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An Anion-Exchange Membrane Fuel Cell Containing Only
Abundant and Affordable Materials

Jasper Biemolt, John C. Douglin, Ramesh K. Singh, Elena S. Davydova, Ning Yan,*
Gadi Rothenberg,* and Dario R. Dekel*

Sustainable chemistry and sustainable energy are popular buzz-
words, yet they require viable technological concepts to become
reality. As such, anion-exchange membrane fuel cells (AEMFCs)
have attracted much attention lately due to their potential for
avoiding platinum groupmetal electrocatalysts.[1–4] Achieving this
platinum group metal (PGM)-free goal, however, is extremely
challenging. From all studies showing AEMFC performance data,
only 6% are based on platinum-free electrocatalysts and very few
of those are completely PGM-free.[5,6] The first to report such cell
performance were Lu et al.,[7] who showed in 2008 a Ni–Cr anode

and Ag cathode AEMFC with a promising
peak power density of 50mW cm�2. Five
years later, two more studies achieved peak
power densities of 76 and 40mWcm�2,
using AEMFCs based on Ni/Ag and
NiW/CoPPY-based (anode/cathode) elec-
trocatalysts, respectively.[8,9] Since then,
the only report of an AEMFC based on
PGM-free electrocatalysts used NiCo/C
and Co3O4/C, with a peak power density
of 22mWcm�2.[10] While these pioneering
studies showed the feasibility of PGM-free
electrocatalysts, most still use critical raw
materials (CRMs) such as cobalt, chromium,
and tungsten.[11,12]

Any large-scale and sustainable deploy-
ment of AEMFCs should minimize the
use of both PGMs and CRMs.[13] With this
in mind, we focused our research on CRM-
free electrocatalysts, aiming at demonstrat-
ing their feasibility in AEMFC performance
tests. The Technion group showed previ-
ously that Ni3Fe-based electrocatalysts
are highly active for the hydrogen oxidation
reaction (HOR) in alkaline conditions,[14]

and that Ni3Fe/C HOR electrocatalysts are stable in alkaline
media.[15] Elsewhere, the UvA group demonstrated the utility
of metal-free nitrogen-doped carbon catalysts for the oxygen
reduction reaction (ORR) electrodes. In this communication,
we combine a similar NixFe HOR catalyst and the ORR catalyst
in a complete fuel cell, presenting an affordable and abundant
electrocatalyst system for AEMFCs.

For the HOR catalyst, we built on our studies of Ni3Fe/C,
which showed a negligible dissolution up to 0.7 VRHE.

[15] This
catalyst maintained its HOR activity after 1000 cycles to 0.3

J. Biemolt, Dr. N. Yan, Prof. G. Rothenberg
Van ’t Hoff Institute for Molecular Sciences
University of Amsterdam
Science Park 904, XH Amsterdam 1098, The Netherlands
E-mail: n.yan@uva.nl; g.rothenberg@uva.nl

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/ente.202000909.

© 2021 The Authors. Energy Technology published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.

DOI: 10.1002/ente.202000909

J. C. Douglin, Dr. R. K. Singh, Dr. E. S. Davydova, Prof. D. R. Dekel
The Wolfson Department of Chemical Engineering
Technion – Israel Institute of Technology
Technion City, Haifa 3200003, Israel
E-mail: dario@technion.ac.il

Dr. R. K. Singh, Prof. D. R. Dekel
The Nancy & Stephen Grand Technion Energy Program (GTEP)
Technion – Israel Institute of Technology
Technion City, Haifa 3200003, Israel

Herein, a unique anion-exchange membrane fuel cell (AEMFC) containing only
affordable and abundant materials is presented: NiFe hydrogen oxidation
reaction (HOR) and nitrogen-doped carbon oxygen reduction reaction (ORR)
electrocatalysts. AEMFCs are an attractive alternative to proton-exchange
membrane fuel cells. They can run under alkaline conditions, allowing the use of
platinum group metal (PGM)-free electrocatalysts. Yet, the same alkaline con-
ditions incur an overpotential loss in ORR and also slow the HOR. This can be
solved by using PGM electrodes, but then the original advantage disappears. In
contrast, the fuel cell is free of both PGMs and critical raw materials (CRMs).
Electrochemical studies confirmed that the catalysts are highly active in both
HOR and ORR in an alkaline electrolyte. The morphology, composition, and
chemical states of the electrocatalysts are characterized by different techniques,
including scanning electron microscopy (SEM), transmission electron micros-
copy (TEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and
electron energy loss spectroscopy (EELS). Then, the electrocatalysts’ performance
is tested in a fuel cell device. The cell gives a maximum power density of
56 mW cm�2 and a limiting current density of 220 mA cm�2. These results are
among the best CRM-free anion-exchange membrane fuel cells reported to date.
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VRHE, comparing favorably with Ni3Mo/C and Ni3Cu/C.
[16,17] We

therefore opted for developing nickel-rich NiFe bimetallic HOR
electrocatalysts. A nominal Ni7Fe stoichiometry was chosen to
increase the nickel content in the bimetallic nanoparticle, aiming
for high HOR activity while still keeping some iron in the par-
ticles for chemical and electrochemical stability. The Ni7Fe/C
anodes were prepared by first mixing the salts of Ni and Fe in
a nominal 7:1 molar ratio, followed by wet chemical reduction
with sodium borohydride.[14,15] This yields a uniform dispersion
of Ni7Fe/C of size �10–15 nm.

