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Abstract 9 

Alkaline anion-conducting polymer-based CO2 electrolysis and water electrolysis are among 10 

two emerging renewable energy conversion technologies. Their system design and integration 11 

offer promise of lower capital cost due to utilization of non-noble catalysts, in contrast to platinum 12 

group metal catalysts required for cation-conducting polymer-based devices. However, a critical 13 

component, the polymer electrolyte membrane, remains an obstacle hampering system 14 

performance and durability. In this study, commercially-available Sustainion® membranes with 15 

and without PTFE-reinforcement were investigated to understand previously unreported origins of 16 

improved device performance when compared to alternative membrane chemistries. We report 17 

critical membrane properties, such as morphology, thermal stability, as well as temperature-, 18 

hydration-, and counter-ion dependent ion conductivity. Moveover, the changes in uptake and 19 

conductivity of membranes in supporting electrolytes of K2CO3 and KOH investigated as a 20 

function of their concentration. Presence of reinforcement and supporting electrolyte type alter the 21 

membrane’s transport functionality, which could help guide device design for improved 22 

performance. The obtained results not only show how Sustainion® properties change with 23 

operating environment for CO2 and water electrolysis applications, but also provide understanding 24 

for internal and external factors controlling anion-exhcnage membrane functionality in 25 

electrochemical devices. 26 

27 

Keywords: Anion-Exchange Membrane, Reinforcement, Electrolytes, Structure-Property, 28 

Conductivity 29 
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Introduction 30 

With increasing need and urgency to decarbonize key sectors, it is imperative to reduce and even 31 

reverse the carbon emissions using energy conversion and carbon-capture technologies.1ref   32 

Electrochemical water splitting and CO2 reduction are two technologies leading the green 33 

revolution for production of fuels and value-added chemicals, capable of reducing or even 34 

capturing CO2 emissions using renewable energy.2-6  35 

Alkaline water electrolyzers (AWE) based on liquid-electrolytes have been commercially 36 

available for several decades, high internal transport resistance limits their use and potential for 37 

efficient energy conversion and storage technologies. Polymer-electrolyte membrane water 38 

electrolyzers (PEMWE) utilizing zero-gap configurations can operate at high current densities 39 

without compromising energy efficiency. PEMWE devices benefit from  lower overpotential, 40 

electrolyte management, and gas purity, leading to smaller and simpler systems that promote use 41 

of small-scale hydrogen production plants.7-10 Proton-exchange membranes (PEM) and anion-42 

exchange membranes (AEM) are two typical classes of solid-electrolyte membranes. In PEM 43 

systems, the acidic environment makes replacing the noble expensive catalyst extremely 44 

challenging. In contrast, AEM-based water electrolysis in an alkaline environment can utilize non-45 

precious metal catalysts (e.g. Fe, Ni or Co-based) and less expensive steel hardware (as opposed 46 

to Ti), which drives down the system cost and provides advantages over PEM-based cells.10-12 In 47 

addition,  the alkaline enviroment also favors the oxygen evolution reaction  kinetics compared to 48 

the acid environment in PEM system. Moreover, AEM systems can be adapted for CO2 electrolysis 49 

(electrochemical CO2 reduction), mitigating problems with low solubility of CO2 in aqueous-fed 50 

systems that limit CO2 conversion, but also the catholyte with an anion-conducting membrane to 51 

enable higher current densities.5, 6, 13, 14   52 

One of the greatest research challenges for AEMs is the polymer stability under an alkaline 53 

environment.5, 10, 11, 15 A recently developed imidazole-functionalized AEM, Sustainion® (Figure 54 

1), exhibits stability in strong alkaline solutions, as well as maintains lower cost due to an 55 

inexpensive polystyrene-based backbone.6, 8, 16 In addition, Sustainion® has been used in various 56 

energy applications, including the electrochemical conversion of CO2 to formic acid (HCOOH), 57 

CO2 to carbon monoxide (CO), and alkaline water electrolysis.5, 14, 17, 18 Recently, promising results 58 

were reported in CO2 reduction utilizing Sustainion ionomers to create a bilayer to tune the catalyst 59 

micro-enviroment.14 In addition, hydrogen generation using Sustainion® can operate at high 60 
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current densities and low voltages without using precious metal electrocatalysts.19, 20 Therefore, 61 

Sustainion® can serve as a suitable model system for fundamental and systematic investigation of 62 

AEMs and is baselined against FAA-3 from Fumatech. The structure for FAA-3 is omitted due to 63 

lack of public disclosure but it is known to have a poly(phenylene oxide) backbone with a 64 

quaternary ammonium group attached. 65 

 66 

 67 

 68 
Figure 1 Chemical structure of Sustainion® with the 1,2,4,5-tetramethyl imidazole functional 69 

group where m and n are 6 and 1, respectively, and X- is an anion such as OH-, Cl-, Br-, 70 
CO3

