
Citation: Maksimova-Dimitrova, K.;

Mladenova, B.; Borisov, G.; Slavcheva, E.

Ni and Co Catalysts on Interactive

Oxide Support for Anion Exchange

Membrane Electrolysis Cell (AEMEC).

Inorganics 2024, 12, 153. https://

doi.org/10.3390/inorganics12060153

Academic Editors: Hicham Idriss and

Junxian Liu

Received: 12 April 2024

Revised: 22 May 2024

Accepted: 23 May 2024

Published: 31 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

inorganics

Article

Ni and Co Catalysts on Interactive Oxide Support for Anion
Exchange Membrane Electrolysis Cell (AEMEC)
Katerina Maksimova-Dimitrova, Borislava Mladenova, Galin Borisov and Evelina Slavcheva *

Acad. Evgeni Budevski Institute of Electrochemistry and Energy Systems, Bulgarian Academy of Sciences,
Acad. G. Bonchev bl. 10, 1113 Sofia, Bulgaria; katerina.maksimova@iees.bas.bg (K.M.-D.);
borislava.mladenova@iees.bas.bg (B.M.); gal.rusev@iees.bas.bg (G.B.)
* Correspondence: eslavcheva@iees.bas.bg

Abstract: The work presents novel composite catalytic materials—Ni and Co deposited on Magneli
phase titania—and describes their complex characterization and integration into membrane electrode
assemblies to produce hydrogen by electrochemical water splitting in cells with anion exchange
membranes (AEMEC). Chemical composition, surface structure, and morphology were characterized
by XRD and SEM analysis. The activity in the evolution of the partial electrode reactions of hydrogen
(HER) and oxygen (OER) was assessed in an aqueous alkaline electrolyte (25 wt.% KOH) using linear
sweep voltammetry. The interactive role of the support was investigated and discussed. Among the
tested samples, the sample with 30 wt.% Co (Co30/MPT) demonstrated superior performance in the
OER. The reaction started at 1.65 V, and at 1.8 V, the current density reached 75 mA cm−2. The HER
is most efficient on the sample containing 40 wt.% Ni (Ni40/MPT), where the current density reaches
95 mA at a potential of −0.5 V. The change in catalytic efficiency compared to that of the unsupported
Ni and Co is due to synergism resulting from electronic interactions between the transition metal
having a hyper-d-electron character and hypo-d-electron support. The pre-selected catalysts were
integrated in membrane electrode assembly (MEA) using commercial and laboratory-prepared anion-
conductive membranes and tested in a custom-made AEMEC. The performance was compared to
that of MEA with a commercial carbon-supported Pt catalyst. It was found that the MEA with newly
prepared catalysts demonstrated better performance in long-term operation (50 mA cm−2 at 1.8 V in
a 60 h durability test), which, combined with the higher cost efficiency, gave credence to considering
this combination of materials as promising for AEMEC applications.

Keywords: non-precious catalysts; oxide support; hydrogen generation; AEM water electrolysis

1. Introduction

Hydrogen has been considered the energy vector of the future for more than two decades.
Recently, it became clear that the large-scale production of green hydrogen is the key success
factor for the transformation to a zero-emission economy and that the electrolysis of water
powered by renewable energy sources is the only mature technology for this purpose. A
new trend in the development of this technology is electrolysers working with polymer
anion-exchange membranes (AEMs). The AEM provides high OH-conductivity, separates the
H2 and O2 gases produced on the cathode and anode of the cell, and enables both compact
system design and high operating pressure. The AEM electrolysis cells with a polymer
membrane are expected to combine the advantages of the classical alkaline electrolysers
working with aqueous electrolyte and the electrolysis cells using a proton exchange membrane
electrolysis cell (PEMEC)—namely, by using non-precious metal catalysts to achieve high
operating current densities and a dynamic response to the varying power supplied from
renewable sources.

