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1. Introduction

Green hydrogen production using highly efficient yet low-
cost, and stable oxygen electrodes, is crucial for ensuring a 
sustainable clean energy future. While alkaline electrolysis (AE) 
is the most used and more mature technology on a commercial 
level at the MW scale, the zero-gap configurations such as the 
proton exchange membrane water electrolyzers (PEMWE) and 
the anionic exchange membrane water electrolyzers (AEMWE) 
are gaining progressively more momentum. The AEs use a 
diaphragm to separate both electrodes which fails to prevent 
extensive mixing caused by the cross-over of hydrogen and 
oxygen from one half-cell to the other; besides posing 
problematic safety concerns, also reduces the efficiency of the 
device [1]. Besides, several technical issues arise due to the high 
reactivity of hydroxyl ions with CO2 from ambient air, which in 
turn triggers the formation of K2CO3 salts that utterly condemn 
the stability of the electrolyzer. PEM systems obtain high 
current densities, surpassing 4 A·cm-2 with cell efficiencies of ca. 
74 %HHV[2], and the typically PSFA-based membranes allow 
differential pressure operations that avoid a second stage 
mechanical hydrogen compression for subsequent storage. 
Despite many positive features, the highly oxidative 
environment of the anodic chamber narrows the choice of 
electrocatalysts and peripheral components to Precious Group 
Metal (PGM) and other scarce or expensive materials, 
contributing to the high capital cost of the technology. 
AEMWEs on the other hand, is an emergent type of low-
temperature electrolyzers that unravel numerous eye-catching 
benefits since the aim is to combine the kernel advantages of 
PEMWEs, the use of the solid polymeric membranes, with the 
rewards of AEs, by resorting to cheap and abundant PGM-free 
materials. A striking difference from the counterpart PEMWE 
concerns the use of a supporting electrolyte (i.e, KOH or K2CO3 
solutions) that has been assigned to drop the ohmic resistances 
of the membrane and catalyst layers from higher hydroxide ion 
transport and for boosting the kinetics of the reaction, due to 
the increment of local pH at the catalyst-electrolyte interface. 
Naturally, the past decade of research breaths increased 
interest in the production of green hydrogen via AEMWEs and 
many advancements have been followed mainly in membrane 
technology and the development of PGM-free catalysts for the 
oxygen evolution reaction (OER). Quaternized imidazolium 
polystyrene-based membranes and ionomers, such as 
Sustainion 37-50, have allowed reaching unprecedented 

current densities of ca. 3.3 A·cm-2 at 1.8 V @ 60 °C using 1 M 
KOH and PGM-based catalysts (IrO2|Pt) and 0.47 A·cm-2 with 
PGM-free catalysts (NiFe|NiFeCo) at the same operating 
conditions [3]. Still, the operation under demineralized water is 
the ultimate sought goal for turning AEMWEs into a 
competitive technology. Nickel-based catalysts and 
components represent the standard material for AEM 
electrolysis, however, under anodic polarization, their chemical 
stability is compromised at pH <9, which has been inhibiting its 
use under ultra-pure water conditions. Additional pressing and 
critical technical issues concern the poor stability of water-fed 
AEMs, due to ambient CO2 contamination that triggers the 
formation of dissolved carbonate and bicarbonate ions, known 
for decreasing the ionic conductivity of the binders and 
membranes. Besides some promising performances reported 
for pure water-fed membrane-based alkaline electrolyzers that 
reach 1.5 A·cm-2 at 2.0 V and 85 °C or 800 mA·cm-2 at 2.0 V at 70 
°C [4,5] using PGM-free anodes, the stability of the cell at fixed 
and moderate current densities is rather poor and short-term ( 
< 50 h). 
In this work, a full PGM-free, high-performing AEM electrolyzer 
with unprecedented durability under ultra-pure water 
operation, (> 85 h @ 60 °C at 200 mA·cm-2) was developed. The 
breakthrough preparation strategies that led to record 
stabilities, in both KOH concentrated electrolytes and ultra-
pure water, of membrane electrode assemblies (MEAs) 
consisting of pyrrolidinium functionalized styrene-ethylene-
butylene-styrene-based (SEBS-Py) membrane and 
NiFeOx|Mo2C based electrodes are detailed. The activation of 
the polymers in alkaline media, both membrane and solid 
electrolyte (ionomer/binder) were found to be crucial in 
maintaining high performances in ultra-pure water and 
moderate current densities while simultaneously maintaining 
the stability of Ni catalysts and other low-cost components, 
such as stainless steel bipolar plates and current collectors. 
These outcomes are one step closer to unknot high-performing 
and durable AEMWEs into pilot commercialization operating in 
ultrapure water, thus allowing for replacing the high-costly 
PEMWEs that already operate with ultra-pure water (UPW). 

