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Abstract
With the roll-out of renewable energies, highly-efficient storage systems are needed to be developed to enable sustainable 
use of these technologies. For short duration lithium-ion batteries provide the best performance, with storage efficiencies 
between 70 and 95%. Hydrogen based technologies can be developed as an attractive storage option for longer storage dura-
tions. But, common polymer electrolyte membrane (PEM) electrolyzers and fuel cells have round-trip system efficiencies 
of only 30–40%, and platinum and rare iridium catalysts are needed. Thus, it is a major challenge to increase the energy 
conversion efficiency of electrolyzers and fuel cells significantly, and at the same time to use non-precious catalysts. The 
present work experimentally examines the usefulness of a bifunctional NiC catalyst in two different assemblies: an alkaline 
fuel cell (AFC) with electrolyte gap and gas diffusion electrodes and an alkaline membrane electrolyzer (AEL). The perfor-
mance characteristics of the novel system are compared with a reversible PEM fuel cell. While the AEL reaches acceptable 
power densities, the PEM based system still performs better than the proposed system. The AFC with an electrolyte gap 
provides remarkable results as it shows vanishingly small overvoltage during electrolysis at temperatures around 90 °C and 
current density of 100 mA  cm−2: an electrolyzer efficiency of about 100% could be achieved for the single cell. The round-
trip efficiency was also very high: 65% were realized with 50 mA  cm−2. While the current density must be improved, this is 
a promising result for designing highly-efficient energy storage systems based on alkaline fuel cells.

Keywords AEL · AFC · Bifunctional catalyst · Gas diffusion electrodes · Electrolyte · Alkaline membranes · Nickel-
graphite catalyst

1 Introduction

The climate Change and its consequences are the most 
important problems that the civilization faces today. The 
sixth report of the Inter-governmental Panel on Climate 
Change (IPCC) has now provided a clear correlation 
between greenhouse gas emissions from human activities 
and rapid climate change. To avoid dramatic ecological and 
economic consequences due to drought disasters, storms and 
heavy rain, the global warming must be limited to 1.5 °C 
[1]. To achieve this, the global energy infrastructure needs 
to change to a  CO2-neutral energy infrastructure. This is a 

major challenge that needs to be addressed urgently through 
world-wide collaboration and concerted research efforts.

While the infrastructure of concentrated fossil energy 
carriers like oil and natural gas is a uni-directional distribu-
tion system, which is characterized by continues supply and 
high profits, the use of renewable energies is quite different. 
Wind, water and solar power require large areas to collect 
the energy and daily and seasonal fluctuations lead to a need 
of an integrated sophisticated storage systems. In future, it 
is expected that nearly all the stake holders of the energy 
network will be both—consumers and producers of renew-
able energy. Thus, the existing models of energy economy 
will undergo substantial changes. Stefan Rohrmoser from 
the Eaton network company predicts: Rather than the tree 
structure, we need a flexible cellular structure that resembles 
an actual web, with multiple interconnections and pathways 
for energy to travel [2].

Since photovoltaic systems produce today cheaper energy 
than the conventional power plants, these systems are 
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expected to be installed on a large scale—from single houses 
to huge areas on industrial buildings or on agriculture land. 
To compensate the daily fluctuations and to meet supply and 
demand gap, the first mean of choice for energy storage are 
lithium-ion batteries, since they have a high degree of effi-
ciency of above 90% [3]. In [4] a storage efficiency around 
95% is reported. Efficiencies of Lithium-Ion Batteries in 
residential homes are reported to be in the range of 82–89% 
[5]. To meet world-wide energy storage requirements, this 
option would mean, use of huge amount of raw materials like 
lithium, cobalt and rare-earth elements. Also, geo-political 
situation in many of the producing countries of these metals 
are quite challenging. Against this background, alternatives 
for storing electricity from renewable resources need to be 
developed, especially when high capacities for long-term 
storage are needed. In an actual study from the Fraunhofer 
Institute of Solar Energy Systems ISE in Freiburg, Germany, 
the total greenhouse gas emissions over the entire lifecy-
cle (including, production, use and disposal) of lithium-ion 
batteries are compared with fuel cell systems, considering 
also the origin of all the consumed energy [6]: with storage 
capacities above 60 kWh, fuel cell systems show a lower 
greenhouse gas food print than batteries.

During the last decades, especially the PEM technology 
with polymer electrolyte membranes has been developed to 
be used in various technical applications and it has provided 
reliable operation stability. In the automotive industry, PEM 
fuel cells are currently being developed with current densi-
ties between 2 and 3 A  cm−2 [7]. The results of different 
PEM fuel cells are presented in [8] with current densities 
around 1.5 A  cm−2 at usable voltages of around 0.6 V. The 
efficiencies of these cells are in the range of 40–50%.

During energy transition, green hydrogen is a beacon of 
hope for the heavy industry, as it is assumed that it will 
be used to drive trucks and help to decarbonize industrial 
processes like the steel and glass production [9]. Therefore, 
huge amounts of this renewable gas must be produced, pref-
erentially close to large wind farms at the coast. Industrial 
companies are now developing high-power electrolyzers, 
also based on the PEM technology for this purpose. In [10] 
improved polymer electrolyte membrane water electrolysis 
has been shown to have very high current densities up to 5 
A  cm−2 while the efficiency is around 65%. This is indeed 
a great success in bringing the technology to an industrial 
scale of the megawatt range. On the other hand, the PEM 
electrolysis technology is still not very cost-effective. Espe-
cially at the oxygen side a high corrosive potential prevails, 
allowing only noble platinum and iridium catalyst to be used. 
The conductor plates must be milled from titanium which 
results in very high production costs. Furthermore, if the 
entire energy path of green hydrogen is considered, includ-
ing electrolysis, auxiliary devices, gas compression, trans-
portation and reconversion into electricity, the round-trip 

efficiency is only about 30%. While the power density can 
be generally increased by using thinner membranes, the effi-
ciency of acid polymer electrolyte membranes cannot be 
increased furthermore due to electrochemical limits. Thus, 
alternatives for high-efficient energy conversion with hydro-
gen need to be explored.