In classical alkaline electrolysis, the electrodes are made from stainless steel or foam
nickel. In AEM technology, similarly to PEM water electrolysis, the efficiency of the process
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can be enhanced by the use of nanosized catalysts dispersed on catalyst carriers with
highly developed surfaces [1–4]. This type of catalyst shows higher activity than the non-
supported catalysts. The effect is attributed to the redistribution of the electronic density
on the active surface, which optimizes the adsorption strength of the intermediates and
facilitates the kinetics of the partial electrode reactions. As a result, the catalytic loading of
the electrodes can be reduced essentially to less than 0.5 mg cm−2 while at the same time
preserving the efficiency of the electrolysis [5–7].

The most commonly used catalysts in AEM water electrolysers for the hydrogen
evolution reaction (HER) and the oxygen evolution reaction (OER) are transition metals like
Ni and Co, as well as their alloys. One of the most favorable metal oxide materials for OER
in alkaline media is NiCo2O4. This material is known for its high electrical conductivity
and high number of catalytically active sites. It has a spinel structure and is widely studied
as a non-platinum catalyst due to its ability to exhibit a catalytic efficiency comparable to
that of platinum-based catalysts [8–10]. Another interesting alloy for these partial reactions
is NiFeCoP, which has been explored in our previous research. These materials were
electrodeposited and investigated in alkaline media, including in AEM water electrolysis
and zero-gap configuration with hybrid electrical connections [11,12].

The electrical efficiency and long-term durability of AEM electrolysers are highly
dependent on the type of catalytic carrier used. The most commonly used catalytic supports
are carbon materials, such as carbon blacks, nanotubes, fibers, etc., known for their excellent
electric conductivity and high surface area. The drawback of carbon materials is their
inclination to corrosion at the high anode potentials where the oxygen evolution takes
place, leading to gradual degradation of the electrodes and consequent failure in the MEA
performance. Therefore, in the last decade, intensive research has been carried out on
the application of non-carbon-supported catalysts. A variety of materials combining high
electrical conductivity and resistance to corrosion, such as metal oxides (SnO2, Ta2O5, TiO2,
Nb2O5, WOx, etc.), carbides, or nitrides, have been investigated, and some very promising
results have been reported [13,14]. The goal is to develop new generation advanced
corrosion-resistant catalysts with zero PGM content, capable of ensuring the superior cost
efficiency of the AEMEC and to justify this type of electrolysis as an economically attractive
technology for the industrial production of green hydrogen.

This goal is also addressed in this study through the synthesis of Co and Ni nanopar-
ticles deposited on Magneli phase titania (MPT), their complex characterization, and the
assessment of their applicability in AEMEC with a laboratory-prepared OH-conducting
polymer membrane electrolyte. The aim is to develop composite catalysts with improved
efficiency and stability by combining supporting materials with excellent electrical conduc-
tivity and high corrosion resistance and transition metals with proven catalytic activity and
chemical stability in alkaline media.

According to the literature, the structure of the Magneli phase titania Ti4O7 is a
combination of rutile and corundum and has a deficiency of oxygen (Figure 1). It consists
of four-unit rutile-like chains bounded by corundum-like planes [15].
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peaks at 2θ 26.38, 20.78, and 31.76 correspond to the main Ti4O7 Magneli phase (ref. code: 
00-072-1722], while the presence of K1.28Ti8O16 is substantiated by the appearance of peaks 
at 2θ 27.69, 36.11, and 40.35 [ref code: 01-084-2058]. The SEM images in Figure 2b show 
homogeneously distributed MPT particles with a size in the range of 100–150 nm.  
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Figure 2. Structural data of the MPT under study: (a) X-ray diffractograms, (b) SEM images. 

The composition, surface structure and morphology of Ni and Co catalysts supported 
on MPT were also examined by means of scanning electron microscopy (SEM) and X-ray 
diffraction (XRD). The SEM results showed that the metallic nanoparticles were homoge-
neously distributed on the support, forming cauliflower aggregates that are illustrated by 
the microscopic images of selected samples presented in Figure 3. The increase in the ac-
tive metal of more than 40% wt. leads to agglomeration of the particles and formation of 
clusters, which in turn, decreases the active surface area, and thus the catalyst efficiency.  
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2. Results

The structure and phase composition of the synthesized materials were examined by
X-ray diffraction (XRD). In Figure 2a are presented the results from XRD analysis of the
selected catalyst support (MPT). They show that MPT is a mixture of two well recognized
crystalline phases—Magneli phase titania Ti4O7 and hollandite K1.28Ti8O16 (1 < x < 1.2).
The peaks at 2θ 26.38, 20.78, and 31.76 correspond to the main Ti4O7 Magneli phase (ref.
code: 00-072-1722], while the presence of K1.28Ti8O16 is substantiated by the appearance of
peaks at 2θ 27.69, 36.11, and 40.35 [ref code: 01-084-2058]. The SEM images in Figure 2b
show homogeneously distributed MPT particles with a size in the range of 100–150 nm.

