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Future requirements for water splitting technologies need highly efficient water oxidation catalysts that are sufficiently
stable for operation over many years. Recent research has achieved significant progress in improving the electro-catalytic
activities of these catalysts. However, there has not been a strong research focus on their long-term mechanical and
chemical stability, yet this is critical for commercial application. In this paper we discuss some of the chemical and
thermodynamic challenges confronting this goal, as well as some of the strategies that are available to overcome them. The
challenge becomes even greater in the area of photo-active electromaterials; fortunately some of the same strategies may
allow progress in this area also.
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Introduction that can be used in electrolyzers, or as a part of photo-

Efficient water oxidation is of paramount importance for
hydrogen production via water splitting. Typical overpotentials
of 400 mV or more are often required to drive this process at
reasonable rates, which represent an energy loss of 25% or
more. Significant attention in the recent years has been
devoted to the development of novel water oxidation catalysts

electrochemical devices.!") However, the prerequisites for
electrode materials to be used in technological applications
include not only excellent electro-catalytic properties, but also
excellent long-term mechanical and chemical stability.) While
high catalytic activity materials are known in this context, as
are adequately stable materials, achieving both properties in

Dr. Alex Izgorodin completed his Master of Science degree in electronics and microelectronics at the Ivanovo State University
of Chemistry and Technology in 2006. In 2010, Alex completed his Ph.D. in physical chemistry at Monash University entitled
‘Towards Hydrogen Production via Water Splitting’ under the supervision of Professor Douglas R. MacFarlane and is
currently contributing his expertise to the area of semiconductors and water splitting.

Dr. Orawan Winther-Jensen is an Australian Postdoctoral Fellow (ARC) at Monash University. Her main research field
covers materials and structures for water-splitting devices where breathable gas-diffusion electrodes and conjugated polymer
electro-catalysts are the core areas of interest.

Professor Doug MacFarlane is an Australian Research Council Federation Fellow at Monash University and leads the
Monash lonic Liquids Group. He is also the program leader of the Energy Program in ACES. He was a Ph.D. graduate of
Purdue University in 1982 and after post-doctoral work at Victoria University, Wellington, took up a faculty position at
Monash. Professor MacFarlane was elected to the Australian Academy of Sciences in 2007 and to the Australian Academy of
Technological Sciences and Engineering in 2009. His research interests include the chemistry and properties of ionic liquids
and solids and their application in a wide range of technologies from electrochemical (batteries, fuel cells, solar cells, and
corrosion prevention), to biotechnology (drug ionic liquids and protein stabilization) and biofuel processing. He is an Adjunct
Professor of the University of Alabama, an International Fellow of the Queens University lonic Liquid Laboratory, Belfast, and
a Visiting Professor of the Chinese Academy of Science.

Journal compilation © CSIRO 2012 www.publish.csiro.au/journals/ajc



On the Stability of Water Oxidation Catalysts

a single, inexpensive material comprised of earth abundant
elements is very challenging. If one then adds this list of target
properties to those that stem from the goal of photo-enhanced
water oxidation catalysts, i.e. stability under photo-excitation
and an absorption spectrum ideally matched to the solar spec-
trum, the challenge becomes very great indeed. In this paper we
highlight some of the recent progress towards long-term stable
materials and discuss some of the challenges involved, as well as
some of the strategies available for overcoming them.

Stability of Water Oxidation Catalysts

One of the highest catalytic activities towards water oxidation is
observed in RuO,.!"® However, the catalyst is unstable during
operation at high overpotentials and rapidly decomposes in
basic electrolytes.!) Stability was improved using the concept of
dimensionally stable anodes (DSA) that consist of active
component metal oxides RuO, and/or IrO, formed by thermal
decomposition onto an inert support (e.g. T)™ or stabilized by
inert metal oxides (TiO,, SnO,, Ta,0s, ZrOz).[5 1 This mixture
produces a poorer and more expensive electro-catalyst
compared with RuO,, but makes it technologically practical.
However, the cost of these rare metals makes these anode
materials practical only in specialized applications. In the
future, the ultimate global availability of these materials would
also be an issue.

Nickel operated in hot alkaline electrolytes forms an oxide
coating that is moderately active as a water oxidation catalyst
and is quite stable, for reasons discussed further below. Despite
the relatively high overpotentials required to drive water oxida-
tion on this material, it remains the main technology used in
commercial electrolyzers, due to its low cost and stability under
alkaline conditions where high currents are possible.['®
However, it could not, without significant improvement in
activity, i.e. the overpotentials required, satisfy the energy
efficiency targets required by future water splitting applications.

