To Mum and Dad

with love.



UNIVERSITY OF SOUTHAMPTON

Mesoporous Nickel- an Odyssey Through Synthesis,
Characterisation and Application to Electrochemical
Power Devices

by

Phillip A. Nelson

Doctor of Philosophy

Faculty of Science

Department of Chemistry

May 2003



UNIVERSITY OF SOUTHAMPTON

ABSTRACT
FACULTY OF SCIENCE

CHEMISTRY

Doctor of Philosophy

MESOPOROUS NICKEL- AN ODYSSEY THROUGH SYNTHESIS,
CHARACTERISATION AND APPLICATION TO ELECTROCHEMICAL
POWER DEVICES

by Phillip Andrew Nelson BSc. (Hons)

This thesis describes the synthesis, characterisation and application of mesoporous
nickel to electrochemical technologies. Mesoporous nickel was synthesised by
electroreduction of nickel salts within the aqueous domains of self-assembled liquid
crystalline templates. These materials were characterised structurally and
electrochemically.

Materials with both hexagonal and bicontinuous cubic pore geometry with pore sizes
of the former between 3.5 and 7 nm were fabricated with appropriate selection of the
surfactant template and deposition conditions. Pores were shown to be of uniform
diameter and possessing long range continuity. Electrochemical characterisation
revealed a very high capacity for charge storage in alkaline solution (up to 824 mC
cm? for a 0.65 pum thick electrode), coupled with extremely rapid rates of charge
transfer.

These properties were used to create a supercapacitor device utilising aqueous
chemistry and consisting of all-mesoporous electrodes with exceptionally high power
and energy densities. Cyclic voltammetry and potential step experiments
demonstrated delivery of 222 mC em™ or 166 mA.h g™ (of nickel electrode) in 50 ms
at a mean discharge voltage of 1.18 V using an aqueous electrolyte. This translates
into energy and power densities of 706 kJ kg'] and 14.1 MW kg™ respectively for the
Ni/Ni(OH), electrode. Cycling behaviour of this device was also unique in that charge

storage capacity was observed to increase by 10 % over 15000 cycles.



The principal of the mesoporous supercapacitor was extended to non-aqueous lithium
storage chemistries with the demonstration of mesoporous nickel as a lithium ion
storage electrode.

Finally, the deposition process was examined in detail. This investigation examined
the fundamental properties of ionic conductivity and diffusion in liquid crystalline
template phases and from this established methods by which high quality mesoporous
electrode films may be deposited using the inexpensive Brij® surfactants. In
particular, the effects on mesostructure quality of thermally annealing the template
were discussed. Issues concerning the fabrication of thicker and larger area

mesoporous films were also discussed.
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1.1 The Need for Porous Materials

In many electrochemical systems, particularly those of industrial importance, it is
desirable for reaction processes to occur as rapidly as possible. High reaction rates in
reactions such as the electrochemical oxidation of species O to R in Equation 1, are
manifest by high currents since the degree of reactant conversion is proportional to

the current (Equation 2).

O R+e (1
a <! @

High reaction rates may be achieved in a number of ways. One of the easiest ways of
increasing current in a cell is to increase the overpotential at the electrode which
causes an exponential increase in the current (where the reaction is not mass transport

limited) as dictated by the general form of the Tafel equation (3):
n=a+blogl 3)

where n is the overpotential and 7 is current. This method is generally acceptable in
electrolytic cells however in energy producing galvanic cells an increase in the cell
overpotential is manifest as a decrease in the cell output voltage. To avoid this
problem, in certain systems such as fuel cells the equilibrium potential of a reaction
may be shifted such that the same cell potential produces a higher current. This is
achieved by selecting an electrode material of higher catalytic activity. This approach
constitutes the first of the two methodologies used in optimisation of electrode
performance, that is, optimisation of electrode composition. Very much an empirical
art, optimisation of electrode performance by tuning electrode composition is now the

focus of combinatorial investigations.
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Another means of increasing cell current is to increase the area of an electrode. This
is achieved by simply extending the geometric area of the electrode (as in a dielectric
capacitor), or less crudely, by increasing the roughness of the electrode such that the
current density per unit geometric area is increased. The latter approach is the basis of
the second methodology used in enhancing electrode performance, that is,

optimisation of electrode structure and is the topic of discussion in this thesis.

1.2 Existing Porous Materials

1.2.1 Nanoparticulates

Electrodes based on nanoparticle powders are the most commonly used high surface
area electrodes. The premise of their operation is simple: in creating a finely divided
material, the surface area to volume ratio and therefore their ability to deliver charge
quickly is increased. Electrode fabrication is equally simple, involving aggregation of
a nanoparticle powder into a continuous form, usually by sintering.

Powders are generally formed via the sol-gel process which can be expedited in 2
ways. The spontaneous solution sol-gel method'? proceeds by formation of a
precipitate from aqueous/alcoholic solution containing a precursor metal salt, most
commonly a chloride. For example, fine platinum particles are precipitated by
warming a solution of KOH and PtCl, in ethanol.> The second and more popular
method of synthesising nanoparticles involves the use of network forming species
and their hydrolysis in an appropriate solution.” In an example synthesis’, the process
begins with hydrolysis of a silicon alkoxide to produce silicic acids as portrayed in
Reaction 1. The thus formed acids then undergo self-condensation polymerisation by
Reaction 2 to form soluble high molecular mass polysilicates (a sol), and these
polysilicates then polymerise to form a three-dimensional network, the pores of
which are filled with solvent molecules (a gel). Hence the name ‘sol-gel
polymerisation’. Oxide particles are obtained after filtering the solvent from the
suspended solid particles and sintering. The sintering step removes excess water from
the sol and converts the usually amorphous hydrated mass into a crystalline oxide.

The electrode itself is usually fabricated by tape casting or doctor blading a paste
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containing the oxide particles, an organic dispersing agent and solvent onto a
substrate. After sintering the cast electrode, the final product has a structure
consisting of a random network of interconnected spheres with porosity of varying

diameter as illustrated in Figure 1.1°.

Figure 1.1.° The porosity of this sintered TiO, electrode used in photovoltaic

applications is constituted by a random and non-uniform structure.

The porosity of nanoparticulate electrodes possess a considerable amount of
tortuosity and bottle necking which often results in mass transport limitation in the
movement of reacting species within the structure. Pore size and volume may be

controlled to a limited extent by variation in precursor particle size and packing
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density (the latter may in turn be controlled by variation in the casting process).
However, the process of fabricating electrode structures from nanoparticle powders is

still a relatively random one and does not allow the maker to design electrode

structure.

1.2.2 Aerogels and Xerogels

Aerogels are high surface area nanoporous materials composed of a network of
interconnected solid species. Aerogels differ from nanoparticulate materials in that

the former have significantly lower densities and higher porosities as illustrated in

Figure 1.2.”

Figure 1.2."This titania aerogel with its web-like morphology is considerably less

dense than sintered powder porous materials.

The morphology of aerogels is best understood when considering the method of their
synthesis. Synthesis of aerogels is done using an adaptation of sol-gel processing with
the formation of a wet gel using a network forming precursor such as a metal
alkoxide. The similarity ends here however, since instead of separating the solid
components from the gel by a method such as filtration, the gel is allowed to undergo

further polycondensation forming a cohesive but fragile network. The gel is then
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carefully dried, preserving the condensed network. The manner in which the liquid
phase is removed from the wet gel determines whether the dried solid is a highly
porous aerogel or a denser xerogel. The latter is formed as a result of collapse of the
wet gel’s structure as the pore liquid is removed relatively quickly by evaporation. By
drying the wet gel under supercritical CO; stresses associated with capillary pressure
induced by evaporation of the pore water are removed, allowing the wet gel network
structure to remain intact.® Unlike the older and more established technology of
nanoparticulate electrodes, aerogels and xerogels have found only limited commercial
application. Aerogels of silica are used as high surface area catalysts, catalyst
supports and chromatographic stationary phases.9 However, aerogels and xerogels are
receiving increasing attention in the technical literature, particularly in the
development of electrochemical applications such supercapacitors and lithium ion

secondary batteries. '’

1.2.3 Raney Metals

Nanoporous Raney metal coatings are fabricated by selective alkaline leaching of a
Raney precursor alloy composed of a matrix metal (most commonly nickel) and a less
noble metal (usually aluminium or zinc) where the mole fraction of nickel is below
0.5. Leaching of the precursor alloy such as NiAl; or NisZn,; proceeds with the

selective dissolution of the less noble metal as indicated in Reaction 3, leaving a

porous nickel structure.
Nidl, +30H™ +9H,0 — 3A4I(OH), + 4%11[2 + Ni s (3)

Raney nickel has found application as the hydrogen evolving cathode in alkaline
water electrolysis and the chlor-alkali process and as the fuel anode in some forms of
the alkaline fuel cell. Raney nickel precursor alloys are commercially made by either
cathodic co-deposition of a Ni/Zn alloy or by galvanostatic cathodic deposition of
nickel from a NiSO4 bath containing micrometer sized Ni/Al powder particles in the
form of a slurry. The latter process produces deposits widely known as Raney nickel

composite coatings.
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The structure of Raney nickel consists of a matrix of small interconnected nickel
crystals varying in size from 10 to 100 nm with pore diameters in the range 2 to 5 nm.
This nanoporosity which contributes the vast majority of Raney nickel’s catalytic
activity is divided by larger micrometer sized cracks as illustrated in Figure 1.3.
Porosity may vary from 20 to 50 %, with a corresponding variation of the specific
area between 20 and 100 m* g'.'' The pores in Raney nickel are not cylindrical but
are characterised by a slit-like morphology. This porosity is not fractal, as reflected

by a narrow pore size distribution. Despite the positive attributes of high surface area

e =7
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Figure 1.3."* The slit-like morphology of Raney metal porosity makes access to the

entire surface area difficult for reacting species.

and large pore volume conveyed by the pore structure of Raney nickel, the structure
of the pores also exposes the electrode to significant losses in catalytic activity upon
anodic oxidation of the nickel which occurs often during operation. This loss in

1213 to pore clogging by the more

activity was attributed by Ewe and co-workers
voluminous oxidation product Ni(OH),; these authors showed that only 40 % of the
original catalytic activity is recoverable by cathodic reduction of the Ni(OH), after

oxidation.
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1.2.4 Zeolites

Zeolites are porous aluminosilicate based materials consisting of a crystalline anionic
cage framework, charge balanced by cations residing within the cavities or channels
created by the framework. The composition of the framework oxide is represented by
the general formula, {(Al,M,Si;)O4} where M may be any of the elements P, Ga, Ge,
B, Be, Zn, Ti, Fe, Co, Cr, Mn, V or Mg. The zeolite framework is constructed from
TO4 (SiOg4for example) tetrahedra such that each apical O atom is shared between 2
adjacent tetrahedra giving a framework O/T ratio of 2. Pure silicates with this
structure do not contain framework charge since Si is tetravalent. However, due to the
variation in charge of the framework atoms in aluminosilicates from +4, zeolites have
negatively charged frameworks (1 negative charge per AI’" framework atom).
Consequently, zeolite frameworks require charge balancing by extra-framework
positive ions. In naturally occurring zeolites these cations are either alkali metal (eg.
Na") or alkaline earth (eg. Ca®") ions. Synthetic zeolite frameworks are capable of
hosting a larger range of cationic species such as H and organic cations such as
quaternary ammonium ions.

The porosity of zeolites varies greatly, with pores of either circular or elliptical
geometry forming one- two- or three-dimensional networks of channels or cages.
Pore size distributions are extremely narrow since pore dimensions are defined by the
bond lengths and angles between the framework atoms and the volume of the voids is
usually less than 50 %. Approximately 60 naturally occurring zeolites are known,
however many of the more industrially important examples such as ZSM-5 (Zeolite
Socony Mobil material number 5) illustrated in Figure 1.4," are synthetic. Pores sizes
generally range from 2.5 A to 8 A" however diameters up to 14 A have been
reported.'®

The industrial importance of zeolites and zeolitic materials is difficult to overstate.
They have found use in a number of catalytic and separation applications including
adsorptive separation of hydrocarbons, purification of gases and liquids and catalytic
cracking of long chain hydrocarbons to form more valuable short chain homologues.
Calcined zeolites such as ZSM-5 are capable of carrying out protonation reactions on

usually unreactive organic molecules because of the presence of super-acid sites
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Figure 1.4" shows the atomic structure that gives the synthetic zeolite ZSM-5 its

porosity.

within the channel structure and modification of reaction energetics due to the
electronic confinement of guest species.'’ Here, the negative charge of the framework
is balanced only by extremely reactive unsolvated protons such that even very weak
bases like m-alkanes form reactive carbocations. Zeolites are also used in ion
exchange and act as molecular sieves for dehydration of organic solvents. The utility
of zeolites arises as a consequence of their channel/cavity structures which host metal
cations, water and a vast range of potential guest species. Since the aluminosilicate
cages are sufficiently robust, guest species may move in and out of the channels
without disruption of the host framework. This utility is limited however by the small
channel diameters of zeolitic materials, making operations such as sieving of

biomolecules and cracking of the heavier fractions of crude oil impossible.
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1.3 Lvotropic Liquid Crystalline Phases

1.3.1 Self Assembly of Surfactant Supramolecular Phases

Surface active agents or surfactants are molecular entities composed of both lyophilic
(solvent loving) and lyophobic (solvent fearing) components. In those cases in which
water is the solvent these components are referred to as hydrophilic and hydrophobic
respectively. In aqueous solution surfactants exhibit characteristics of both
hydrophilicity and hydrophobicity and as such surfactants are referred to as
amphiphilic (loving both kinds) molecules.

