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Abstract
This contribution investigates the synthesis and characterization of nickel and nickel
hydroxide-based materials with intended applications as electrode materials and electrocatalysts
in clean, renewable energy technologies. A diverse range of nickel-based nanostructures are
studied to identify candidates with high surface area and significant electrocatalytic activities
towards the relevant hydrogen and oxygen redox reactions. The structures studied in this work
include nickel hydroxide nanocages, nickel-based layered double hydroxide (LDH)
nanoparticles, and nickel-based mesoporous metal oxides (MMO). To evaluate these materials, a
complete characterization of the synthesized nanostructures is presented, comprising a
combination of thermal analyses, surface science techniques and electrochemical analyses to
gain a fundamental understanding of their chemical composition and structural features. Based
on these results, we propose a tunable methodology for the preparation of nickel-based LDH
nanoparticles including various historically relevant, hybrid nickel materials (i.e. Ni-Al, Ni-Zn,
Ni-Fe, etc.). Tripodal ligands are applied in this technique to act as particle growth control
agents, resulting in the successful isolation of nanoparticles as small as 30 nm and 15 nm
(diameter), in the cases of Ni and Ni-Fe, respectively. Assembly of these nanoparticles into
larger mesoporous structures was also performed using a soft polymer-templating method, and a
comprehensive overview of this technique is presented. Successful conversion of hybrid nickel
hydroxide nanoparticles to the corresponding mesoporous nickel oxide was confirmed by
electron microscopy and electrochemical measurements. The foundation for further exploration
of a vast series of nickel hydroxide and nickel oxide functional nanomaterials is established
based on the novel research presented in this work.
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Chapter 1
Introduction

1.1 General Introduction to Electrochemistry and Electrocatalysis
The looming threats of climate change have caused a surge in the global demand for
renewable energy technologies: a market which has reached record annual investments of $
279.8 billion USD in 2018, and continues to grow by a minimum of 5% each year.1 With this
growing demand for clean, renewable energy technologies that reduce our dependence on the
declining supplies of polluting fossil fuels, electrochemistry and electrocatalysis stand to become
increasingly vital branches of chemistry research. Electrochemistry covers a breadth of relevant
academic and industrial topics, ranging from studies of corrosion of metals, electrophoresis,
electroplating of metals, electrochemical sensors, batteries, water electrolysers, fuel cells, and
many more.2 At its fundamental level, electrochemistry is the field of chemistry concerned with
the interdependence of electrical and chemical phenomena,2,3 specifically investigating processes
where charge separation occurs due to the transfer of electrons between reacting species. These
charge transfer events can occur homogenously in the electrolyte solution, or heterogeneously at
the electrode-electrolyte interface. In a typical electrochemical system, a minimum of two,
oppositely-charging half-reactions occur simultaneously to maintain the required
electroneutrality; thus, electrochemistry often focuses on cells composed of two or more
electrodes that pair concurrent anodic (oxidation) and cathodic (reduction) processes at opposing
electrodes. The electrodes of each process—designated as anode and cathode, respectively—are
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externally connected to allow charge transport and connected by an electrolyte solution to allow
ionic transport4; both features are equally important to prevent the accumulation of charge that
would terminate the reaction. Above, we have described the core components of an
electrochemical system; however, real experimental systems are much more complex, and they
are designed with great care for the specific phenomena of interest such that fundamental kinetic,
mechanistic, and thermodynamic data may be collected.
Electrocatalysis is a branch within electrochemistry focusing on the study of processes
where the electrode species acts as a catalyst, i.e. they are not directly consumed by the process,
but increase the kinetics of the electrochemical reactions.2–4 Quintessential examples of
electrocatalysis research being the study of water splitting (i.e. OER and HER), and
hydrogen/oxygen fuel consumption (i.e. ORR and HOR) targeting water electrolyser and fuel
cell technologies, respectively, for a clean, hydrogen-based energy economy. Electrocatalysts
typically serve this function by increasing the rate constant and/or selectivity of the reaction,
which result in a greater net faradaic current (yield) associated with the targeted electrochemical
process.3 The properties of a suitable electrocatalyst are highly dependent on the requirements of
the specified applications (reactions); however, several universal properties of good
electrocatalysts can be identified, including: (i) high selectivity towards the desired product; (ii)
good electrocatalytic activity towards the desired reaction (high reaction rate/current); (iii) high
lifetime/stability (chemical and mechanical) under the required operating conditions, and (iv)
high tolerance of reaction by-products/resistance to electrode poisoning.4 During electrocatalyst
discovery and testing, the electrocatalysts’ effectiveness is examined by measuring the
relationship between current density (j) and overpotential () under the appropriate reaction
conditions. Plots of  versus log j are referred to as Tafel polarization plots, after Julius Tafel
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who proposed them for the first time. An effective electrocatalyst possesses a high exchange
current density (j0) and a low Tafel slope (b); conversely, a bad electrocatalyst possesses the
inverse properties. Figure 1.1 presents a visualization of these two contrasting electrocatalyst
behaviours on a Tafel plot. In addition to these studies, further studies into the stability and
mechanism of the electrocatalytic cycle are staples in the field of electrocatalysis research.

Figure 1.1 Tafel polarization plot [overpotential (η) plotted against current density (j) on a
logarithmic scale] of a representative anodic process. A dashed red line is used to represent poor
electrocatalyst behaviour, while a dashed green line is used to represent good electrocatalyst
behaviour.

A variety of electrochemical techniques are employed in electrochemistry and
electrocatalysis research to assess the previously-described systems. Some of the most
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commonly used techniques for studying electrode processes are potential sweeping techniques,
such as cyclic voltammetry (CV) and linear sweep voltammetry (LSV).4,5 The applied potential
evolves with time and the corresponding current response is monitored. Features in the recorded
voltammograms can be assigned to various interfacial phenomena, such as adsorption, chemical
changes in the electrode (i.e. oxidation, reduction, dissolution, etc.), double-layer charging, gas
evolution (generation) of consumption, along with an abundance of other possible phenomena.2–5
These techniques provide insight into the mechanism and kinetics (reaction rates) of
electrochemical reactions, and simultaneously allow for assessment of electrode state.
Electrochemically active surface area (AECSA), a notable property related to electrocatalytic
activity, can also be determined using these methods.3,6 Other commonly-employed
electrochemical techniques include: (i) potentiodynamic polarization (PDP) to monitor corrosion
processes; (ii) electrochemical impedance (EIS) measurements to evaluate resistances; (iii)
chronoamperometry (CA) studies to determine steady-state currents for Tafel plot construction,
and a broad range of other highly-specialized techniques.5,7–9
Significant research efforts have been invested to gain an understanding of the catalytic
and interfacial processes at a broad range of electrodes with varying compositions and
morphologies to improve their efficiency for real-world devices and applications.
Electrochemical and electrocatalysis studies allow us to gain an insight into several important
properties and solve key design problems, including: (i) enhancement of electrode selectivity
and/or prevention undesired side reactions; (ii) improvement of the reaction rate/electrocatalytic
activity towards the desired processes; (iii) assessment of the chemical and mechanical stability
and lifetime of the electrodes under working conditions; (iv) evaluation of cell contamination
and failure mechanisms, and many more.2,4 With a detailed understanding of the electrochemical
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system, the operating parameters of the device (e.g. electrode and separator material, cell
configuration, operating temperature, electrolyte composition and concentration, etc.) can be
tuned to maximize its efficiency and relevance to industrial applications.
1.2 The Hydrogen Economy
There exists a growing demand for renewable energy technologies that reduce our
dependence on fossil fuels, while adequately meeting society’s expanding energy needs. New
additions to the global power generation capacity consisted of 70% renewable energy sources in
2017, a value which continues to grow year over year.1 This growth has been stimulated by the
increasing reports of global warming and general concerns over how pollution and dwindling
natural resources will affect various environmental factors, and ultimately how this will affect
future generations.10,11 Attractive options in the form of solar, wind, and geothermal energy have
emerged in recent years; however, issues relating to the reliability of energy delivery (i.e.
temporal, geographical, etc.) continue to limit their widespread adoption.12,13 Coupling of
electrochemical energy storage and generation technologies with renewable energy sources
provides a promising opportunity to combat these issues which plague the clean energy.
Electrochemical technologies, such as water electrolysis, can convert surplus energy generated
by energy resources into a diverse range of clean, chemical fuels.14–17 These chemical fuels can
then be stored, transported, and finally consumed by fuel cells to produce clean electrical energy,
virtually eliminating the temporal and geographical limitations associated with modern solar and
wind power.
Hydrogen remains one of the most prominent examples of chemical fuels that show
promise for the above-described applications. The concept of a hydrogen economy has been
proposed and discussed since the 1960s18–21 from the belief that transporting energy in the form
5

of hydrogen could be more cost-efficient than traditional solutions. Variations on hydrogenoxygen fuel cells have been frequently employed in many academic investigations and real,
industrial applications (e.g. stationary energy generation, and fuel cell cars, bus, trains, etc.)14,22–
24

; however, the related hydrogen infrastructure remains in its initial development stages, and

needs to improve significantly to match the low costs and convenience of using the current
standard, fossil-fuel based technologies. The main advantages of using hydrogen fuels are that
they can be stored with high gravimetric energy density, and their consumption leads to little
carbon emissions14,25—in many cases producing no carbon emissions if a clean method of H2
production is employed (i.e. solar, wind, water electrolysis, etc.).26 A number of different
industrial techniques can be employed to produce hydrogen, including natural gas reforming,
steam reforming, fermentation, and many others20–22,24,25,27,28; however, the cost of production
and the purity of the hydrogen fuel produced by these techniques is not suitable for clean energy
technologies. Thus, advancements in both the cost of production of hydrogen and hydrogenbased technologies, as well as the quality and convenience of the hydrogen infrastructure itself,
are necessary to incentivize mass production and global acceptance of a true “hydrogen
economy”.

6

Figure 1.2 Schematic representation of a simple alkaline water electrolyser (A) and alkaline fuel
cell (B), including labelled hydrogen and oxygen redox reactions occurring in alkaline media.

The electrochemical contributions to clean, hydrogen-based energy technologies revolve
around the complementary application of hydrogen-oxygen fuel cells and water electrolysers.
These systems operate in a straightforward manner by employing electrolysers that utilize excess
energy to electrocatalytically split water into pure hydrogen and oxygen gases, which can
subsequently be consumed in a fuel cell to produce electrical energy.29 Thus, water electrolysers
convert electrical energy into chemical energy and fuel cells transform chemical energy into
electrical energy. While not as cheap as the commonly-used forms of hydrogen production (i.e.
steam reforming of natural gas), water electrolysis produces hydrogen gas possessing the greatest
purity and the lowest environmental impact, as no carbon is involved in the process
whatsoever.27 The affordability of electrolysis can be improved through increased supply of low-
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cost electricity or by reduction of the cost of electrolysis through various mechanisms (i.e.
reduction of materials/electrocatalyst costs, increased production volume, etc.).20,27 The majority
of these factors are dependent on increased demand for fuel cell products and investments into
constructing hydrogen energy infrastructure (i.e. refueling stations, fuel cell vehicle
manufacturers and retailers, etc.); however, ongoing efforts in electrocatalysis research to
improve the performance and production costs of fuel cell and water electrolyser technologies
are well-positioned to make a difference in the viability of these technologies. Both the anode
and cathode of hydrogen-oxygen fuel cells and water electrolysers require electrocatalysts to
augment the rate of the naturally slow hydrogen and oxygen redox reactions. Improvements to
the performance of these electrochemical technologies generally focus on optimizing the cell
operating conditions, such as temperature, electrocatalyst materials and cell design, to yield the
highest efficiency, lifetime/stability, and electrocatalytic activity towards the desired reactions.
Once these properties are equal to or better than those of the current standard energy generation
and storage technologies, hydrogen energy systems will be well-positioned to serve an
increasingly important role in the clean energy infrastructure of the future. Many experts
currently predict that a shift towards hydrogen energy in the coming decades would lead to
enormous, long-term decreases to global carbon emissions20,30 and help combat the damage done
by our unrepentant use of fossil fuels over the past century.

1.3 Non-precious (non-platinum group metal) metals for electrocatalysis
Platinum and other platinum-group metals (PGMs), such as iridium and ruthenium, have
been prime candidates during the development of electrocatalysts for clean, electrochemical
energy technologies (i.e. fuel cells and water electrolysers) due to the high electrocatalytic
8

activity they possess towards the relevant hydrogen and oxygen redox reactions. Platinum (Pt)
has become the benchmark in many of these electrocatalytic processes, as its high activity has
resulted in Pt-based electrocatalysts being widely applied to all four key reactions (i.e. HER,
HOR, OER, ORR). Though platinum is considered the standard in most cases, other PGMs also
possess remarkable electrocatalytic activity; for example iridium and ruthenium oxide materials
reveal excellent activity towards OER, and palladium possesses comparable electrocatalytic
activities towards the HOR and ORR as platinum. 31–34 To visualize the hierarchy of various
metals and metal-based materials in terms of their electrocatalytic activity towards these
processes, volcano plots are generally employed. Given that heterogeneous electrocatalysis
involves adsorption of the specific surface species (i.e. hydrogen in HER/HOR, oxygen in
OER/ORR, etc.) to the electrode surface, the materials’ exchange current density (jo,reaction)
during the process in question is plotted against the relevant surface bond energy (i.e. EM-H in
HER/HOR, EM-O in OER, ORR, etc.) to follow any reactivity trends relating to these properties.
A well-known example of a volcano plot constructed for the HER on various metallic surfaces is
presented in Figure 1.335,36 and clearly validates that PGMs possess the highest electrocatalytic
activity. This observation of PGMs’ superior activity is also evident when observing volcano
plots constructed for other electrocatalytic processes.36–41 Additionally, this family of metals
possess many other properties which make them suitable electrocatalysts, such as high corrosion
resistance under several operating conditions (i.e. temperatures, potentials, electrolyte
composition and pH, etc.), high mechanical stability, and their wide range of catalytic
applications.23,24,42–46 Purely considering these properties of PGMs would make them the clear
favourite for fuel cell and water electrolyser applications; however, other unfavourable
considerations such as their high material costs and low available supply have generated a great
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amount of attention in the design of new, non-precious metal electrocatalysts for these
applications.
Interest has grown for PGM-free electrocatalysts for fuel cell and water electrolyser
technologies in recent years due to the realizations that the supply of PGM is insufficient to meet
future energy needs and that inclusion of PGMs inflates costs beyond what is competitive or
suitable for mass production.22–24,42,43 Generally, these efforts have focused on investigations into
the metals falling right below the noble PGMs on the volcano plots due to their comparable
exchange current densities; thus, pure and hybrid transition metal (i.e. Fe, Ni, Co, etc.)
electrocatalysts have received growing attention for fuel cell and water electrolyser applications.
In particular, nickel and nickel-based materials have been projected to be suitable alternatives to
PGMs due to their high stability in alkaline media, good electrocatalytic activity, and most
importantly, their high abundance and low costs.47–49 Nickel electrodes and electrocatalysts have
served essential functions in many historically relevant electrochemical technologies, including
nickel-cadmium batteries, nickel-zinc batteries, nickel-hydrogen batteries, nickel-metal hydride
batteries, alkaline fuel cells, and industrial-scale alkaline water electrolysers.47–52 Various nickel
and hybrid nickel-based materials have been studied and many have demonstrated considerable
electrocatalytic activities towards the relevant fuel cell and water electrolyser reactions,
including: (i) metallic nickel (HER); (ii) NiFe LDH (ORR/OER); (iii) NiMo (HER); (iv) Ni2P
(HER); (v) Raney Ni (HOR); (vi) NiCO LDH (ORR/OER); (vii) NiOx (ORR/OER); (ix) NiPt
(HER), amongst many other examples available in the literature.16,50–53 The emergence of PGM
electrocatalysts with greater electrocatalytic properties generally pushed nickel technologies
aside, and as a result progress in electrochemical technologies employing nickel-based materials
has been delayed significantly. There has been a distinct lack of nickel-based materials with
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nanoscale structures, while PGMs nanoparticles with sizes less than 5 nm have been reported
extensively.54 Differences in the size domain represent great discrepancies in their material
utilization and electrochemically active surface area (AECSA), two key characteristics that roughly
predict electrocatalyst success. Thus, there exists a need to develop novel, nanostructured nickel
electrocatalysts such that new nickel-based electrochemical energy technologies can compete
with the industry-standard PGM-based technologies.

