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ABSTRACT

In this study, the stability of an anion exchange membrane water electrolyzer (AEMWE) cell was evaluated in an on-off

cycling operation with respect to an applied electric bias, i.e., a current density of 500 mA cm-2, and an open circuit. The

ohmic and polarization resistances of the system were monitored during operation (~800 h) using electrochemical imped-

ance spectra. Specific consideration was given to the ohmic resistance of the cell, especially that of the membrane under

on-off cycling conditions, by consistently feeding the cell with KOH solution. Owing to an excess feed solution, a momen-

tary increase in the polarization resistance was observed immediately after the open-circuit. The excess feed solution was

mostly recovered by subjecting the cell to the applied electric bias. Stability tests on the AEMWE cell under on-off cycling

with continuous feeding even under an open circuit can guarantee long-term stability by avoiding an irreversible increase

in ohmic and polarization resistances.
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1. Introduction

According to the Paris agreement (2015), CO2

emissions should decline to net-zero, and the global

rise in temperature should be restricted to ~1.5oC [1-

3]. Currently, the percentage use of fossil fuels

accounts for approximately 80% of global energy

production [4-6]. Research efforts are underway to

decrease fossil fuel dependency and develop environ-

mentally friendly systems [4,7]. In this context,

power-to-gas (PtG) projects play a vital role in

hydrogen production through water electrolysis,

where curtailed renewable energy is used [1,8-10]. In

water electrolysis, the electric input from renewable

energy sources is used to split water into H2 and O2.

Several technologies are available for water electrol-

ysis, including alkaline water electrolysis (AWE),

proton exchange membrane water electrolysis

(PEMWE), and anion exchange membrane water

electrolysis (AEMWE). The first two are well com-

mercialized, whereas the others are at the research

level [11-13]. However, there is growing research

interest in AEMWE owing to its potential to compete

with PEMWE. High operational current density,

inexpensive catalysts, and efficient cell design are

some of the distinguishing features of AEMWE.

Although PEMWE is a more matured technology,

AEMWE still has comparable performance [14]. The

main drawback of AEMWE is its lower durability.

Several reports point out this deficiency [15-18]. The

most important concern is the variables that can

affect overall performance. The catalyst employed,

operating temperature, feeding solution, static or

dynamic conditions, and magnitude of applied bias

are some of the variables that directly affect the sta-

bility of AEMWE [19-24]. In particular, the on-off

operation of AEMWE (simulating renewable energy

sources) with an inevitable variable, i.e., the aspect of

an open-circuit condition, for example, the nighttime

operation of a solar power plant, affect its stability.

The electrolyzer cell must be idle in this state. The
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open circuit with solution feeding plays a critical role

in the stability of AEMWE. The open-circuit condi-

tion can be used during AEMWE in the on-off

cycling mode. Several studies have been conducted

on the static and dynamic operation of AEMWE.

However, these studies did not consider the effects of

open-circuit conditions and solution feeding

[16,22,23,25-29]. The most prominent among these

studies was the long-term operation of ~1000 h. Liu

et al. conducted AEMWE at a constant current den-

sity of 1 A cm-2 for > 1000 h. The electrolyzer cell

exhibited a slight degradation rate of ~20 µV h-1 [29].

Similarly, Carbone et al. conducted AEMWE in

dynamic mode with voltage cycling between 1 V and

1.80 V for ~1000 h with moderate performance deg-

radation [26]. PEMWE can also provide a glimpse of

dynamic operation and a better comparison ground

for operational purposes. Papakonstantinou et al.

conducted PEMWE for ~800 h and reported perfor-

mance degradation, which was associated with the

chemical instability of the ionomer and membrane

under dynamic operation [30]. Alia et al. also

reported the performance degradation of PEMWE

under dynamic operation [31]. Weiß et al. subjected

PEMWE to an on-off cycling operation and reported

significant degradation [32]. On-off cycling opera-

tions and subjecting the cell to open-circuit condi-

tions without solution feeding harm the stability of

electrolyzer cells. Sun et al. introduced Li-ion batter-

ies as intermediatory energy storage systems with

renewable energy sources to avoid the adverse effects

of intermittency [33]. However, the introduction of

Li-ion batteries further complicates the system, mak-

ing it even more complex. Our previous study found

that when the electrolyzer cell was subjected to open-

circuit conditions (for 12 h without solution feeding)

once in ~100 h of operation, it did not affect the sta-

bility of AEMWE [34]. However, degradation is

more likely to occur when the cell is subjected to an

open-circuit condition > 5 times in 100 h of operation

[19]. Herein, we report an operational strategy to

avoid such degradation of the AEMWE for a more

realistic dynamic operation for coupling with renew-

able energy sources. The cell was run for ~800 h

under an on-off cycling operation regarding an

applied electric bias: a constant current of 500 mA

cm-2 for 5 h followed by a 12 h open circuit. We con-

tinuously maintained the supply of the KOH solution

to the electrolyzer cell so that the membrane could be

protected from dehydration [19]. The ohmic and

polarization resistances of the cell were consistently

recorded using electrochemical impedance spectros-

copy to determine any changes that could occur

during operation. This study provides details of oper-

ational optimization to cope with dynamic condi-

tions regarding applied electric bias and open-circuit

conditions.