In an aqueous solution containing surfactant molecules the system will seek to adopt
a minimum energy configuration as dictated by the laws of thermodynamics. At very
low surfactant concentrations this configuration is one in which the surfactant moves
to the air-water interface (if one is present) and orients itself such that the
hydrophobic component is protruding through the interface into the hydrophobic air
side and the hydrophilic component remains within the water side of the interface.'®
As the concentration of dissolved surfactant increases in the solution, surfactant
accumulates at the air-water interface until a complete monolayer forms
corresponding to saturation of the interface. The surfactant concentration at this
saturation point is known as the critical micelle concentration (cmc). Once the cmce
has been reached, the saturated interface forces subsequently dissolving surfactant
molecules to remain completely within the aqueous environment. As a result, these
molecules adopt the next lowest energy configuration: the self assembled micellar
solution (denoted L;). Micelles are self-assembled spherical structures which
minimise contact between the surfactant’s hydrophobic component and water by
sequestering the hydrophobic (non-polar) component within the interior of the
structure and shielding it with an exterior shell composed of the hydrophilic (polar)
component. Further increases in surfactant concentration are accommodated by the
formation of more micelles which results in an increase in the viscosity of the
solution. As the density of micelles in solution increases, the micellar packing
geometry is forced to take on less random configurations and ultimately the cubic

micellar phase (I;) forms. The I} phase consists of spherical micelles packed on a

10
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Name Phase Structure

Micellar solution
(L)

Cubic micellar
phase (Ir)

Hexagonal phase
(Hn)

factant concentration

increasing sur

Bicontinuous cubic
phase (Vi)

Lamellar phase
(L)

Figure 1.5"shows the generalised structural progression of liquid crystalline phases

with increasing surfactant concentration.

11
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body-centred cubic (bcc) lattice as illustrated in Figure 1.5, and is the first of the
lyotropic liquid crystalline phases observed in surfactant-water systems. At higher
surfactant concentrations spherical micelles coalesce to form rod-like structures in
which the surfactant’s hydrophobic segments are located within the centre of the rod.
Self assembly of these cylindrical rods on an hexagonal array constitutes the
hexagonal phase where surfactant rods are separated by a continuous aqueous phase.
As the quantity of water in solution decreases further, another cubic morphology
forms, composed of short surfactant rods which intersect to form a continuous
network.”’ This is the bicontinuous cubic phase denoted V2! The Vv, phase, unlike
the H; phase is structurally isotropic and possesses 3 axes of symmetry rather than 1.
Under different conditions a sheet like structure called the lamellar phase (L) forms,
consisting of surfactant molecules arranged in bilayers separated by layers of aqueous
solution. These different lyotropic liquid crystalline phases are most easily recognised
based on their texture under polarising light microscopy.”

One of the essential characteristic to consider in defining and characterising the phase
behaviour of lyotropic liquid crystalline phases is the curvature of the mesophase
surface. The curvature (and therefore the structure) of liquid crystalline phases may
be understood and predicted to a greater extent if the surfactant packing parameter
v/apl is considered, where ay is the interfacial area occupied by the head group and /
and v are the alkyl chain (or more generally, the hydrophobic segment) length and
volume respectively.” The surfactant packing parameter is inversely proportional to
curvature in a liquid crystalline phase. For example, by increasing the head group size
whilst keeping the hydrophobic portion of the molecule constant, the surfactant
packing parameter decreases and the curvature of the phase increases. Consequently,
the phase behaviour of surfactants with large head groups tends to be dominated by
spherical or highly curved phases. This concept may be expressed in a more
instinctive manner by noting that as the size and hence packing area occupied by the
hydrophilic group is increased, surfactant packing considerations favour curved
interfaces (spheres and cylinders) over planar ones (bilayers). The surfactant packing
parameter also considers surfactant concentration effects since increasing surfactant

concentration decreases ap due to the lower activity of water, and hence the reduced

12
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hydration of each chain. Despite its apparent simplicity, the surfactant packing
parameter has been successfully applied to explain the phase behaviour of

polyoxyethylene surfactants.**

1.3.2 Different Types of Surfactants

There exists a vast array of surfactant species that are capable of self-assembling into
liquid crystalline phases when mixed with water.> Of these, only selected non-ionic
surfactants will be discussed here, that is, the polyoxyethylene family (with general
formula C.EOy) and the tri-block copolymers. In the case of the former, the
hydrophilic component of the surfactant is composed of polyethylene oxide (PEO)
and the hydrophobic component of a hydrocarbon tail. The non-ionic triblock
copolymers discussed here also possess PEO as their hydrophilic components but
utilise polypropylene oxide (PPO) to provide the hydrophobicity. The family of tri-
block copolymers consisting of the basic structural formula (PEO)«(PPO),(PEO)y, are
commercially available (under the generic name poloxamers and the trade names
Pluronics® and Synperonics®) and form micellar and lyotropic liquid crystalline
phases in aqueous and other solvent systems. Where the solvent is relatively
hydrophobic, micellar structure generally consists of a central dense core of PPO and

an outer corona of hydrated PEO® as illustrated in F igure 1.6.

Figure 1.6 shows the shielding of a hydrophobic polymer core (red) from an aqueous

solution by hydrophilic segments of a Pluronic® triblock copolymer (blue).
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The Pluronic® surfactants have significantly more ideal lyotropic behaviour than the
polyoxyethylene surfactants in that their phase behaviour is almost entirely dependent
on interactions with the solvent®” and almost independent of temperature, as indicated
by the phase diagrams of Figure 1.7°® and 1.8. Here it can be seen that trends in the
phase behaviour of the triblock copolymer P105 are accurately modelled by trends in
the surfactant packing parameter. As P105 concentration and surfactant packing
density are increased, the area at the surfactant/water interface occupied by the head
group is forced to decrease, and interfacial curvature in turn decreases, resulting in

phase transitions from the spherical curvature of micelles to the lower planar

curvature of the lamellar phase.

(EO),, (PO),, (EQ),, - water 100

100 T T T T T T T T T T /OC
80 :
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o 60 F B
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Figures 1.7°° (left) and 1.8" (right) illustrate the phase behaviour of the triblock
copolymer (EO);7(PO)ss(EO)37 (Pluronic® P105) and C,EOg respectively in water.

Polyoxyethylene/water surfactant systems also follow this trend, however it is noted
in Figure 1.8 that phase structure may also be changed significantly by variation in
temperature at a constant mixture composition. In addition, the aqueous phase

behaviour of Pluronic® surfactants is influenced to a much greater degree by the

addition of polar solvents to aqueous surfactant mixtures®”’ than are additions of

polar solvents to non-ionic polyoxyethylene surfactant-aqueous systems.’ > One of
the principal reasons for this difference in behaviour is the relative difference in

polarity between each of the hydrophilic and hydrophobic surfactant components.

14
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Unlike in the polyoxyethylene surfactant-water systems in which even relatively
hydrophilic species such as large primary alcohols locate preferably in the
hydrophobic phase, organic solvents in Pluronic® systems show a much greater
tendency to partition in the hydrophilic phase.33 Some solvents (for example ethanol)
show amphiphilic behaviour and act as cosurfactants by positioning themselves at the
hydrophilic/hydrophobic interface. This variation in phase behaviour with cosolvent
addition has led the Pluronic® surfactants to possess the richest structural
polymorphism of lyotropic liquid crystal forming species.”

This relative instability of the liquid crystalline phases of Pluronics® to co-solvent
addition can be appreciated in knowing that the hydrophobicity of CH, groups in
polyoxyethylene surfactants is 4-5 times greater than that of a propylene oxide group
as reported by Wanka er al®> As a result, there is less lyotropic contrast between
hydrophilic and hydrophobic segments in the Pluronic® surfactants and therefore less
stabilisation of aggregate structures. As such, the addition of species of different
polarity than those of the surfactant molecules may serve to lower the polarity

difference across the interface even further, causing a phase change.

1.3.3 Alignment and Orientation

The orientation of liquid crystalline phases at solid surfaces has received much
attention in the literature. Patrick e al*® reported that at a graphite surface,
polyoxyethylene surfactants form hemicylindrical structures oriented parallel to the
surface. Hemicylinders were supposedly formed due to hydrophobic association of
the alkyl tails of the surfactant with the hydrophobic graphite surface. Here, graphite
templated the adsorption of the hydrocarbon chains which occurred along one of the
surface symmetry axes until a monolayer formed. Once formed, the monolayer of
hemicylinders served to template subsequent adsorption such that additional layers of
H; cylindrical rods were also oriented parallel to the surface. The templating effect of
graphite surfaces and formation of self-assembled structures has also been observed
in interactions between graphite and alkanes and aliphatic alcohols which do not

otherwise undergo self-assembly.’’
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The importance of surfactant aggregate structure at the interface is that, as indicated
in the above example, the micellar orientation at a surface influences the phase
structure in the bulk, however the range of this effect into the bulk and the extent of
its continuity through liquid crystalline domain boundaries, if any, is unknown.
Aggregate structure at the interface depends on the interactions between the surface
and the surfactant groups. The non-ionic surfactant C;;EOg has been shown to form
surface bound micelles when adsorbed at hydrophilic silica due to weak association
of both the head group and the hydrocarbon tail with the hydrophilic surface, whereas
adsorption at a hydrophobised silica surface results in the formation of a surfactant
monolayer in which the hydrocarbon tails are strongly associated with the surface.***’
Miyata et al. carried out in-plane x-ray diffraction experiments investigating the
orientation of mesochannels formed from the liquid crystalline phases of
polyoxyethylene surfactants and a cationic surfactant on a polyimide polymer film.*
This group demonstrated that mesochannel alignment was independent of the nature
of the hydrophilic headgroups and was instead determined by hydrophobic
interactions between the surfactant tail groups and the oriented polymer chains of the
polyimide film.

Macroscopic alignment of liquid crystalline phases can be achieved by promoting
interactions with surfaces or with the assistance of shear. Early literature reports
suggested that on the application of a shear force, randomly oriented lamellar phases

tend to align with the lamellae parallel to a glass surface while hexagonal phases also

align with the rod axis parallel to the surface.”’
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1.4 Templated Materials

The application of porous materials such as those discussed in Section 1.1 is of

considerable commercial interest particularly in separation, catalysis and power
sources, in addition to the fundamental scientific interest in their synthesis and
properties.”” Despite this interest however, the application of basic scientific
principles to the technological issues impeding the development of porous materials
has been slow. Significant progress has been achieved in improving porous materials,
however has been accomplished largely by manipulation of processing parameters
rather than understanding of the chemical and physical mechanisms that influence
porosity. As such, the development of porous materials has progressed by largely
empirical means rather than by design.

