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energy storage and hydrogen production
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Anion exchange membrane (AEM) electrolysis eradicates platinum group metal electrocatalysts and

diaphragms and is used in conventional proton exchange membrane (PEM) electrolysis and alkaline

electrolysis. It can produce pressurised hydrogen by using low cost non-noble metal catalysts. However,

the performances are still lower than that of the conventional PEM electrolysis technology. In this study,

we addressed the performance issue by using a novel combination of Ni–Fe–Ox for oxygen evolution

reaction (OER) and Ni–Fe–Co hydrogen evolution reaction (HER) electrodes with a PBI anion exchange

membrane. The Ni–Fe–Ox and Ni–Fe–Co electrodes exhibit exceptionally high catalytic activity,

requiring over potentials that are as low as 236 and 84 mV dec�1, respectively, for OER and HER to

occur. These electrocatalysts exhibits excellent durability which can be used as oxygen evolution and

hydrogen evolution catalysts for long term electrolysis. The high rate capability of 1000 mA cm�2 at

1.9 V and 60 �C demonstrates the potential of the combined membrane electrode assembly. The best

performance, which is comparable to those of commercial PEM electrolysis systems, is thus an

affordable alternative to this technology. In addition to that, the AEM electrolysis is promising on a multi-

scale level for long-term hydrogen production.
1. Introduction

Sustainable and renewable energy is the ultimate solution for
the current global energy demand. The focus of sustainable and
renewable energy sources, such as solar and wind energy, has
intensied worldwide owing to greenhouse gas emission and
depletion of fossil fuels.1 The amount of achievable energy, such
as solar and wind energy, varies because of the climatic condi-
tions throughout the year.2 The electricity produced from solar,
wind, etc. leads to a discontinuity from supply to demand,
which increases when there is a high electricity demand. To
overcome this inconsistency, it is important to store the energy
generated during peak production days and use it when
demand exceeds production.3 To provide an uninterrupted
power supply, low-temperature electrolysis is a promising
solution for the storage of excess and intermittent electric
energy into chemical energy and for converting it back from
chemical energy carriers.4 The electricity is stored as hydrogen
by low-temperature water electrolysis technology and then
converted back to electricity by using fuel cells on demand. This
helps to overcome the disadvantages of the intermittency of
solar and wind energy.5 However, hydrogen has been discussed
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as a promising energy carrier for a long time owing to its specic
energy, renewability, and capability to release energy without
the emission of CO2.6

The hydrogen production via low-temperature electrolysis is
beneted from unlimited water resources, stable output, high
product purity, feasibility of large-scale production, and the
capability of integrating renewable energy as power sources.7,8

There are two main water electrolysis technologies that produce
H2 at low temperatures, which can be distinguished by the
electrolyte used in the electrolysis cell: alkaline electrolysis (AE)
and proton exchange membrane (PEM) electrolysis.7 The
commercially available low-temperature technologies are AE
and PEM electrolysis technologies, which are already commer-
cially available, reaching an energy conversion efficiency of
approximately 80%.9 PEM electrolysis demands expensive noble
metal electro-catalysts, such as Pt and IrO2, owing to the limi-
tations of a harsh acidic environment.10 Naon-based PEM and
titanium stack components directly increase the capital cost of
the electrolysis process.11 This hinders the usage of this tech-
nology on a large-scale level. Another conventional technology
is AE technology, which is a mature technology; however, it
cannot be linked with the renewable energies of solar, wind, etc.
for power generation owing to its inability to maintain high-
pressure hydrogen because of the use of a porous diaphragm
and liquid electrolyte.12

Anion exchange membrane (AEM) electrolysis technology is
an emerging new technology, which is at its early stage of
RSC Adv., 2020, 10, 37429–37438 | 37429
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development, and it is shown in Fig. 1. The rst research article
was published in 2012 by Leng et al.13 This technology was
developed by merging the merits of both conventional alkaline
and PEM electrolysis technologies. In AEM electrolysis, low-cost
catalytic materials were adopted from alkaline electrolysis and
the solid polymer electrolyte architecture, which was adopted
from PEM electrolysis technology.14 Thus, it is expected to
produce pressured hydrogen using low cost catalysts by solid
polymer electrolyte technology. The membrane electrode
assembly (MEA) of an AEM electrolyser was constructed by
using a low-cost transient metal compound catalyst and anion
exchange membrane.

