peak power densities and limiting current densities equal to or larger
than 1.0 W em ™2 and 2.0 A cm ™~ 2, respectively [11], both with Pt-based
catalysts [12-14] and without Pt [2-5,15]. However, despite these
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significant achievements, cell performance is found to be unstable, re-
ducing over time in a manner that currently limits the most advanced
AEMEFCs to less than 1000 h of operation, and mostly, to less than 300 h
(see e.g. Ref. [11] and references within). This severe limitation in cell
life time currently represents the major unresolved challenge in this
field.

The low performance stability of AEMFCs is mainly’ caused by the
chemical degradation of the anion conducting ionomers due to the high
pH environment existent during the operation of the fuel cell [16-18].
Although AEM functional groups that are stable under well hydrated
alkaline conditions have been developed [19-25], several recent studies
now reveal that the high pH environment of AEMFCs combined with a
low hydration level at the cathode side of the cells, could explain most of
the chemical degradation [26-28] and the decay in performance during
AEMFC operation (see e.g. Refs. [11,29]). Specifically, the high pH,
combined with low hydration levels (in the membrane and in the
cathode catalyst layer), exposes the quaternary ammonium (QA) cation
functional groups in the ionomer to chemical attack by poorly solvated
and thus highly reactive hydroxide anions [27]. This break down of the
ionomeric materials in the cell leads to a continuous (and harmful)
reduction of its ion exchange capacity (IEC) which, in turn, results in a
continuous reduction in ionic conductivity and an increase in cell re-
sistance, resulting in a rapid decrease in performance, as shown in the
experimental literature (see e.g. Ref. [11]).

The low hydration levels encountered in the cathode, which are a
result of water consumption via the ORR, are further reduced with in-
creasing AEMFC current density [30]. Although the research commu-
nity nowadays recognizes this phenomenon [31,32], the severity of its
outcome is usually underrated, partially due to the relatively low cur-
rent densities achieved in most relevant computational studies (typi-
cally smaller than 500 mA cm ™ %) [31-37]. A recent model, which was
validated at large current densities, was used to predict hydration levels
in a cell simulated to operate at current densities of 1.0 Acm ™2 and
above [30]. Low levels of the hydration number (A < 10) were found
to exist in the cathode when the AEMFC was simulated to operate at
low current densities, while at high values of the current density (1.0
and 2.0 A cm ™~ ?), hydration number levels were respectively reduced to
A =4 and A = 2. Note that these calculations involved a model cell
with a thin AEM (10 um); cells with thicker AEMs are therefore ex-
pected to exhibit even lower hydration number values [31]. Finally, it is
important to emphasize the correspondence between the low cathode
hydration number values simulated in our previous work [30] and
those (A < 4) for which very fast ionomer degradation rates were ob-
served in experimental stability tests [26].

As indicated above, most published modeling studies of AEMFCs
identify the issue of low hydration levels in the cathode. However, the
newly obtained understanding that these low A values may be asso-
ciated with crucially enhanced ionomer degradation has not yet been
introduced into relevant models; to the best of our understanding, there
are currently no models able to predict performance stability of an
AEMEFC. In this manuscript, we present a computational analysis of the
performance of a representative AEMFC that takes into account the
ionomeric material degradation and its relationship with local hydra-
tion, which depends on cell material properties, design parameters and
operating cell conditions.

Our analysis is based on the introduction of degradation kinetics
into an improved version of the model described in our previous study
[30], where the modifications to the model as well as properties and
parameters employed here are described in Section 2. Following this, in
Section 3, we present results which are mainly concerned with the
performance stability of representative AEMFCs as a function of two

! Additional degradation mechanisms, worthy of investigation, exist (e.g.
catalyst agglomeration). However the focus here is on the main problem which
is associated with chemical attack on the ionomeric material.
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important operating and design parameters — the current density and
membrane thickness. A brief summary of these results as well as the
conclusions drawn from them are provided in Section 4.

2. Mathematical model and computational approach

As stated above, our approach involves the application of an up-
dated version of our recently reported model [30], with the critical
addition of ionomer degradation kinetics as a function of the local
hydration of the cell. This is necessary for the prediction of realistic
time-dependent deterioration of AEMFC performance. In addition, we
report on an improvement of the model involving a more rigorous
treatment of the gas diffusion layers (GDLs). We next provide a concise
overview of our approach with an emphasis on its newer aspects; unless
stated otherwise, the nomenclature remains the same as in our previous
study [30] where any additional terms are explicitly defined below.

The main model equations are provided in Table 1, with boundary
conditions summarized in Table 2. Modifications related to GDL mod-
eling are included in Tables 1 and 2, while details of the newly in-
troduced degradation kinetics are described as follows.

Modeling degradation kinetics is based on degradation data, as a
function of hydration level, recently provided in the literature [26,29]
for the case of the commonly used trimethylbenzyl quaternary ammo-
nium (TMBA) functional group. Data is also available for triethylbenzyl
quaternary ammonium (TEBA) but its inferior stability renders it un-
attractive for our current study. In fact, to the best of our knowledge,
TMBA and TEBA are the only functional groups whose degradation
kinetics have been measured under low hydration conditions, and
TMBA is the most stable cationic group so far reported at such (low
hydration) conditions (see e.g. Refs. [26,29]). Thus, TMBA is the nat-
ural choice for a representative quantitative modeling study on func-
tional group kinetic degradation and its impact on AEMFC perfor-
mance.

We assume first order kinetics according to which the ion exchange
capacity (IEC), represented by the concentration of hydroxide ions (or
of quaternary ammonium, due to electro-neutrality) in the ionomer
(cou ), changes with time as dictated by

aCOH*
=—-k@A, T -
Y ( )con 1

where k(2, T) is the degradation rate constant, A is the local hydration
number (A= cy,0/Con—.) in the cell and T is the temperature. The de-
pendence of the rate constant on the hydration number and on tem-
perature is extracted from experimental analyses reported in Refs.
[19,26,29] with a best fit for the TMBA functional group degradation
data given by

kA, T) =

A Eq
{1 — tanh[w(d — A¢)]}e kT
1+ al

(2)

Here A, a, A9, w, E, are material specific parameters provided in
Table 3 (together with other properties and parameters applied in our
calculations®). The dependence on temperature is described by the ac-
tivation energy which is taken from Marino-Kreuer experimental tests
[19] while the dependence on water content is fitted from experimental
data reported by Dekel et al. [26,29]; this fitting is described in Fig. 1.
As can be seen, two regions can be distinguished — a low hydration
region characterized by a high degradation rate, and a high hydration
region characterized by high functional group stability; the transition
between the two regions takes place near A= 1, = 6.

