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h i g h l i g h t s
� The anion exchange ionomer (AEI) content affects the electrolyzer performance.

� Cathode overpotential of Ni/C was not negligible compared to the NiO anode.

� The Ni/C cathode overpotential is more affected by AEI content than NiO anode.

� Electrode performance could be related to AEI effect on catalyst layer morphology.
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a b s t r a c t

Anion exchange membrane water electrolysis (AEMWE) has acquired substantial consid-

eration as a cost-effective hydrogen production technology. The anion ionomer content in

the catalyst layers during hydrogen and oxygen evolution reaction (HER and OER) is of

ultimate significance. Herein, an in-situ half-cell analysis with reference electrodes was

carried out for simultaneous potential measurements and identification of the influence of

the anion exchange ionomer (AEI) content on anode and cathode performance. The

measured half-cell potentials proved the influence of AEI content on the catalytic activity

of HER and OER, which was supported by the rotating disk electrode (RDE) measurements.

Cathode overpotential of Ni/C was not negligible and more affected by the AEI content than

anode with the optimized AEI content of 10 wt% while NiO anode OER overpotential was

independent of the AEI content. For the same AEI content, PGM catalysts showed higher

electroactivity than Ni-based catalysts for HER and OER and the cathode catalyst’s intrinsic

activity is of high importance in the AEM electrolysis operation. Post-mortem analysis by

SEM mapping of both AEI and catalyst distributions on the electrode surface showed the

effect of AEI loading on the catalyst morphology, which could be related to the electrode

performance.

© 2020 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
aid).
tributions to the manusc

vier Ltd on behalf of Hydroge

/).
ript.

n Energy Publications LLC. This is an open access article under the CC BY

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:alaa.faid@ntnu.no
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2020.07.202&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2020.07.202
https://doi.org/10.1016/j.ijhydene.2020.07.202
https://doi.org/10.1016/j.ijhydene.2020.07.202
http://creativecommons.org/licenses/by/4.0/


List of abbreviations

AEM Anion exchange membrane

AEMWE Anion exchange membrane water electrolysis

PEM Proton exchange membrane

PEMWE Proton exchange membrane water electrolysis

AEI Anion exchange ionomer

PGM Platinum group metal

HER Hydrogen evolution reaction

OER Oxygen evolution reaction

RDE Rotating disk electrode

QA Quaternary ammonium

SEM Scanning electron microscopy

XRD X-ray Diffraction

STEM Scanning transmission electron microscopy

EDX Energy dispersive X-ray spectroscopy

EIS Electrochemical impedance spectroscopy

GDL Gas diffusion layer

RHE Reversible hydrogen electrode

SHE standard hydrogen electrode

SCE Saturated calomel electrode

fcc Face centered cubic

I/C Ionomer to catalyst weight ratio

Rct Charge transfer resistance

MEA Membrane electrode assembly

RE Reference electrode

Ea Anode potential

Ec Cathode potential

iR Ohmic loss

DE Cell voltage

ha Anode overpotential

hc Cathode overpotential
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Introduction

Hydrogen is a clean energy transition pathway conveying

renewable sources including solar, wind, and hydro, to the

increasing energy demands around the globe [1,2]. The con-

version of renewable energy to hydrogen iswidely achieved by

water electrolysis [3]. Proton exchange membrane water

electrolysis (PEMWE) using an acidic Nafion® membrane has

been reported to achieve outstanding activity and durability

[4]. However, the PEMWE process relies on the use of platinum

group metal (PGM) catalysts, platinum in particular for its

cathodic hydrogen evolution reaction (HER) as well as iridium

for its anodic oxygen evolution reaction (OER). The global

scarcity of the two catalyst materials may significantly limit

large scale PEMWE applications. Hence, besides many other

research approaches in water electrolysis, substantial efforts

are being made in researching anion exchange membrane

water electrolysis (AEMWE) that allows for the use of non-PGM

catalysts with its alkaline membrane electrolyte. An AEMWE

performance that is similar to state-of-the-art PEMWE tech-

nology is thus being pursued, but with cheaper transition

metal catalysts, membranes, ionomers, and construction

materials [5,6].
Vincent et al. showed that optimizing the loading and

ionomer content of electrodes for AEM electrolysis is crucial to

reach optimum performance achieving 500 mA/cm2 at 1.95 V

using 1% K2CO3 electrolyte at 60 �C [7]. Pushkareva et al.

studied AEM water electrolysis using nonprecious catalysts

and found that the catalyst layer structure significantly affects

the AEM electrolyzer performance [8]. Carbone et al. found

that FAA3-50 alkalinemembrane and ionomerwith aNiMn2O4

anode catalyst showed excellent AEM performance at 80 �C
achieving 530 mA/cm2 at 2 V [9]. Park et al. electrodeposited