2. Experimental

2.1 Membrane electrode assembly (MEA) preparation and 
AEMWE assembly 

A styrene-ethylene-butylene-styrene-based (SEBS) solution 
produced, via the mechanism shown in Fig.1, was poured into 
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a glassy dish and dried at room temperature until evaporating 
all the solvent. After that, the Cl- form membranes were 
thoroughly washed in ultrapure water and the membrane 
electrode assemblies were prepared. Both catalyst coated 
membranes (CCMs) and catalyst coated substrates (CCSs) were 
produced by dispersing 4 mg·cm-2 of NiFeOx catalysts (CenMat) 
together with 10 wt. % - 30 wt. % I/C of the ionomer suspension 
based on SEBS copolymer; either on top of a SEBS membrane 
or on a substrate felt of Ni, SS (Bekipor) or carbon paper 
(SigraCarb 2050) at the anode side, and 4 mg·cm-2 of Mo2C 
catalysts (CenMat) at the cathode side. The depositions were 
performed on top of a pre-heated plate at 50 °C. Both CCMs or 
CCSs were immersed in a TMA + 20 wt.% KOH solution to 
perform a cross-linking step and insert the functional groups of 
pyrrolidine, for 15 h. After that, the membranes in OH- form 
were obtained by immersing the SEBS-Py in a 1 M KOH solution 
in the dark between 48 h and 72 h. The water uptake and 
conductivity in OH- were measured for the prepared 
membranes.  

 

Fig. 1. Diagram for the preparation of Py-SEBS membrane and ionomer. 

2.2 AEMWE Cell assembly and electrochemical 
characterization 

The membrane electrode assembly components were 
thoroughly rinsed in ultra-pure water and assembled in an 
AEMWE using 0.6 Nm torque to clamp the cell. The AEMWE was 
tested in both 0.1 M KOH liquid electrolyte and ultrapure water 
at 60 °C and 85 °C. The cell was continuously purged with N2 to 
minimize the generation of K2CO3 due to the side reaction of 
KOH with atmospheric CO2. The cell was firstly activated in 
potentiostatic mode and then in galvanostatic mode with lead 
times of about 4 min at each current up to 2 A·cm-2 in KOH and 
up to 1 A·cm-2 in UPW. Ten polarization curves were retrieved 
in potentiostatic mode up to 2.5 V with a scan rate of 20 mV·s-1 

in alkaline media and neutral pH; EIS spectra were recorded at 
200 mA·cm-2. Long-term chronopotentiometries were 
performed in water-fed anion exchange membrane 
electrolysers, at 200 mA·cm-2. 

3. Results 

3.1 Effect of current collector (PTL) composition and ionomer 

concentration on the AEMWE in KOH and UPW operation 

AEM water electrolyser applications require mechanically 
stable AEMs for operating at high differential pressures.  The 
final thickness of the produced membranes SEBS-Py was ca. 65 
μm, with no visible surface defects and both the membrane and 
ionomers had an ionic exchange capacity of OH- (IEC) of 1.40± 
0.13 mequiv. g−1.  Common AEMs possess around 1.50 mequiv· 

g−1, if the AEMs are built to have IEC >3 mequiv·g-1, they quite 
frequently dissolve in water and lose their properties to be used 
in AEMWE. Moreover, the conductivity in OH- form reached 
28.5 ± 2.3 and the water uptake ratio was 38.3 ± 4.8 %. 

Fig.2 a) and b) show the polarisation curves retrieved for 
AEMWEs employing different anode current collectors (SS felt, 
carbon paper and Ni felt); the current collectors play a pivotal 
role in assuring the transport of reactant water in the direction 
of the catalyst layer while simultaneously allowing efficient 
removal of product gas towards the cell’s exhaust. Ni felt 
operates as an extension of the catalyst layer under OER 

conditions at a pH = 13, thus allowing to achieve 1.1 A·cm-2 @ 2 
V and 60 °C, Fig. 2 a). Nonetheless, upon performing the 
polarization curve in ultra-pure water, the performance of Ni-
based anodes dropped considerably to 0.1 A·cm-2 @ 2 V and 60 
°C, and catalyst nanoparticles could be detected at the cell 
exhaust, suggesting the poor stability of the MEA at such 
conditions. The former event may have occurred since under 

pH neutral conditions and at potential differences over 1.2 V, 
Nickel dissolves in water in the form of Ni2+ ions, as seen in the 
Pourbaix diagram for Nickel-water [6]. Hydrophilic carbon 
paper current collectors (no teflon immersion treatment) 
although being highly conductive, easily oxidize to carbon 
dioxide at potentials > 0.8 V vs. RHE, and besides demonstrating 
fair performances in 0.1 M KOH operation Fig.2a) it is counter-

productive to adopt this material for commercial endeavors at 
pH-neutral media (where anodic operating potentials > 1.0 vs. 
RHE, Fig.2 b)). The stainless steel felt provided the best 
threshold between conductivity and performance and emerged 
as the best support for catalytic layers, ensuring the 
minimization of interfacial resistances and better management 
of gas-liquid phases. Most importantly, it proved to be stable 

under OER conditions in both KOH and UPW operations at 60 
°C. Besides, CCSs yielded larger current density outputs when 
compared to CCMs independently of the current collectors 
used and pH of the supporting electrolyte, most likely due to 
the detrimental effect on the polymeric chains and 
consequently stability, throughout the spraying process of 
catalysts onto the dry SEBS-Py based membrane at 50 ° C.  

