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Chapter 4

Potential and Buffer Dependent Catalyst
Decomposition in Nickel-Based Water
Oxidation

Controlled potential electrolysis and electrochemical quartz microbalance
techniques show that under electrocatalytic water oxidation conditions
[NiII(meso-L)](ClO4)2 decomposes to form a catalytically active NiOx layer in
a pH 7.0 phosphate buffer. This layer desorbs from the electrode at less
anodic potentials, preventing ex situ detection. Catalyst decomposition is
highly buffer dependent, as no NiOx layer forms in a pH 6.5 phosphate buffer
or in a pH 7.0 acetate buffer. Without catalyst decomposition, water
oxidation is solely performed by a molecular species.

Joeri Hessels, Fengshou Yu, Remko J. Detz and Joost N. H. Reek, manuscript
submitted.
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4.0 Abstract
The production of hydrogen by water electrolysis likely benefits from the
development of novel water oxidation catalysts. This development process
can be aided by the postulation of design rules for catalytic systems. The
analysis of the reactivity of molecular complexes can be complicated by
their decomposition into nanoparticles under catalytic conditions. Such a
misinterpretation can lead to incorrect design rules. In this paper we show
that a nickel-based water oxidation catalyst [NiII(meso-L)](ClO4)2,
previously reported to operate as a molecular catalyst, decomposes to form
a NiOx layer in a pH 7.0 phosphate buffer under prolonged catalytic
conditions as indicated by controlled potential electrolysis and
electrochemical quartz crystal microbalance measurements. Interestingly,
the formed NiOx layer desorbs from the surface of the electrode under less
anodic potentials. Therefore, no nickel species can be detected on the
electrode after electrolysis. This study demonstrates the importance of in
situ characterization methods for catalyst decomposition and metal oxide
layer formation. Catalyst decomposition is strongly pH and buffer
dependent as there is no indication of NiOx layer formation at a pH of 6.5 in
phosphate buffer nor in a pH 7.0 acetate buffer.
4.1 Introduction
To combat climate change, the harvest of renewable energy is important to
avoid greenhouse gas emissions through the use of fossil resources. Solar
and wind power supply are steadily increasing, but due to their
intermittency energy storage solutions are required. In this context the
storage of renewable energy into chemical fuels, such as hydrogen, is
important.1-5 Hydrogen can be generated by water electrolysis using
sustainable energy, and this reaction is therefore a topic of much recent
interest.6-18 Water electrolysis consists of two half reactions, proton
reduction and water oxidation. Water oxidation requires two water
molecules and the transfer of four electrons and four protons to produce
oxygen, resulting in complicated reaction mechanisms.19-24 Therefore, in
water splitting catalysis, the water oxidation reaction is generally the
limiting factor in terms of rate and energy losses. The development of novel
water oxidation catalysts (WOCs) typically aims on the improvement of
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these two properties of the catalyst, i.e. increase the activity and reduce the
overpotential required for water oxidation catalysis. Molecular catalysts are
generally more active per metal center and are easier to study at a higher
level of detail than their heterogeneous counterparts. In addition, their
ligand frameworks are relatively easy to modify, and with that the key
properties of the catalyst can be more easily optimized. Interestingly,
catalytic rates can be increased by orders of magnitude by modification of
the ligand.25-30 Knowledge about the mechanism by which a catalyst
operates can lead to design rules, which facilitates catalyst development.
Molecular ruthenium- and iridium-based WOCs are currently state of the art
in terms of activity and overpotential,31-36 but recent research showed that
also catalysts based on first row transition metals, like iron and nickel, have
potential to be developed into proper catalysts for this reaction (See
Chapter 1.3 for more information).37-42 A downside of catalysts based on
these more available and affordable metals, is that so far they generally have
a lower activity. Their molecular complexes are generally also more
susceptible to ligand degradation because the ligands bind less strongly to
these metals and as a result nanoparticles are often formed (See Chapter
1.3.3 for more information).43-44 Preventing ligand degradation is one of the
challenges in the development of molecular catalysts to avoid the formation
of metal nanoparticles.45-48 These nanoparticles can also be active in water
oxidation, complicating the analysis of the properties of molecular catalysts
(Figure 4.1).49-51 More importantly, nanoparticle formation can lead to
incorrect postulates for catalyst design as activity attributed to a complex
could originate from metal nanoparticles. Detection of in situ generated
nanoparticles can be challenging. Hence, publications on molecular WOCs
generally include multiple experiments to prove that the catalyst activity
stems from a molecular species.44,52-54 In the context of our ongoing research
to explore novel first-row metal-based WOCs,55 we were interested in
developing novel nickel-based catalysts. We aimed at applying previously
developed design rules to optimize the catalyst,56 but found that active NiOx
layers are formed under certain conditions. In this paper we report the
details of this study.
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Figure 4.1. Water oxidation by NiMeso was previously proposed to be catalyzed by a
molecular species which undergoes a conformational change. In this paper we show that the
catalyst in a phosphate buffer at pH 7.0 decomposes in situ during prolonged electrolysis
towards a NiOx layer, which is the main contributor to catalytic activity under these
conditions. At open circuit voltage, the generated NiOx layer desorbs, which prevents ex situ
detection.