-2, HCO3
-. 71 

 72 

Thus far, only a few studies used Sustainion® membrane yet their focus has been on the 73 

electrochemical cell performance.6, 19-21 Recently, water transport through Sustainion®-based CO2 74 

electrolyzer was quantified using an in-situ sensor on the cathode chamber.22 The reports on 75 

membrane properties and their understanding; however, is far from adequate. Typical properties 76 

of Sustainion® membrane, such as ion exchange capacity (IEC), OH- ion conductivity in liquid 77 

water, and water content have been reported.23 However, membrane morphology, thermal-78 

mechanical properties, as well as their correlations to conductivity properties, particularly under 79 

vapor phase for liquid-free systems, and in supporting electrolytes, are missing, despite the key 80 

role of these in cell performance. Of particular importance is the understanding of how these inter-81 

correlations change in a membrane with reinforcement layer, which has been widely adopted in 82 

engineering applications.    83 

The mechanical stability of an AEM is important for the durability of electrolyzers. Cross-84 

linking and impregnating porous PTFE are the two common methods to control the membrane 85 

swelling and to enhance the membrane durability.24 However, issues related to controlling and 86 

reducing brittleness when drying out during cross-linking makes the reinforcement strategy more 87 
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promising. Reinforcement strategies in fuel-cell PEMs, such as the commercially available Gore-88 

Select membranes incorporating an expanded PTFE mesh into PFSA membranes, have been 89 

proven to be an effective way for the development of robust and thin membranes, (5 to 20 µm), 90 

while reducing transport resistance and cost.25 91 

Numerical studies and experimental investigations found that higher temperature operation 92 

could improve cell performance by enabling lower electrolysis voltage and higher current density 93 

operation.3, 26, 27 For water electrolyzers, operating Nafion®-based system at 80-130 °C with 94 

controlled system pressure can reduce the overpotential, albeit at the expense of membrane 95 

dehydration problems. From simulation results, AEM-based CO2 electrolysis cell operating at a 96 

higher temperature (e.g., 80 °C) exhibits improved charge transfer kinetics, enhanced CO2 97 

utilization as well as reduced water transport limitations that are usually observed at room 98 

temperature.26 Therefore, understanding membrane behavior at high temperatures is beneficial for 99 

improving the performance of these cells, particularly gas-polymer electrolyte (liquid-free type) 100 

cells, where the cathode is fed with CO2 gas.28 For this reason, this study examines AEM properties 101 

in water vapor conditions at higher temperatures.  102 

In addition, supporting electrolytes (SE) were found to play a critical role in 103 

electrochemical systems, such as alkaline electrolysis or redox flow battery systems where SE 104 

combined with other cheap separators as an effective capital cost reduction option.29 An aqueous 105 

supporting electrolyte (SE), such as KOH, is commonly used in other electrochemical cells to 106 

improve the cell performance and to eliminate the need for incorporating an ionomer binder in the 107 

catalyst layer.30, 31 For example, 24 wt% KOH as the supporting electrolyte in alkaline water 108 

electrolyze was found to have polarization behavior comparable to PEM electrolyzer without PGM 109 

catalysts.30 However, the impact of supporting electrolyte on transport properties and 110 

nanomorphology of Sustainion® membranes has yet to be investigated. In the study, we carry out 111 

a systematic investigation on Sustainion® membranes to study the impact of supporting electrolyte 112 

on ion transport properties and nanomorphology, examine the role of reinforcement, and provide 113 

a property data set that could help understanding of their structure-hydration-transport correlations.  114 

 115 



 5

2. Experimental 116 

2.1 Materials 117 

Sustainion® 37-50 and Sustainion® PTFE reinforced X37-50 membranes were purchased from 118 

Dioxide Materials. Fumasep FAA-3 was purchased from Fuel Cell Store. Expanded PTFE 119 

(ePTFE) was produced by 3M. As-received Sustainion® 37-50 membranes were soaked in 1 M 120 

KOH solution overnight to remove the supporting liner before the further anion-exchange process. 121 

OH-, CO3
2- and Br- form membranes were obtained after treating membranes twice with fresh 1 M 122 

KOH, K2CO3, and KBr solution, respectively, and then soaked in Millipore-grade water (>18.0 123 

MΩ-cm) to remove excess salt. IEC values for each membrane and ion form are tabulated in Table 124 

1. All membranes were stored in an air tight container with Millipore-grade water that has been 125 

purged with CO2-free nitrogen for 5 min prior to sealing the container and purged again after each 126 

time the container was opened. 127 

 128 

Table 1 List of membranes used in this study. The values represent the effective IEC for 129 

reinforced membrane which are calculated by accounting for the reinforcement. 130 

Membrane 
Effective IEC (mmol/g) 

OH- CO3
2- Br- 

Sustainion® 1.12 1.07 1.05 

Reinforced Sustainion®
  1.02 0.98 0.96 

Fumasep® FAA3 1.92 1.81 1.71 

 131 

2.2 Dynamic Mechanical Analysis (DMA) 132 

Membrane thermal property was studied in tension mode using a dynamic mechanical analyzer 133 

(DMA) by TA Instruments Discovery DMA 850. 8 mm wide sample was placed at the tension 134 

clamp at the lock position. Dried house N2 gas was fed through the DMA chamber overnight to 135 

remove all the ambient water and ensure a dry state for the polymer prior to the testing. The house 136 

N2 gas was turned off before the experiment. The sample was strained between a fixed and a 137 

moving clamp in a static oscillation load. The sample was then tested at the frequency of 1.0 Hz  138 

with a temperature sweep from room temperature to sample failure at a ramping rate of 5 °C/min. 139 

