The University of

Nottingham

I

e

Hybrid Metal-Carbon
Nanostructures for Energy-
Related Applications

Carlos Herreros Lucas

Thesis submitted to the University of Nottingham for the
degree of Doctor of Philosophy

June 2017



It’s the little details that are vital.
Little things make big things happen.

John Wooden



Abstract

Recent technological advances such as the transition from non-renewable to
renewable energy have been intimately related to the development of new
nanostructured materials. A rational thinking is required for the development of
nanomaterials with functional properties by targeting the combination of two
or more nanocomponents with different properties, and preparation
methodologies ensuring the utilisation of cheaper and abundant materials such
as non-precious metals. Therefore, the main motivation of this work is to
expand the frontiers of knowledge for the preparation of functional
nanomaterials by designing hybrid carbon nanostructures suitable for energy
storage applications containing a range of electrochemically active
nanocomponents including molecules, nanoparticles and metal coordination

polymers.

The first chapter describes a general overview of the current approaches
within the energy area to prepare uncoupled carbon nanostructures as well as
the strategies to combine them with several active components (i.e. molecular
metal clusters, nanoparticles and metal coordination polymers). Relevant
concepts for this thesis such as electrochemical storage mechanisms,
differences between hybrid and composite nanomaterials, synergetic effects
and the distinction between ex situ and in situ synthetic approaches are
discussed in the introductory chapter. For the sake of clarity, only the most
relevant examples of hybrid carbon nanostructures from the literature will be
highlighted and discussed. Before describing the hybridisation of carbon with
molecules, nanoparticles and metal-coordination polymers, different carbon
nanostructures will be analysed on their own due to their outstanding

electrochemical properties.

After the introductory chapter (Chapter 1), the thesis is followed by two
parts: Part A and B. Part A, which is divided in two chapters (Chapter 2 and 3),
gathers only carbon nanostructure investigations. In Chapter 2, a facile and
solvent-free method is proposed for the development of few-layer graphene
nanostructure from carbon tubular nanofibers. In Chapter 3, the synthesis of
hollow carbon cages on the surface of carbon nanostructures is thoroughly

investigated to elucidate their novel mechanism of formation.



The preparation and electrochemical characterization of metal-carbon
nanostructures by combining carbon nanostructure with a molecular metal
cluster, metal oxide nanoparticles and metal coordination polymers are
discussed in Part B. In Chapter 4 the extreme confinement inside hollow
tubular carbon nanotubes is investigated to overcome the intrinsic low stability
of molecular Mnj; cluster during the electrochemical process. In Chapter 5, the
synthesis of metal oxide nanoparticles is carried out in the presence of hollow
tubular carbon nanofibers (what we called “in situ synthesis”) where special
attention is paid to the carbon surface functionalization. Only the metal oxide-
carbon hybrids of interest produced in previous chapter are extensively
characterized by electrochemical means to elucidate the effect of confinement
with respect to their electrochemical stability. In Chapter 6, a correlation
between the structure and chemical composition of a coordinated metal
polymer and its electrochemical performance is established in order to gain a

better understanding of the alkali intercalation/deintercalation process.

One of the key findings in this thesis has been the encapsulation of
electrochemically active species, shows promising results not only due to the
electron transfer between the guest specie and the host carbon nanostructure,
but also to the improvement in the stability during electrochemical cycling. In
addition, it has been observed that the electrochemical performance of metal-
carbon nanohybrids depends dramatically on the synthetic process that
determines the interaction between the nanocomponents and, therefore, the

synergetic effect.

