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Highlights

Membrane hydration shown to affect AAEM interaction with CO>
Increasing hydration results in greater loss of membrane conductivity.
Pore opening and pore swelling have different regimes of CO; interaction.

Opening of membrane pore network leads to increasing CO, uptake.

Abstract



1. Introduction

Alkaline anion exchange membranes (AAEMs) are promising electrolyte materials for low
temperature fuel cells [1, 2]. The AAEM has the benefit of facile oxygen reduction reaction
(ORR) kinetics, and so does not require precious metal electrocatalysts [3-7]. The AAEM
also has a solid polymer electrolyte (SPE) and so can be incorporated into compact designs,
as seen with acid based proton exchange membrane (PEM) fuel cells [8, 9].

Compared to the aqueous alkaline fuel cell (A-FC), the AAEM-FC is much more portable and
does not suffer from weeping of caustic electrolyte and leaking issues [8]; however, it is still
susceptible to carbonate formation [10-13]. In A-FCs, metal carbonates form from the
interaction of carbon dioxide in the air and metal cations within the aqueous electrolyte, such
as K* and Na*, as described in Equation 1 [8]. These metal carbonates precipitate and not
only decrease the available OH ions but also form layers on the electrode surfaces, blocking

active sites, gas diffusion layers (GDLs) and significantly reducing system performance.

COz(g) + 20H" (aq) = CO3(4qy + H20q, (1)

The AAEM has immobilised cationic functional groups tethered to its polymer backbone and
thus the effect of carbonate formation on the system’s ionic performance has been a topic of
much debate. The membrane is still expected to form immobilised metal carbonates;
however, these are thought to have minimal deleterious performance effects on fuel cell
operation as they could not dissociate from the ionomer backbone and cause the
aforementioned issues seen in the A-FC [14, 15]. Some studies have shown that the
presence of carbonate ions can in fact improve fuel cell chemical stability and thus long-term
operation [13, 14]; whilst others have presented opposing results, through a reduction in

both ionic conductivity and its impact on the hydrogen oxidation reaction (HOR) [16-20].

Investigations have proven that the ionomer can operate in the carbonate (CO%~ / HCO3)
form [19]; however, the reported conductivities have been significantly lower when compared
to operation in the OH" form [21]. Varcoe et al. [13] has presented a potential solution, known
as the self-purging mechanism, in which a humidified system can return to OH- operation
having been in the carbonate form. This mechanism requires the system to run at high
current densities and in CO; free conditions; allowing the carbonate ions to be replaced by

OH- ions generated at the anode [16].



Even with promising commercialisation prospects, the effect of CO, interaction, membrane
degradation and poor understanding of the system’s hydration mechanisms, have resulted in
very few commercially available AAEMs and thus no industry leading standard (such as
Nafion in the case of acid based membranes). Many examples in the literature are
conducted on in-house fabricated membranes; generally at the lab scale development
stages and hence have huge discrepancies in findings, such as conductivity and thermal and
chemical stability [8].

Tokuyama Co (Japan) has developed AAEMs that provides an ionic conductivity more
comparable to that of Nafion, but little is known of the properties of the membranes or how
they function in different operating conditions. Published work by Tokuyama and specifically
Yanagi and Fukuta [19], has shown that the membrane is in fact hindered by operation in air,
resulting in reduced conductivity in the A201 membrane from 42 mS cm in the OH" form to

10 mS cm in the carbonate form.

The investigation presented by Yanagi and Fakuta monitored the concentration of the anion

species after exposure to ambient air from N, using CI ion exchange and titration based on

the Warder method [19]. The results indicate that the absorption of CO; by the (wet) system

was very fast and all OH" anions were converted to a combination of the carbonate (C03~ /
HCO03) form within 30 mins [19].

The findings presented by Yanagi and Fakuta can be further explained as the introduction of

CO; can dissolve into a humidified AAEM system and form a chemical equilibrium with

carbonic acid, as shown in Equation 2; the CO- can also react directly with the inherent OH
ions in the system, as shown in Equation 3:

COzg) + H200y © HzC03(aq) 2

COz(aq) + OH™ & HCO3 3)

Carbonic acid can be considered a diprotic acid and can therefore form hydrogen

carbonates in the presence of H.O (Equation 4) and carbonates containing COs* (Equations

5 and 6) [22].