From the collected stress-temperature data, storage modulus (E), loss modulus, and their ratio or 140 

tan(δ) were determined.  141 
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 142 

2.3 Thermogravimetric Analysis  143 

The thermogravimetric analysis (TGA) was carried out using a Perkin Elmer TGA 4000 instrument. 144 

An analytical balance and a controlled-atmosphere oven were coupled to measure a sample’s mass 145 

loss as a function of temperature (from ambient ca. 25 °C to 700 °C) at a constant heating rate of 146 

10 °C/min in dry nitrogen purge gas. The instrument had a sample temperature precision of ± 147 

0.4 °C and a balance accuracy of ± 0.02%. Two type of experiments were carried out using the 148 

TGA. First, a hydrated sample with mass of ~8-20 mg was tested after blotted the surface water 149 

with Kimwipe. Between each test, careful cleaning was performed by holding the temperature at 150 

900 °C for 10 minutes under the air atmosphere to oxidize all residue.  151 

Then, another test was performed to determine the PTFE mass loading in reinforced membranes 152 

by comparing the mass loss curves of membranes in CO3
2- form using the following procedure. 153 

First, the samples were heated to 120 °C at 5 °C/min followed by an isothermal hold for 30 min to 154 

remove water from each sample. The samples were then cooled to 30 °C at 50 °C/min followed 155 

by another isothermal hold for 15 min. The final step consisted heating the samples to 750 °C at a 156 

rate of 5 °C/min. The mass fraction of the PTFE reinforcement, fr, was determined from the 157 

difference in the mass loss at 500 °C. From the calculated mass of the reinforcement layer, an 158 

effective EW is determined for the reinforced membrane using the expression:  ��� = �� ∗159 

(1 − 	
). 160 

2.4 Membrane Density 161 

The dry membrane density (���) was used to calculate the membrane volume fraction, which is 162 

determined using an Ohaus density determination kit at room temperature. All the membranes 163 

were dried in a vacuum oven overnight at 70 °C and then cooled to room temperature prior to 164 

measurement. An Ohaus Adventurer® balance was used to obtain the sample mass in air and in the 165 

auxiliary liquid (i.e., decane). The dry sample density was calculated according to:32  166 

ρdry= 
WA

WA-WB
�ρ0 - ρL�+ ρL        (1) 167 

 168 

where W� and W� are the sample weight in air and in the auxiliary liquid. ρ� and ρ�are the density 169 

of the auxiliary liquid and air, respectively. 170 
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2.5 Water-sorption Behavior 171 

Isothermal water vapor sorption of the membrane was measured using a dynamic vapor sorption 172 

analyzer (DVS Surface Measurement Systems, UK) with temperature and humidity control. The 173 

samples were humidified from 0 to 98% RH, and then dehumidified from 98% to 0% with 174 

increments of 10% RH at 25 °C. The humidified membrane weight (��� ) was determined at each 175 

RH step after the mass gain reached a steady-state (dm/dt < 0.005 %/min.). The dry weight 176 

(���) of the humidified membrane was obtained after drying the anion-exchange membrane at 177 

0% RH at 25 °C in the DVS. The details of the experimental procedure can be found in a previous 178 

study.32 The percent water uptake (WU) by weight was calculated from the measured weight: 179 

WU =  
��� � �� !

�� !
  × 100        (2) 180 

From the water uptake measured during sorption, �$%&�'()&* , and desorption, �$+%&�'()&* , 181 

sorption hysteresis in the vapor phase (Δ�-) was calculated as follows: 182 

Δ�- = �$+%&�'()&* − �$%&�'()&*        (3) 183 

In addition, liquid water sorption measurement was carried out by soaking the membrane in liquid 184 

water for at least three days and then measuring its wet weight (�.+(), after blot dried the surface 185 

water. Dry weight (���) of the wet membrane was determined after vacuum drying the samples 186 

at 110 °C overnight and cooling in a desiccator, and water uptake in liquid water is calculated 187 

using Equation 3. To characterize hydration, water content, λ, is calculated from the average of 188 

water uptake during sorption and desorption:  189 

λ = /&0 123

/&0 4&*
=

(��� ��� !) 

�� !∗ 5�26

7�8 

 5�26
       (4) 190 

where ���, is determined from the IEC (mmol/g) values reported in Table 1 and discussed in the 191 

previous section on TGA, and 9�2: is the molar mass of water (18 g/cm3). 192 

 193 

2.6 Membrane Conductivity 194 

A sample with a dimension of 10 mm × 35 mm was loaded to a four-probe in-plane conductivity 195 

cell to measure conductivity. For conductivity in water vapor, a membrane testing system (MTS 196 

740, Scribner Associates Inc.) equipped with a Solartron 1286 DC potentiostat was used under 197 

controlled temperatures and in a humidity ramp down mode (from 98 to 20%), according to 198 
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previous finding.32 Linear sweep voltammetry (BioLogic VSP, V= -0.1~ +0.1 V, sweep rate = 10 199 

mV/s) was used to measure the membrane resistance in liquid water at ambient conditions.  200 