The discovery and synthesis of zeolites first aroused inquiry into the possibilities of
designing the structure of porous materials for specific applications. As discussed in
Section 1.2.4 however, the pore sizes available in zeolitic materials do not penetrate
the meso- range (2 to 50 nm). This deficiency was addressed by Kresge ef al. ¥ of
Mobil Research and Development Corporation in a now much cited paper reporting
the synthesis of mesoporous aluminosilicates using a self-assembled liquid crystalline
template. The materials with variable pore diameters of 16 to 100 A and a hexagonal
pore arrangement (designated MCM-41) were synthesised by mixing a quaternary
ammonium surfactant (< 20 wt. % of the total mixture) with alumina and a solution of
silica precursor. The authors suggested a ‘liquid-crystal templating’ synthesis
mechanism in which hexagonal arrays of cylindrical micelles formed as a result of
electrostatic interactions between the cationic surfactant and anionic silicate species
with subsequent condensation of the silica precursor within the aqueous domains of
the liquid crystal. This seemed an obvious conclusion as suggested by the clear
resemblance between the MCM-41 structure and the H; liquid crystalline phase found
in surfactant-water mixtures. Davis e al** supported by in situ "N NMR data
proposed an alternative mechanism however, in which the synthesis mixture phase
separates into a biphasic mixture of largely surfactant free aqueous solution and a
small region rich in silicate encapsulated cylindrical micelles. The liquid crystalline

phase is not present in the synthesis medium prior to or during formation of MCM-
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41. It was suggested that phase separation occurs because the surfactant concentration
is too low to permit formation of bulk liquid crystalline phases throughout the entire
mixture. Stucky and co-workers supported this mechanism in which initially
randomly ordered micelles interact with the silicate species, resulting in the
condensation of 2 or 3 monolayers of silica around the external surface of the
micelles.” These composite species were proposed to subsequently aggregate with
further condensation as represented schematically in Figure 1.9 to give the

characteristic long-range order of MCM-41 materials.
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Figure 1.9.° In the ‘MCM approach’ liquid crystalline phases form only on

association of inorganic precursor species with the surfactant micelles.

In an effort to increase to catalytic activity of MCM-41 silicates, Pinnavaia and co-
workers used a template derived from a precursor containing 0.6 mole % primary
amine to synthesise mesoporous silica based materials partially substituted with
titanium.?” Subsequent work by this group has used hydrogen bonding interactions
(rather than electrostatic interactions) between non-ionic template forming species
such as primary amine®® and polyoxyethylene® surfactants and non-ionic inorganic
precursors to facilitate the synthesis of mesoporous silicas and silica based materials.
In such cases, the materials produced consisted of fine powders which were found to

possess heterogeneous mesoporosity.

18



Chapter 1 Introduction to Porous Materials and their Applications

The use of non-ionic templates allows the templating of a wider range of materials
than do electrostatic templating methods using ionic surfactants. In addition, the
thicker pore walls obtained using non-ionic templates marginally improve the poor
thermal and hydrothermal stability of the mesopore framework.”” Stucky and co-
workers’'~ extended the use of non-ionic surfactant templates to the synthesis of a
range of mesoporous transition metal oxides using the Pluronic® block copolymer
surfactants with the general formula (PEO)«(PPO)y(PEO).. Previous syntheses of
mesoporous materials used low molecular weight surfactants for the assembly of the
mesostructures and thus produced pore sizes no greater than 4 nm. Where these
materials were mesoporous metal oxides, the pore walls were relatively thin and
exclusively amorphous. However, the Pluronic® synthesis route, which exploits block
copolymer assembly induced by complexation of the inorganic metal species and
hydrophilic copolymer moieties has produced materials with pore diameters as large
as 14 nm. Here, careful calcination treatments were required to avoid structural
collapse of the mesopores and even then only semi-crystalline pore walls were
obtained.

Cheng et al. used a Pluronic® surfactant based template to synthesise mesoporous
tungsten oxide for possible application as an electrochromic material.”®> Although the
mesoporous material compared favourably with its sol-gel derived counterpart in
applications testing, the mesoporosity of the templated material was shown to be
disordered, and the mesopore structure collapsed during calcination at 400 °C due to
crystallisation of the framework walls. Ozin and co-workers reported the fabrication
of mesoporous nickel-yttria-zirconia composites deposited using a quaternary
ammonium surfactant for fuel cell applications.”™ An impressive thermal stability
threshold of 800 °C was reported.

An alternative surfactant templating route devised by Attard et al. used template
mixtures with high surfactant concentrations (typically > 30 wt.% surfactant) to
produce mesopore morphologies identical to the M41S family structures.”® However,
unlike the previously mentioned routes, Attard and co-workers demonstrated the
ability to fabricate monolithic structures. This method is termed ‘direct liquid crystal

templating’ (DLCT) because unlike previously mentioned routes in which the
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formation of the mesoporous material is directed by micellar aggregates, deposition
of the mesoporous material occurs within a preformed, ordered liquid crystalline
mesophase. As a result of the existence of the template prior to deposition of the
material, the formation of the template does not rely on hydrogen bonding or
electrostatic interactions between the surfactant and inorganic precursor or
polymerisation of inorganic species on micellar aggregates. Therefore, the DLCT
route could possibly tolerate a greater range of deposition chemistries than the low
surfactant concentration routes. In addition, the presence of the template prior to
deposition introduces a greater degree of predictability into the deposition process,
since the mesopore morphology of the deposited material has been shown to reflect
that of the surfactant template.

Deposition of mesoporous silica by Attard et al. was carried out using a sol-gel
reaction localised in the aqueous domains of the liquid crystal phases of
polyoxyethylene surfactants, as represented schematically in Figure 1.10. After

condensation of the silica phase, the template was removed by calcination.

1. condensation of silica
precursor in aqueous domain

b
L

2. template removal and silica
formation by calcination

Figure 1.10." Silica condensation is preceded here by the formation of a liquid

crystalline phase of H; morphology.

The versatility of the DLCT route was shown by Templer and co-workers with
demonstration of the synthesis of high surface area platinum powder by reduction of
hexachloroplatinic acid with the aqueous domains of a H; liquid crystalline phase.”’

The templated platinum powder was characterised by a specific surface area of ~ 60
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m® g as compared to 35 m®> g characteristic of platinum black materials. The
application of mesoporous platinum to fuel cell applications was not investigated.

Attard et al. reported an extension of the DLCT route in which hexachloroplatinic
acid confined within the aqueous domains of a polyoxyethylene surfactant was
electrochemically reduced to platinum metal at the surface of an electrode immersed
in the mixture.”®® During this process a thin monolithic platinum film was deposited
in regions occupied by the aqueous domains of the surfactant with the same

morphology as materials produced by the chemical reduction route. ® This process

WE

reduction of
metal ions I

| S s

template removal via
washing

G mfaifu‘z‘ﬂiﬁlpﬂ‘ﬂ!ﬂkélmriﬂwum

Figure 1.11 illustrates the electrodeposition of metal films (grey) within the aqueous

domains of an Hj liquid crystal. Mesoporosity is created on removal of the surfactant

template (red).
and subsequent removal of the surfactant template to produce a porous structure are

represented schematically in Figure 1.11. These electrodeposited films were shown to

possess high surface areas and more importantly, high electrochemically accessible
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surface areas as demonstrated by surface activity in sulphuric acid and toward
methanol oxidation.®'*?

Since these reports a number of studies have been conducted concerning the
electrodeposition of mesoporous materials using liquid crystalline templates. Bartlett
et al. deposited mesoporous palladium® and cobalt® with H; morphologies from the
corresponding phase of a polyoxyethylene surfactant. Nandhakumar er al
electrodeposited H; selenium also using a template mixture based on polyoxyethylene

surfactant and selenium dioxide.®’

Huang and co-workers obtained cuprite (Cu,O) nanowires by electrodeposition

166

within the aqueous domains of a reverse hexagonal phase liquid crystal.” Nanowires

tens of micrometers in length were grown, assisted by electric field alignment of the
ionic surfactant template between the electrodes. Whitehead er al. deposited
mesoporous tin from the H; phase of a polyoxyethylene surfactant.”” Although the
structures obtained in this work appeared to possess some mesoporosity, this porosity
was disordered as reflected by the poor cyclability when used as a lithium battery
negative electrode material. Elliott and co-workers electropolymerised poly(l,2-
diaminobenzene) within the aqueous domains of a polyoxyethylene surfactant
template.”® The thin film electrodes obtained demonstrated a significant degree of ion
permselectivity, which was attributed to the operation of a Donnan exclusion
mechanism in the pores of a Hj structure, however no direct evidence was presented
to support the existence of the ordered H; morphology.

Martin and co-workers have used a significantly different templating route for the
preparation of a variety of meso- and microporous materials.®” This process consists
of depositing a desired material within the voids of a porous membrane and
subsequent removal of the template, leaving a direct cast of the template’s pore
network. The membranes contain cylindrical pores of uniform diameter in the range 5
nm to 1 um, such that a nanocylinder of the desired material is obtained on removal
of the template. Depending on interactions between the pore wall and the deposited
material, this cylinder may be either a solid nanofibril or a hollow nanotubule. Both
polymeric (usually polycarbonate) filtration membranes and porous alumina

membranes prepared by the anodisation of aluminium have been used as templates
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however in the case of the former, the pore density is relatively low in comparison
with the latter template and lyotropic liquid crystals. This process has been used in
conjunction with a number of deposition methods including electrochemical
deposition,7o electroless deposition,”’ chemical polymerisation, sol-gel deposition73
and chemical vapour deposition’* have been used to prepare an even greater array of
materials including metals, oxides, polymers and porous carbons.

Nesper and co-workers developed a novel templating mechanism using neutral
surfactant molecules such as primary amine surfactants together with vanadium
alkoxide precursors to fabricate crystalline vanadium oxide nanotubular materials
with a wall structure consisting of concentric shells rolled around a hollow centre.”
Tubes were typically up to 15 um long with inner and outer diameters in the range 5
to 50 nm and 15 to 150 nm respectively. The amine surfactants template the
formation of the ‘nanorolls’ by intercalating between the crystallising layers of
vanadium oxide such that the distances between the layers corresponds to the length
of the alkylamine molecule.”® Later work by the same group used pre-existing
vanadium pentoxide gels as a host for the intercalation of a primary amine during the

hydrothermal synthesis of vanadium oxide nanorolls.”’
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1.5 Industrial Applications of Nickel Electrodes

1.5.1 Alkaline Water Electrolysis

Cathodic hydrogen evolution is catalysed efficiently by the platinum group metals
and to a lesser extent by iron, cobalt and nickel.”® Of the transition metals, only nickel
is stable in concentrated alkaline solution at the hydrogen equilibrium potential.79 Due
to this fact and the relatively low cost of nickel compared to the platinum group
metals, Raney nickel coatings are used as efficient electrocatalysts in the cathodic
evolution of hydrogen in the alkaline electrolysis of water. While possessing high
surface area however, the porosity of Raney nickel is not ideal for this application.
During operation, the larger micrometer sized cracks become gas blanketed,
effectively limiting exposure of the adjoining nanopores to the electrolyte. This effect
limits utilisation of the electrode to around 10 %.*° Performance is further retarded by
the mass transport limitations of product hydrogen in the nanopores due to the
absence the of convective mass transport usually provided by the presence of
hydrogen gas cavities (bubbles). The non-existence of H, bubbles is rationalised

considering the Laplace equation (4),"'

p=2 )

where P is the pressure within a gas cavity in a liquid with units of N m?, v is the
surface tension of water (7 x 107 N m™") and 7 is the bubble radius in m. For Raney
nickel the gas bubble pressure in a pore of 2 nm diameter would amount to almost
1400 atmospheres, corresponding to a Hy concentration of approximately 1.25 M

using Henry’s Law:*
m,, =k, x P, (%)

where my is the concentration of hydrogen, &y is the Henry’s Law constant for

hydrogen®’ (8.86 x10* M atm™) and Py, is the partial pressure of Hy in the cavity.
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As a result, hydrogen remains dissolved in solution in the nanopores with no gas
cavity formation. Therefore, those nanopores which are exposed to the electrolyte
must be considered to be operating with only diffusive mass transport of hydrogen,

that is, without the convection provided by movement of gas cavities.

1.5.2 Electrochemical Oxidation of Organic Species

Raney nickel coatings are also commonly used in alkaline solutions for the
electrochemical hydrogenation of organic species.** A small body of literature has
described the oxidation of organic species on nickel electrodes, the majority of these
involving the oxidation of alcohols. Ethanol oxidation has received the most
attention, due to its high miscibility with aqueous solutions and relatively well known
reaction mechanisms.*® Ethanol oxidation on nickel electrodes proceeds not by direct

clectron transfer but by chemical reaction with the catalyst NiOOH as shown in

Reactions 4 and 5,

2NIOOH +CH,CH,0H — CH,CHO + 2Ni(OH), 4)
CH,CHO +2NiOOH — CH,COOH +2Ni(OH), (5)

with subsequent electrochemical regeneration of NiOOH at suitable potentials.86 The
reduction of glucose to sorbitol at a nickel surface has also been studied.®” The
application of nickel electrodes in organic electrosynthesis has been most successful
however in the process developed by La Roche Limited which involves the oxidation
of diacetone-L-sorbose (DAS) to diacetone-2-keto-L-gulonic acid (DAG), one of the

steps in the synthesis of vitamin c.®

1.5.3 Lithium Batteries

Lithium batteries have found wide application as energy storage devices because of
their ability to reversibly store lithium with high energy densities. There reliance on
non-aqueous rather than aqueous electrolytes enables operating voltages greater than

3 V to be achieved, so that energy densities are greater than in aqueous batteries.
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Lithium batteries function by storage of lithium ions in an electrode material either by
intercalation, alloying or the formation of ionic bonds. Figure 1.12 shows the
movement of Li" ions (pink) through an electrolyte (green) between two electrode

materials (yellow) capable of hosting such ions in their interlayer cavities.