To sum up, the work developed in this thesis contributes to the area of
hybrid metal-carbon nanostructures for energy-storage applications, including
new synthetic protocols and strategies, novel hybrid materials with confined
electrochemical components, advanced understanding on the electrochemical-
structure relationships and important concepts related to

durability/recyclability.
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Chapter 1

Development of hybrid metal
carbon nanostructures for energy
storage: Challenges and strategies



1.1 Energy storage and their mechanisms

Energy storage refers to devices that collect energy to be used at a later
time. Batteries are the most popular and store energy as chemical and deliver
as electrical, playing a dual role. Volta first demonstrated that electric current
could be produced by stacking several pairs of alternating copper (positive
electrode-cathode: reduction takes place) and zinc (negative electrode-anode:
oxidation takes place) separated by cloth soaked in brine (Figure 1a). Despite
the two centuries since Volta’s discovery and the evolution to the current
lithium battery (Figure 1b), there is still room for new and novel types of
materials which can overcome the current limitations of battery technology
(i.e. ion diffusion within the solid) to achieve the performance demanded by
industry (high specific energy and power density) (Figure 1c).
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Figure 1. Schematic representation of (a) initial voltaic pile, (b) current lithium
ion battery and (c) proposed future batteries, which are expected to have much
better electrochemical performance and cyclability, safer and made of green and
low-cost materials.["

In contrast to batteries, capacitors lead to high currents and high specific
power so electrochemical processes occur at the surface, being not limited by
solid-state diffusion. However, they show poor specific energy. Once chemical
knowledge was applied to capacitors, turning them into supercapacitors (or
ultracapacitors), their specific energy increased more than conventional
capacitors and approaching the batteries values. This is a result of a new
process called pseudocapacitance, which arises when reversible redox reactions
(Faradaic) occur at or near the surface of a material in contact with an
electrolyte. It is important to mention that this mechanism is completely
different to the electrochemical double-layer (EDL) observed in traditional
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capacitors where ions are adsorbed on the surface of the electrode due to

electrostatic interactions (Figure 2a).

Conway identified several Faradaic mechanisms that can result in capacitive
electrochemical features:? (b) underpotential ~deposition, (c) redox
pseudocapacitance and (d) intercalation pseudocapacitance. Underpotential
deposition (Figure 2b) takes place when metal ions are adsorbed at a different
electrode surfaces well above their redox potential.®* On the other hand,
redox pseudocapacitance (Figure 2c) occurs when ions are electrochemically
adsorbed onto the surface with a Faradaic charge-transfer (oxygen groups in
carbon, metals...),® while intercalation pseudocapacitance (Figure 2d) arises
when ions intercalate into channels or layers of a redox-active material
accompanied by a faradaic charge-transfer with no crystallographic phase
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Figure 2. Schematic representation of energy storage mechanisms: (a) electrical
double layer (EDL) in a liquid at contact with a negatively-charge solid, (b)
underportential deposition (i.e. Pb on gold surface: Au + nPb®" +2ne” —
Au-nPb,g), (c) redox pseudocapacitance (i.e. ruthenium nanoparticles:
RuO4(OH), + nH* + ne & RuUOx,(OH)y.n) and (d) intercalation
pseudocapacitance (i.e. lithium intercalation: Nb,0Os + nLi" + ne” & Li,NB,Os).

Therefore, chemistry along with engineering has still a lot to contribute to

the development of new energy devices.
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1.2  Current challenges

Nowadays, one of the main challenges in our society is to fill the energetic
gap between supply and demand. This challenge has become very important
due to not only the huge increase in population (from 1.6 billion on 1900 to
7.43 billion on 2016)™ but also the energy consumption (from ~50 exajoules
(EJ, 10J) on 1900 to higher than 550 EJ on 2016).*Y Additionally, it is
important to cope with the future energetic demand while changing towards
renewable sources, such as biomass, solar, wind or hydropower, in order to

achieve the desired reduction of CO, emissions and dangerous waste.

Despite to the fact that, little by little, more and more houses are getting
powered from electrical energy from renewable sources, the dependence of
these technologies on the climatic conditions is currently one of the main
drawbacks. One approach to overcome such limitation is by combining energy
storage and conversion devices. For example, a battery is charged by a solar
panel while the sun shines and discharged during the night. However, the
large-scale storage limitation, these approaches cannot be transfer to industry
due to the challenging demanded performance.

