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 I 

Sammanfattning  

Vätgas kan framställas från förnybara energikällor genom vattenelektrolys med anjonbytande membran 

(AEMWE). AEMWE har vissa fördelar jämfört med traditionell alkalisk vattenelektrolys och 

elektrolysmed protonledande membran. Till exempel finns det möjlighet att använda alkalisk elektrolyt 

(även rent vatten) och billiga platinagruppsmetallfria katalysatorer tillsammans med ett 

anjonbytesmembran. Den största utmaningen med tekniken är att uppnå utmärkt och stabil prestanda för 

membran och elektroder. 

AemionTM anjonbytande membran (AEMs) av olika tjocklek, vattenupptag och kapacitet undersöktes i ett 

AEMWE system med 5 cm2 elektrodarea. Elektrokemisk prestanda hos dessa kommersiella AEM 

studerades med hjälp av porösa nickel elektroder. Bland de undersökta membranen visade AF2-HWP8-75-

X stabil prestanda med en högfrekvent resistans (HFR) på 90 mΩ•cm2 och kunde nå en strömtäthet på 

0,8 A/cm2 vid 2,38 V med 1 M KOH vid 60 ˚C.  

AEMWE med AF2-HWP8-75-X och olika elektrodkombinationer undersöktes under samma 

driftsförhållanden. En elektrodkombination med Raney-Ni och NiFeO som katod respektive anod visade 

bäst prestanda under utvärderingen och gav en strömtäthet på 1,06 och 3,08 A/cm2 vid 2,00 respektive 

2,32 V. KOH-lösningens temperatur och koncentration sänktes till 45 ˚C respektive 0,1 M för att undersöka 

effekten av driftsparametrar på flödescellens prestanda. Flödescellen uppvisade god stabilitet under de nya 

driftsförhållandena, men dess prestanda minskade avsevärt. Den nådde en strömtäthet på 0,8 A/cm2 vid 

2,25 V. 
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Abstract 

Hydrogen can be produced from renewable energy sources using a novel anion exchange membrane water 

electrolysis (AEMWE) system. AEMWE has some benefits over the currently used state-of-the-art alkaline 

and proton exchange membrane water electrolysis systems. For instance, there is a possibility of using  

alkaline electrolytes (even pure water) and low-cost platinum-group-metal free catalysts together with an 

ion exchange membrane. However, the main challenge is that the AEMWE system should show excellent 

and stable performance, depending on the stability of the membrane and the electrodes.  

AemionTM anion exchange membranes (AEMs) of different thickness and water uptake capacity were 

investigated using a 5 cm2 AEMWE system. The electrochemical behaviour of these commercial AEMs 

was studied using nickel (Ni) felt electrodes. Among the investigated AEMs, the AF2-HWP8-75-X showed 

stable performance with a high frequency resistance (HFR) of 90 mΩ•cm2 and was able to reach a current 

density of 0.8 A/cm2 at 2.38 V using 1 M KOH at 60 ˚C. 

AEMWE systems based on AF2-HWP8-75-X and different electrode combinations were examined under 

the same operating conditions. An electrode combination with Raney-Ni and NiFeO as cathode and anode, 

respectively, showed the best performance during the degradation test and provided a current density of 

1.06 and 3.08 A/cm2 at 2.00 and 2.32 V, respectively. The operating temperature and concentration of the 

KOH solution were reduced to 45 ˚C and 0.1 M, respectively, to study the effect of operating parameters 

on the flow cell performance. The flow cell showed good stability under the new operating conditions, but 

its performance was reduced significantly. It reached a current density of 0.8 A/cm2 at 2.25 V. 
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1 Introduction 

The world is shifting towards a sustainable future and the role of hydrogen is very vital in it. Green (or 

renewable) hydrogen can enable the decarbonization of industries. It can be the fuel of the future and aid in 

the energy transition as well. It can assist the energy industries in impacting different sustainable 

development goals (SDGs) such as 7, 11, 12 and 13. Many industries can be electrified directly using 

intermittent renewable energy sources. Also, these renewable energies can be stored in batteries for later 

use or utilized to produce useful fuels. One such valuable fuel is hydrogen, which is an energy carrier and 

can directly be produced from renewable sources and later used for electrical energy production. It can be 

used to power different stationary and mobile appliances. Futhermore, hydrogen is an important raw 

material in various process industries such as metallurgical, petroleum and fertilizer industries. 

1.1 Water electrolysis systems 

Hydrogen gas can be produced via two most common methods, steam methane reforming (SMR) and 

electrolysis. Today, it is mainly being produced using the SMR process, which emits carbon dioxide (CO2) 

into the environment. On the other hand, electrolysis can produce green hydrogen using renewable energy 

sources. Green hydrogen is then produced by splitting water molecules using electricity, which is produced 

by renewable energy sources. Generally, the electrolysis systems used for commercial hydrogen production 

are alkaline water electrolysis (AWE), proton exchange membrane water electrolysis (PEMWE) and solid 

oxide water electrolysis (SOWE) systems. 

1.1.1 Alkaline water electrolysis 

AWE system is the most mature technology presently available on the market. This technology is relatively 

cheap because of the usage of platinum-group-metal (PGM)-free catalysts as electrodes. The electrodes are 

arranged in a nearly zero-gap formation with a diaphragm between them. This diaphragm is used only for 

separating the electrolytes and product gases formed in each electrode compartment. 