Figure 1.3 Volcano plot of the logarithm of the characteristic exchange current density [log(i0)]
of various metal electrocatalysts towards the hydrogen evolution reaction (HER) versus the DFTcomputed Gibbs free energy (ΔGH*) for adsorbed hydrogen on pure metal species. Figure
adapted from literature35,36, with colour added to highlight the platinum group metals, noble
metals, and key first row transition metals.
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1.4 Nanomaterials for efficient electrocatalysis
Miniaturization has been a universal theme in nearly all branches of chemistry over the
past decades, particularly in the fields of catalysis and materials science. The development of
chemical systems with microstructures and/or nanostructures has been a priority due to the new
breakthroughs and opportunities for innovation afforded by their distinct properties.55 There
exists a substantial amount of variability in the design and properties of nanomaterials; however,
generally speaking, nanomaterials are defined as any materials possessing structural features on
the nano-scale (i.e. between 1 and 100 nm). The advantage of preparing materials in this size
domain is that they may possess significantly different properties and/or reactivities than their
bulk counterparts56, including unique catalytic, magnetic, conductive, optical, electronic, and
chemical properties. This difference originated from a much higher value of the surface/volume
ratio than in the case of bulk materials. For this reason, an abundance of nanomaterials of
varying origins, compositions, and morphologies have been investigated55 in the pursuit of
discovering methods of perfectly tailoring nanomaterial properties towards their intended
applications.
For electrochemical and energy applications, nanomaterials have received considerable
attention due to their applicability as high surface area electrocatalysts and electrode materials.
Advancements in electrochemical technologies have often relied on designing improved
electrocatalysts, which is typically achieved by increasing active surface area or discovering new
material morphologies and/or compositions with higher electrocatalytic capabilities. Various
strategies have been attempted to achieve this goal, with two of the most popular techniques
involving the introduction of porosity into the electrode structure and/or the replacement of bulk
materials with nanostructured alternatives. The former strategy effectively increases surface area
12

by allowing penetration of the electrolyte into the porous structure, which allows greater access
to active sites deeper in the electrode that would otherwise be buried in the bulk. The latter
increases surface area due to the improved material utilization and specific surface area of
nanostructured materials, which due to the nature of their size, possess a greater ratio of surfaceexposed active sites compared to those inefficiently buried in the material bulk. Both strategies
observed beneficial properties in their application as key materials in electrocatalytic systems,
including: (i) porous metal foams employed as electrocatalysts and durable catalyst supports for
nanoparticle57–59; (ii) metal nanoparticles (i.e. Pt/C nanoparticles) employed as electrocatalysts in
fuel cells23,44; (iii) porous metal particles employed as current collectors in fuel cell and
electrolysis membrane electrode assemblies (MEAs)31,60,61, etc. Despite the great benefits of
employing nanomaterials, their use introduces challenges relating to instability resulting from
their high surface Gibbs energy. This characteristic often can lead to agglomeration and/or
degradation, as well as their frequent detachment from the catalyst support material.62–64 Thus,
further optimization is required to remedy these stability issues and produce an ideal,
nanostructured electrocatalyst-support system suitable for clean fuel cell and water electrolyser
applications. This report supports these optimization efforts by investigating the synthesis and
characterization of novel, nanostructured materials proposed as stable electrocatalysts in clean,
electrochemical energy technologies.
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Chapter 2
Synthesis of Hollow Nickel (II) Hydroxide Nanostructures through the Coordinative
Etching of Sacrificial Copper (I) Oxide Templates

2.1 Introduction
Modern society faces a number of challenges stemming from the oppositional nature of
our growing energy needs and the dangers of heavy fossil fuel usage, which continues to be the
primary source for worldwide energy production.1 Reports demonstrating the dwindling reserves
of these conventional fuels and the continual discovery of their associated environmental risks2,
i.e. pollution and climate change, highlight two major issues that cannot be resolved as long as
fossil fuels remain the dominant energy source. As a result, experts have concluded that there
must be a significant change to our global energy hierarchy and infrastructure3, moving away
from the damaging fossil fuels to cleaner, renewable energy sources, such as solar, wind, and
geothermal. Global power generation trends reflect this necessary shift in consumption
behaviour, as the renewable power market has increased by 17% while coal and other fossil
fuels’ growth has continued to decline below 2% in the same timeframe.1 Significant
advancements in solar and other renewable energy technologies have made them attractive
options in the search for renewable energy; however, issues related to the delivery of this energy
limit the application of these systems across all industries.4,5 Taking solar as an example, it has
long been established that cost-effective solar energy can not be designed without an inexpensive
means of energy storage5 to overcome the temporal challenges of the day-night solar cycle.
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Various methods have been proposed to overcome these challenges with the leading candidate
being the storage of excess solar energy during off-peak hours through low-cost chemical energy
storage methods, such as electrochemical capacitors, battery charging, and water splitting4; thus,
some of the most promising options involve the integration of electrochemical storage and/or
fuel generation into the renewable energy scheme.
Electrochemical technologies, such as the complementary approaches of water
electrolysers and hydrogen fuel cells, are efficient at storing excess energy generated by
renewables into environmentally-clean, high-purity fuels which can be reconverted to electrical
energy at will.6 The intermediate chemical fuel can be stored and transported, which virtually
eliminates the above-described issues limiting the advancement of these renewable technologies.
The mechanism of electrochemical energy storage varies, with the two most commonly
discussed approaches relating to: (i) batteries, which upon charging store energy internally as
chemical/electrode species that are consumed during discharge to release the stored energy, and
(ii) electrolysers, which store excess energy by producing chemical fuels from externally
provided reactants, such as hydrogen from water, that can later be consumed by fuel cells.7
Depending on the electrochemical half-reactions used to achieve this goal, either of these
systems are viable energy storage solutions that are renewable, convenient, and low in
environmental costs7; however, there remain challenges in designing cells that are efficient in
executing the requisite electrochemical and electrocatalytic reactions and that are sufficiently
cheap to produce on a mass scale. An immense barrier has traditionally manifested due to the
high cost and scarcity of the precious and rare metals that are generally required as electrode
materials and electrocatalysts due to their high activity. Modern electric and hybrid-electric
vehicles use rechargeable lithium-ion battery systems, which unfortunately require a large
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quantity of lithium and cobalt that bottleneck their mass production and negatively affect cost.1
Current generations of fuel cells face similar problems, as they require a significant amounts of
precious platinum-group metals (PGMs) as electrocatalysts.8 The high costs and low abundance
of these PGM electrocatalysts employed in fuel cell stacks and the Li/Co electrode materials
employed in batteries discourages these clean, renewable electrochemical energy solutions from
being widely adopted. To displace the fossil fuel-based devices, improvements must be made to
the efficiency and affordability of the electrochemical systems such that they require much less,
or none, of the rare and precious metals.
Numerous strategies have been proposed to control the cost issue in the design process,
including increasing the catalyst surface area through miniaturization (e.g. nanoparticles),
reducing the PGM needs by way of employing hybrid materials, and/or discovering new
electrocatalysts with similar electrocatalytic activity based on the more abundant and affordable
transition metals. The third option possesses the greatest scalability and capacity to meet our
ever-growing energy demands. Consequently, this work aims to study novel, nanostructured
materials with the intent to replacing expensive PGMs in clean electrochemical energy
technologies. Nickel materials are of particular interest due to their historical importance to a
wide variety of batteries and fuel cells, including nickel-cadmium, nickel-zinc, nickel-hydrogen,
and nickel-metal hydride technologies.9 Nickel possesses the additional advantages of being
incredibly abundant, cheap, and highly stable in alkaline media, causing nickel to be one of the
first materials ever applied to alkaline battery technologies.9,10 Progress in nickel-based
electrochemical technologies has stalled in recent decades due to growing preference for the
more highly active PGMs in water electrolyser and fuel cell applications, and the distinct lack of
nickel nanomaterials that are able to compete with their activity and efficiency.11,12 The
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development of nickel-based electrochemical devices is reliant on the design of new,
nanostructured nickel materials with electrocatalytic properties that are ideally comparable to
those of PGM-based catalysts.
Nanoscale nickel and nickel hydroxide materials with a diverse range of sizes, shapes,
and catalytic properties have been reported in the literature since the late 1990s.13–15
Nanostructured nickel materials possess unique catalytic16–18, magnetic19, and conductive20
properties compared to bulk nickel, causing them to garner significant research attention. The
nanomaterials’ composition and morphology have repeatedly been observed to affect catalytic
properties; thus, a great number of nickel-based materials have been studied in efforts to
optimize their structural and catalytic properties towards key applications, electrochemical and
otherwise. Investigations into nickel nanomaterial synthesis and shape control have yielded a
diverse range of materials, including but not limited to: (i) nanoparticles21–23, (ii) nanocubes24,
(iii) nanorods25–27, (iv) nanowires28,29; (v) nanofoams30–33, (vi) nanocages34–37, and (vii)
nanoframes38,39. For electrochemical energy applications, the primary objective is to optimize a
complex matrix consisting of many operational parameters such as electrocatalytic activity,
chemical and mechanical stability, lifetime, etc. Solving this matrix leads to the conclusion that
catalyst performance is directly related to its electrochemically active surface area (AECSA) and
that material cost is directly related to its chemical composition and material utilization; thus, we
must design an electrocatalyst with high AECSA that is composed largely of nickel and other lowcost elements, i.e. containing minimal PGM or other strategic metal content. Compared to the
other nickel nanostructures listed previously, hollow and/or porous materials have received
significant interest in catalysis research due to their favorable structural properties.39 Hollow
structures reduces the number of catalytic sites buried in the bulk of the material, improving
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material utilization and specific surface area39; while porous structures allow penetration of
electrolyte into the material, gaining access to catalytic sites deeper into the material and
improving similar properties40. These types of meso- and nanostructures have been successfully
produced through a number of synthesis methods, generally involving the assembly or growth of
nanoparticles around some form of sacrificial meso-/nanoporous polymeric, micellar, and/or
metallic templates. 41,42 In this report, an attempt to optimize known hollow and porous
nanostructure synthetic techniques for nickel and nickel hydroxide-based materials is outlined.
A known literature method for the synthesis of hybrid, amorphous double hydroxide
nanocages34,35 was selected as the first test case. These materials fit the criteria, i.e. high material
utilization and specific surface area34,35, that was deemed necessary for the production of
competitive nickel electrocatalysts. This wet-chemical method employs sacrificial copper (I)
oxide (Cu2O) templates to achieve size and shape control, resulting in nickel hydroxide products
that inherit properties (i.e. particle size, shape, etc.) from the parent templates.34,35 An interesting
feature of this technique is that the conversion of the Cu2O templates to nickel nanocages occurs
through a simple etching and co-precipitation step; therefore, in theory, this method could be
widely applicable to the broad range of Cu2O nanomaterial templates available in the literature
due to their relevance to other industries (i.e. semiconductors43). Various shapes and sizes of
Cu2O nanomaterials have been observed, including: (i) nanospheres44–50, (ii) nanocubes51, (iii)
nanosheets50, (iv) nanorods/nanotubes26,52, (v) nanofoams53, (vi) nanocages/nanoframes54,55,
amongst many others. If correctly optimized for nickel growth, this synthesis technique could be
applied to yield a new class of hollow nickel hydroxide nanocages, nanofoams, nanoparticles,
nanowires, etc. with excellent catalytic properties.
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This contribution presents the outcomes of the attempted optimization of a Cu2O
template-assisted synthesis of hollow nickel hydroxide-based nanostructured materials. Key
synthetic parameters, such as the Cu2O template preparation method, solvent, and reaction
temperature, are monitored throughout the optimization to determine their influence on reaction
success. A combination of surface science and electrochemical experiments are employed to
obtain a complete understanding of the chemical composition and morphology of the synthesized
hollow nickel nanocages. The viability of applying this technique to the preparation of a broader
range of hollow nickel hydroxide materials is assessed using the electrochemical and stability
information obtained during this study.
2.2 Experimental
Materials
Ultra-high purity (UHP, 18.2 M cm in resistivity) water obtained from a Millipore
water purification system was employed in all synthesis and electrochemical experiments.
Isopropanol (99.5 %), Nafion solution (5 %wt in lower aliphatic alcohols and water), copper (II)
chloride dihydrate (CuCl2•2H2O, ACS Reagent - ≥ 99.0 %), nickel (II) chloride hexahydrate
(NiCl2•6H2O, 99.99 %), polyvinylpyrrolidone (PVP, average molecular weight = 40 000 Da),
ascorbic acid (AA, reagent-grade), sodium citrate tribasic dihydrate (ACS Reagent - ≥ 99.0 %),
sodium carbonate (ACS Reagent - ≥ 99.5 %), glucose (ACS Reagent), and sodium thiosulfate
(ReagentPlus ®, 99 %) were all purchased from Sigma-Aldrich. Sodium hydroxide (NaOH,
99.996 %) pellets were purchased from Alfa Aesar. High purity N2 gas (5.0, 99.999 %) was
purchased from Praxair. All reagents were used as received.
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Synthesis
The synthesis procedure was adapted from a literature method employed by Wang et al.
to produce amorphous hybrid nickel hydroxide nanocages.34,35 This method employed sacrificial
Cu2O templates to directly control the size and shape of the resultant hollow nanocages. The
authors presented the following two-step explanation for the mechanism of nanocage
formation34,35: (i) coordinative etching– sodium thiosulfate (Na2S2O3) addition initiates etching
of the Cu2O template due to its strong coordination affinity for copper, resulting in the formation
of soluble [Cu2(S2O3)x]2-2x complexes and the release of a large quantity of hydroxide ions at the
etching (template-solution) interface; and (ii) simultaneous precipitation – the high local
concentration of hydroxide ions at the etching interface promotes the precipitation of Ni2+ into
hollow Ni(OH)2 nanostructures that mirror the geometry of the Cu2O template, or more
accurately the etching interface layer.34,35
The objective of this work involves the modification of this procedure such that a diverse
range of Cu2O templates, differing in sizes and shapes, could be applied to generate their
complimentary nickel nanostructures. For this reason, Cu2O nanomaterial synthesis techniques
were screened to determine the optimal properties and reaction conditions for the preparation of
these sacrificial templates.
Synthesis of Sacrificial Cu2O Templates
Surfactant-free Cu2O Nanocrystals
Copper (I) oxide (Cu2O) nanocrystal templates were prepared according to a wellestablished literature method for the surfactant-free synthesis of Cu2O.34 An aqueous solution of
CuCl2•6H2O was prepared by dissolving 0.17 g of the metal salt in 100 mL of UHP water at
27

room temperature. A solution of 2.00 M sodium hydroxide was then prepared, and 10.0 mL was
added dropwise to the metal salt solution. To ensure homogeneity, the mixture was vigorously
stirred for 30 minutes at 30 ℃, and a thermocouple was employed to carefully monitor
temperature. After stirring, 10.0 mL of 0.60 M ascorbic acid was added to the reaction mixture
dropwise. A bright orange precipitate was readily observed after the addition; however, the
reaction was allowed to proceed for 30 minutes in total to ensure completion. The precipitate was
collected through centrifugation at 8000 rpm in polypropylene copolymer (PPCO) tubes. Cu2O
templates were then resuspended and washed several times by isopropanol and water under
identical centrifuge conditions, followed by drying in an oven at 80 ℃ for 12 hours.
Surfactant-controlled Cu2O Nanocrystals
Controlled synthesis of Cu2O nanoparticles can be achieved using surfactants as growth
control and particle capping agents. Surfactant-capped copper (I) oxide (Cu2O) nanoparticle
templates were prepared according to a previous literature method which demonstrated that using
PVP as a surfactant was an effective means of controlling both Cu2O particle size and shape.44 In
a typical synthesis, 0.17 g of CuCl2•6H2O and 5.40 g of PVP were dissolved in 18 mL of UHP
water. Generally, 30 minutes of sonication in an ultrasonic bath was required to facilitate
complete dissolution of all materials. The solution was magnetically stirred and heated for 10
minutes at 80 ℃, then 2.0 mL of a 0.60 M sodium citrate and 0.60 M citrate solution was added
to the mixture. After a further 10 minutes of stirring at 80 ℃, 1 mL of 2.80 M glucose solution
was added dropwise to the reaction mixture. The reaction was then allowed to continue at 80 ℃
for 2 hours, until a colour change was observed in the solution from deep blue [Cu(OH)2] to
bright orange [Cu2O]. The reaction mixture was allowed to slowly cool to room temperature, and
then the precipitate was collected through centrifugation at 8000 rpm in PPCO tubes. Similar
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washing and drying conditions to those described previously for the surfactant-free Cu2O
templates were employed.