H,CO; + H,0 & H;0% + HCOj 4)



HCO3 + H,0 < H;0% + C0,*~ (5)

HCO3 + OH™ & H,0+ C03*" (6)

Equations 2 — 6 show that the introduction of CO; into an AAEM system will not only form
carbonate ions that may attach to the polymer’s tethered cationic active sites, but also
lowers the pH as the system becomes more acidic, as well as consuming OH"ions reducing

membrane conductivity and hence performance.

Water management and ionomer hydration plays a key role in effective fuel cell operation,
including ionic conductivity [23] and ionomer degradation [Ref]. Equations 2 — 6 show that
water may also play a key role in the mechanisms involved in reducing fuel cell performance
through interaction with CO.. It is therefore crucial that we understand how the system’s
humidity affects the degradation processes discussed above.

This work examines how reactant humidity (and hence membrane hydration) affects how
CO; interacts with an AAEM. The change of membrane conductivity with exposure to air (as
a source of COy) is compared with the change in viscoelastic properties of a thin-film
ionomer, both as a function of humidity. The effect of CO; on the membrane material as a
function of hydration is correlated with the solvation and swelling regimes and thus the

access of CO; to the ionic channels within the membrane.



2. Experimental

2.1 Ex-situ resistance measurement

For this study, a commercially available alkaline anion exchange sheet membrane (A201,
Tokuyama, Japan) was operated in an in-house fabricated closed-cathode fuel cell (5 cm?
active area), with nitrogen running over both sides at a range of humidities. The A201
membrane was soaked in 1 M KOH for 5 hours to convert it from the CI- form to the OH form; it
was then rinsed in deionised water, pat dried and inserted into the cell where it was held under
stable conditions at 55 °C with 100 ml min' of N> (BOC) passing over each side. Using
electrochemical impedance spectroscopy (EIS), the high-frequency intercept with the real axis of
the Nyquist plot was used to determine the resistance of the system. Once the EIS high
frequency intercept was constant, the supply of nitrogen was switched to air (at the same relative
humidity), and the corresponding high frequency measurement recorded until stable. This
process was repeated at a range of relative humidities (RHs) delivered using a calibrated dew
point humidifier (Arbin, USA).

The membrane’s transient high frequency intercept was measured using an IlviumStat
(Alkatek, UK). Impedance spectroscopy was measured potentiostatically at open circuit
voltage, 0 V, with an AC amplitude of 10 mV; the amplitude was the smallest system
perturbation which initiated a clear current response. The high frequency impedance was
measured at 35 kHz every second; determined by performing impedance sweeps between
100 kHz and 100 Hz to find the high frequency intercept before the introduction of air to the
system. The impedance sweep was also performed at the end of each experiment to verify a

negligible shift in the high frequency intercept.

2.2 In-situ QCM interfacial measurements

2.2.1 The quartz crystal microbalance

The QCM is a bulk acoustic wave (BAW) resonator that has many applications, including
implementation as an in-situ microbalance with nanogram resolution [24, 25]. The QCM is
made up of a piezoelectric material (quartz) sandwiched between two electrically conductive
gold electrodes. The quartz resonates at a specific resonant frequency (a function of its

dimensions and mass deposition on its electrodes) when a voltage is applied.



The Sauerbrey equation (Equation 7) can be used to relate a shift in the system’s frequency

with either an increase or loss in the attached mass on the microbalance surface:

_ 2% Am (7)

Af =
/ A\ lq Pq

Where Af is the measured change in frequency, fo is the fundamental frequency of the
microbalance, A is the active piezoelectric area, g is the shear modulus and pq the density
of quartz, and Am is the systems mass change.

The Sauerbrey equation assumes that the deposited mass on the electrodes is evenly
distributed; oscillates rigidly [25, 26] and has the same density and transverse velocity of
guartz. The frequency shift from a deposited mass at any radial distance from the centre of
the microbalance is assumed to be equal regardless of location [24]. Finally, the acoustic
wave is assumed to travel through the microbalance and propagate through the additional

film.