Ionic conductivity, ;, of the membrane was calculated from:  201 

; =  <

�×=
          (5) 202 

where L is the distance of two Pt electrodes for measuring voltage, R is the membrane resistance, 203 

and A is the cross-sectional area of the membrane. 204 

Ion conductivity can be expressed in terms of carrier concentration (e.g. imidazolium 205 

functional group) (>?�@) and effective ion mobility (ABC) in the form of:  206 

  ; = D>?�@ABC                                      (6) 207 

where F denotes the Faraday constant. 208 

Through-plane conductivity was measured by applying a DC sweep from 0 to 50 mV at a 209 

rate of 100 mV/s in KOH and K2CO3 electrolytes in a 4-probe configuration with two fixed Luggin 210 

capillaries placed ~1 mm from the membrane on each side with Ag/AgCl reference electrodes for 211 

the voltage sense and platinum mesh for the current carrying electrodes. The membrane 212 

conductivity was calculated by subtracting the membrane+solution resistance from the solution 213 

resistance.  214 

 215 

2.7 Small Angle X-ray Scattering (SAXS)  216 

Small-angle X-ray scattering (SAXS) experiments were performed in beamline 7.3.3 of the 217 

Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory (LBNL). The X-ray 218 

wavelength used was λ = 0.124 nm, with a monochromator energy resolution of E/dE of 100, and 219 

the presented patterns were collected using a 2D Dectris Pilatus 2M CCD detector (172 µm × 172 220 

µm pixel size). The scattering wave vector, q = 4π sin(θ/2)/λ, where θ is the scattering angle, was 221 

in the range of 0.001 to 0.04 Å-1 for SAXS. SAXS images for dry and liquid-equilibrated samples 222 

were obtained in-situ using custom-designed temperature-controlled solution cells with X-ray 223 

transparent KaptonTM windows. Dry samples were sealed in sample holders after vacuum drying 224 

for 12 hr. For liquid-water experiments, samples were immersed in liquid water in the solution 225 

cells. All the experiments were carried out at 25 °C, and the samples were equilibrated overnight 226 

prior to imaging. The collected two-dimensional scattering patterns were azimuthally integrated 227 

to generate 1-D intensity profiles, I(q), which were corrected for background scattering.  228 

 229 



 9

3. Results and Discussions 230 

 231 

3.1 Morphology 232 

Morphology of ion-exchange membranes is a key characteristic that affects material properties. 233 

Nano/micro-phase separation, which is driven by the enthalpy associated with the de-mixing of 234 

incompatible components in polymers, can result in numerous distinct morphologies.33 Ion-235 

conducting polymers that exhibit phase-separated nanodomain networks are comprised of one 236 

phase that facilitates ion transport, while a second phase provides complementary functions like 237 

mechanical stability and integrity. However, many random ion-conducting copolymers, AEMs in 238 

particular, are weakly phase-separated or are completely amorphous, based on X-ray scattering 239 

techniques, including common AEMs such as Fumasep FAA-332, 34,35 and, as shown in this study, 240 

Sustainion.  241 
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 242 
Figure 2 (a) SAXS spectra for Sustainion membranes with various counter-ion forms in liquid 243 

water at RT with Nafion included (gray dotted line). (b)Teubner-Strey fitting for OH-, F-, 244 
and Br- forms. 245 

 246 
 247 

Figure 2 shows the small-angle X-ray scattering (SAXS) profiles for Sustainion membranes in 248 

various counter-ions (anions). Even though Sustainion retains a predominantly amorphous 249 

structure for all anion forms, the impact of anions on the tendency to drive nano-phase separation 250 

can be obtained using the correlation length (E) estimated from the Tuebner-Strey two component 251 

scattering model (see SI for details).36, 37 An increase in E observed with anion type, F-< Br-< OH-, 252 

reflecting slight increased tendency for nano-phase separation, albeit not strongly, but is also 253 
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indicative of hydration where the ion form changes the degree of water uptake under ambient 254 

conditions. This lack of strong phase-separation can be attributed to the chemical architecture of 255 

these AEMs where chemical similarities between the different repeat units increase the likelihood 256 

of mixing (i.e. similar styrenic repeat units), even with the addition of the hydrophilic imidazole 257 

functional group. However, as discussed later, the correlation length is not only indicative of the 258 

hydration environment within the membrane but also the aqueous electrolyte environment with in 259 

the membrane. 260 

 261 

3.2 Thermal and mechanical properties 262 

The thermal degradation of membranes with and without an ePTFE reinforcement with a 263 

common counter ion (CO3
2-) and in two important anion forms were examined using 264 

thermogravimetric analysis (TGA), as shown in Figure 3. Reinforcement was compared based on 265 

a consistent water content at beginning of test by drying the membrane at 120 °C briefly before a 266 

return to 30 °C where the mass loss collection begins with CO3
2- chosen due ion stability in air. 267 

Compared to unreinforced Sustainion, the reinforced membrane exhibits a comparable mass loss 268 

(up to 200 °C) which is associated with tightly bound water in a similar vein to PEM-based 269 

membranes. Above 200 to 450 °C, there is a mass loss associated with the thermal decomposition 270 

of polymer's ionic groups and main (backbone) chains, which are consistent with previous reports 271 

of poly(styrene)s and poly(phenylene oxide)s based ionomers.38 The reinforced membrane retains 272 

a slightly higher mass due to the presence of the ePTFE reinforcement until 450 °C where the 273 