Overall, water electrolysis technology comprises two simul-
taneous half-cell reactions, which are the oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER). The
thermodynamic onset potential of the water splitting reaction
by water electrolysis techniques is 1.23 V at room temperature.
However, in reality, the voltage requirement increases owing to
the many resistances involved in the kinetics of the electro-
chemical reaction, the design of the cell, and the components of
the electrolyser, e.g., resistances such as ohmic potential, acti-
vation over potential, and mass transport limitation. An electro-
catalyst should decrease the over potential and enhance the
performance of the electrolyser. Selection of the electrocatalyst
is the bottleneck to the process of AEM electrolysis. Conven-
tional noble metal electrocatalysts, such as Ir, Pt, Ru, and their
oxides, have been used in AEM electrolysis by some
researchers.13,15 However, these catalysts are extremely expen-
sive, which directly increases the capital cost of this electrolysis
process. The main advantage of this AEM electrolysis is that it
uses an inexpensive, abundant, and non-platinum group
metals. In AEM electrolysis, thus far, Ni, Ni–Fe alloys, graphene,
Pb2Ru2O6.5, and Cu0.7CO2.3O4 have been used as OER catalysts,
whereas CuCoOx, Ni–Mo, Ni/CeO2–La2O3/C, Ni, and graphene
have been used as HER catalysts.16 The electrocatalyst should be
Fig. 1 Schematic of anion exchange membrane (AEM) electrolysis with

37430 | RSC Adv., 2020, 10, 37429–37438
stable in oxidative and reductive environments. Another
important aspect of AEM electrolysis is the AEM. The AEM plays
vital role on the electrolyser's performance by its ion conduc-
tivity, chemical stability and mechanical stability. The
commercially available A201 (Tokuyama Corp., Japan), Fuma-
tech FAA-series (Fumatech Corp., Germany) and Sustainion
membrane (Dioxide Material Corp., USA) are the most investi-
gated AEM for electrolysis.17

The performance of an electrolyser is mainly dependent on
MEA components, such as the AEM, electrocatalyst, gas diffu-
sion layer (GDL), and structure of the ow eld.18 These are the
main parameters that determine the performance of an AEM
electrolyser. In the early stage of its development, few combi-
nations of MEA components were selected based on activity of
the catalyst and ionic conductivity of AEM. Leng et al.13 fabri-
cated MEA by A-201, AEM with conventional OER and HER
noble metal catalysts such as IrO2 and Pt black, which showed
the performance of 399 mA cm�2 at 1.80 V. Faraj et al.19 fabri-
cated a MEA using the LDPE-g-VBC-Dabco (synthesized) AEM
and Acta 3030 (CuCoOx) and Acta 4030 (Ni/(CeO2–La2O3)/C)
(Acta Spa, Italy) as OER and HER catalysts. The electrolyzer
performance was 460 mA cm�2 at 2.1–2.2 V. Pavel et al.20

fabricated the MEA by using A-201, AEM, with Acta 3030
(CuCoOx) and Acta 4030 (Ni/(CeO2–La2O3)/C) OER and HER
catalysts, respectively. The maximum performance achieved by
the electrolyzer was 470 mA cm�2 at 1.9–2.01 V. Parrondo et al.15

fabricated their MEA with an inexpensive polysulfone (PSF)
AEM with Ru perchlorate and Pt as OER and HER catalysts. The
achieved electrolyzer performance was 400 mA cm�2 at 1.8 V.

The selection of the electrocatalyst and AEM is key to the
success of an AEM electrolyser. The recent literatures show Ni,
Fe and Co alloy catalyst shown higher activities in alkaline
media.21–24 However, these combinations have not tried in the
AEM electrolysis extensively. So, in this work we have chosen the
Ni–Fe–Ox as OER catalyst. Because, Ni–Fe-based density
applications.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Cyclic voltammograms of Ni–Fe–Ox during the potential cycle between 0.2 and 0.6 V vs. Ag/AgCl in 1 M KOH. (b) LSV of Ni–Fe–Ox as
an OER electrocatalyst: from 0 to 1 V at 5mV s�1 in 1 M KOH. (c) Chronoamperometric test of Ni–Fe–Ox alloy as a OER electrocatalyst at 0.6 V vs.
Ag/AgCl in 1 M KOH.
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functional theory (DFT) studies have shown that Ni–Fe–Ox