Synthesis of Nickel Hydroxide Nanocages (NCs)
Nickel hydroxide nanocages (NCs) were prepared according to a modified version of a
method previously established by Nai et al. 34,35 In this synthesis technique, Cu2O templates are
coordinatively etched by thiosulfate ligands, resulting in the release of an excess of hydroxide
ions that promote the precipitation of Ni2+ ions into Ni(OH)2. A schematic illustration of this
simultaneous etching and precipitation process at the etching interface is presented in Figure 2.1.
0.0050 g of Cu2O templates (either surfactant-free or surfactant controlled), 0.0017 g
NiCl2•6H2O, and 0.3333 g PVP were suspended in 10 mL of a mixed ethanol/water solvent, and
the resulting mixture was magnetically stirred for 10 minutes at room temperature. Then 4.0 mL
of an aqueous 1.00 M sodium thiosulfate solution was added dropwise to the reaction mixture.
The suspensions’ colour changing from bright orange [Cu2O] to green [Ni(OH)2] served as a
primary, qualitative indicator of reaction progress; thus, the mixture was stirred for
approximately 10 – 20 minutes until this change was observed. The resulting precipitate was
then collected by centrifugation and washed several times by isopropanol, followed by drying in
an oven at 40 ℃ for 24 hours.
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Figure 2.1 Schematic representation of the two-step process (consisting of simultaneous etching
and precipitation steps) that leads to the conversion of a sacrificial Cu2O nanocrystal template
into a hollow Ni(OH)2 nanocage.

Instrumentation
Transmission electron microscopy (TEM) images of the Ni(OH)2 NCs and Cu2O
templates were recorded using a JEOL JEM 2100 (UHR) microscope. Energy-dispersive X-ray
(EDS) spectra were recorded simultaneously by the JEOL JEM 2100 microscope using its
integrated EDS mode. Copper-based TEM grids could not be employed due to their interference
with the Cu2O template particles. Approximately 3 mg of Ni(OH)2 NC or Cu2O powder sample
was dispersed in water (3 mL), then drop-casted onto a carbon-coated gold (Au) grid and dried at
room temperature (ca. 25 ℃). Dilute TEM samples were required to observe individual Ni(OH)2
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NCs, as aggregation was common for these materials. TGA measurements were carried out on a
TA Instrument model SDT Q600 under an air atmosphere with a heating rate of 10 ℃ min-1and
flow rate of 100 mL min-1.
Electrochemical Characterization
Electrochemical measurements were performed in a glass three-electrode, twocompartment electrochemical cell at room temperature. A reversible hydrogen electrode (RHE)
was employed as the reference electrode (RE), and as such all potentials are reported on the RHE
scale. A glassy carbon slab with a geometric surface area of approximately 3 cm2 was employed
as the counter electrode (CE). Working electrodes (WE) were prepared by drop-casting 3.0 μL of
a catalytic ink containing Ni(OH)2 NCs onto a glassy carbon rod electrode possessing a diameter
of 5 mm. Prior to ink deposition, a mirror-like finish on the glassy carbon rod was achieved by
sequential hand-polishing steps using 1.0 μm and 0.05 μm alumina suspensions (Buehler Alpha
Micropolish). All catalytic inks were prepared by the following procedure: (i) 260 μL of Nafion
solution in lower aliphatic alcohols (ca. 5% by weight) was mixed with 2.740 mL of an
isopropanol-water solution (80% - 20% by volume, respectively); (ii) ca. 20 mg of dried Ni(OH)2
NC catalytic powder was added to the above-mentioned solution; and (iii) the resulting ink was
made homogenous through sonication in an ultrasonic bath for ca. 10 minutes. All
electrochemical experiments were conducted in 0.10 M aqueous NaOH solution at a scan rate of
50 mV s-1 and at room temperature (298 K). All solutions, including all electrolyte and cleaning
solutions, were prepared using ultra-high purity water containing minimal organic and ionic
contaminants. Before each experiment, the electrolyte in the electrochemical cell was outgassed
by purging high-purity 5.0 N2(g) (99.999 %) for a minimum 30 minutes. A Princeton Applied
Research VersaStat 4 potentiostat was used to conduct all cyclic voltammetry (CV) studies.
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2.3 Results and Discussion
Optimization of Synthesis Procedures
Initial attempts at preparing Ni(OH)2 NCs using the method described in the literature34,35
were unsuccessful in isolating sufficient quantities of product for subsequent analysis; thus,
modifications to the synthesis conditions were required to optimize for the preparation of
nanostructures comprised solely of Ni(OH)2 as the reported synthesis had predominantly targeted
hybrid Ni-X systems. A preliminary survey of the relevant predictors for reaction success (i.e.
reaction temperature, reactant concentrations, solvent composition, etc.) determined that the
solvent system employed was not suitable for the stability of the nanostructures; therefore,
optimization of the solvent compositions was performed to strike a balance between the
solubility of the reactants and stability of the synthesized Ni(OH)2 nanostructures. The key
observations and results of this work are presented in Table 2.1. This investigation determined
qualitatively that the synthesized Ni(OH)2 materials were unstable in solvents containing high
volume fractions of water, and as such the water content needed to be lowered from the 50-50
(vol%) H2O to EtOH mixture employed in the literature. Successful isolation of Ni(OH)2
nanostructures was observed in the 30-70, 20-80, and 10-90 (%v) H2O to EtOH mixtures;
however, the greatest yield and the most favourable solubility conditions were observed for the
20-80 system.
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Table 2.1 Summarized observations and results for the optimization of synthesis conditions in
the preparation of hollow Ni(OH)2 nanostructures. * Solvent conditions employed in the
literature synthesis.34,35

Surfactant-free Cu2O Nanocrystals
Unusual heating behaviour was observed during the processing of the hollow nickel NCs,
with typical powder drying conditions (ca. 80 ℃) resulting in melting of portions of the washed
samples; thus, thermogravimetric analysis measurements were performed to study the physical
and/or chemical processes occurring during heating. Figure 2.2 presents three coloured
transients: (i) a TGA plot (in red) of the percentage of mass variation (m/minitial ×100%) as a
function of temperature (T); (ii) a dTG plot (in green) of the derivative of mass change as a
function of temperature (T); and, (iii) a plot (in blue) of the temperature difference (℃/mg) as a
function of temperature (T). The thermal analyses reveal an initial transition occurring in the 303
– 373 K range, which is assigned to the loss of physisorbed water present on the surface and
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within the interlayer gaps of the brucite-type hydroxide structure. Metal hydroxides are known to
exist in highly hydrated states due to the intercalation of significant quantities of small solvent
molecules56, such as water; thus, the high relative mass loss (28.18 %) in this region is consistent
with this phenomenon. A second major transition is observed from 523 – 773 K range which
corresponds to the dehydroxylation and dehydration processes of Ni(OH)2, resulting in the
formation of NiO as the end product. This mass loss proceeds according to the equation 2.1:
Ni(OH)2 (s) → NiO (s) + H2O (g)

(2.1)

The final transition occurring around 1000 K and onwards is not typically observed in nickel
hydroxide species and may be the result of further combustion and/or dehydration of residual
carbon species within the NiO sample. The absence of a stable final mass reading in the mass
variation transient indicates that the sample was still undergoing physical and/or chemical
changes within the studied temperature range; thus, no further quantitative analysis can be
performed since it is impossible to say with certainty which nickel species remained after
thermal analysis.
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Figure 2.2 Thermogravimetric (TGA) analysis curves of surfactant-free Ni(OH)2 nanocages
performed in 100 mL min-1 of compressed air at a temperature ramping rate of 10 ℃ min-1.

Figure 2.3 presents a cyclic voltammogram for an unsupported, surfactant-free Ni(OH)2
NCs catalyst ink, drop-casted onto a glassy-carbon rod. CV measurements were performed in
0.10 M aqueous NaOH outgassed by high-purity N2 (g) to assess the fundamental
electrochemical features of the synthesized Ni(OH)2 materials. The results of these CV studies
revealed some characteristic features of Ni(OH)2; however, the shape of CV profiles deviated
significantly from those observed for Ni(OH)2 formed on Ni(poly) electrodes.57–59 The anodic
peak observed at ca. 1.40 V and the cathodic peak at ca. 1.29 V are attributed to the reversible
oxidation and reduction, respectively, of β-Ni(OH)2 to β-NiO(OH), described in equation 2.2.
β-Ni(OH)2 + OH- ⇌ β-NiO(OH) + H2O + e35

(2.2)

The voltammogram is at a slight angle and not perfectly centered about the zero current line as
one would typically expect for pristine Ni(OH)2 layers grown on Ni(poly).57–59 These
observations may be consequences of the presence of trace levels of oxygen, and its
corresponding redox processes, within the system. We propose that the hollow and porous
structure of the NCs plays a role in this behaviour, as these structures may retain trace amounts
of oxygen and/or may produce oxygen (OER) that accumulates on the electrode surface over the
course of the experiment. Downward shifts in the anodic and cathodic peak potentials (ca. 50
mV in magnitude) are also observed when compared to literature values.58 This discrepancy in
peak potentials of the Ni(OH)2 NCs may simply be a result of the differing electronic and
electrochemical properties of nanomaterials compared to their bulk counterparts. Overall, the
broad features associated with the reversible oxyhydroxide formation and reduction processes
are consistent with the presence of nickel hydroxide.

Figure 2.3 Cyclic voltammogram (CV) recorded for the as-synthesized, surfactant-free Ni(OH)2
nanocages in 0.10 M aqueous NaOH electrolyte (scan rate = 50 mV s-1; T=298 K).
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Figure 2.4 presents TEM images for unsupported, surfactant-free Ni(OH)2 NCs dropcasted onto a carbon-coated gold grid. TEM images were acquired to obtain information
regarding the nanostructures’ size, shape, and size distribution (dispersity). TEM analysis
observed large black particles surrounded by a grey cloud, which we suggest to be Ni(OH)2
particles surrounded by adsorbed organic species leftover from the synthesis procedure. EDS
results presented in Figure 2.5 were in agreement with this proposal, and the observation of
relatively intense Ni signals compared to the Cu signals also indicated that the synthesis method
was effective in converting Cu2O templates to hollow Ni(OH)2 materials. Figures 2.4A, 2.4B,
and 2.4C show low magnification images, allowing us to view a large selection of the assynthesized Ni(OH)2 particles to assess their size and dispersity. Evidence of agglomeration and
a broad range of particle sizes (ranging from ca. 80 nm to 400 nm) are observed in these images,
with the average TEM-observed particle diameter being ca. 161.7 nm (n = 50). This observation
indicates that the surfactant-free templating method exhibited little to no control over particle
size and agglomeration, resulting in high polydispersity of the Ni(OH)2 particles that were
subsequently formed. Thus, we concluded that employing a surfactant in the template synthesis
may be effective in controlling agglomeration and particle growth44,49,60,61, yielding the desired
monodisperse sample of nanometer-scale Ni(OH)2 NCs.
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Figure 2.4 TEM micrographs of the (A), (B), (C), (D) as-synthesized, surfactant-free Ni(OH)2
nanocages. Image (D) presents an individual nanocage with an adsorbed layer of organics.

Figure 2.5 EDS spectrum of the as-synthesized, surfactant-free Ni(OH)2 nanocages.
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Surfactant-controlled Cu2O Nanocrystals
A similar set of analyses were performed on the hollow Ni(OH)2 NCs derived from
surfactant-controlled Cu2O templates to determine whether identical problems occurred using
this approach. Figure 2.6 presents three coloured transients corresponding to the TGA plot (in
red), dTG plot (in green), and temperature difference plots (in blue) obtained for the
unsupported, surfactant-controlled Ni(OH)2 NCs. Comparable TGA plot features are observed in
the surfactant-controlled NCs(Fig. 2.6) and surfactant-free NCs (Fig. 2.2). The first, most
significant, mass loss occurs in the range of 303 -403 K, corresponding to the removal of
physisorbed and intercalated water from the hydrated Ni(OH)2 structure. The magnitude of this
mass loss, 30.90 %, agrees with the high uptake of water associated with brucite-type metal
hydroxides. A second transition occurs from 473 K onwards, and is attributed to the
dehydroxylation and dehydration of Ni(OH)2 which forms NiO in a process illustrated by
equation 2.1. This transition to NiO appears to occur over a much broader range of temperatures
than in the previous case; however, this prolonged thermal decomposition behaviour has been
previously observed for the dehydroxylation of other, similar nickel hydroxide compounds.56,62
The third mass loss around 1000 K is not resolved in Figure 2.6, however it is possible that it
overlaps with the prolonged second transition associated with completion of Ni(OH)2
dehydration.
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Figure 2.6 Thermogravimetric (TGA) analysis curves of surfactant-controlled Ni(OH)2
nanocages performed in 100 mL min-1 of compressed air at a temperature ramping rate of 10 ℃
min-1.

Figure 2.7 presents a cyclic voltammogram for an unsupported, surfactant-controlled
Ni(OH)2 NCs catalyst ink, drop-casted onto a glassy-carbon rod. Analogous to the previous case,
the anodic peak observed at ca. 1.48 V and the cathodic peak at ca. 1.37 V are attributed to the
reversible formation and reduction, respectively, of β-NiO(OH), previously described in equation
2.2. Again, while the general features of the CV profiles are consistent with the β-Ni(OH)2 ⇌ βNiO(OH) interconversion, the CV profile shape varied slightly from those recorded for pristine
Ni(OH)2 samples grown on Ni(poly).57–59 The CV profile recorded for Ni(OH)2 NCs (Fig. 2.7)
observed a substantial tilt over the entire potential range that is particularly apparent between E =
0.50 – 1.30 V, a region which is typically featureless in ideal Ni(OH)2 CV measurements.58
Similar observations were made for the surfactant-free NC sample (Fig. 2.3), and again we
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propose that this observation is due to the presence of oxygen in the system. The source of the
oxygen most probably being atmospheric oxygen trapped within the hollow, porous NC
structure, and/or oxygen formed by OER that may amass at the electrode surface during potential
cycling. Thus, while not ideal, these CV results are consistent with the reversible oxyhydroxide
formation and reduction features indicative of the presence nickel hydroxide in the catalyst ink.

Figure 2.7 Cyclic voltammograms (CV) recorded for the as-synthesized, surfactant-controlled
Ni(OH)2 nanocages in 0.10 M aqueous NaOH electrolyte (scan rate = 50 mV s-1; T=298 K).

Figure 2.8 presents TEM images for unsupported, surfactant-controlled Ni(OH)2 NCs
drop-casted onto a carbon-coated gold grids. TEM analysis observed large, irregularly shaped
particles with partially transparent structures, which indicated formation of hollow Ni(OH)2
particles. EDS results presented in Figure 2.9 were in agreement, and the relatively low intensity
of the Cu signals, again, suggested the effective conversion of Cu2O templates to hollow
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Ni(OH)2 materials. Figure 2.8A and 2.8B presents common structures that were observed during
TEM analysis, namely partially-formed NCs and NC fragments. EDS-confirmed that all
fragmented species were primarily composed of Ni(OH)2, eliminating any concerns over residual
copper species. Figure 2.8C introduces a higher magnification image of the Ni(OH)2 NCs,
zooming into one of the walls of the hollow structure observed in 2.8B. The walls of the hollow
NCs appear to be largely composed of smaller Ni(OH)2 particles, with size domains lower than 5
nm. Thus, the observation of hollow nanostructures and fragments constructed with smaller
Ni(OH)2 nanoparticles suggest that the synthesis method was moderately successful in meeting
the primary objective of this work; however, its inability to isolate intact, hollow nanostructures
indicates that there may be additional difficulties in the growth process that prevented complete
hollow NC formation and/or encapsulation of the sacrificial templates within the etching
timeframe. The apparently-random precipitates observed in the top-third of 2.8B may be further
evidence of the incomplete encapsulation of theCu2O templates by the NCs within the
precipitation time window, as the hydroxide ions would eventually diffuse away from the etching
interface and lead to non-specific precipitation of Ni(OH)2. To probe this idea further, TEM
measurements were performed on the Cu2O templates to better understand their size and shape,
and how this might have affected their encapsulation by Ni(OH)2 NCs. Figure 2.10 presents
TEM images for surfactant-controlled Cu2O templates drop-casted onto a carbon-coated gold
grid. Cu2O particles with sizes of hundreds of nm in diameter (ca. 100 – 600 nm) were observed,
well within the size domain that was targeted by this synthesis technique; however, a high degree
of agglomeration was observed in the Cu2O templates, which presents a barrier to the
encapsulation needed to produce the complete hollow NC structure. Additional optimization is
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clearly required to refine the Cu2O templating process, as the simple use of a high concentration
of surfactants did not achieve the intended size and agglomeration control.