Sustainion membrane undergoes a large mass loss. The thermal degradation of pristine ePTFE is 274 

also shown where the onset of degradation begins at 500 °C and ends at 600 °C. The overlapping 275 

mass percentage of the Sustainion membranes show agreement that all ePTFE is gone at this point 276 

in temperature and that the % mass difference between 450 and 500 °C is a reliable region to 277 

estimate mass fraction. The mass difference between 450 and 500 °C allows for an estimate ePTFE 278 

mass fraction of ~8.5%. This reinforcement fraction is comparable to the 8.9% obtained from the 279 

membrane density calculations and validated by SEM (SI-Table1 and Figure S4). 280 

 281 

While CO3
2- is stable in air, OH- form is the dominant ion used in electrochemical devices, 282 

and is of importance in this work, but reacts with CO2 in air to convert to a mixture of CO3
2-/HCO3

-283 

. Unlike the reinforcement comparison, data in Figure 3b are placed in the TGA crucible still 284 
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hydrated which leads to a large mass loss up to 100 °C with 35% and 58% mass loss for CO3
2- and 285 

OH- forms, respectively. The differences in water uptake are in agreement with the water uptake 286 

swelling isotherms, discussed below. Above 100 °C, there is a continuous mass loss with notable 287 

differences between the CO3
2- and OH- forms where the OH- form shows a double plateau, similar 288 

to the mass loss above 200 °C for CO3
2- form in Figure 3a, but CO3

2- form exhibits a single plateau. 289 

This distinction highlights that the state of the membrane at beginning of test is important where a 290 

CO3
2- form membrane may have improved thermal degradation when water is present at start of 291 

test but exhibits a degradation mode at 200 °C when the test is started dry. Additionally, the OH- 292 

form membrane exhibits this degradation mode when 200 °C is reached, likely owing to the 293 

degradation susceptibility of the imidazolium functional group in the presence of hydroxides but 294 

also low water content.  295 

 296 

High-temperature operation contributes to reduced overpotential of the proton exchange 297 

membrane-based water electrolyzer as a result of increased kinetics and membrane conductivity; 298 

however, operation is traditionally limited 20-80 °C due to the limitations of the proton conducting 299 

membrane (Nafion®).9, 27 By operating near the glass transition temperature (Tg) of a polymer, 300 

especially under hydrated conditions where water plasticization can lower the Tg,
39 the increased 301 

chain mobility can affect other properties such as creep which can lead to constantly changing 302 

material properties due to thinning or even premature failure of devices. To examine the 303 

thermomechanical stability of AEMs in the dry state, their dynamical mechanical behavior is 304 

analyzed by DMA using a temperature sweep up to 300 °C (Figure 4). From DMA data, Tg of 305 

reinforced Sustainion and FAA3 membrane when dry is ~190 and 260 °C, respectively, which 306 

could enable a higher temperature operation than Nafion (with Tg ~ 110 °C) systems. The lower 307 

Tg of Sustainion compared to FAA3 is largely attributed to its respective unfunctionalized 308 

homopolymer (i.e. polystyrene vs. polyphenylene oxide).40 Standard non-reinforced Sustainion 309 

membranes are excluded due to premature mechanical failure during mechanical testing (Figure 310 

S2).  311 

 312 
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 313 
 314 

Figure 3 (a) TGA curves of unreinforced and reinforced Sustainion membranes in CO3
2- form. 315 

The data for ePTFE material is also included for comparison. (b) Comparison of TGA 316 
profiles for unreinforced Sustainion in OH- and CO3

2- forms. 317 

 318 
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  319 
 320 

Figure 4 DMA profiles showing tan(delta) of reinforced Sustainion and Fumasep FAA3 321 
membranes (CO3 

2-). 322 

 323 
 324 

3.3 Water Uptake Behavior 325 

Water uptake plays a significant role in membrane transport properties and cell performance, 326 

especially in AEM-based systems where water is used as a reactant and for improving cell 327 

performance by reducing Ohmic losses.32, 41, 42 As shown in Figure 5, Sustainion obtains higher 328 

water content than FAA3 in both vapor and liquid saturated conditions. In vapor conditions, 329 

membranes in OH- ion form exhibit higher water content than CO3
2- form for both non-reinforced 330 

and reinforced membranes (Figure 5a). This can be attributed to the fact that (i) OH- form has a 331 

greater number of water molecules in the first hydration shell per charge than CO3
2-, ~5 vs ~4.5 332 

for OH- and CO3
2-, respectively,43 and (ii) the dissociation enthalpy of the corresponding salts 333 

where OH- is easier to dissociate from the fixed charge group, resulting in increased water uptake 334 

at a given humidity.44  335 

The impact of PTFE reinforcement on water sorption is also plotted in Figure 5. All reinforced 336 

membranes, regardless of their counter-anion, exhibited lower water content than non-reinforced 337 

membranes at all RH levels. The additional mechanical constraints imposed by the hydrophobic 338 

PTFE reinforcement and lower effective IEC arising from the presence of a hydrophobic support 339 

matrix lead to a 30% reduction in water content at high humidity.  340 
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 341 

In terms of saturated water capacity, all membranes show higher water content in liquid-342 

equilibrated conditions compared to vapor-equilibrated conditions, regardless of reinforcement. 343 