The lack of environmentally friendly materials at lower price and
requirement for high stability and safety are hindering a wide commercial
distribution of nanomaterials. Nowadays, the extensive use of electrochemical
technology for many mobile applications such as electric vehicles (EV)™? is
restricted by the expensive Pt, being the best-known catalyst for the
electrolysis of water.*® Rechargeable batteries lose voltage and capacity each
charging cycle, leading to their replacement after several cycles. For example,
lithium iron phosphate batteries reach, according to the manufacturer, more
than 5000 cycles with a 70% loss of the total capacity.™ Furthermore, lithium
cobalt oxide, which offers high energy density as a cathode in lithium batteries,
presents safety risks. Therefore, the discovery of new electrochemical storage
mechanisms as well as the development of novel materials with outstanding
electrochemical storage properties for a high number of cycles is urgently

required in order to cope with the future technological advances of our society.
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1.3 Carbon nanostructures and their energy storage
properties

Among all the nanocomponents, carbon nanostructures (i. e. fullerenes,
carbon nano-onions, carbon nanotubes, carbon nanohorns or graphene) have
received a lot of interest due to the outstanding properties for a wide range of
applications. In fact, carbons have been frequently used for more than 100
years as an electrode due to their ability to withstand very high temperature,
good mechanical properties, high current carrying capacity and fast electron

transfer.*"]

The synthesis of carbon nanotubes, which are made of layers of graphene
(Figure 3a) parallel to the growth axis forming a set of concentric cylinders,
has been greatly improved since their first discovery by S. lijima in 1991.1¢!
Nowadays, it is possible to synthesise hollow tubular carbon nanostructures in
large quantities with a selective control over their length, thickness, diameter,
internal structure as well as orientating their assembly.*”*°! As a consequence,
a wide library of hollow tubular nanostructures is fully available varying from
narrow single-wall nanotubes (~1 nm) and multi-walled nanotubes (~10nm,
Figure 3b) to wide carbon nanofibers (~100 nm, Figure 3c). In this context, it is
important to highlight that carbon nanofibers (CNF) have been shown to play
an important role for the stabilization of nanoparticles, specifically, at high
temperaturest?” and during many electrochemical cycles™® as a consequence
of their corrugated internal surface (Figure 3c, right-hand-side), which is
dictated by the presence of internal graphitic structure formed by stacked-
nanocones. Thus, the step-edges have been demonstrated as a physical
anchoring point that stabilises nanoparticle, facilitating also the arrangement of

nanoparticles inside CNF.??

The synthesis of highly pure graphitized nanostructures is based on a
bottom-up approach (i. e. chemical vapour deposition), where a carbon
containing molecule is adsorbed on the surface of a catalyst and reacted under
harsh conditions, and it is extended to other carbon nanostructures such as
carbon nano-onions (Figure 3d) or graphene (Figure 3a) by simply controlling
the synthetic parameters (i. e. catalyst, carbon source or temperature). For

example, spherical carbon nano-onions, with a typical size in the range of 1-
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100 nm,'®! can be synthesized using a bottom-up approach both by a hard or
soft templating strategy, having a control over the size, porosity or interior
(hollow or metallic). The hard templating strategy is based on the formation of
the graphitic carbon shell under harsh conditions (i. e. chemical vapour
deposition) on the surface of a spherical template or catalyst (i. e. silica or
metal nanoparticles), which could subsequently be removed via acid
treatment.[? Alternatively, soft templating strategy does not require a catalyst
so a sacrificial template, such as nano-diamond, is thermally annealed at high

temperatures (i. e. 1700°C) under inert atmosphere. >

(8)

Hydride transfer
rearrangement
'ﬁ"

i g

Figure 3. Schematic representation of (a) graphene!*! (b), multi-walled
nanotubes (MWNTSs), (c¢) graphitized carbon nanofibers (CNFs), (d) carbon
nano-onions“*l. (e) functionalized endohedral fullerene inside single-walled
carbon nanotube®®!, (f) mesoporous carbon and (g) nanohorn.!?

Alternatively, a top-down synthesis of graphene can be carried out by using
graphite as the source. Hence, mechanical (Scotch tape),?’?®! chemical
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(solution-based exfoliation, graphite oxide exfoliation), electrochemical and
physical routes have been already investigated.[?*!! In the chemical approach,
the oxidation to graphene oxide facilitates the exfoliation, as Van der Waals
forces are weakened, but a post-treatment (to from reduced graphene oxide) is
required to restore the conductivity of the nanostructure.*>* In the physical
approaches, despite their simplicity, the exfoliating agent used during ball-
milling can limit the applicability of the resultant exfoliated graphene.®**
Furthermore, the mechanical and electrochemical approaches are limited by a

low yield.