modies the bridge of the Ni–g-Fe2O3 Gibbs energy of the
adsorption of the intermediate H atom (VGH*), which increases
the catalytic activity, and the activity of this alloy is comparable
to that of conventional Pt group-based catalysts.25 The Ni–Fe–Ox

catalyst coated in the form of an anode has not been studied
owing to the contamination of Ni and Co in alkaline media.
Pyrochlores have shown good activity towards oxidation for the
OER.26 On the other hand, the Ni, Fe, and Co alloy showed good
electrochemical activity for the HER.27 Thus, in this study, we
used Ni–Fe–Ox and N–Fe–Co alloy electrocatalysts for the OER
and HER, respectively. Catalysts coated on the GDL were used to
evaluate their electrochemical activities.

Recently, PBI-based anion exchange membranes received
much attention, which were used as AEM for AEM electrolysis.28

The PBI based anion exchange membrane shows high thermal
(Tg ¼ 425–436 �C), mechanical and chemical stability. Also, it
This journal is © The Royal Society of Chemistry 2020
exhibits rendered anion conducting when doping with KOH.
Themajor advantage of this PBI based AEMs is, it does not show
cationic degradation due to hydroxyl ion attack from nucleo-
philic displacement and Hofmann-elimination reactions.29 The
performance and stability in the alkaline environment were
satisfactory. So, we adopt the PBI based AEM for this study as
a solid polymer electrolyte. However, fabrication and charac-
terisation of these MEAs by using this membrane (PBI) and this
novel electrocatalyst combination were performed. Although,
the performance of the AEM electrolysis was previously studied
by a few researchers, the literature is still limited, and there is
a lack of information on the electrochemical characterisations
of the components of the MEA. To nd the electrochemical
suitability of the long-term electrolysis, complete electro-
chemical characterisations of the OER and HER catalysts and
the impedance studies are still lacking, which necessary to
further development of this technology.
RSC Adv., 2020, 10, 37429–37438 | 37431
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Thus, in this study, we electrochemically characterised both
the OER and HER electrodes by cyclic voltammetry (CV), linear
sweep voltammetry (LSV), and chronoamperometry (CA)
experiments. Additionally, we attempted to determine the
resistances involved in the electrolysis by electrochemical
impedance spectroscopy (EIS). We also report the performance
and stability of the AEM electrolysis. In addition, we determined
the efficiency of this technology and the cost reduction associ-
ated with this novel technology compared to that of conven-
tional PEM electrolysis.

2. Experimental
2.1. Electrode fabrication, membrane electrode assembly
and electrolysis cell set-up

The electrolysis reaction was carried out using a specially
designed 5 cm2 AEM electrolyser, and the conguration is
shown in Fig. 1. The PBI membrane was used as an anion
exchange membrane in the MEA architecture. The MEA was
prepared using the catalyst coated on substrate (CCS) method,
and the OER and HER catalysts were coated on the Ni foam by
spray coating. The AEM was soaked in a 1 M KOH before the
reaction to convert it function group into OH� groups and to
increase the ionic conductivity of the AEM.

The homogenous catalyst ink solution was prepared by
adding de-ionized water, ionomer (Sustainion® XB-7, Dioxide
Material, USA), and catalyst powder (particle diameter of the Ni–
Fe–Ox and Ni–Fe–Co were 0.5–1.7 mm), which was sonicated
with ice for 15 min. Then the isopropyl alcohol added and
sonicated for 10 min with ice. Then the slurry was ultra-
sonicated for 10 min by the ultrasonic probe (the ultrasonic
probe is Branson Digital Sonier Model 102C) with ice. It is
ensured that, there were no agglomeration found on the
homogeneous ink. The uniformity of ink composition is very
important to ensure concordant results. The well dispersed
anode and cathode catalyst ink was brushed onto the surface of
the Ni foam (80–110 ppi); American Elements, USA. Both the gas
diffusion electrodes (GDEs) were dried at 80 �C for 2 h. The
anode GDE was sintered at 340 �C for 30 min and the cathode
GDE was sintered at 300 �C for 2 h, simultaneously. The load-
ings of the OER and HER catalysts were �5 mgcat cm�2,
respectively. The Ni–Fe–Ox and Ni–Fe–Co coated on the Ni foam
were used as the anode and cathode. The loading of the catalyst
was 5 mgcat cm�2. The MEA was housed between Ti and
graphite ow elds. A pair of Teon gaskets was employed as
a seal to avoid gas and liquid leakage. Stainless steel bars were
used as end plates, and the anode and cathode electrical supply
probes connected outside of the endplate. A 500 mL glass tank
with circulated water was used as a reservoir. A double-headed
peristaltic pump (model: BT 300 FJ CR pump, China) circulated
the feedstock from the reservoir. The preheated 1 M KOH water
circulated through the anode side using a peristaltic pump
continuously. The electricity for the electrolysis experiments
was supplied through a potentiostat VSP Biologic (Bio-Logic
Science Instruments, Seyssinet-Pariset, France). The tempera-
ture was maintained at 60 �C using a water heating system (F12-
ED; Julabo, Germany). The entire operation was controlled by
37432 | RSC Adv., 2020, 10, 37429–37438
EC Lab® soware. The voltage and current data were recorded
automatically by a computer.

