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List of abbreviations

EIS Electrochemical Im-
pedance Spectros-
copy

HER Hydrogen Evolution 
Reaction

OER Oxygen Evolution 
Reaction

PEM Proton Exchange 
Membrane

TMD  Transition Metal 
Dichalcogenide

TRL Technology Readi-
ness Level

XRD X-ray Diffraction

Scope of project

The development and characterization of novel electrodes for water electrolysis are central objec-
tives of the new catalyst testing platform facilities in LIMNO at EPFL, which successfully opened 
this year thanks to the SCCER. This competence lab, shown in Figure 1, aims to build expertise in 
the assessment of heterogeneous catalysts for both water oxidation and reduction, the analysis of 
produced gases, as well as in the advanced electronic characterization of (photo-) electrodes and 
processes. A non-exhaustive list of equipment currently available includes apparatus for solution-
processed	thin	film	deposition	(Sol	Gel,	Spin	Coating,	Spray	Pyrolysis),	electrodeposition,	and	ov-
ens able to provide annealing under controllable atmosphere. Electrode characterization techniques 
available in-house include X-Ray Diffraction (XRD), Raman spectroscopy, electrochemical perfor-
mance assessment (Potentiostat), transient and frequency modulated techniques (EIS), a home-
made solar simulator and monochromatic LED illumination setup.

Status	of	project	and	main	scientific	results	of	workgroups	

Within this framework, we 
have pursued our investiga-
tions on 2-D transition metal 
dichalcogenides (TMD, e.g. 
WS2 or WSe2), which are glob-
ally considered as promising 
catalysts for both oxygen evo-
lution reaction (OER, water 
oxidation) and hydrogen evo-
lution reaction (HER, water re-
duction). 

We have recently shown that 
these compounds can be exfo-
liated into 2-D nano to micron 
sized	 flakes	 and	 assembled	
with a controllable and cost ef-
fective technique, opening new 
horizons for this family of ma-
terials as catalysts for the wa-
ter reduction reaction [1]. Fu-
ture	work	optimizing	the	flake	
dimensions and understanding 

structure-function relations 
are underway in our facilities.  

In addition, we are also pursu-
ing the development of cata-
lysts for the water oxidation 
reaction. The oxygen evolu-
tion reaction is considered as a 
bottleneck in the development 
of inexpensive systems for 
(photo-) electrochemical pro-
duction of hydrogen, due to its 
sluggish kinetics and the high 
overpotentials required. 

Moreover, while recent tech-
no-economic studies of water 
electrolysis have evidenced 
that the major contribution 
to the price of hydrogen pro-
duced in an electrolyzer comes 
from the price of the electricity 
[3, 4]. This contribution corre-

sponds to 60–90 % of the hy-
drogen cost and raises to 97 % 
when the electrolyzer is associ-
ated with Si photovoltaic mod-
ules [5]. The most likely path 
to reduce electrolyzer system 
cost is to reduce the cost of 
the stack (50–60 % of both 
PEM and alkaline systems) and 
simplify the systems to make 
them better suited for mass 
production [4]. 

The cost breakdown of an al-
kaline electrolyzer, the cur-
rent leading technology on the 
market, evidenced that 25 % 
of the stack cost is related to 
the anode material, mostly 
composed of expensive metal 
oxides (IrO2 or RuO2). Iridium 
is not only considered an is-
sue by stakeholders due to its 

Figure 1: 

Competence center for the 
development of water elec-
trolysis catalysts in EPFL 
LIMNO.
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high cost today, but also with 
respect to its limited stability 
in alkaline electrolyte and its 
potential future supply con-
straints [3]. Potential replace-
ment of Ir and Ru by Ni and 
Fe-based electrodes (materi-
als with a price three order of 
magnitude lower [6]) is there-
fore envisaged to have a high 
impact on the further develop-
ment of alkaline electrolyzers. 
The technology readiness level 
(TRL) for an electrolyzer based 
on stainless steel electrode is 
estimated to be at the stage 
2–3.