The synthesis and properties of other carbon nanostructures such as
fullerenes (Figure 3e), mesoporous carbon (Figure 3f) or nanohorns (Figure 3g)

are outside of the scope of this discussion.***4

The electrochemical storage mechanism of all carbon nanostructures is
mainly based on electrochemical double-layer (EDL) where ions are adsorbed
on the surface of the electrode due to electrostatic interactions. Thus, the major
research objective in this field is to establish the relationship between the
electrode area (including pore structure) with the capacitance. For example, a
near-ideal graphitic spacing between SWNTs was observed when introducing
and drying liquids into the as-grown SWNTs forest as the surface tension of
the liquid and the strong van der Waals interactions “zip” the SWNTs together.
Despite of the observed packing, the tube separation is sufficient to allow for
full surface coverage thus retaining its surface area. As a consequence, the
resulted highly-densely packed and aligned SWNTs showed a specific
capacitance of 80 F/g, being roughly twice the capacitance of free-standing
SWNTs.™™ Furthermore, hollow carbon nano-onions synthesized using Ni
nanoparticles as a template show excellent high-rate cycle performance with

16 while nanodiamond-derived carbon nano-

high electrochemical reversibility
onions commonly show capacitance values of up to 52 F g™ in aqueous 1M
H,S0..1™ More interestingly, ~500 F/g capacitance has been projected for an
ideal single layer of graphene-based EDLC, if the entire surface fully
utilized.*® It is important to highlight that such an electrode would constitute a
record in carbon electrode material but preparation of such material remains

still a great challenge.
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In order to overcome the moderate specific capacitance of carbon-based
electrodes as a consequence of the double layer mechanism, “°! different
strategies such as designing ionic liquid mixtures for improving the cell voltage
or utilizing pore sizes that match the electrolyte ion size have been
investigated.***? For instance, it has being reported that carbon materials
achieve approximately 150 F/g in ionic liquid electrolytes for optimum carbon

pore sizes.l®®

Alternatively, the surface functionalization strategy adds reversible redox
reactions (pseudocapacitance mechanism) at the surface of the carbon material
in contact with an electrolyte. It is important to highlight that functional groups
have less influence on capacitance in organic medium than aqueous one. In
the last decade a number of studies have shown the high performance of
heteroatom (nitrogen, oxygen, or sulfur)—enriched carbons for supercapacitors.
For example, nitrogen in the carbon network, especially in the form of
pyridone and/or pyridine, affects the electron density and enhances the charge
affinity of the carbon material.*® Therefore, chemical knowledge has being
employed as a major tool to enhance both the performance and stability of

carbon nanostructures.

The incorporation of such heteroatoms into the carbon structure is carried
out by two main strategies: direct growth of carbon nanostructure in the
presence of heteroatom-containing molecules *®*” or post-synthesis method (i.
e. treatment of an already formed carbon nanostructure).[**2 While the two
approaches have shown promising results, post-synthesis method has
advantages; for instance, the as-grown carbon nanostructures (CNs) can be
purified, shortened and functionalized before doping. For example, generating
nanopores in the matrix of graphene and subsequently nitrogen-doping of the
active sites along the pore opening was reported as a simple way to synthesize
doped carbon nanostructures.’® In addition, graphene edges have been
selectively functionalized (i. e. nitrogen, hydrogen, carboxylic acid, sulfonic
acid, chloride, bromide, iodide, phosphorus, selenium and antimony) by ball
milling in the presence of heteroatom source.®® Such selective incorporation
of heteroatoms in both these examples is due to higher reactivity of the edge
atoms of graphitic planes as compared to the defect-free basal planes.[’*"!