2.2. Electrochemical characterisation of electrodes

The electrodes for the OER and HER were studied using
a conventional three-electrode electrochemical glass cell. The
working, counter, and reference electrodes were inserted in
each compartment. The fabricated anodes or cathodes were the
working electrodes directly for the OER and HER. The surface
areas both electrodes were 1 cm2. The counter and reference
electrodes were a platinum wire and mercury (Hg)/mercury
oxide (Hg/HgO), respectively. However, it was converted back
to Ag/AgCl for the convenience of comparing the results with
those reported in the literature. The over potential mentioned
for these experiments is based on the Ag/AgCl electrode. The
working electrode surface was wiped with ethanol and ultra-
pure water prior to the experiments. The experiments were
carried out using 1 M KOH at 40 �C.

2.3. Electrochemical characterisation of the OER and HER

Electrochemical experiments were conducted using a Bio-Logic
potentiostat/galvanostat model VSP with a booster (Bio-Logic
Science Instruments, Seyssinet-Pariset, France). All experi-
ments were controlled, and data were collected by the EC Lab.
Cyclic voltammetry experiments were run between 0.2 and
0.57 V vs. Ag/AgCl for ve cycles at a scan rate of 5 mV s�1. Then,
linear sweep voltammetry experiments were conducted for the
following ranges: 0 to 1.2 V for the OER and�0.6 V to 0 V vs. Ag/
AgCl for the HER. Prior to performing experiments on the
working electrode, which was polarised at 1.3 V for 5 min and at
0.8 V for 10 min to remove oxides from the surface of the
electrode, we reported the fourth cycle of the CV from the total
of ve cycles in the CV. The oxygen was saturated with a 1 M
KOH solution for the OER experiments. Similarly, for the HER
reaction, the hydrogen was saturated with a 1 M KOH solution.

2.4. Electrochemical impedance spectroscopy (EIS)

EIS experiments were conducted at a constant voltage
(potentiostat/galvanostat impedance). A small perturbation
voltage in the frequency range of 100 kHz to 50 mHz super-
imposed on the DC polarisation current. The amplitude of the
AC signal was maintained at less than 10% of the applied DC
current. We developed an equivalent circuit model and tted it
using the EC soware.

3. Results and discussion
3.1. Electrochemical characterisation of electrodes

3.1.1. Oxygen evolution reaction (OER). The performance
of the electrolyser strongly depends on the half-cell OER. The
accepted oxidation mechanism of Ni and Fe involves the initial
oxidation of Ni to a-Ni(OH)2 and then changed to b-Ni(OH)2 due
to the prolonged exposure in the alkaline environment.30

Aerwards, it is converted to b-NiOOH and then behaves as the
g-NiOOH phase due to the higher over potential, which is the
pinnacle of the Ni oxidation process. However, in general, b-
This journal is © The Royal Society of Chemistry 2020
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NiOOH is the accepted form in the oxidation state.31 This
mechanism is strongly inuenced by the pH of the alkaline
solution.32