Co3S4 nanosheets on Ni foam and applied it as a cathode to a

single-cell AEM electrolyzer and achieved 431 mA/cm2 at 2 V

[10]. Zhiani et al. studied the AEM electrolyzer single cell by

separating the anode and cathode polarizations. The results

show that the modified electrode PdNiFeCo/C-Ceria on Ni

foam showed the onset potential close to Pt/C modified Ni

foam. The membrane electrode assembly (MEA) with

PdNiFeCo/C-Ceria showed a cell voltage of 2.31 V compared to

2.22 V for Pt/C at the current density of 300 mA/cm2 [11].

Ionomers, polymers with ionic groups attached to or as a

part of the polymeric backbone, represent an important

component in AEMWE cells with polymeric electrolyte mem-

branes. Ionomers are used as binding agents for the catalysts

to be uniformly distributed and stabilized at the electrode-

electrolyte interface [12]. In principle, ionomers encompass-

ing some ionic conductivity will extend the three-phase re-

gion, increasing the available active area within the catalytic

layer during electrolysis of pure water. The ionomers in the

catalytic layer facilitate the exchange of water and ionic

products at the catalyst surface, via its charged functional

groups [13]. However, due to the electrostatic/covalent inter-

action, the charged groups could occupy the catalyst sites [14]

and competewith the half-cell reaction for the HER process, or

incur oxidation products (generally for the OER process) [15],

leading to additional potentials. Therefore, the electrode ion-

omer content is critical to cell performances. Ionomer content

optimization depends on the type of ionomer, catalyst, and

electrolyte, and has in general been conducted experimentally

by a trial and error approach. The optimum content is then

determined based on the lowest potential achieved for each

electrode at a time, provided the other cell conditions are kept

the same [7,16].

For a PEMWE operating cell, the HER potential is usually

considered small because of the fast proton transfer kinetic

from the electrolyte, through the Nafion® ionomer to the Pt

catalyst surface [17]. Roca-Ayats et al. studied the effect of

Nafion® content using an ex-situ rotating disk electrode (RDE)

analysis [18]. The insignificant effect of Nafion® on the HER

process was reported to be due to the negatively charged

cathode surface electrostatically repels the Nafion®’s nega-

tively charged functional group, SO3� moiety [14,19]. In the

single-cell electrolyzer scale, the optimized Nafion® content

in PEMWE for the charge transfer between catalyst and elec-

trolyte was found at 10e30 wt% of the total weight of catalyst

and ionomer [17,20], whose performance also depends on the

level of moisture, as reported by Modestino et al. [21] On the

other hand, the OER potential is considered dominant in the

PEMWE performance so that the cell voltage can be used for

the determination of the corresponding anodic Nafion® con-

tent. The optimized performance, for a cell voltage of 1.57 V at
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1 A/cm2, was found with 11.6 wt% Nafion® of the total weight

of the electrode that improved the anodic O2 mass transfer

and electronic contact resistances [22].

In AEM electrolysis, anion exchange ionomers (AEIs) with

positively charged quaternary ammonium (QA) functional

groups are used for the transport of OH� ions at the catalyst

surface [13,18]. However, the effect of AEIs on the electrode

performances is more complicated than Nafion® in PEMWE.

For the HER process, the positively charged QAmoiety induces

specific adsorption and electrostatic effects which results in

the H2O HER reactants in the IHP experiencing a lower effec-

tive potential in the presence of AEI than in the presence of

Nafion and inhibit the electrocatalyst activity, as reported by

Bates et al. [14] Moreover, as further reported by Bates et al.,

the ammonium functionalities of QA have been shown to

affect the formation of HER intermediates at Pt surfaces and

NiMo [14]. For the anodic OER process, the electrode perfor-

mance, as reported by Li et al. [15], is influenced by oxidation

of phenyl groups in the AEI backbone. The phenyl groupswere

generally introduced for hindering hydroxide degradation.

However, under applied OER potentials, the electrochemical

oxidation of phenyl groups can neutralize QAs and reduce the

local pH, which in turn may cause a reduction in the catalytic

activity [15]. All these factors complicate the effect of AEI on

the corresponding electrode and thus the AEI content needs to

be determined for an optimized electrode performance.

Given the very different AEI inhibition mechanisms for

AEMWE anode and cathode, optimization of the two elec-

trodes has to be performed separately. This is best done in an

operating cell rather than being based on ex-situ techniques

such as rotating disc electrodes since the performance in the

latter device is not always well correlated with that in the

former [23]. However, for the AEI optimization inside an

operating AEMWE, a major challenge is to distinguish the

performance of the anode from that of the cathodic. One so-

lution is in-situ half-cell measurements that specifically

measure each half-cell potential with minimal interference

with the electrolysis process.

Therefore, this study, for the first time to the best of our

knowledge, uses in-situ half-cell analysis in an AEMWE with

reference electrodes to differentiate between the performance

of a NiO anode and that of a Ni/C cathode at various AEI

content during the cell operation. With this novel approach,

the AEI-Ni catalyst composition was specifically optimized for

each half-cell process (HER/OER). The in-situ results were

consistent with the results of the RDE analysis. PGM elec-

trodes (Pt/C cathode and Ir anode) were also tested, and their

performance was compared with the optimized Ni-based

electrodes. The post-mortem electrode surface morphologies

with different AEI content were investigated using scanning

electron microscopy (SEM) analysis, and the corresponding

AEI distributions were analyzed by elemental mapping using

energy dispersive X-ray (EDX) techniques. The results show

that the cathode is more sensitive to the actual amount of AEI

content than the anode and the optimized AEI content for a

Ni-base cathode is 10 wt% of the coated catalyst. The precise

identification of the optimum content of ionomer for every

relevant combination of catalyst, catalyst layer, electrolyte,

and concentrations of KOH in the feedwater is a significant

challenge in AEM water electrolysis. We do believe, however,
that the current approach will significantly improve the effi-

ciency of such investigations.
Experimental

Catalyst synthesis

Nickel nitrate hexahydrate Ni(NO3)2.6H2O (�97.0%, Sigma

Aldrich) were dissolved in 500 mL water (18.2 MU cm, 3 ppb

TOC, Milli-Q® Integral ultrapure water). Sodium borohydride

(NaBH4, 98%, Sigma Aldrich) solution was added dropwise.