Commercially, nickel (Ni) alloys and oxides of Ni, cobalt (Co) or iron (Fe) are used as cathode and anode, 

respectively, in the AWE flow cell.1 At the cathode, the water molecules (H2O) are split into hydrogen 

gas (H2) and hydroxide ions (OH-). The hydrogen gas produced is stored in a container, while the hydroxide 

ions are transported to the anode through a diaphragm. Here, the OH- is oxidized to form oxygen gas (O2) 

and H2O. A sketch of an AWE flow cell is shown in Figure 1.1 and the reactions occurring inside it are: 

Cathode: 2H2O + 2e
− → 2OH− +H2 (1) 

Anode: 4OH− → 2H2O + O2 + 4e
− (2) 
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The major challenges with the AWE are the low OH- mobility, which results in low current densities, and 

handling of corrosive electrolyte (5-6 M KOH). Additionally, the diaphragm does not completely avert the 

cross-over of gases between the electrodes and this can increase the safety concerns during the operation. 

1.1.2 Proton exchange membrane water electrolysis 

PEMWE is a young technology and is gaining popularity in commercial applications due to its compact 

design and fast electrode kinetics due to the usage of PGM catalysts. Furthermore, due to the presence of 

proton exchange membrane (PEM) or solid polymer electrolyte, the cathode and anode can operate at 

different pressures allowing high pressure operation at the cathode and atmospheric pressure operation at 

the anode. Also, this membrane offers high ionic conductivity and low membrane resistance during 

operation of the flow cell. 

 
 

Figure 1.1: Schematic diagram of an AWE flow cell. Figure 1.2: Schematic diagram of a PEMWE flow 

cell. 

PEMWE has a corrosive acidic regime which requires the utilization of PGM catalysts like iridium or 

ruthenium oxide (IrO2/TiO2 or RuO2/TiO2) for the anode and platinum (Pt/C) for the cathode1. In a PEMWE 

flow cell, H2O enters from the anode and gets converted into O2 and hydrogen ions (H+). These H+ are 

transferred to the cathode through a PEM and combine with e- to form H2. The operation of a PEMWE flow 

cell is shown in Figure 1.2 and the reactions occurring in it are shown below: 

Cathode: 2H+ + 2e− → H2 (3) 

Anode: 2H2O → O2 + 4H
+ + 4e− (4) 

However, the main problem with PEMWE is the harsh corrosive and acidic environment during operation. 

Therefore, it requires the utilization of expensive and scarce components and materials such as Ti-based 
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current collectors, Nafion membrane and separator plates, and PGM catalysts2. Consequently, this leads to 

an increase in the cost of the system. 

1.1.3 Anion exchange membrane water electrolysis 

Anion exchange membrane water electrolysis (AEMWE) system is an attempt to amalgamate the 

advantages of AWE and PEMWE. The reactions occurring inside AEMWE flow cell are the same as those 

occurring inside an AWE flow cell (Reactions 1 and 2) and Figure 1.3 shows a simplified diagram of a 

AEMWE flow cell. However, the literature available to date has focused less on the development of anion 

exchange membranes (AEMs) than on the catalysts. It can use low-cost materials, such as Ni-based catalysts 

instead of PGM catalysts, to achieve reasonable system performances. But high catalyst loadings of such 

materials are required to compete with PGM metals, as they have low mass specific activity. This leads to 

an increase in the resistance of the flow cell and so, the optimization of chemical composition, activity and 

stability of these materials is required.2 Recently, Carbone et al reported a current density of 0.5 A/cm2 at 

2 V using a Pt cathode and a NiMn2O4 anode with FAA3-50 (FumaTech) AEM.3 While Pushkareva 

demonstrated a higher performance of 0.65 and 0.9 A/cm2 at 2 V using NiFeCo cathode and NiFe2O4 anode 

with AemionTM and Sustainion® AEMs, respectively.4 

 
Figure 1.3: Schematic diagram of an AEMWE flow cell. 

1.1.3.1 Hydrogen evolution reaction catalysts 

It is known that the hydrogen evolution reaction (HER) in alkaline conditions is sluggish, and its kinetics 

are two to three orders of magnitude slower than in PEMWE.5,6 This is due to the difficult first reaction 

step, which is the breaking-up of the strong O-H covalent bond.7 It has been mentioned that the flow cell 

performance is directly related to the loading of the HER (or cathode) catalyst. If more is the catalyst, higher 

is the performance irrespective of the electrode thickness.2 Ni-Mo alloys on different substrates are 
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commonly used for HER and reported to have high activity among the PGM free materials.8–11 Recently, 

good flow cell performance with a NiFeCo cathode was reported and it can be a promising candidate for 

HER catalysts.4 

1.1.3.2 Oxygen evolution reaction catalysts 

The oxygen evolution reaction (OER) is inherently sluggish because it needs to transfer four electrons to 

form O2, while the HER requires only two electrons to form H2. This contributes significantly to the cell 

potential and involves a complex reaction mechanism due to the requirement of four OH-. When the 

hydroxide salts such as potassium (KOH) or sodium (NaOH) hydroxide are added to the water fed to 

AEMWE flow cell, then these salts aid in supplying OH- to the active (or catalyst) sites. Different pieces 

of literature have reported that alloys of Ni with different metals show good OER activity.12–14 Also, it was 

mentioned that the addition of Fe species enhanced its performance towards OER.15–18 Furthermore, 

Pushkavera et al. reported good flow cell performance with a NiFe2O4 anode.4  

1.1.3.3 Anion exchange membrane 

In recent years, different polymeric backbones like polysulfone, polystyrene, poly(phenylene oxide) by 

benzylic methylene groups, etc. have been studied for AEM preparation.2 The modulation of functional 

groups and their stability in corrosive surroundings was the primary focus of these studies. The polymeric 

backbone of AEMs consists of different functional groups such as imidazolium or quaternary ammonium 

salts, which are anion selective and allow the transport of anions through it.3,19,20 The cross-linkage of the 

terminal group for enhanced stability and easy synthesis has increased the usage of quaternary ammonium 

groups3. 