The responses of the cyclic voltammetry experiments are
shown in Fig. 2(a), which shows the obtained voltages for Ni–
Fe–Ox and pure Ni. The onset potential was 0.085 V for this
reaction, and the lowest onset potential is favourable for any
electrocatalyst. However, here, the obtained onset potential is
higher than for the conventional Pt and Ir electrode. Fig. 2(a)
shows the oxidation and reduction characteristics, oxidation
occurs at 0.56 V for Ni–Fe–Ox and reduction occurs at 0.45 V.
Likewise, oxidation occurs at 0.57 V and reduction occurs at
0.48 V for pure Ni. The maximum absorption of ions showed
a high current density at an over potential of 0.56 V was 6 mA
cm�2 for Ni–Fe–Ox. However, the pure Ni showed the current
density at the potential of 0.57 V was 0.5 mA cm�2. The
Fig. 3 (a) Cyclic voltammograms of Ni–Fe–Co during the potential cycle
an HER electrocatalyst: from �0.4 V at 5 mV s�1 in 1 M KOH. (c) Electro
sweep voltogramms at various voltages at 5mV s�1 in H2-saturated 1 M KO
at �0.7 V vs. Ag/AgCl in 1 M KOH.

This journal is © The Royal Society of Chemistry 2020
difference in the absorbed current density was ten times lower
than the Ni–Fe–Ox.

Fig. 2(b) shows the LSV for the scan rate of 5 mV s�1 from 0 to
1 V for Ni–Fe–Ox and pure Ni. The OER began at approximately
0.6 V, and then, the current density sharply increased until 1 V
whereas for pure Ni the OER begin at 0.7 V then sharply
increased. The achieved current density at 0.8 V was 21 mA
cm�2, which showed a higher performance than the non-noble
metal electrocatalyst. However, the pure Ni showed the current
density at the potential of 0.8 V was 4.1 mA cm�2. The perfor-
mance of Ni–Fe–Ox, three times higher than the pure Ni. The
slopes were delineated and calculated between the obtained cell
voltages and logarithmic current density. The Tafel slopes,
including the values for both the OER and HER electrodes, are
shown in Fig. 4. The calculated Tafel slope for the Ni–Fe–Ox

electrode was 236 mV dec�1, and a similar value was reported in
between 0.2 and 0.6 V vs. Ag/AgCl in 1 M KOH. (b) LSV of Ni–Fe–Co as
chemical property of the Ni–Fe–Co as an HER electrocatalyst: linear
H. (d) Chronoamperometric test of Ni–Fe–Co as a HER electrocatalyst

RSC Adv., 2020, 10, 37429–37438 | 37433

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra07190k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
0:

43
:4

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the literature previously.33 The OER exhibited two different Tafel
regions. The rst Tafel slope is relevant to the OER, and the
second slope may be related to the state of the oxide surface.
However, the Tafel slopes are higher than for the conventional
Ir and Pt catalysts which are 55 and 60 mV dec�1.34

Fig. 2(c) shows the chronoamperometric (CA) tests for
determining the OER catalyst stability. The short-term stability
of the OER (Ni–Fe–Ox) electrode was evaluated via CA tests for
1 h at 0.6 V. During the test, the current responses were
observed for 0.6 V. The current density was insignicantly
varied from the beginning to the end for 1 h. EIS was performed
before and aer the stability test, and the resistance was the
same before and aer the experiment. Both results suggest that
the catalyst is highly stable under alkaline condition. This was
due to the smaller the smaller onset potential with a high
current density. The current produced by the electrode was
higher than that for the pure Ni. However, the electrode showed
good performance and stability in the alkaline environment.
Thus, the OER (Ni–Fe–Ox) catalyst is suitable for long-term
hydrogen production via the AEM electrolysis.

3.1.2. Hydrogen evolution reaction (HER). The HER is
a counter reaction of the OER, and it low over potential for the
reaction; however, it also requires precious Pt group metal
compounds. As discussed earlier in this AEM electrolysis study,
Ni–Fe–Co was used as the cathode. Thus, in this character-
isation, a Ni–Fe–Co electrode (1 cm2) was used as the working
electrode. The 1 M KOH solution was saturated with H2 for 1 h
prior to the experiment. The fabricated electrochemical activity
of the HER electrode was determined by both CV and LSV
methods.

Fig. 3(a) shows the oxidation and reduction characteristics,
and oxidation and reduction occurs at �0.6 V and �0.45 V for
Ni–Fe–Co. The maximum desorption of ions showed a high
current density at an over potential of�0.45 V at 10mA cm�2 for
Ni–Fe–Co. However, the pure Ni showed the current density at
the potential of 0.48 V was 0.5 mA cm�2. The difference in the
Fig. 4 Tafel plots for the OER and HER catalysts used in the AEM
electrolysis in 1 M KOH.