2. Experimental

The electrolyzer cell used in this study was pur-

chased from Dioxide Materials, USA. The anode

consisted of a porous thin stainless-steel cloth (316L,

Bekaert) carrying nanoparticles of NiFe2O4, whereas

the cathode consisted of porous carbon paper (Sig-

racet 39BC) carrying nanoparticles of NiFeCo. The

catalyst loadings of both the anode and cathode were

2 mg cm-2 each. Moreover, Sustainion 37-50 was

used as the anion-exchange membrane. The electro-

lyzer had an active area of 6.25 cm2. The preparation

of the electrodes and membrane electrode assemblies

(MEAs) is described in [29]. The electrolyzer was

operated at 40oC in the on-off cycling mode with an

applied electrical bias for ~800 h. For this purpose, a

protocol in which the electrolyzer cell was operated

under a current density of 500 mA cm-2 for 5 h and

then left under an open circuit condition for 12 h was

designed. The KOH solution was provided to the cell

continuously at a rate of 2 mL min-1 (this flow rate is

sufficient to prevent degradation) whether the cell was

under bias or open circuit conditions [19,28,29,34].

This protocol continued until the cells reached

approximately 800 h. The operation under a constant

current density is called the constant current test. Var-

ious techniques like electrochemical characterization,

constant current tests, polarization curves, and elec-

trochemical impedance spectroscopy were performed

for electrochemical characterization. We measured

the polarization curves in a potential window of 1.30

to 2.10 V with a scan rate of 20 mV s-1. Electrochem-

ical impedance spectroscopy was performed at a

potential bias of 1.80 V (from 100 kHz to 100 mHz)

before and after each constant current test. A Bio-

Logic SP 240 potentiostat/galvanostat was used for

the electrochemical measurements. After the long-

term operation, the conductivity of the membrane

was measured using a test fixture developed in-

house. An FT/IR 6300 spectrometer (Jasco, Japan)
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was used to measure the Fourier transform infrared

(FTIR) spectra. Finally, a morphological analysis of

the electrodes/MEA was performed by FE-SEM.

3. Results and Discussion

The electrochemical impedance of the electrolyzer

cell was recorded at the start of the experiment, as

shown in Fig. 1(a), using an equivalent circuit; an

inductance was added to the equivalent circuit due to

external cablings and connections [35,36]. Imped-

ance was measured at a DC bias of 1.80 V (from

100 kHz to 100 mHz). The ohmic area-specific resis-

tance (ASR) of the cell was the high frequency

(9362 Hz) intercept of the real axis. The value was

0.363 Ω cm2, which arises mainly from membrane

resistance. The total ASR of the cell was obtained

from a low-frequency (100 mHz) intercept of the real

axis (1.156 Ω cm2). Polarization resistance (non-

ohmic ASR) is the difference between the total and

ohmic ASRs; its value was 0.793 Ω cm2. The initial

ohmic ASR of the cell was slightly higher than that in

our previous studies [19,34,36] because of the lower

operating temperature (40oC). However, this value

was comparable to those reported in previous studies

[22,28,37]. The initial polarization curves (both origi-

nal and IR-corrected) were measured in a potential

window of 1.30 to 2.10 V, as shown in Fig. 1(b). A

current density of 685 mA cm-2 was recorded at a cell

voltage of 1.97 V (IR-corrected). 

According to our test protocol, the electrolyzer cell

was subjected to an electric bias (a constant current

of 500 mA cm-2) for 5 h, followed by a 12 h open-cir-

cuit condition. Fig. 2(a) shows an initial 5 h cell

response to the applied current density called “Test-

1”. After “Test-1”, the cell was exposed to an open

circuit condition for 12 h. During the open circuit

conditions, the KOH solution was provided continu-

ously to the cell to protect the membrane from dehy-

dration. After the open circuit (for 12 h), the

electrolyzer cell was subjected to a constant current

for the next 5 h. The cell was operated under this pro-

tocol until it reached ~800 h. Fig. 2(b) shows the cell

voltage variation with respect to time for ~800 h. The

12 h open circuit condition between the consecutive

constant current tests in the time duration of 420 to

480 h is shown in Fig. 2(c). Fig. 3(a) shows the elec-

trochemical impedance spectra measured after con-

stant current tests and open circuit conditions in time

duration of ~100 to 150 h. The impedance arcs were

observed to change with the measurement time. The

impedance spectra arc measured after the open circuit

condition was significantly larger than that measured

after the constant current test. It is worth mentioning

that only the low-frequency intercept changed, and

the higher-frequency intercept was almost constant.