The group of Lu presented the first electrochemically active
molecular nickel-based water oxidation catalyst [NiII(meso-L)](ClO4)2
(NiMeso) based on the cyclam-like meso ligand in 2014 (Figure 4.1).56 Since
then, multiple ligand systems are published that allow for electrochemical
water oxidation with molecular nickel complexes.38 Examples include other
cyclam-based ligands,57-59 porphyrin-based systems,61 pyridine-based
ligands,62-66 and oxamidate-type ligands.67,68 As nickel oxide is also active in
water oxidation, one should be careful when studying these catalysts to
ensure that the activity stems from a molecular species.10,69 There have
indeed been several publications about nanoparticle formation during
catalysis experiments with nickel-based molecular catalysts.68,70,71 The
group of Najafpour showed the deposition of nickel oxide from a salen
precursor under basic conditions.70 After a thorough investigation, the
formation of nickel oxide particles from a phthalocyanine complex was also
observed.71 Garrido-Barros et al. investigated oxamidate-type complexes
and revealed that both the molecular complex and the NiOx layer, deposited
after decomposition of the complex, were active in water oxidation.68
The NiMeso catalyst is known to function at a low overpotential
under neutral conditions. The group of Lu describes that they observe an
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unusual pattern under prolonged water oxidation conditions: the current
density steadily increases until a plateau is observed.56 Current increase
during controlled potential electrolysis (CPE) is often contributed to
nanoparticle formation on the surface of the electrode,72-74 however, no
nickel deposition could be detected on the electrode using various
techniques nor is the rinsed electrode active in catalysis. These two
observations indicate that the activity derives from a stable molecular
catalyst. Interestingly, a current increase is not observed when the solution
is stirred. The group of Lu explains the unusual pattern in CPE by a
conformational change of the ligand, going from a structure with two transvacant sites to a structure with two cis-vacant sites. The latter species is
postulated to be the active catalyst and, as its concentration builds up
during the CPE experiment, is logically assumed to be responsible for the
observed current increase. As a design rule for future nickel-based WOCs
they suggest to use ligand frameworks that enforce two cis-vacant sites. In
follow-up papers, they report two new nickel complexes based on ligands
that enforce this coordination, however, these complexes operate at a
higher overpotential and a lower activity than the original catalyst.64,65
Interested in the principles of design rules for molecular catalysts, we
investigate the nature of the catalytic nickel-species in more detail using
complementary electrochemical techniques to increase our understanding
of the observed current increase.
4.2 Results & Discussion
CPE experiments at literature conditions (phosphate buffer, pH 7),56 but
using different catalyst concentrations, show a plateau current at similar
current densities of approximately 1.4-1.5 mA cm-2 at 1.55 V vs NHE for 0.5
mM, 1.0 mM, and 5.0 mM NiMeso (Figure 4.2a). For a molecular catalyst in
solution the current density would be expected to increase linearly.