A novel poly-imidazolium based membrane, studied by Wright et al., showed good stability at elevated 

operating temperature of 60 ˚C in 1 M KOH solution during AEMWE operation. This membrane was 

designed for utilization in AEMWE and AEM fuel cell systems.20 With this class of membrane, the 

AEMWE flow cell at a  current density of 1 A/cm2 had a cell potential of 2.1 V. NiAlMo and NiAl were 

used as cathode and anode, respectively, in this flow cell.21 Ionomr Innovation Inc. has commercialised 

imidazolium based membranes under the trademark of “Aemion+TM”. Also, these membranes can be 

integrated with mechanical reinforcement to reduce dimensional swelling.22 

1.1.3.4 Membrane electrode assembly 

The two approaches for preparing the membrane electrode assembly (MEA) are catalyst-coated 

membrane (CCM) and catalyst-coated substrate (CCS). In the CCM approach, a MEA is prepared by 

spraying the catalyst ink on the AEM. This approach enables intimate contact between the AEM and the 

catalyst, which results in better ionic conductivity. Also, this approach allows for more precise and better 
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control of the loading of binder and catalyst, but the main challenge with it is the absence of a good 

polymeric binder2. The CCS approach is used for the deposition of the catalyst on a substrate. The benefit 

of this approach is that the substrate provides a stable and robust catalyst-support, enables electron transfer 

and allows efficient separation of product gases. However, the comparison between the two approaches is 

difficult and they both lead to the construction of MEAs which have similar performance2. 

1.2 Motivation and research plan 

AEMWE system was investigated in the present study to compare the different electrodes and AEMs. 

Different Aemion AEMs were tested using the same AEMWE system, devices and hardware under identical 

conditions. Then a suitable AEM was selected and tested with different electrode combinations to determine 

a good electrode combination for it. This electrode combination along with the suitable AEM was also 

investigated at a different operating condition in a flow cell where flow cell performance and impedance 

were analyzed. 
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2 Materials and Method 

The materials and chemicals used in AEMWE system are described in this chapter along with the procedure 

to assemble the flow cell. Also, the electrolysis test protocol and electrochemical analyzis techniques used 

for testing the flow cell performance and impedance are described here. 

2.1 Materials and chemicals 

Commercially available AEMs (AemionTM and Aemion+TM, Ionomr Innovations Inc., Canada) of different 

thicknesses and water uptake capacities were used in the study. Ni felt (250 µm, > 70 % porosity, N.V. 

Bekaert S.A., Belgium) was used as electrodes in the initial phase of investigation, and in a later stage, 

commercial Raney-Ni on Ni fibre paper (300 µm, Dioxide Materials, USA) and NiFeO on stainless steel 

(670 µm, Dioxide Materials, USA) were used as cathode and anode, respectively. Milliq water 

(18.2 MΩ•cm at 25 ˚C) was used to prepare all the aqueous solutions. 

2.2 AEMWE flow cell components 

This section describes the preparation or pre-treatment of different flow cell components. 

2.2.1 AEM 

Different commercially available AEMs were tested using the flow cell. Table 2.1 shows the list of AEMs 

and their specifications (as provided by Ionomr Innovations Inc.). Here, the ion exchange capacity (IEC) 

of a membrane indicates the total number of functional groups or active sites responsible for ion exchange,23 

and the water uptake of a membrane is the number of water molecules present per conducting functional 

group of the membrane.24 

Table 2.1: Specifications of AEMs as specified by the manufacturer. 

AEM 
Thickness 

[µm] 

IEC 

[meq/g] 

Resistance (OH-) 

[mΩ•cm2] 

Water Uptake 

[%] 

AF2-HWP8-75-X 75 2.3-2.6 < 150 < 45-50 

AF1-HNN8-50-X 50 2.1-2.5 130 33-37 

AF2-HLE8-40-X 40 2.3-2.6 50-100 < 15-25 

A square piece of geometric surface area of more than 5 cm2 was cut from the AEM sheet and rinsed with 

Milliq water. Subsequently, it was immersed in 1 M KOH solution for at least 24 h for exchange of iodide 

ions (I-) present in it with OH- ions. After the ion exchange process and right before inserting the AEM into 

the flow cell, it was dipped twice in a beaker filled with Milliq water to remove excess KOH solution from 

the membrane surface. 



 

 7 

2.2.2 Electrode 

2.2.2.1 Electrode (without catalyst) 

Two square pieces were punched out from the Ni felt sheet to get electrodes having a geometric surface 

area of 5 cm2 each. Then, they were immersed in 4.0 M HCl solution for 10 minutes to remove impurities 

and oxide/hydroxide layers and expose pure nickel. In this solution, nickel or its oxide/hydroxide react with 

HCl to form NiCl2, which is hydrophilic in nature. Therefore, the produced NiCl2 gets dissolved in the same 

aqueous solution, and the electrodes get regenerated. 

After 10 minutes, the electrodes were transferred to a beaker filled with Milliq water and the water was 

exchanged continuously (at least 5 times) until the pH value of the water was neutral. A pH strip was used 

to measure the pH of water as shown in Appendix (Figure A1). Subsequently, the electrodes were dried 

with tissue paper and immediately inserted into the flow cell. 

2.2.2.2 Catalyst-coated substrate 

After the AEM study, the performance of commercial electrodes, Raney-Ni and NiFeO, were studied. 

Nafion was used as an ionomer to bind the catalyst on the substrate because it offers good mechanical 

stability to the electrode4. The thermal stability of these electrodes was not tested, but it was mentioned by 

the manufacturer that they can be heated up to 80 ˚C without any issue. 