2Unless mentioned otherwise (in Table 3, in the figure captions or in the
text), properties and parameters match those used in our previous study [30].
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Table 1
Main model equations.
Description Equation
Relation between fluxes and gradients of gas phase species concentrations £ oy 0B -3 ,}g
. _ i i
in the GDLs GDLOZ Zj,i#j —2p&
1j
Relation between gas phase (mass averaged) velocity and total BoR A(Tef) d127
concentration in GDL (Darcy's law for ideal gas) VETT Ty B0y,
Equation of change of gas phase species concentrations in GDLs ack eepLi®)  acfv)
o T T x T
Relation between diffusive molar fluxes of all gas phase species (defined ¥ Mw; =0
with respect to mass averaged velocity)
Relation between fluxes and gradients of gas phase species concentrations 5 (¢ yiNE -y Njé’ Ng
in the anode and cathode catalytic layers (CLs) T x| = Zj J#i T —2p8 2§,
ij 1
Equation of change of gas phase species concentrations in anode and ack 5 e p
cathode CLs o = "5 &N + Gio + SR + S B
. . . » B B
Relatl(.)n ‘betweufn fluxes a‘nd gradients of concentratlor} of water absorbed NP = —po 2 (ew) _ el p_ - P 1 o= 1w o, 1 1
within the ionomer (in the membrane as well as in the anode and w = Wi\ ep F o T Tmon v = Door— T Dunt) 2" = Doon—\Duor= T Dorm
cathode CLs)
; s a
Equations of change of free water concentration in CLs % = 2 opt a(cly/eP) AL B+ RP
o oz Wy W W Tw
Electrolyte potential equation in membrane as well as in anode and 0=2 (U 9 OwFN, ‘5) +j
cathode CLs 0z\" oz
Butler-Volmer kinetics as applied for current generation in anode and —B)nF g
pp g j =j0f(c,-)av{exp [ a mrn] _ exp[_ﬁnm]}
cathode CLs RT RT
. A » » B
Overall conservation O.f hydroxide ions in anode and cathode CLs (balance Lm)de epRE-dz + jc‘athode &REy-dz =0
of current generation)
Rates of generation of ions in anode and cathode CLs Ri=-— Jvi

@ Recall that, in practice, in this model free water is explicitly seen only in the anode catalytic layer.

Table 2
Boundary conditions.
Description Expression
GDL external boundary cig lepr, = Ci%
GDL/CL boundaries (gas phase species) c,-g lopL, = cig ler
GDL/CL boundaries (water absorbed in ionomer) dew oL =0
oz
GDL/CL boundaries (liquid (free) water) C‘ﬂ; leL =0
GDL/CL boundaries (electrolyte potential) % ez = 0
oz
CL/membrane boundaries (gas phase species) acf
S ler=0
CL/membrane boundaries Aler, = Amembrane

Table 3

Properties and parameters.

3. Results and discussion

The performance of the previous version of this model system was
extensively analyzed in our earlier publication [30], in particular under
a large range of current density values. However, in this previous
analysis the ionomer was assumed to be perfectly stable so that, barring
failure primarily due to water-management issues (e.g. drying of
cathode at high current densities), simulated AEMFC operation was
observed to reach a well-defined sustainable steady state.

The calculations presented in this manuscript, in which ionomer
degradation is accounted for, are aimed at examining the time depen-
dent performance of our model system for different parameter values.
This can be viewed as a sensitivity analysis or, alternatively, as an at-
tempt to identify conditions or necessary future research directions

Description

Expression/values

Thickness of different fuel cell layers
Gas flow channel operation conditions
GDL porosity

CL gas transport porosities

Molecular and Knudsen gas diffusion coefficients

GDL pore diameter

Ionomer/air humidification equilibrium [39]

Anode and cathode catalyst layer structure

Water diffusivity in ionomer as a function of A and IEC (equal to coy~) (fitted from data
provided in Ref. [1]). Units of hydroxide concentration — mole/liter.

Polymer tortuosity within catalytic layers

Hydroxide conductivity in ionomer as a function of A and IEC (equal to coy~) (fitted
from data provided in Ref. [1]). Units of hydroxide concentration — mole/liter.

Amax = 12.

Degradation kinetics parameters

wepr = 190um, wy, = 28um, wg = Sum, we = 5um

P, = 3.5atm, RH,, = 100%, P. = 3.5atm, RH, = 90%

egpL = 0. 8

gg=¢s— (cw+ cf‘,)Vm, &=0.29,7=1

Defined by Gilliland and Knudsen equations for corresponding gases. See Ref. [30]
d, = 10um. See Ref. [38]

ARH = 26. 66RH> — 28. 6RH? + 13. 14RH — 0. 158

Carbon volume = 36.5%, Catalyst volume = 3.7%, Ionomer loading = 0.16 mg cm ™~
Dy (cor 4) = 1. 66:10"UAxExp{1. 3[cop—(x, t) — cou—(x, 0)]} m3sec™!

2

P =22
o (con—, A) = 0. 5(0. 78* 2, + 0. 22)xExp{1. 3[con~(x, t) — cou—(x, 0)]} mSem™!

A=3. 14~1017§, @ =5.799, Eg = 1. 33-105 ] /mole, w = 6, Ao = 6
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Fig. 1. Experimental (red circles — from Refs. [26,29]) and fitted (black con-
tinuous line) degradation kinetic coefficient of the TMBA functional group as a
function of the hydration number A at T= 22°C. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the Web version
of this article.)
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Fig. 2. (a) Simulated cell performance stability of an AEMFC operated at dif-
ferent current densities; (b) simulated average IEC of the ionomer in the
cathode (moles of functional group per unit total volume of material in the
cathode) during the same cell operation time. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

leading to sustainable high-performance of AEMFCs, at least for time-
periods long enough to be of practical value (for instance, for auto-
motive applications). To this end, we start by examining the impact of
current density on cell longevity. In Fig. 2a we present the predicted
change in performance over time of an AEMFC operated at constant
current density values of 0.1, 0.2 and 0.5Acm™2 As can be seen,
performance stability decreases significantly with time, and in all cases,
the cell is rendered practically useless after less than 800h. This is
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Fig. 3. Ion exchange capacity (IEC) (full lines) and hydration number (\)
(dashed lines) across the cell, at the initial stage (t = O h) as well as at 17 h and
174h after onset of AEMFC operation. The (constant) current density is
0.2Acm ™2 and the thickness of the AEM is 28 um. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

consistent with previous experimental studies where reported life time
of AEMFCs are below 800h (see e.g. Ref. [11]), and is directly asso-
ciated with continuous chemical degradation of the ionomer [27,29].
This is clearly apparent when looking at Fig. 2b which depicts the
spatially averaged IEC of the ionomer in the cathode, calculated during
the same simulations considered in Fig. 2a. Notice how the reduction of
ionomer IEC with time (due to its degradation), seen in Fig. 2b, is in-
deed correlated with the deterioration of performance (shown in
Fig. 2a), and both grow in importance with increasing current density.
From a mechanistic point of view, during AEMFC operation time, the
reduction in IEC decreases the anion conductivity of the ionomer,
which in turn causes decay in performance, as seen in Fig. 2a.

It is known that the rate of degradation is related to the degree of
hydration [26,29]. Indeed, this was incorporated into our kinetic model
as discussed in the previous section. As shown in previous calculations
[301, the level of hydration is highly non-uniform across the cell; this is
primarily due to the fact that, during AEMFC operation, water is pro-
duced in the anode and consumed in the cathode. Therefore, we expect
the rate of degradation, and the resultant time-dependent IEC distribu-
tion, to reflect this non-uniformity in hydration. Simulated local IEC
profiles across the anion conducting polymer (AEM and ionomers
within the catalyst layers) are shown in Fig. 3 for a constant current
density of 0.2 A cm ™2 (corresponding to the red curves in Fig. 2). These
profiles, obtained at three different cell operation times (0, 17 and
174 h), clearly reflect the impact of local hydration values (also shown
in Fig. 3) on degradation. Prior to cell operation, IEC levels are equal to
the imposed initial uniform values (1.8 and 0.45 mol1~?! for the AEM
and ionomer in the catalyst layers, respectively). After onset of cell
operation, the [EC profile in the membrane becomes non uniform, ex-
hibiting increasingly reduced values with increasing time and distance
from the anode/membrane interface. At the same time, the IEC profile
in the cathode, although nominally uniform, continuously drops as cell
operation time progresses while the IEC profile in the anode remains
unchanged. This behavior can be easily understood when considering
the spatial distribution of water content in the membrane and catalyst
layers. As already mentioned above, discussed in our previous study
[30] and clearly seen in Fig. 3, hydration number values A at any given
time during cell operation, significantly decrease from the anode across
the membrane to the cathode. This non-uniform A profile causes the
rate of degradation to be non-uniform via the dependence of the de-
gradation kinetic coefficient on A (see Fig. 1 and Eq. (2)). Thus, as seen
in Fig. 3, degradation is most pronounced in the driest regions of the
cell, i.e. the cathode (also quantified in Fig. 2b) as well as regions of the
membrane adjacent to the cathode. This process does not affect the IEC
of the anode side, as this electrode is saturated in water, a condition at
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Fig. 4. Simulated cell performance stability of AEMFCs operated at a constant
current density of 0.2 A cm ™2 and with different AEM thickness values (10 pm,
15 pum and 28 pm). Full lines were calculated with kinetic parameters given in
Table 3. The dashed red line (10 um AEM) was calculated with the same kinetic
parameters except for “A” which in this case is reduced by a factor of 5
(A=6. 28-10“’%). (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

which the ionomeric material is chemically stable [29].