The most efficient, currently-known electro-catalysts that
are based on earth abundant elements are those from the
families of manganese!® and cobalt oxides.!”! High rates of
water oxidation were also observed from hydroxides of
transition metals cations and their binary mixtures (i.e. Fe(i),
Co(i), Mn(mr), Ru(wv), etc).®] However, long-term stability
remains an issue with these materials. In recent work, Kanan
and Nocera describe an in situ catalyst generation process
that tackles the instability issue in the Co oxide family by
providing a regeneration capability. However, catalytic perfor-
mance is significantly lower than the catalysts described above,
especially in alkaline electrolytes.”>")

Nature, of course, has evolved an efficient and highly
effective catalytic centre based on a manganese cluster in
Photosystem 11 (PSu) that is capable of water oxidation with
high turnover numbers. Nonetheless, it is clear that nature has
also evolved mechanisms of regenerating this centre on a fairly
regular basis (days to weeks). The whole mechanism of the
degradation process is complex, involving the surrounding pro-
tein but it is fair to say that any attempt to mimic PSu in
a practical technology either needs to include a regeneration
mechanism or to substantially understand and improve the
instability issue that is apparent in PSi.l'” Recent experience
with bio-inspired molecular catalysts based on Mn clusters
has shown that these too are relatively unstable in operation
over a period of hours to days, and ultimately transform to
nano-particulate manganese oxide phases.''! These phase
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transformations at higher oxidizing potentials are thermody-
namically expected and will be discussed further below.

The longer term goal of research in this field is to achieve
water splitting via solar energy input alone, either via a single
material (or structure) supporting both reactions, or via
separated electrodes carrying out the individual reactions in a
photo-electrochemical cell. One or both of the electrodes can be
photo-sensitive in this device, and as a stepping stone to the
ultimate performance, some external electrical energy (driving
voltage) is often applied. In order to obtain high catalytic
efficiency in photo-electrochemical devices, the energy struc-
ture of the materials has to ultimately be fine-tuned to accom-
modate both absorption of a large part of the visible spectrum
and the ability to split water directly without the need for an
external applied potential. Metal sulfides have been studied
extensively in this respect.!' Their small band-gap energies
allow absorption of the visible part of the solar spectrum, leading
to high overall energy efficiencies.!"*! In particular, CdS is one
of the well known visible light driven photo-catalysts for water
splitting.!'*! Prolonged irradiation of these sulfide materials,
however, leads to oxidative photo-corrosion as described by
Eqn 1. In this case the metal sulfide, rather than water, is
oxidized by the photo-generated holes.!'*! Similar effects can
be observed even in metal oxides upon band gap excitation, as is

shown for ZnO, in Eqn 2.'¥
Cds +2h* — Cd*" + S (1)
Zn0; +2h* — Zn*" 4+ 1/20, (2)

The stability of metal sulfides can be increased by combining
them with Pt and RuO, co-catalysts that assist in transfer of
photo-generated electrons and holes away from the photo-active
material and also provide catalytic sites.['> Despite these efforts
the catalysts have short lifetimes and photo-corrosion remains a
critical issue.['*

Other strategies to separate the reactive hole and electron
from the photo-active materials have included layered structures
based on Si,I'® AlGaAs/Si''7' InP,M®! and (Ga;_Zny)
(N l_yOy).[lg] The best photo electrochemical cells based on
these structures have produced solar water splitting efficiencies
of'up to 18 %, based on the solar energy to hydrogen conversion.
However, similar to metal sulfides, these materials decompose
under prolonged operation (>1 day). An attempt to overcome
photo-corrosion in these systems was proposed by Khaselev and
Turner in a monolithic GalnP,/GaAs photo-electrochemical
cell. The use of a p-type material at the electrode-electrolyte
interface allowed the surface to be cathodically protected under
light illumination and hence reduce the rate of photo corro-
sion.'”! The reported system was able to produce solar to
hydrogen conversion efficiencies as high as 16 %, but these
cells deteriorated over 1 day of operation.!*"!

The poor applicability of the systems described above to
practical applications due to their low overall stability is further
exacerbated by the use of rare and expensive materials that are
required if high energy efficiencies are to be achieved. An
approach to mimic photosynthesis with the use of earth abun-
dant elements and neutral electrolytes reported by Nocera et al.
utilizes Siand a cobalt based catalyst that was able to split water
with solar to hydrogen efficiency of 2.5 %." A cell based on
hematite (a-Fe,O5) developed by Gratzel et al. further develops
the concept of the use of inexpensive and earth abundant
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Pourbaix diagrams for Ru and Mn at 0.1 M concentration of the metal ion in solution. Dark shaded regions are soluble

species. Dashed black line corresponds to equilibrium potential of water oxidation to oxygen.

catalytic materials for water splitting.m] However, the long-
term stability (1000 h) of these systems has yet to be demon-
strated. Despite the fact that these photoactive oxide materials
are able to operate under visible light irradiation and are more
stable compared with metal sulfides and I1I-V semiconductor
materials, the majority of them require an external potential
to be applied due to their less than ideal optoelectronic
properties.!*!