As stated in Section 2.2.2.1, a square piece was punched out from the electrode sheet to get an electrode 

having a geometric surface area of 5 cm2. Thereupon, it was immersed for at least 24 hours in 1 M KOH 

solution for ion exchange in ionomer. After immersion and right before inserting the electrode into the flow 

cell, it was rinsed with Milliq water to remove excess KOH solution present over its surface. 

2.2.3 Gasket 

Viton gaskets were used for sealing the flow cell. Viton is a synthetic rubber and fluoropolymer elastomer 

and can perform well in the harsh conditions of the flow cell. The gasket used with Ni felt and Raney-Ni 

electrode was 260 µm thick, while a 530 µm thick gasket was used with the NiFeO electrode. 

The gaskets used on each electrode side were approximately the size of the bipolar plates. A square hole of 

5 cm2 for the electrode and two holes for support sticks were punched out from the gasket. Subsequently, 

the gasket was rinsed with deionised water to remove any contaminants present on it. The gasket used in 

the flow cell is shown in Appendix (Figure A2). 
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2.2.4 Membrane electrode assembly 

The flow cell consists of nickel bipolar plates with serpentine flow field design, and copper (Cu) current 

collector plates. The flow cell components were arranged in the following order: cathode-side bipolar plate, 

cathode, cathode-side gasket, membrane, anode, anode-side gasket and anode-side bipolar plate. This 

arrangement is shown in Figure 2.1. 

 
Figure 2.1: Arrangement of AEMW flow cell components. 

The current collector and end plate were connected to each bipolar plate, and the entire flow cell was 

tightened using eight screws applying 7 N•m torque. The flow cell assembled is shown in Appendix (Figure 

A3). 

 

Figure 2.2: Schematic representation of AEMWE system. 
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2.3 The AEMWE system 

Two electrolyte tanks were filled with 1 M KOH solution (250 ml, each). KOH solution from the tank was 

pumped into the flow cell using an external peristaltic pump at 10 rpm (2 ml/min). Before entering the flow 

cell, the solution was brought to 60 ˚C using an external heating bath. Also, the flow cell was maintained 

at the same temperature using an external electric heater, and the temperature of the flow cell and heating 

baths was monitored using temperature probes. The outlet stream from each electrode side was connected 

back to its respective electrolyte tank for recycling the unreacted KOH solution. This AEMWE system was 

allowed to stabilize at 60 ˚C temperature for two hours before starting the test protocol. Figure 2.2 shows a 

schematic diagram of AEMWE system and Figure 2.3 shows the actual AEMWE system consisting of a 

flow cell along with auxiliary units: electrolyte tanks, temperature probes, a peristaltic pump, heating baths 

and an external electric heater. 

 
Figure 2.3: AEMWE system, i.e. AEMWE flow cell along with auxiliary units. 

2.4 Electrolysis test protocol and electrochemical analysis techniques 

In the present work, the flow cell was controlled via an Ivium XP20 potentiostat. This potentiostat had a 

maximum current of 800 mA on the mainboard and was capable of reaching 20 A via an integrated booster. 

The working and sense electrode leads from the potentiostat were connected to the anode or positive 

electrode (OER) of the flow cell while the counter and reference electrode leads were connected to the 

cathode or negative electrode (HER). 
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A test protocol was designed to analyze the flow cell performance with different AEMs. Firstly, a steady 

state test (SST) was used to examine the flow cell stability during steady state degradation by monitoring 

the cell potential. Subsequently, an accelerated stress test (AST) was used to shorten the degradation process 

using higher stress conditions such as varying current densities to accelerate flow cell ageing. Furthermore, 

electrochemical characterization measurements were employed before and after each test to understand the 

effect of degradation modes on the flow cell performance. Both polarization curves and electrochemical 

impedance spectroscopy (EIS) were used to better analyze the changes in the flow cell performance. The 

test protocol used for analyzing the flow cell performance is shown in Figure 2.4. 

  
Figure 2.4: Designed test protocol for AEMWE flow cell performance analysis. (a) Steady state test 

(b) Accelerated stress test. 

The polarization data was collected for 90 seconds per current step, where the current was increased 

stepwise from 100 mA up to 10 A in steps of 100 mA, after which the step was increased to 200 mA up to 

15.4 A. Potentiostatic EIS was used to measure the high and low frequency resistances (HFR and LFR) of 

the flow cell. The potentiostat measured the resistance in a frequency range of 0.5-100k Hz at a constant 

cell potential of 2 V using an AC cell potential perturbation of 10 mV amplitude. HFR and LFR correspond 

to the ohmic and total resistance, respectively, of the flow cell. The total resistance of a flow cell is 

composed of ohmic and non-ohmic resistance. The contact (or electrical) and membrane (or AEM, or ionic) 

resistances are mainly responsible for the ohmic resistance. The electrical resistance results from the 

interfacial and bulk electronic resistance along with the resistance offered by the external electrical circuit. 

The ionic resistance arises from the ion transport resistance provided by the membrane, catalyst layers, and 

interface between the membrane and catalyst layer. The non-ohmic resistance consists of charge transfer 

resistance associated with resistance to electrochemical reactions (or electrode kinetics) and mass transport 

resistance related to hindrance in transportation of reactants and products in the flow cell. The mass 

transport resistance is negligible in the present case as there is a circulation of KOH solution in the flow 

(a) (b) 
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cell. These resistances were multiplied by the active geometric surface area of the AEM (5 cm2) and were 

used to determine the total resistance offered by the flow cell. 