Comparing all types of fuels cells, alkaline electrolysis 
and fuel cells show the highest efficiencies of all. Therefore, 
the alkaline technology should be discussed in detail as it is 
the main topic of the present work. It is in this context, that 
F.T. Bacon should be mentioned, a pioneer who spend all his 
power and motivation for researching the alkaline technol-
ogy [11]. In the 1940th Bacon and his team developed the 
first technical useful alkaline fuel cells with porous nickel 
electrodes on both sides of an electrolyte gap. After some 
problems with the stability of the oxygen electrode due to 
nickel-oxide, very good results were obtained with a lithium 
treatment. The sintered nickel electrode was soaked with a 
solution of lithium-hydroxide (LiOH) and then tempered at 
700 °C for some minutes. Thus, a corrosion-resistant oxygen 
electrode was built which was stable in high concentrated 
potassium hydroxide at temperatures of about 200 °C and 
pressures around 40 bar. Under this high reactive condition, 
current densities up to 1 A  cm−2 were achieved. Remark-
ably, a high cell voltage of 900 mV at current density of 
more than 300 mA  cm−2 was achieved, corresponding to an 
efficiency of about 60% [11]. The early space operations and 
the Apollo missions were equipped with alkaline fuel cells 
based on this principle [12]. This early work of F.T. is rel-
evant for the current work, since very high efficiencies of the 
alkaline technology were presented here for the first time.

Furthermore, the Siemens Company in Germany has been 
at the fore front of developing several alkaline fuel cell sys-
tems in 1960s. The classic design of the AFC has a small gap 
of about 2 mm thickness with an electrolyte flow (30 wt% 
potassium hydroxide as mobile electrolyte). Powder elec-
trodes with porous nickel and silver at the oxygen side were 
pressed with a gas pillow from both sides on asbestos dia-
phragms. With temperatures of around 80 °C and gas pres-
sures of about 2 bar these cells show quite good efficiency. 
At 300 mA  cm−2 the cell voltage was still above 850 mV. In 
a different design, the potassium hydroxide (KOH) is fixed 
(immobile electrolyte) in a matrix structure and the elec-
trodes also contained some platinum. With these cells at 
current density of 400 mA  cm−2 the cell voltage showed 
values above 900 mV [13]. This high efficiency (around 
60%) at high useful power density has never been reached 
with modern PEM fuel cells which typically show voltages 
around 700 mV (47% efficiency) at this current density. It 
thus underscores the potential of the alkaline technology to 
achieve high efficiencies.

In the last decade a significant increase in publications 
about alkaline membranes has been observed [14]. The main 
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motivation seems to be able to combine the high-power den-
sity of PEM fuel cells with the high efficiency of alkaline 
fuel cells and with an aspired cost reduction using low-price 
non-platinum group catalysts. While especially polymer 
electrolyte electrolyzers have a high corrosive potential, 
only noble catalysts like platinum und ruthenium are stable 
during oxygen evolution reaction (OER). These catalysts are 
also suggested for reversible PEM fuel cells [15]. If only the 
fuel cell mode is considered, the noble catalysts can be sup-
ported on carbon particles, for both, the hydrogen oxidation 
reaction (HOR) and the oxygen reduction reaction (ORR), 
the catalyst loading can be reduced to less than 0.5 mg  cm−2 
[12] with nanoparticles loadings of 0.1 mg  cm−2 are possible 
today [7].

In the alkaline media a wide range of catalyst use has 
been reported. For the hydrogen reaction Pt, Pd, RANEY-
Ni, NiMo, CoNiMo and  Ni3N have been shown to be useful 
catalysts. For the oxygen reaction Pt, Pd, PtRu, Ag,  Co3O4, 
 MnO2 are typically used with considerable success. In [16] 
several transition metals (Mo, Co, Fe, Cu) have been sug-
gested for the alkaline HOR process. Also use of carbon 
nanotubes (CNT) as support and dopants with nitrogen, 
sulphur and boron has been reported. In [17] several bi-
functional catalysts have been investigated for the useful-
ness for alkaline fuel cells using rotating disc technology 
and cyclic voltammetry. Traditionally, silver has been found 
to be one of the best catalysts for the ORR in alkaline fuel 
cells, as published extensively [18–21]. In the present work 
a nickel-carbon catalyst showed promising suitability for the 
oxygen reaction.

For obtaining high current densities like PEM fuel cells, 
modern AEMs (anion exchange membranes) have been 
developed which normally have thickness in the range of 
20 to 100 microns, conductivities around 100 mS  cm−1 and 
these deliver current densities above 500 mA  cm−2 [16]. 
Alkaline membranes were originally used for water treat-
ment and are based on a PBI structure. They were also used 
in classic alkaline water electrolyzers completely dipped into 
liquid electrolyte. In fuel cells this is not practicable because 
the liquid will leak out and even partly drying may destroy 
the structure. Since embrittlement is a well-known prob-
lem, these membranes must always be kept humidified e.g., 
with 1.0 M KOH [16]. Another problem is the formation 
of carbonates  (K2CO3) when the cations meets the carbon-
dioxide from the air. Thus, a modern type of membrane has 
been developed which is called anion exchange membrane 
(AEM). Here, the functional group is chemically bounded on 
the structure, while the hydroxide ions are movable—thus, 
comparable to a PEM. Because no free cations are available, 
the formation of carbonates is no longer a problem and these 
type of fuel cells can be operated with air. Commercial prod-
ucts of these AEMs are available from IONOMR (Canada), 
FUMATECH (Germany) and DIOXIDE MATERIALS (US) 

with the SUSTAINION membrane. The polymer-backbone 
of these membrane structures could be polyethylene, poly-
phenylene or poly-ether-ether-ketone (PEEK) which is very 
stable even at high temperature. Often, the base is also poly-
ether-sulfone (PES or PESU) [22]. With AEMs significantly 
high current densities can be obtained. In [23] a power den-
sity of 1.4 W  cm−2 is reported with current densities around 
3.0 A  cm−2. In [14] current densities of 4.0 A  cm−2 given 
and [16] presents current densities of even 6.0 A  cm−2. How-
ever, all these AEMs have a catalyst loading of platinum and 
ruthenium like conventional PEM fuel cells.