From a quantitative point of view, in an AEMFC operated at a
current density of 0.2 Acm ™2, the IEC of the AEM at the interface with
the cathode (seen in Fig. 3) degrades from 1.8 moll™! to around
1.2mol1~ ! and 0.4moll~! after 17 and 174 h of operation, respec-
tively. Similarly, the IEC in the cathode (seen in Fig. 3) degrades from
0.45mol1™" to around 0.28moll™! and 0.09moll™! after 17 and
174 h of operation, respectively. This significant reduction in IEC well
explains the significant reduction in AEMFC performance during time,
as shown in Fig. 2a.

Looking again at Fig. 2a, we next focus on the sensitivity of per-
formance reduction to current density. The reason for the decrease in
longevity with increasing current density values is directly related to
the hydration of the cathode side of the cell. It has been reported that,
at higher current densities, water gradients across the cell are more
pronounced and lower hydration numbers are obtained at the cathode
side [30]. Also, both theoretical and experimental studies report that at
A < 4 functional groups are more rapidly degraded [26,40]. With the
increased degradation rate of functional groups (primarily in the
cathode and cathode-side of the membrane) at increased current den-
sities, the IEC decreases more rapidly, leading to a faster deterioration
in AEMFC performance at higher current densities as shown in Fig. 2a.

The reduction in the IEC (shown in Fig. 2b) is caused by the dry-out
of the cathode during operation of the cell, as can be observed (for the
case of 0.2A cm™?) in Fig. 3. If the thickness of the AEM is reduced
below 28 um, the resultant enhanced water transport from anode to
cathode may enable an increase in the cathode hydration number value,
thereby creating an environment less favorable for ionomer degrada-
tion. This is investigated via calculations whose results are depicted in
Fig. 4; these show the effect of AEM thickness on the simulated per-
formance stability of an AEMFC operated under a constant current
density of 0.2 A cm ™2 It can be clearly observed that as AEM thickness
is reduced, AEMFC performance stability significantly increases. For
instance, cell life-time increases from around 180 h to 500 and almost
1500 h when AEM thickness is reduced from 28 um to 15 and 10 pm,
respectively.

The promotion of AEMFC stability, via the reduction in AEM
thickness (see Fig. 4), is a simple way to improve stability. Another
seemingly obvious option, involves using functional groups with in-
creased stability properties. Here we quantitatively test this option by
assuming we have a hypothetical new functional group whose chemical
degradation kinetic parameter “A” (see Eq. (2) and Table 3) is five times
smaller than that measured with TMBA [26] and used in all of the
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calculations discussed thus far (see Fig. 1 and Table 3).? Performance
stability of an AEMFC using this hypothetical functional group is shown
in Fig. 3 for a 10 um thick AEM (dashed red line). Application of this
AEM, results in a simulated AEMFC life-time significantly above 5000 h,
which matches the fuel cell life-time DOE 2020's requirement for au-
tomotive applications [41]. The theoretical ability to achieve such an
impressive cell life-time, by tuning two parameters (AEM thickness and
degradation kinetics of the ionomeric materials) provides critical in-
sight on materials requirements that will lead to highly stable AEMFC
tests.

4. Conclusions

We have developed a unique model capable of predicting AEMFC
performance stability in operando. The model takes into account the
degradation of ionomeric materials and their dependence on the local
hydration levels, which are in turn related to the cell material proper-
ties, design parameters and cell operating conditions. The model de-
monstrates, for the first time in the literature of AEMFCs, the strong
impact of operating current density and membrane characteristics on
cell performance stability and life-time. The predicted cell performance
stability, which is based on representative materials, design and oper-
ating parameters for AEMFCs, is short and consistent (in a semi-quan-
titative manner) with AEMFC stability data reported in the literature
([11,42-44]1). However, by using thinner membranes and improved
materials with reduced degradation kinetics (k = 0.0256 1/h for A = 4
and T = 60 °C), the model predicts a substantial improvement in the
stability; an AEMFC life-time significantly higher than 5000 h is theo-
retically achieved, satisfying the DOE 2020's cell life-time target for
automotive applications.

We believe that, although based on representative materials, design
and operating parameters, this study and its results provide important
ideas and targets for near-future materials design, crucial for the de-
velopment of viable AEMFC technology. Future availability of de-
gradation data (under realistic operating conditions), of additional
promising ionomer material systems, should make it possible to apply
our model for quantitatively more accurate stability predictions for
systems other than the representative cell considered here.
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ARTICLE INFO ABSTRACT

Keywords: In this study the effect of CO,, HCO; and COs? on the ionic conductivity and water uptake properties of anion
Anion exchange membranes exchange membranes (AEMs) was investigated in order to better understand the detrimental effect of ambient
Fuel cells air feed on the performance of AEM fuel cells. Three types of AEMs were examined, including Poly(hexamethyl-
ggﬁbonaﬁon p-terphenyl benzimidazolium) (HMT-PMBI), Fumatech® FAA-3, and poly(phenylene oxide) functionalized with

imidazole (PPO-Im). The effect of temperature and humidity on AEM properties in their different anion forms
was studied, including both steady state and dynamic measurements. In addition, the response to changes in CO5
concentration and to application of ex-situ electric current was examined. Results showed that an increase in
humidity leads to an increase in water content and an increase in conductivity of the AEMs, regardless the anion
type. It was found that both temperature and relative humidity improve conductivity in carbonated forms,
however relative humidity has the most significant impact. The carbonation process in 400 ppm CO is slightly
quicker in AEMs with low conductivity, lasting ca. 40 min; however it was shown that a reverse process can be
achieved by applying an electric current through the AEMs. An increase by 2-10 fold in conductivity is obtained
using this method, which is analogous to the changes observed during operation of the fuel cell. This work
provides important data that needs to be taken into account in future work in order to ultimately mitigate the
carbonation effects and improve the performance of AEM fuel cells running with ambient air.

Tonic conductivity

with ambient air. When ambient air is used to run a cell, OH anions
that are created in the oxygen reduction reaction (Equation (1)) react
with CO, from the air and produce bulkier and less mobile COs* and
HCO; anions (Equation (2) and (3)) [22].