The composition, surface structure and morphology of Ni and Co catalysts supported
on MPT were also examined by means of scanning electron microscopy (SEM) and X-ray
diffraction (XRD). The SEM results showed that the metallic nanoparticles were homoge-
neously distributed on the support, forming cauliflower aggregates that are illustrated
by the microscopic images of selected samples presented in Figure 3. The increase in the
active metal of more than 40% wt. leads to agglomeration of the particles and formation of
clusters, which in turn, decreases the active surface area, and thus the catalyst efficiency.
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Figure 3. SEM images of (a) Ni40/MPT and (b) Co30/MPT at different magnifications.
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XRD patterns of the synthesized nickel and cobalt catalysts are presented in Figure 4.
Figure 4a shows the peak with the greatest intensity at 44.38 2θ, as well as peaks at 51.67
and 76.1 corresponding to the (111), (200), and (220) planes of symmetry of Ni cubic
structure and space Fm-3m group (ref. code: 00-065-0380). The results in Figure 4b
demonstrate the presence of metallic cobalt in two crystallographic states—hexagonal (ref.
code: 00-001-1278), corresponding to the peak with greatest intensity at 47.39 (101), and
cubic (111), substantiated with the peak at 44.43 (ref. code: 00-001-1259). Both figures show
that the phases of MPT are detected in all samples under study.
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Figure 4. X-ray diffractograms of the synthesized MPT-supported (a) Ni and (b) Co catalysts.

The size of the catalyst crystallites, t, is shown in Table 1. This is determined by
Scherer’s formula t = κλ/Bcosθ, where k is a shape factor (k = 0.9 for spherical crystals),
λ (Å) is the wavelength, θ is the diffraction angle of the peak, and B (rad) is the line
broadening at the full width at half maximum (FWHM) values of the peaks [16].

Table 1. Crystallite size of Ni/MPT (a) and Co/MPT (b) catalysts.

(a)
Sample

Crystallite Size (nm)

2θ = 44.38
(111) h

2θ = 51.67
(200) h

40% Ni 26 19

30% Ni 29 24

20% Ni 27 24

(b)
Sample

Crystallite Size (nm)

2θ = 41.58
(100) h

2θ = 41.78
(100) c

2θ = 44.60
(002) h

2θ = 44.37
(111) c

2θ = 47.30 2θ = 62.71
(102) h

2θ = 75.37

(101) h (101) c (110) h (220) c

20% Co 39 28 22 20 17

30% Co 41 34 23 50 21

40% Co 30 20 15 48 17

The efficiency of the prepared catalysts toward both partial reactions of water elec-
trolysis was evaluated in an aqueous solution of 25 wt.% KOH at room temperature. The
influence of the metal content on the catalytic efficiency was investigated using linear
sweep voltammetry. It was previously found that Ni/MPT more significantly catalyzes
the HER, while Co/MPT is much more efficient in the OER, showing remarkable stability
at high anodic potentials [17]. Figure 5 presents the cathodic and anodic polarization
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curves obtained on electrodes with Ni/MPT and Co/MPT, respectively at different metal:
support ratios.
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in 25% KOH at room temperature; potential scan rate: 1 mV s−1.

The obtained results show that the cathodic partial reaction is most intensive on the
catalyst with 40 wt.% metal (Ni40/MPT), while the rate of the oxygen evolution on the
anode is very similar for Co30/MPT and Co40/MPT and proceeds with higher overvoltage
on Co20/MPT. The registered different trend of the catalytic efficiency with the changing
metal: support ratio for both metals could be explained with the more homogeneously
dispersed Ni compared to Co particles. The cobalt particles at metal content above 30% wt.
form bigger clusters, thus decreasing the active surface area available for the electrochemical
reaction [18].