Strategies to overcome poor stability by developing systems
that can be easily restored in situ, such as Ag/Ag;P0,,1*¥ are
under investigation. Performance of these systems, however,
requires further improvement to be sufficient for commercial
applications.[*!

Thus, despite recent success in development of stable
catalytic materials for water oxidation, stable systems with high
solar to hydrogen conversion efficiencies beyond a day of
operation have proven elusive, and overcoming these stability
issues is considered one of the crucial hurdles in this
field [10:22:26]

Thermodynamic Challenges and Limits

The fundamental stability of catalysts during oxygen evolution
can be estimated from thermodynamic considerations using
the Pourbaix diagram as a convenient method of summarizing
the available information. These represent equilibrium phase
diagrams as a function of potential and pH, indicating the fields
of stability of the various known phases. They are readily
available for certain conditions of temperature and aqueous
solute composition, and can be easily re-calculated for other,
more relevant conditions using available software packages
(the Geochemist’s Workbench software package was used in
this work).

A series of example Pourbaix diagrams relevant to important
water oxidation catalytic materials in the Mn and Ru families
have been calculated in our work and are shown in Fig. 1. The
diagrams allow direct comparison of the equilibrium phase
present in aqueous electrolytes at a given potential, with the
potential required for water oxidation (dashed black line in
Fig. 1). In principle, any species, such as MnO, that sits well
above the water oxidation line should cause water oxidation
to take place. However, as is well known, such reactions
are frequently sluggish and metastability in that respect is
commonplace.

Ruthenium oxide is one of the best known catalysts for water
oxidation. It can be seen from Fig. 1, however, that in alkaline

electrolytes the potential required for oxygen evolution is
sufficient to form the soluble RuO3 ™~ ion, leading to catalyst
dissolution. In neutral and acidic electrolytes, moderate over-
potentials (below 200 mV) are sufficient to form other soluble
RuOy species including (not shown on the Pourbaix diagram)
volatile RuO,.?" The Pourbaix diagram of manganese shows
that the potential required for water oxidation in highly alkaline
electrolytes (pH 14) is close to that corresponding to the
formation of the soluble MnOj3 ™ ion as the equilibrium species,
while only small overpotentials (below 300 mV) are required for
oxidation to MnOy in neutral and slightly basic electrolytes.

In the recent research on the Co based catalyst, cyclic
voltammetric and electron paramagnetic resonance (EPR) spec-
troscopic studies were used to determine the nature of the cobalt
species present at various pH and electrochemical potentials.**!
The empirically produced data show a high degree of correlation
with data derived from thermodynamic free energies as repre-
sented by the Pourbaix diagram for Co. Similarly to Ru and Mn
this recent research confirms formation of a higher oxidation
state of Co (from 3+ to 4+) during catalytic water oxidation
(though at higher overpotentials).*”!

As discussed further below, cycling between oxidation states
in these materials is a key aspect of their catalytic activity and
therefore multiple oxidation states of the metal centre may be
seen as an important criterion for high catalytic activity.
However, the formation of a transient soluble species during
the oxidation/reduction cycle is likely to create a long-term
stability problem with respect to loss of material from the
electrode. For example, in the manganese oxide system, the
transient formation of a high oxidation state, potentially soluble
species such as Mn(vi), to even a small fractional extent during
each catalytic cycle becomes problematical for several reasons:

(i) If the subsequent reduction to lower valent states takes
place after dissociation from the solid electrode layer,
re-precipitation may not take place on the electrode, leading
to formation of inactive precipitates elsewhere in the cell.

(i) Reprecipitation onto the surface of the electrode is likely to
take place in a less crystallographically ordered way,
causing loss of activity and potentially greater probability
of dissociation and material loss on a subsequent cycle

On the other hand the Pourbaix diagram for Ni (a recent
publication has presented detailed Pourbaix diagrams for Ni as a
function of temperature!*”!) indicates formation of oxides and
hydroxides of nickel in oxidation states between 2 and 4, at
potentials required for water oxidation. Importantly, these
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Fig. 2.

higher potential phases are solids and therefore Ni electrodes
show good anodic stability over a wide range of alkaline pH
even at high overpotentials compared with water oxidation
potentials. Hence, even though catalytic properties of Ni anodes
are significantly worse than the materials described above, their
low cost and much better long-term stability are the reasons for
the use of Ni in commercial electrolyzers.!”)