1. Introduction

Anion exchange membrane fuel cells (AEMFCs) have recently
gained much attention as highly effective, clean energy devices, since
they offer significant advantages over the presently common proton

) 0, + 2H,0 + 4e~ — 40Hk (€Y
exchange membrane fuel cells (PEMFCs) [1]. These advantages include
the ability to use lower cost non-platinum group metals as catalysts OH™ + CO, — HCO3 (2)
[2-10], lower H, fuel crossover, and in addition the absence of KOH _ -
HCO3 + OH- — CO¥™ + H,0 3)

aqueous electrolyte (as opposed to previous alkaline fuel cells - AFCs)

impedes the precipitation of carbonate salts [11] and stabilizes the
catalyst layer [12]. In spite of these significant advantages, for the
AEMFC technology to become widely accepted, a few challenges still
need to be overcome — among them, increasing the chemical stability of
the anion exchange membranes [13-20], developing highly active
electrocatalysts towards the hydrogen oxidation reaction [21] and de-
creasing the negative effect of CO, on the AEM properties, are probably
the most important ones that needs to be currently addressed.

The latter challenge is critical in order to allow AEMFCs to operate

In a comprehensive review on the effect of CO, on AEMFCs, Ziv
et al. [22] showed that peak power density and voltage of AEMFCs
using CO,-free gas was almost twice higher than that of a fuel cell
operating with ambient air (~400 ppm CO,) [6,18,23-25]. This is most
likely due to the lower COs*  and HCO3; conductivity compared to
OH conductivity of AEMs; measurements of CO5> and HCO3; con-
ductivity in literature range between 2 and 10 times lower than OH
[22]. The lower values stem from the lower ionic mobility of CO5% and
HCOs5 , which is related to the larger ionic radius and mass of these
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Fig. 1. Chemical Structure of the AEMs (a) HMT-PMBI and (b) PPO-Im (FAA-3 is a commercial AEM and its exact structure is unknown).

anions (the hydration radii for solvated OH , CO5>, and HCO; in an
aqueous solution have been reported as 3, 3.94 [26], and 56A [27],
respectively). Reduction in anion conductivity occurs also due to the
lower degree of dissociation of carbonate anions from the membrane's
functional groups [28,29], which means that less anions are free to
move through the membrane. In addition, OH anions have access to
the Grotthus (proton hopping) transport mechanism, as opposed to
CO;%> and HCO3; which rely on diffusion and convection alone
[30,31].

While CO5%> and HCO; have a detrimental effect on the mem-
brane's conductivity, it was found that they can increase the AEM
chemical stability compared to the case of OH , since carbonate anions
are weaker nucleophiles than hydroxide anion [32]. This could suggest
that operating with ambient air could reduce the membrane degrada-
tion seen in AEMFC longevity tests. However, it has been reported that
CO3% and HCO5~ concentration in the AEM decreases during operation
under high current densities due to a so-called carbonate self-purging
mechanism [25,33-35]. This phenomenon occurs at increasing current
densities due to the high rate of OH production in the cathode, which
surpasses the rate of CO, absorption from the ambient air. Nevertheless,
according to a recent numerical model describing the carbonation ef-
fects on operation of an AEMFC [36], it was shown that even at rela-
tively high current densities, the AEM contains a mixture of OH , CO3>~
and HCO5; anions. Therefore, the study of AEM properties in these
three anion forms is critical to understand the effect of CO, on the
membrane and on the AEMFC during its operation on ambient air.

The effect of using ambient air on AEMFC performance was in-
vestigated only in 3% of literature reports [37]. So far, only very few
studies have dealt with the effect CO, has on key AEM properties that
affect AEMFC performance, such as water uptake and conductivity
[38-42]. Recently, Peng et al. [38], Pandey et al. [40] and Suzuki et al.
[41] studied the effect of OH , CO3>~ and HCO; anions on water up-
take, conductivity and water transport properties of A201 AEMs (To-
kuyama, Japan) [38,41] and Fumasep® FAA-3 AEMs (Fumatech, Ger-
many) [40]. In addition, Divekar et al. studied the carbonation process
kinetics in perfluorinated-based AEMs by transient SAXS measurements
[39], and the effect of temperature and CO, concentration on equili-
brium anion composition in the AEM [42]. Even though these studies
are important to the understanding of the effect of CO, on AEMs, they
did not consider the transient behavior of carbonated AEMs under
changing ambient conditions, which is relevant in fuel cell applications.
In addition, it is important to study the CO, effect in diverse AEM types
and structures and to investigate the influence of ambient conditions on
this effect.

In this work we present a new study on the impact of the carbonate
species anions on the conductivity and water uptake properties of a
highly conductive AEM (HMT-PMBI), and its comparison with an AEM
with similar functional group in a different polymeric backbone as well
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as comparison with the commercially available FAA-3 AEM from
Fumatech (Germany). Also, for the first time non steady-state behavior
is reported of carbonates in the AEMs. Results may significantly con-
tribute to the knowledge and understanding of AEM behavior during
operation of AEMFCs under ambient air.

2. Experimental
2.1. Materials

PPO [poly(2,6-dimethyl-1,4-phenylene oxide)] was obtained from
Sigma Aldrich, AIBN (a,a -Azoisobutyronitrile) was obtained from
Glentham Life Sciences, 1-Methylimidazole and NBS (N-bromosuccini-
mide) were purchased from Alfa Aesar, chloroform was purchased from
Merck, ethanol 96% was purchased from Gadot, NMP (n-Methyl-2-
pyrrolidone) was purchased from Carlo Erba reagents, and chlor-
obenzene was purchased from Fisher Scientific. Ion-exchange solutions
were prepared using A.R. purity KOH, KHCO3; and K,COs3, purchased
from Spectrum Chemical MFG corp.

2.2. Anion exchange membranes

HMT-PMBI AEM - AEM composed of 2,2”,4,4”,6,6”-hexamethyl-p-
terphenylene (HMT) and N-methylated poly(benzimidazolium)s
(PMBI), with an 89.3% degree of methylation was prepared, as de-
scribed in detail elsewhere [43]. The cationic functional groups in this
membrane are part of the polymer backbone rather than tethered along
the backbone as in PPO-based AEMs (see Fig. 1a). The HMT-PMBI film
was prepared via casting from DMSO at 80 °C, soaked in H,O for 24 h,
and dried under vacuum at 80 °C [44]. The AEM was reported to have
IEC of 2.5 mmol/g and thickness of ca. 50 um [44].

Synthesis of 1-Methylimidazole functionalized PPO — The procedure
to prepare brominated PPO (Br-PPO) is described below. 12 g PPO
(100 mmol) was vigorously stirred in chlorobenzene (100 mL) till it
completely dissolved. Afterwards, 8.9 g (50 mmol) of NBS was added in
parts to the previously stirred PPO solution. To start the reaction AIBN
(2,2’-azobis-isobutyronitrile, 0.5 g, 3 mmol) was added as a free radical
initiator to the reaction mixture. To ensure the progress of the reaction,
the entire mixture was heated under reflux conditions (135 °C) for 3 h.
After cooling the solution, a 10-fold excess of ethanol was used to
precipitate the product. The obtained polymer was successively filtered
and washed several times with ethanol, and then re-dissolved in
chloroform (110 mL). The polymer solution was precipitated into a 10-
fold excess of ethanol solution. The desired polymer was obtained as a
white powder and dried under vacuum for overnight to get Br-PPO with
a degree of bromination of 32% (DS = 0.32), which is confirmed by H
NMR spectroscopy. To prepare 1-Methylimidazole functionalized PPO,
firstly, a 25mL round bottom flask was charged with 10 mL NMP
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solution. Afterwards, a known amount of Br-PPO (1.0 g) prepared in the
previous step was slowly added to the stirred NMP solution till com-
plete dissolution. In the follow up step, a suitable quantity of 1-
Methylimidazole (0.217 g) was introduced inside the reaction mixture
in a dropwise manner. To ensure the complete reaction between bro-
minated PPO and 1-Methylimidazole, the reaction temperature was
raised to 50°C and stirred further for additional 24 h. Finally, the
polymer solution was casted on top of a clean glass plate and dried at
ambient temperature (60 °C) for 24h to obtain a transparent light
brown thin film. The final synthesized membrane is designated as PPO-
Im (see chemical structure in Fig. 1b). The ion exchange capacity (IEC)
of the AEM was measured by Mohr titration (described elsewhere [45])
and found to be 1.64 mmol/g.