Continuous feeding momentarily increased the non-

ohmic resistance while maintaining the membrane

under wet conditions; therefore, the ohmic resistance

was constant. Continuous solution feeding prevents

any increase in the ohmic ASR. The change in ohmic

ASR of the cell with time is shown in Fig. 4(a). The

star symbol represents the time at which the KOH

solution was replaced. The closed symbols corre-

spond to the values of ohmic ASR measured immedi-

ately after constant current tests. In contrast, the open

symbols correspond to the values of ohmic ASR

measured immediately after open-circuit conditions.

Fig. 1. (a) Nyquist plot of initial impedance spectra

measured at 1.80 V. (b) Initial I-V curve measured from

1.30 V to 2.10 V at a scan rate of 20 mV s-1. 
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The ohmic ASR values at various stages of the ~800

h operation are listed in Table 1. Such stable values of

ohmic ASR are due to the continuous supply of the

KOH solution. When the KOH solution was not sup-

plied continuously, the ohmic ASR was reported to

increase irreversibly and lead to performance degra-

dation [19]. However, supplying KOH solution has a

momentarily adverse effect on the cell performance,

such as an increase in non-ohmic ASR after open cir-

cuit conditions (as explained earlier in an increase in

the impedance spectra arc). The variation in the non-

ohmic ASR of the electrolyzer cell over time is

shown in Fig. 4(b). The closed and open symbols

correspond to the values measured immediately after

constant current tests and open-circuit conditions,

respectively. Table 1 shows the non-ohmic ASR val-

ues at various stages of the ~800 h operation. The

non-ohmic ASR values were higher when measured

after the open-circuit condition with solution feeding.

However, such an increase in the non-ohmic ASR is

reversible, and when the cell is subjected to constant

Fig. 2. (a) Cell voltage variation with time under a constant

current density of 500 mA cm-2 in the initial 5 h, represented

as Test-1. (b) Cell voltage variation with time in long-term

operation ~800 h. (c) The cell voltage variations with time

in 420 h to 480 h duration. A 12 h open circuit condition

between the consecutive tests is depicted. 

Fig. 3. Nyquist plot of impedance spectra measured after

constant current tests and after 12 h open-circuit conditions

in time duration of ~100 to 150 h.

Table 1. List of values of ohmic and non-ohmic ASRs at

various times during the long-term operation.

After tests at 

500 mA cm-2

After consective 

open circuit

Time

(h)

Ohmic 

ASR

(Ω cm2)

Non-ohmic 

ASR

(Ω cm2)

Ohmic 

ASR

(Ω cm2)

Non-ohmic 

ASR

(Ω cm2)

Initial 0.363 0.793 ----- -----

~5 h 0.182 0.272 0.248 0.738

~90 h 0.285 0.757 0.266 0.964

~200 h 0.189 0.619 0.228 1.01

~500 h 0.254 0.654 0.283 0.962

~800 h 0.267 0.764 0.291 1.06
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current tests, the non-ohmic ASR recovers close to

the initial value. The impedance spectra of the initial,

final after tests, and final after 12 h of the open circuit

as a Nyquist plot are shown in Fig. 5(a). The initial

value of the non-ohmic ASR is 0.793 Ω cm2, and the

final value after the constant current test is 0.764 Ω cm2,

which are close to each other, indicating that there is

no loss of kinetic properties. The final value after a

12 h open circuit is 1.06 Ω cm2. This value is about

~33% higher than the initial value. However, as Table

1 shows, after every constant current test, the non-

ohmic ASR recovers close to the initial value. The

increase in non-ohmic ASR was not permanent, and

when the electrolyzer cell was run under bias, the

performance recovered to almost its initial value. The

consistent supply of KOH solution to the cell pre-

vented any unwanted increase in the ohmic ASR of

the cell. However, it caused a momentarily reversible

increase in the non-ohmic ASR of the cell. 

Fig. 4. (a) The variations in ohmic ASR and (b) Non-ohmic

ASR of the cell measured with time, the closed and open

symbol correspond to measurement immediately after

constant current tests and after 12 h open-circuit conditions,

respectively while the star symbol and vertical dotted line

represent the time when KOH solution was renewed. 