Figure 1.12.% Lithium batteries accommodate guest lithium ions between layers or
within cavities in the electrode structure as indicated here and in doing so provide a

means of store charge.

Positive electrode materials usually consist of lithiated transition metal oxides, while
the most popularly researched negative electrode materials are carbon and tin based
materials.

Of the transition metal oxides, LiCo,, LiNiO, and LiMn,O4 have received the most
attention as possible positive electrode materials in lithium ion batteries. LiNiO,
exhibits the highest energy density of these candidates and has an innate advantage
over LiCoO; because of the lower cost of nickel. Despite this, LiNiO, has not to date
been commercially successful, since the desired B-phase is difficult to prepare using
popular synthetic routes such as high temperature solid state reaction. Oxygen
atmospheres or partial substitution with cobalt (forming LiNi;.,+Co,0O,) are required
to stabilise Ni(IlI) against the more stable Ni(Il) at the temperatures of synthesis
(~700 °C). LiNiO; is also susceptible to cationic disordering and as such its formula
is often written as LiNi, O, (with 0 < x < 1) where NiO is formed at the lower
extreme of lithiation. Here, as x decreases an increasing amount of Ni*' is resident

within the van der Waals gap between the NiO, layers. This decreases the capacity of
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the electrode for lithium storage and decreases lithium ion mobility since the amount
of lithium ions in the structure is reduced. Electrochemical performance is further
reduced as a consequence of cationic disorder because the lower diffusion rates in a
disordered electrode increase polarisation.

Low temperature synthetic routes in inorganic chemistry™ are receiving increasing
attention in the technical literature because they offer access to metastable
compositions and structures as well as to thermodynamically stable low temperature
phases that otherwise decompose at higher temperatures. This interest has also been
driven by commercial issues since high temperature fabrication processes require
high capital cost outlays for fabrication equipment in addition to significant ongoing
expense in terms of energy usage.

The structure of LiNiO; consists of edge sharing NiOg octahedra connected to form
NiO, sheets. On complete delithiation LiNiO, forms NiO,. Due to its high open
circuit voltage NiO, immediately oxidises atmospheric moisture to form the reduced
phase NiOOH. Recognising the close structural relationship that couples NIOOH and
NiO, (B-NiOOH and LiNiO; are isostructural with the rock-salt oa-NaFeOz)91 has
enabled investigators to pursue low temperature routes to LiNiO,. The majority of
these efforts have proceeded with attempts to exchange H' with Li" ions in a NIOOH
structure. The interlayer spacing in y-NiOOH is 7.2 A while in B-NiOOH and LiNiO,
this spacing is 4.7 A. As a result, while the only species resident between the layers
of B-NiOOH are protons, y-NiOOH is capable of accommodating a range of species
such as H', H,O and alkali metal ions. Consequently, in low temperature ion

exchange reactions, the well ordered B-phase of NiOOH is preferred rather than the

disordered, impurity containing y-phase as the starting material.
LiMO; layered compounds (where M is a transition metal) are widely known to
exchange H' for Li" in acidic media. However until recently, no investigations had

achieved the reverse reaction:

MOOH + Li* — LiMO, + H* (6)
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Dahn and co-workers in 1993 were perhaps the first to demonstrate the synthesis of
positive electrode materials using an ion exchange process.” They successfully
lithiated MnOOH using LiOH.H,O at low temperatures. Amatucci ef al. ion
exchanged the protons in CoOOH to form LiCoO; using LiOH.H,O at 100 °C,
however the resulting materials contained impurity species whose presence severely
retarded lithium storage capacity and reversibility.” Only on heating the powders to
250 °C were the impurities removed and electrochemical performance improved.
Using a modification of the ion exchange syntheses discussed above, Murata et al.
reported the low temperature synthesis of lithium nickelate positive electrodes by
chemical oxidation of Ni(OH), in an aqueous solution containing an oxidising agent
and LiOH at temperatures close to 100 °C.”* In their ‘direct oxidation method’ the
oxidation of Ni(OH), and a subsequent ion exchange reaction took place in the same
medium, allowing the authors to obtain almost pure -phase material. Capacities as
high as 310 mAh g were reported which was attributed to storage capacity derived
from both the Ni*"/Ni*" and Ni*"/Ni*" redox couples. This impressive capacity was
attributed to the potential difference between these two couples which was shown to
be significantly less than in materials synthesised at high temperature, while the
capacity of the Ni*'/Ni** redox couple was also much greater.

Most of the research efforts in lithium battery electrode materials have focussed on
improving the performance of the positive electrode since its mass specific capacity is
much less than that of negative electrode materials. Nevertheless, new innovations in
negative electrode material structures and compositions have been pursued feverishly
in attempts to replace carbonaceous materials currently used with metal based
chemistries. Li and Martin® demonstrated a nanoporous SnO, based negative
electrode made by deposition of the electrode material within the pores of a
polycarbonate membrane. Very high capacities of 700 mAh g™ were recorded and the
electrodes were shown to have excellent stability to rapid cycling. Studying the
mechanism of lithium jon storage in metal based negative electrodes, Courtney and
Dahn”® were the first authors to present evidence for reversible lithium storage by the
conversion of a metal oxide to an electrode composed of the metal in a matrix of

lithia, upon insertion of lithium ions. They suggested that the high lithium storage
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capacities observed for tin-based anodes (these compounds react with 4-7 atoms of
lithium for each atom of tin) could not be due to normal intercalation processes in
which 1 or 2 atoms of lithium per metal atom are typically stored reversibly. Tarascon
and co-workers observed a similar mechanism of reversible lithium storage at low
voltages versus lithium, albeit involving transition metal oxides rather than tin.”"*®
This chemistry had been reported previously by Ikeda and Narukawa’ as an

irreversible mechanism of discharge in a primary Li-CuO cell.

1.5.4 Supercapacitors

1.5.4.1 The Market and Need for Supercapacitors

The requirement for electrical energy storage is present in a myriad of applications
such as telecommunication devices, implantable medical devices and electric and
hybrid vehicles. Storage of electrical energy may be achieved using electric fields
(capacitors), by means of chemical reactions (batteries) or as hydrogen generated by
the electrolysis of water which may be subsequently converted to electricity in a fuel

cell. By virtue of the different physical and chemical processes utilized, each of these
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Figure 1.13'" compares energy and power densities of various electrochemical

charge storage devices in a Ragone Plot.
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methods are characterised by different energy and power densities as illustrated in the
Ragone plot of Figure 13."" The choice of which method to use, is dictated by the
application. This choice is seldom easy though, since the power and energy
requirements of a particular device can vary considerably during operation. The most
common electrical energy storage device is the battery. Batteries are capable of
storing large amounts of energy in a relatively small mass and volume while retaining
the ability to satisfy moderate power demands. In recent times however, power
requirements in many applications traditionally reliant on batteries have increased
markedly, exceeding the capability of battery systems. The global system for mobile
communications (GSM) format for example, requires current pulses of about 0.5 ms
duration every 5 ms.'”! The pulse power is about 10 times greater than the average
power requirement. Batteries are typically the storage method of choice for GSM
applications, however in order to satisfy this high power demand, battery systems
(which are considered to have low power and high energy density) must be over
dimensioned such that the available energy far exceeds device requirements. In
addition, exposure of batteries to such variable loads reduces their lifetimes
dramatically. The application of fuel cells to emerging electric vehicle technologies
has encountered similar problems.

Fuel cells, while being able to efficiently accommodate the energy needs of electric
vehicles, have insufficient power density to satisfy the power requirements of an
accelerating vehicle. A solution to this problem is to separate the energy and power
demands of a particular application such that peak power is provided by a pulse
power device (capacitor) that is charged periodically by a primary energy storage unit
(fuel cell or battery). In this way, the total mass of the energy storage unit may be
decreased by optimising its size for a particular application, and since the load placed
on the primary energy storage unit is less variable, its lifetime is extended
significantly.

Traditional (dielectric) capacitors with planar metal plate electrodes have
capacitances in the range of pico- to nanofarads per square centimetre and are
obviously incapable of storing significant amounts of energy in their given mass and

volume. Hence, these devices are unable to satisfy demand from applications
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requiring significant amounts of energy in pulse form. For this reason, the
development of high energy density electrochemical capacitors (also called

supercapacitors and ultracapacitors) has been undertaken.

1.5.4.2 Supercapacitors and Batteries Compared

Capacitors store energy by charge separation. Here, capacitance usually arises from
the coverage of a solid electrode surface by solution-borne electroactive adatoms or
the charging of the double layer that is formed at the interface of a solid electrode
surface and a liquid electrolyte. These processes, the latter illustrated in Figure

1.14'%?, are two-dimensional in nature in that atoms in the electrode bulk do not
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Figurel.14." Double layer capacitors store charge by accumulation of electrolyte

ions within the electrical double layer established at the surface of polarised

electrodes.

contribute to the capacitance. In addition, no chemical charge transfer reactions are
involved. The electrode potentials of these ‘ideally capacitive’ systems are a
continuous function of the degree of charge of the electrode which is in turn
controlled by the extent of surface coverage of the electrode.'” Consequently,
charging and discharging currents are constant with linear variation of the potential.
The charging behaviour of an ideal system is illustrated in Figure 1.15. From the plot

it can be seen that the energy AG, stored in a capacitor is calculated using equation 6,
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AG = 40V (6)

where V' is the potential at which the charge O is discharged from the device. The
factor %2 in this equation arises due to the fact that the average potential at which an
ideal capacitor charges and discharges is only half that of the maximum operating
voltage. Charge storage using two-dimensional surface processes is typically highly
reversible and since bulk diffusion is not involved time constants for charging and
discharging are very small resulting in high power densities, particularly for devices

with high surface area electrodes. The corollary of charge storage by charge
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Figure 1.15 compares the voltage profile of an “ideal’ battery and supercapacitor as a

function of state of charge.

separation and the lack of electrode bulk activity is that capacitor cycling is highly

reversible, such that device lifetimes are typically in the range of 10*-10° cycles.
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By contrast, charge storage in batteries relies on charge transfer reactions occurring
both in the electrode bulk and on the electrode surface. As a consequence of this
reliance on redox processes, the state of charge of a battery is controlled by
thermodynamic behaviour in which charge is stored at a defined redox potential at or
near the maximum operating voltage of the device, as illustrated in Figure 1.15. Thus,

the energy stored in a battery may be calculated using equation 7:
AG =QV 7)

This reliance on bulk redox processes ensures that batteries possess a significantly
higher energy density than supercapacitors which utilize only their surface. However,
the three-dimensional nature of the battery energy storage mechanism also means that
the rates of these processes are limited by bulk diffusion of electroactive species
within the electrode and hence power densities are low. In addition, there is an
inherent irreversibility associated with redox reactions, especially those occutring in
the electrode bulk. As such, the cycle life of batteries is significantly less than that of

capacitor devices.