Fumatech® FAA-3 AEMs — This AEM (referred to as FAA-3) was
purchased from Fumatech BWT GmbH (Germany). The general chem-
istry of this AEM is not disclosed. The AEM's IEC is between 1.5 and
1.8 mmol/g and thickness between 25 and 35 pum [46].

While HMT-PMBI contains imidazolium groups in the polymer
backbone, PPO-Im contains imidazolium as pendant groups which al-
lows some exploration of the effect of the cationic group's location on
the AEM properties. FAA-3 is a benchmark AEM which serves as a
comparison source for both AEMs.

2.3. Anion exchange process

To obtain AEMs in their HCO; form and CO5>  form, the mem-
branes were immersed in 1 M KHCO3 and K,CO3 (Spectrum Chemical
MFG corp.), respectively, for 48 h, followed by immersion in DI water
(> 18MQ) for 48 h (with frequent change of DI water). To obtain OH
form AEMs, the membrane samples were immersed in 1 M KOH inside a
glovebox under inert nitrogen atmosphere containing less than 10 ppm
CO,, (limit of detection) for 48 h. Subsequently, the samples were rinsed
in degassed DI water (dissolved CO, was removed prior to use) inside
the glovebox to remove residual KOH. Solutions of different carbonate
concentrations were prepared from mixtures of KOH and K,CO3 so that
the total anion concentration is 1 M ([CO52" 1 + [OH ] = 1 M). HCO;
cannot exist in these solutions since the composition is determined by
several equilibrium constants simultaneously, so that either OH and
CO52 coexist in the solution, or CO5%~ and HCO5 .

2.4. Anion conductivity

After the corresponding ion-exchange process, AEMs (sized
lcm x 3cm) in their HCO; and CO5;2~ form were mounted in the
conductivity measurement cell and inserted into the measurement
chamber of a MTS-740 (Membrane Test System) supplied by Scribner
Inc. (USA). AEMs in their OH form were mounted in the cell inside the
No-filled glovebox and then quickly moved into the sealed measure-
ment chamber under continuous Ar stream. Conductivity was calcu-
lated using the membrane resistance (R, {2) measured in a sealed, in-
sulated chamber under continuous pure N, gas flow. The membrane
samples were equilibrated at 40 °C and different relative humidity (RH)
steps. RH was swept from 90% to 50% (desorption), then back to 90%
(adsorption) in 10% intervals. The membrane samples were first equi-
librated at 90% RH for 1 h and then at each of the RH steps for 45 min.
The two directions of conductivity measurements are presented in
Fig. 2.

Through-plane resistance was measured as previously reported
[47], using a 4-probe method with 2 current collecting and 2 potential
sensing platinum electrodes. A PSM1735 Frequency Response Analyzer
(Newtons4th Ltd) with AC potential amplitude of 10 mV and frequency
range of 107-1 Hz was utilized, and the ionic resistance was extracted
as the real-axis high frequency intercept. Through-plane (TP) con-
ductivity value was then calculated as:
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Fig. 2. Schematic representation of (a) through-plane (TP) and (b) in-plane (IP)
directions of the membrane.
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where d (cm) is the membrane thickness, A is the overlapping area of
the current collecting electrodes (constant at 0.5 cm?) and R (Q) is the
measured resistance.

In-plane resistance was measured in a 4 platinum electrode cell (BT-
110, BekkTech, LLC) by performing a linear voltage sweep [47] using
SP-300 Potentiostat (Bio-Logic). The ionic resistance is extracted as the
slope of voltage vs. current and the in-plane (IP) conductivity value is
then calculated as:

Op =

d-W-R 5)

where L is the distance between the sense electrodes (constant at
0.425 cm), d (cm) is the thickness of the membrane, W (cm) is the width
of the membrane sample and R (Q2) is the measured resistance.

2.5. Dynamic conductivity measurements

The AEM anion conductivity during the carbonation and CO, self-
purging process was measured using a novel technique recently re-
ported for measuring the true hydroxide conductivity [48]. In this
technique a direct electric current is applied in the in-plane direction of
an AEM which initially contains HCO3 anions. In the first stage,
HCO5 -form AEM is equilibrated at 40 °C and 90% RH until a stable
conductivity value is measured. Then, a constant current of 100 pA is
applied through the AEM, with brief interruptions every 10-30 min to
measure the ionic conductivity (using cyclic voltammetry). The con-
ductivity is monitored until the value is stabilized, at which point the
true OH conductivity of the AEM is measured.

2.6. Water uptake

The water uptake (WU) of the AEMs was measured using TA
Instruments' VTI-SA + (USA). The membrane samples were equilibrated
with hydrated N, flow (according to the desired RH value). RH steps
started from 90% to 50% (desorption) followed by increase back to 90%
(adsorption), with 10% incremental steps. At each RH step, the samples
were allowed to reach equilibrium (until a change of less than 0.001%
in weight was recorded). Water uptake was then calculated as:
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Fig. 3. Through-plane conductivity of HMT-PMBI (a)
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where Wizp) is the weight of the membrane after equilibration in the RH
step and W, is the weight of the dry membrane (measured using a
microbalance after drying the sample in a vacuum oven at 40 °C over-
night).

3. Results and discussion
3.1. Characterization of AEM properties in OH—, HCO5~ and CO3*~ forms

One of the main factors impacting the movement of anions through
the membrane is the level of hydration, affecting the disassociation of
anions from the cationic groups [49]. Fig. 3a and b shows the effect of
the ambient RH on the measured OH , HCO; and CO5? through-plane
conductivity of HMT-PMBI and FAA-3 AEMs, respectively. As men-
tioned previously, OH conductivity is significantly higher in both AEM
types: HMT-PMBI OH ™ conductivity is between 6 and 10 times higher
than HCOs and COs® " conductivity, reaching up to 80 mS/cm which is
in agreement with values reported in literature [43,50,51]. The higher
conductivity especially in low RH could mean that OH form mem-
branes can adsorb water better than HCO; and CO3;> . FAA-3 OH
conductivity is almost 5 times higher than HCO3 and CO3> at 90%
RH, but only 1.3 times higher at 50% RH, implying that in this mem-
brane hydration affects more greatly on OH conductivity. The ratios of
OH ™ to HCO5; /CO5* conductivity in high RH are in agreement with
most ratios found in literature which fall between 4 and 8 [22,38-40].
HCO; and COs* conductivities in both AEMs are relatively similar,
even though CO5;® is a divalent anion and has a smaller hydration
radius compared to HCO5 . Since the number of cationic groups in the
AEM is fixed (for a given IEC), in order to maintain charge neutrality,
the concentration of CO5% in the AEM is half of that of HCO5 , af-
fecting then the anion conductivity measured in the AEMs in this anion
form.

As expected, the increase in RH leads to a significant increase in
conductivity of both AEMs regardless the anion type. Anion con-
ductivity in all forms is 10-25 times higher in high humidity (90% RH)
compared to low humidity (50% RH), confirming that high RH is ne-
cessary in order to achieve better AEMFC performance and performance
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stability when it operates with ambient air [52].