The role of the catalytic support is illustrated in Figure 6, where the intensity of the
partial electrode reaction on the best performing samples and on non-supported metal
nanoparticles is compared. It is seen that HER on the cathode with unsupported Ni
nanoparticles proceeds with lower rate compared to Ni dispersed on MPT. The opposite
effect is observed for the anode catalysts where the pure Co nanoparticles demonstrate
distinct superior OER performance.
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It is well known that the general efficiency of electrocatalysts is determined by
two major groups of factors: electronic factors affecting the surface–intermediate bonds
strength and geometric factors related to the real active surface area of the catalyst [19,20].
The catalysts under study have similar surface area—they were deposited on the same
substrate and XRD data showed similarity in their crystallites size. Therefore, the results
obtained cannot be explained with the influence of geometry factors. On the other hand,
since the partial electrode reactions are heterogeneous catalytic reactions, their rate depends
on the strength of intermediate species–electrode surface chemisorptive bonds, which in
turn, is influenced by the electronic density of states in the catalyst atoms. According to the
Brewer theory [21], the increase in the electronic density of states increases the availability
of metal valence electrons for the formation of chemisorptive bonds, and the result is the
weakening of the metal-electron donor bonds such as M-H and strengthening of metal-
electron acceptor bonds such as M-O. The decrease in the electronic density of states has an
opposite effect. The optimal electrocatalytic activity is achieved at a neither too strong nor
too weak level of adsorption bonding, but at a moderate level.

In the case under study, both Ni and Co are hyper-d-metals with electronic configura-
tions [Ar]3d84s2 and [Ar]3d74s2, respectively, and their interatomic interactions with the
hypo-d-electron Ti from the support with [Ar]3d34s2 structure should lead to decrease in
the electronic density of states. As a result, the strength of the Ni-H bond should decrease,
having a positive effect on the efficiency of HER. In contrast, Co-OH and Co-O bonds
strength should increase, thus increasing OER overpotential. Based on these considerations
and the results from the polarization tests (Figures 5 and 6), it could be suggested with great
probability that the registered increase in the efficiency of the composite Ni/MPT catalysts
and decrease in Co/MPT performance compared to the pure metals are due to electronic
interactions between the hyper-d-electron metals and the hypo-d-electron support. To
reveal the exact mechanism of the registered synergetic effects, further focused research is
needed that would be outside the scope of this study.

Based on the performed preliminary electrochemical screening of the synthesized
catalysts in aqueous alkaline electrolytes, Ni40/MPT and Co30/MPT samples were chosen
for further testing in the electrolysis cell with an anion exchange membrane. The fact
that AEMECs can run efficiently with non-noble catalysts is one of their most important
benefits. Another major advantage is the much lower cost of OH-conductive membranes
compared to the proton exchange membranes. On the other hand, the poor thermal
and chemical stability of the available commercial anion-exchange membranes as well
as their relatively low ionic conductivity are still unsolved issues. The commercially
available OH-conductive membranes are mainly based on aromatic and aliphatic resins in
ionomeric quaternized ammonia. At elevated temperatures (above 50 ◦C) and in alkaline
environments, these resins are very prone to chemical degradation, leading to a rapid
deterioration in performance for all MEA [22,23]. This problem can be solved by using
anion-conductive membranes based on the chemically stable polybenzimidazoles (PBIs).
The preparation and properties of membranes based on para-polybenzimidazole (p-PBI)
doped with 50% aqueous KOH have previously been reported [24–27].

For the purpose of current research, five MEAs with different types of AEM and
different catalysts integrated into the cathode and anode were prepared and investigated.
Their composition is given in Table 2.

Table 2. Composition of the membrane electrode assemblies under study.