Interestingly, the time to reach the plateau current is influenced by the
concentration of the nickel catalyst, as observed in the first ~100 s of the
measurement, implying concentration dependent saturation behavior. The
concentration independent plateau current clearly conflicts with the
hypothesis that the nickel catalyst has to change conformation during CPE,
as the plateau current should be linearly dependent on concentration in that
scenario. Instead, these experiments do indicate the accumulation of an
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active species over time until a saturation point is reached. To gain more
insight in the nature of the concentration of the nickel species, we
performed electrochemical quartz crystal microbalance (EQCM)
measurements. These experiments allow us to follow the mass of the
electrode during electrochemical measurements.75-77 EQCM during 600 s of
CPE at catalytic conditions, demonstrates that the mass of the electrode
steadily increases over time (Figure 4.2b). These observations indicate the
absorption of a species on the electrode surface upon applying an anodic
potential. This increase in mass is considerably higher than a blank
experiment. The observed rate of mass accumulation during catalytic
experiments depends on the catalyst concentration (Figure 4.2b). Whereas
the current density doesn’t increase much after 300 seconds, the mass of
the electrode continues to rise until the potential is set to 0.20 V vs NHE
after 600 seconds, to reach a final buildup of ~0.8 and ~1.5 μg cm -2 for
respectively 0.5 and 1.0 mM nickel complex (Figure 4.2b). These
observations, combined with the concentration dependent rate of plateau
formation (Figure 4.2a), are a strong indication that the catalyst
decomposes to form a NiOx species that absorbs to the electrode with
simultaneous current increase. Once the surface is saturated, the current
plateaus, but the nickel species continues to absorb. Our conclusion is
supported by the quantity of mass increase at the electrode, which agrees
well with a few monolayers on a low surface area electrode (Figure 4.2).7880 A reduction in applied potential to 0.20 V vs NHE (after 600 s) results in
a quick desorption of all previously accumulated mass from the electrode
surface. The deposition and the desorption of the nickel material can be
explained qualitatively by the Pourbaix diagram of nickel (Supporting
Information Figure S4.1).81 At neutral pH and without anodic potential, the
stable form of nickel is the soluble Ni2+. Under more oxidative potentials
Ni3O4, Ni2O3 and NiO2 become thermodynamically more stable, and these
forms of nickel are insoluble in aqueous buffer. Therefore, at the water
oxidation conditions employed, the most stable state will be a solid nickel
oxide species. When the potential is lowered, the nickel will be reduced to a
Ni2+ species, which again is soluble in the medium.
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Figure 4.2. Controlled potential electrolysis measurements at 1.55 V vs NHE for 600 s
followed by 300 s at 0.20 V vs NHE (a) and simultaneous electrochemical quartz
microbalance measurements (b) of the buffer solution (black), 0.5 mM NiMeso (green), 1.0
mM NiMeso (blue) and 5.0 mM NiMeso (purple) in a 0.1 M pH 7.0 phosphate buffer using a
gold working electrode.