The differences in conductivity values can be explained by the dif-
ferences in the water uptake of the membranes, as it was found that
OH , HCO; and COs® have different (increasing) hydration shells
[28], affecting the water uptake of the membranes in their different
anion forms. This effect can be seen in HMT-PMBI and FAA-3 in Fig. 3¢
and d, respectively. For example, HMT-PMBI shows 26% higher water
uptake in OH  form than CO5>~ form at 90% RH, which may account
for some of the higher OH anion conductivity. Similar conclusions
were reached by Divekar et al. [39], who measured a decrease in the
AEM water uptake during exposure to ambient air corresponding to the
decrease in OH concentration. Also, Marino et al. [53] and Peng et al.
[38] measured higher water uptake in OH form AEM corresponding to
higher anion conductivity.

Another factor affecting the anion conductivity is the membrane
structure; HMT-PMBI shows between 3 and 50 times higher con-
ductivity than FAA-3, which can be partially explained by the lower
water uptake in FAA-3 AEM but may also relate to morphological dif-
ferences between the membranes. Morphology studies of the HMT-
PMBI AEM show that these materials contain no phase separation or
water clustering on small length scales and no characteristic length
scales at all above the monomer length, which is uncommon among
high-performance fuel cell membranes [54]. In addition, it was recently
found that HMT-PMBI shows higher water permeation than FAA-3 both
from liquid and from gas phase [55], which accounts for part of its
higher water uptake presented here.

An interesting phenomenon observed in both anion conductivity
and water uptake is the hysteresis during desorption (decreasing RHs)
and adsorption (increasing RHs). When the membrane is losing water to
the environment (desorption), its water uptake in equilibrium is higher
than when it is adsorbing water (adsorption) from the environment, at
the same RH conditions [45,56]. This is likely due to strong bonds
between the water molecules inside the membrane, and bonds between
water and anions/functional groups [45]. This hysteresis phenomenon
was previously observed in other water absorbing polymers [57] and
was linked to changes in the polymer morphology; as water leaves the
voids between polymer chains become smaller, and the volume avail-
able for water decreases. This may be of great importance during
AEMFC operation, where changes in relative water contents and/or
water content gradients through the membrane occur when dynamic
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operating conditions are applied to the cell.

Through-plane (TP) conductivity values are important as they are
most representative of the direction of anion transport during AEMFC
operation. However, the most commonly measured conductivity in
literature is the in-plane (IP) conductivity, which is easier to measure.

To study the effect of direction of measurement on the conductivity,
Fig. 4 compares the anion conductivity of two AEMs (HMT-PMBI and
FAA-3) for IP and TP directions in OH , HCO5 , and CO5 anions. As
expected, both IP and TP anion conductivities increase with increasing
RH, however, it is visible that in both AEMs, IP conductivity is sig-
nificantly lower than TP at low RH values. At 50% RH for instance, the
IP conductivity of HCO3 , CO3> and OH anions is about 3, 12 and 6
times lower than TP conductivity, respectively. This can be explained
by the harsher effect that low humidity has on the anion transport on
the surface layers of the membrane compared to the effect on the bulk
[45,58]. As water leaves the membrane at low RH, the surface layers
are drier than the bulk and therefore the anion mobility in these layers
is lower. At high RH, the surface layers and the bulk are fully hydrated
and the difference between TP and IP conductivity is minimal.

In addition to the above, Fig. 4 again shows the considerably higher
OH~ conductivity than carbonate (HCO; and CO5?") conductivity in
both AEMs and both IP and TP directions.

Since the anions' diffusion coefficients in the AEM depend strongly
on temperature [49], increasing the operating temperature can lead to a
significant increase in the anion conductivity of the membrane. Fig. 5a
presents the TP conductivity of HMT-PMBI AEM as a function of RH at
40 °C and 60 °C. As expected, conductivity values are higher at 60 °C for
all the anions [59]; however, the ratio of OH conductivity to HCOs
conductivity is slightly lower at higher temperatures. The OH /HCOs3
conductivity ratio is ~4 at 40 °C (80 mS/cm and 20 mS/cm for OH and
HCOs , respectively) compared to 3 at 60 °C (90 mS/cm and 30 mS/cm
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Fig. 5. (a) Through-plane conductivity of HMT-PMBI at 40 °C and 60 °C as a
function of RH, and (b) a comparison between conductivity values during
desorption and adsorption at 90% RH.

for OH and HCOs; respectively). A possible reason could be lower
water uptake of OH form AEM at higher temperature, as observed by
Divekar et al. [39], which could influence the anion conductivity. The
reduction in conductivity ratio could suggest that an AEMFC working at
higher temperatures could mitigate the decrease in cell performance as
a result of carbonation. This was also previously discussed in the
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context of lower CO, solubility in higher temperature, which leads to a
lower degree of carbonation [36,60]. However, Krewer et al. [36]
theoretically showed that higher temperature increases HCOs; and
CO52 concentration in the AEM, and in addition Divekar et al. [42] did
not measure a significant difference in OH concentration at higher
temperature, so the effect of temperature on carbonation in an AEMFC
in operation is still inconclusive, and further studies are needed to
clarify this effect.

Furthermore, there is a significant decrease in OH conductivity
during the adsorption process (RH increase), clearly visible in Fig. 5b.
We attribute this decrease in conductivity to the accelerated degrada-
tion process of the HMT-PMBI AEM in its OH form while exposed to
low hydration levels at higher temperatures [14]. However, it was
previously reported that HMT-PMBI does not go through chemical de-
gradation in high OH concentration for ca. 100 h, but rather some
morphological reorganization which affects the conductivity [43]. This
conductivity decrease is not so severe in the AEMs in the case of HCO3;
and CO52 anions, as in this case the anions are less nucleophilic than
OH and therefore the AEMs are more stable [22,32].

Other than ambient conditions and measurement configuration, the
cationic functional groups play the most important role in the binding
and transport of anions through the membrane [1]. The cation position
inside the polymer may affect the spatial arrangement of the polymer
chains in the membrane and therefore its properties, such as stability,
water uptake and anion transport.

As previously described, the structure of HMT-PMBI membranes is
based on linear polymer chains containing imidazolium cationic groups
as part of the backbone [43,44]. As part of this work, a second AEM was
synthesized (PPO-Im), based on a PPO backbone functionalized with
imidazolium pendant groups, of similar characteristics to the imidazo-
lium cation of the HMT-PMBI AEM. Fig. 6a shows conductivity prop-
erties of PPO-Im (HMT-PMBI is shown in Fig. 3a). We recognize that the
polymer backbones are different, and this plays a major role in the
polymer conductivity; however, it is of interest to try and compare the
effect of the position of imidazolium group inside the AEM polymer on
the anion conductivity values.

As can be seen, HMT-PMBI conductivity is significantly higher than
PPO-Im (for example, 80 mS/cm compared to 19 mS/cm at 90% RH,
40 °C). This may stem from higher water uptake (displayed in Fig. 6b),
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Fig. 6. (a) PPO-Im Anion TP conductivity vs. RH at 40 °C during desorption
(solid line) and adsorption (dashed line) in OH™ (@), HCO3 (a) and CO3>  (m)
forms; (b) Water uptake of HMT-PMBI (@) and PPO-Im (#) as a function of RH
during desorption (solid line) and adsorption (dashed line) (at 40 °C).
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but may also suggest that imidazolium incorporated in the polymer
backbone can improve anion conductivity compared to imidazolium as
a side group. It was previously reported that HMT-PMBI has a unique
morphology, enabling water to form interpenetrating network where
conductivity can be favored [54]. In addition, OH conductivity of PPO-
Im AEM is significantly lower during adsorption, which might indicate
degradation of the functional groups at lower RH [14]. In contrast, this
degradation is not observed in HMT-PMBI AEMs, as in these mem-
branes the imidazolium cationic group is sterically protected in the
backbone and is not prone to rapid degradation [43,44,61]. It can also
be observed that the ratio of OH to HCO3 /COs>  conductivity is be-
tween 4 and 8 in HMT-PMBI, and only 2-3 in PPO-Im. This could
support the suggestion raised previously that its unique structure can
encourage higher water uptake, and the water molecules' arrangement
in chains between the polymer chains facilitate anion transport [54].