1.5.4.3 The Various Types of Supercapacitors

Electrochemical capacitors or supercapacitors may be divided into two broad groups
based on their means of charge storage. Double layer capacitors store energy by
charge separation in the double layer, and as the first of the two broad groups, most
closely resemble the ideal capacitors described in the section above. The second
group of supercapacitors, also called pseudocapacitors, also utilize charge separation
in the double layer as a means of storing energy, however a significant amount of
their capacity is derived from faradaic reactions occurring at or near the electrode
surface. Three types of charge transfer reactions have been utilized in the
development of supercapacitors. These include surface adsorption of ions from the
electrolyte, redox reactions involving ions from the electrolyte and the doping and

undoping of conductive polymer materials.
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1.5.4.3.1 Double Layer Capacitors

Double layers capacitors based on carbon are the most developed of all
supercapacitors. Carbon is used for a number of reasons, principally, its low cost,
high surface area, availability and established production technologies. Capacitance
in double layer devices is a function of the surface area and pore size distribution and
specific capacitance is calculated using the formula: C=C,A, where specific
capacitance is expressed in F g, the area specific capacitance, C, is expressed in F
em” and electrode surface area is expressed in cm® ¢! The area specific capacitance
of carbon is typically in the range 15-30 pF ¢m™ and as such for a surface area of
1000 m” g, we could expect a specific capacitance of 150-300 F g”'. The reality is
that although carbons with surface areas up to 2500 m” g™ are obtainable, specific

capacitances of carbon electrodes rarely reach values higher than 75-150 F g for

"% Even though double

aqueous electrolytes and 40-100 F g™ for organic electrolytes.
layer capacitors using organic electrolytes give lower capacitances than those
employing aqueous electrolytes, the operating potential range of organic electrolytes
may be up to 3.5 V as opposed to the 1.2 V limit imposed on aqueous electrolytes by
the electrochemical instability of water. This offers supercapacitors using organic
electrolytes a significant advantage in terms of energy density over those using
aqueous electrolytes since the energy stored in a capacitor is given by the expression
AG=1/2CV”. The increase in energy density however is accompanied by a decrease in
power density since the electrolyte conductivity and therefore the maximum rate of
discharge is significantly lower in organic systems. The reason for the lower than
expected specific capacitance values observed in carbon based systems is that most of
the activated carbons available for use in supercapacitors were developed for
filtration applications. In these poorly structured materials, a large fraction of the
nanopore volume (up to 90 %) results from pores that are too small to permit the
electrolyte ions to freely diffuse in and out of the structure. Hence, only a fraction of
the surface is capable of generating deliverable capacity and a significant fraction of
the ionic electrode resistance is due to pore resistance. This effect is more pronounced
in devices using organic electrolytes since the size of the ions is much greater than in

aqueous electrolytes. Figure 1.16'% shows the effect of variation in pore diameter on
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surface area and electrode capacity. The critical pore diameter at which capacity
begins to fall is dictated by the choice of ions in the electrolyte and the pore size
distribution. By appropriate matching of these two parameters capacity may be
optimized. Poor ionic resistance has a significant effect on the high frequency
response of carbon based supercapacitors. Carbonaceous materials with small pores
(< 1 nm) exhibit a significant decrease in capacitance at discharge rates greater than
100 mA em™, especially when organic electrolytes are used. In contrast, materials
with larger pore sizes can be discharged at rates greater than 500 mA cm™ without
significant decay in capacity.

At present, the majority of research efforts are focusing on increasing the relatively

poor energy density of carbon based supercapacitors. The highest energy densities are

Surface Area ————m
Capacity ——w

Pore Diameter
Figure 1.16'% shows that as pore diameter in supercapacitor electrode materials
decreases a greater proportion of the electrode surface area becomes inaccessible to

the electrolyte.

in the vicinity of 5-6 W h kg however there is a strong correlation between energy
density and the RC time constant with the higher energy density devices having large
time constants of at least 2 s. This translates to low power densities of around 500 W
kg’l. Devices with RC time constants as low as 0.1 s are available, translating to

power densities above 1.5 kW kg however these typically have energy densities
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around 1 W h kg”'. The reason for the lower energy density in high power
supercapacitors is that in order to achieve high power, electrodes are made
significantly thinner than those of higher energy devices causing the ratio of active
material mass to the inactive component (separator, current collector and packaging)
mass in a device to decrease.

Recently, a new type of nanoporous carbon was proposed for use in supercapacitor
devices by an industrial developer.'® These carbons are made via the temperature
chlorination of carbide powders such as SiC, TiC and Mo0,C."°7 The resultant powders
possess high surface areas with a narrow pore size distribution the mean size of which
is dependent on the base carbide used. The developers claim pore size may be
controllably varied between 0.8 and 3 nm such that all of the pore structure is
accessible to an electrolyte and pore size may be tailored to the size of the ions.
Specific capacitances of 320 F g and 160 F g for the active material utilizing
aqueous and organic electrolytes respectively have been claimed. When incorporated
into a practical device these materials yielded energy and power density values of 11
Wh kg' and 10 kW kg' respectively. Comparison with energy and power
specifications of other commercial and developing supercapacitors in Figure 1.17
shows that these values if truly achievable, represent a substantial step forward in

supercapacitor development.

1.5.4.3.2 Pseudocapacitors

Despite their relatively high energy density in comparison with dielectric devices,
double layer capacitors at present are not capable of producing the performance
characteristics to satisfy the requirements of future power intensive applications. This
has led researchers to investigate charge storage systems more closely related to
batteries. In many cases, these systems utilize double layer charge storage, however
derive most of their capacity from redox reactions (hence the term
‘pseudocapacitance’) occurring at the surface or in the bulk of the electrode. Despite
their reliance on thermodynamically defined potential dependent reactions,
pseudocapacitors generally display uniform charge/discharge current behaviour

similar to that of ideal capacitors. This is usually due to the presence of a sequence of
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World-wide research and development activities on ultracapacitors

Country Company or lab Funding Description of the technology Device characteristics Energy density  Power density Status /availability
(W h/kg) (W/kg)
Carbon particulate composites
Japan Panasonic Private Spiral wound, particulate with binder, 3V, 800-2000 F 3-4 200-400 Commercial
organic electrolyte
France /US Saft/Alcatel US DOE /private Spiral wound, particulate with binder, 3V,I130F 3 500 Packaged prototypes
organic electrolyte '
Australia Cap xx Private Spiral wound and monoblock, particulate 3V,120F 6 300 Packaged prototypes
with binder, organic electrolyte
Japan NEC Private Monoblock, multi-cell, particulate with 511V, 1-2F 0.5 5-10 Commercial
binder, aqueous electrolyte
Russia (Moscow)  ELIT Russian Bipolar, multi—cell, carbon with sulfuricacid 450 V,0.5F 1.0 9001000 > Commercial
Government /private 100,000 cycles
Carbon fiber composites
United States Maxwell US DOE /private Monoblock, carbon cloth on aluminium foil, 3V, 1000-2700 F 3-5 400600 Commercial
organic electrolyte
Sweden/Ukraine  Superfarad Private Monoblock, multi-cell, carbon cloth on 40 V, 250 F 5 200-300 Packaged prototypes
aluminum foil, organic electrolyte
Aerogel carbons
United States PowerStor US DOE /private Spiral wound, aerogel carbon with binder, 3V,75F 04 250 Commercial
organic electrolyte
Conducting polymer films
United States Los Alamos US DOE Single-cell, conducting polymer (PFPT) on 28V,08F 1.2 2000 Laboratory prototype
National Lab carbon paper, organic clectrolyte
Mixed metal oxides
United States Pinnacle US DOE /private Bipolar, multi-cell, ruthenium oxide, on ISV, 125F100V,1F 0.5-0.6 200 Packaged prototypes
Research Institute titanium foil, sulfuric acid
United States US Army, US DOD Hydrous ruthenium oxide, bipolar, 5V, IF 1.5 4000 Unpacked Iab prototype
Fort Monmouth multi-cell, sulfuric acid
Hybrid R
United States Evans Private Double-layer /electrolytic, single cell, 28 V.0.02F 0.1 30,000 Packaged prototype
monoblock, ruthenium oxide / '
tantalum powder dielectric, sulfuric acid
Russia (Moscow) ESMA Russian Double-layer /Faradaic, monoblock, 1.7 Veells/17V 8-10 80-100 (95% Commercial
Government /privatc  multi-cell modules, carbon /nickel modules/20 A h discharge effic.)
oxide /KOH (50,000 F) cycle life
10-20 K cycles
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overlapping redox couples or adsorption onto the electrode surface of ions from the
electrolyte.

The most well known pseudocapacitive systems are those based on metal oxides.
RuO, is by far the most thoroughly characterised of these and to date has exhibited
the highest performances. Crystalline RuO, has a high capacitance of approximately
150 to 260 uF cm? due to the reversible oxidation and reduction of the surface via a

mechanism involving proton exchange with the electrolyte'%%:
RuO(OH), +6H™ +d¢” <> RuO,_;(OH), . ; (7)

This value is approximately 10 times greater than that of carbon and has enabled
investigators to fabricate single electrodes with a specific capacitance of 380 F g
Although charge/discharge currents are constant with voltage, the cyclic voltammetry
is not purely a consequence of double layer charging but is also of a sequence of
redox reactions involving the Ru(Ill) to Ru(VI) oxidation states within a potential
window of approximately 1.4 V as indicated in Reaction 7 above.''” Other
investigators' "''? have subsequently discovered that the amorphous phase of
hydrous ruthenium oxide RuO,.xH,O, is capable of delivering even higher
capacitances than the anhydrous crystalline form due to the involvement of proton
insertion into the electrode bulk as well as the surface. Single electrode capacitances
of 720 F g and 760 F g have been calculated using cyclic voltammetry, however
due to the reliance on bulk derived capacity these impressive performance figures are
only achievable at the low scan rate of 2 mV s™'. Trasatti and co-workers' P discussed
the variation in charge storage capacity in hydrous ruthenium oxide as a function of
scan rate and were able to separate charge contributions of the ‘outer’ surface from
those of the ‘inner’ surface where charge/discharge rates and charge capacity were
modelled assuming semi-infinite linear diffusion.

At present, the development of ruthenium oxide capacitors has proceeded only to the
product development stage with packaged prototypes despite impressive

performance. This is a direct consequence of the extremely high raw materials cost of
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ruthenium which will probably ensure that commercial applications are restricted to
military and aerospace markets.

Several attempts have been made to reduce the cost of ruthenium based
supercapacitors. The simplest of these have imitated the development of Pt containing
electrodes used in proton exchange membrane fuel cells by depositing RuO, onto
inexpensive conducting supports. Miller ez al. reported the deposition of ruthenium
nanoparticles onto carbon aerogel supports.''* The oxidised nanoparticles increased
the mass specific capacity of the carbon single electrodes from 95 F g to 206 F g,
Using a similar methodology Takasu et «/. used a dip-coating process to fabricate
ultrafine ruthenium oxide particles supported on high surface area vanadium oxide
electrodes.'’” The authors achieved charge densities of 162 mC cm™ for 1 pum thick
electrodes. In other work, ruthenium was diluted by incorporation into an ABO;
perovskite structure with Ru in the B position.'"® Capacities of 20 to 30 F g were
reported for single electrodes.

Other work on metal oxide pseudocapacitors has focussed on using less expensive
transition metals. The majority of these works used nickel oxide as the electrode
material formed by thermal treatment of a sol-gel precipitate or electrodeposited film.
Thermal treatment is carried out to destroy the hydrous structure of the Ni(OH),
forming NiO and in doing so restricting any charge transfer reactions in the KOH

electrolyte to the surface of the electrode. This exclusion of the bulk H' intercalation

process (8),
Ni(OH), +(OH)" <> NiOOH + H,0O +e” (8)

that endows Ni-MH battery systems with their high energy densities reduces greatly
the capacity of the electrode in favour of obtaining more ‘ideal’ capacitive cycling
behaviour. However, because all of the charge is derived from surface reactions,
power density is increased. Respectable performance figures have been attained using
this chemistry. Liu ef al. reported a sol-gel derived NiO capacitor with a specific
capacitance ranging from 200 F g to 256 F g for a single electrode.'” Using an

electrochemical route Srinivasan and Weidner''® ' fabricated a NiO based
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supercapacitor with a single electrode capacitance of 236 F g'. To a lesser extent

1.'%° used a sol-gel

cobalt oxide has been used as a pseudocapacitive material. Lin er a
process to synthesise a Co(OH), xerogel single electrode of high surface area capable
of a specific capacitance of 291 F g''. Despite the fact that their preparation route
preserved the hydrous electrode structure in the device, they claimed that all of the
observed charge was derived from surface processes. Molybdenum nitride was also
investigated as a relatively low cost alternative material to RuO,."*' Success was
limited however, with authors demonstrating a low discharge charge density of 6 mC
cm™ and an operating voltage limited to 0.7 V by anodic decomposition of the MoN
film.

Electrochemical capacitors using carbon double layer materials in one electrode and
an oxide pseudocapacitive material in the other have been proposed and developed by
Beliakov ef al. of the Russian company ESMA.'? In principle, if one of the
electrodes of a supercapacitor were not polarisable, or only to a small extent while the
potential of the other electrode was variable with the degree of charge, then the
capacitance of the device would be doubled. Indeed, this has led to the ESMA hybrid
capacitor devices composed of a high surface area carbon negative electrode with a
NiOOH positive electrode displaying the highest observed energy density in any
supercapacitor of 8 — 10 Wh kg™'. The magnitude of this value which is closer in
order to the energy densities of Ni-MH batteries than other supercapacitors, can be
appreciated in knowing that charge storage in the ESMA supercapacitor utilises both
surface and bulk redox activity. Consequently, power density is lower than in a pure
double layer electrode device since at high discharge current densities ionic resistance
and the redox reaction time constant become significant. As such, the performance of
this device more closely resembles that of a high power battery. Information
concerning the extended cycle life of this device required in supercapacitor
applications is scarce but it is expected that this will present a significant technical
hurdle in the development of this device.