MEA Cathode Membrane Anode

MEA1 Pt Fumapem Pt

MEA2 Pt PBI Pt

MEA3 Ni/MPT PBI Pt

MEA4 Pt PBI Co/MPT

MEA5 Ni/MPT PBI Co/MPT
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In Figure 7c, the cyclic voltamograms of MEA1 and MEA2 are compared with Fumapem
and PBI-based membranes, respectively which contain commercial carbon-supported plat-
inum catalyst in both electrodes.
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cial electrodes (0.5 mgPt cm−2) and different electrolyte membranes: (a) Fumapem—MEA1;
(b) PBI-based—MEA2; (c) both; potential scan rate: 100 mV s−1.

The surface reactions inherent to Pt can be distinguished on both curves in the relevant
hydrogen and oxygen CV branches: adsorption and desorption of hydrogen, coverage
of the electrode by oxygen-containing intermediates followed by oxygen evolution and
reduction at the reverse potential scan. However, the potential values at which these
reactions occur and the measured currents fundamentally differ. The potential window of
electrochemical water splitting on MEA1 is above 2.0 V (Figure 7a). The partial reaction
of oxygen evolution starts at 1.45 V, while the start-off potential of hydrogen evolution
on the cathode is rather high, about −0.55 V. Since the catalytic properties of Pt with
respect to these reactions are well known, it can be assumed that the overly wide potential
window and high HER overvoltage are due to the low ionic conductivity of the polymer
electrolyte. The MEA2 containing the laboratory-prepared PBI membrane shows much
better performance (Figure 7b) than MEA1. The characteristic current peaks are clearly
illustrated, and the measured currents are considerably higher. The cathode reaction of
hydrogen evolution begins at a potential of −0.25 V and its intensity increases rapidly
reaching almost 200 mA cm−2 at −0.4 V. The oxygen evolution reaction starts at a potential
of 1.4 V, and at 1.5 V, the current density reaches value of 180 mA cm−2. The potential
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window in which electrochemical water splitting occurs is 1.7 V, i.e., about 300 mV narrower
than that of MEA1. For a better visualization of the observed differences, the CVs of both
MEAs are compared in Figure 7c.

Similar conclusions can be made when comparing the polarization characteristics
of MEA1 and MEA2 presented in Figure 8a,b. Clearly, ohmic losses are significantly
lower for the laboratory-prepared membrane than for the commercial Fumasep FA. The
oxygen evolution reaction on MEA2 starts at a potential of 1.4 V, which is approximately
200 mV lower overvoltage compared to the same electrode integrated in MEA1 with a
commercial membrane. The obtained results clearly show that the laboratory-prepared
anion-conducting PBI membrane is much more appropriate as an electrolyte in AEMWE.
Therefore, this membrane is further used to assemble MEAs with the synthesized composite
MPT-supported catalysts.
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The performance of the pre-selected catalysts in AEMWE cell was investigated by LSV
and chronoamperometry. Figure 9a,b show the cathodic and anodic polarization curves of
MEA3 (0.5 mg cm−2 Ni40/MPT at the cathode) and MEA4 (0.5 mg cm−2 Co30/MPT at
the anode), respectively. In both figures, the results obtained for MEA2 (0.4 mg cm−2 Pt/C
on both electrodes) are also presented for comparison. The curves were recorded under
identical conditions with a potential scan rate of 1 mV s−1.
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The hydrogen evolution reaction on the nickel-based catalyst reaches a current density
of 50 mA cm−2 at a potential of −0.3 V, while for Pt, this value is −0.7 V. The obtained
results confirm the superior performance of the synthesized composite Ni/MPT compared
to Pt/C. Taking into consideration that the rate-determining partial electrode reaction
in alkaline water electrolysis is the hydrogen evolution of the cathode, Ni/MPT can be
considered as a very promising HER catalyst for water splitting in AEMEC.

The oxygen evolution reaction on Pt/C catalyst starts at a potential of 1.4 V, while
on the Co30/MPT—about 50 mV earlier. The current densities observed at a potential of
1.6 V are 55 mA cm−2 and 80 mA cm−2, respectively. At higher potentials, the current
density of MEA2 reaches a limiting value, indicating a change in the OER mechanism due
to transport limitations or other factors impeding the reaction. In contrast, the polarization
curve on the Co/MPT composite catalyst preserves the linear trend, reaching 140 mA cm−2

at potential of 1.7 V. The reason for the observed discrepancy in the performance of both
MEA can be explained by their different compositions. The commercial Pt catalysts in
MEA2 are supported on carbon black XC72, which at high potentials of the OER, is not
electrochemically stable and is prone to oxidation. This leads to the loss of active catalyst
surfaces and a decrease in efficiency. Other factors such as transport limitations might be
also involved. In contrast, MPT support is very stable under these experimental conditions,
which explains why no signs of degradation or loss of OER intensity are observed on the
MEA4 polarization curve.