Fig. 5. (a) Nyquist plot of the impedance spectra measured

at the start of the experiment, after final test of long-term

operation, and after 12 h open circuit condition. (b)

Nyquist plots of impedance spectra at 1.80 V of 1 M KOH

solution and new and old (after tests) membrane in 1 M

KOH solution at 40oC. (c) The FTIR absorbance peaks of

the new and after tests membranes.
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After ~800 h of operation, the electrolyzer was

carefully opened to check the conductivity of the

membrane and the microstructure of the electrodes.

Conductivity measurements of the tested membrane

were carried out in a 1 M KOH solution at 40oC. For

this purpose, as shown in the Nyquist plots in Fig.

5(b), the impedance of the tested membrane was

measured and compared with that of the new mem-

brane. Impedance was measured using a testing fix-

ture developed in-house. Previous work has

described the details of the testing fixture and mea-

surement technique [34]. Initially, the ASR of the

KOH solution was obtained from the high-frequency

intercept (30 kHz) of the real axis and was found to

be 0.835 Ω cm2. The high-frequency intercept of the

impedance arc of the new membrane was 1.03 Ω

cm2. This value was the combined ASR of the solu-

tion and the new membrane. The ASR value of the

new membrane was obtained by subtracting the solu-

tion ASR from this value; therefore, the ohmic ASR

value of the new membrane was 0.195 Ω cm2. The

ohmic ASR of the tested membrane was similarly

obtained as 0.234 Ω cm2. There is a slight difference

between the ASRs of the new and the tested mem-

branes (~0.038 Ω cm2), which might suggest that the

tested membrane was degraded. However, this can be

understood as follows: In our previous study, the

AEMWE cell was operated for ~1000 h with stable

performance. After the long-term operation, the

ASRs of the tested and new membranes were mea-

sured at 50oC. The ohmic ASR of the tested mem-

brane was 0.208 Ω cm2, whereas that of the new

membrane was 0.182 Ω cm2. The difference in ASRs

was 0.026 Ω cm2. In the present study, the difference

in ASRs (0.038 Ω cm2) between the tested membrane

and the new membrane was comparable to the differ-

ence in ASRs (0.026 Ω cm2) in a previous study for a

stable and undegraded membrane [34]. However, this

difference in ASRs contrasted with a study in which

the membrane was degraded [19]. The ASRs of the

tested and new membranes were measured, and the

difference was 0.219 cm2. The difference in ASR

between the tested and new membranes was 17 times

higher than the difference in ASRs in the present

study. Therefore, the membrane retained its ionic

conductivity and was stable under on-off cycling for

~800 h. The ohmic ASR value of the tested mem-

brane is also close to the final ASR value, as shown

in Fig. 4(a). FTIR analysis was performed on the

membrane after the long-term operation (~800 h). The

FTIRs of the tested and new membranes were com-

pared, as shown in Fig. 5(c). No new or unknown

absorbance peaks were detected, indicating that the

membrane was chemically stable during operation.

An FE-SEM was used for the morphological analysis

of the electrodes. FE-SEM micrographs of the anode

GDL, cathode GDL, and membrane are shown in

Fig. 6(a)-(f). Fig. 6(a) and (b) show the new anode

and cathode GDLs, respectively, before the start of

the tests. Fig. 6(c) and (d) show the anode and cath-

ode GDLs after long-term ~800 h tests, respectively.

New GDLs were fully covered with thick catalysts,

and the GDLs after the long-term tests were void of

the catalysts. However, as shown in Fig. 6(e) and (f),

the anode and cathode sides of the membrane carried

most of the catalyst, respectively. The catalysts

remained in contact with the membrane during long-

term tests of ~800 h. Consequently, the ohmic ASR

was constant, and the non-ohmic ASR recovered to

almost its initial value after the cell was subjected to

an electric bias. The operational strategy of continu-

ous solution feeding to the AEMWE running under
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on-off cycling, especially under a prolonged open cir-

cuit (12 h), is more beneficial regarding its long-term

stability.

4. Conclusions

The stability of the AEMWE cell was investigated

under on-off cycling to simulate the electric output of

renewable energy sources. A test protocol was

designed in which the electrolyzer cell was subjected

to an electric bias of 500 mA cm-2, alternating with

open-circuit conditions. The KOH solution was sup-

plied continuously to the cell regardless of the elec-

tric bias or open circuit. The ohmic ASR of the cell

was constant throughout the operation, owing to the

continuously fed KOH solution. The polarization

resistance increased during the open circuit, though

this increase was reversible. Thus, continuous solu-

tion feeding to the AEMWE cell under on-off cycling

can ensure stable, long-term operation with renew-

able energy sources.
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