The NiMeso catalyst is oxidized to a nickel(III) species with two
axial phosphate ligands ([NiIII(meso-L)](HPO4)2) at a potential of 0.87 V vs
NHE.56,82 This complex is known to be stable for hours.58 To check if this
molecular species with axial phosphate groups anchors to the surface, we
performed CPE and EQCM experiments at a 1.20 V vs NHE (Figure 4.3). At
this potential, the nickel(III) species is formed, but barely any catalysis
occurs. Here we observe no increase in electrode mass. This shows that no
molecular species anchors to the surface at this potential. Thus the
deposited material formed at higher potentials oxidation is likely a nickel
oxide material, which has been formed after decomposition of NiMeso
during catalytic water oxidation.

Figure 4.3. Controlled potential electrolysis measurements at 1.20 V vs NHE (non-catalytic
conditions) for 600 s followed by 300 s at 0.2 V vs NHE (left) and simultaneous
electrochemical quartz microbalance measurements (right) of 1 mM NiMeso (blue) in a 0.1
M pH 7.0 phosphate buffer using a gold working electrode.
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Similar deposition and desorption behavior is reported by Cho &
Chang in 2017 for a nickel salt in phosphate buffer.83 They showed the
formation of a thin ‘Ni-Pi’ layer which consist of nickel oxide with
incorporated phosphate anions. This layer was formed from a 1.0 mM
solution of Ni(NO3)2 during cyclic voltammetry at high anodic potentials and
desorbed from the surface when the potential was lowered below 0.90 V vs
Ag/AgCl. When we perform CPE/EQCM experiments of nickel salts at 1.55
V vs NHE, we indeed observe the supposed ‘Ni-Pi’ layer formation up to 7.5
μg cm-2 after 600 s and a current density up to 2.4 mA cm-2 (Figure 4.4). In
line with the results of Cho & Chang, this layer detaches upon lowering the
potential.83 This shows that the deposition formed from NiMeso has similar
properties to a ‘Ni-Pi’ layer formed from bare nickel salts, giving a strong
indication that the formed layer consists of the same material. Cho & Chang
showed that the ‘Ni-Pi’ layer also forms under more basic conditions, at
which it is stable upon lowering the potential, in accord with the Pourbaix
diagram (Supporting Information Figure S4.1).83 They characterized the
nickel oxide species generated at pH 11 ex situ, showing an amorphous
deposition with the incorporation of phosphate anions. The nickel deposit
generated from the NiMeso complex likely consists of a similar amorphous
nickel oxide material incorporating phosphate as the conditions of the
experiments are similar.

Figure 4.4. Controlled potential electrolysis measurements at 1.55 V vs NHE for 600 s
followed by 300 s at 0.20 V vs NHE (a) and simultaneous electrochemical quartz
microbalance measurements (b) of the buffer solution (black) and 1.0 mM Ni(NO3)2 (grey) in
a 0.1 M pH 7.0 phosphate buffer using a gold working electrode.

To establish that the deposited material from the NiMeso complex is
catalytically active, we performed several CPE experiments under various
stirring conditions. An increase in current density to about 0.6 mA cm-2 is

98

Potential and Buffer Dependent Catalyst Decomposition in Nickel-Based Water Oxidation

observed at 1.55 V vs NHE under non-stirring conditions using a fluorine
doped tin oxide (FTO) electrode (Figure 4.5). In accordance with
literature,56 a lower current density of about 0.3 mA cm-2, that is constant in
time, is observed under stirring conditions. This lower observed current
density, coupled with the absence of an increase in current, suggests that
under stirring conditions the NiOx layer does not form. We also performed
an experiment without stirring, thus allowing for layer buildup, and started
stirring after the current density stabilizes (Figure 4.5). Directly at the onset
of stirring, the current density increases from 0.6 to 1.1 mA cm -2. This
increase in current density upon stirring is a result of better mixing and is a
strong indication that the deposited material is catalytically active.
Importantly, the NiOx layer is stable upon stirring but does not form under
stirring conditions. This can be explained by the fact that prior to NiOx layer
formation, the molecular Ni-complex has to decompose. Such a
decomposition mechanism is apparently perturbed under stirring
conditions, likely because the nickel complex resides for a relatively short
time in the electrochemical double layer. Therefore, we conclude that the
nickel complex slowly decomposes during non-stirred CPE experiments and
deposition of the formed nickel oxide layer on the electrode surface
produces an active catalyst layer. To verify if the slow decomposition
behavior of the nickel complex is induced by the ligand, we conduct a similar
CPE experiment with a ligand-free Ni(NO3)2 solution. Without stirring, the
current density stabilizes after a few seconds to approximately 1.0 mA cm 2, while the current density with stirring increases to around 2.0 mA cm -2 in
a few minutes (Supporting Information Figure S4.2). This suggests that if
the nickel-precursor is not supported by a ligand, which first has to be
degraded by oxidation, the nickel salt is able to immediately form an active
NiOx layer.
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Figure 4.5. Controlled potential electrolysis measurements at 1.55 V vs NHE for 2500 s
followed by 300 s at 0.20 V vs NHE of 1.0 mM NiMeso while stirring (800 rpm, green), while
not stirring (blue) and while stirring after 2000s (800 rpm, purple) in a 0.1 M pH 7.0
phosphate buffer using a FTO working electrode.