To conclude, anion conductivity in AEMs in equilibrium is affected
by ambient conditions (such as RH and temperature), measurement
configuration and AEM structure. In all cases, OH shows superior
conductivity as compared to HCO; and CO5;* . However, a decrease in
RH leads to larger conductivity loss in OH form AEMs than in carbo-
nate forms, meaning it has slightly higher sensitivity to low RH con-
ditions.

3.2. Study of transient behavior of AEMs in OH~, HCO5~ and CO3>~ forms

Fuel cells devices are usually required to have a fast response to
external inputs. Therefore, it is important to study their dynamic be-
havior during external changes in order to optimize their performance
during non-steady state steps, such as shut down, start up or changes in
environments. In addition, during AEMFC operation, water is consumed
in the cathode and produced in the anode, which may cause water
gradients and changes in RH in the vicinity of the AEM and therefore in
the membrane's hydration level (which was highlighted as critical for
AEMFC performance [52,62]). This in turn, leads to changes in mem-
brane conductivity which affect the cell performance.

Fig. 7 shows the transient anion conductivity (TP and IP) values of
HMT-PMBI, FAA-3 and PPO-Im AEMs immediately after removing from
wet state (fully hydrated) in room temperature to 90% RH at 40 °C, for
HCO;, CO5*>” and OH™ anions. During this change in ambient condi-
tions the membrane loses water to the ambient carrier gas (N5), chan-
ging its water content and its thickness (due to swelling), which in turn
affects the conductivity value. In almost all cases the conductivity in-
creases in the first stage of the process. In some cases, the conductivity
reached a maximum value followed by decrease and stabilization (for
example all anions' IP conductivity) and in others it simply reaches a
plateau (for example HCO3 TP conductivity). The maximum in the IP
measurements could be a result of the following process: First, the
ambient temperature increases, causing the anion mobility to increase.
In the next stage, the membranes continue to lose water to the en-
vironment (as it is fully hydrated in the beginning), and therefore the
conductivity decreases.

In contrast to HCO5~ and CO5® conductivities, OH  conductivity, in
both IP and TP directions and in all AEM types, slowly decreases after
the initial stabilization; for example, TP OH conductivity of HMT-
PMBI decreases during the period of 2.5 — 6 h by ca. 10% (from 47 mS/
cm to 42 mS/cm), while HCO; TP conductivity decreases by only 0.7%
in the same period of time (14.5-14.4 mS/cm). The larger decrease in
OH conductivity could be due to a slow process of carbonation by
exposure to very low concentrations of CO,, or partially due to some
degree of degradation, since OH is much stronger nucleophile than
HCO;~ and CO3*". It should be noted that in an operating AEMFC, OH
anions are constantly produced in the cathode, which could affect OH
conductivity changes in time.

It is visible from Fig. 7 that the time in which the membrane reaches
a stable value is slightly shorter in TP conductivity measurements; for
example, a change of less than 1% in HMT-PMBI HCO3 conductivity is
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Fig. 7. Conductivity changes during transition from wet (fully hydrated) state in RT to 90% RH in 40 °C for OH (@), HCO3; (a) and CO5>  (m). Changes in RH

(dashed line) and temperature (solid line) are also displayed.

measured after 3.5h in IP measurements and after only 2h in TP
measurements. Since water uptake from the environment should be
independent of direction and therefore equal in both measurements,
this could mean that TP conductivity is less sensitive to changes in RH
or membrane hydration. The same idea was raised previously in Fig. 4,
where IP conductivity was lower than TP at lower RH. However, the
longer equilibration time could also result from the difference in mea-
surement procedure: in TP measurements a force is applied on the
membrane which partially limits the change in thickness, as opposed to
IP measurements where the thickness and width of the membrane
sample can freely change. In addition, TP conductivity is calculated
based on thickness alone while IP is based on thickness and width,
which could have affected the calculated conductivity values.

Results show that the equilibration time of HMT-PMBI AEMs is ca. 2
— 3h, slightly longer than that the equilibration time of the FAA-3 and
PPO-Im AEMs (ca. 1 — 2 h). This might suggest slower kinetics in HMT-
PMBI, but the original thickness of the membrane should also be con-
sidered. HMT-PMBI thickness decreases by nearly 50% during the
process due to its higher liquid water uptake while PPO-Im thickness
decreases by ca. 10% and FAA-3 decreases by less than that.

Another important kinetics data is the process of absorption of CO,
into the AEMs in their OH form, denominated as the carbonation
process. During start up or shut down of an AEMFC, the membrane
might be exposed to ambient air and CO, will be absorbed into the AEM

[22]. The transient effect of adding 400 ppm CO, to the surrounding gas
on the AEMs' TP conductivity was measured. The general experimental
response obtained through all the three studied AEMs were similar (see
Fig. 8a) — the effective anion conductivity decreases quickly im-
mediately after changing the environment from O ppm to 400 ppm CO».
HMT-PMBI conductivity stabilizes after ca. 40 min, FAA-3 after ca. 30
min and PPO-Im after ca. 60 min. In order to compare the kinetics of
the carbonation process between the three AEMs, the time which is
required to reach 50% of the total decrease in conductivity is calculated
and presented in Fig. 8b.

These results are in agreement with similar previous measurements
where carbonation of AEMs in their OH form was completed in a
period of 15min to 2h [35,39,43,53,63,64]. Marino et al. [53] mea-
sured anion concentration in FAA-3 during carbonation and showed
that after 30 min ca. 30% of the initial OH anions remains. The quicker
decrease in conductivity measured here could imply that carbonate
species affects AEM conductivity even in moderate concentrations, as it
will be shown later in this work.

Similar results were previously achieved by theoretical calculations
based on carbonation reaction kinetics and thermodynamics [65].

The differences in carbonation times between different AEMs may
be explained by the differences in their IEC — while HMT-PMBI AEM has
the highest IEC (2.5 mmol/g), FAA-3 and PPO-Im have ca. 1.7 mmol/g
and 1.64 mmol/g, respectively, therefore the initial amount of OH in
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Fig. 8. (a) Kinetics of carbonation process at 40 °C for HMT-PMBI (@), FAA-3(m)
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to N, + 400 ppm CO,. (b) Characteristic time to reach 50% carbonation (black)
and percent of total change in conductivity from the initial value (blue) for the
different AEMs. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

the membrane is higher. Another aspect affecting the carbonation
process is the initial conductivity value and the total change in con-
ductivity. It can be seen in Fig. 8a that HMT-PMBI conductivity de-
creases by ca. 33 mS/cm (77% change) compared to only 4 mS/cm in
FAA-3 (67% change), and therefore the time it takes to reach the lower
value is significantly longer.