Figure 2.8 TEM micrographs of the (A), (B), (C), as-synthesized, surfactant-controlled Ni(OH)2
nanocages. Image (C) presents a higher magnification view of an individual nanocage wall.

Figure 2.9 EDS spectrum of the as-synthesized, surfactant-controlled Ni(OH)2 nanocages.
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Figure 2.10 TEM micrographs of the (A), (B), (C), as-synthesized, surfactant-controlled Cu2O
templates.

2.4 Conclusions
In this work, we report on the optimization of a Cu2O template-assisted synthesis for
hollow nickel hydroxide-based nanostructured material; the ultimate objective of which being
the identification of a general reaction scheme capable of producing a wide variety of sizes and
shapes of hollow nickel materials. We report a successful synthesis that reliably converts Cu2O
templates produced from two distinct methods into hollow Ni(OH)2 structures; however, issues
in template control limited the ability to isolate full NC structures, and fragmented hollow
structures were more commonly observed. TGA was employed to study the physical and
chemical transitions occurring during heating, which allowed for optimization of processing
techniques despite the samples’ unusual drying behaviour. Typical features of brucite-type
hydroxide species were observed in the TG and dTG curves, including major mass losses due to
removal of adsorbed water and dehydroxylation/dehydration of Ni(OH)2 to NiO. Cyclic
voltammetry measurements were performed in aqueous alkaline media, and revealed
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characteristic anodic and cathodic features associated with the reversible electrochemical
conversion between β-Ni(OH)2 ⇌ β-NiO(OH). The nanostructures’ size and shape were studied
using TEM, and the results indicated that both the surfactant-free and surfactant-controlled
methods produced NCs with high polydispersities and particle sizes on the order of hundreds of
nanometers to several micrometers. The images obtained for the surfactant-controlled species
also observed significant fragmentation and non-specific Ni(OH)2 precipitation, which suggested
that an ideal timeframe exists for the production of hollow nanostructures using this method. It
was theorized that employing Cu2O templates that are too large or agglomerated will not
properly facilitate encapsulation by the hollow NC within the lifetime of the hydroxide ion
gradient at the etching interface; thus, resulting in incomplete formation of the hollow structure
and the observation of incomplete fragments and precipitates in the TEM analysis. Further
investigations into mechanisms of controlling Cu2O particle growth and agglomeration are
necessary to combat these problems with producing complete hollow structures. We suggest that
screening different types and concentrations of surfactants and other growth control agents
would be the logical next step in improving the stability and scope of applications for these
hollow NC materials. Based on the work done thus far, it appears that these materials possess the
characteristics that are targeted for good electrocatalysts for the future of clean, renewable
electrochemical systems: namely, high material utilization, high specific surface area, and low
materials costs.

45

References
1.

BP. BP Statistical Review of World Energy 2018. (2018).

2.

Murray, J. & King, D. Oil’s tipping point has passed. Nature 481, 433–435 (2012).

3.

United Nations Framework Convention on Climate Change. UN Climate Change Annual
Report 2017. (2017).

4.

Cook, T. R. et al. Solar energy supply and storage for the legacy and nonlegacy worlds.
Chem. Rev. 110, 6474–6502 (2010).

5.

Lewis, N. S. & Nocera, D. G. Powering the planet: Chemical challenges in solar energy
utilization. Proc. Natl. Acad. Sci. 103, 15729 –15735 (2006).

6.

Carmo, M., Fritz, D. L., Mergel, J. & Stolten, D. A comprehensive review on PEM water
electrolysis. Int. J. Hydrogen Energy 38, 4901–4934 (2013).

7.

Haas, O. & Cairns, E. Electrochemical Energy Storage. Annu. Reports Prog. Chem. Sect.
C Phys. Chem. 163–197 (1999).

8.

Fuel Cell Today. The Fuel Cell Industry Review 2013. (2013).

9.

Linden, D. & Reddy, T. Linden’s handbook of batteries. (McGraw-Hill, 2011).

10.

McBreen, J. Nickel Hydroxides. in Handbook of Battery Materials 135–151 (Wiley-VCH,
2007).

11.

Gong, M., Wang, D. Y., Chen, C. C., Hwang, B. J. & Dai, H. A mini review on nickelbased electrocatalysts for alkaline hydrogen evolution reaction. Nano Res. 9, 28–46
(2016).

46

12.

Zeng, K. & Zhang, D. Recent progress in alkaline water electrolysis for hydrogen
production and applications. Prog. Energy Combust. Sci. 36, 307–326 (2010).

13.

Seshadri, R., Sen, R., Subbanna, G. N., Kannan, K. R. & Rao, C. N. R. Iron, cobalt and
nickel nanoparticles encapsulated in carbon obtained by the arc evaporation of graphite
with the metals. Chem. Phys. Lett. 231, 308–313 (1994).

14.

Yao, Y. D., Chen, Y. Y., Tai, M. F., Wang, D. H. & Lin, H. M. Magnetic anisotropy
effects in nano-cluster nickel particles. Mater. Sci. Eng. A 217–218, 281–285 (1996).

15.

Estournès, C. et al. Nickel nanoparticles in silica gel: preparation and magnetic properties.
J. Magn. Magn. Mater. 173, 83–92 (1997).

16.

Khurana, J. M. & Vij, K. Nickel nanoparticles catalyzed chemoselective Knoevenagel
condensation of Meldrum’s acid and tandem enol lactonizations via cascade cyclization
sequence. Tetrahedron Lett. 52, 3666–3669 (2011).

17.

Adekunle, A. S. et al. Comparative Catalytic Properties of Ni(OH)2 and NiO
Nanoparticles Towards the Degradation of Nitrite (NO 2-) and Nitric Oxide (NO). Int. J.
Electrochem. Soc. 9, 3008–3021 (2014).

18.

Morozov, Y. G., Belousova, O. V. & Kuznetsov, M. V. Preparation of nickel
nanoparticles for catalytic applications. Inorg. Mater. 47, 36–40 (2011).

19.

Ishizaki, T., Yatsugi, K. & Akedo, K. Effect of Particle Size on the Magnetic Properties of
Ni Nanoparticles Synthesized with Trioctylphosphine as the Capping Agent.
Nanomaterials 6, 172 (2016).

20.

Sze, J. Y., Tay, B. K., Pakes, C. I., Jamieson, D. N. & Prawer, S. Conducting Ni

47

nanoparticles in an ion-modified polymer. J. Appl. Phys. 98, 98–101 (2005).
21.

Cheng, J., Zhang, X. & Ye, Y. Synthesis of nickel nanoparticles and carbon encapsulated
nickel nanoparticles supported on carbon nanotubes. J. Solid State Chem. 179, 91–95
(2006).

22.

Zhang, D. E. et al. Synthesis of needle-like nickel nanoparticles in water-in-oil
microemulsion. Mater. Lett. 59, 2011–2014 (2005).

23.

Wu, Z. G., Munoz, M. & Montero, O. The synthesis of nickel nanoparticles by hydrazine
reduction. Adv. Powder Technol. 21, 165–168 (2010).

24.

Lagrow, A. P. et al. Synthesis, alignment, and magnetic properties of monodisperse nickel
nanocubes. J. Am. Chem. Soc. 134, 855–858 (2012).

25.

Ni, X. M., Su, X. B., Yang, Z. P. & Zheng, H. G. The preparation of nickel nanorods in
water-in-oil microemulsion. J. Cryst. Growth 252, 612–617 (2003).

26.

Cordente, N. et al. Synthesis and Magnetic Properties of Nickel Nanorods. Nano Lett. 1,
565–568 (2001).

27.

Zhou, Z. F., Zhou, Y. C., Pan, Y. & Wang, X. G. Growth of the nickel nanorod arrays
fabricated using electrochemical deposition on anodized Al templates. Mater. Lett. 62,
3419–3421 (2008).

28.

Yoo, B., Rheem, Y., Beyermann, W. P. & Myung, N. V. Magnetically assembled 30 nm
diameter nickel nanowire with ferromagnetic electrodes. Nanotechnology 17, 2512–2517
(2006).

29.

Hu, X. & Yu, J. C. High-yield synthesis of nickel and nickel phosphide nanowires via
48

microwave-assisted processes. Chem. Mater. 20, 6743–6749 (2008).
30.

Iwu, K. O., Lombardo, A., Sanz, R., Scirè, S. & Mirabella, S. Facile synthesis of Ni
nanofoam for flexible and low-cost non-enzymatic glucose sensing. Sensors Actuators, B
Chem. 224, 764–771 (2016).

31.

Ni, W., Wu, H. Bin, Wang, B., Xu, R. & Lou, X. W. One-pot synthesis of ultra-light
nickel nanofoams composed of nanowires and their transformation into various functional
nanofoams. Small 8, 3432–3437 (2012).

32.

Zhao, X. et al. Electroless decoration of macroscale foam with nickel nano-spikes: A
scalable route toward efficient catalyst electrodes. Electrochem. commun. 65, 39–43
(2016).

33.

Fu, Y. et al. Template-free synthesized Ni nanofoams as nanostructured current collectors
for high-performance electrodes in lithium ion batteries. J. Mater. Chem. A 1, 10002–
10007 (2013).

34.

Nai, J. et al. Efficient electrocatalytic water oxidation by using amorphous Ni-Co double
hydroxides nanocages. Adv. Energy Mater. 5, 1401880 (2015).

35.

Wang, S., Nai, J., Yang, S. & Guo, L. Synthesis of Amorphous Ni-Zn Double Hydroxide
Nanocages with Excellent Electrocatalytic Activity toward Oxygen Evolution Reaction.
ChemNanoMat 1, 324–330 (2015).

36.

Peng, X., Zhao, S., Omasta, T. J., Roller, J. M. & Mustain, W. E. Activity and durability
of Pt-Ni nanocage electocatalysts in proton exchange membrane fuel cells. Appl. Catal. B
Environ. 203, 927–935 (2017).

49

37.

Dhavale, V. M., Gaikwad, S. S., George, L., Devi, R. N. & Kurungot, S. Nitrogen-doped
graphene interpenetrated 3D Ni-nanocages: Efficient and stable water-to-dioxygen
electrocatalysts. Nanoscale 6, 13179–13187 (2014).

38.

Yu, X. Y., Yu, L., Wu, H. Bin & Lou, X. W. Formation of nickel sulfide nanoframes from
metal-organic frameworks with enhanced pseudocapacitive and electrocatalytic properties.
Angew. Chemie - Int. Ed. 127, 5421–5425 (2015).

39.

Chen, C. et al. Highly Crystalline Multimetallic Nanoframes with Three-Dimensional
Electrocatalytic Surfaces. Science (80-. ). 343, 1339–1343 (2014).

40.

Xiong, J. et al. Porous hierarchical nickel nanostructures and their application as a
magnetically separable catalyst. J. Mater. Chem. 22, 11927–11932 (2012).

41.

Li, Y., Fu, Z.-Y. & Su, B.-L. Hierarchically Structured Porous Materials for Energy
Conversion and Storage. Adv. Funct. Mater. 22, 4634–4667 (2012).

42.

Su, B.-L., Sanchez, C. & Yang, X.-Y. Hierarchically Structured Porous Materials: From
Nanoscience to Catalysis, Separation, Optics, Energy, and Life Science. (Wiley-VCH,
2011).

43.

Al-Jawhari, H. A. A review of recent advances in transparent p-type Cu2O-based thin film
transistors. Mater. Sci. Semicond. Process. 40, 241–252 (2015).

44.

Li, B., Li, Y., Zhao, Y. & Sun, L. Shape-controlled synthesis of Cu2O nano/microcrystals
and their antibacterial activity. J. Phys. Chem. Solids 74, 1842–1847 (2013).

45.

Badr, L. & Epstein, I. R. Size-controlled synthesis of Cu2O nanoparticles via reactiondiffusion. Chem. Phys. Lett. 669, 17–21 (2017).

50

46.

Yu, Y., Du, F. P., Yu, J. C., Zhuang, Y. Y. & Wong, P. K. One-dimensional shapecontrolled preparation of porous Cu 2O nano-whiskers by using CTAB as a template. J.
Solid State Chem. 177, 4640–4647 (2004).

47.

Wang, Z., Wang, H., Wang, L. & Pan, L. Controlled synthesis of Cu2O cubic and
octahedral nano-and microcrystals. Cryst. Res. Technol. 44, 624–628 (2009).

48.

Ahmed, A., Gajbhiye, N. S. & Joshi, A. G. Low cost, surfactant-less, one pot synthesis of
Cu2O nano-octahedra at room temperature. J. Solid State Chem. 184, 2209–2214 (2011).

49.

Zhang, D. F. et al. Delicate control of crystallographic facet-oriented Cu2O nanocrystals
and the correlated adsorption ability. J. Mater. Chem. 19, 5220–5225 (2009).

50.

Luo, Y. et al. Surfactant-free fabrication of Cu2O nanosheets from Cu colloids and their
tunable optical properties. J. Solid State Chem. 182, 182–186 (2009).

51.

Singh, D. P., Neti, N. R., Sinha, A. S. K. & Srivastava, O. N. Growth of different
nanostructures of Cu2O (nanothreads, nanowires, and nanocubes) by simple electrolysis
based oxidation of copper. J. Phys. Chem. C 111, 1638–1645 (2007).

52.

Cao, M. et al. A controllable synthetic route to Cu, Cu2O, and CuO nanotubes and
nanorods. Chem. Commun. 1, 1884 (2003).

53.

Ovcharov, M. L., Mishura, A. M., Shcherban, N. D., Filonenko, S. M. & Granchak, V. M.
Photocatalytic reduction of CO2using nanostructured Cu2O with foam-like structure. Sol.
Energy 139, 452–457 (2016).

54.

Sui, Y. et al. Synthesis of Cu2O nanoframes and nanocages by selective oxidative etching
at room temperature. Angew. Chemie - Int. Ed. 49, 4282–4285 (2010).

51

55.

Tsai, Y. H., Chiu, C. Y. & Huang, M. H. Fabrication of diverse Cu2O nanoframes through
face-selective etching. J. Phys. Chem. C 117, 24611–24617 (2013).

56.

Logvinenko, V., Bakovets, V. & Trushnikova, L. Decomposition processes of nickel
hydroxide. J. Therm. Anal. Calorim. 107, 983–987 (2012).

57.

Alsabet, M., Grden, M. & Jerkiewicz, G. Electrochemical Growth of Surface Oxides on
Nickel. Part 1: Formation of α-Ni(OH)2 in Relation to the Polarization Potential,
Polarization Time, and Temperature. Electrocatalysis 2, 317–330 (2011).

58.

Alsabet, M., Grden, M. & Jerkiewicz, G. Electrochemical Growth of Surface Oxides on
Nickel. Part 2: Formation of β-Ni(OH)2 and NiO in Relation to the Polarization Potential,
Polarization Time, and Temperature. Electrocatalysis 5, 136–147 (2014).

59.

Alsabet, M., Grdeń, M. & Jerkiewicz, G. Electrochemical Growth of Surface Oxides on
Nickel. Part 3: Formation of β-NiOOH in Relation to the Polarization Potential,
Polarization Time, and Temperature. Electrocatalysis 6, 60–71 (2015).

60.

Teranishi, T., Kiyokawa, I. & Miyake, M. Synthesis of Monodisperse Gold Nanoparticles
Using Linear Polymers as Protective Agents. Adv. Mater. 10, 596–599 (1998).

61.

Jana, N. R., Gearheart, L. & Murphy, C. J. Seeding Growth for Size Control of 5-40 nm
Diameter Gold Nanoparticles. Langmuir 17, 6782–6786 (2001).

62.

Liang, Z.-H., Zhu, Y.-J. & Hu, X.-L. β-Nickel Hydroxide Nanosheets and Their Thermal
Decomposition to Nickel Oxide Nanosheets. J. Phys. Chem. B 108, 3488–3491 (2004).