It can be concluded that AEMs are not enough stable at 
higher temperatures because partly drying and embrittle-
ment can damage the membranes. This is the reason for the 
lack of availability of commercial fuel cells equipped with 
AEMs. In electrolyzers the risk is much lower since there 
is always liquid water at the membrane. The ENAPTER 
company is starting production of small modular electro-
lyzer devices using AEMs, but temperature level and effi-
ciency are still relatively low. This is unfavorable since 
much high efficiencies can be reached with alkaline sys-
tems especially at high temperatures.

Since alkaline membranes are sensitive to high tem-
peratures, a promising attempt is given in [24], avoiding 
the use of any membrane. In a small test cell, a capillary 
flow of electrolyte is feeding a porous structure made of a 
hydrophilic polyether-sulfone (PES) separator in-between 
two electrodes. Hydrogen and oxygen evolution can be 
obtained without the formation of bubbles. The results 
are impressing: at current densities of 500 mA  cm−2 the 
electrolyzer cell works with a voltage of only 1.51 V, cor-
responding to an efficiency of about 98%.

Because of the above-mentioned shortcomings of 
alkaline membranes, the authors of the on-hand work 
are following a similar approach like [24] with the focus 
on highly-efficient electrochemical energy conversion 
in porous catalyst structures—without any membrane. 
Therefore, a cost-efficient alkaline fuel cell in the clas-
sic design with gas diffusion electrodes on two sides of 
an electrolyte gap has been developed and was presented 
in a previous work [25]. Here, different electrodes have 
been examined to provide answers to the following unan-
swered question: are there useful non-platinum group 
catalysts for designing a regenerative alkaline fuel cell? A 
cost-efficient bifunctional catalyst based on a mixture of 
RANEY-Nickel, PTFE and a stable carbon shows promis-
ing results in both, fuel cell as well as electrolyzer mode. 
In the present work these studies were extended while two 
different cell designs are compared. The overriding goal 
is to find an optimal configuration of catalysts, electrode 
structure and cell design for alkaline electrolyzers and fuel 
cells with highest efficiency, high power density and low-
cost production potential.
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2  Fundamentals

In fuel cells the chemical energy of the hydrogen is directly 
converted into electric energy using an electrochemical 
process. The maximum effectively useful energy (exergy) 
is given by the GIBBs free reaction enthalpy ΔG. Hereby, 
the bond enthalpy ΔH represents the chemical energy of 
the hydrogen and cannot be fully converted into electrical 
energy. It is diminished by a term of the absolute tempera-
ture T and the change of entropy ΔS.

When hydrogen and oxygen react to water the total num-
ber of molecules will be reduced. This is accompanied with 
a reduction of entropy, since the number of molecules is 
directly related to the entropy through the BOLZMANN 
constant. But, in a closed system the entropy cannot be 
reduced spontaneously due to the second law of thermody-
namics. Thus, heat must be discharged into the environment 
in the same quantity as the term TΔS. This heat energy is 
lost and cannot be used for producing electric energy. In 
electrolysis mode it is the other way around: here the number 
of molecules will increase and with it the related entropy, 
while heat must be delivered into the system. If the electro-
chemical cell is working below the thermoneutral voltage 
(E0 = ΔG0/z F) which is around 1.48 V, heat can be used 
to produce hydrogen. The electrical efficiency (electrical 
energy to hydrogen) is then above 100%.

Alkaline fuel cells and electrolyzers in the classic design 
are generally based on an aqueous solution of potassium 
hydroxide (KOH). Here, the hydroxide ions  (OH−) are 
responsible for the electrochemical current in-between the 
electrodes. In fuel cell mode (gas consumption) hydroxide 
ions are produced at the oxygen electrode and consumed 
at the hydrogen electrode. In electrolysis mode (gas pro-
duction) the flow direction is reverse. The electrochemical 
equations are given below; they are reversible in general:

The hydrogen oxidation can be divided into three parts. 
First, the hydrogen must diffuse into the pore structure of the 
electrode and through an aqueous layer covering the cata-
lyst surface. Second, the hydrogen is adsorbed on the metal 
catalyst and dissociated into water and electrons (VOLMER-
TAFEL mechanism). Third, the reaction water is desorbed 
into the electrolyte. The potential of the hydrogen electrode 

ΔG0 = ΔH0 − T ⋅ ΔS0

hydrogen electrode ∶ H
2
+ 2OH−

↔ 2H
2
O + 2e− − 0.828V

oxygen electrode ∶
1

2
O

2
+ H

2
O + 2e− ↔ 2OH− + 0.401V

overall reaction ∶
1

2
O

2
+ H

2
↔ 2H

2
O + 1.229V

can be calculated using the NERNST equation. Useful cata-
lysts for the hydrogen reaction are nickel, palladium and 
platinum. Silver and mercury are not usable since hydrogen 
cannot adsorb at its surface. RANEY-Nickel is made of an 
alloy of nickel and aluminum after the ignoble aluminum has 
been dissolved with high concentrated KOH at 80–100 °C. 
The remaining structure has a high porosity and a very high 
internal surface and is therefore a preferred catalyst. Prob-
lems are given by the formation of nickel oxide which hin-
ders the hydrogen oxidation.

Generally, the oxygen reduction needs a high activation 
energy and high overvoltage, even at very good catalysts like 
silver and platinum (400 mV at 1 mA  cm−2). The exchange 
current density is low, and the open-circuit voltage needs 
time to equilibrate [12]. In alkaline solution the reaction is 
faster than in acid media and costly noble catalysts can be 
replaced with nickel. During the oxygen reduction at first 
hydroperoxide is formed which is in the second step dissoci-
ated into absorbed oxygen. This unwanted reaction reduces 
the potential of the oxygen electrode especially at carbon 
electrodes to 0.22 V. Then, the actual open-circuit voltage 
of the fuel cell is only 1.05 V. Useful catalysts for the oxy-
gen electrode in alkaline media are: platinum, platinum on 
carbon, silver, lithium threated nickel oxide and other metal 
oxides like  RuO2 and  IrO2 [12]. A very good catalyst called 
RANEY-Silver is produced in a similar way like RANEY-
Nickel by dissolving aluminum from an alloy.