The QCM has proved to be a versatile in-situ mass monitoring technique for the study of
polymer interactions at a solid interface, offering hanogram mass resolution [27-29]. For this
study, the commercial AAEM ionomer (Tokuyama, Japan) is drop cast onto the QCM
surface creating a composite resonator, thus allowing the QCM to be operated as a true in-

situ sensor

2.2.2 lonomer Casting

The Tokuyama AAEM which contains [RsN*] cationic head groups is affected by the
interaction with CO; even at low concentrations [8, 19, 30]. So to prevent any unwanted
interaction with CO; in air, the ionomer casting process was carried out in-situ and the
experimental set-up was developed to preclude any unwanted CO,. The rig is shown in
Figure 1(a) and further described in [31]. Mass spectrometry data has been used to confirm
all seals are air-tight and to show no presence of any undesired air components.

The commercially available AS-4 ionomer dispersed in isopropanol alcohol (Tokuyama,
Japan) was cast by micro-pipette in-situ under a 100 ml min* stream of desiccated N, (BOC,
UK) directly onto a 6 MHz, 14 mm, gold coated double-anchor QCM electrode (Inficon)
within the humidification chamber (Figure 1(b)). The casting process for each experimental

run was conducted at 0% relative humidity (RH) to eliminate the water content contribution to



the ionomer thickness calculations. The composite resonator was then held at 55 °C and 0%

RH for 1 hour to allow the ionomer to anneal.

The ionomer thickness ti was subsequently determined using the Sauerbrey Equation (7)
and Equation 8 below [31]:

i (8)

Where m; is the measured ionomer mass (Sauerbrey equation), A, is the active cast area
and p; the recast ionomer density.
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Figure 1: (a) Experimental rig setup allowing rapid switch over between nitrogen and air at the same
dew point. (b) Shows the humidification chamber used throughout this investigation in which the

composite resonator is both cast and operated.



This investigation uses thin film (65 + 4 nm) drop cast ionomers for each study to ensure that
the deposited mass is within the QCM'’s operable range [29], and to minimise contribution
from internal water diffusion from the bulk when operating through the investigative range of
relative humidities [28, 32, 33].

2.2.3 Composite resonator operation

After annealing, the compaosite resonator continues to operate under a nitrogen stream at
100 ml min? and 55°C; the same dew point humidifier was used to attain the system’s
relative humidity and is specific for each sub-investigation. The frequency was measured
using a QCM200 controller (Stanford Research Systems, USA). Once the composite
resonator achieved a stable frequency, the nitrogen was switched to a stream of air (BOC,
UK) at the same flow rate and RH with ~ 400 ppm CO; concentration.



3. Results and Discussion

3.1 AAEM EIS resistance measurements

The first part of this investigation explores how humidity affects the high frequency ohmic
resistance of a commercially available alkaline anion exchange sheet membrane (A201,

Tokuyama) operating in atmospheric levels of CO; (air).

Figure 2 shows the % change in the measured high frequency resistance for A201 sheet
AAEMSs held at different RHs when operating in nitrogen (blue section) and subsequently in

air of the same RH.
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Figure 2: The % ohmic resistance change for the A201 membranes when operating in nitrogen (blue

section) and subsequently in air containing atmospheric carbon dioxide at 0, 50 and 100% RH at 55

°C (represented as 50 second averaged intervals).

Figure 2 shows that when the AAEM is operated at 0% RH, there is no significant change in
resistance when the operating conditions are changed from N to air. However, at 50% and
100% RH, there is an increase in the membrane’s resistance by 3.3% and 9%, respectively.
It can also be seen that the transient response and associated stabilisation period of each
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membrane increases with RH; this is expected as at higher RHs there is more activity in the
membrane with increased water available and a potential equilibrium between liquid water

formation and removal.

The effect of humidity on performance when operating in air has yet to be considered in the
literature; however, decreases in performance when operating in air have been
demonstrated elsewhere in functioning fuel cell systems [16, 34]. In functional fuel cell
system studies however, the measured shifts in performance cannot solely be considered as
an interaction with CO. because of other factors, including changing reactant partial
pressures of the fuel stream (O, - air) during the switch over.