This difference is commonly observed in proton exchange membranes and attributed to 344 

Schröder's paradox,45 which has been a subject of debate, especially in PFSAs and fuel-cell 345 

applications with differing viewpoints based on thermodynamics and interfacial-structural 346 

phenomena. Interestingly, reinforced Sustainion shows a lower difference between liquid vs. vapor 347 

uptake (i.e., less dependence on the equilibrium phase liquid vs. vapor) than the non-reinforced 348 

membrane, which could be due to reduced interfacial rearrangement as a result of confinement to 349 

the PTFE reinforcement and greater resistance to the lateral swelling.    350 

 351 

Examination of sorption and desorption data indicates that both reinforced and non-352 

reinforced Sustainion membranes exhibit lower sorption hysteresis than FAA3 (Figure S3). The 353 

water sorption hysteresis is associated with the stress relaxation of the cohesive force opposing 354 

swelling.32, 46 The low sorption hysteresis was also found in crystalline materials and strong 355 

polyelectrolytes,47 for which the sorption hysteresis was attributed to the polymer’s resistance to 356 

plasticization by water (i.e., stiffer chains) due to its higher shear modulus and the larger stress 357 

relaxation time consequently hampers the response to RH changes.48 Compared to the non-358 

reinforced membrane, reinforced Sustainion shows lower sorption hysteresis, which indicate 359 

reduced fluctuations in response to hydration difference that may arise during the cell operation.  360 

This finding could be beneficial for cold-start in vapor operation conditions, particularly for using 361 

the mitigation method of residual water removal from the system by gas purging,49 where the 362 

residual free water is expected to be removed easier in the reinforced Sustainion.   363 
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  364 
   365 

Figure 5.  (a) Water vapor isotherm of Sustainion and FAA3 membranes in CO3
2- and OH-  form 366 

at 25 °C, (b) Water uptake for vapor- and liquid-equilibrated membranes in CO3
2- form. 367 

 368 
 369 
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3.4 Anion Conductivity 370 

3.4.1 Effect of Hydration and Anions 371 
Hydration plays a critical role in promoting ion conductivity and enhancing cell 372 

performance,22, 41, 50 especially for AEMs that have amorphous structures32, 51. Anion conductivity 373 

(;) of Sustainion increases monotonically with hydration and approaches the ion dilution at 374 

humidity values >90-95% RH, as shown in Figure 6. Compared to FAA3, Sustainion conductivity 375 

is >10x for OH- and ~7x for CO3
2- anions, which could explain the improved cell performance.8, 376 

18, 20 In fact, a recent AEM work found that ion conductivity plays the most critical role in the CO2-377 

related voltage loss from carbonation.52 378 

 379 

Ion conductivity is governed by multiple factors, including ion concentration and mobility, 380 

tortuosity of transport pathways at the mesoscale, and electrostatic interactions and solvation 381 

energies at the nanoscale.12, 32 Factors contributing to conductivity are determined as a function of 382 

water volume fraction, as shown in Figure 6(c-e). Compared to FAA3, Sustainion membranes 383 

show ~ 40% lower ion concentration range owing to their low IEC (Table 1), which translates into 384 

higher effective ion mobility for Sustainion – 10x higher than that for FAA3. This enhanced anion 385 

mobility explains the higher ion conductivity of Sustainion despite its lower ion concentration. 386 

One plausible explanation for the higher anion mobility of Sustainion is its more flexible 387 

polystyrene-based polymer chain with longer head group compared to the polyphenylene oxide 388 

(PPO) of FAA. This result highlights how the contributions from the ion concentration and 389 

effective ion mobility could modulate the effect of IEC when characterizing the ion transport in 390 

AEMs 391 

 392 
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 393 
 394 

Figure 6 Ion conductivity as a function of (a) humidity, (b) water content, and (c) water volume 395 
fraction. The impact of water volume fraction on (d) analytical anion concentration (e) 396 
effective ion mobility for Sustainion membrane with various counter-ions. Baseline-397 
FAA3 membranes are shown in gray.  398 

 399 

To examine the impact of anion forms, Figure 7 shows the anion conductivity of the fully-400 

hydrated AEMs normalized to the conductivity of anions in water at infinite dilution (κ/κo) plotted 401 

against AEM water content. AEMs with OH- and CO3
2- anions are the most relevant and common 402 

counter-ion forms in water and CO2 electrolysis. Additionally, incorporating halide additives (e.g., 403 

I-, Br-, and Cl-) into the liquid electrolyte (e.g., CsHCO3) has been shown to improve the Cu catalyst 404 

selectivity for CO2 electrolysis.2, 53 However, the impact of Br- on the conductivity of the AEM 405 

separator was not addressed. Thus, AEMs exchanged with Br- is also included in this comparison 406 

but is only included in liquid water measurements due to the nature of use (i.e. in aqueous 407 
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environments only). AEMs in Br- form show significantly lower normalized conductivity 408 

compared to each AEM in OH- and CO3
2- form. The reduced conductivity imparted by the 409 

incorporation of halide additives into the system results in a trade-off between electrolysis 410 

performance of the membranes vs. enhanced catalyst efficiency. The normalized conductivity, κ/κo 411 

for all membranes of 3 anion forms (Br-, OH- and CO3
2-) exhibits a universal increase with 412 

hydration, consistent with previous AEM studies.32, 51 Thus, the fact that the normalized 413 

conductivity for different anions can be strongly related to hydration is of great practical and 414 

fundamental value for membrane design and implementation across the platforms.   415 