52

Chapter 3
Development of a Tunable Synthesis Method for the Preparation of Hybrid Ni-X Layered
Double Hydroxide Nanoparticles Modified by Tripodal Ligands

3.1 Introduction
The search for renewable energy systems has continued to expand as society looks to a
more sustainable future through the elimination of the destructive fossil fuel-based energy
economy1–3; specifically, renewables are currently observing record levels of global energy
market share—comprising 70% of all new global power capacity additions—and investment—
receiving three times that of fossil fuel technologies. 4 An increasing sense of urgency has
surfaced due to the economic and environmental risks associated with the declining fossil fuel
reserves and the growing impact their combustion products have on global climate and
temperatures.5–7 Growing evidence of planetary warming, in the form of rising incidences of
arctic ice melting, wildfires, droughts, and other natural disasters, has accelerated the renewable
energy timeline1,6,8, with many nations and experts calling for rapid advancement of renewable
technologies to ensure that we can meet global energy consumption needs as they continue to
grow with population and inflation. To gain widespread adoption, renewable energy technologies
needs to match the efficiency and convenience of the fossil fuel-based systems they hope to
displace. Significant scientific and political efforts have been mustered in recent years to push
the progress of the clean, renewable energy market, such as solar, wind, and geothermal energy
sources9; however, in their current state, these technologies are plagued by temporal and
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geographical limitations10,11 that prevent their universal implementation in energy infrastructure.
These gaps in feasibility could be bridged by combining efficient electrochemical energy storage
and generation technologies with the clean, renewable energy sources.12
Surplus and off-peak energy generated by these renewable energy sources can be stored
as chemical energy (i.e. battery charging, gaseous fuels, etc.) and distributed to users, practically
eliminating the above-described limitations.12 Electrochemical energy storage remains an
excellent option for clean, renewable energy storage for future energy infrastructure; however,
this approach is limited by the cost and availability of the required electrocatalysts and electrode
materials. State of the art batteries and fuel cell technologies require substantial quantities of
strategic and/or precious metals, such as lithium, cobalt and platinum-group metals, some of
which are scarce while others are very expensive resources.13,14 To overcome the supply and cost
barriers introduced by the electrocatalysts and electrode materials, many have proposed their
replacement, or elimination through the discovery of novel nanomaterials with comparable
catalytic or energetic efficiencies that are predominantly composed of inexpensive transition
metals, such as nickel. Nickel and nickel hydroxide-based materials have been leading
candidates to replace rare and platinum-group metals in electrochemical technologies for many
years owing to their stability in alkaline systems, high electrocatalytic activity, and historical
importance to several battery, fuel cell, and alkaline water electrolyser technologies.15–17
Development of nickel-based electrochemical technologies has slowed due to the realization of
PGMs’ superior electrocatalytic activity and the lack of competitive nickel electrocatalysts;
therefore, it is essential to establish synthesis techniques targeting the preparation of novel,
nickel-based nanomaterials, possessing high active surface areas and electrocatalytic activities
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towards the key electrochemical reactions, to compete with current PGM-based electrocatalysts
and facilitate growth in alkaline electrochemical technologies.
Numerous investigations targeting preparation methods capable of obtaining varying
sizes and shapes of nickel and its derivative nanomaterials have emerged due to the immense
potential they possess in electronic18, photochemical/optical19, magnetic20,21, catalytic22–25, and
electrochemical26–28 applications. Layered double hydroxide (LDH) materials, in particular, have
exhibited interesting structural and catalytic properties29,30, which may provide unique properties
to electrochemical technologies. These materials exist in a large family of clay-like anionic
materials, often described as hydrotalcite-like compounds or possessing brucite-like structures
due to their similarities to the analogous mineral samples.31–33 This class of LDH materials
possess the general formula [M2+1-x M3+x(OH)2]x+ [(Ann-)x/n yH2O]x-, consisting of alternating
charged layers in a lamellar structure.29–33 This mixed structure can be derived from naturallyoccurring brucite-like metal hydroxide structures, such as those observed by Ni(OH)2, through
the partial oxidation or replacement of divalent cations (i.e. Mg2+, Fe2+, Ni2+, etc.) by trivalent
cations (i.e. Al3+, Fe3+, Cr3+, etc.); thereby yielding a positively-charged metal hydroxide layer
and negatively-charged interlayer space formed through intercalation of anionic organic and/or
inorganic species.31–34 LDH materials observe very distinct properties due to their unique ionic
structure, which results in relatively weak interlayer bonding, large interlayer spacings, and an
ability to adopt various chemical compositions of divalent and trivalent metal cations.35 Large
interlayer spacing allows LDHs materials to expand and uptake large amount of anionic species,
making them advantageous in adsorption and anion-exchanging applications.29,30 Additionally,
the abundance of basic hydroxide sites on the LDHs’ brucite layers causes them to be attractive
heterogeneous solid base catalysts for a wide range of organic reactions, such as Knoevenagel
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condensations, Michael additions, aldol condensation, transesterifications, and many more.29,30,36
A broad series of examples of brucite-like hydroxides and LDHs’ potential applications can be
found in the ever-growing literature on the matter, which includes: electrocatalytic water and
alcohol oxidation37,38, photocatalytic water splitting39 and CO2 reduction40, catalyst supports29,
intercalation of drugs41 and biomolecules42, organic pollutant degradation43,44, etc.
The high tunability of LDHs’ chemical composition to include a diverse range of
chemical compositions, as well as structures, creates exciting new opportunities to screen various
binary and ternary mixtures for novel catalyst/electrocatalyst discovery. Previous studies have
determined that the divalent and trivalent species are distributed uniformly across the brucite
layers35,45, rather than core-shell or island type structures that are so often observed in other
nanomaterial syntheses; thus, we are able to investigate any synergistic catalysis behaviour of the
elements present in the hybrid LDH. For example, Ni-Fe and Co-Mn LDHs have been observed
to have enhanced electrocatalytic activity towards the oxygen evolution reaction.46,47 In addition
to altering the nature and ratio of M2+/M3+ cations present in the metal hydroxide, physical and
chemical properties, such as the structure and surface charge density, can be altered by changing
the nature and size of the anionic species intercalated within the brucite structure.29 Intercalation
by polyoxometalates, a class of polyatomic metal oxyanions, have been studied for many years,
and it was determined that their presence improved catalytic activity towards a number of
organic transformations and photocatalytic activity towards certain photodegradation
processes.29 Various biomolecules, ranging from proteins to enzymes to amino acids, have been
intercalated in LDH interlayer gaps as a means of immobilization, which has been successfully
employed to alter their rearrangement and racemization mechanisms.29 Additionally, an
assortment of metal complexes have been intercalated in LDH, providing homogenous catalyst
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support through immobilization and improving their efficiency and selectivity in certain cases. 29
Thus, the catalytic behaviour, stability, and other key catalytic properties in LDH nanomaterials
are undoubtedly affected by the nature of both the cationic and anionic layers in the lamellar
structures. The compositional and structural flexibility of LDHs has generated an enormous
amount of interest in these materials, as many propose that LDHs could be precisely tuned to the
required specifications by altering their structure, intercalated compounds, and brucite-layer
composition.
Layered double hydroxides materials have been known for well over 150 years35, thus an
immense number of investigations on their synthesis and applications have been published.
Isolation of LDH structures can proceed naturally or synthetically at relatively large scales and
low production costs. Various direct synthesis methods have been reported for the preparation of
LDH materials, including sol-gel, co-precipitation, hydrothermal, salt-oxide reaction, and
electrochemical approaches.48 Traditional synthesis centers around a co-precipitation
mechanism, wherein the desired metal salts are dissolved in aqueous solutions and coprecipitates as the hybrid brucite-type hydroxide.35,48–50 Co-precipitation techniques are simple
methods of obtaining LDH materials, however greater sophistication is required in the technique
to control particle growth and limit issues associated with Ostwald ripening and agglomeration
that can occur during particle ageing.49 Crystal growth is highly dependent on a complex matrix
of reaction parameters, i.e. reaction time, temperature, concentrations, stir rates, solution pH,
etc.; thus, controlling the crystal growth is not a simple exercise. Employing ligands and
surfactants to stabilize and control the growth of various nanomaterials is a well-documented
approach51–53, commonly used in various inorganic nanomaterials syntheses. To effectively exert
size and/or shape control over the nanomaterial growth processes, the selected ligand must
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interact sufficiently with the growing particles’ surface.54 Modification of the LDH layers has
been reported for a large array of ligands, such as alcohols, carboxylates, phosphonates, amino
acids, etc.54,55 In many of these cases, the interaction is not sufficiently strong to act as a size
control agents; however, it has been previously demonstrated that the tripodal ligand, Tris-NH2,
exhibits strong, specific interactions with the brucite-type metal hydroxide layers targeted in this
work.54 The presence of multiple potential coordinating groups is suggested to strengthen the
interactions significantly, allowing for greater surface stabilization and growth control.
Modification by the tripodal Tris-NH2 enables good dispersibility and stability of the LDH-NPs
in aqueous solutions54,56, a property that is immensely beneficial to further processing steps and
the relevant industrial applications.
Herein, we report on the optimization of a general synthesis method for the preparation of
hybrid nickel-based (Ni-X) LDH nanoparticles (NPs) stabilized through interlayer modification
by a tripodal Tris-NH2 ligand. Synthesis was carried out according to our previously reported
technique54 and the conditions, such as the ageing parameters and ligand concentration, were
optimized to determine those required to obtain LDH NPs of four targeted hybrid Ni-X
compositions, namely Ni, Ni-Al, Ni-Zn, and Ni-Fe. Tripodal ligand modification provides an
effective means of limiting NPs size through the control of their growth mechanisms, while also
providing a simple pathway of stabilizing Ni-X nanostructures. It is possible to employ different
tripodal ligand modifiers57 in cases where particular functional groups are incompatible with the
selected metal hydroxides’ reactivity, but this was not found to be an issue for the Ni-X
compositions described hereafter. This technique had been widely applied to other brucite-type
metal hydroxides in the past54,56–58; however, for the first time, this work illustrates
comprehensive application of the method to hybrid, nickel-based materials. Further, extensive
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characterization of the prepared nanomaterials by a combination of surface science, materials
science and electrochemical techniques was performed to determine their structural properties
and potential applicability as electrocatalysts in clean electrochemical energy technologies.
3.2 Experimental
Materials
Ultra-high purity (UHP, 18.2 M cm in resistivity) water obtained from a Millipore
Element A10 water purification system was employed in all experiments. Millipore OMNIPORE
membrane filters (0.1 μm JV) and Millipore DURAPORE membrane filters (0.22 μm GV) were
acquired to collect LDH NPs by vacuum filtration. Tris(hydroxymethyl)aminomethane (TrisNH2 or THAM, ≥ 99.0 %), nickel (II) chloride hexahydrate (NiCl2•6H2O, ≥ 98.0 %), aluminum
(III) chloride hexahydrate (AlCl3•6H2O, ≥ 98.0 %), and iron (III) chloride hexahydrate
(FeCl3•6H2O, ≥ 99.9 %) were purchased from Wako Pure Chemical Ind. Ltd. Zinc (II) nitrate
hexahydrate (Zn(NO3)2•6H2O, ≥ 96.0 %) was purchased from Junsai Chemical Co. Cobalt (II)
chloride hexahydrate (CoCl2•6H2O, 99.95 %) was purchased from Kanto Chemical Co. All other
reagents were used as received.
Instrumentation
X-ray diffraction (XRD) patterns of all samples were measured on a Rigaku Ultima IV
Protectus diffractometer at 40 kV and 40 mA using a nickel-filtered Cu K source ( = 0.15418
nm). Scanning electron microscopy (SEM) images were recorded using a Hitachi S-8010
microscope operating at accelerating voltages in the 15 – 40 kV range. Approximately 3 mg of
LDH NP sample was dispersed in water (3.0 mL), then drop-casted onto a carbon-coated copper
grid and dried at room temperature (ca. 25 ℃). Transmission electron microscope (TEM)
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imaging was performed using a JEOL LEM-2100F instrument. Dilute samples for SEM and
TEM analyses were required to observe individual LDH NPs, as aggregation was a common
issue for these materials. TGA measurements were carried out on a Thermo plus EVO TG 8120
under an air atmosphere with a heating rate of 10 ℃ min-1 and flow rate of 100 mL min-1. DTA
measurements were carried out simultaneously under identical conditions, with alumina (Al2O3)
serving as the inert reference material.
Synthesis of Ni-X-Tris-NH2
Nickel layered-double hydroxide (LDH) nanomaterials were prepared according to a
method successfully established by Kuroda et al.57 Aqueous solutions of metal salts [
NiCl2•6H2O (75 mM) and a secondary metal salt X (25 mM, X = AlCl3•6H2O, FeCl3•6H2O,
CoCl2•6H2O or Zn(NO3)2•6H2O), 100 mL] and Tris-NH2 (0.20 – 2.00 M, 100 mL) were mixed at
room temperature to produce a dispersion of LDH nanomaterials. Altering Tris-NH2
concentration was observed to have a significant effect on both particle size57 and reaction yield;
thus, the Tris-NH2 concentration was individually optimized for each new material composition,
with typical values ranging from 0.20 to 2.00 M before mixing. The reaction mixture was
magnetically stirred for 1 hour in a closed polypropylene bottle at room temperature, and then
placed into an oven to age at 80 °C for 72 hours. A colloidal dispersion of LDHs was obtained
after ageing, which can be used directly for the synthesis of mesoporous metal oxides (MMOs)
or for characterization following some additional separation steps. Further LDH NP
characterization (i.e. XRD, SEM, TGA, etc.) required vacuum filtration through a membrane
filter (Millipore OMNIPORE, average pore size = 0.1 μm), rinsing with water, and oven drying
at 80 °C for 4 hrs to form dry, powdered samples.
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Electrochemical Characterization
Electrochemical measurements were performed in an all-glass three-electrode, twocompartment electrochemical cell at room temperature. A reversible hydrogen electrode (RHE)
was employed as the reference electrode (RE), and as such all potentials are reported on the RHE
scale. A platinum mesh spot-welded to a platinum wire was employed as the counter electrode
(CE). Working electrodes (WE) were prepared by drop-casting 3.0 μL of a catalytic ink
containing Ni-X LDH NPs onto a glassy carbon rod electrode possessing a diameter of 5 mm.
Prior to ink deposition, a mirror-like finish on the glassy carbon rod was achieved by sequential
hand-polishing steps using 1.0 μm and 0.05 μm alumina suspensions (Buehler Alpha
Micropolish). All catalytic inks were prepared by the following procedure: (i) 260 μL of Nafion
solution in lower aliphatic alcohols (ca. 5% by weight) was mixed with 2.740 mL of an
isopropanol-water solution (50% - 50% by volume, respectively); (ii) ca. 20 mg of dried Ni-X
LDH NPs catalytic powder was added to the above-mentioned solution; and (iii) the resulting ink
was made homogenous through sonication in an ultrasonic bath for ca. 10 minutes. All
electrochemical experiments were conducted in 0.10 M aqueous NaOH solution at room
temperature (298 K), and at potential scan rates in the 5 − 200 mV s-1 range. All solutions,
including all electrolyte and cleaning solutions, were prepared using ultra-high purity water
containing minimal organic and ionic contaminants. Before each experiment, the electrochemical
cell and electrolyte were outgassed by purging high-purity 5.0 N2(g) (99.999 %) for a minimum
30 minutes. An Autolab PGSTAT302N Potentiostat/Galvanostat was used to conduct all
electrochemical experiments.
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3.3 Results and Discussion
Optimization of Synthesis Technique
Previous studies on the synthesis of LDHs by similar methods focused on the preparation
of materials analogous to hydrotalcite (i.e. containing Mg, Al, etc.) or those composed of a single
transition metal species; thus, significant work was required to optimize the reaction conditions
for hybrid nickel-based material compositions. A cursory examination of the literature identified
several key synthesis conditions that were likely to influence reaction success and the properties
of the synthesized nanomaterials, namely the metal salt and ligand (Tris-NH2) concentrations, as
well as the thermal ageing conditions (i.e. time, temperature, etc.). A battery of syntheses was
performed to screen the ideal conditions for each of the four chemical compositions, and the
previously-described procedure summarizes these findings. Observation of the Tyndall effect in
the post-reaction solution was used as a preliminary, qualitative indicator of success in obtaining
a colloidal solution. Figure 3.1 presents representative examples of positive Tyndall effects
observed for each of the hybrid nickel compositions.