A simple numerical model was built based on the generic model
described by Krewer et al. [36] on carbonation effects on AEMFCs. This
simple model allows predicting the changes in anion concentration in
HMT-PMBI AEM during the carbonation process. The concentrations
were then used to calculate the expected conductivity at each time step
according to:

o= Z ziCio;

where z; is the charge of species i, (i = OH , CO;> and HCO3 ), C; is
the relative ratio of species i in the AEM (predicted by the model) and o;
is the conductivity of the AEM containing only species i (where ooy was
taken as the initial measured conductivity). The results of the simulated
conductivity transient values and their comparison to the experimental
data (Fig. 8a) are presented in Fig. 9. According to the simplistic model,
the entire initial amount of OH  in the membrane is replaced by CO5*
and HCO; anions in less than 20 min. These changes in anion con-
centration profiles in the AEM lead to a sharp decrease in the membrane

)

50

0 - T T T T T
0 60 120 180 240 300 360

Time (min)

Fig. 9. Model results (solid line) and experimental results (dots) for TP con-
ductivity during exposure of OH -form HMT-PMBI AEM to gas containing
400 ppm CO; at 40 °C.

147

Journal of Membrane Science 586 (2019) 140-150

80

[o2]
o

o (mS/cm)
3

Fig. 10. HMT-PMBI through-plane conductivity at 40°C and 90% RH as a
function of the equivalent fraction of OH in a 1 M anion solution.

conductivity, which stabilizes at the final value after ~20min. Ex-
perimentally, the membrane's conductivity decreases by nearly 80%
and reached the final value in ca. 40 min. This is a rough estimate based
on theoretical data and therefore deviations from experimental results
are possible; however, this could also imply that the conductivity of the
membrane does not depend linearly on anion species concentration.

During the carbonation steps, the AEM contains mixtures of OH ,
HCO;~ and COs;* anions in changing ratios, thus affecting the total
ionic conductivity [22]. An interesting parameter is the capability of
the membrane to absorb HCO; and COs;® anions from an aqueous
solution and their effect on the membrane's conductivity. This was
examined by preparing aqueous solutions of different CO3*> and OH
concentrations (maintaining constant total anion concentration of 1 M)
and measuring anion conductivity of an AEM which was immersed in
these solutions. The fraction of OH ions in the solution, out of the total
concentration of equivalent ion-exchanging groups, Xoun-, is described
in Equation (8) (C032_ occupies two cationic sites at the same time) and
the measured AEM conductivity is displayed in Fig. 10. The solid line
represents the theoretical calculation assuming the ratio in the mem-
brane is equal to the ratio in the solution (weighted average of anion
conductivities).

B [OH"]
~ [0HT] + 2[CO27]

XoH @)

The results indicate that the relation between the solution con-
centration and the membrane's conductivity is not linear, but rather
increases exponentially. It means that while operating an AEMFC in
which the membrane is initially carbonated, a large generation of OH
is required in order to affect the conductivity in a significant way.
However, deviation from the theoretical linear prediction could also
indicate that there is a difference between CO5% and OH absorbance
into the membrane. The results of this calculation provide a higher
conductivity value than the experimental data in most of the con-
centration range (up to ~ Xoy = 0.9), suggesting that the actual con-
centration of OH in the membrane is lower than the one in the solu-
tion. A similar conclusion was previously reached by Suzuki et al. by
measuring anion concentration in an A201 AEM (Tokuyama, Japan),
which was immersed in varying OH /CO3% mixtures [41].

These results may explain the strong effect of even a small con-
centration of HCO; and CO3% in the AEM anion conductivity and on
the AEMFC performance, as it was shown that OH concentration is
higher than HCO;~ and CO3;*  during cell operation at moderate cur-
rent densities [36]. Nevertheless, several experimental results confirm
the lower AEMFC performance in cells running on ambient air as
compared to those running on CO,-free air [6,18,23,25,43,66].

As mentioned previously, during the startup process of the AEMFC,
OH ™ replaces the existing HCO; and CO3;*> and increases the effective
AEM anion conductivity [22,36]. To simulate this transient phenom-
enon and study the transient values of conductivity during what we can
call ‘decarbonation’ process or ‘self-purging’ process, a similar ex-situ
process was studied experimentally by applying a constant continuous
current through an AEM initially in its HCO; form. In this method,
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Fig. 11. Measurements of transient anion conductivity during in-situ OH
formation in an AEM, for both (a) HMT-PMBI, (b) FAA-3 and (¢) PPO-Im.
Conditions: 500 mL/min N,/N,+ CO,, flow, 40 °C, 90% RH.

which was first explained in detail elsewhere [48], OH is produced in-
situ in the AEM and at the same time CO, is (self)purged from the
membrane in electrochemical reactions stimulated by the external
current. This novel method was recently used to ‘force’ complete re-
moval of the carbonation species (self-purge process) and measure the
true (pure) OH conductivity in AEMs [48].

Fig. 11 presents the transient effective AEM anion conductivity
values measured during application of this technique. For the three
AEMs (HMT-PMBI, FAA-3 and PPO-Im), the effective anion con-
ductivity increases significantly immediately after applying the external
current through the AEM, and reaches a relatively stable value of
~100 mS/cm, ~50 mS/cm and ~ 35 mS/cm for the HMT-PMBI, FAA-3
and PPO-Im AEMs, respectively. These values are defined as the true
OH conductivity of the AEMs [48]. The ratio between the membranes'
OH conductivities is smaller compared to the conventional measure-
ments performed using standard steady state conductivity measure-
ments (see Fig. 3), suggesting that by using this novel technique, higher
OH conductivity values are measured.

The time required for fully replacing HCO; and CO3> with OH is
different for each AEM. For HMT-PMBI this time is ~30h, for FAA-3
around 20 h and for PPO-Im it appears to be ca. 10 h. This difference
can be explained by the differences in IEC of the membranes (2.5, ~1.7
and ~1.64 mmol/g, respectively). Since HMT-PMBI contains a larger
initial concentration of HCO5 /CO5% it requires more time to obtain a
pure OH form. PPO-Im requires the shortest time to reach stable
conductivity, however it has the lowest value of OH conductivity and
also it might be affected by the ambient conditions; it is visible in Fig. 7
that PPO-Im OH conductivity is not stable at 90% RH and 40 °C over
the course of 6 h, which could affect the measurement in this method.

Since the current density applied in this method is limited to 20 mA/
cm? (due to practical instrumentation limitations), the time required to
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purge all HCO; and CO3% from the AEM is very long. For comparison,
in a typical AEMFC the current density can reach above 1 A/cm? [37].
For such current densities, OH generation is significantly faster and
therefore, this de-carbonation process can take place in much shorter
time. As a quick estimation, assuming a linear relationship between the
current applied and the rate of the de-carbonation process, using a
current density of 1 A/cm? in this method would require ~ 40 min to
obtain pure OH form HMT-PMBI AEM from the initially carbonated
form. A similar process was described in an AEMFC model by Wrubel
et al. [67] where carbonated AEM reaches OH conductivity after only
~4minat a current density of 100 mA/cm?.

4. Conclusions

AEMFCs are a highly attractive and promising technology.
However, AEMFCs still face the challenge of performance reduction
when they run under ambient air, due to the quick carbonation of the
OH anions in the AEM. The carbonation process in AEMs was scarcely
studied. In order to get a better understanding of this process, and find
ways to overcome the carbonation effect on AEMFCs, extensive study of
the effect of CO5 on AEMs is necessary.

In this work, the conductivity and water uptake properties of dif-
ferent AEMs in their three main relevant anion forms (OH , HCO5; and
C0O3%") were studied and compared. For the first time, the effect of CO,
on the transient behavior of the AEMs in the three main anion forms
was also presented and discussed. Transient effective conductivities
during carbonation and de-carbonation process were measured by a
new ex-situ conductivity technique, where OH anions are in-situ
generated during conductivity measurements of the AEMs.

This work provides unique and important data on AEM properties
under the effect of CO, and the products of the carbonation process
(HCO5~ and CO52"). Further research in this field is needed to increase
the understanding of the effect of CO, aiming to finally be able to de-
sign high performance AEMFCs running on ambient air.
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