Upon NaBH4 addition, bubbles were observed, and a black

precipitate formed simultaneously. The molar ratio between

sodium borohydride and nickel precursor was kept at three.

The chemical reactions for catalyst formation using NaBH4

can be described as follows [24].

NaBH4 þ 2H2O / 4H2[ þ NaBO2 (1)

4M(NO3)2 þ 8NaBH4 þ 18H2O / 2M2BY þ 8NaNO3 þ 25H2[ þ
6B(OH)3 (2)

The solution was stirred for 1 h to ensure complete

reduction. For Ni/C, carbon support (Ketjen black ec600j-

d(AkzoNobel, Netherlands)) was added tomake 60% Ni/Ketjen

black, and the solution stirred for another hour. The precipi-

tate was centrifuged 5 times at 8000 rpm for 6min and cleaned

with water and ethanol three times. The produced precipitate

was then dried at 80 �C overnight in a vacuum oven. Ni/C was

annealed in a 5%H2/Ar atmospherewhile NiOwas annealed in

an air atmosphere at 500 �C for 6 h.

Structural and electrochemical characterization

The morphology of produced catalysts was studied using

Hitachi S-5500 FESEM (Krefeld, Germany). The structural and

crystalline characteristics were investigated by X-ray diffrac-

tion (XRD) with a Bruker D8 A25 DaVinci device with CuKa

radiation. The average wavelength of the radiation was

1.5425 �A. Ex-situ Raman spectroscopy was carried out using

WITec alpha300 R Confocal Raman device with 533 nm

(50mW). All spectrum peaks were calibrated against the value

of 520.7 cm�1 of a silicon wafer.

Rotating disk electrode measurements

The electrochemical analysis was done in a three-electrode

cell using a rotating disk electrode (PINE Research) and an

(Ivium-n-Stat) multi-channel potentiostat. A graphite rod

(PINE Research) served as the counter-electrode. A Hg/HgO

electrode (Pine Research) was used as the reference electrode.

The working electrode was fabricated by depositing catalyst

ink on glassy carbon (GC) electrodes (5 mm diameter, Pine

Research). The GC electrode was polished using aqueous

alumina Al2O3 suspension (5 and 0.25 mm, Allied High-Tech

Products, Inc.) on felt polishing pads. The GC electrode was

washed, sonicated in ethanol and water for 5 min, and finally

rinsed with water. The catalyst ink was prepared by

dispersing 10 mg of catalyst (Ni, Ni/C, Pt/C (60%, Alfa Aesar), Ir
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black (Alfa Aesar)) in 1.0 mL of a solution [500 mL water, 500 mL

isopropanol, and ionomer solution]. The ionomer used was

either Nafion (5 wt%, Alfa Aesar) or anion exchange ionomer

Fumion FAA-3 (10 wt%, Fumatech, full cell store). The Fumion

FAA-3 ionomer to catalyst ratio (0.2, 0.5, 0.8, and 1) was varied

in ink composition. The ink was sonicated for 30 min in an ice

bath. Catalyst loading on the GC surface was kept 250 mg/cm2.

All the electrochemical measurements were conducted in

N2-saturated alkaline 1 M KOH electrolyte at room tempera-

ture (20 ± 2 �C). The electrolyte was purged for 30 min with N2

gas before using and during the experiment to remove any

dissolved gases during electrochemical measurements. The

electrolyte was prepared by using KOH (Sigma Aldrich), and

water (18.2 MU cm, Milli-Q® Integral ultrapure water). The

electrolyte was purified according to the procedure reported

by L. Trotochaud et al. [25].

For the HER: Before the measurement, the working elec-

trode underwent electrochemical activation by cycling be-

tween�0.8 and�1.5 V at a scan rate of 100mV s�1 for 50 cycles

until reproducible cyclic voltammograms (CVs)were obtained.

Polarization curves were recorded by linear sweep voltam-

metry (LSV) in a potential range of�0.8 to�1.5 V vs. Hg/HgO at

a sweep rate of 1mV s�1 continuously rotating the electrode at

1600 rpm. Electrochemical impedance spectroscopy (EIS) was

carried out for further investigation of the electrode kinetics

and electrode-electrolyte interface. The EIS measurements

were performed potentiostatically at specific overpotentials

(�250 mV) in a frequency range of 0.1� 105 Hz with a pertur-

bation amplitude of 10mV. In thiswork, ohmic losses (iR) drop

was compensated at 85% of high-frequency resistance, which

was measured by the EIS technique at �1.3 V versus Hg/HgO.

The potential was compensated by the following equation:

Ecompensated ¼Emeasured � iR ðVÞ (3)

where Ecompensated and Emeasured denote as the compensated and

measured potentials, respectively.

For the OER: Before the measurement, the working elec-

trode underwent electrochemical activation by cycling be-

tween 0.2 V and 0.9 V vs. Hg/HgO at a scan rate of 100 mV s�1

for 50 cycles. The linear sweep voltammetry (LSV) polarization

curves were recorded in a potential range of 0.3e0.9 V vs. Hg/

HgO at a sweep rate of 1 mV s�1 under continuous stirring at

1600 rpm. In this work, after recording polarization curves, the

iR drop was compensated at 85%, which was measured by the

EIS technique at 0.8 V versus Hg/HgO. The electrochemical

impedance spectroscopy test was collected in a frequency

range of 0.1� 105 Hz with an amplitude of 10 mV alternative

current (AC) perturbation at 0.8 V vs Hg/HgO.