Figure 3.1 Combined images demonstrating the presence of Tyndall effect in all synthesized NiX LDH NP suspensions.
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Characterization of Ni-X LDH NPs
Powder samples of Ni, Ni-Al, Ni-Zn, and Ni-Fe LDHs were successfully synthesized and
characterized using various surface science and electrochemical techniques. XRD patterns,
presented in Figure 3.2, confirmed that all four samples yielded peaks characteristic of LDH
structures. Unlike many other nickel-based materials59, no sharp peaks associated with the
presence of metallic Ni species and/or NiO species were observed in any of the LDH samples;
thereby indicating that particles were entirely composed of hydroxides, and they were not simply
finite layers of hydroxide formed on the surface of a separate core species. The peaks at ca. d =
0.993 – 1.119 nm and ca. d = 0.493 – 0.540 nm can be assigned to the first and second order
basal plane diffractions, (001) and (002) respectively, that are characteristic of stacked brucite
hydroxide structures. Relative to reference XRD spectra of the two major Ni(OH)2 polymorphs,
these LDH materials observe a shift in XRD peaks towards larger interplanar spacings. Taking
into consideration that α-Ni(OH)2 and β-Ni(OH)2 generally observe interlayer spacings of ca.
0.460 nm and ca. 0.800 nm, respectively, the basal plane peaks of the Ni, Ni-Al, and Ni-Fe LDH
observe significant deviation. This feature strongly suggests that an interlayer modification has
occurred, presumably due to the interactions of the Tris-NH2 ligands with metal hydroxide layers
and its inclusion within the LDH structure. Figure 3.3 provides a simple illustration of the basal
plane spacing differences observed between reference values associated with α-Ni(OH)2 and βNi(OH)2, and those observed in the as-synthesized Ni-X LDHs as a result of the proposed
modification by Tris-NH2. The peaks at d = 0.151 – 0.154 nm are assigned to the in-plane
diffractions, (110), within the brucite layers. All peaks associated with the LDH structure are
broad, which is a phenomenon commonly observed as particle size decreases in nanoparticle
samples and/or as some degree of amorphousness/stacking disorder is introduced. Thus, the
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broadness and asymmetry of the XRD peaks may be representative of turbostratic LDH
structures.60 Overall, the XRD pattern results agree with previous reports on LDH materials
employing Tris ligands56–58,60, which similarly noted the presence of turbostracity in the LDHs’
layered structure and the critical shifting of basal plane XRD peaks due to interlayer
modification by Tris.

Figure 3.2 Powder XRD patterns of (a) Ni, (b) Ni-Al, (c) Ni-Fe, and (d) Ni-Zn LDH
nanoparticles. All syntheses being performed under identical reaction conditions, including
ageing parameters and Tris-NH2 concentration.
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Figure 3.3 Schematic representation illustrating the differences in interlayer spacings between
the α-Ni(OH)2, β-Ni(OH)2, and the α-derivative Ni-X LDH species intercalated by Tris-NH2
(LDH-Tris).

The XRD pattern of the as-synthesized NiZn LDH species deviated from those observed
for all other Ni-X LDHs. Two distinct peak regimes can be observed in Figure 3.2D – one set of
broader peaks and one of sharper peaks. Additionally, no shifting is observed in the basal plane
peaks of the LDH structure, indicating that no interlayer modification by Tris occurred. The
broader set of peaks, including d = 0.812, 0.404, and 0.154 nm, are consistent with α-Ni(OH)2
reference XRD spectra; however, the remaining sharper peaks are not comparable to those
associated with any other nickel species, metallic or oxide.59 Thus, we propose that two distinct
species are being formed simultaneously during synthesis, one being a derivative of α-Ni(OH)2
and the other some form of Zn or Zn oxide species. The simultaneous co-precipitation of
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Ni(OH)2 and ZnO was proposed as the logical conclusion, as ZnO NPs are known to form under
analogous thermal synthesis conditions and the unresolved sharp XRD peaks are consistent with
those seen in ZnO diffraction patterns.61–63 To investigate this process, additional syntheses of
Ni-Zn LDH were performed in increasing concentration of Tris-NH2 in an attempt to force
interaction between the LDH and the ligand. Figure 3.4 presents the XRD patterns of these NiZn LDH synthesis products formed in increasing Tris concentrations (0.5, 1.0, and 2.0 M). As
the concentration of Tris increased, the peaks associated with the Ni-based LDH species shifted
towards larger diffraction spacings, likely owing to development of interlayer modification by
Tris. Furthermore, a greater number of sharp peaks emerged as concentration increased, many of
which correspond to the presence of ZnO NP species61–63. Increasing the modifying ligand
concentration appears to resolve any issues with forming the NiZn LDH-Tris material; however,
the complex nature of the co-precipitate mixture limits the reproducibility of the materials, and
accordingly limits the potential applications of the NiZn species in catalyst systems.
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Figure 3.4 Powder XRD patterns of Ni-Zn LDH species formed in increasing concentrations
(0.5, 1.0, and 2.0 M) of Tris-NH2 ligand. XRD peaks labelled to distinguish between the coexistent Ni(OH)2 and ZnO species.

The chemical composition and thermal stability of the Ni-X LDH NPs was probed using
simultaneous TGA and DTA measurements. Figure 3.5 present the TGA/DTA curves obtained
for each Ni-X LDH species under air atmospheres between 25 – 700 ℃; Figure 3.6 introduces
the overlaid TGA and DTA curves for comparison. Similar behaviour is observed in the case of
each Ni-X species, with each observing characteristic TGA and DTA behaviour of nickel
hydroxides. An initial transition is observed in the 303 -373 K range attributed to the loss of
physisorbed water presented on the surface and within the interlayer gaps, thus absorbed water.
The magnitude of this mass loss is significant in each Ni-X LDH ranging between 10 – 15 %
mass, though this is a common observation due to the highly hydrated nature of metal
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hydroxides.64 The corresponding endothermic peaks observed in the DTA curves are consistent
with the thermodynamics of water desorption.65 The second major mass transition is observed
between 523 – 773 K, corresponding to the dehydroxylation and dehydration processes of
Ni(OH)2 that occur to form NiO, proceeding according to the equation (3.1) below. These
decomposition processes of Ni(OH)2 are generally defined by corresponding endothermic peaks
in the DTA curves64–66; however, in our case, intense exothermic peaks accompany this second
transition. Thermal studies of nickel hydroxides in the presence of small organic species, i.e.
Tris-NH2 in our system, have observed similar exothermic peaks, which has been assigned to the
catalytic combustion of the carbon species towards CO2 in the presence of Ni oxides.67
Ni(OH)2 (s) → NiO (s) + H2O (g)

(3.1)

A broad, low intensity exothermic peak can also be observed in certain DTA transients (i.e. Fig
3.5A) prior to this second major transition, which has been assigned to an additional
decomposition reaction of Tris-NH2. No other transitions are present within the studied mass
range; thus, the remaining mass can be attributed to Ni-X oxide species in the cases of Ni, Ni-Al
and Ni-Fe LDHs. Due to the presence of other Zn-containing species in the Ni-Zn LDH sample as determined by XRD analysis - the same calculations cannot be performed since it is
impossible to separate the contributions of each species. The Ni-Zn observed the largest residual
mass of ca. 71%, with the other Ni-X species observing ca. 45 - 55% residual masses. The
magnitudes of the second mass losses for the Ni, Ni-Al, and Ni-Fe species are in greater
agreement with the theoretical value for pristine Ni(OH)2 of 19.4% 65 than Ni-Zn which observes
a lower mass loss than expected. Both observations suggest that the co-precipitated Zn species
may be less active in the studied temperature range, resulting in the higher residual mass and
apparent thermal stability of the Ni-Zn sample compared to the other Ni-X species.
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Figure 3.5 Thermogravimetric (TGA) and differential thermal (DTA) analysis curves of (a) Ni,
(b) Ni-Al, (c) Ni-Fe, and (d) Ni-Zn LDH nanoparticles performed in 100 mL min-1 of
compressed air at a ramping rate of 10 ℃ min-1.

Figure 3.6 Overlaid (a) TGA and (b) DTA curves of all four Ni-X LDH NP samples.
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The morphology and size of the LDH NPs were assessed by scanning electron
microscopy (SEM). SEM images for the Ni, Ni-Al, Ni-Zn, and Ni-Fe LDH NP samples are
presented in Figures 3.7 – 3.10. The observed particles were roughly spherical in shape,
however many irregularly-shaped particles and particle agglomerates were also detected. Further,
these images reveal a high degree of polydispersity in all Ni-X LDH samples, with calculated
particle diameters ranging from several micrometers to hundreds of nanometers for each
composition. Higher magnification images focusing on the carbon grid, such as Figures 3.7a-d,
3.8d and 3.9c-d, indicated the presence of smaller nanoparticles with under diameters less than
100 nm. Due to the low contrast of Ni(OH)2 and resolution limitations, SEM was not sufficient
to accurately determine these smaller nanoparticles’ size and/or morphology; thus, transmission
electron microscopy (TEM) was necessary to properly evaluate these properties. Figures 3.11
and 3.12 depict TEM images of the Ni and Ni-Fe LDH NP samples, which again reveal highly
polydisperse nanoparticle samples. In contrast to the SEM analysis, these higher-resolution
images were able to resolve individual NPs with diameters under 100 nm, observing particle
diameters as low as 30 nm and 15 nm for Ni and Ni-Fe LDHs, respectively. Spherical
morphologies were observed for the majority of particles; however, several aggregates and
irregularly-shaped particles can also be observed in the TEM images. Therefore, despite broad
size distributions observed by SEM, further microscopic studies confirmed the effectiveness of
this synthesis method in producing hybrid Ni-X particles with nanoscale dimensions, i.e. particle
diameters of 100 nm and under.
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Figure 3.7 SEM images for unsupported Ni LDH NPs deposited on a carbon-coated Cu grid.

Figure 3.8 SEM images for unsupported Ni-Al LDH NPs deposited on a carbon-coated Cu grid.
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Figure 3.9 SEM images for unsupported Ni Zn LDH NPs deposited on a carbon-coated Cu grid.

Figure 3.10 SEM images for unsupported Ni-Fe LDH NPs deposited on a carbon-coated Cu
grid.
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Figure 3.11 TEM images for unsupported Ni LDH NPs deposited on a carbon-coated Cu grid.

Figure 3.12 TEM images for unsupported Ni-Fe LDH NPs deposited on a carbon-coated Cu
grid.
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To gain insight into the binding mode of the Tris-NH2 ligands with the metal hydroxide
layers, ATR-FTIR studies were performed with pure, unbound Tris-NH2 serving as the
reference. Figure 3.13 presents the ATR-FTIR spectra of the Tris ligand and all four Ni-X LDH
NP samples overlaid for comparison. IR peaks consistent with the presence of primary amines
and alcohol groups were observed in all spectra, consistent with Tris’ structure and previous
literature assignments.68 The high intensity, broad peaks between 3600 – 3000 cm-1 in Ni-X LDH
species are attributed to the increased abundance of ν(OH) transitions relating to the metal
hydroxide bonds. The position of the ν(OH) transition was observed to be substantially lower in
the case of pure Tris (ca. 1020 cm-1) than in any of the Ni-X LDHs (ca. 1070 cm-1). The upwards
shift in the C-O stretching frequency may be indicative of the formation of more rigid metalalkoxide bonds. Minimal shifting was observed in the transitions assigned to the presence of
Tris’ primary amine i.e. δ(NH3) at 1585 cm-1; thus, the combination of these two observations
indicate that the interaction between Tris and the metal hydroxide layer occurs through the
alcohol groups, which is in agreement with what has been previously seen in the literature.54,56–
58,60
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Figure 3.13 ATR-FTIR spectra obtained for neat samples of all Ni-X LDH NPs and the
reference Tris-NH2 molecule.

Cyclic voltammetry studies were carried out at a range of potential scan rates to assess
the fundamental electrochemical properties of each of the Ni-X LDH NP materials. The results
of these CV studies are presented in Figures 3.14 – 3.17. The overall CV behaviour was
observed to be similar for all Ni-X LDH species: each one revealing an anodic feature at ca. 1.40
– 1.50 V and a cathodic feature at ca. 1.20 – 1.40 V attributed to the oxidation of β-Ni(OH)2 and
reduction of β-NiOOH, respectively. These interfacial processes are characteristic of nickel and
nickel hydroxide materials, and proceed through the following equation (3.2):
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β-Ni(OH)2 + OH- ⇌ β-NiO(OH) + H2O + e-

(3.2)

The slight differences observed in the potential of these features at each Ni-X composition may
be the result of the secondary elements’ influence on the standard redox potential of the above
reaction. Figures 3.14 – 3.17 also revealed that the peak potential related to the β-Ni(OH)2 ⇌ βNiO(OH) surface processes depended heavily on the employed potential scan rate. The peak
potential-scan rate relationship has been well-established in the literature, and can often provide
important kinetic information about the surface processes.69
The onset of the OER can be observed at high potential values (E > 1.50 V vs. RHE),
immediately following the β-Ni(OH)2 redox region in each CV profile (Figs 3.14-3.17). Oxygen
can accumulate in the system due to the OER, and as a result, cathodic current in the low
potential region (ca. 0.20 V < E < 0.50 V) was observed and assigned to the reduction of oxygen
gas present at the electrode surface, i.e. ORR. Significant differences in OER behaviour, i.e.
onset potential and specific current density, were observed when comparing the synthesized
LDH compositions. Figure 3.18 presents overlaid cyclic voltammograms recorded at s = 50.0
mV s-1 for each Ni-X LDH composition. For the Ni and Ni-Al LDH species, the OER begins at
onset potentials greater than 1.60 V and proceeds at a low reaction rate with small values of
specific current density (j) being observed. Alternatively, the Ni-Zn and Ni-Fe LDHs observed
the onset of OER at lower potential values of ca. 1.58 V and 1.55 V, respectively. These samples
also yielded greater values of j indicative of higher rates of OER incidence. Thus, the more
favourable OER onset potential and current densities measured for the Ni-Zn and Ni-Fe LDHs
indicate that these compositions possess greater promise as electrocatalysts towards OER than
the Ni and Ni-Al species.
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Figure 3.14 Cyclic voltammetry (CV) profiles for Ni LDH NPs in 0.10 M NaOH recorded at
different potential scan rates, s = 5.00, 10.0, 25.0, 50.0, 100 and 200 mV s-1; T = 298 K; Ei = 0.50
V, E1 = 0.00 V, and E2 = 1.65 V.

Figure 3.15 Cyclic voltammetry (CV) profiles for Ni-Al LDH NPs in 0.10 M NaOH recorded at
different potential scan rates, s = 5.00, 10.0, 25.0, 50.0, 100 and 200 mV s-1; T = 298 K; Ei = 0.50
V, E1 = 0.00 V, and E2 = 1.65 V.
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Figure 3.16 Cyclic voltammetry (CV) profiles for Ni-Zn LDH NPs in 0.10 M NaOH recorded at
different potential scan rates, s = 5.00, 10.0, 25.0, 50.0, 100 and 200 mV s-1; T = 298 K; Ei = 0.50
V, E1 = 0.00 V, and E2 = 1.65 V.

Figure 3.17 Cyclic voltammetry (CV) profiles for Ni-Fe LDH NPs in 0.10 M NaOH recorded at
different potential scan rates, s = 5.00, 10.0, 25.0, 50.0, 100 and 200 mV s-1; T = 298 K; Ei = 0.50
V, E1 = 0.00 V, and E2 = 1.65 V.
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Figure 3.18 Cyclic voltammetry (CV) profiles for all Ni-X LDH NPs in 0.10 M NaOH recorded
at s = 50.0 mV s-1; T = 298 K; Ei = 0.50 V, E1 = 0.00 V, and E2 = 1.65 V.