 

 

Fig. 2. Polarisation curves for AEMWE cells using several anode current 

collectors (Ni felt, SS felt and carbon paper) using NiFeOx and Mo2C 

catalysts and the SEBS-Py based membranes and ionomer in CCSs and CCMs 

MEAs configurations for a) 0.1 M KOH and b) ultra-pure water (UPW) at 60 

°C; effect of SEBS-Py ionomer concentration on CCSs at the polarisation of 

AEMWEs in c) 0.1 M KOH and d) ultra-pure water at 60 °C.  
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The ionomer to catalyst ratio (I/C) must be tuned, for mainly 
two reasons: i) for guaranteeing the continuous transfer of 
ionic charges from the membrane to the surface of active sites 
throughout the 3D microstructure of the catalyst layer, ii) to 

avoid the insulating polymeric binder of blocking the porous 
microstructure of the catalyst layer, compromising both the 
mass transfer of reactants and products and the passage of 
electrical charges. In this regard, for both operations in alkaline 
media (Fig. 2c)) and in pH-neutral media (UPW), the I/C ratio of 
20 wt. % is favourable for boosting the performance of the 
AEMWE due to the increment of triple-phase boundaries, Fig. 

2d).  

3.2 Effect of type of materials used as bipolar plates and solid 
electrolytes in AEMWE performance at pH-neutral 
operation 

Fig. 3a) evidences the performance of AEMWEs using PGM-free 

catalysts, NiFeOx at the anode and MO2C at the cathode with 
either commercial Sustainion as AEM & anion exchange 
ionomer (AEI) or SEBS-Py, under pH neutral operation. The 

benchmark membrane fails to deliver high currents densities 
outputs, as the ohmic resistance is utterly high. On the other 
hand, fabricated SEBS membrane extends the pathways for OH- 
transport from the cathode towards the anode resulting in 

remarkable performances of ca. 0.8 A cm-2 @ 2 V, 60 °C.  

Fig. 3.a) I-V curves for AEMWEs employing commercial Sustainion 

membranes and prepared SEBS-Py using Ti bipolar plates (PEMcell) or 

stainless steel bipolar plates (AEMcell) at 60 °C or 85 °C in ultra-pure water 

pH=7 I/C=0.20; b) Long-term chronopotentiometry for PGM-free SEBS-Py 

based AEMWE in pH neutral operation (60 °C, 200 mA·cm-2). 

The presence of phenyl groups in the ionomer backbone that 
may cause oxidization to phenolic acid (pKa = 9.6) which limits 
the stability of PGM-free electrocatalysts was minimized with 
the fabrication of SEBS-Py comparatively to Sustainion; the 

results suggest that the proton in the phenol group did not 
deprotonate to neutralize the hydroxide of the pyrrolidinium 
functional group. Besides, the approaches for activating the 
membrane in KOH prior to testing proved to be beneficial for 
SEBS to yield great ion conductivity in UPW. The influence of 
gas bubble-induced ionomer detachment/and delamination of 
catalyst later from the membrane occurred much more 

effortlessly with Sustainion rather than with SEBS; which 
suggests the Sustaionion ionomer besides having lower gas 
permeabilities generating additional resistance, also has a 
much lower adhesion due to their excessive swelling in contact 
with water. With such developments it was possible to achieve 
the best to authors’ knowledge stability at pH-neutral media for 
a PGM-free AEMWE (SEBS-Py) for over 85 h, recording a 

degradation rate of solely 3 mV·dec-1, Fig.3b). 

4. Conclusions 

A novel strategy introduced in MEA fabrication allows to 
extend the electrical contact with the aqueous electrolyte 
thereafter providing an effective OH− transport pathway during 
the AEMWE cell operation. Some important remarks could be 
summed up, namely: i) CCSs using Stainless steel felts 
outperform CCM configurations probably due to the loss of 
mechanical integrity during CCMs’ preparation ii) I/C ratios of 
20 % are pivotal for extending the number of triple phase 
boundaries and the performance of the AEMWE iii) Cell 
operations at 85 °C deliver higher performances but less 
stability than operations at 60 °C throughout long-term tests; 
iv) Best performance attained in UPW occurred when using  
IrO2|Pt/C catalysts using SEBS-Py AEM & AEI - 1 A·cm-2 @ 2 V at 
60 °C outperforming commercial available Sustainion-based 
MEAs; v) but entirely PGM-free cell was able to reach 
unprecedented current densities of ca. 0.8 A·cm-2 @ 2 V @ 60 
°C in UPW with the novel membrane configuration; vi) The most 
stable AEMWE cell in UPW to the best of the author’s 
knowledge is reported in this work and uses PGM-free catalysts 
(NiFeOx|Mo2C) and the novel SEBS-Py membrane & ionomer. 
The author’s cell achieved a degradation rate of 3 mV/ h vs. 64 
mV/h obtained by Li et. Al published in Nature energy, which is 
the most equivalent system, for ca. 85 h in pH-neutral 
operation. These results shed the opportunity to optimize such 
system and thus boost the efficiency on the production of 
hydrogen through sustainable routes. 
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