A chronopotentiometry technique was used for SST and AST. In SST, the flow cell was maintained under 

galvanostatic conditions (1 A) for 10 h and the cell potential was measured with variation in time, as shown 

in Figure 2.4 (a). In AST, an alternating profile of constant currents (0.5 and 1.5 A) were allowed to flow 

through the flow cell and the current value changed after every hour till the completion of 10 h, as illustrated 

in Figure 2.4 (b). Prior to the test protocol, the CCS activation was performed with cyclic voltammetry (CV) 

for a cell potential range of 1.6 to 2 V at a scan rate of 10 mV/s for three cycles. Also, for all techniques, a 

2.4 V cell potential threshold was set, as at this potential, the flow cell components start to react with the 

product gases. 

The electrodes and AEM were sandwiched and clamped inside the cell with 7 N•m torque. The flow rate 

of electrolyte solution through the cell was 2 ml/min. All experiments were carried out at 60 ˚C, with an 

active control exerted on the temperature of the flow cell and the electrolyte solutions. These parameters 

remained the same throughout the test protocol unless stated otherwise. HFR was used for iR correction of 

the cell potential measurements. All reported current densities were with respect to the geometric surface 

area of the electrode (5 cm2). 
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3 Results and Discussion 

In this chapter, the results obtained from a comparative study of different AEMs and different electrode 

combinations are mentioned and discussed in detail. Also, the effect of operating parameters on the flow 

cell performance was analyzed. 

3.1 Effect of membrane properties 

In the AEM study, three different Aemion AEMs (Table 2.1) were tested using Ni felt electrodes in the 

AEMWE setup. In the SST, all AEMs showed good stability after the passage of 50-60% of the test time 

(Figure 3.1 (a)). The degradation rate between 6 to 10 h for AF2-HWP8-75-X, AF1-HNN8-50-X and AF2-

HLE8-40-X were 2.4, 0.6 and 3.7 mV/h, respectively. 

  

  

Figure 3.1: Chronopotentiometry curves of AEMWE flow cells based on three different AEMs with Ni felt 

electrodes (temperature 60 ˚C, 1 M KOH solution, 7 N•m torque, flow rate 2 ml/min). (a) Steady state test, 

(b) Accelerated stress test, (c) Steady state test (iR corrected) and (d) Accelerated stress test (iR corrected). 

Table 3.1 shows HFR of all AEMs before the degradation test and the same can be seen in Figure 3.2 (a). 

From the Nyquist plots in Figure 3.2, it was observed that the change in HFR over the test protocol, which 

corresponds mainly to membrane degradation, was negligible for all AEMs. However, there was a 

considerable increase in charge transfer resistance, (the difference between LFR and HFR of the Nyquist 

(a) (b) 

(c) (d) 
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plot i.e. the semi-circle diameter) during the test protocol which suggested that electrode degradation or 

dissolution was likely the reason for the voltage increse. 

Table 3.1: HFR of three different AEMs with Ni felt electrodes obtained from the initial and after steady state test 

Nyquist plots (temperature 60 ˚C, 1 M KOH solution, 7 N•m torque, flow rate 2 ml/min). 

AEM HFR (mΩ•cm2) 

 Initial After Steady State Test 

AF2-HWP8-75-X 90 82 

AF1-HNN8-50-X 78 76 

AF2-HLE8-40-X 313 318 

The flow cell performance was lower with AF2-HLE8-40-X. This can be attributed to the higher HFR as 

the iR corrected SST performance of all membranes was similar. The iR corrected SST results are shown 

in Figure 3.1 (c). The flow cell performance with this AEM further decreased during AST (Figure 3.1 (b) 

and (d)). HFR of this AEM is significantly higher compared to the resistance value stated by the 

manufacturer, refer to Tables 2.1 and 3.1. The discrepancy in these values can be the utilization of different 

cells, operating conditions and techniques for the resistance measurement. Also, a plausible explanation for 

higher HFR in AF2-HLE8-40-X compared to other AEMs can be its lower water uptake capacity 

(Table 2.1). 

During the degradation test, the increase in charge transfer resistance of the flow cell using AF2-HLE8-40-

X was significant in comparison to other AEMs and can be seen in Figure 3.2. However, it can be observed 

from Figure 3.1 (c) that iR corrected chronopotentiometry curves of all AEMs were similar and the 

reduction in flow cell performance with this AEM was mainly due to higher HFR. So, a reasonable 

explanation for the higher increase in charge transfer resistance of this membrane can be attributed to the 

lower electrode kinetics compared to other AEMS due to lower current flowing through the flow cell during 

potentiostatic EIS technique (at 2 V) because of higher HFR. 

Despite the AF2-HWP8-75-X membrane having the greatest thickness, it exhibited a low HFR. This can 

be attributed to its polymer backbone morphology, higher water uptake capacity and interaction with other 

surfaces, and it requires further research. From Figures 3.1 and 3.2, it can be seen that AF2-HWP8-75-X 

and AF1-HNN8-50-X showed similar and stable performance during the degradation test. The degradation 

test results of AF2-HNN8-50-X with Ni felt were consistent with the previous results obtained in our 

group.25 
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Figure 3.2: Nyquist plots of AEMWE flow cells based on three different AEMs with Ni felt electrodes 

(temperature 60 ˚C, 1 M KOH solution, 7 N•m torque, flow rate 2 ml/min). (a) Initial, (b) After steady state test 

and (c) After accelerated stress test. 

 
Figure 3.3: Equivalent circuit fit on EIS data for AF2-HWP8-75-X with Ni felt electrodes in AEMWE system. 

 

(a) (b) 

(c) 
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The equivalent circuit fit (on the EIS data) of the AEMWE using AF2-HWP8-75-X showed that its charge 

transfer resistance composed of three elements in series with HFR. The equivalent circuit fit is shown in 

Figure 3.3. When performing potentiostatic EIS with a variation in cell potential, it was observed that the 

charge transfer arc constituted of semi-circles corresponding to the three elements in the equivalent circuit. 