Indeed, alloys based on abun-
dant metals, Ni and Fe, have 
been	 recently	 identified	 as	
promising catalysts for this re-
action [2] but little is known on 
the most effective composition 
and the mechanism involved 
on the bimetallic surface. To 
study the role of metal com-
position on the water oxidation 
kinetics, we used the Gibeon 
meteorite that is composed 
of approximately 92 % Fe and 
7.5 % Ni. This material is com-
posed almost uniquely of the 
two metals of interest and of-
fers unique microstructures 

due to the slow cooling rate 
(1 °C / 1000 y) the material ex-
perienced after colliding with 
the earth crust. These distinc-
tive properties make it an at-
tractive substrate to study the 
composition and microstruc-
ture effects on the catalysis 
properties (we note that the 
characterization of the mete-
orite is in collaboration with 
the team working on synthetic 
fuels in WP 4). Moreover, the 
metal composition can be al-
tered on surface with different 
etching treatments or during 
oxygen evolution at high cur-
rent density due to the differ-
ent stability of the metal at-
oms in solution. This material 
was also compared to different 
grades of stainless steel (AISI 
304L and 316L types), which 
are mass produced and have 
a high Ni content, in addition 
to other elements such as Cr, 
Mn or Mo.

A summary of the methods 
and results are as follows: All 
electrodes (ca. 0.5 mm thick) 
underwent the same experi-
mental procedure. After clean-
ing and polishing, the elec-
trode performance was tested 
(current density, J, extracted 
against applied potential, in 
1 M NaOH) before and each 
hour during highly oxidizing 
conditions (5 hours in total at 
500 mA cm-2). 

Figure 2 shows the positive 
effect of the oxidation on the 
Gibeon surface as the OER cur-
rent is cathodically shifted by 
more than 100 mV (reduced 
energy loss). To quantify the 
energy losses related to the 
reaction catalysis, we con-
sider the overpotential, i.e. 
the potential applied against 
the standard potential of wa-
ter oxidation (1.23 V vs. RHE), 

Figure 2: 

Gibeon electrode per-
formance before / after 
5 hours of oxidation and 
after stability test. 
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Figure 3: 

b) Summary of perfor-
mance (overpotential mea-
sured at 10 mA cm-2) for 
the studied electrodes be-
fore, during and after oxi-
dation. 
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required to extract a current 
density of 10 mA cm-2 that 
corresponds to 10 % Solar-to-
Hydrogen	 efficiency	 when	 the	
additional energy is provided 
by a solar cell.

Figure 3 shows that a similar 
positive effect is observed on 
the stainless steel electrodes 
after surface treatment, with 
the overpotential decreas-
ing and stabilizing below the 
0.35 V threshold set by Mc-
Crory et al. [2] after 2–3 hours 
of oxidation. The achievement 
of this performance is surpris-
ing and completely unprec-
edented for the operation of a 
naturally-occurring metal al-
loy. One can also notice that 
despite an increase in the re-
action overpotential after op-
erating the electrodes 2 hours 
at 10 mA cm-2, potentially due 
to metal dissolved redeposit-
ing on the electrode, it remains 
below the threshold. 

Cyclic voltammograms re-
corded during the oxidation 
process evidenced one oxida-
tion and one reduction peak in 
the 1.2–1.4 V vs. RHE range, 
which has been attributed 
to Ni(II)/Ni(III) couple (Fig-
ure 4). Therefore, the cata-
lytic improvement of the stud-
ied electrode is attributed to 
the enrichment of the metal 
 electrodes surface in Nickel, 

due to the selective dissolu-
tion of other metallic atoms in 
highly oxidative environment 
[7]. Further investigations of 
the	 surface	 modification	 are	
ongoing using X-ray photo-
electron spectroscopy to de-
termine	the	modification	of	the	
metal composition on surface.

Overall, these initial results 
will undoubtedly help deter-
mine the ideal composition and 
structure of the NiFe  catalyst 
and understand the synergetic 
role of the metal atoms on sur-
face. When reproduced syn-
thetically in the laboratory, the 
development of such catalyst 
will	 benefit	 for	 the	 develop-
ment of inexpensive energy-
to-fuel conversion systems.

Figure 4: 

Cyclic voltammograms of 
an AISI 316L during oxida-
tion.
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