The Hg/HgO reference electrode potential was calibrated

versus reversible hydrogen electrode (RHE) potential and the

following equation was used:

Evs RHE ¼Evs Hg=HgO þ 0:9 (4)

Gas diffusion layer (GDL) preparation

Catalyst inks for catalyst (Ni, Ni/C, Pt/C (60%, Alfa Aesar), Ir

black (Alfa Aesar) were fabricated by mixing catalyst pow-

der with water, isopropanol (1:1), and anion exchange ion-

omer Fumion FAA-3 (10 wt%, fuel cell store). The ionomer
weight percent (wt%) was either 10, 20, 30, or 40. The so-

lution was sonicated for 30 min in an ice bath. The catalyst

loading was kept equal to 5 mg/cm2 for all catalysts.

Cathode and anode catalyst layers were sprayed at 60 �C on

Toray 090 carbon paper (fuel cell store) as catalyst coated

substrates. The membrane Fumapem-3-PE-30 (Fumatech,

Germany) was sandwiched between cathode and anode gas

diffusion electrodes. The membrane electrode assemblies

(MEAs) were conditioned and exchanged to the OH form in

1 M KOH before used.

In-situ reference measurements

The in-situ activities of the catalyst-coated substrate sam-

ples were analyzed by measuring their corresponding half-

cell potential during an AEMWE operation, as shown in

Fig. 1. In this AEMWE structure, the cell was operated and

analyzed with electrolyte flowing at each side. As shown in

Fig. 1, a reference electrode capillary was inserted from the

anode side, through the GDL, touching the AEM surface.

This created an ionic pathway between the anode electrode

and a Hg/HgO reference electrode. In this way, the OER half-

cell potential can be specifically analyzed. A similar design

was applied at the cathode side to analyze the HER poten-

tial. The assembled AEMWE cell was tested and analyzed

under ambient temperature, as shown in Fig. 2. During the

test process, 1 mol dm�3 KOH solution was circulated at

each side of the AEMWE respectively, at 50 cm�3 min�1. The

power input was generated by a HewlettPackard® E3610A

DC power supply, and the cell performance was measured

at 5 different potential increments, from 1.5 V to 2.0 V. The

corresponding current was recorded 5 min after each po-

tential increment. Besides, each half-cell electrode potential

(OER or HER) was measured versus a Hg/HgO reference

electrode at the upper port of the capillary, as shown in

Fig. 2. Note that homemade Hg/HgO reference electrodes

whose fabrication process was summarized in supplemen-

tary information and Figs. S1 and S2 were used for the in-

situ half cell measurement.

The corresponding reference electrode (RE) potential

calibration used for HER measurement (REHER) was

�156.8 mV ± 0.1 mV vs.SCE or 83.8 mV ± 0.1 mV vs. SHE；
for OER measurement (REOER) was �157.2 mV ± 0.1 mV vs.

SCE or 84.2 mV ± 0.1 mV vs. SHE, of which stability was

analyzed and included in the supplementary information.

For each type of catalyst coated substrate sample, the in-

situ activity analysis was repeated 3 times. The external

resistance including the current meter has a 1 U resis-

tance which was not excluded from the data. The cell

assembly and engineering design of the cell are shown in

Figs. S3 and S4.

During the in-situ measurements process, three poten-

tial values can be measured, as shown in Fig. 2, at each

current level, the cell voltage (DE) recorded by the DC power

supply, the anodic potential Ea measured between the

anode and REOER, the cathodic potential Ec measured be-

tween the cathode and REHER. The half cell measurements

were validated when the difference between Ea and Ec
matches with the DE, at an open circuit potential, as shown

in the following equation:

https://doi.org/10.1016/j.ijhydene.2020.07.202
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Fig. 1 e A schematic diagram describing the in-situ half-cell measurement within an operating AEMWE. Note that, in this

diagram, only anode measurement is presented; in practice, both electrodes were analyzed using the same strategy.
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DE at OCP¼ Ea �Ec þ ðREOER �REHERÞ (5)

Post-mortem analysis

SEM analysis was conducted on the surface of Ni catalyst

coated substrate samples. To ensure a sufficient conductivity,

each substrate sample was stabilized on an aluminum stub,

using carbon tapes. The SEM analysis was conducted with a

Hitachi® SU-5000 SEM, and images were taken at X90 magni-

fication, using back-scattering electron (BSE) mode. The

elemental analysis was taken at �5k magnification, using

energy dispersive X-ray spectroscopy (EDX) mapping.

Stability analysis of the AEMWE cell

Before the in-situ half-cell analysis, Ni/C and NiO GDEs were

assembled within the AEMWE structure for a stability test

with 1000 cycles of CV at a 10 mV s�1 scan rate. The result

(Fig. S5) shows an insignificant change in the cyclic voltam-

mogram curves before and after 1000 cycles.
Results and discussion

Catalyst characterization

Before the in-situ half cell measurement with reference elec-

trodes, the structure and the electrochemical properties of the

synthesized Ni catalysts were examined using SEM, STEM,

XRD, and RDE analyses.

Fig. 3 shows SEM and STEM images of produced nickel

catalyst morphology. SEM in Fig. 3.a and STEM in Fig. 3.c show

images of the Ni/C catalysts while Fig. 3.b (SEM) and 3.d (STEM)
show the NiO catalysts. As shown in Fig. 3.a, an inter-

connected network of Ni/C can be seen, which is formed by

the fused particles shown in Fig. 3.c. Such a Nanosheet

morphology is commonly attained using the chemical

reduction synthesis process [26e32]. Besides, the produced

NiO can be seen as flakes (Fig. 3.b) which was formed by

stacking and agglomeration of a nanosheet morphology as

shown in Fig. 3.d.