Nyquist plots for EIS with cell potential variation is shown in Figure 3.4, and three semi-circles can be seen 

clearly at 1.8 and 1.9 V. The semi-circular arc observed in the high frequency region indicates that there 

was a possible passive layer formation only at the anode side, as this arc size did not change with variation 

in cell potential in EIS (Figure 3.4). At the cathode side, hydrogen atoms were adsorbed to the surface and 

there was no passive layer formation. The variation in arc size with variation in cell potential in the medium 

frequency region was bigger in comparison to the lower frequency region, and thus, it represents the 

sluggish kinetics, i.e. anode (or OER) kinetics (Figure 3.4). Hence, the semi-circular arcs in the medium 

and low frequency regions represent the anode and cathode (or HER) kinetics, respectively. 

 
Figure 3.4: Nyquist plots with cell potential variation of AEMWE flow cell based on AF2-HWP8-75-X with Ni felt 

electrodes (temperature 60 ˚C, 1 M KOH solution, 7 N•m torque, flow rate 2 ml/min). 

The initial polarization curve, shown in Figure 3.5 (a), was used to identify the maximum current density 

that can be reached using different AEMs and Ni felt electrodes in the AEMWE with a 2.4 V cell potential 

threshold. At given operating conditions, all AEMs were able to reach 0.2 A/cm2 at 2 V. Table 3.2 shows 

the current densities corresponding to all AEMs and was created using data shown in Figure 3.5 (a). It can 

be observed from Figure 3.5 (a) that all AEMs had similar performance under 2 V, but their performance 

varied during the degradation test due to the different electrode degradation rates and HFR (as mentioned 

earlier) and can be seen in Figure 3.5. 
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Figure 3.5: Polarization curves of AEMWE flow cells based on three different membranes with Ni felt electrodes 

(temperature 60 ˚C, 1 M KOH solution, 7 N•m torque, flow rate 2 ml/min). (a) Initial, (b) After steady state test 

and (c) After accelerated stress test. 

Table 3.2: Current densities of AEMWE flow cells based on three different AEMs with Ni felt electrodes 

obtained from the initial polarization curves (temperature 60 ˚C, 1 M KOH solution, 7 N•m torque, flow rate 

2 ml/min). 

Membrane 
Current Density  

at 2 V (A/cm2) 

Maximum Current  

Density (A/cm2) 

Cell Potential at Maximum 

Current Density (V) 

AF2-HWP8-75-X 0.20 0.80 2.38 

AF1-HNN8-50-X 0.20 0.82 2.38 

AF2-HLE8-40-X 0.20 0.64 2.39 
 

It was hard to distinguish between the performance of flow cells with AF2-HWP8-75-X and AF1-HNN8-

50-X. But when the flow cells were disassembled it was noticed that AF1-HNN8-50-X cracked, while the 

other had no cracks on it and was mechanically robust, as shown in Figure 3.6. So, AF2-HWP8-75-X was 

selected for further studies of different electrode combinations, based on its stable performance and 

mechanical robustness during the degradation test. 

(a) (b) 

(c) 
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Figure 3.6: Images of different AEMs after degradation test and disassembling the AEMWE flow cell (Ni felt 

electrode, temperature 60 ˚C, 1 M KOH solution, 7 N•m torque, flow rate 2 ml/min). (a) AF2-HWP8-75-X, 

(b) AF1-HNN8-50-X and (c) AF2-HLE8-40-X. 

3.2 Effect of electrode materials 

Table 3.3: Different electrode combinations used with AF2-HWP8-75-X in AEMWE flow cell. 

Combination Cathode (HER) Anode (OER) 

1 Ni felt Ni felt 

2 Ni felt NiFeO 

3 Raney-Ni Ni felt 

4 Raney-Ni NiFeO 

 

For the comparative study of electrodes, different electrode combinations with AF2-HWP8-75-X were 

chosen. These combinations are listed in Table 3.3 and combination 1 is already discussed in section 3.1. 

In SST, it was observed that all combinations showed a stable performance after the passage of 50-60% of 

(a) (b) 

(c) 
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the test time (Figure 3.7 (a)). During SST, the degradation rate between 6 to 10 h for combinations 1, 2, 3 

and 4 were 2.4, -3.3, 4.1 and 0.1 mV/h, respectively. 

  

Figure 3.7: Chronopotentiometry curves of AEMWE flow cells based on four different electrode combinations 

with AF2-HWP8-75-X (temperature 60 ˚C, 1 M KOH solution, 7 N•m torque, flow rate 2 ml/min). (a) Steady 

state test, (b) Accelerated stress test. 

Combination 2 was obtained by replacing the anode of combination 1 with a NiFeO electrode. The flow 

cell performance with combination 2 improved compared to combination 1 by 150 mV for SST, and by 

127 and 230 mV for low and high current values of AST (Figure 3.7). Previous studies have shown that the 

addition of Fe species to an anode enhanced its OER performance15–18 and the obtained results were in 

agreement with it. The flow cell performance with combination 2 improved continuously during the 

degradation test, refer to Figure 3.7, and if tests were performed for a longer time, then it can be speculated 

that its performance may improve even more. 

When combination 3 replaced combination 1 in the flow cell, its performance improved by 225 mV for 

SST, and by 144 and 197 mV for low and high current values of AST (Figure 3.7). The performance of 

combination 3 was better at low current values, but at high current values, combination 2 outperformed it 

(Figure 3.7 (b)). Also, it can be inferred from the degradation test comparison of combinations 1 and 3 that 

Ni alloys are better catalysts for HER compared to Ni felt (or metal). 