The thermodynamic stability of photo-catalysts is a more
complex situation. During photo-excitation the electron-hole
pairs generated can be considered to represent a large electro-
chemical potential difference in the semiconductor. In some
cases these have sufficient energy to cause decomposition
reactions of the type shown in Eqns 1 and 2.72%! These reactions
are not typically shown on the Pourbaix diagrams, however
given sufficient thermodynamic information, they could be and
would represent an upper limit to the phase stability of some of
the oxide phases. Placement on the diagram of the valence and
conduction band energies, where known, would indicate when,
for example, h™ is sufficiently energetic to cause these decom-
position reactions to take place.

Challenges in Mechanical Stability

It is understood that in most cases during catalysis of the
water oxidation reaction, the active site on the surface of the
material undergoes a constant cycling between oxidation states.
The cycling involves changes in charge and metal ion
coordination.®”) Such drastic changes inevitably affect the
binding of the metal ion to the surrounding lattice and hence
are a potential source of ultimate mechanical degradation of
the catalyst material.

As an example of this effect, a greater stability was obtained
in the layered double hydroxide of CoOx, the structure of which
allows changes in the oxidation state of the cobalt ion while
preserving the metal coordination geometry and structural integ-
rity.”?”] The charge increases from Co" — Co™ — Co'Y during
oxidation and decreases following subsequent oxygen evolution.
This process is in turn balanced through the formation of the
bridging ligands, or movement of counter ions in and out of the
interlayer.”””) The layered double hydroxide structure allows this
local change in oxidation state of the metal without substantial
strain in the surrounding lattice. Clearly such ‘flexible’ structures
are required in long-term stable catalytic materials.

It is known that the method of preparation (e.g. processing
temperature) also significantly affects stability of many water
oxidation catalysts. Materials with higher crystallinity that are
synthesized at high temperature generally show higher stability
compared with more amorphous films formed at low tempera-
ture. This is presumably a result of a less defected structure
which is more able to absorb the lattice strain that occurs during
the catalytic cycle.!

The microstructure of the catalyst layer also has an impact on
the stability with respect to the oxygen gas pressure that can be

Scanning electron microscope image of a MnOx electrocatalyst (a) before and (b) after a surface phosphorylation treatment.

generated due to the nucleation of small gas bubbles inside the
pores, especially at high oxygen production rates. This can also
lead to material deterioration during long-term operation.*!]

Strategies for Improved Stability

Nocera and co-workers!’**? have introduced an important
concept that may assist in designing long-term stability into
water electrolysis systems. The approach involves a self-healing
mechanism via inclusion in the electrolyte of catalyst compo-
nents, in this case Co(11) and phosphate, that have the capacity
to form, or reform, the catalytic layer via oxidation and pre-
cipitation. This type of self-healing mechanism has tremendous
potential across many types of catalytic systems and may be
implemented by having a permanent ‘dose’ of the component
materials present, or by an occasional dosing of a small amount
of material to regenerate the electrode. Operation for more than
100 h has been demonstrated.

Surface modification is an alternate strategy for the stabili-
zation of water oxidation catalysts that has recently been
developed in our laboratory. In this approach a surface treatment
is applied to a catalyst layer on the electrode, which is designed
to modify the surface to create a secondary lattice network. This
secondary network potentially stabilizes the surface via two
mechanisms: (i) by modifying the thermodynamics of the
phases involved, dissolution of high metal oxidation states
is avoided, and/or (ii) by providing a means of absorbing the
lattice strain during catalytic cycling. For example, we have
recently®® described a surface modification treatment for
manganese dioxide electrodes which involves anodizing the
catalytic electrode in a phosphate ionic liquid. The process
incorporates some phosphate anions into the surface layer of
the catalyst (Fig. 2). This was shown to provide a substantial
increase in stability of the electrode under both dark water
oxidation and photo-assisted water oxidation. Operation for 80 h
under intense visible light illumination was demonstrated.

Conclusions and Future Prospects

Practical water splitting as a technology, whether purely as an
electrolysis process or photo-driven, is currently constrained by
the combined impact of one or more of the challenges of
energetic efficiency, expensive materials, and limited material
stability. The best electro-catalysts are often either precious
metal based, or are of limited stability, or both. Some of the
stability challenges are thermodynamic at origin and strategies
to modify the thermodynamics in a favourable way, such as
surface modification processes to create mixed phases, offer a
way forward. The development of repair mechanisms also offers
a useful approach to dealing with the breakdown process, either
as a periodic additive to the electrolyte solution or as a standing
component of the electrolyte. In our view it is vital that stability
issues be addressed whenever new catalyst systems are designed
and tested and we entreat researchers to pursue longer-term tests
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in their research programs as a matter of course, not only as
qualification of the material for practical applications but also to
provide a database of stability issues and solutions. In light of the
growing demand for efficient and stable water oxidation cata-
lysts, the wider collaborations that are developing between
scientists will strongly accelerate research progress towards
design of novel catalyst materials that will meet the require-
ments of the practical applications.
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