37434 | RSC Adv., 2020, 10, 37429–37438
current was 20 times lower than the Ni–Fe–Co. Fig. 3(b) shows
the HER activity for the scan rate of 5 mV s�1 at �0.6 V for Ni–
Fe–Co and pure Ni. The achieved current density was 7.5 mA
cm�2 by Ni–Fe–Co, however, the pure Ni showed the current
density at the potential of �0.6 V was 1.5 mA cm�2.

Fig. 3(c) shows polarisation curves for Ni–Fe–Co for voltages
from �0.2 to �1.2 V. The curve shows the onset potential is
�0.05 V for the over potential, and the obtained current
densities were 26 and 80 mA cm�2 for �0.6 and �1.2 V,
respectively. As expected, a higher set voltage increased the
current density. At �0.6 V, the obtained current density was 10
mA cm�2. The catalytic activity of this catalyst was compared
with the currently available state-of-the-art HER catalyst. Addi-
tionally, the Tafel slope of the Ni–Fe–Co for the HER reaction
was �84 mV dec�1. Additionally, we assessed the durability of
the Ni–Fe–Co catalyst. The Fig. 3(d), chronoamperometry
measurement performed for 60 min at �0.7 V revealed that the
obtained current density insignicantly decreased with time.
The activity and stability were comparable to other non-porous
catalysts, such as CuMoS, NiMo, NiCo and conventional noble
metal catalyst.35 Additionally, the resistance from the EIS
experiments was found to be same before and aer the stability
evaluation.

The degradation showed an insignicant increase in the
voltage; thus, it is stable in a strong alkaline environment and is
a suitable HER catalyst for long-term water electrolysis.
However, detachment of catalyst particles was observed, and
aer detachment, the performance of the HER electrode
decreased. This requires further action to improve the binding
properties of suitable binders.

3.1.3. Electrochemical impedance spectroscopy (EIS). EIS
is an essential tool that is used to characterise electrochemical
systems, such as fuel cells and electrolysers.36 We used this tool
to analyse the resistance involved in the AEM electrolyser at
1.5 V, which is close to the thermoneutral voltage. It enables
Fig. 5 Nyquist plot obtained for the AEM electrolyser with the MEA
and mathematical model fitted to experimental data to obtain the
resistance values.

This journal is © The Royal Society of Chemistry 2020
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determination of the contribution of major resistances, such as
the electrical resistance, ohmic resistance, and electrochemical
reaction resistance. The ohmic resistance depends on the
electrolyte concentration, the membrane, and the distance
between the membrane and electrodes.37 The gas bubbles
produced from the electrochemical reaction at the electrode
surfaces cause mass transport resistance.38

We measured the overall resistance under suitable condi-
tions for a running AEM water electrolyser at 1.5 V. The gas
production of H2 and O2 occurs at the backside of GDLs; hence,
the mass transport limitation can be considered negligent. The
Nyquist plot (a parametric plot of the frequency response, which
is commonly used to assess the stability of a system) is
commonly depicted as a semicircle. It involves a semicircle loop
at high frequency and a straight line at low frequency. The
semicircle loop at high frequency is attributed to the charge
transfer resistance, and the slope at low frequency is related to
diffusion. Fig. 5 shows a typical Nyquist plot obtained for the
AEM electrolysis at 1.5 V at 60 �C with a t obtained by the
model described (see Experimental). The resistances involved in
the operations were found using an equivalent circuit model,
which is shown in Fig. 5, showing the experimental AC
impedance data and related curve tting in both Nyquist plots.
Fig. 6 shows the effect of temperature variation on the Nyquist
plot.

The equivalent circuit was composed of various components,
such as an inductor, resistor, and constant phase elements. The
components were arranged in series and parallel. The series
resistance reects ohmic phenomena, whereas the R and Q
components are associated with the electrode–electrolyte
interfacial properties. The inductor indicates the cable
connection, and the resistance contributes to the interfacial
contact resistance between the ohmic resistance of the
membrane, catalyst layer GDLs, and the ow elds of the
bipolar plates. The time constants represent the roughness of
the electrode surface and indicate the two OER anodic charge
Fig. 6 Electrochemical impedance spectroscopy (EIS) analysis of the
AEM electrolyser at 1.5 V in 1 M KOH.