The structure of the synthesized Ni catalysts was further

studied using XRD (Fig. 4.a) and Raman spectroscopy (Fig. 4.b).

Fig. 4.a shows X-ray diffraction (XRD) patterns of synthesized

Ni (blue) and NiO (grey) after the annealing process. For Ni

catalyst, the XRD pattern shows two diffraction peaks at

2q ¼ 44.5� and 51.9�, corresponding to the (111) and (200)

crystal planes of the nickel metal face-centered cubic (fcc)

structure based on the JCPDS card 04e0850 [33]. The NiO

pattern shows three distinct peaks at 2q ¼ 37.2�, 43.2�, and
62.8� which correspond to the (111), (200), and (220) diffraction

planes of the face-centered cubic (fcc) NiO structure (JCPDS

card 47e1049) [34]. The high peak intensity indicates the high

crystallinity of the NiO nanosheet structure. Overall, only one

crystal structure was detected in each diffractogram, indi-

cating a high purity for both synthesized catalysts.

Fig. 4.b shows the Raman spectrum of Ni/C and NiO cat-

alysts. For the Ni/C spectrum, the peaks D and G are ascribed

to the carbon support [35e37], no peak was found corre-

sponding to the Ni because Ni is a face-centered cubic (fcc)

metal and does not show any polarizability change during

vibration in the Raman spectrum [38]. A change in polariz-

ability during molecular vibration is a necessary condition

for obtaining the Raman spectra of a sample [38]. The NiO

Raman spectrum shows peaks at wavenumbers 400, 530, 730,

900, 1090 cm�1. The Raman peaks at 400 and 530 cm�1

https://doi.org/10.1016/j.ijhydene.2020.07.202
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Fig. 2 e A process diagram describing the in-situ half-cell measurement on the HER and OER of an operating AEMWE.
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correspond to the one-phonon (1P) transverse optical (TO)

and (1P) longitudinal optical (LO) vibrational modes of NiO,

respectively. The peaks at 730, 900, 1090 cm�1 correspond to

the two-phonon (2P)TO 2P (TOþLO), and 2PLO of NiO vibrational

modes, respectively [39,40]. The existence of LO mode can be

attributed to structural defects and surface imperfections

[39,40].
Fig. 3 e a), c) SEM and STEM images of Ni/C, b) and d) SEM and

NiO.
Electrochemical characterization

RDE measurements
A preliminary study on the catalyst-ionomer effect was con-

ducted by testing catalyst activity with various anion ex-

change ionomer/catalyst (I/C) weight ratios with RDE analysis.

The resulting LSV curves are summarized and compared in
STEM images showing the morphology of the synthesized

https://doi.org/10.1016/j.ijhydene.2020.07.202
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Fig. 4 e a) X-ray diffraction patterns b) Raman spectra of the

synthesized nickel catalysts.
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Fig. 5.a for Ni/C and Fig. 5.b for NiO. Fig. 5.a shows the LSV

curves of Ni/C catalysts with 0.2e1 (I/C) ratios of Fumion AEI

contents. A significant difference can be seen with 0.1 V dif-

ference between the lowest (I/C¼ 0.2) and the highest (I/C¼ 1)

potentials at �10 mA/cm2 current density. The I/C ¼ 0.5 curve
Fig. 5 e LSV of the synthesized a) Ni/C. b) NiO catalysts with diffe

sweep rate of 1 mV s¡1 and ambient conditions.
is very similar to the I/C ¼ 0.2 curve, indicating the optimum

ionomer loading for the Ni/C HER activity could be between 0.2

and 0.5 (I/C) ratio which is comparable to results obtained by

Alia et al. [16].

On the other hand, the NiO curves were not strongly

dependent on the amount of anion exchange ionomer, as

shown in Fig. 5.b. The curves resulting from different (I/C)

ratios are closely aligned, with 0.025 V maximum potential

difference at 10 mA/cm2 current density, which suggests that

the effect of ionomer content is small on the anodic OER

process.

Fig. S6.a shows current versus potential recorded during

linear sweep voltammetry (LSV) for Ni/C with different ion-

omers. Fig. S6.b shows the results of electrochemical imped-

ance spectroscopy, presented as impedance-plane plots, for

Ni/C with different ionomers. For Ni/C with the Fumion ion-

omer, the current is �10 mA/cm2 at �0.36 V in 1 M KOH, as

compared to �0.33 V vs. RHE required to achieve the same

current density for the catalyst with the Nafion ionomer in 1M

KOH. The electrochemical impedance spectroscopy data for a

Ni/C catalyst are shown in an impedance plane plot in Fig.

S6.b. The impedance complex plane plot can be fitted to an

R(QR) circuit which gives a depressed semicircle (Fig. S6.b) [41].

The charge transfer resistance (Rct) was obtained after fitting

the data to an R(QR) circuit and determining the difference

between the high frequency and low-frequency converging

intercepts of the real axis.

The catalyst with the Fumion AEI has a charge transfer

resistance (Rct ¼ 36 U) approximately twice of that of the

catalyst with the Nafion ionomer (18 U). Both the LSV and the

impedance data show unequivocally that both catalysts are

substantiallymore active for the HERwith the Nafion ionomer

than with Fumion. Fumion AEI resulting in a lower HER ac-

tivity as compared to Nafion is consistent with previous re-

sults obtained for NiCo and NiFe catalysts [42].