3.4 Conclusions
In this chapter, we report on the successful optimization of a synthesis procedure for the
preparation of spherical Ni-X LDH NPs using a tripodal ligand-stabilization method. For the first
time, an existing method was adjusted to yield a tunable synthesis that is capable of reliably
producing several nickel-based compositions, namely Ni, Ni-Al, Ni-Zn, and Ni-Fe LDHs. This
simple method modifies the hydroxide layers and the interlayer space with tripodal ligands
during the nucleation and particle growth processes, yielding structures analogous to derivatives
of α-Ni(OH)2. The presence of the ligand modification and the α-Ni(OH)2 derivative structures
were confirmed by XRD lattice parameters and FTIR analyses. The XRD results indicated that
the synthesized materials were formed entirely of the Ni-X hydroxide species. All peaks were
consistent with turbostratic derivatives of α-Ni(OH)2, with no sharp peaks related to any metallic
Ni or NiO phases observed whatsoever. Further XRD analysis of the Ni-Zn LDH NPs suggested
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that a simultaneous co-precipitation process was occurring, yielding multiple products including
Ni-based LDHs and ZnO particles. NP properties, i.e. shape, size, and size distribution, were
investigated by SEM and TEM, which observed roughly spherical particles with a high degree of
polydispersity in all prepared samples. Agglomeration and uncontrolled growth of larger
particles was detected, with calculated diameters ranging from several micrometers to hundreds
of nanometers; however, NPs with diameters as low as 30 nm and 15 nm for Ni and Ni Fe LDHs,
respectively, were also observed by TEM. Electrochemical measurements performed on all Ni-X
LDHs displayed anodic and cathodic features assigned to the interconversion of β-Ni(OH)2 to βNiO(OH) – an observation characteristic of the electrochemistry of nickel materials. The cyclic
voltammograms were nearly identical in all four cases, however the onset potential of the OER
was observed to shift between Ni-X LDH samples. The Ni-Fe and Ni-Zn LDHs observed better
OER performance (i.e. OER onset potential and current density) than the Ni or Ni-Al LDH
species. Analysis of the materials’ thermal behaviour was accomplished using simultaneous
TGA and DTA measurements. These results revealed TGA/DTA transients which are consistent
with the presence of nickel-based (and other brucite-like) hydroxides, including their highly
hydrated structure and dehydration to the corresponding oxide species occurring in the range of
ca. 523 – 773 K. Significantly, we assigned the observed shifting in the position of the Ni(OH)2
→ NiO transition in DTA/TGA transients to the influence of the secondary elements and oxide
species’ thermal properties. Compared to studies of pristine brucite hydroxides, novel features in
the DTA transients were also observed and assigned to the decomposition and oxidation
reactions of the surface and intercalated tripodal ligand (Tris-NH2). The ensemble of
electrochemical and surface and materials science analyses confirmed that the synthesis
procedure was successful in preparing and isolating the targeted Ni-X LDH NPs due to their
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overwhelming similarities to previous investigations of bulk and nanoscopic nickel-based
materials. This contribution provides a straightforward framework to further synthesize and
characterize a broad range of hybrid Ni-X LDH nanoparticle and nanosheet compositions, which
may incorporate various divalent and trivalent metal cations into the brucite hydroxide structure.
Though a small test group of four, electrochemically-relevant Ni-X compositions were outlined
in this work, we suggest that this synthesis provides an accessible entrance to the study of many
secondary and tertiary hybrids with other transition and rare-earth metals. Thus, the synthesis
techniques described above will allow for the discovery of novel catalysts and electrocatalysts
that will play critical roles in resolving the current challenges with creating a sustainable energy
infrastructure build upon clean, renewable electrochemical energy.
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Chapter 4
Assembly of Hybrid Ni-X Layered Double Hydroxide Nano-building Blocks into
Mesoporous Metal Oxides

4.1 Introduction
Nanomaterials possess many unique properties compared to their bulk counterparts, i.e.
catalytic, electronic, optical, magnetic, etc.1, owing to their high surface area and confined
electronic states.2 An extensive array of nanomaterial sizes, compositions, and morphologies
have been reported for various functions, including nanospheres, nano-octahedra, nanorods,
nanowires, nanotubes, nanocages, etc.3–5 While these nanomaterials often possess unique
catalytic properties, controlling their stability can be a challenging aspect of designing systems
and catalysts which employ individual, unsupported nanoparticles. Due to the high surface
energy of nanoparticles, particularly as particle size becomes increasingly small, agglomeration,
Ostwald ripening, and degradation are common processes which ensue to reduce this high
surface energy.6 These processes run contrary to the goals of employing nanoparticle-based
catalysts and remain a pervasive issue in the design of Pt-NP electrocatalysts intended for fuel
cell and electrolyser applications, which frequently observe performance degradation as devices
age due to the loss of active surface area caused nanoparticle agglomeration or other material
loss mechanisms.6–8 A number of approaches have been pursued to improve their efficiency and
durability, with the most promising involving the stabilization of electrocatalysts by employing
porous electrodes and/or catalyst supports possessing favourable mass transport, high surface
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area, electrical conductivity and excellent mechanical stability.9–11 To help with stability and
meet the strict gas diffusion requirements in fuel cell and electrolyser technologies,
electrocatalytically-active NPs may be deposited onto porous, conductive catalyst supports, such
as porous carbon or carbon foams9–12; however, detachment of NPs from the catalyst support
also results in deterioration of device performance with increased usage.6–8 Mitigating these
stability issues associated with NPs in electrocatalytic systems is of the utmost importance to
improve their lifetime, performance, and their commercial viability.
Fabrication of porous materials, which directly incorporate the active nanomaterials, has
been proposed as a potential solution for the stability issues associated with NP agglomeration
and detachment. This concept of assembling “nano-building blocks”, such as nanoparticles and
nanosheets, into functional, mesoporous materials has been thoroughly investigated for a number
of different inorganic, biological, and polymeric nanomaterial systems targeting various
applications, such as photonics/electronics, chemical sensing, electrochemical energy storage,
catalysis, etc.13–15 Common assembly techniques yielding mesoporous materials from nanobuilding blocks include soft-templating employing surfactants and/or polymer micelles,
evaporation induced self-assembly (EISA), and hard-templating employing various membranes
(i.e. alumina, silica, carbon, polymeric, etc.).16 These techniques have been employed to generate
mesoporous materials of various elements, including many examples for refractory metals (i.e.
Zr, W, Ta, etc.) and transition metals (i.e. Co, Fe, Mn, Ni, etc.); however, the applied technique
must be selected carefully and customized for each new chemical composition to ensure its
compatibility with the harsh template removal conditions, often involving etching with strong
acids (HF) or bases (NaOH), and/or calcination at high temperatures (> 450 ℃).16 Of the abovedescribed assembly techniques, methods employing hard or soft templates have possessed the
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greatest control over the resultant pore structure and the overall morphology of the mesoporous
material.14–17 Typical examples of templates which have been successfully applied to control of
the pore structure in MMOs include polystyrene particles18, mesoporous silica19–21, and block
copolymer micelles22–25 (i.e. Pluronic F127 or P123). Structural control over the pore network is
achieved through the co-precipitation of the nano-building blocks in the free space surrounding
the templates; thus, factors relating to the template preparation and arrangement, such as the
size26,27, calcination temperature28, and its concentration29, can be tuned to yield the desired
mesostructural properties. The size and morphology of the nano-building blocks dictate the pore
wall structure and thickness16, thus control can also be achieved through conventional methods
used to control nanoparticle size and morphology, such as the use of surfactants and other growth
control agents (i.e. surface capping agents, ligands, etc.).30–33
The preparation of mesoporous catalysts constructed from transition metal-based LDH
NPs carries significant promise in the sector of clean electrochemical energy. Transition metals,
such as nickel, have occupied key roles in major electrochemical energy technologies, including
batteries, alkaline fuel cells, and alkaline water electrolysers.12,34–37 Interest in transition metalbased catalyst materials has been renewed recently due to the realization that the current state-ofart catalysts employ large quantities of precious (i.e. Pt, Pd, Ir,) and/or rare (i.e. Li, Co) metals
that are insufficiently abundant or affordable to meet society’s growing needs.38–40 This family of
metals present a remarkably cheap and highly-abundant alternative for several important
catalytic applications41–46; however, further efforts in their optimization are required such that
similar performance and operational standards to those achieved by the precious-metal based
catalysts are met. To meet these performance standards, the number of accessible, catalytically
active sites (active surface area) needs to be increased to overcome the comparatively lower
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intrinsic activity of these non-precious metals47; a practice which can be readily achieved
through the application of porous catalyst materials, owing to the greater number of accessible
surface sites gained from penetration of the solution into the pore network. Mesoporous metal
oxides (MMOs) of transition and post-transition metals have been investigated for many
decades, and they have observed exceptional performance as catalyst supports15,48–50, energy
conversion materials20,51–54, anion exchangers55–57, catalysts in organic and electrocatalytic
reactions15,17,58–64, etc. To test a general reaction scheme for the preparation of transition metalbased MMOs, nickel-based materials were selected as they are frontrunners in the search for an
alternative to platinum electrocatalysts in fuel cell and water electrolyser applications.65,66
In this contribution, we report a tunable synthetic method for the assembly of mesoporous
hybrid Ni-X MMOs from nano-building blocks of Tris-NH2 ligand-stabilized Ni-X LDH NPs.
The mesoporous structure was formed by templating with a block copolymer (Pluronic F127),
which formed composites with the LDH NPs. Calcination was subsequently performed on the
composites to dehydrate and decarbonate their structures, resulting in removal of the template
micelles and conversion of the Ni-X metal hydroxide to a metal oxide species. Ordered porous
structures are created by the void space which was previously occupied by block copolymer
micelle templates. The LDH NP size and composition, as well as the composite assembly
conditions, can be altered to control the final properties of the assembled mesoporous structures.
The applicability of this technique to produce a broader range of mesoporous Ni-based materials
is examined, along with these materials’ potential applications in electrochemical energy storage
and generation technologies.
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4.2 Experimental
Materials
Ultra-high purity (UHP, 18.2 M cm resistivity) water obtained from a Millipore
Element A10 water purification system was employed in all experiments. Millipore OMNIPORE
membrane filters (0.1 μm JV) and Millipore DURAPORE membrane filters (0.22 μm GV) were
acquired to collect LDH NPs by vacuum filtration. Tris(hydroxymethyl)aminomethane (TrisNH2 or THAM, ≥ 99.0 %), nickel (II) chloride hexahydrate (NiCl2•6H2O, ≥ 98.0 %), aluminum
(III) chloride hexahydrate (AlCl3•6H2O, ≥ 98.0 %), and iron (III) chloride hexahydrate
(FeCl3•6H2O, ≥ 99.9 %) were purchased from Wako Pure Chemical Ind. Ltd. Zinc (II) nitrate
hexahydrate (Zn(NO3)2•6H2O, ≥ 96.0 %) was purchased from Junsai Chemical Co. Cobalt (II)
chloride hexahydrate (CoCl2•6H2O, 99.95 %) was purchased from Kanto Chemical Co.
Pluronic® F127 (Bioreagent) was purchased from Sigma Life Sciences, but purification on an
AMBERLITE IRA400 OH AG (Organo, 500 mL) anion-exchange resin was performed prior to
experiments to remove trace phosphonate impurities. All other reagents were used as received.
Instrumentation
Scanning electron microscopy (SEM) images of the Ni-X MMOs were recorded using a
FEI Quanta 250 eSEM microscope operating at accelerating voltages in the 12 – 20 kV range.
All samples were prepared by deposition onto carbon-coated copper grids and images were
recorded in the 10 000x – 85 000x magnification range.
Synthesis of LDH NP – Pluronic F127 Composite
Suspensions of Ni-X LDH NPs with sufficient dispersibility in water can be employed
directly for the formation of composites with the micellar polymer template (Pluronic F127);
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however, Pluronic F127 needed to be cleaned before mixing to prevent phosphonates and other
anionic impurities from becoming intercalated within the LDH NPs. Following our previous
work22 on this synthesis,16.0 g of Pluronic F127 and 20.0 mL of Amberlite IRA400 anion
exchange resin were dissolved in 100 mL of UHP H2O, and magnetically stirred for 24 hours.
The mixture was subsequently vacuum filtered, and the filtrate was used for the composite
synthesis. The precleaned aqueous solutions of Pluronic F127 (100 mL) was added to the
dispersion of LDH NP (200 mL), and the mixture was stirred for 1 hour at room temperature (ca.
25 ℃). The LDH NP – Pluronic F127 composites were then separated and dried following a
procedure identical to those described above for the synthesis of LDH NPs.
Preparation of Mesoporous Metal Oxides (MMOs) from LDH NP – Pluronic F127
Composites
The dried LDH NP – Pluronic F127 composites were transferred to a ceramic crucible
and placed into a calcination furnace. Calcination was performed with the objective of
dehydrating and decarbonating the samples, completely removing any traces of Tris-NH2 and the
Pluronic F127 template. This process forms a network of pores in the space previously occupied
by Pluronic F127 micelles, yielding the desired Ni-X MMOs. The calcination temperature versus
time program is presented in Figure 4.1. The temperature was gradually increased from room
temperature to 450 ℃ at a ramp rate of 2 ℃ min-1, and then held at 450 ℃ for 2 hours to ensure
complete dehydration and template removal. The calcined Ni-X MMO samples were
subsequently allowed to cool back to room temperature over several hours and directly
characterized without further processing.
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Figure 4.1 Temperature program employed in the calcination of Ni-X LDH - Pluronic F127
composites into Ni-X MMOs.

Electrochemical Characterization
Electrochemical measurements were performed in an all-glass three-electrode, twocompartment electrochemical cell at room temperature. A reversible hydrogen electrode (RHE)
was employed as the reference electrode (RE), and as such all potentials are reported on the RHE
scale. A platinum mesh spot-welded to a platinum wire was employed as the counter electrode
(CE). Working electrodes (WE) were prepared by drop-casting 3.0 μL of a catalytic ink
containing Ni-X MMOs onto a glassy carbon rod electrode possessing a diameter of 5.0 mm.
Prior to ink deposition, a mirror-like finish on the glassy carbon rod was achieved by sequential
hand-polishing steps using 1.0 μm and 0.05 μm alumina suspensions (Buehler Alpha
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Micropolish). All catalytic inks were prepared by the following procedure: (i) 260 μL of Nafion
solution in lower aliphatic alcohols (ca. 5% by weight) was mixed with 2.740 mL of an
isopropanol-water solution (50% - 50% by volume, respectively); (ii) ca. 20 mg of dried Ni-X
LDH NPs catalytic powder was added to the above-mentioned solution; and (iii) the resulting ink
was made homogenous through sonication in an ultrasonic bath for ca. 10 minutes. All
electrochemical experiments were conducted in 0.10 M aqueous NaOH solution at room
temperature (298 K), and at potential scan rates in the 5 − 200 mV s-1 range. All solutions,
including all electrolyte and cleaning solutions, were prepared using ultra-high purity water
containing minimal organic and ionic contaminants. Before each experiment, the electrochemical
cell and electrolyte were outgassed by purging high-purity 5.0 N2(g) (99.999 %) for a minimum
30 minutes. An Autolab PGSTAT302N Potentiostat/Galvanostat was used to conduct all
electrochemical experiments.

4.3 Results and Discussion
The above-described synthesis was successfully performed employing the Ni, Ni-Al, and
Ni-Fe LDH NPs as nano-building blocks. The Ni-Zn LDHs could not be suspended stably in
solution, therefore the required LDH-Pluronic F127 composite could not be assembled. The
morphology and size of the as-synthesized Ni-X MMOs were examined using SEM. Figures 4.2
– 4.4 present SEM images for the Ni, Ni-Al, and Ni-Fe MMOs deposited on carbon-coated grids.
Irregularly-shaped particles with dimensions ranging from 3 – 10 μm were observed in each case
by SEM. Closer examination of the particles revealed that each of these mesostructured materials
was composed of Ni-X LDH NPs which had been sintered together during the calcination
process. Additionally, evidence suggesting the presence of large mesoporous networks was
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observed in the analysis of the Ni-X MMO images. The mesoporous structures appeared to be
more highly ordered in the Ni MMO sample (Fig 4.2), as these mesoparticles possessed the most
consistent pore sizes and frequency. While the Ni-Al and Ni-Fe MMOs (Fig 4.3 & 4.4) observed
some degree of mesoporosity in their structure, a high amount of variability in the size, shape,
and consistency of their mesopores was observed. The differences in the structures of the Ni-X
MMOs may be explained due to discrepancy in the precursor LDH NPs’ size and morphology, as
this may ultimately affect formation of the composite with the Pluronic F127 template. Previous
contributions employing this method of MMO assembly22 determined that the size of the nanobuilding block affects its capacity to reproducibly encapsulate the template micelle, which
possesses a diameter of roughly 30 nm; thus, differences in the precursor LDH particle size will
affect both the size, structure, and surface area of the resultant MMO.22 Discrepancies in the size
and morphology of the Ni-X LDH NPs were reported in Chapter 3, thereby providing a possible
explanation for the differences in the structures of the Ni, Ni-Al, and Ni-Fe MMOs observed by
SEM.
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Figure 4.2 SEM images for unsupported Ni MMOs deposited on a carbon-coated Cu grid.