Combination 4 gave the best results and outperformed all other combinations. In comparison with 

combination 1, it improved the flow cell performance by 277 mV for SST, and by 244 and 353 mV for low 

and high current values of AST (Figure 3.7). This improvement can be attributed to the utilization of 

catalysts on both electrodes. 

A visible change in the color of the KOH solution present in the electrolyte tank was noticed, which can 

imply that catalyst particles were washed-out from the CCS. So, it can be inferred that, during the 

(a) (b) 
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continuous operation, the ionomer did not hold the catalyst particles on the substrate. Therefore, an ionomer 

with higher binding strength may need to be used and requires further examination. 

  

 
Figure 3.8: Nyquist plots of AEMWE flow cells based on four different electrode combinations with AF2-HWP8-

75-X (temperature 60 ˚C, 1 M KOH solution, 7 N•m torque, flow rate 2 ml/min). (a) Initial, (b) After steady state 

test and (c) After accelerated stress test. 

Table 3.4: HFR of AF2-HWP8-75-X with four different electrode combinations obtained from the initial Nyquist 

plot (temperature 60 ˚C, 1 M KOH solution, 7 N•m torque, flow rate 2 ml/min). 

Cathode (HER) Anode (OER) HFR (mΩ•cm2) 
Charge Transfer Resistance  

(mΩ•cm2) 

Ni felt Ni felt 90 694 

Ni felt NiFeO 95 501 

Raney-Ni Ni felt 77 331 

Raney-Ni NiFeO 84 128 

It is observed from Figure 3.8 (a) that the charge transfer resistance decreased when CCS was used instead 

of Ni felt as an electrode in the flow cell, while HFR remained approximately the same as only AF2-HWP8-

(a) (b) 

(c) 
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50-X was used with all combinations. HFR values for all combinations are listed in Table 3.4 and were 

obtained from Figure 3.8 (a). 

Nyquist plots indicate that HFR remained the same for all combinations throughout the degradation test, 

while the charge transfer showed an increasing trend (Figure 3.8). But there was an exception with 

combination 2, whose charge transfer resistance decreased during the test. A plausible reason for this can 

be that the catalyst was not activated by the CV activation and may require a different activation technique. 

The change in charge transfer resistance for combination 4 was marginal, while for combinations 1 and 3, 

it was significantly high. Also, it can be inferred from the observation of combinations 2 and 3 that the 

increase in charge transfer resistance for combination 4 may be due to the cathode degradation. 

Polarization curves for different electrode combinations, listed in Table 3.3, were measured in 1 M KOH 

at 60 ˚C are plotted in Figure 3.9. At 2 V, the flow cell performance increased slightly on substituting the 

anode in combination 1 with NiFeO, while the same increased approximately 4-fold when the cathode in 

combination 1 was exchanged with Raney-Ni, as shown in Figure 3.9 (a). The highest performing 

combination 4 provided a current density of 1.06 and 3.08 A/cm2 at 2.00 and 2.32 V, respectively 

(Figure 3.9 (a)). This combination showed good performance and reached current densities comparable to 

the values reported in the literature3,4. 

Table 3.5: Current densities of AEMWE flow cells based on four different electrode combinations with AF2-HWP8-

75-X obtained from the initial polarization curves (temperature 60 ˚C, 1 M KOH solution, 7 N•m torque, flow rate 

2 ml/min). 

Cathode 

(HER) 

Anode 

(OER) 

Current Density  

at 2 V (A/cm2) 

Maximum Current  

Density (A/cm2) 

Cell Potential at Maximum 

Current Density (V) 

Ni felt Ni felt 0.20 0.80 2.38 

Ni felt NiFeO 0.24 1.50 2.40 

Raney-Ni Ni felt 0.76 1.52 2.39 

Raney-Ni NiFeO 1.06 3.08 2.32 

The flow cell performance decreased during the degradation test for all electrode combinations except for 

combination 2, whose cell performance improved throughout the test, and the same can be seen in 

Figure 3.9. This trend of combination 2 is in accord with the Nyquist plot, as observed in Figure 3.8, and 

the reason for this can be the decrease in charge transfer resistance throughout the test. The performance 

with combination 4 decreased on an average by 65 mV after the completion of the test (Figure 3.9 (a) 

and (c)). This decrease was marginal, and also it showed the best performance among all combinations 
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during the test. Therefore, it was selected when studying the effect of the operating parameters on flow cell 

performance. 

  

 

Figure 3.9: Polarization curves of AEMWE flow cells based on four different electrode combinations with AF2-

HWP8-75-X (temperature 60 ˚C, 1 M KOH solution, 7 N•m torque, flow rate 2 ml/min). (a) Initial, (b) After 

steady state test and (c) After accelerated stress test. 

3.3 Effect of operating parameters 

Raney-Ni and NiFeO were used in the AEMWE flow cell as cathode and anode, respectively, with AF2-

HWP8-75-X to study the effect of operating parameters on the flow cell performance. Two operating 

parameters were changed during the flow cell operation: operating temperature and concentration of KOH 

solution in the electrolyte tanks. The operating temperature was reduced from 60 ˚C to 45 ˚C and 0.1 M 

KOH solution was used in the electrolyte tanks instead of 1 M KOH solution. With the new operating 

parameters, the flow cell performance was reduced by 117 mV for SST, and by 106 and 152 mV for low 

and high current values, respectively, for AST compared to the previous operating condition (Figure 3.10). 

The flow cell at new operating condition showed stable performance during the SST and AST, and the 

degradation rate between 6 to 10 h for SST was 4.3 mV/h (Figure 3.10 (a)). 

(a) (b) 

(c) 
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Figure 3.10: Chronopotentiometry curves of AEMWE flow cells based on two different operating conditions with 

Raney-Ni and NiFeO electrodes, and AF2-HWP8-75-X membrane (7 N•m torque, flow rate 2 ml/min). (a) Steady 

state test, (b) Accelerated stress test. 