Accordingly, when catalysts are researched not only the 
chemical element or compound, but also the micro-structure 
of the metal catalyst must be considered. In a standard text-
book of chemistry, the overvoltage of hydrogen and oxygen 
at different electrode materials are given with the clear result 
that platinized platinum shows significant lower overvolt-
age than blank platinum [26]. In [27] an electrode treatment 
for water electrolysis is presented using high-performance 
pulsed laser processing. Herewith, Ni–Fe catalysts could be 
produced based on nanosheets coated on thin nickel fibers 
for the creation of very high active surface area, with the 
result of significantly reduced overvoltage in alkaline media.

These phenomena at the nano-scale are not yet fully 
understood today [12]. More conceivable are the problems 
of mass transport in the direct surrounding of the catalyst. 
The reaction kinetics at the catalyst surface is quite fast in 
comparison to the slow process of diffusion. Since ion-
transport is only possible in aqueous solutions, there must 
always be a thin layer liquid layer on the catalyst. Hydrogen 
and oxygen must dissolve into the water and then diffuse to 
the catalyst. This slows down the electrochemical process, 
especially at higher current densities. Thus, the optimal 
reaction place should be the thee-phase contact line where 
gas and the liquid meniscus meets the solid catalyst surface. 
Here, all reactants have the shortest way and fast supply can 
be ensured. Very high rates of heat and mass transfer at the 
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three-phase contact line are also known from fundamental 
boiling research [28]. Consequently, it should also be the 
challenge of the electrode design for electrolyzers and fuel 
cells to create structures with a high number of these reac-
tion placed. In the following Fig. 1 the model of a gas diffu-
sion electrode is given visualizing this attempt.

The main part of the electrode consists of a porous struc-
ture of catalyst particles (RANEY-Nickel) which are mixed 
with PTFE to ensure a hydrophobic character and prevent 
the pores from flooding with liquid electrolyte. The front-
side of the electrode (left in Fig. 1) is dry and in contact 
with the gas (here hydrogen). An additional layer of PTFE 
foil provides good sealing against liquid. The backside of 
the electrode (right in Fig. 1) is in contact with the liquid 
electrolyte flow in a gap of about 1.5 mm thickness. To 
prevent total flooding of the electrode it is covered with a 
hydrophilic separator which feeds only a limited amount of 
aqueous electrolyte into the catalyst structure. Consequently, 
a high number of thin liquid films and three phase contact 
lines at the catalyst surface can be assumed. It is the reason 
for a generally high electrochemical activity of the electrode. 
In practical operation the active area can be improved by 
adjusting the gas pressure which works against the capil-
lary pressure of the liquid menisci in the structure. Thus, 
the hydrostatic equilibrium can be used to shift the phase 
boundary within the electrode to improve the wetting of the 
catalyst particles.

3  Experimental

One objective of the on-hand work is the design of a highly-
efficient fuel cell system for the storage of electric energy 
from renewable sources. To achieve this, an experimental 
investigation program was developed using two different 
designs: a reversible alkaline fuel cell with an electrolyte 
gap and an alkaline membrane electrolyzer with zero-gap 
design. All the experimental investigations herewith were 

conducted in the laboratory of fuel cell technology at the 
FRANKFURT UNIVERSITY OF APPLIED SCIENCES 
(UAS). The experimental data are being compared with a 
reversible PEM fuel cell working in fuel cell and electrolyzer 
mode which was investigated in a former study of the cor-
responding author at the FRAUNHOFER INSTITUTE OF 
SOLAR ENERGY SYSTEMS (ISE) in Freiburg, Germany 
[29].

For the alkaline technology used in the on-hand work, 
a test section was developed where hydrogen and oxygen 
are supplied from an external electrolyzer cell, allowing an 
over pressure of 4 bar. With a data acquisition system, cell 
current and voltage, the important temperatures and the gas 
pressures were recorded.

The two different cell concepts were executed as given 
below. These designs have been carefully developed to meet 
the objectives of the research:

• Design A: classic AFC with electrolyte gap configura-
tion—see Fig. 3

• Design B: pressure electrolyzer with zero-gap configura-
tion—see Fig. 4

The test section testing for combined experiments in elec-
trolyzer and full cell mode is shown in Fig. 2. For testing the 
different kind of cells designs small adaptations were made. 
The test bench is complete build out of stainless steel, and 
only flour caoutchouc (FKM) sealings and tubes are used to 
avoid any reaction with the aggressive potassium hydroxide 
(KOH) even at temperatures above 100 °C [30].

In both test bench configurations, the same parts are used. 
The tubing is slightly different. For the zero-gap design no 
extra tube is needed for the  O2 transport. To use the zero-
gap design in fuel cell mode, the electrolyte is removed by 
chancing the pump direction and feed  O2 instead of KOH 
into the cell. The electrolyte gap design has an additional 
tube for  O2 outlet. To change the operation mode of the 
cell with the electrolyte gap configuration no changes are 
needed. Switching from fuel cell to electrolyzer mode can 
be realized in seconds.

For all experiments a gear pump is used to circulate the 
electrolyte which can feed up to 5 l  h−1. The electrolyte 
gap design has a higher internal flow resistance leading to 
a reduced flow rate of 3.6 l  h−1. This value was also used 
for the zero-gap configuration to get comparable results. 
Both cell designs are mounted vertically to drive out any 
gas bubbles due to density differences. These could have a 
significant influence on the cell performance when active 
area is blocked by gas accumulations at the membrane 
or in the electrolyte gap. Therefore, the liquid is pumped 
from the bottom side to the top to ensure phase separation 
and a good wetting of the electrodes. The temperature is 
measured at the inlet and at the outlet of the cell with 

Fig. 1  Structural design and working principle of alkaline gas diffu-
sion electrodes, exemplary at the hydrogen side [25]
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PT100 temperature sensors. The temperature sensors are 
fitted with T-connector directly in the electrolyte flow. 
Experiments with a third PT100 positioned directly in the 
active area of the cells has shown 5–7 K higher tempera-
ture than the inlet temperature. Consequently, the tempera-
ture information given in the subsequent diagrams have 
taken this internal temperature difference into account. For 
measuring the pressure, manometers with different scales 
were used. With the help of these pressure gauges and 
manual pressure control valves, the backpressure of the  H2 
and  O2 flow in the cell could be adjusted accurate.