Park er al.'” have attempted to retain some of the high capacity associated with
hybrid capacitors while enhancing the power density. Their combination of a pure

double layer carbon negative electrode with a composite NiOOH/activated carbon
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positive electrode displayed a single electrode capacity of 530 F g, however
galvanostatic cycling of the assembled device was only carried out at 1 mA cm?,
making a true description of the power capabilities difficult.

Conducting polymers have been investigated as electrochemical capacitor materials
because of their high capacities as compared with carbon based systems and their low

124,125 El

cost in comparison with ruthenium oxides. ectronic conductivity is derived

from their m-conjugated structure and polymers may be positively or negatively
charged by ion insertion into the electrode bulk. Polyaniline'?® and polypyrrole may
only be p-doped (positively charged) however polythiophene and its derivatives may
be both p- and n-doped. It is the latter that has received the most attention in the
literature and capacitances of up to 450 F g™! have been reported.'?’ The performance
characteristics of polymer supercapacitors continues to increase, however there are
still many problems associated with their development, particularly those related to

limited cycle life and high rates of self-discharge.
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1.6 The Electrodeposition of Nickel

Nickel electrodeposited from acetate baths is characteristically harder and contains

lower internal stresses than deposits from the more commonly used sulphate and
sulphamate deposition baths. This is because in general, nickel deposits obtained
from acetate solutions contain significantly less hydrogen than those obtained using
chloride, sulphate or sulphamate based solutions. Hydrogen incorporation may be
effectively considered a defect in the metal lattice since it significantly undermines

1.'*¥ studied the incorporation of

the mechanical properties of a deposit. Gamburg et a
hydrogen into nickel during electrodeposition from acetate solutions and concluded
that hydrogen is present in the nickel predominantly as a solid solution. The extent of
hydrogen incorporation in nickel deposited from acetate solutions is lower than in
previously mentioned solutions such as those containing chloride because the basicity
of the acetate ion increases the pH of acetate solutions relative to the other anions
which are weaker conjugate bases. As a consequence, hydrogen evolution is shifted
to lower potentials in acetate solutions, allowing the cathodic deposition of nickel to
occur without appreciable superposition with the hydrogen evolution reaction (HER).

The cathodic electrodeposition of nickel proceeds via a number of intermediate steps,

as indicated below:

Ni** + H,0 <> NiOH" + H" (9)
NiOH* +e” — NiOH (10)
NiOH , + ' +e < Ni+ H,0 (1)

In this process, Reaction 10, that is, the reduction of NiOH" to the adsorbed
intermediate NiOH,4;s has been postulated as the rate determining step.m’130 The rate
of nickel deposition is thus controlled by the electrode kinetics of Reaction 10 and the
concentration of the reactant species NiOH™ which is indirectly influenced by the
concentration of H'. Control of pH is therefore critical in controlling the rate of
electrodeposition of nickel, not only because of the importance of H" concentration in

Reaction 9, but as a consequence of the superposition of nickel electrodeposition with
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the HER. In addition to the production of hydrogen, the HER generates hydroxyl ions

via
H20+e‘—>—;:H2+OH‘ (12)

increasing solution pH, especially in areas close to the electrode surface. This local

pH rise has detrimental effects on the deposition of nickel since Ni(OH), precipitates

Figure 1.18."** The Pourbaix diagram of nickel shows the stability windows of the

various redox states and species as a function of potential and pH.
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at pH ~ 6.6"" as indicated in the Pourbaix diagram of electrochemical equilibria of
Figure 1.18."%% The precipitated Ni(OH), which forms locally on the electrode surface
reduces the rate of further deposition by passivating the electrode against nickel
reduction and is occluded into the growing deposit, reducing its mechanical
properties.' >

The sensitivity of nickel electrodeposition to pH has led to the addition of buffering
reagents, typically boric acid to most commonly used deposition solutions. Tsuru et
al.* showed that the addition of boric acid to nickel plating solutions enables
suppression of hydrogen evolution during electrodeposition, thus minimising
hydrogen incorporation, passivation by Ni(OH), and variation in the deposition rate.
The mechanism of this suppression is not simple however.

Boric acid cannot buffer the solution by a simple proton dissociation mechanism
because the practical pH range of a buffer is pK, = 1, which in the case of boric acid
is 9.2 £ 1. This is clearly too high a value given the fact that the bulk pH of nickel
plating baths is between 4.0 and 6.5. Tilak ef al.'*® addressed this inconsistency by
suggesting that boric acid buffers nickel plating solutions through a weakly bound
nickel borate complex which is thought to be Ni[B(OH),]". Indeed, the ability of
boric acid to suppress hydrogen evolution is observed only in the presence of nickel
ions, indicating the involvement of some kind of mutual interaction between boric

acid and nickel ions or nickel-containing intermediates formed during the deposition

process.
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1.7 Nanoparticulate versus Nanoarchitectured Electrodes

High power capability in electrochemical devices such as those described above
requires large electrode surface areas providing high current densities as discussed in
Section 1.1. The benefits of large surface areas are negated however if those species
in solution facilitating the reaction are not able to move rapidly to the reaction sites
within a high surface area electrode. For example, Springer ez al. found that PEM fuel
cell performance incurred substantial losses as a result of poor diffusive mass
transport of O, through the high surface area air cathode.'*® They found that the
effective tortuous path length for gas diffusion was approximately 2.6 times the
cathode thickness. Therefore, in addition to possessing a high roughness factor, high
power porous electrodes must also have a structure capable of facilitating rapid
diffusion. Another requirement for both high power and energy density is low
electronic and ionic resistance in the electrode structure itself. Electronic electrode
resistance is manifest as a voltage drop during operation, and in high power devices
such as supercapacitors, this limits the maximum attainable power output. lonic
electrode resistance limitations are equally important for high power operation in
devices such as lithium-ion batteries which function by insertion processes. lons must
diffuse through the electrode structure to undergo reaction and as such resistance to
this diffusion results in power and energy losses.

Porous electrodes composed of nanoparticles attempt to address these requirements.
Such materials possess high surface areas by virtue of their finely divided nature as
illustrated in Figure 1.19. Since the particles are of nanometre dimensions, the
distance ions must diffuse through the bulk to the interface is extremely small, as
depicted schematically in Figure 1.20, and hence the time constant for bulk diffusion
is low and reactions may be carried out rapidly.

The structure of nanoparticulate electrodes has negative attributes however. The
aggregate structure contains a high density of grain boundaries and consequently,
ionic and electronic electrode resistances are high. Also, because of the random
nature of nanoparticle packing in the electrode, the pore structure is not uniform and

consists of non-linear channels of varying diameter with necking at particle-particle
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boundaries. Thus, species moving within the electrode encounter significant

tortuosity. As a result of these negative attributes, power losses in nanoparticulate

Figure 1.19. Intercalated ions and electrons (yellow) and solution bound species
(blue) must traverse a considerably tortuous path in order to move through a

nanoparticulate electrode.

Figure 1.20. For complete utilisation of an active material an ion may have to diffuse

a distance equal to the particle radius.

electrodes tend to be considerable and their high surface areas are only fully utilised
when processes are conducted at low rates.

Templated materials as discussed in Section 1.4 also possess high surface areas
however their pore structures offer a number of advantages over nanoparticulate

electrodes in high power applications as illustrated in Figure 1.21. The ordered pore
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system conveyed by the self-assembly of the template enables faster diffusion of
species through the pore network so that the inherent capability of high current
density which comes with high surface area 1s realised by high rates of mass transfer.
This non-tortuous pore network works in concert with the monolithic electrode

structure, in which there is an absence of the grain boundaries that cause power losses

Figure 1.21. lonic and electronic movement within templated electrodes encounters

relatively low impedance due to the continuity and uniformity of the structure.

in nanoparticulate systems due to increased ionic and electronic resistance. Templated
electrodes may also offer increased resistance to decrepitation associated with
stresses induced by electrode volume expansion and contraction in comparison to

nanoparticulate systems because of their more uniform structure.
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2.1 Background and Objectives

Prior to the work discussed here, the direct liquid crystal templating (DLCT) of
electrodeposited metals with high quality mesoporosity was restricted to platinum and
palladium using expensive, high purity polyoxyethylene surfactants such as CisEOs.
Although platinum and palladium are efficient electrocatalysts for a number of
processes, the high raw materials cost of these metals has impeded their widespread
use in electrochemical technologies. Attempts to prepare less expensive metals of
greater industrial relevance via the DLCT route with high quality mesoporosity using
the cheaper, less pure Brij® polyoxyethylene surfactants have received little effort

with the exception of mesoporous tin."

The subject of the work described in this chapter is the preparation and
characterisation of high quality mesoporous nickel using the Brij® and Pluronic®

surfactant systems. The objectives of the work are described below:

1. To find an appropriate liquid crystal deposition medium and characterise
its phase behaviour. Here, compatibility between the surfactant and a
dissolved nickel salt were necessary such that the mixture gave access to
important liquid crystalline phases such as the hexagonal (H;) and

bicontinuous cubic (V) phases.

2. To investigate methods of preparing mesoporous nickel via an
electrodeposition route, to characterise this deposition process and to make
comparisons with the non-templated electrodeposition of nickel. This is
important not only for understanding the deposition process, but in order to
elucidate means of rapid production of mesoporous nickel, whilst retaining

high quality mesoporosity.

To prepare mesoporous nickel of varying pore sizes with both H; and V,

(U8

pore geometry. The ability to vary pore size and geometry is important in

successfully tailoring a mesoporous material to a particular application.
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To characterise mesoporous nickel both structurally and electrochemically.
Structural characterisation includes investigation of both macro- and
mesoscale morphology and structural regularity, while electrochemical
characterisation includes surface area analysis and investigation of relevant

electrochemical rate capabilities.

The final objective of this chapter will be to compare the properties of
templated mesoporous nickel with those of non-templated electrodeposited

samples.
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2.2 Experimental

Experimental work in this chapter is divided into four sections. The first gives details
of the methods used in elucidation of the phase behaviour of the templating media,
while the second section details the characterisation of the deposition process.
Sections three and four then discuss methods used in the structural and

electrochemical characterisation respectively of mesoporous nickel.

2.2.1 Phase Behaviour of Liquid Crystalline Templating Mixtures

The non-ionic polyoxyethylene surfactants Brij® 56 (C4[EO], where n~10) and Brij®
78 (Ci3[EO], where n~20) are trademarks of ICI America and were obtained from
Aldrich and used as received. The Pluronic® (a trademark of BASF Corp.) block
copolymer surfactant P123 (with formula [EO][POJ7[EO]20) was a gift from BASF
Corp. (Mt. Olive, New Jersey) and was also used as received. The precursor solution
used in the electrodeposition consisted of nickel(Il) acetate tetrahydrate (Fluka,
>99%), sodium acetate trihydrate (Fluka, >99.5%) and boric acid (BDH Chemicals,
>99.5%). All solutions were prepared using deionized water and glassware was
cleaned by soaking in a 3 % solution of Decon 90 (Hogg) for 24 h. followed by
soaking in dilute HCI and subsequent rinsing with deionized water.

The templating media used in the electrodeposition of mesoporous nickel were binary
systems comprising either Brij® 56, Brij” 78 or Pluronic® P123 surfactants and an
aqueous solution consisting of 0.2 M nickel acetate, 0.5 M sodium acetate and 0.2 M
boric acid. In preparing the mixtures, the surfactants were heated to ~60 ° C (above
their melting points) in a glass vial and mixed manually using a glass rod on addition
of the aqueous solution. Compositions of the binary mixtures were calculated on a
weight basis. Mixing times of ~10 minutes were required to obtain an homogeneous
mixture. Complete mixing was confirmed by homogeneity of the liquid crystal’s
colour and by the absence of macroscopic surfactant particles under the non-
polarizing light of an optical microscope.

Phase diagrams of the templating media in the composition range 30-85 wt. %
Brij®/Pluronic®, were investigated using an Olympus BH-2 polarizing microscope
equipped with a Linkam TMS 90 heating/cooling stage accurate to = 0.1 °C. Here,

thin films of the liquid crystals were prepared by sandwiching the mixture between a
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glass microscope slide and cover slip. Liquid crystalline phases were identified based
on their optical texture’, viscosity and the shape of the air bubbles present in the
mixture.

In identifying hexagonal/lamellar phase transitions the change in optical texture was
not always a reliable indication of the transition. As such, the characteristic decrease
in mixture viscosity accompanying this phase change was used as a more reliable
indication of the transition. This transition was made easier to recognise by rotating
the glass cover slip 180° while the mixture was in the hexagonal phase. Rotating the
cover slip caused air bubbles in the sample to adopt a long arced shape. The bubbles
were able to retain this highly stressed shape only because of the high viscosity of the
hexagonal phase, however on moving to the less viscous lamellar phase, the stressed
bubbles relaxed immediately to circular bubbles, making the transition easily

recognisable.