  

 
Figure 3.11: Nyquist plots of AEMWE flow cells based on two different operating conditions with Raney-Ni and 

NiFeO electrodes, and AF2-HWP8-75-X (7 N•m torque, flow rate 2 ml/min). (a) Initial, (b) After steady state test 

and (c) After accelerated stress test. 

The reduction in operating temperature and concentration of KOH solution resulted in a decrease in the 

ionic conductivity of AEM and in slower electrode kinetics, which is visible in Figure 3.11 (a). HFR for 

the flow cell at 45 ˚C and 0.1 M KOH solution was 249 mΩ•cm2. There was no change in HFR and a slight 

(a) (b) 

(a) (b) 

(c) 
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change in charge transfer resistance during the degradation test for the flow cell at this operating condition 

(Figure 3.11), and so, it can be inferred there was no membrane and electrode degradation. 

  

 
Figure 3.12: Polarization curves of AEMWE flow cells based on two different operating conditions with Raney-

Ni and NiFeO electrodes, and AF2-HWP8-75-X (7 N•m torque, flow rate 2 ml/min). (a) Initial, (b) After steady 

state test and (c) After accelerated stress test. 

To understand the effect of operating parameters on the flow cell performance, the polarization curves were 

studied and are shown in Figure 3.12. The flow cell performance was stable during the degradation test at 

the new operating condition. Current densities of 0.1 and 0.8 A/cm2 were obtained at 2.00 and 2.25 V, 

respectively. However, these values are significantly lower compared to the previous operating conditions, 

as shown in Figure 3.12 (a) and listed in Table 3.6. 

Table 3.6: Current densities obtained from the initial polarization curves of AEMWE flow cells based on Raney-Ni 

and NiFeO electrodes, and AF2-HWP8-75-X operating at two different conditions (7 N•m torque, flow 

rate 2 ml/min). 

Operating  

Conditions 

Current Density  

at 2 V (A/cm2) 

Maximum Current  

Density (A/cm2) 

Cell Potential at Maximum 

Current Density (V) 

1.0 M KOH  

     (60 ˚C) 
1.06 3.08 2.32 

0.1 M KOH  

     (45 ˚C) 
0.10 0.8 2.25 

(a) (b) 

(c) 
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4 Conclusions 

In this study, different commercial AEMs and electrode combinations were compared using the same 

AEMWE system. The system was operated at 60 ˚C and 1 M KOH solution was circulated through 

AEMWE flow cell at a flow rate of 2 ml/min. Ni felt electrodes were utilized for the AEM study. AF2-

HLE-40-X offered higher HFR compared to the other AEMs, and so, was not considered for further 

examination. AF2-HWP8-75-X and AF1-HNN8-50-X showed similar performance during the degradation 

test, but the latter was mechanically less robust. Hence, AF2-HWP8-75-X was selected for the electrode 

study. 

Subsequently, four different electrode combinations were investigated with AF2-HWP8-75-X. The flow 

cell performance with electrode combination 2 (Ni felt and NiFeO as cathode and anode, respectively) 

improved during the degradation test. The electrode combination 4, Raney-Ni and NiFeO as cathode and 

anode, respectively, outperformed the other electrode combinations. The flow cell with this electrode 

combination was able to reach 1.06 and 3.08 A/cm2 at 2.00 and 2.32 V. The reason for improved 

performance with this electrode combination can be assigned to the utilization of catalysts on both 

electrodes, i.e. CCS.  

The catalyst from the substrate of CCS was washed-out during the operation, and there was a visible change 

in the colour of the KOH solution present in the electrolyte tank. The reason for catalyst wash-out can be 

ascribed to a low binding strength of the ionomer. 

The operating temperature of the flow cell and concentration of KOH solution in the electrolyte tanks were 

reduced to 45 ˚C and 0.1 M, respectively, to test the flow cell performance under the new operating 

conditions. This led to a decrease in ionic conductivity of AEM and electrode kinetics at the same time, 

which resulted in lower flow cell performance. At this operating condition, the current density obtained 

was 0.8 A/cm2 at 2.25 V. 
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5 Future Scope 

Commercial AEMs were used for testing AEMWE flow cell performance. In the future, it may be possible 

to prepare customised AEMs with appropriate polymer backbone and functional groups to increase its ionic 

conductivity. Also, commercial electrodes were used during the study. It can be suggested to synthesise 

electrodes, so that different approaches, such as CCS and CCM, for preparing the MEA can be utilized and 

explore the effect of preparation approach on the flow cell performance. Also, this will enable the utilization 

of the different ionomers suitable for the current application, so as to find ionomers with high binding 

strength to reduce wash-out of catalyst from the substrate. In addition, different operating parameters can 

be studied individually to observe their effect on the flow cell performance. 

It can be recommended to perform SST and AST for longer periods. This can aid in identifying and 

analyzing AEMWE flow cell performance under real conditions, and simultaneously study its long term 

stability. Also, it is suggested to precisely control the flow cell temperature for consistent impedance results, 

as it can reduce the variability in the impedance measurement using the EIS method. 

Scanning electron microscopy (SEM) analysis can be performed on the membrane electrode assemblies 

(MEAs) to study the influence of the catalyst layer on the flow cell performance. Additionally, nuclear 

magnetic resonance (NMR) instrument can be used to examine the polymer backbone structure of AEM to 

understand its chemical degradation after the degradation test. 
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Appendix 

  
Figure A1: Measuring the pH value of beaker filled with 

Milliq water containing Ni felt electrodes. 

Figure A2: Viton gasket used with NiFeO electrode. 

 

  
Figure A3: AEMWE flow cell. 
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