The electrode activity difference incurred by the use of

Fumion and Nafion is likely to be related to the adsorption of

the cation functional groups in the Fumion anion exchange

ionomer (quaternary ammonium, QA), which are absent in

Nafion [14,19]. Specific adsorption of the QAþ moiety and the

electrostatic effects of AEI on Ni/C would result in the HER
rent ionomer to catalyst (I/C) ratios obtained in 1 M KOH at a
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https://doi.org/10.1016/j.ijhydene.2020.07.202


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 5 ( 2 0 2 0 ) 2 8 2 7 2e2 8 2 8 4 28279
reactants in the inner Helmholtz plane (IHP) experiencing a

lower magnitude of the effective potential at the IHP in the

presence of AEI than in the presence of Nafion [14]. The

adsorption interactions include (i) cation-hydroxide-water co-

adsorption and (ii) phenyl group adsorption [43]. The adsorp-

tion impacts the HER LSV curves by blocking the active sites of

the catalyst [43].

Fig. S6.c and S6.d show LSVs in the OER region for the

NiO catalyst using Nafion and Fumion ionomers, respec-

tively, and the corresponding impedance complex plane

plots. The Fumion AEI resulted in lower OER activity

compared to Nafion ionomer. The high-frequency resis-

tance of NiO using Nafion or Fumion was almost the same

(3.2 ± 0.1 U) for all experiments in 1 M KOH and was sub-

tracted from the impedance plot. Rct values using Nafion

ionomer (6.1 U) was lower compared to Fumion (8.6 U). The

detrimental effect of AEI Fumion on OER is reported to

depend on phenyl adsorption of the ionomer backbone and

the oxidation products under the applied anodic potentials

[15,44]. Pt group metal (PGM) catalyst shows better perfor-

mance than Ni-based catalysts using Nafion or Fumion AEI

as in Fig. S7.
Fig. 6 e Plotted diagrams of a), c)cell voltage, anode potential (Ea),

C systems, b) and d)electrode potential vs current density meas

at the Ni/C cathodes and NiO anodes respectively.
The RDE results show that for the Ni catalysts, the ionomer

content has more impact on the cathodic HER than on the

anodic OER performance.

In-situ half cell reference analysis
Ionomer-catalyst interaction at the cathode. The cell voltage

between the anode and cathode was controlled and recorded

by a DC power supply. As usual, we will refer below to the

electrode potential (or half-cell potential) as the measured

potential of a given electrode with respect to the reference

electrode, and cell voltage as the potential difference between

the anode and the cathode. Each half-cell measurement

(anode/cathode) was recorded with respect to a calibrated Hg/

HgO electrode, and the values have been converted vs. stan-

dard hydrogen electrode (SHE). The in-situ single cell test rig

fixed with a reference electrode capillary allows for three

simultaneous measurements on anode potential (Ea), cathode

potential (Ec), and cell voltage. The following results include

the cell voltages and half-cell potentials measured with an-

odes or cathodes containing varying Fumion AEI contents

while keeping the opposite electrode fixed.

The AEMWE cells were operated with different amounts of

Fumion AEI (10e40 wt%) in the Ni/C cathode catalytic layers.
and cathode potential (Ec) vs current density for NiO and Ni/

ured from the test AEMWE with different ionomer contents

https://doi.org/10.1016/j.ijhydene.2020.07.202
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Fig. 7 e a)hcathode/hanode and current density at a cell voltage of 2 V vs cathode ionomer content, b)hcathode/hanode and current

density at a cell voltage of 2 V vs anode ionomer content.
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In these measurements, the amount of Fumion AEI in the

anode NiO catalytic layers was 15 wt%. The measured cell

voltage is plotted in Fig. 6.a. The corresponding cathodic po-

tentials, Ec, are plotted separately in Fig. 6.b.

As shown in Fig. 6.a, the electrode potentials for the NiO

anode, which all contained 15% ionomer, were identical

within 2% whatever of the amount of AEI in the Ni/C cathode.

The results indicate that the anodes were extensively

analyzed, validating the reliability of the in-situ half-cell

measurement setup. On the other hand, the total cell voltage

and cathode potential were highly affected by changing the

cathode AEI content. In particular, the cell with 10 wt% AEI

content cathode achieved a much higher current density than

others at the cell voltage of 2 V, as shown in Fig. 6.b. The

measurements were repeated for the MEA of ionomer content

(20 wt%) and the results are shown in Fig. S8, demonstrating

good test reproducibility.

The 10 wt% ionomer Ni/C cathode gave the lowest poten-

tial contribution of all the tested Ni/C cathodes (Fig. 6.a and

6.b). The potential contribution increases with increasing

AEI content (from 10% to 30%), with a 0.2 V difference at

10 mA/cm2, which is a larger change than observed from the

RDE measurements (Fig. 5.a).

Ionomer-catalyst interaction at the anode. AEMWE cells with a

Fumion AEI content in the range 10 through 40 wt% in the NiO

anodes and 10 wt% in the Ni/C cathode ionomer content were

tested. The corresponding cell voltage is given in Fig. 6.c for

the different anode compositions along with the anode and

cathode electrode potentials. The measured cell voltage,

anode potential Ea, and the cathode potential Ec were all in-

dependent of the amount of AEI in the NiO anodes. As shown

in Fig. 6.d, the resulting electrode potentials for the anode did

not differ significantly at any current, and the maximum dif-

ference between the half-cell potential is as small as 0.02 V at

a current density of 8 mA/cm2, which is consistent with the

RDE measurements in Fig. 5.b. These results suggest that the

effect of AEI content is insignificant for NiO anodes and

doesn’t change the electrode activity drastically.