In the final part of this study, an MEA5, with newly developed catalysts integrated in
both electrodes (Ni40/MPT on the cathode and Co30/MPT on the anode), was fabricated
and its performance at a cell voltage of 2.0 V was followed in a long-term chronoamper-
ometric test. The obtained results are presented in Figure 10. For comparison, the curve
recorded on MEA2 under identical conditions is also shown. It is seen that both MEAs
demonstrate stable electrochemical behavior for the whole test duration. After some initial
oscillations, the current density stabilized and almost did not change until the end of the
240 h experiment. The measured current density on the membrane electrode assembly with
the commercial Pt electrodes (MEA2) was comparatively high at the beginning of the test
(130–140 mA cm−2). However, the intensity of the electrolysis rapidly decreased with time,
reaching a constant current density of 22–25 mA cm−2.
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The drop in the rate of the process on MEA5 was not as sharp, since it started at a
current density of about 50 mA cm−2 lower and reached stability at values in the range of
38–40 mA cm−2, which is about 1.5 times higher than on MEA2. These results once again
confirm the stable performance of the novel composite MPT-supported Ni and Co catalysts
and justify current research that is focusing on membrane thermal stability, the increase in
operating temperature, scaling up of the MEA, and design of a short electrolysis stack.
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3. Materials and Methods

The Magneli phase titania (MPT) chosen as catalytic support has excellent electrical
conductivity approaching that of a metal combined with high corrosion resistance both
in acid and in alkaline media [28–30]. In addition, its chemical composition and hypo-d-
electron character enable interaction with hyper-d-electron elements form the transition
series (Ni, Co, Fe, Mn, etc.), which facilitates the formation of intermediate species on the
electrode surface and speeds up the kinetics of the electrode reactions. This synergetic
effect is known as strong metal–support interaction (SMSI effect) and is well documented
in the literature [31–34].

In this study, composite catalysts were deposited using a sol–gel process as nanopar-
ticles using acetylacetonate precursors (M((C5H7O2)n)m, (M = Ni, Co) (Alpha Acer) on
Magneli Phases Titanium Oxide with the general formula TinO2n−1, (commercially avail-
able from Ti-dynamics Co., Ltd., Changsha, China, designated MPT). According to the
manufacturer’s technical specification, MPT has an area of 7–8 m2 g−1, very good electri-
cal conductivity and corrosion resistance in both acidic and alkaline environments. The
content of the metal part (Co or Ni) varied in the range of 0–40 wt.%. The test samples
were denoted MX/MPT where M is Co or Ni and X is the metal content in wt.%. In the
first step of the synthesis, the carrier, precursor, and a defined amount of isopropanol
were mixed using a magnetic stirrer and then treated in an ultrasonic bath by heating
at 60 ◦C to obtain a fine gel. In the second step, the mixture was heated to 240 ◦C at a
rate of 2 ◦C min−1 in a reducing atmosphere, and then the temperature was maintained
for 2 h, followed by gradual cooling to room temperature. The obtained powder was
homogenized in a mortar and stored in a dry oxygen-free atmosphere. Unsupported
nanoparticles were also synthesized and investigated to evaluate and better understand
the expected metal–support interactions. The structural and phase composition of the
prepared materials were examined using X-ray diffraction (XRD). Diffraction data were
collected using X-ray diffractometer Philips ADP15 with Cu-Kα radiation λ = 1.54178 Å)
at a constant rate of 0.02◦ s−1 over an angle range from 4◦ to 80◦ 2θ. The metal content in
the composite catalysts was determined using energy dispersing X-ray analysis while the
morphology and surface structure were investigated by scanning electron microscopy. The
SEM analysis were carried out using JEOL JSM 6390 electron microscope (JEOL, Tokyo,
Japan) (images in secondary and back-scattered electrons), equipped with INCA Oxford
elemental detector ( Oxford Instruments, London, UK).