3.2 Quartz crystal microbalance response

The quartz crystal microbalance (QCM) has previously been used to examine the effect of
water uptake and change in viscoelastic properties of thin-film AAEMs [31]. Here it is applied
to examine the effect of AAEM interaction with CO; at different relative humidities.

Once cast and annealed at 0% RH, each drop-cast composite resonator was operated at a
specific relative humidity, initially in nitrogen and subsequently in air (~400 ppm in COy); this
was repeated for eight freshly cast QCM crystals operated through a relative humidity range
of 0% - 88%. The processed frequency shift for each microbalance response is reported in
fifo (ppm) to normalise the specific resonant frequency and thus allow direct comparison
between each investigation which has taken place on a different baseline due to each

system being exposed to a different RH prior to introducing air (CO.) [35].
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Figure 3: () Change in QCM frequency responses for composite resonators operating in nitrogen and
subsequently in air at a range of RHs. (b) Shows the two AAEM hydration mechanisms determined

through crystal admittance spectroscopy, discussed in [29]. The inset shows the measured Bode plot.

Figure 3(a) shows that at 0% RH, when there is no water in the system, there is no change
in the composite resonator’s resonant frequency. This agrees with the membrane resistance
result in Figure 2 for 0% RH. In the range up to 62% RH, it can be seen that there is a linear
increase with each resonator’s absolute frequency shift with increasing RH. At 66% RH, the

composite resonator shows a step change of 1.8 ppm from the investigation conducted at 62
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% RH, and above 66% RH increasing RH has a significantly smaller effect on each of the

composite resonator’s frequency shifts.

Access of CO; to the pore network structure is expected to have an effect on the extent of
interaction with the AAEM. As the RH is increased, it is possible that more CO; is able to
permeate into the humidified membrane, allowing an increased production of carbonic acid
within the system (Equation 2), which reacts with the hydroxyl anions (Equations 2 — 6) [19].
With increasing RH, the system becomes more acidic as the CO: uptake increases (and
hence carbonate ion formation); the cationic head groups interact with the increased
concentration of carbonate ions and results in an effective mass increase (frequency
decrease). Figure 3(a) shows that the extent of CO, uptake increased linearly with humidity
between 0 — 62% RH. At ~62% RH there is a significant step change which remains
approximately constant between 66% and 88% RH.

The authors have previously described the hydration mechanisms in the AS-4 ionomer [31],
the results of which are summarised by Figure 3(b). The findings suggest (through crystal
admittance spectroscopy) that the ionomer initially undergoes a solvation period (< 66% RH)
in which ion conducting channels begin to open, followed by swelling of these ionomer
channels between 66% and 100% RH. There is a clear correlation between the degree of
membrane hydration and the extent of CO, uptake. During the solvation regime (0 — 62%
RH), the results suggest that the opening of membrane pores allows increasing access of
CO: [29], and hence more interaction between cationic head group and carbonate ions.
Once the channels are fully open (= 66% RH), all cationic sites become accessible as the

ionomer is fully solvated and change in RH has little effect on CO- uptake.
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4 Conclusion

Interaction of CO, with AAEMSs is a potentially potent cause of performance degradation.
Results here suggest that loss of membrane ion conductivity on exposure to CO; is a
function of membrane hydration; increasing membrane hydration leads to more substantial
resistance increases. Thin-film ionomer studies using the QCM has allowed for very
accurate measurement of CO; uptake (carbonate formation) into the membrane. Exposing
the cast membrane to atmospheric levels of CO; in air and operating at the typical operating
temperature of the membrane in a device (55 °C), suggests that there is a correlation
between CO- uptake and the level of hydration of the membrane; the pore opening regime
resulting in a linear increase in CO, uptake as water permeates the pore system and cation
headgroups become increasingly accessible to CO,. The transition to the pore swelling
phase sees a step increase in CO; uptake as the network is fully open and continues to

swell with water but does not lead to an increase in CO. uptake with increasing RH.
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