The liquid electrolyte used for all experiments was an 
aqueous solution of potassium hydroxide (KOH) with a 
concentration (by weight) in the range of 9 mol  l−1. The 
concentration was checked frequently with extracted KOH 
and titration during the different tests. The lowest value 
was 6 mol  l−1. For tests in fuel cell mode  H2 and pure  O2 

are fed from an external electrolyzer direct to the cell with-
out any gas treatment or humidification (Table 1).

The two tested alkaline cell designs are shown and 
described below.

Fig. 2  Test bench for character-
izing the alkaline electrolyzer 
and fuel cell using two different 
cells designs: figure a zero-gap 
configuration, figure b electro-
lyte gap configuration

Table 1  Overview of test parameters used in the experiments

Test parameter Value

KOH concentration Highest: 9 mol  l−1/lowest: 6 mol  l−1

Temperature 60–100 °C depending on design
Pump speed 3.6 l  h−1

Pressure 1–2 bara in FC mode
Cell design electrolyte-gap/zero-gap
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3.1  Reversible Alkaline Fuel Cell (AFC)

First, the design A is described which operates with an 
electrolyte gap between the electrodes. This design offers 
the possibility to switch between full cell and electrolyzer 
mode without any changes by valves or flow direction of 
the gas or electrolyte. The cell design has been developed 
at the ENNOBLE POWER Research Laboratory [31] and 
optimized at the FRANKFURT UAS. The design is based 
on traditional alkaline fuel cell of two electrodes separated 
by a liquid electrolyte [Rashid2015, Phillips2016]. Repre-
sentative of this cell is a simple structure with cost-effective 
materials. No milling of metal parts is required. The assem-
bly of the cell is given in Fig. 3.

The electrolyte gap in-between the electrodes is a cru-
cial point of the design. The thickness of the gap is defined 
by a sealing frame (5) including a support structure (6). It 
must be very thin, to minimize ohmic resistance, also it must 
ensure a uniform liquid supply without holding gas bubbles 
inside the structure. The sealing and support structure must 
be chemically stable against highly concentrated KOH and 
thermally stable up to 130 °C. To achieve that, the used gas-
ket was cut out of 1 mm to 1.5 mm FKM plates by laser cut-
ting. This results in an electrolyte gap thickness < 1.5 mm. 
For the support structure (6) several materials and designs 
were observed for optimization. Meshwork of polypropylene 
(PP) with different thread diameters and mesh openings were 
investigated with positive results. (Many thanks to the PVF 
MESH & SCREEN TECHNOLOGY GmbH Germany, for 
supporting the team with samples). The end plates (1) are 
milled out of PP which is easy to process and has electri-
cally insulating characteristics. Included in these endplates 
are two gaskets (2) and the flow fields for  H2 and  O2. The 
inner gasket seals the gas channels to the electrode and outer 
side one seals the endplate to the nickel frames. The used 
electrodes (3) are pressed with the nickel mesh on the nickel 
sheets (4) which are used for electrical contact. The active 
area of this cell is 36  mm2 which are defined by the open 
size of the electrodes and the extract of the nickel sheets. The 
electrolyte flows from the bottom to the top to ensure proper 
contact to the electrodes with no air bubbles [25].

3.2  Alkaline Pressure Electrolyzer (AEM)

The zero-gap design for alkane electrolyzers is based on an 
early design from the ACTA Company and optimized by the 
FRANKFURT UAS where it was installed in the laboratory 
to test different electrodes and membranes. The design is 
like a PEM electrolyze for achieving high gas quality and 
enable the possibility to produce pre-compressed hydrogen 
gas. A schematic drawing is given in Fig. 4 to illustrate the 
zero-gap working principle (do not scale from this drawing).

Here, the core element is an alkaline membrane (AEM) or 
separator which ensures the transport of water and hydrox-
ide ions  (OH−). On both sides of this membrane gas diffu-
sion electrodes are pressed with the help of metallic support 
structures and massive steel endplates. The support struc-
tures were produced from differently sized stainless-steel 
meshworks which are welded together. The respective side 
facing to the electrode is polished to have a good electric 
contact. The support structures including electrodes and 
membrane are enclosed by a synthetic material structure 
made of polypropylene (PP) and sealed with several gas-
kets. This AEL cell design reduces significant the ohmic 
resistance of the cell in contrast to the AFC design with an 
electrolyte gap of about 1.5 mm thickness.

It can be taken Fig. 4 that the oxygen side of the electro-
lyzer is flooded with liquid electrolyte while the hydrogen 
side remains almost dry. This is important in terms of the 
mass transfer of the electrochemical process. At the hydro-
gen electrode, the produced gas can easily diffuse into the 
dry support structure rarely hindered by any liquid. At the 
oxygen side, gas bubbles must be formed which is an energy 
consuming process. On the other hand, water splitting takes 
place at the hydrogen electrode which means that water 
must diffuse through the membrane against the current of 

Fig. 3  Structure of the reversible alkaline fuel cell (AFC) with elec-
trolyte gap

Fig. 4  Schematic design drawing of the alkaline pressure electrolyzer 
(AEL) with zero-gap design
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the hydroxide ions. The positive effect of a thin membrane 
and therewith low electrolyte resistance will be diminished 
by a negative effect of mass transportation. It is one target 
of the here presented experimental investigation to evaluate 
these opposing physical effects using the two different cell 
designs.

3.3  Electrodes

For all experiments gas diffusion electrodes developed and 
produced by GASKATEL Company in Germany are used. 
They are produced with RANEY-Nickel (Ni), polytetrafluor-
oethylene (PTFE) and a special carbon (C). To ensure the 
mechanical stability and the electrical conductivity these are 
integrated on a Nickel mesh. The resulting electrode is the 
porous structure of Ni, PTFE and Carbon with the thickness 
of 0.3 mm. The mixing ratio of the three substances can be 
varied. The hydrogen side mainly an electrode called NiH33 
was used made of Ni and PTFE. For the oxygen side, carbon 
is added to create a bifunctional electrode called NiC. The 
general structural design of the electrodes is shown in Fig. 1.