15



1.4 Recent advantages of metal-carbon nanostructures for
energy storage applications: nanocomposite and nanohybrid

In the 20™ century, the size of materials has become increasingly important
and as a result a new scientific discipline called “Nanotechnology” has arisen,
encompassing science, engineering and technology. By definition,
nanotechnology is the branch of the technology involving the fabrication and
manipulation of structures (smaller than 100 nm in dimensions) with new
physicochemical properties independent on those observed at the bulk and
atomic scale. The first acknowledgement of this new area is attributed to the
brilliant Nobel Laureate physicist Richard Feynman where, in his famous
lecture “There is Plenty of Room at the Bottom”, he discussed the idea of
writing the entire 24 volumes of the Encyclopaedia Britannica on the head of a
pin.l’2

The most fascinating aspect of nanotechnology concerns the unique and
size-dependent properties and phenomena that arise within this size regime.
For example, the equilibrium of forces in the nanoworld is different from that
observed in the larger, macroscopic world: owing of the small mass of the
objects, gravitational forces are less important, whereas electrostatic

interactions and van der Waals forces are of huge significance.["”

Field Example Description

Less flammable, quicker charging, more efficient, lighter

Energy Lithium ion battery weight and hold electrical charge longer.

Woven from tiny wires of potassium manganese oxide that
can absorb 20 times its weight in oil for clean-up applications

Semiconducting nanocrystal that can enhance biological
imaging for medical diagnostic. They offer optical detection
up to 1000 times better than conventional dyes and render
significantly more information.

Organic light-emitting diodes that offer brighter images in a
flat format, as well as wider viewing angles, lighter weight,

OLED . - .
better picture density, lower power consumption and longer
Electronic lifetimes.
Magnetic random access memory enabled by nanometer-
MRAM scale magnetic tunnel junctions that can quickly and
effectively save data.

Environmental Paper towel

Medical Quantum dots

Table 1. Role of some nanomaterials in different sectors of today’s society.

Furthermore, the properties of matter at nanoscale may not be as predictable
as those observed at larger scales. Because of their small size, nanomaterials
exhibit novel and significantly improved physical, chemical and biological

properties. However, most of the important changes in behaviour are caused by
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the emergence of a totally new phenomenon such as quantum confinement, a
typical example of which is found in semiconductor nanoparticles that have
luminescence properties and thus colours that critically depend on their core
size."™ Therefore, one of the great challenges in research is to attain complete
understanding of the unique properties and phenomena only observed at the
nanoscale and consequently control the arrangement and characteristics of
nanoobjects. This is largely motivated by applications, as the development of
unique nanoscale structures has the potential to revolutionise the world and
significant progress has already been made. Thus, nowadays, different
nanoscale materials are already playing a significant role in industry,
communications, medicine, computing, and even in the household (Table 1).
[78]

The fabrication of nanoscale materials is based on two main approaches: (i)
“Bottom-Up” or “from small to large” and (ii) “Top-down” or “from large to
small”.l’ The former strategy involves the arrangement of smaller
components, such as atoms and molecules, and exploits a range of fundamental
chemical interactions (e.g. hydrogen bonding, Van der Waals, n-n stacking
interactions) to form a larger complex assembly. The best example of the
“Bottom-up” concept appears extensively in nature in the form of DNA which
utilises hydrogen bonding to organise the helical superstructure (Figure 4).1""

DNA double helix Building blocks of DNA

phospate sygar
N
+ [a] —

+
sugar base
phosphate
nucleotide

Figure 4: Schematic representation of DNA and its building blocks. DNA
molecule is composed of two helical strands held together by hydrogen bonds
between the base pairs. The shapes and chemical structure of the bases allow
hydrogen bonds to form efficiently only between Adenine-Thymine (A-T) and
between Guanine-Cytosine (G-C).!""]
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In addition to the extraordinary properties exhibited by individual
nanostructures, it is now understood that by combining two or more nanoscale
materials (building blocks or components) to form a new heterostructure
(Figure 5), where various components possessing different properties can be
incorporated into a single composite material, enables multi-functionality to be
accessed. The formation of such hierarchical nanostructures can also allow for
new properties and applications that are not available with just the individual

components.t®

A property + B property

1-¢— O

A property B property C property

Figure 5: Schematic representation of the integration of two nanoscale
components into novel hybrid nanomaterials, which can either incorporate the
functional properties of the individual nanoscale components showing
multifunctionality (additive) or can couple with each other to yield new
properties (non-additive) that are fundamentally different from that of isolated
components.