 416 

 417 
Figure 7 The ratio of conductivity to the conductivity at infinite dilution of ions (κ/κo) as a 418 

function of the water content of Sustainion at 25 °C in liquid water, FAA3 (shown in 419 
grey) is used as the baseline. The dashed line is a linear regression of all the data points 420 
shown with the 95% confidence interval (shaded region). 421 

 422 
3.4.2 Effect of Temperature 423 

As discussed in the previous section, Sustainion shows higher Tg than Nafion, which potentially 424 

allows for higher temperature operation. Figure 8 shows the impact of temperature on membrane 425 

anion conductivity. Conductivity increases monotonically with increasing temperature from 30 to 426 

90 °C and peaks at 100 °C with high relative humidity (~90-100% RH). Additionally, the 427 

conductivity begins to converge to a maximum when humidity approaches 80% at 90 °C, 428 

suggesting that the previously discussed dilution effect begins to manifest at 80% RH.  429 
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 430 

 431 
Figure 8 Ion conductivity of reinforced Sustainion membrane (CO3 

2-) plotted (a) as a function of 432 
relative humidity at different temperatures in Arrhenius form (b) activation energy (Ea) as 433 
a function of RH. 434 

 435 
The carbonate ion transport activation energies (�F) were obtained using (;=A (−�a/RT)), 436 

where A is a prefactor; R is the gas constant (8.314 J/mol/K), and T is the temperature (K). As 437 

shown in Figure 8b, at RH= 98%, �F is calculated to be 6.4 kJ/mol, which is lower than literature 438 

values reported for poly(benzimidazolium) (PBI)54 and poly(sulfones)55 based ionomers. The 439 
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origin of the differences in �F can be attributed to the faster ion transport of Sustainion as a result 440 

of the short backbone allowing two imidazolium groups from adjacent side chains to be in close 441 

proximity of each other, thereby making their first hydration shells overlap.56 When increasing the 442 

humidity from 20% to 98% RH, �F reduces by 74% as a result of increased hydration under high 443 

humidity conditions, indicating the degree of influence water has on anion transport in Sustainion. 444 

Nevertheless, from a membrane perspective, our study shows that operating at higher than 80 °C 445 

is possible for all humidity conditions but additional humidification at elevated temperatures may 446 

not improve performance due to ion dilution.  447 

 448 

3.5 Impact of supporting electrolyte 449 

Incorportation of supporting electrolytes into AEM systems have been found to improve 450 

device performance in several ways. For instance, when supporting electrolytes (SE) are 451 

incorporated into CO2 reduction reaction and water electrolysis the catalyst performance can 452 

undergo significant improvements;57 however, membrane properties are susceptible to the 453 

changing external environment (e.g. salt concentration and chemistry). Various water-soluble salts 454 

are employed as supporting electrolytes in CO2R and water electrolysis including (bi)-carbonates, 455 

halides, and hydroxides.58 Here, we report the impact of KOH and K2CO3 as supporting 456 

electrolytes on morphology and transport of Sustainion as these are the two most prominent anions 457 

in electrolysis.  458 

Additional insights can be gain from membrane morphology as shown in Figure 9 where 459 

scattering was collected under different KOH concentrations for non-reinforced Sustainion. In the 460 

case of pure water, 0.5, and 1 M KOH solutions, a weak scattering peak is apparent at a q-value of 461 

0.18 Å-1 indicating a d-spacing of 3.4 nm for hydrophilic domains. When equilibrated in a 5 M an 462 

electrolyte , the membrane undergoes significant dehydration due to the lower water activity in the 463 

external electrolyte and a very strong scattering peak appears at 0.15 Å-1 indicating increased d-464 

spacing to 4.2 nm. While it is not clear why dehydration would lead to larger domains, it is possible 465 

that high electrolyte uptake, upwards of 300%, as discussed below, may disrupt or obscure pre-466 

existing mixed-phase domains and could cause morphological changes at mesoscales. As water is 467 

removed from these membranes and replaced with KOH-rich electrolyte, the appearance of strong 468 

scattering from domains may appear due to the enhanced electron density difference (contrast) 469 

between the otherwise discernable phases. The formation of domains at high electrolyte 470 
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concentrations will add complexity to how conductivity values are interpreted. For instance, the 471 

presence of interconnected domains can induce a tortuosity factor, in turn, making ion transport 472 

through the membrane more difficult if not oriented in the preferred conduction direction.45, 59 473 

Alternatively, these hydrophilic domains may help conduction, as observed in the conductivity 474 

where K2CO3 plateaus while KOH continues to increase well into 4M concentrations. Well-475 

defined domains in a membrane may contribute to further enhancing the membrane conductivity, 476 

overcoming the drawbacks of operating at high electrolytic concentrations.  477 

 478 

 479 
Figure 9 2D small-angle X-ray scattering of Sustainion membranes with various concentration of 480 

supporting electrolytes (KOH and K2CO3). 481 

 482 

 Figure 10a shows the effect of electrolyte concentration on the ion conductivity (κ) of 483 

unreinforced and reinforced Sustainion membranes where κ initially increases with increasing 484 

electrolyte concentration followed by a plateau. Increased conductivity agrees well with previously 485 

reported cell performance enhancement with increasing SE concentration due to reduced Ohmic 486 

resistance of the membrane.60 External electrolyte concentrations above 0.1 M have been shown 487 

to overcome Donnan exclusion causing excess ions to exist within the membrane, providing a 488 

greater number of charge carriers for ion transport.61 Values reported in this work under vapor 489 

equilibration at high humidity agree quite well with the conductivity values measured at 0.1 M 490 