As the ORR catalyst, we used nitrogen-doped carbon,[18] a
family of materials known for their excellent ORR activity in
alkaline conditions.[19–22] This material is easily made on a multi-
gram scale and can be tailored to specific operating condi-
tions.[23,24] Briefly, the material was prepared by first forming a
magnesium–nitrilotriacetic acid metal–organic framework. This
was then carbonized, acid washed to remove any MgO and
form hierarchical pores, and recarbonized (see Supporting
Information for detailed experimental procedures).

The Ni/Fe atomic ratio, measured by inductively coupled
plasma atomic emission spectroscopy (ICP-AES), was �8.5, con-
firming the nickel-rich content. Figure 1 shows the physical and
chemical characterizations of the Ni7Fe/C and N-doped carbon
electrocatalysts. The scanning transmission electron microscope
high-angle annular dark-field imaging (STEM-HAADF) image
and the corresponding energy-dispersive X-ray spectroscopy
(EDS) elemental maps of Ni7Fe/C for Ni, Fe, O, and C are shown
in Figure 1a–e. The particle size of the N7iFe alloy is�10–15 nm,
with a fine mixing of the metals. From the single nanoparticle
HAADF images, we estimate a uniform oxide layer coating of
�3.6 nm. The oxide content is slightly higher than that reported
for Ni3Fe nanoparticles.[14,15] Several studies state that the

presence of metal–metal oxide phase is important for alkaline
HOR catalysis.[25–27] The core/shell structure shown in the
HAADF images also reflects the surface segregation, suggesting
that detailed surface analysis (e.g., by X-ray photoelectron spec-
troscopy [XPS]; see later) is useful. Additional morphological data
are shown in Figure S1 and S2, Supporting Information. These
observations are supported by cross-analysis using electron
energy loss spectroscopy (EELS; see maps and spectra in
Figure S3, Supporting Information). The peak at high energy
loss regions at 531 eV, doublet at 708/721 eV, and the doublet
at 853/872 eV correspond to O, Fe L2,3, and Ni L2,3, respectively,
due to inner electron transition and suggests that Fe and Ni
nanoparticles are at least partially oxidized.[28]

Figure 1f shows the SEM image of the N-doped carbon. The
flakes are a few microns in diameter, with a macroporous net-
work that enables a fast mass transfer. TEM reveals mesopores
within the structure, further expanding the network. The mate-
rial has a high specific surface area of 1320m2 g�1 and ample
pore volume (3.10 cm3 g�1 in total, of which 80% comes from
mesopores). Its nitrogen content is 4.6 wt%, of which 36% pyr-
idinic, 51% graphitic, and 14% oxidized. A detailed study of
the morphology and surface composition of this material is
published elsewhere.[18,24]

The X-ray diffraction (XRD) pattern of Ni7Fe/C, shown in
Figure S4a, Supporting Information, suggests an amorphous
phase (similar patterns were reported for Ni3Fe/C prepared by
the same synthesis protocol).[15] We see a dominant peak at
2θ¼ 45.34�, which is higher than the counterpart of the pure
Ni (JCPDS #00-004-0850), Fe (JCPDS #00-006-0696), and Ni-Fe
(JCPDS #00-037-0474) phases. This also suggests lattice contrac-
tion, in contrast to Ni3Fe/C, where lattice expansion was
observed.[14,15]

Figure 1. Catalyst characterization: a) HAADF image of Ni7Fe/C; b–e) STEM-EDS maps of Ni7Fe/C; f ) scanning electron microscopy (SEM) of the
N-doped carbon; and g) transmission electron microscopy (TEM) of the N-doped carbon.
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The Ni2p XPS spectrum of Ni7Fe/C is shown in Figure S4b,
Supporting Information (the full survey spectrum is shown
Figure S5 and Tables S1 and S2, Supporting Information).
We see that the Ni:Fe surface atom ratio equals 15.3. The peak
at 853.72 eV is at a binding energy close to Ni0. As the Ni 2p3/2
peak position in Ni–Fe alloy is nearly identical to that of Ni0, this
peak relates to a Ni–Fe alloying component.[29] NiO is usually
reported at about 854.5 eV, although some references relate this
peak to 856.0 eV binding energy.[15] Therefore, the peak at
853.72 eV can be attributed to a NiOx phase, with “x” slightly
lower than unity (e.g., NiO with some defects: O-deficiency/
vacancies). The peak at 856.2 eV is rather broad as it includes
several components. We assign it to Ni2O3þNi(OH)2. Similarly,
the peak at 858.1 eV is assigned to Ni–O–Fe. Elsewhere, the same
component was found at a slightly higher binding energy of
858.8 eV.[15] Conversely, NiFe2O4 gives this peak at about
855.0 eV.[30] Therefore, the exact energy position of Ni–O–Fe
depends on the composition, NixFeyOz. Note that the Fe 2p
(707, 720 eV doublet) interacts with the Ni LMM structure
(706, 712 eV). The Fe concentration is 15� lower than Ni, per-
haps not even as high as C and O. Therefore, measuring Fe 2p
may be challenging. We also see a NiB phase from the XPS spec-
tra of B1s (Figure S5, Supporting Information), which is mainly
due to the reduction process using NaBH4.