In this context, it is mandatory to define terms such as “hybrid” and
“composite” as they have been interchangeable in the research community for
a long time. Hence, and following the distinction provided in the review by
Elder.” Nanocarbon composites are materials in which the nanocarbon is
mechanically mixed with the other component (i. e. polymer) with the purpose
of combine the intrinsic properties of the individual (i. e. high conductivity of
CNs with transparency of polymer).®% The nanocarbon content tends to be
rather low (0.1-5wt%). More importantly, even though composites materials
are already commercially available, their properties are not ideal as a
consequence of inhomogeneous mixing and poor interfacial adhesion between

the two components of the composite.!

In contrast, nanocarbon hybrids are materials in which the second
component is deposited onto the surface of the nanocarbon.’® Thus, the close
proximity and similar size of the two phases introduce the interface as a

powerful new parameter, leading to synergistic properties.
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In this section, different hybridization for electrochemical storage
applications will be reviewed, with a focus on in molecule-, nanoparticle-, and
metal coordination polymer-carbon nanostructures. The combination of such
active materials with carbon nanostructure creates the possibility of a large
capacitance from the combination of dual storage mechanism from the EDLC
and pseudocapacitance (Faradaic).’®! It is important to highlight that, overall,
there are two strategies to synthesize nanocarbon hybrids: i) directly from
molecular precursors (in situ) or ii) through the attachment of pre-synthesized
building blocks via anchor molecules (ex situ). Specifically, in the ex situ (or
building block) approach, the two components are first produced separately
with their desired dimensions and morphology. They are then modified with a
suitable functional group or molecular linker, and finally combined using
covalent, non-covalent (van der Waals, m- 7 interaction) or electrostatic
interactions. Conversely, in the in situ route one of the hybrid components is
synthesized in the presence of the other (or both components simultaneously).
Hence, one component can affect the synthesis of the other in terms of size,

crystal structure, and morphology.®*
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1.4.1 Carbon nanostructures with molecules

Electrochemically active molecules (organic or inorganic metal complexes)
have been demonstrated to increase the energy storage of the capacitor due to
their electron transfer (redox process) with the electrode surface.®*Y Redox
flow batteries would be a practical example where at least one electrode
comprises a movable solution of an electroactive material, which is reduced (or

oxidised) to store (or release) the energy.!*

Alternatively, researchers have been developing different approaches to
enhance the molecule-electrode surface interaction. By using carbon
nanostructures as an electrode, molecule-electrode surface interaction can be
controlled either by a covalent (grafting) or non-covalent (m-stacking,
encapsulation) approach. In this section, examples of the synthesis of
molecule-carbon nanostructures by using covalent and non-covalent routes are
firstly summarised. Subsequently, special attention to the encapsulation effect
in the electrochemical storage is discussed. Finally, relevant examples of

polyoxometalates molecules will be overviewed.

1.41.1 General synthesis of molecule-carbon
nanostructures

1.41.1.1 Covalent bonding (grafting)

The reactivity of the carbon nanostructure depends on its curvature. For
example, it is estimated that the free energies of activation and reaction
associated with Diels-Alder reactions on carbon-based materials decreases
while the curvature increases.”®! Therefore, the lack of curvature makes
graphene less reactive in terms of covalent chemistry and even more prone to

establish strong van der Waals or n-m interactions.
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Figure 6. Additional redox capacitance mainly due to covalently bonded 2-
Aminoanthraquinone increases the specific capacitance of pure graphene
hydrogel (193 F/g) to 258 F/g at a current density of 0.3 A/g.[°"!