Catalyst decomposition and water oxidation are known to be pH and
buffer dependent. To study the sensitivity of the catalyst system to the
reaction conditions, we also performed EQCM experiments in a pH 6.5
phosphate buffer and in a pH 7.0 acetate buffer. To our surprise, the CPE
experiments in phosphate buffer at pH 6.5 show no current increase over
time and EQCM measurements reveal almost no change in electrode mass,
thereby suggesting that no NiOx layer is formed under these conditions
(Figure 4.6). Under these conditions the water oxidation activity originates
from the molecular catalyst. Thus, the stability of nickel-based complexes
appears to be sensitive to pH. Notable is that the current density is
significantly lower when no NiOx layer formation occurs. Likewise, no
deposition is observed when performing the experiment in a pH 7.0 acetate
buffer instead of phosphate (Supporting Information Figure S4.3).
CPE/EQCM experiments with a solution of a nickel salt in a pH 7.0 acetate
buffer do reveal increased current and electrode mass (Supporting
Information Figure S4.4). This indicates that without a surrounding ligand,
which protects the nickel metal, deposition of a NiOx layer can occur under
these conditions. Buffer-dependent nanoparticle formation has been
observed for other metals like cerium.84 We conclude that the stability of the
molecular nickel complex is highly sensitive to pH and the type of buffer
used.
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Figure 4.6. Controlled potential electrolysis measurements at 1.60 V vs NHE for 600 s
followed by 300 s at 0.20 V vs NHE (a) and simultaneous electrochemical quartz
microbalance measurements (b) of the buffer solution (black) and 1.0 mM NiMeso (blue) in
a 0.1 M pH 6.5 phosphate buffer using a gold working electrode.

4.3 Conclusion
We demonstrate on the basis of CPE and EQCM experiments that a
nickel complex with a cyclam-based ligand slowly decomposes under
electrochemical water oxidation catalysis conditions in a pH 7.0 phosphate
buffer, likely forming a NiOx layer incorporating phosphate ions (Figure
4.7). During CPE of the unstirred solution of the molecular nickel complex,
an increase in current density is observed until a concentration
independent plateau is reached, indicating accumulation of an active
species until a saturation point. With EQCM an increase in electrode mass is
observed simultaneous with the increase in current density. This increased
mass at the electrode desorbs at less anodic potentials. Similar behavior is
observed for nickel salts, which are known to form a ‘Ni-Pi’ layer during
electrochemistry. In an experiment with the NiMeso WOC under identical
CPE conditions, but now with a stirred solution, the current density does
not increase over time. An experiment that starts with a non-stirred
solution, reaching a current density plateau, however shows a strong
increase in current when it is stirred. This suggests that the nickel complex
slowly decomposes to form a NiOx layer, which is mostly responsible for the
catalytic current. The formed NiOx layer is stable under catalytic conditions,
but desorbs from the electrode at less anodic potentials, which can be
understood from the Pourbaix diagram of nickel. As the species desorbs at
open circuit voltage, there is no evidence of the layer formation after
catalysis. Recently, the detection with EQCM of a transient cobalt deposit
active in proton reduction was also reported, showing the broader
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applicability of the technique.85 The relative stability of the complex and the
instability of the deposit at low potential makes detection of this behavior
during cyclic voltammetry experiments nearly impossible. Therefore, it is
not viable to attribute the absence of a current increase in consecutive cyclic
voltammograms to the absence of metal oxides deposition (or nanoparticle
formation). These results demonstrate the importance of in situ techniques
for establishing the molecularity of homogeneous WOCs.
Interestingly, the decomposition of the nickel catalyst and layer
formation are pH and buffer dependent, as no layer formation is observed
in a pH 6.5 phosphate buffer or in a pH 7.0 acetate buffer. At these conditions
the molecular complex is likely active, indicating the importance of
confirming molecularity even in similar buffer systems. Most importantly,
this work shows that the previously reported high activity at low
overpotential ascribed to the molecular complex stems from decomposed
deposited material and as such the design rules, reported to achieve highly
active catalysts based on NiMeso, may not apply. Indeed the necessity for
two cis-vacant sites, which was applied as design element for two nickel
complexes, did not result in higher activity.65,65