Figure 4.3 SEM images for unsupported Ni-Al MMOs deposited on a carbon-coated Cu grid.
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Figure 4.4 SEM images for unsupported Ni-Fe MMOs deposited on a carbon-coated Cu grid.

Figures 4.5 – 4.7 present series of CV profiles for the Ni-X MMOs recorded at a range of
potential scan rate values, which were obtained to assess their electrochemical behaviour and
stability under alkaline conditions. Characteristic features of nickel materials were observed in
the case of all three Ni-X MMO samples, including an anodic peak at ca. 1.45 – 1.55 V and a
cathodic peak at ca. 1.40 – 1.45 V corresponding to the oxidation of β-Ni(OH)2 and reduction of
β-NiOOH, respectively. The interfacial equilibrium that establishes between β-Ni(OH)2 ⇌ βNiOOH at the surface of nickel-based electrodes in alkaline electrolyte is defined by the
following equation (4.1):
β-Ni(OH)2 + OH- ⇌ β-NiO(OH) + H2O + e-
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(4.1)

The CV profiles recorded for Ni-Al and Ni-Fe MMOs are nearly identical to those reported in
Chapter 3 for their precursor LDH NPs; however, the voltammograms recorded for the Ni MMO
deviates from its corresponding LDH. Compared to the Ni LDH CVs, Figure 4.5 observes
higher values of current density at potentials greater than 0.50 V, including the emergence of
small anodic and cathodic peaks at ca. 1.29 and 1.21 V, respectively. These differences may be a
consequence of the more highly uniform pore structure observed in the case of the Ni MMOs.
Inclusion of the pore network may alter various surface processes (i.e. mass transfer, charge
transfer, etc.) compared to its matching planar counterpart17, which consequently affects the
observed electrochemical (CV) behaviour and electrode properties (i.e. double-layer capacitance,
nanoscopic gas bubble retention, etc.). All other trends and properties (i.e. OER onset potential,
OER current density, scan rate effect, etc.) observed in the electrochemical analysis of MMOs
were completely consistent with those previously established for their equivalent Ni-X LDHs in
Chapter 3.
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Figure 4.5 Cyclic voltammetry (CV) profiles for Ni MMOs in 0.10 M NaOH recorded at
different potential scan rates, s = 5.00, 10.0, 25.0, 50.0, 100 and 200 mV s-1; T = 298 K; Ei = 0.50
V, E1 = 0.00 V, and E2 = 1.65 V.

Figure 4.6 Cyclic voltammetry (CV) profiles for Ni-Al MMOs in 0.10 M NaOH recorded at
different potential scan rates, s = 5.00, 10.0, 25.0, 50.0, 100 and 200 mV s-1; T = 298 K; Ei = 0.50
V, E1 = 0.00 V, and E2 = 1.65 V.
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Figure 4.7 Cyclic voltammetry (CV) profiles for Ni-Fe MMOs in 0.10 M NaOH recorded at
different potential scan rates, s = 5.00, 10.0, 25.0, 50.0, 100 and 200 mV s-1; T = 298 K; Ei = 0.50
V, E1 = 0.00 V, and E2 = 1.65 V.
4.4 Conclusions
This contribution reports a method for the assembly of hybrid LDH NPs into ordered
mesoporous structures, which was successfully applied to the synthesis of mesoporous Ni-X
MMOs. Porous Ni, Ni-Al, and Ni-Fe mesoparticles were successfully synthesized through a soft
templating method, and subsequently characterized by microscopy and electrochemical
techniques. SEM imaging confirmed the presence of mesoporosity in the Ni-X MMOs, formed
by the removal of the Pluronic F127 micelles during calcination. Size and uniformity of the pores
appeared to be noticeably different between the Ni-X species with the Ni MMO possessing the
most uniform pore structure; thus, we concluded that the size, dispersity, and/or morphology of
the precursor LDH NPs influences their capacity to uniformly cover the micellar template and
consequently their capacity to form a uniform mesoporous structure. Electrochemical
measurements performed on the Ni-X MMOs at varying potential scan rates showed comparable
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properties to those observed by their equivalent Ni-X LDH NPs in Chapter 3, which are
characteristic of the electrochemistry of nickel-based bulk and nanomaterials. These results
demonstrated that brucite-type Ni-X LDH NPs can serve as excellent nano-building blocks for
the preparation of high-surface area mesoporous MMOs. A comprehensive foundation to study
various Ni-X MMOs compositions, as well as other transition and rare-earth metals, has been
established using this procedure; ultimately providing a novel path to further investigations of
functional mesoporous MMO materials aimed at various electrochemical and catalytic
applications. These classes of inexpensive, functional materials will be integral to the
development and commercialization of the next generation of clean and renewable energy
technologies.
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Chapter 5
Conclusions

Throughout my thesis research, optimization of synthesis conditions for processes
targeting various nickel and nickel hydroxide-based nanomaterials, and their characterization by
electrochemistry and surface and materials science techniques, was successfully performed.
Nickel and nickel-based nanomaterials are excellent candidates in the search for novel catalysts
and electrocatalysts that are key to building our future clean, renewable energy infrastructure.
Nickel materials have historically played a major role in alkaline electrochemical energy storage
and generation technologies (i.e. Ni-Cd and NiMH batteries, industrial alkaline water
electrolysers, etc.), and they are projected to play an increasingly important role in the alkaline
systems of the emerging hydrogen economy. Previously, nickel-based electrocatalysts could not
match the activity and efficiency of the gold-standard PGM electrocatalysts, but the discovery of
new meso- and/or nanostructured nickel materials will bridge the gap in essential performance
parameters (i.e. catalytic activity, active surface area, stability, etc.). In the literature, a broad
range of these materials have been reported, however, the assembly of hollow and/or porous
nickel nanostructures with advantageous 3D architectures have been relatively unexplored. This
contribution first investigates a method for the template-assisted synthesis of hollow nickel
nanostructures from Cu2O templates. Second, we suggest a novel, optimized reaction scheme for
the synthesis of hybrid nickel-based double hydroxide NPs, and the assembly of these particles
into 3D mesostructures. In both cases, considerable focus was placed on screening sets of

113

conditions to identify optimal procedures for nanomaterial synthesis, washing, and overall
sample processing, with the goal of acquiring a better understanding of nickel nanomaterials
intended for electrocatalytic applications. As a result, we present an optimized reaction scheme
for the production of hybrid layered double hydroxide nanomaterials with nickel as the primary
element, and nearly any other secondary element that is capable of forming similar brucite-like
hydroxide structures.
Chapter 2 presents our efforts to develop a methodology for the conversion of various
sacrificial Cu2O templates into hollow Ni(OH)2 nanostructures with shared morphological
features. Several major issues were encountered throughout the optimization of the synthesis
procedure, including solvent incompatibilities and low thermal stability. These issues were
resolved, and the complete conversion of the Cu2O templates to Ni(OH)2 was confirmed through
EDX, CV, and TGA studies. A high degree of polydispersity was observed in the SEM images
of the Cu2O templates and Ni(OH)2 particles synthesized by the surfactant-free method, with
particles ranging from hundreds of nm to several μm. Smaller, hollow particles were observed
for the templates and Ni(OH)2 NCs synthesized by the surfactant -controlled method; however,
irregular nanostructures were frequently observed in the NC samples, which was suggested to be
the result of incomplete encapsulation of the template during the precipitation process and/or a
lack of mechanical stability of the hollow nanostructures. Though this method had intriguing
implications for the preparation of a broad range of hollow Ni(OH)2 nanostructures from the vast
library of available Cu2O nanomaterials, the lack of stability and scalability of the product is
thought to greatly limit its potential industrial applications and research opportunities.
Chapter 3, for the first time, reports a comprehensive overview of an optimized synthesis
of hybrid, nickel-based LDH NPs and their full characterization through a battery of surface and
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materials science and electrochemical experiments. Previous reports concerning similar types of
syntheses had been unsuccessful in reliably producing nickel and hybrid nickel-based
nanomaterials coordinated by Tris-NH2. Optimization of four crucial reaction conditions (i.e.
ligand concentration, metal salt concentration, ageing time and ageing temperature) was
successfully performed to identify ideal conditions for the preparation of four unique Ni-X LDH
NP compositions (i.e. Ni, Ni-Al, Ni-Zn, Ni-Fe). Based on the calculated powder XRD lattice
spacings and spectroscopic methods, the interaction mode of the Tris-NH2 ligands with the Ni-X
hydroxide layers was determined to occur through the alcohol groups. In the case of Ni-Zn, it
was established, through extended XRD studies, that co-precipitation of ZnO particles and a NiX LDH species occur simultaneously under nearly all screened reaction conditions; however, in
all other cases, Ni-X LDH NPs were the sole product observed. A high degree of polydispersity
was observed in SEM and TEM images of all Ni-X LDHs, but significant evidence of small
nanoparticles was also observed. Further analysis confirmed the presence of particles as small as
ca. 15 nm and 30 nm in diameter for the Ni-Fe and Ni LDH NPs, respectively. A significant shift
in the characteristic transition temperatures of each Ni-X LDH was observed by TGA, consistent
with the different transition temperatures of the hybrid elements’ oxide/hydroxide species. This
method proved to be a simple, scalable means of producing brucite-like hybrid Ni-based LDH
materials with a diverse range of chemical compositions. Modification by tripodal ligands offers
an efficient means to produce nickel-based nanoparticles with a high degree of tunability and
stability.
In Chapter 4, for the first time, we describe an investigation into the use of the abovedescribed Ni-X LDH NPs as “nano-building blocks” in the synthesis of Ni-X MMOs with porous
3D mesostructures. Porous Ni, Ni-Al, and Ni-Fe nanomaterials were successfully prepared using
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a soft-templating method, and subsequently characterized through electron microscopy and
electrochemical methods. As predicted, SEM analysis confirmed these mesoporous structures
were formed during the calcination process through the combined removal of the polymer
micelle (Pluronic F127) from the composite and sintering of the individual LDH NP “buildingblocks”. These studies suggested that the size, dispersity, and the morphology of the “nanobuilding blocks” significantly influenced the final properties of the corresponding 3D assembly.
Electrochemical studies performed on Ni-X MMO catalyst inks concluded that these materials
were reasonably stable in alkaline media and possessed similar electrochemical properties to
their constituent LDH NP precursors. This procedure offers a simple, “one-pot” method of
producing mesoporous 3D structures that may serve as ideal candidates for the next generation of
porous, high surface area electrocatalysts.
Discoveries in this work concerning the preparation of novel, nanostructured nickel
materials are integral to the advancement required for nickel materials to become competitive in
the alkaline fuel cell and water electrolyser landscape. Though only a few examples of LDH
compositions were presented, in theory, this synthesis approach is universally applicable to a
much broader range of chemical compositions that include elements which naturally form
analogous, brucite-like hydroxide structures. Additionally, the technique employed for the
assembly of “nano-building blocks” into porous 3D MMOs could be applied to the assembly of
other nickel and nickel hydroxide-based nanostructures with ordered 3D architectures. These
materials could be effectively applied as electrodes and electrocatalysts in clean electrochemical
energy technologies; thus, due to the high tunability of this process, these synthesis techniques
are potentially lucrative sources for novel nickel-based electrocatalyst discovery. The methods
described in this report are well-suited to the preparation and characterization of nanosheets,
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nanoparticles, and mesoporous 3D architectures; however, further meticulous investigations into
the electrocatalytic activity and stability are needed to determine the suitability of these materials
for real-world alkaline fuel cell and water electrolyser applications.
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Chapter 6
Future Work

The conclusions of my master’s thesis research present a framework for future discovery
and testing of hybrid Ni-based LDH nanomaterials. The new knowledge created by this
contribution provides many promising future research directions. I would like to use this final
chapter to outline a few examples of new research opportunities that may follow from this
synthesis work, some of which may be adapted for incoming M.Sc. or Ph.D. students’ research
projects and/or theses.
The first phase of my project, Chapter 2, encountered issues with the size control of the
synthesized Cu2O templates, which ultimately led to incomplete encapsulation when forming the
hollow Ni(OH)2 nanostructures/NCs. An interesting opportunity remains here to produce a
variety of hollow Ni(OH)2 nanostructures from the deep library of Cu2O materials available in
the literature. With more time, these issues with template size and agglomeration could be
resolved, and the successful Cu2O to Ni(OH)2 conversion method described in this work could
be applied as originally intended. Shape and size control of the sacrificial templates need to be
improved such that a reproducible, monodisperse sample of nanostructures is obtained; thus,
further studies could focus on employing different surfactants, reducing agents, and
synthesis/processing techniques to reach this target. Suitable preparation of hollow Ni(OH)2
nanostructures would open the door to more detailed investigations into the relationship between
structure and function at the nano-scale, and into the activity of these electrocatalysts, which
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possess many beneficial properties such as high specific surface area and efficient material
utilization.
The second phase of my project, Chapter 3, investigated the optimization of a synthesis
method for the preparation of hybrid Ni-based LDH NPs. The influence of key reaction
conditions (i.e. ligand concentration, metal concentration, ageing time and temperature) on
reaction success was examined to produce a general scheme for Ni-X LDH preparation. The
reported synthesis conditions can generate nanoparticles with a broad range of chemical
compositions and sizes as small as 15 nm in diameter; however, thus far, four hybrid Ni-X LDH
species were tested and the procedure was not capable of controlling the polydispersity or
agglomeration of the NPs. Obtaining a monodisperse sample of LDH NPs would be preferred
due to the greater reproducibility that this affords in the subsequent analyses and MMO
assembly. The method we reported was optimized to obtain these nanomaterials for the first
time, therefore further optimization may be undertaken to improve size control, dispersity, and
ideally shape control. It is straightforward to envision how hybrid Ni-X LDHs can be formed
when the hybrid element readily forms similar hydroxide structures to Ni(OH)2, i.e. brucite-like
structure; however, doping of Ni-X LDH nanostructures with small molar quantities of lesscompatible elements or expensive PGMs could lead to beneficial catalytic and/or electrocatalytic
properties. This contribution provides a general scalable framework for the synthesis of hybrid
Ni-X materials, and considerable opportunities in the form of preparing novel Ni-X LDH
secondary and tertiary combinations remain ripe for exploration.
The third, and final, phase of my project, Chapter 4, examined the assembly of hybrid
Ni-X LDH NPs into porous 3D mesostructures, labelled as MMOs. The reported synthesis
method follows a similar mechanism as processes used for macroporous structures, employing a
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polymer-based template to direct the assembly of the porous 3D network. This project solely
focused on the application of the as-synthesized Ni-X LDH NPs to the MMO assembly method;
however, additional potential exists to apply this method to the assembly of other “nano-building
blocks” into mesoporous materials with favourable properties relating to their porous 3D
architecture. This assembly method described in Chapter 4 simply requires nanomaterials with
reasonable dispersibility in water and the ability to effectively form composites with the micellar
polymer template; therefore, an opportunity exists here for the conversion of other shapes and
sizes of nickel nanomaterials (i.e. nanoparticles, nanorods, nanocages, nanoframes, etc.) into
meso/nanoporous structures. Pairing within the previous mentioned future projects from Chapter
2 is potentially beneficial, as studying the application of hollow nanomaterials to the preparation
of these porous meso-/nanostructures would amplify their already-favourable material utilization
properties. Eletrodes fabricated from these porous structures could be used to study the
electrocatalytic activity and durability of hybrid Ni-X compositions in alkaline fuel cell and
water electrolysis technologies.
Lastly, opportunities to study the catalytic properties of both the known and currentlyunknown Ni-X LDH compositions remain. Hydroxide materials have historically served as
excellent solid base and intercalation catalysts for several organic reactions, as well as composite
catalysts in combination with a broad range of biomolecules and other metallic species. In
addition to the LDHs’ suitability to catalysis, Ni-based catalyst systems, i.e. Raney Ni, have
served important roles in several important organic processes, such as hydrogenation and crosscoupling. Therefore, catalytic studies, outside of those electrochemical studies considered by this
contribution, of the Ni-X LDH NPs and Ni-X MMOs are recommended to discover any potential
activity towards organic and/or any other relevant reactions. Initial surveys should focus on
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analyzing catalytic roles traditionally performed by other Ni-based species or other group 10
elements (i.e. Pd, Pt). The described synthesis methods provide a pathway to designing catalysts
with varying Ni-X compositions, allowing for meticulous screening of novel, highly active
nanostructured catalysts.
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