KOH and K2CO3 especially when considering different sample geometries and environments. 491 
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 492 
 493 

Figure 10 The impact of supporting electrolytes (KOH and K2CO3) concentration on Sustainion 494 
membranes (a) Anion conductivity as a function of supporting electrolyte concentration 495 
(b) anion conductivity plotted against the electrolyte mass uptake in the membrane. 496 
Dashed lines represent linear regression to each membrane in KOH. 497 
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When comparing the impact of electrolyte type (K2CO3 vs. KOH) and reinforcement, the 498 

conductivity undergoes differing degrees of changes depending on the framework. For K2CO3, κ 499 

increases over the electrolyte concentration range, with a peak conductivity of 27 and 13 mS/cm 500 

around 2 M for non-reinforced and reinforced membranes, respectively. When K2CO3 501 

concentration is 4 M, a noticeable decrease in conductivity is observed, which may be related to 502 

(i) higher degrees of dehydration due to the lowered water activity of a 4 M solution, and/or (ii) 503 

increased viscosity of the electrolyte (Figure S5) and ion condensation62 within the membrane 504 

slowing ion transport. KOH-equilibrated samples approached a plateau conductivity of 80 and 64 505 

mS/cm at 4 M for non-reinforced and reinforced membranes, respectively, but does not achieve 506 

the same degree of viscosity increases of K2CO3 electrolytes.   507 

Figure 10b shows the conductivity change with % mass uptake of the electrolyte in each 508 

membrane. Interestingly, significant decreases in electrolyte uptake (up to 2-3x) are observed with 509 

only modest losses in conductivity when reinforcement is incorporated into a Sustainion 510 

membrane. In particular, KOH electrolyte uptake is reduced by ~60%, while only a 25% reduction 511 

in conductivity is observed at electrolyte concentrations of 2 M. In the case of K2CO3, the 512 

electrolyte uptake and conductivity were both reduced by ~50%. Thus, presence of a reinforcement 513 

in an AEM could alter the way conductivity changes with the electrolyte uptake, albeit with a 514 

dependence also on the nature of the anions. Reinforcing the membrane provides a means of 515 

reducing lateral swelling and increasing mechanical stability but excess electrolyte still imbibes 516 

the membrane, resulting in enhanced transport properties. Lower electrolyte uptake at a given 517 

concentration would reduce crossover of unwanted species through the membrane without 518 

hampering the conductivity of the cell, thereby increasing the membrane selectivity.  519 

The inter-related effects of external electrolyte and mechanical reinforcement could be a 520 

favorable outcome for electrolysis; however, the electrolyte concentrations where strong scattering 521 

is exhibited is generally outside the standard support electrolytes concentrations used (<1 M). 522 

Additionally, controlling selectivity of the membrane in certain application while enhancing the 523 

stability may be achieved thanks to the reinforcement layer. For instance, performance in AEM 524 

water electrolysis is markedly improved when incorporating support electrolytes over just pure 525 

deionized water with current densities greater than 2000 mA/cm2 for a 1 M KOH solution but 526 

limited to a few hundred mA/cm2 when using DI water.63 However, a growing concern of water 527 

electrolysis is gas crossover which not only causes safety issues with H2 concentration mixing in 528 
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an O2 environment but also a reduced overall efficiency. Results shown here suggest that 529 

reinforcement can reduce polymer swelling while retaining high ion transport that impact energy 530 

efficiency but the reduced swelling may serve to mitigate gas crossover without sacrificing system 531 

efficiency that could be lost to gas crossover. 532 

 533 

Conclusion 534 

In this study, we investigated the impact of hydration, temperature, supporting electrolyte, 535 

ePTFE reinforcement, and counter-ion on the properties of Sustainion membranes. Compared to 536 

baseline FAA3, Sustainion shows much greater ion conductivity at all hydration conditions, 537 

possibly due to its better effective ion mobility. This high conductivity could be responsible for 538 

previously showed better cell performance using Sustainion. The ion conductivity of Sustainion is 539 

strongly dependent on hydration and operation temperature, and counter-anion. Our study shows 540 

the possibility of an operating cell at a temperature approaching 100 °C. The supporting electrolyte 541 

(SE) is found to have a substantial impact on membrane conductivity. Even though the amorphous 542 

structure doesn't change much with SE concentration until high SE concentrations are reached, the 543 

membrane conductivity increased significantly. ePTFE reinforcement is found to impact 544 

membrane mechanical, thermal and sorption, showing promise of enhancing cell performance but 545 

also reducing species crossover. Our findings provide not only important information that could 546 

explain reported cell performance improvements, but also offer critical design parameters for next-547 

generation AEMs with enhanced electrolysis performance.   548 
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