Figure 4.7. Schematic representation of the NiMeso catalyst decomposing to NiOx at
catalytic conditions in a pH 7.0 phosphate buffer. The formed NiO x layer desorbs from the
surface at neutral potential.
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4.5 Supporting Information
Materials and methods
All reagents were purchased from commercial suppliers and used without further
purification. The [NiII(meso-L)](ClO4)2 complex was prepared in a three step
procedure according to literature and spectroscopic analysis was in line with the
reported values.1,2 Fluorine doped tin oxide (FTO) electrodes were cleaned
according to literature procedure.3 Milli-Q Ultrapure grade water (> 18.2 MΩ cm
resistivity) was used for all experiments and for the preparation of aqueous buffer
solutions.
Electrochemical methods
Controlled potential electrolysis (CPE) measurements and electrochemical quartz
crystal microbalance (EQCM) measurements were recorded on an Autolab PGSTAT302N potentiostat with a three electrode system. For CPE measurements
without EQCM, a FTO working electrode was used, a platinum coil counter
electrode and a leak free Ag/AgCl reference electrode was used. For EQCM
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measurements during CPE, a gold coated quartz working electrode, a gold coil
counter electrode and a leak free Ag/AgCl reference electrode was used.
Additional data and Figures
Pourbaix diagram of nickel

Supporting Information Figure S4.1. Pourbaix diagram of nickel in water.4

CPE of nickel nitrate in a pH 7.0 phosphate buffer

Supporting Information Figure S4.2. Controlled potential electrolysis measurements at
1.55 V vs NHE for 2500 s followed by 300 s at 0.2 V vs NHE of 1 mM Ni(NO 3)2 while stirring
(800 rpm, green) and while not stirring (blue) in a 0.1 M pH 7.0 phosphate buffer using a FTO
working electrode.
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CPE and EQCM of NiMeso in a pH 7.0 acetate buffer

Supporting Information Figure S4.3. Controlled potential electrolysis measurements at
1.55 V vs NHE for 600 s followed by 300 s at 0.2 V vs NHE NHE (left) and simultaneous
electrochemical quartz microbalance measurements (right) of the buffer solution (black)
and 1 mM NiMeso (blue) in a 0.1 M pH 7.0 acetate buffer using a gold working electrode.

CPE and EQCM of nickel acetate in a pH 7.0 acetate buffer

Supporting Information Figure S4.4. Controlled potential electrolysis measurements at
1.55 V vs NHE for 600 s followed by 300 s at 0.2 V vs NHE (left) and simultaneous
electrochemical quartz microbalance measurements (right) of the buffer solution (black)
and 1 mM Ni(OAc)2 (gray) in a 0.1 M pH 7.0 acetate buffer using a gold working electrode.
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