This type of gas diffusion electrode has been developed 
to achieve a very high number of three-phase-contact lines, 
where there is the region with very high activity [25, 32, 
33]. The electrode has a hydrophobic part and a hydrophilic 
part. To create the optimum hydrodynamic equilibrium, 
the electrode could be used in different ways by integrat-
ing electrode appropriately. To support the water and KOH 
transport into the electrode, the electrodes could be treated 
with a special mixture of the electrolyte side, consisting of 
polybenzimidazole (PBI), N-Methyl-2-Pyrrolidon (NMP), 
and titanium oxide. The electrodes could also operate with 
a foil made of polyester-sulfone (PESU). Both are installed 
or applied on the Side in the electrolyte gap, where also the 
nickel mesh is oriented to. To avoid KOH or water in the 
gas channels on the opposite side of the electrode, a Teflon 
foil is installed here which is gas permeable but not water 
permeable. In the electrode itself the different gases and the 
water must be exchanged while diffusing and feeding liquid 

through the micro pores from the catalysts. The size of those 
micro pores depends on the mixture and size of the nickel, 
PTFE and carbon. The Size of the NiH33 pores are about 
5–17 µm. With added carbon, those size shrinks to < 1 µm. 
It can be taken from scanning electron microscope (SEM) 
pictures in Fig. 5.

3.4  Measurement Equipment

For all experimental designs current–voltage characteristics 
were recorded. Therefore, a four-quadrant electronic load 
(source and sink) from the HÖCHERL & HACKEL Com-
pany in Germany was used (model NL1V10C20 Standard). 
It allows a reliable operation in the potentiostatic mode 
(constant voltage) in the range from − 1 to 10 V, or in the 
galvanostatic mode (constant current) in a range from − 20 
to + 20 A.

For measuring the impedance of the cells, the Electro-
chemical Workstation from the ZAHNER Company in Ger-
many was used (model Zennium Pro). It allows a frequency 
range from 10 μHz to 8 MHz, with a current from − 3 to + 3 
A, in a voltage range from − 15 to + 15 V.

4  Results and Discussion

To test the bifunctionality of the electrodes, initially the 
cell with the electrolyte gap was used for experimentation. 
The cell was connected to external hydrogen and oxygen 
supplies while the temperature of the cell was adjusted via 
the electrolyte flow through the electrodes. To activate the 
electrodes (which were oxidized in the ambient air) the cell 
was operated for at least 2 h while a voltage between 850 
and 900 mV was achieved using the potentiostatic mode 
of the electronic load. After this "run-in" period, the cell 
was slowly stressed with the load. By increasing the voltage, 
oxygen and hydrogen could be produced in the cell. No other 
change, apart from the voltage, was necessary to switch from 
fuel cell mode to electrolysis mode and therewith switch the 

Fig. 5  SEM pictures of the 
electrode structure: NiC (a) and 
NiH33 (b) with 1000 × Zoom
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current from negative to positive flow direction. The open 
circuit voltage after the first electrolysis measurement settled 
at about 1.26 V.

As a reference, in several experiments, measurement data 
from a reversible PEM fuel cell are displayed. These data 
were recorded in an early study of the corresponding author 
at the FRAUNHOFER ISE in Freiburg, Germany [29]. The 
reference PEM cell was produced from titanium plates and 
used a NAFION®117 membrane. The catalyst loading at the 
hydrogen side was 2 mg  cm−2 platinum, at the oxygen side 
a 1:1 mixture of platinum and iridium with also 2 mg  cm−2 
in total was used. Although todays PEM fuel cells applica-
tions are working with much smaller catalyst loadings and 
with thinner membranes, the used NAFION®117 membrane 
is still a standard in the fuel cell research and so still pre-
sent acceptable values for comparing the general differences 
between acid and alkaline electrolytes.

In Fig. 6 the bifunctional (reversible) behavior of AFC 
with electrolyte gap and with zero-gap design are compared 
with the PEM reference. It is obvious that especially in fuel 
cell mode (negative current) the PEM reference cell shows a 
much better behavior over a wide range, while the AFC pre-
sents only very low current densities. In electrolysis mode, 
the AFC is more efficient than the PEM reference for up cur-
rent densities of about 100 mA  cm−2. At higher current den-
sities the PEM reference also shows a better performance. 
However, it must be mentioned that the AFC works with a 
low-cost carbon catalyst, while the PEM reference used a 
high load of costly platinum and iridium catalyst.

The alkaline cell with zero-gap design presents no stable 
behavior in fuel cell mode. This is since the metal support 
structures were especially optimized for the electrolyzer 
mode. In fuel cell operation they soak to much liquid into 
the pores which blocks the gas supply of the electrode. This 
problem was also observed using the reversible PEM fuel 
cell with gas diffusion layers produced from titanium foam. 

Stable operation in fuel cell mode was only possible with 
conventional hydrophobic carbon fiber layers. Finally, it is 
a general problem for reversible fuel cells with zero-gap 
design (membrane technology). The AFC with electrolyte 
gap has no problem with this since the gas diffusion elec-
trodes works almost perfect in both directions.

4.1  Electrolysis Mode

The electrolysis mode is examined in more detail below. 
Therefore, an alkaline membrane FAAM20 from the FUMA-
TECH Company in Germany was installed using the zero-
gap design. In AFC with electrolyte gap there was no mem-
brane at all, but just thin layer of a hydrophilic mixtures 
(PBI, NMP and titanium oxide) was brushed at the liquid 
side of the electrodes. This protects the electrodes from 
flooding and shows very low resistance for the ion flow.

In Fig. 7 the different electrolyte and membrane assem-
blies are compared. One could assume that the alkaline 
membrane with a thickness of only 20 micron has the low-
est resistance and consequently shows the best performance. 
But, as can be seen in Fig. 7 the AFC with a 1.5 mm thick 
electrolyte gap shows the best performance of all: especially 
at low current densities of about 50 mA  cm−2 the AFC shows 
much smaller overvoltage than the PEM. With a current den-
sity of about 300 mA  cm−2 the electrolysis works with a cell 
voltage around 1.7 V. Here, several positive effects seem to 
complement each other. First, the very good electrochemical 
activity in aqueous alkaline solution with nickel catalyst. 
Second, a very high number of three-phase-contact-lines in 
the porous structure of the gas diffusion electrode. Third, an 
optimized oxygen reaction with carbon in combination with 
Raney-Nickel. Furthermore, the positive effect of high tem-
peratures on the efficiency (shown in the early work of F.T. 
Bacon) can be exploited when the temperature is increased 
above 80 °C. This can be realized in the AFC, since there 
is no sensitive membrane which must be protected against 
overheating as discussed in [34]. It works fine at 90 °C and 
more where the ohmic resistance of the potassium hydroxide 
is very low. This effect will be researched in more detail in 
the following.