The electrochemical performance of the MPT-supported catalysts was investigated
firstly in aqueous alkaline solutions (25 wt.% KOH). To prepare the test electrodes, a
catalytic ink was obtained by mixing the powder catalyst with isopropanol, which was then
spread on the surface of a commercial gas-diffusion layer (Freudenberg FCCTKG H2315).
The screening of the synthesized catalysts was performed in a standard electrochemical cell
against a Pt wire as a counter electrode and Ag/AgCl reference electrode by means of linear
sweep voltammetry (LSV). The best performing samples were integrated in membrane
electrode assemblies using two types of anion exchange membranes—Fumasep FAA-3 with
a thickness of 50 µm (commercial product of Fumapem) and a custom-made membrane,
based on polybenzimidazole (PBI) doped with KOH under controlled laboratory conditions.

The characteristics of the MEA strongly depend on variety of factors, including the
properties of the catalysts, the electrical conductivity and corrosion resistance of the catalytic
support, OH conductivity, and the mechanical properties of the polymer electrolyte. In
addition, the architecture of the MEA influences gas permeability and hydrophilicity,
thus having a serious impact on the transport of reagents to and from the reaction zone
where energy conversion takes place, which is another key factor for the efficiency of
electrolysis [35,36]. The method and conditions for MEA preparation are also important.

The membrane electrode assemblies investigated in this study had a working area
of 0.5 cm−2. Both electrodes were prepared following the already described procedure
for the electrodes tested in the aqueous electrolyte. The polymer electrolyte membrane
was activated to provide a high OH conductivity, as the exact procedure depended on
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the type of the membrane used. The commercial Fumasep membrane was activated
according to the technical specifications of the manufacturer. It includes immersion for
24 h in 1 M KOH and subsequent rinsing with distilled water. The laboratory PBI-based
membrane was provided in an activated form and had a proven high conductivity, which,
depending on the temperature and the content of doped KOH (%), was in the range
from 298 S cm−1 to 1140 S cm−1 [37–39]. The MEA assembling requires binding material to
attach the electrodes on both sides of the membrane. For this purpose, an OH-conducting
fine gel was prepared by chemical dissolution of a piece of the membrane, which was
spread over the catalytic layer of the gas diffusion electrodes and then dried at room
temperature for 30 min. The final step was the mechanical clamping of MEA between the
current collectors of the test cell, applying an experimentally determined optimal pressure
of 8 N m−1.

For the purpose of the research undertaken, five MEAs with different types of mem-
brane and different catalysts integrated into the cathode and anode were assembled. Their
performance under electrochemical water splitting conditions was investigated in a custom-
made test cell shown in Figure 11. The cell has four hermetically sealed chambers—two for
both working electrodes and two for the respective reference electrodes.
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The cell design allows simultaneous measurement of the anode and cathode polariza-
tion as well as monitoring the cell voltage. The current collectors of the cell are made from
stainless steel and have flow-field channels to deliver the reagent water and to take off the
reaction products (H2 and O2). All experiments reported in this study were carried out
at room temperature using Gamry Instruments 1010E (Gamry Instruments, Warminster,
PA, USA).

4. Conclusions

The newly synthesized composite non-noble metal catalysts supported in Magneli
phase titania demonstrate good efficiency toward electrochemical water splitting in alkaline
aqueous media combined with a high chemical stability. The combination of hyper-d-
electron transition metals and hypo-d-electron MPT causes the SMSI effect, thus influenc-
ing the catalytic performance. The MEAs with the integrated Ni40/MPT cathode, and
Co30/MPT anode show better performance than MEAs with Pt/C electrodes under identi-
cal experimental conditions. The previously proven high OH conductivity of the doped
p-PBI membrane is confirmed when it is integrated in MEA and tested during long-term
AEMEC operation. Further research is required to optimize catalyst loading as well as
investigate the performance of the studied advanced materials at elevated temperatures
and accelerated durability tests.
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