This journal is © The Royal Society of Chemistry 2020
transfer and HER cathodic charge transfer processes, including
the mass transfer processes.

Aer tting R1, R2, R3, Q1, and Q2, they were separated with
values of 46.5 mU, 1194 mU, 67 mU, and the constant phase
elements were at 0.180 and 1.197 F cm�2 sn�1, respectively. This
indicated that the cell had an ohmic resistance of 46.5 mU and
the surface roughness of the electrodes contributed a resistance
of 35.55 mU. The resistances of 67 mU and 1194 mU were
assigned to the HER process on the cathode and to the OER
process on the anode, respectively, which is consistent with
studies in that the HER in alkaline medium is a relatively
sluggish process but is still more rapid than the OER.39 This also
indicates that the OER process is still one of the main barriers
for the AEM electrolyser to achieve a higher performance. The
negligible resistance is caused by the mass transport issues
because of the thick active layer, which limits both water
distribution and gas bubbles from H2 and O2 detachment.
3.2. AEM electrolysis

3.2.1. Performance of AEM electrolysis. Electrolysis exper-
iments were carried out conventional zero-thickness polymer
electrolyte membrane. The supply of electricity and responses
were realised using a galvanostat/potentiostat from Bio-Logic
Science Instruments (VSP) with an external power booster for
measurements up to 20 A (VSP-20). The anode feedstock was
1 M KOH, and the owrate was maintained at 60 mL min�1 at
ambient pressure with the temperature set at 60 �C. The feed-
stock was supplied only through the anode, the cathode inlet
was closed, and the outlet H2 was released to the atmosphere.
Control of the galvanostat/potentiostat and electrical data
acquisition were performed using EC-Lab soware from Bio-
Logic.

The performances of the AEM electrolysis are shown as
polarisation current–voltage (I–V) curves in Fig. 7. The polar-
isation curves were plotted from 0 to 1600 mA cm�2 with
intervals of 0.05 mA cm�2. As previously explained, the earlier
performances were based on the Ni–Fe–Ox anode and the Ni–
Fe–Co cathode with the PBI membrane from sustaining ions,
and 1 M KOH was used as the feedstock at 60 �C.

The AEM electrolyser achieved themaximum performance of
1600 A cm�2 at 2.2 V, which is comparable with the performance
of a conventional PEM electrolyser. The acceptable performance
achieved due to the higher activity of catalyst and hydroxyl ion
conductivity of AEM. However, the higher over-potential was
due to the OER because it showed sluggish kinetics for over-
coming the resistance, but the HER requires less current
density. Overall, the best performance was found for the Ni–Fe–
Ox anode and Ni–Fe–Co cathode with the PBI membrane from
sustaining ions, and 1 M KOH was used as the feedstock at 1000
mA cm�2 and 1.9 V at 60 �C. This is a signicant achievement
compared to results currently available in the literature.
However, our electrolyser performance was slightly lower than
that reported by M. R. Kraglund et al. The performance reported
by M. R. Kraglund et al.40 was higher; however, they used an ion
solvating membrane that has not yet been conrmed to be
stable.
RSC Adv., 2020, 10, 37429–37438 | 37435
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Fig. 7 Performance of the AEM electrolyser up to 1600 mA cm�2 in
1 M KOH at 60 �C.
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3.2.2. Stability of the AEM electrolyser. Long-term stability
is a fundamental requirement of an electrolyser. However,
determining stability is one of the insurmountable challenges
of an AEM electrolyser because it suffers from aging effects.
There are many MEA combinations that show higher perfor-
mance; however, they fail due to a lack of stability. The perfor-
mance and stability are the pillars of electrolysis technology. In
this study, we evaluated the short-term stability by operating the
electrolyser at 600 and 1000 mA cm�2 for 100 h in constant
current mode at 60 �C in 1 M KOH.

Additionally, we evaluated the cell performance of the elec-
trolyser before and aer the stability experiments. The voltage
decreased slightly from 2.09 to 2.08 V for 1000 mA cm�2 and
from 1.89 to 1.88 V for 600 mA cm�2. The chronoamperometry
results are shown in Fig. 8 as a horizontal line, which indicates
Fig. 8 Stability of the MEA during 100 h at 600 and 1000 mA cm�2 at
60 �C.