Figure 8 shows the impact of the electrolyte tempera-
ture using the electrolyte-gap design in electrolyzer mode. 
With rising temperature, the voltage decreases and so 
the efficiency is rising. The impact is significant. With 
an electrolyte temperature of 100 °C the cell could run at 
120 mA  cm−2 before reaching the thermo-neutral voltage. 
There are different effects which are leading to this obser-
vation. The reaction at the catalysts itself is given by the 
overvoltage of the cell, at higher temperatures the catalysts 
works more efficient and presents lower over-voltage for the 
same current. Also, the electrons need to pass through a 
layer of water molecules adhering directly at the catalyst 

Fig. 6  Current–voltage characteristics of three different reversible 
fuel cells over the full operation range. PEM reference with data from 
[29]
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surface, which is a temperature dependent process [12]. 
Concludingly, this is a remarkable result for the AFC with 
electrolyte gap. It shows, that for typical current densities 
of conventional alkaline electrolyzers it is possible to reach 
electrical efficiencies around 100%. This is promising for 
the design of highly-efficient energy storage systems with 
electrolyzers and fuel cells.

On the other hand, electrolyzers with electrolyte gap are 
difficult to build for higher pressures as need for filling pres-
sure containers with hydrogen. It is important to develop 
also membrane electrolyzers with high efficiency for this 
use. But, especially the mechanisms of water transport seem 
to be more difficult as shown below.

The characteristics of different electrode arrangements 
using a thin alkaline membrane (FAAM20) with the zero-
gap design are given in Fig. 9. At first the same electrodes 
were used like obtaining the best results in the AFC with 
electrolyte gap: a RANEY-Nickel (NiH33) at the hydrogen 

side and the bifunctional nickel-carbon (NiC) at the oxy-
gen side. But, here it shows a week performance and above 
100 mA  cm−2 strong problems with mass transportation lead 
to an upward curve. With RANEY-Nickel electrodes at both 
sides some improvement could be made. The unexpected 
but best result with a straight flat curve could be obtained 
with interchanged electrodes: NiC at the hydrogen side and 
NiH33 at the oxygen side. This is surprising at first and 
requires a closer look into the electrochemical phenomena. 
RANEY-Nickel is generally a quite effective catalyst for 
both, the hydrogen and the oxygen evolution. The addition 
of carbon in the bifunctional NiC electrode was especially 
developed for the fuel cell mode, where it is necessary. In 
the electrolysis mode it obviously helps not very much for 
the oxygen evolution. On the other side, the carbon seems 
to have a positive effect at the hydrogen electrode. This can 
be explained by the mechanisms of mass transportation. In 
alkaline electrolyzers the hydroxide ions are produced at the 

Fig. 7  Current–voltage char-
acteristics in electrolysis mode 
for comparing three different 
cell designs: alkaline pressure 
electrolyzer with zero-gap 
design and alkaline membrane 
(FUMATEC, FAAM, 20 μm 
thickness, RANEY-Nickel 
and NiC GDEs); reversible 
AFC with 1.5 mm electro-
lyte gap (same electrodes); 
and reversible PEM fuel cell 
(NAFION®117 membrane, 
170 μm thickness, platinum 
(2 mg  cm−2) and platinum/irid-
ium catalyst (2 mg  cm−2) [32]

Fig. 8  Current–voltage characteristics in electrolyzer mode using the 
AFC with 1.5 mm electrolyte-gap at different temperatures. Gas-dif-
fusion-electrodes: hydrogen: NiH33/oxygen: NiC

Fig. 9  Current–voltage characteristics in electrolyzer mode using 
zero-gap design with FAAM20 and different electrode arrangements 
at the hydrogen and oxygen side, GDEs: NiH33 and NiC
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hydrogen electrode while water is consumed. At the oxygen 
electrode it is the other way around. Consequently, hydrox-
ide ions must diffuse from the hydrogen to the oxygen side 
while water must diffuse through the membrane and against 
the ion flow from the oxygen to the hydrogen side. This 
can lead to a dehydration of the hydrogen electrode. Here, 
the carbon can help since it better holds the water and has 
much smaller pores: < 1 μm instead of 10–40 μm at RANEY-
Nickel [33]. Thus, it can be concluded that an improvement 
of the water management at the hydrogen electrode can be 
achieved with an additional carbon content. If the carbon 
electrode is located at oxygen side another effect occurs: the 
produced oxygen bubbles can settle in the fine pores of the 
carbon and "clog" them. This poor oxygen removal leads to a 
reduction of the active area and thus to poorer performance.

The effects described above are reflected in the imped-
ance spectroscopy recorded during electrolysis operation 
(Fig. 10). For an improved cell design, the impedance should 
be low to guaranty a small internal resistance. Additionally, 
the phase is considered: a flat curve at low frequencies is a 
sign for optimized mass transport. The best mass transfer 
takes place in the constellation with the NiC electrode at the 
hydrogen side and the NiH33 at the oxygen side. Despite the 
lowest cell resistance with 6 mOhm, the NiH33 electrode at 
both sides does not offer the best performance, because as 
described before, the water balance is not optimal for this 
cell design.

It is important to note that these observations and val-
ues are only valid for the water deficit network with the 
Membrane FAAM-20 used here and other membranes may 
require a different water management. To obtain comparable 

results, the FAAM-Membrane was watered for at least 24 h 
before installation and then run in together with the elec-
trodes at a fixed current of 1.7 V for 48 h.