These results suggest that the impact on AEI content is

significant in the Ni/C cathode performance while NiO anode
catalytic layer electroactivity is independent of ionomer con-

tent. One possible reason is that the ionomer content may

influence the surface morphology of the coated layers and

thus the electrode activity. This hypothesis was verified by

examining the surface of the Ni/C cathode and NiO anode

samples using SEM imaging.

From the in-situ reference measurements and the sepa-

ration of the cathode and anode electrode potentials, the

ohmic losses iR can be obtained using the following equation:

DE¼1:23þ hanode þ hcathode þ iR (6)

in which DE is the cell voltage, 1.23 is the reversible cell

voltage, hanode is the anode overpotential, hcathode is the cath-

ode overpotential, and iR is the ohmic losses.

Using equation (6) a clear separation of the effect of

ionomer content on electrode potential and ohmic losses

can be obtained. Fig. 7.a displays the percentage of the

cathode to anode overpotential and current versus cathode

ionomer content. The cathode with an ionomer content of

10 wt% gives the lowest cathode overpotential, the smallest

ratio hcathode/hanode ¼ 0.5, and the largest produced current

of 20 mA/cm2 at a cell voltage of 2 V. As the ionomer content

increases, the cathode overpotential increases and the ratio

hcathode/hanode increases up to 1.3, and the cell current den-

sity decreases to around 10 mA/cm2 at a cell voltage of 2 V.

The data in Fig. 7.a is extracted from Fig. S9. Fig. S9 shows

the detailed overpotential contribution cathode, anode, and

ohmic losses of MEAs with cathode electrodes with ionomer

contents of 10, 20, 30, and 40 wt%. The associated ohmic

losses are of 0.28 ± 0.02, 0.16 ± 0.02, 0.18 ± 0.01, and

0.2 ± 0.02 V, respectively, at a cell voltage of 2 V for MEAs

with cathode ionomer content of 10, 20, 30, and 40 wt%. The

high ohmic losses may be due to the high ohmic resistance

of the external resistances including current meter used

(1 U), in addition to the normal reasons for ohmic losses of

cell design, electrolyte conductivity, and membrane. In

general, the ohmic loss (iR) is the difference between the

black solid curve and the dashed horizontal line, the anode

overpotential as the red minus the black solid, and the

cathode overpotential is as the blue minus the red. Fig. S9.e

shows clearly the effect of cathode ionomer content on

https://doi.org/10.1016/j.ijhydene.2020.07.202
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Fig. 8 e a) Cell voltage, anode, and cathode potential contribution at the same ionomer content of Pt/CeIr, Pt/CeNiO, Ni/CeIr,

and Ni/CeNiO and b) the percentage between cathode to anode overpotential and current density at 2 V for various catalysts.

Table 1 e Anode and cathode potential to achieve the
standard 10 mA/cm2.

Cathode Anode Anode potential vs
SHE to achieve
10 mA/cm2

Cathode potential vs
SHE to achieve
�10 mA/cm2

Pt/C Ir 0.585 �0.925

NiO 0.620

Pt/C Ir 0.585 �0.925

Ni/C �1.220
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electrode potentials vs RHE and the corresponding current

density.

Fig. 7.b shows the percentage between cathode to anode

overpotential and current density at a cell voltage of 2 V versus

ionomer content (wt%) in the anode electrode. The figure

shows that anode overpotential and the resulting current

density are independent of ionomer content. The ratio be-

tween anode and cathode overpotentials equals approxi-

mately one and is independent of ionomer content. The data

in Fig. 7.b is extracted from Fig. S10. Fig. S10 shows detailed

polarization curvewith the cathode and anode overpotentials,

and ohmic losses of MEAs with anode ionomer contents of 10,

20, 30, and 40 wt%. The cells with anode ionomer contents of
Fig. 9 e SEM images of Ni/C cathode catalytic layers with ionom
10, 20, 30, and 40wt%possess ohmic losses of 0.235± 0.01 V for

all ionomer contents at a cell voltage of 2 V. Fig. S10.e shows
er content of a)10 wt%, b)20 wt%, c)30 wt%, and d)40 wt%.

https://doi.org/10.1016/j.ijhydene.2020.07.202
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Fig. 10 e SEM images of NiO anode catalytic layers with ionomer content of a)10 wt%, b)20 wt%, c)30 wt%, and d)40 wt%.
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clearly the effect of ionomer content on anode electrode po-

tentials vs RHE and the corresponding current density.

Comparison between PGM and non-PGM-AEI electrodes. To

separate the effect of anode and cathode activity (PGM vs

non-PGM), we carried out experiments for the cell combina-

tions Ni/C cathode-Ir anode and Pt/C cathode-NiO anode.