2.2.2 The Electrodeposition Process

The electrochemical deposition of mesoporous nickel was conducted in a

Ref.
WE CE

Water
jacket

Figure 2.1. This schematic shows the electrodeposition cell consisting of a three
electrode cell contained within a glass water jacket used in the deposition of

mesoporous nickel.

potentiostatic regime using either a purpose-built potentiostat or a Perkin-Elmer VMP

Multistat. Deposition cells were of a three-electrode configuration consisting of a gold
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working electrode, a saturated calomel reference electrode (SCE) and a platinum
gauze counter electrode. These electrodes were inserted into the liquid crystalline
plating electrolyte containing dissolved nickel (II) salts as illustrated in Figure 2.1. All
deposition experiments were carried out potentiostatically at —0.9 V vs. SCE and
25 °C (unless otherwise stated) with varying deposition charge densities. Mesoporous
nickel deposited from the H; Pluronic® template used a 50 wt. % P123 based template,
while H; nickel deposited from Brij® 56 and 78 used 65 wt. % surfactant templates.
Deposition of V; nickel from the Brij® 56 based template also used a 65 wt. %
surfactant template however the deposition temperature was 35 °C.

Cells were contained in Pyrex water-jacketed vessels. Cell temperature was
maintained at the deposition temperature with an accuracy of + 0.1 °C using a Grant
ZD thermostated water bath. Prior to the commencement of electrodeposition, the
liquid crystalline electrolyte was heated to approximately 50 °C (into the less viscous
micellar solution or lamellar phase regions) and then allowed to cool without
assistance for 15 min. followed by a further 15 min. cooling period assisted by a water
bath held at the deposition temperature. This process essentially annealed the liquid
crystal, allowing internal stresses in the mesophase to be relieved. In combination
with the 30 min. cooling period, this annealing resulted in the formation of a more
continuous and ordered phase structure. This process will be discussed in detail in
Chapter 6. In addition to assisting ordered phase formation, the annealing process also
allows larger air bubbles to be removed from the solution by virtue of their buoyancy
in the less viscous electrolyte at 50 °C. The removal of air bubbles ensures that the
deposition of metal films is homogeneous over the entire electrode surface.

Films grown for transmission electron microscopy (TEM) and x-ray diffraction
(XRD) analysis were deposited onto approximately 3 ¢cm? thin film gold electrodes
made by evaporation of gold onto chromium-coated glass microscope slides. These
electrodes were cleaned in an ultrasonic bath of isopropanol for 60 minutes prior to
deposition, then rinsed with de-ionised water and dried under ambient conditions.
Films used in electrochemical characterization were deposited onto either 200 pum or 1
mm diameter gold discs encased in an epoxy insulator. These were cleaned by first
polishing consecutively on 25 wm, 1 wm and 0.3 pm alumina (obtained from Buehler)
embedded microcloths then electrochemically cleaned by cycling the electrodes

between -0.6 V and 1.4 V vs. a saturated mercury sulphate reference electrode
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(SMSE) at 200 mVs' in a 2 M H,SOy solution. An example voltammogram is
presented in Figure 2.2. With each cycle, a layer of gold oxide was formed at
potentials above 0.75 V vs. SMSE and subsequently stripped from the electrode
surface as indicated by the peak centred at 0.45 V.2 Hydrogen and oxygen evolution
currents dominated the voltammetry at the lower and upper limits respectively.
Experiments investigating the variation of the deposition current density with
deposition potential in the non-templating nickel deposition solution were carried out
potentiostatically using 25 pm gold disc microelectrodes. Steady state currents were
used in analysis of the data.

After deposition working electrodes were removed from the cell and washed in

isopropanol for 24 h. in order to remove the template electrolyte from the pores of the

deposit.
8
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Figure 2.2 shows the voltammetry of a polished gold disc electrode cycled in 2 M

HySO4(aq) at 200 mV st indicating a clean, deposition ready surface.

The efficiency of the electrodeposition process was measured using an anodic

stripping voltammetry treatment on deposited electrodes. This procedure is described

in Chapter 6.
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2.2.3 Structural Characterisation

Structural characterization of the films was carried out in order to confirm the
templating effect of the liquid crystal on the deposit morphology. Transmission
electron microscopy (TEM) was performed on a JEOL 2000FX TEM working at 200
kV. Samples were prepared by scraping particles from a mesoporous nickel film
supported on a deposition substrate into ethanol. Particles of mesoporous nickel were
then removed from the ethanol by pipette and dispersed on Cu TEM grids with
evaporation of the ethanol.

Both small angle x-ray scattering (SAXS) and wide angle x-ray scattering (WAXS)

were carried out using a Siemens D-5000 diffractometer (Cu-K, radiation) with a scan

rate of 5° min™.

2.2.4 Electrochemical characterisation

Electrochemical characterisation of electrodeposited nickel films was carried out in
order to determine the surface area of the films and to determine their rate capabilities
in charging and discharging reactions. Potential step and cyclic voltammetry
experiments were conducted using a purpose built potentiostat and triangular
waveform generator interfaced with a PC via a National Instruments data acquisition
card. Experiments were carried out in three electrode cells consisting of the nickel
working electrode, a platinum gauze counter electrode and a mercury/mercury oxide
(using 6 M KOH) reference electrode (Hg/HgO) immersed in 6 M KOH purged with
N, or Ar gas. Cyclic voltammetry was conducted between the potential limits of —1.06
V and 0.6 V vs. Hg/HgO. Determination of the amount of charge associated with the
cyclovoltammetric peaks of the Ni(OH),/NiOOH redox couple in alkaline solution
was done by integration of the entire peak area in the case of the cathodic process.
Charge associated with the anodic peak was calculated by integration of the peak and
using the potential intercept of the linear portion of the trailing edge (falling current)
of the peak as the upper potential limit of integration. This enabled exclusion of the

oxygen evolution current from the calculated anodic charge value.
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2.3 Results and Discussion

2.3.1 Phase Characterization

The ability of three surfactants, namely Brij® 56, Brij” 78 and Pluronic® P123 to form
self-assembled liquid crystalline phases on addition of aqueous solution was used to
create supramolecular templates for the electrodeposition of porous nickel. Study of
the phase behaviour of a liquid crystalline phase containing a Ni(II) aqueous solution
was important in determining the correct experimental parameters needed to obtain
the desired template geometry. The following sections describe the phase behaviour

of the liquid crystalline electrolytes used in the deposition of mesoporous nickel.

2.3.1.1 Brij® 56

The Brij® 56 liquid crystal templating mixture was found to exhibit a variety of
structural phase morphologies. The phase diagram of Brij® 56 with the nickel(Il)
acetate deposition solution is shown in Figure 2.3, and indicates relatively complex
lyotropic phase behaviour. Although polyoxyethylene systems are considered
lyotropic, there is also some thermotropic behaviour observable in Figure 2.3 as

evidenced by the occurrence of phase transitions with variation of the temperature.
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Figure 2.3 shows the phase behaviour of the Brij® 56/0.2 M nickel acetate deposition

solution mixture over a wide temperature and composition range.
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In general, only the hexagonal (H;) and bicontinuous cubic (Vi) phases were of
interest in our liquid crystal templating syntheses since only these phases are capable
of producing materials with continuous pore networks and adequate mechanical
stability. Figure 2.3 shows a large stable H; domain, enabling fabrication of Hi
structures over a range of temperatures and compositions using this templating
system. The synthesis of Vi nickel is somewhat more restricted in that its fabrication
1s limited to surfactant concentrations between 60 and 65 wt. % in the temperature
range 34-38 °C.

Figures 2.4, 2.5 and 2.6 illustrate the optical textures of the H;, Viand L, phases

Figure 2.4. The charcoal-like appearance of this cross polarising optical micrograph

identifies the H; phase of the Brij® 56/0.2 M nickel acetate deposition solution system.

respectively under cross-polarising light. The H; phase of Figure 2.4 is clearly
identified by its optical texture, which resembles that of a charcoal drawing. The H;
phase is also identified by the irregular geometry of the air bubbles present in the
mixture. In addition to the Vi and I; cubic phases, the hexagonal phase is one of 3
phases having sufficient viscosity to allow air bubbles in the mixture to sustain an
irregular geometry. Of these 3 viscous phases however, only the H; phase displays a
birefringence pattern under cross polarizing light. The V; bicontinuous phase of
Figure 2.5 clearly demonstrates an irregular air bubble geometry, however since this

phase is structurally isotropic, it does not show a birefringence derived optical texture
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under polarizing light. The V phase differentiates itself from the I; phase by virtue of

its higher viscosity and its relative proximity (with regard to surfactant concentration)

to the Hj phase. Like the H; phase, the L,

Figure 2.5. Lack of birefringence patterns and the presence of irregularly shaped

bubbles in this micrgraph indicate the V; phase of the Brij® 56/0.2 M nickel acetate

templating electrolyte.

Figure 2.6. The L, phase of the Brij* 56 based template is clearly evidenced here by

the presence of optical birefringence and round bubbles.
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phase of Figure 2.6 also possesses a birefringence pattern composed of mixed light
and dark areas. The L, phase may be differentiated from the H; phase by the presence
of round air bubbles in the mixture. This bubble geometry is a consequence of the
relatively low viscosity of the L, phase, which allows the bubbles to assume their
preferred round shape.

Phase transitions occur via the formation of a biphasic mixture on the phase boundary.
Unlike the C4EOg-aqueous system in which phase transitions are relatively sharp,
phase transitions in liquid crystal systems based on the less pure Brij® surfactants
often span 3-4 °C or wt. % surfactant. The lines representing phase boundaries in
Figure 2.3 then, would be more correctly draw much thicker than they are actually
depicted. As a consequence, attempts to template mesoporous nickel in an area of the
phase diagram close to a phase boundary have proven difficult and often resulted in
poorly formed mesoporosity as manifest by lower than expected surface areas. For
example, deposition from a 50 wt. % Brij® 56/Ni(Il) deposition solution mixture at 40
°C produced electrodeposits with surface areas not significantly greater than that of a

nickel film deposited in the absence of the surfactant templating electrolyte.
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Figure 2.7 shows the phase behaviour of the Brij® 56/water system with an extended

bicontinuous cubic phase region.
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In comparison with the phase behaviour of the Brij® 56/water system® presented in
Figure 2.7, the micellar (L) phase region of the Brij® 56 templating mixture is
enlarged slightly at the expense of the H; and hexagonal/cubic micellar (H;/I;) phase
regions, which are only stable to 48 °C in this system as opposed to 67 °C in the water
mixture. The L; phase also extends to higher surfactant concentrations at the expense
of the L, phase which is stable to 66 wt. % Brij® 56 in the Ni(II) containing mixture
as opposed to 57 wt. % Brij® 56 in the water system. The introduction of the
deposition solution ions to the Brij® 56/water system also results in the stabilisation of
the small V| domain at lower temperatures than that observed in the Brij® 56/water
system. Where the V| phase is stable between 32 °C and 60 °C over the composition
range 60 to 70 wt. % Brij® 56 in the water system, it is only stable over a 4 °C range
in this composition range in the Ni(Il) template system.

Prior to the elucidation of the Brij® 56/nickel (II) acetate phase diagram a number of
nickel(Il) salts were examined for their compatibility with this surfactant in forming
liquid crystalline phases. The Brij® 56/nickel (IT) sulphate system was found to be
unsuitable due to phase separation (the formation of a viscous aqueous phase was
observed in addition to a surfactant rich phase) in the liquid crystal mixture. Nickel
(I) sulphamate was also investigated for compatibility with Brij® 56 however the
phase diagram of this system was found to be dominated by biphasic regions, with

only a small range of temperatures and compositions over which the desired H; phase

was stable.

2.3.1.2 Brij® 78

The Brij® 78 templating system is somewhat simpler in its phase behaviour than the
Brij® 56 system. Figure 2.8 shows an enlarged H; domain stable over an
approximately 30 wt. % range over the entire range of temperatures measured (20 °C
to 90 °C).