[31,32]

We then characterized both the Ni7Fe/C and N-doped
carbon electrocatalysts using rotating disk electrode (RDE) tests
(Figure 2; see experimental section for details). The HOR polari-
zation curve of Ni7Fe/C is shown in Figure 2a. The correspond-
ing cyclic voltammetry (CV) in Ar-saturated electrolyte is shown
in the inset of Figure 2a, to estimate the electrochemical active
surface area (ECSA; see Supporting Information). Figure S6,
Supporting Information, shows the HOR CV of Ni7Fe/C, sug-
gesting a significant increase in current in H2-saturated solution
as compared with CV in an Ar-saturated solution. The specific
exchange current (io,m) is calculated to be 3.90mAmg�1

cat,
which is further increased by normalizing with the Ni loading
estimated from ICP-AES as 7.9 mAmg�1

Ni. The exchange cur-
rent density ( jo,s) is estimated to be 0.032mA cm�2

Ni, which
is comparable with the Ni-based catalysts reported by Yang
et al.[25] and higher than the previous reports.[16,17,33–35]

Elsewhere, studying analogous Ni-based electrocatalysts, we sug-
gested that the HOR is influenced by both the hydrogen and
hydroxide binding energies, and that the HOR activity of
Ni3Fe/C is due to higher OH� coverage at lower overpoten-
tials.[14] We believe that a similar case applies to this Ni7Fe/C
catalyst.

Figure 2b shows the LSV curve of the N-doped carbon ORR
electrocatalyst measured at different angular velocities in a 0.1 M

KOH electrolyte. The ORR onset potential is 0.91 VRHE and
the halfwave potential is 0.81 VRHE. Previously, we established
that the current in this potential range comes from the oxygen
reduction reaction, by performing a similar measurement in
N2-saturated electrolyte.[24] The combination of the aforemen-
tioned nitrogen active sites and pore structure also yields a
high electron transfer number of 3.64, indicating an almost full
reduction of O2 to H2O. The corresponding Koutecký–Levich
calculations and a table comparing this N-doped carbon to other
metal-free ORR catalysts are available elsewhere.[18,24]

Finally, we tested the two electrocatalysts in an AEMFC setup.
A 5 cm2 electrochemical cell was assembled by pressing a Ni7Fe/C
electrocatalyst-coated membrane anode onto an N-doped carbon
electrocatalyst gas diffusion electrode cathode (see photo and sche-
matic in Figure 3, as well as electrode preparation photos in
Figure S7, Supporting Information). Figure 3c shows the resulting
polarization curve of the cell. This cell shows promising perfor-
mance with a maximum power density of 56mWcm�2 at a cur-
rent density of 138mA cm�2. In particular, the cell achieved a
limiting current density higher than 200mA cm�2. This remark-
able current density value is the highest reported to date (in fact, it
is double the limiting current densities reported for AEMFCs
using CRM-containing electrocatalysts in both the anode and
the cathode; see Table S3, Supporting Information).

We have built a completely PGM-free and CRM-free anion-
exchange membrane fuel cell using Ni7Fe/C and N-doped car-
bon electrocatalysts. The cell achieved a maximum power density
of 56mW cm�2 at a current density of 138mA cm�2, which are
among the highest values reported to date for CRM-free electro-
catalyst systems. We believe that CRM-free fuel cells are the only
viable option for a large-scale, long-term, and sustainable energy
transition. However, such a transition also requires solutions
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Figure 2. HOR polarization curve of Ni7Fe/C electrocatalyst. a) Inset
shows the corresponding CV in Ar-saturated 0.1 M KOH and b) ORR
linear sweep voltammograms (LSV) of the N-doped carbon electrocatalyst.
HOR: 1.0 M KOH with 1 mV s�1 and 1600 rpm, and ORR: 0.1 M KOH with
10mV s�1.
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using known concepts and techniques, limiting the need for new
production lines and methods. Our electrocatalysts fit these cri-
teria, with straightforward and scalable preparation protocols (all
detailed experimental procedures are included in the Supporting
Information). As such, we hope that the publication of these
results will inspire others in developing sustainable and long-
term solutions for the energy transition challenge problems fac-
ing our future.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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