Fig. 8.a shows the cell voltage and the corresponding elec-

trode potentials for four different combinations of cells, viz. a

cell with a Ni/C cathode-NiO anode, Ni/C cathode-Ir anode,

Pt/C cathode- NiO anode, and Pt/C cathode-Ir anode with the

same ionomer content in the cathode and the anode. Fig. 8.b

shows the percentage between cathode to anode over-

potential and current density at a cell voltage of 2 V for

different catalyst combinations. Fig. 8.b shows that Pt/CeIr

cell shows the lowest percentage of the cathode to anode

overpotential and the highest current density at a cell voltage

of 2 V. Fig. S11 shows the detailed cell overpotential contri-

butions of the anode, cathode, and ohmic losses for these cell

combinations. With the same HER Pt/C catalyst and AEI

content of 15 wt% in the catalytic layer, a current density of

10 mA/cm2 was achieved at 0.585 V vs SHE with an iridium

anode as compared to an anode with NiO catalysts at which

this current density was reached at 0.620 V vs SHE, i.e. a

difference of merely 35 mV. The best catalytic activity is ob-

tained with Pt/CeIr system using anion ionomer while the

lowest activity is Ni/CeNiO. The cathode, on the other hand,

affects the performance much more significantly. With an

identical anode, viz. an Ir catalyst with an ionomer content of

15 wt%, a Pt/C cathode (20 wt% ionomer) gave a much higher

activity than a Ni/C cathode (20 wt% ionomer); for the Pt/C
cathode, the potential is �0.925 V at �10 mA/cm2 vs SHE

compared to �1.220 V vs SHE for Ni/C at the same current

density, c. f. Table 1.

These results highlight the importance of the cathode

since the additional overpotential associated with replacing

platinum at the cathode with a non-PGM catalyst is much

higher than those associated with the corresponding

replacement at the anode. While several reports have been

published showing the decreased activity for Pt catalysts at

high pH [45,46], our results show that the cathode may actu-

ally be the electrode causing the larger losses by far. This is

important since it demonstrates a potential for huge cost

savings at an insignificant performance penalty, simply by

replacing the iridium-based catalysts at the anode. We

emphasized the fact that these results were obtained from a

working electrolysis cell.

Post-mortem SEM analysis on electrode morphology. The sur-

faces of the Ni/C cathodes with different AEI contents were

examined with an SEM using backscattering electron (BSE)

mode that contrasts elemental differences, i.e. showing the

heavier Ni material as bright regions and the lighter carbon

substrate as dark regions. SEM images of the various Ni/C

cathode catalyst samples are given in Fig. 9, and, show the

changes in surface morphology for the different AEI contents.

The Ni distribution (bright regions) with 10 wt% ionomer

(Fig. 9.a) is homogenous and compact.

In contrast, for higher AEI contents more Ni agglomerates

can be seen. EDX elemental mapping was conducted on the

corresponding images of Ni/C cathode catalyst layers,

analyzing the distributions of Ni as well as S and Br that are

https://doi.org/10.1016/j.ijhydene.2020.07.202
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associated with the Fumion AEI. The results (10 wt% and 40 wt

% ionomer content) were compared in Fig. S12. As shown in

Fig. S12. a, b, &c, with 10 wt% ionomer content, the Ni distri-

bution is quite uniform and provides the best-performing

electrode in this work. On the other hand, an ionomer con-

tent of 40 wt% significantly affects the Ni morphology as

indicated by a similar distribution pattern to S and Br, in Fig.

S12.d, e, &f.

The SEM results of NiO samples with varying ionomer

contents are shown in Fig. 10. The SEM images of NiO anode

catalytic layers with 5 mg/cm2 loading show a similar NiO

agglomeration morphology for all ionomer contents tested,

from 10wt% to 40wt%. Note that some charging effects can be

seen in Fig. 10.d due to the increased amount of non-

conductive ionomer.

Detailed EDX elemental mapping was conducted at the

corresponding image sites of NiO anode catalyst layers and

the results (10 wt% and 40 wt% ionomer content) were

compared in Fig. S13. The comparison shows no significant

difference in the Ni distribution (Fig. S13.a & d) when the AEI

content was increased from 10 wt% to 40 wt%, which is

consistent with the BSE result (Fig. 10). It appears that the NiO

morphology is independent of the changing AEI contents.

In conclusion, for the Ni/C cathode, the AEI contents

significantly affected the Ni/C morphology and thus poten-

tially resulted in different electrode activity. As ionomer

content increases, the agglomeration increases that may

cause a loss in three-phase boundary, pore volumes, and the

active sites. In contrast, the different AEI contents did not

incur much change in NiO morphology, which is consistent

with the in-situ half-cell measurements with reference

electrodes.
Conclusions

In-situ half-cell measurements with reference electrodes

were carried out to identify the influence of anion exchange

ionomer (AEI) content on anode and cathode potential

contribution. The in-situ half-cell measurements were

qualitatively consistent with RDE measurements. Cathode

potential was more affected than OER by the AEI content

and the optimized AEI content for Ni/C cathode was 10 wt%

while NiO anode catalytic layers’ potential is independent of

the AEI content. The additional overpotential for the cath-

ode one replacing Pt/C with nickel-based catalysts was

�295 mV at �10 mA/cm2 while for the anode one replacing

iridium with nickel-based catalysts was 35 mV at 10 mA/

cm2. The largest potential for cost-saving in AEM electro-

lyzes is therefore associated with the anode since the pen-

alty for replacing iridium with cheaper catalysts is

insignificant compared to the penalty for replacing Pt/C.

Post-mortem SEM examined the Ni distribution on the sur-

faces of the cathodes and anodes and compared it with the

ionomer distribution. The post-mortem EDX mapping

confirmed the presence of Br and S elements from ionomer

after electrolysis. The precise tuning of ionomer content for

catalysts and AEMWE performance in the presence of sup-

porting electrolytes can reveal many challenges of AEM

water electrolysis. Catalyst-ionomer interaction and loading
optimization are essential for further development of AEM

water electrolysis.
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