37436 | RSC Adv., 2020, 10, 37429–37438
the rmness and durability of the anion exchange membrane
and catalyst even at high temperature. EIS experiments were
also conducted before and aer the stability test. Increase in cell
voltage might be attributed to the insignicant increase in
ohmic resistance, which was measured by AC impedance
spectroscopy at high frequencies. This indicated that the
membrane resistance and catalytic resistance were slightly
higher than at the starting condition. However, the onset
potential did not change aer or before the test. Thus, there was
no permanent damage of the AEM electrolyser components.
This is due to the rendered anion conducting when doping with
KOH. This is the major advantage of this PBI based AEMs is, it
does not show cationic degradation due to hydroxyl ion attack
from nucleophilic displacement and Hofmann-elimination
reactions.29
4. Efficiency of the AEM electrolyser

An electrolyser is an energy conversion equipment, which
converts electrical energy into chemical energy (hydrogen). It
works based on the rst law of thermodynamics in which the
energy consumed and transformed as hydrogen. The heat is
considered a loss of energy, which is useful. The electrolysis of
the system was calculated by the amount of hydrogen produced
divided by the amount of electrical energy supplied.

Electrical efficiency (HHV) ¼ HHV of H2 produced/electricity

supplied

H2Oþ 237:2 kJ mol�1ðelectricityÞ þ 48 kJ mol�1ðheatÞ/H2

þ 1

2
O2

(1)

The change in Gibbs free energy was DG ¼ 237.22 kJ mol�1,
and the change in enthalpy was DH ¼ 285.84 kJ mol�1 at STP.
This is the required energy to split the water into oxygen and
hydrogen. The thermoneutral energy voltage was 1.48 V, which
is dened as E0 ¼ DHd(H2O)/2F ¼ 1.48 V per cell. The thermo-
neutral voltage is the minimum required voltage to split water
into hydrogen and oxygen at 25 �C without providing excess
heat. However, practically, the operating cell voltage is higher
than the thermoneutral voltage and produces excess heat.

The equation for calculating the overall voltage efficiency of
the electrolysis cell is:

Voltage efficiency ¼ thermo-nature voltage (E0)/operating cell

voltage

In this study, the cell voltage was calculated at 1000 mA
cm�2. The voltage efficiency of this AEM electrolyser was found
to be �74%. The efficiency of an electrolyser using a conven-
tional Pt electrode was approximately 85%. Currently, 1 Nm3 H2
This journal is © The Royal Society of Chemistry 2020
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per h in conjunction with the use of a non-platinum group
metal catalyst provides an efficiently of approximately 80%.
5. Conclusion

In this study, we demonstrated a novel combined MEA con-
sisting of a PBI anion exchange membrane and Ni–Fe–Ox (OER)
and Ni–Fe–Co (HER). The electrochemical characterisation
showed the suitability of these transition metal catalysts, which
are thus suitable for long-term water electrolysis. The CV, LSV
and CA experimental results suggested that both non-PGM
catalyst performances were higher to that of a conventional
pure Ni. Additionally, these catalysts are highly stable in strong
alkaline conditions. The different resistances involved in the
electrolysis operation were found via EIS. The resistance from
the anode cathode layer was responsible for the higher over
potential.

The best performance was obtained at 1000mA cm�2 at 1.9 V
and 60 �C, and the efficiency of the AEM electrolysis was 74%.
Additionally, short-term stability measurements indicated that
the MEA combination of the anion exchange membrane and
Ni–Fe–Ox (OER) and Ni–Fe–Co (HER) catalysts was stable during
approximately 100 h of operation with a current density of 1000
mA cm�2. Both the OER and HER electrodes showed excellent
electrochemical performances and stability. Thus, a highly
efficient and robust water electrolyser employing low-cost Ni–
Fe–Ox and Ni–Fe–Co electrodes can be used for long-term water
electrolysis that is a cost-effective alternative for large-scale
energy storage and pressurised H2 production.

Overall, for AEM electrolysis, there are still many steps that
need to be optimised and improved in future work. Research
and development should also focus on bi-polar GDL, 3D elec-
trodes, two-step electrolysis, and the introduction of pulsed
current for AEM electrolyser.41,42 These improvements would
have the potential to be “game changers” for the technology in
the future and will be a path to cost-effective green hydrogen
production.
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