4.2  Fuel Cell Mode

It was shown above that the alkaline fuel cell operation with 
an electrolyte gap shows a fundamentally weaker perfor-
mance then the PEM fuel cell. With the bifunctional NiC 
catalyst only about 50 mA  cm−2 could be realized, although 
the electrolyte temperature was set between 85 and 90 °C. 
The gas diffusion electrodes were supplied with pure oxygen 
and hydrogen at little overpressure of about 200 mbar from 
an external PEM electrolyzer. It could be figured out that the 
hydrostatic equilibrium between liquid electrolyte, capillary 
pressure and gas pressure is very sensitive to adjust but has 
a big impact on the performance. Probably, only a small 
part of the catalyst surface is in effective operation. Increas-
ing gas pressure lead to some improvement with the risk 
that gas bubbles break through the electrode structure and 
block the electrolyte supply. The electrolyte feeding into the 
structure from the gap is also important. If no hydrophilic 
layer is applied the electrode will be flooded after a while 
with strongly decreasing performance. With a thin layer 
of a hydrophilic mixtures (PBI, NMP and titanium oxide) 
brushed at the liquid side of the electrodes some improve-
ment could be obtained but with hardly stable operation 
in small pressure range. A more stable operation could be 
achieved with PESU separators, with tiny pores of approxi-
mately 0.1 µm size [33], pressed on both electrodes using 
the support structure in the electrolyte gap.

Fig. 10  Impedance spectra of 
the three different electrode 
arrangements also presented 
in Fig. 9. Solid lines:  H2:NiC/
O2:NiH33; circle marks:  H2/
O2:NiH33; dashed lines: 
 H2:NiH33/O2:NiC
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In Fig. 11 different electrodes and hydrophobic lay-
ers are investigated using the AFC in fuel cell mode. The 
first experiments were conducted with a NiH33 electrode 
at the hydrogen side and NiC electrodes at the oxygen 
side. Using the PSU separators results in a characteris-
tic with the lowest performance. Additional impedance 
measurements showed that the internal cell resistance with 
2 separators is quite high and lays in a range of about 
40 mOhm. With the same electrode configuration and a 
brush applied separating layer of PBI, NMP and titanium 
oxide, the efficiency increases. This increase in perfor-
mance is due to lower internal resistance of the cell and 
improved water transport. The three-phase boundary can 
be shifted by carefully varying the pressure and thus influ-
ence the performance.

Additionally, another carbon electrode (NiX) was inves-
tigated, which is a NiC with a modified mixture. It benefits 
enormously from pressure and shows that the electrodes 
still offer further potential by optimizing the operating 
pressure and the chemical composition. The NiX elec-
trode contains 5% more carbon what equals to an increase 
of 25% more volume and surface than the reference NiC. 
Finally, a high-performance silver electrode was installed 
which was made from a mixture of RANEY-Silver and 
PTFE. Very good improvement and much better perfor-
mance could be obtained with the use of this electrode. 
At low current densities up to 100 mA  cm−2 it performs 
with clear higher voltage than the PEM reference fuel cell. 
However, silver is costly and does not allow reversible 
operation since it will dissolve at higher voltages during 
electrolysis. But against the background of the develop-
ment of highly-efficient energy storage with fuel cells sil-
ver must be considered as an alternative catalyst: in alka-
line media with silver catalyst the highest efficiencies of 
all fuel cells can be achieved.

4.3  Storage Efficiencies

Concludingly, the measured cell voltages can be used to pre-
sent the electrical efficiencies of the researched cell types 
in fuel cell and electrolyzer mode. From that the round-trip 
efficiency for storing electric energy can be displayed. The 
PEM fuel cell shows much better performance at high cur-
rent densities. But, since it was the objective of the on-hand 
work to discuss the potential of the alkaline technology, 
small current densities are considered here. In the follow-
ing table the efficiencies of the AFC with electrolyte gap are 
compared with the data of the reversible PEM fuel cell from 
[29] at current densities of 50 mA  cm−2. (Table 2).

Both fuel cells are working at quite high efficiencies. But, 
at low current density the alkaline technology can play to 
its advantage. While the PEM system reaches around 55% 
round-trip efficiency, the AFC obtains 65%. It is remarkable 
since this range is comparable with conventional lead-acid 
batteries. Finally, the alkaline fuel cell technology has the 
potential for designing highly-efficient hydrogen storage 
systems as an alternative to batteries. On the other hand, the 
current densities are to low for technical use. There is still a 
need for research in this field.

5  Summary and Conclusion

The first investigations of the bifunctional electrodes show 
that these have significant potential to increase the efficiency 
at low cost for electrolysis process. The results with the 
gap design are particularly good, since a high efficiency of 
300 mA  cm−2 at cell voltage < 1.7 V has been achieved and 
the cell can also be used as a fuel cell without any modifica-
tions. Also, in the zero-gap design where the electrodes are 
in direct contact with the membrane, the bifunctional elec-
trodes bring advantages as they can be used to optimize the 
water balance. Comparing the roundtrip efficiency with the 
values of a reversible PEM-Cell, especially in electrolysis 
mode at low densities, work can be done much more effi-
ciently. Particularly noteworthy are the values under the ther-
moneutral voltage. At 95 °C in the cell, up to 100 mA  cm−2 
can be achieved at less than 1.47 V and thus an electrical 
efficiency of 100%. This does not include the required heat-
ing and pumping power. In fuel cell operation, however, the 

Fig. 11  Comparison of AFC with electrolyte gap with different oxy-
gen electrodes (NiC, NiX and RANEY-Silver) all with NiH33 at 
hydrogen side, compared with PEM reference cell [29]

Table 2  Resulting efficiencies of electrolyzer and fuel cell for differ-
ent cell types at 50 mA  cm−2

Electrolyzer (%) Fuel cell (%) Round-
trip 
(%)

PEM FC 97 57 55
AFC 106 61 65
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alkaline fuel cell can only compete with silver at low current 
densities of the PEM-Cell. Future work is in operation to 
achieve even more Power with the same area and less volt-
age. Therefore, the electrodes will be optimized resulting 
in more active area and less resistance. Additionally, the 
long-term stability of the NIC should be investigated, also 
because in [25] only 60 h operation were observed.

It should be emphasized that very good roundtrip effi-
ciencies about 65% could be achieved with the AFC. These 
are comparable with lead-acid batteries. This is promising 
for the design of highly-efficient fuel cell storage systems 
as an alternative to batteries. However, the current densi-
ties are still too low. With the optimization of thin alkaline 
membrans the power density will be improved. Although 
silver catalyst is not suitable for a bifunctional operation, it 
achieves the highest fuel cell voltages of all and should be 
considered for future research. To save the costly silver cata-
lyst it could be supported on carbon particles and directly 
coated on alkaline membranes.
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