As expected, phase regions at lower surfactant concentrations than that required to
form the H; phase are inhabited by the L; and I} micellar solutions. A small inverse
phase, Ly is present at temperatures and surfactant concentrations above the stability
domain of the H; phase. Perhaps of greatest note is the absence of the L, phase, which
occupies a significant proportion of the Brij® 56 phase diagram. This absence is not

surprising when comparing the structures of Brij® 56 and Brij® 78 and considering the
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effect of the surfactant packing parameter (see Chapter 1). The difference in
hydrocarbon tail length in Brij® 56 and 78 is only two carbon units and is thus

expected to have little effect on changes in the phase behaviour. In contrast, the area
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Figure 2.8 shows the phase behaviour of the Brij® 78/0.2 M nickel acetate deposition

solution mixture over a wide temperature and composition range.

increased head
group size

v

Figure 2.9. Increasing head group size relative to tail group size induces strain and

results in the formation of phases of higher curvature as indicated in this two-

dimensional representation of a L, to H; transition.

occupied by the head group, which is twice as great in Brij® 78 has a large effect on
phase behaviour, as predicted by the surfactant packing parameter. With the enlarged

head group of Brij® 78, the surfactant packing parameter favours the formation of
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highly curved phases such as the H; and micellar phases over the L, phase which
ideally possesses no curvature, as illustrated schematically in Figure 2.9.

The phase behaviour of the Brij® 78 based liquid crystalline system was found to be
less sensitive to the addition of the deposition solution ions than was the Brij® 56
system in that the phase diagram of the Brij® 78 templating solution varied only

slightly from that of the Brij® 78/water system presented in Figure 2.10.
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Figure 2.10 shows the relatively simple phase behaviour of the Brij® 78/water liquid

crystal mixture.

2.3.1.3 Pluronic® P123

The phase behaviour of the Pluronic® P123/nickel (II) acetate deposition system 1is
relatively simple as compared with polyoxyethylene surfactant systems. The phase
diagram of the P123 template is presented in Figure 2.11. A large Hj phase existing at
low temperatures between 30 and 58 wt. % P123 is surrounded by a phase of

indefinable mesopore geometry.
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Figure 2.11 illustrates the phase behaviour of the Pluronic® P123/0.2 M nickel acetate

deposition solution system that is dominated by a large H; domain.

Figure 2.12 shows the birefringence pattern obtained from the H; phase of the

Pluronic® P123 H; nickel deposition template.

70



Chapter 2 The Preparation of Mesoporous Nickel

Figure 2.12 shows a cross-polarising optical micrograph of the Hj liquid crystalline
phase of the P123 template system. The contrast between light and dark areas of the
micrograph is not as high as is in micrographs of the Brij® 56 H; phase, making
identification of phase transitions in the Pluronic” system more difficult. The presence
of irregularly shaped air bubbles as observed in Brij® mixtures is obvious however,
making assignment of the H; phase possible. At temperatures above 54 °C in the 50
wt. % P123 electrolyte, the H; phase transforms into a mixture which appears to be
biphasic in nature as illustrated in Figure 2.13. On first appearance there appears to be

no optical texture with the exception of the light areas at the air bubble

Figure 2.13. Optical microscopy reveals the complicated birefringence pattern of the

P123 template’s biphasic morphology.

edges. This textural patterning and the presence of double walled air bubbles is
characteristic of the Hy/I; biphasic regions seen in Brij® 56 based mixtures. On
application of a mechanical force to the mixture by pressing the sample however, faint
streaks momentarily appear indicative of an L, phase. The round shape of the air
bubbles is also further evidence of the L, phase. Literature accounts of this anomalous

phase in Pluronic® mixtures are numerous and it is usually referred to as a
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multiphase.” As a result of these observations, the phase of this mixture cannot be

definitively assigned.
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2.3.2 The Deposition Process

The solution used in the electrodeposition of nickel was a well established
formulation consisting of 0.2 M nickel acetate, 0.5 M sodium acetate and 0.2 M boric
acid. In this solution, sodium acetate functions both as a supporting electrolyte and
buffer, while boric acid provides additional buffering against pH change. All

deposition experiments were conducted potentiostatically at —0.9 V vs. SCE.

2.3.2.1 Deposition from the Non-Templating Electrolyte

A cyclic voltammogram of the deposition of metallic nickel on a gold surface by
electroreduction of the Ni(II) acetate solution is presented in Figure 2.14. On the
negative going sweep currents are negligible until the onset on nickel deposition at
~-0.8 V vs. SCE. Thereafter, the cathodic current is seen to increase rapidly as

the nucleation of nickel clusters on the electrode surface proceeds with concurrent
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Figure 2.14 shows the first scan of the cyclic voltammetry of nickel metal deposition

in a 0.2 M Ni(ac), based deposition solution (blue) in addition to cyclic voltammetry

of the 0.2 M Ni(ac),-free solution (red) on a 200 um gold disc at 50 mV s,
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growth of existing cluster sites. Mass transport limitation occurs at ~-1.12 V as
indicated by the decrease and subsequent plateau of the cathodic current. At lower
potentials the hydrogen evolution reaction (HER) current becomes more significant
and imposes its magnitude on the now diffusion limited electroreduction of Ni(II). On
reversal of the potential sweep, the cathodic current decreases as the rate of nucleation
and growth of nickel clusters slows. The scan completes a small nucleation loop at
low deposition overpotentials indicating a faster rate of nickel deposition on the
positive going sweep. This is expected here since there is no requirement for a
nucleation threshold potential on the reverse sweep and there are more nickel clusters
on which deposition can occur. A small anodic peak between —0.2 V and -0.4 V
completes the scan. This oxidation current corresponds to the conversion of some of
the deposited nickel atoms to the passivating Ni(OH),. This is expected, since at the
solution pH of 6.73, Ni(OH), formation is favoured as an anodic process over the
dissolution of nickel metal to Ni(II) species which occurs at lower pHs. Furthermore,
anodic processes involving nickel dissolution would be expected to produce
significantly larger currents than those observed and at potentials in the vicinity of
-0.8 V.5 Included in Figure 2.14 is the cyclic voltammetry of a 0.5 M sodium acetate,
0.2 M H;BOs solution on a gold electrode surface, that is, the nickel deposition
solution without 0.2 M nickel acetate. Examination of the voltammogram does not
reveal any significant electrochemical activity (such as that derived from the reaction
of solution ions) until onset of hydrogen evolution at ~-0.8 V. From Figure 2.14 it can
be seen that the use of the boric acid buffer is justified since the potential range in
which the electroreduction of Ni(Il) occurs is superimposed on the hydroxyl ion
generating HER potential region. It must be noted here that the magnitude of the
hydrogen evolution currents in the Ni(I) free solution of Figure 2.14 cannot be used
as an accurate indication of the magnitude of these currents in the nickel deposition
solution. Immediately after the nucleation of nickel deposits on the gold electrode
surface in the first cycle, the electrode surface becomes a nickel-gold composite.
Since nickel catalyses the reduction of water more efficiently than does gold, it would
be expected that the extent of hydrogen evolution in the nickel deposition solution of
Figure 2.14 would be greater than that indicated by the Ni(ll) free solution.
Nevertheless, anodic stripping voltammetry experiments detailed in Section 5.3.3.1

have shown that the nickel deposition efficiency at -0.9 V vs. SCE is 90 % in the
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nickel deposition solution, indicating that at this relatively low deposition potential
the reduction of water does not contribute significantly to the cathodic current.

The potential step deposition of nickel from the acetate solution was investigated with
a deposition potential of —0.9 V vs. SCE. As illustrated in the potential step transient
of Figure 2.15, application of the cathodic deposition potential immediately results in
double layer charging of the gold electrode as manifest by the current spike of almost
12 mA em™ in the initial time interval. The current then decreases rapidly as the
double layer is fully charged and in response to the decrease in Ni(II) concentration
close to the electrode surface which is in turn a consequence of nickel cluster
nucleation and subsequent growth. The system achieves a steady state current density
of 1.84 mA cm?” after approximately 70 s, indicating control of the deposition

reaction by kinetic rather than mass transport processes.
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Figure 2.15 shows the potential step deposition transient for nickel deposition carried
out at —0.9 V vs. SCE using a 200 pum gold disc working electrode in a non-templating

0.2 M Ni(ac), based deposition solution.

The steady state current density in the kinetically controlled process of Figure 2.15

allows a rate constant k, of 4.8 x 10~ cm s™' for the reduction of Ni(II) to be calculated

using Equation 1,
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Jj=-nlke, ()

where ¢, is the concentration of Ni(Il) species in moles c¢m™, It must be noted
however that since hydrogen evolution also makes a small contribution to the

kinetically controlled current density of Figure 2.15, this rate constant is a composite

of the two processes.
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Figure 2.16 shows the log current density vs. deposition potential plot for the
reduction of the Ni(ac), deposition solution in the absence of templating species at 25
°C. Currents are steady state values obtained potentiostatically using a 25 pm gold

disc microelectrode.

A plot of the logarithm of the deposition current density versus the deposition
potential for the electrodeposition of nickel from the acetate solution is presented in
Figure 2.16. The plot shows the magnitude of the deposition current to be increasing
exponentially with increasing magnitude of the potential up to approximately —1.25 V
vs. SCE, indicating a kinetically controlled cathodic process in this region. This
confirms that the steady state behaviour observed in the -0.9 V vs. SCE potential step
of Figure 2.15 is indeed kinetically controlled and not a diffusion controlled process
in which the current density versus t"? relationship is not observable at short times.

Figure 2.16 reveals a slope of approximately 200 mV/decade. This value is somewhat
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higher than those observed in nickel deposition baths incorporating sulphate or
chloride rather than acetate ions, which vary between 70 to 130 mV/decade depending
on bath composition and substrate.” In addition, examination of the current densities
in Figure 2.16 reveals that these are somewhat lower than those observed using other
plating bath compositions with 0.2 M Ni*" (4. These results suggest slower deposition
kinetics and a higher activation barrier for nickel deposition. This is probably due to
the effects imparted by anionic species present in the deposition solution. As
discussed in Section 1.5, boric acid acts as a surfactant adsorbing on the surface of the
electrode. This adsorption may block sites for nickel deposition or form an adlayer
through which Ni(Il) species must move before being reduced. Both of these
processes would retard the rate of nickel electrodeposition and the latter could have
effects on the cathodic slope of Figure 2.16. Unlike the anions of other common
nickel deposition solutions such as chloride or sulphate ions, the acetate anion forms a
complex with Ni(Il) ions in aqueous solution with the composition Ni(CH}COO)p_.g
Boric acid derived borate ions also form complexes with Ni(Il) ions as discussed in
Section 1.5. As a consequence of this solution chelating effect, reduction of Ni(Il)
species to nickel metal does not occur by a simple direct two electron transfer as in
other plating solutions, but involves a chemical step prior to the electrochemical
reduction step.” This step involves the breakdown of the Ni(II) complex and thus
introduces additional kinetic limitations on the deposition process as evidenced by the
slow rates of nickel electrodeposition and the large slope of Figure 2.16.

At potentials lower than —1.025 V in Figure 2.16 the plot deviates from linearity as

the reaction behaviour enters a mixed kinetic-mass transport control regime.

2.3.2.2 Deposition from Surfactant Template Electrolytes

A cyclic voltammogram of the electrochemical reduction of nickel ions to metallic
nickel within the aqueous domains of a Brij® 56 based H, template is presented in
Figure 2.17. The superimposed voltammogram is that of a Brij® 56 based H;j template
containing both 0.5 M sodium acetate and 0.2 M H3;BO;, that is, the voltammetry of
the Brij® 56/Ni(II) template in the absence of nickel acetate. This voltammogram
reveals that the electrochemical activity observed in Figure 2.17 is due only to the
redox activity of nickel containing species, with the exception of a small contribution
from hydrogen evolution at lower potentials. Figure 2.17 is the second scan in a series

and is representative of subsequent scans, however does not show the nucleation of
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nickel clusters on the gold electrode surface only observable in the initial sweep. In
the negative going sweep significant nickel deposition is observed to commence at

~-0.85 V vs. SCE, rapidly increasing in magnitude thereafter until the onset of
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Figure 2.17 compares the second scan of the voltammetry of the Brij® 56 templating

electrolyte with (blue) and without (red) Ni(II) ions on a 200 pum gold disc at 50 mV s
"and 25 °C.

diffusion limitation at ~-1.1 V indicated by the decrease and brief plateau in cathodic
current. The cathodic current subsequently increases prior to the reversal of the sweep
as hydrogen evolution becomes significant at more reducing potentials.

On the positive going sweep the surface of the electrodeposited nickel is seen to
oxidise to Ni(OH), at potentials above —0.55 V as indicated by the anodic peak. This
oxidative current is not thought to be due to nickel dissolution since the pH of the
templating electrolyte is 7.03, making Ni(OH), the preferred Ni(II) species according
to the Pourbaix diagram that is Figure 1.18. Furthermore, as in the case of the non-
templating electrolyte discussed in Section 2.3.2.1, this peak is observed at potentials
some 0.4 V higher than that expected for nickel dissolution. The magnit<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>