The mentioned low reactivity can be overcome by introducing defects on
the carbon structure (i. e. chemical by the incorporation of hetero-atoms or
physical by the vacancy of carbon atoms within the honeycomb carbon lattice)
or by free radical reactions. With respect to the former, the covalent
modification of graphene oxide with ferrocene produced single-layer graphene
oxide sheets with interesting application in detection, for instance, of H,0,. **
%I With respect to the latter, free radicals can be generated from diazonium
salts or benzoyl peroxide, reacting with the sp® carbon atoms of the graphene.
For example, 2-aminoanthraquinone (AAQ) was covalently grafted onto the
surface of carbon nanotubes ®® and chemically modified graphene.”
Interestingly, an AAQ/graphene composite produced a much improved specific
capacitance of 258 F/g as a consequence of the additional pseudocapacitance
provided by the covalently bonded molecule (Figure 6). It is important to
highlight the need of a controlled covalent modification of the carbon
nanostructure, as it modifies the honeycomb carbon lattice, and therefore, the
conductivity of the sheets.!®®**1 On the other hand, covalent bonding is more
effective method than the m-m stacking interaction where the molecule can
easily diffuse away from the electrode surface into the bulk solution thus

resulting stability and sensitivity of the hybrid material.***!
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1.41.1.2 Non-covalent interaction (m- =
interactions)

7 -7 interactions occur in many systems such as vertical nucleobase pair

stabilization in the double helical structure of DNA and RNA, packing of

aromatic molecules in crystals and in many host-guest systems, and so on.[**"

102]

(a) OﬁC%\o (b)

Figure 7. (a) Structure of the first mechanically interlocked derivate of SWNTSs.
(b) Energy minimized model which shows significant positive interaction with
the macrocycle.[*%8!

In the case of carbon nanostructures, m-n interactions are the dominating
supramolecular forces due to the presence of sp® carbon. Hence, molecules
(such as benzene, TTF or porphyrins) have been dispersed on the surface of
graphene and tubular carbon nanostructures.?®*% For example, the self-
assembly of graphitic carbon nitride (g-C3N,) and carbon nanotubes was driven
by m-m stacking and electrostatic interactions.'™”! De Juan et al. have
successfully reported for the first time the exTTF-SWNT interaction to
template the formation of mechanically interlocked derivatives of SWNTsM!®!
(Figure 7). Furthermore, a third component (i. e. peptides) has been dispersed
on the surface of multiwalled carbon nanotubes using pyrene (n-m interactions)

as a linker.1*0

More importantly, the molecule can substantially affect the properties of the
carbon nanostructures via m-m interactions. For instance, the dispersity of
SWNTs in water was reported for the first time by Nakashuma’s team by
adsorbing the pyrene derivative onto the walls of SWNTs through 7n-n
interactions.!*% The electrical properties of graphene were tuned with different
n-stacking organic molecules (porphyrins, naphthalene homologues and

ferrocene) by Chowdhury and co-workers. They showed that the conductivity
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of graphene can be enhanced via no covalently functionalized.™ Recently, it
has been demonstrated that n- 7 stacking at a carbon-ionic liquid interface can
modify the operation voltage of supercapacitor device by up to 30%.%
Furthermore, only extended layering of ionic liquids surrounded amorphous
carbon surface was observed due to the n- 7 stacking between sp” carbon in the

amorphous carbon and the imidazolium cation in ionic liquids (Figure 8).1*!
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Figure 8. Proposed “lamella-like” structure of solvation layers of 1-butyl-3-
methyllimidazolium tris(pentafluoroethyl)trifluorophosphate ion liquid (BMIM -
FAP) on the sp? carbon surface by Gong and co-workers.***!
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1.4.1.1.3  Encapsulation of molecules

More importantly, an intimate contact between molecules and the carbon
nanostructure without any covalent modification can also be achieved by the
encapsulation into hollow carbon nanostructures, having advantage of the
empty space inside. Since the first encapsulation into SWNTs using Cg as
guest specie,™ the fundamental knowledge has increased significantly.>*!
For example, it has been demonstrated that the encapsulation of molecules also
affects the electric conductivity of CNTSs, due to the charge transfer between
the encapsulated molecules and CNTs. For example, the encapsulation of a
cathechol molecule inside MWNTSs mediated an electrochemical oxidation of
hydrazine ~20 times faster than empty MWNTs. More importantly, it was
possible to distinguish among the encapsulated and physisorbed catechol
moieties by electrochemistry, showing the charge transfer between the

encapsulated molecule and the CNTs.[M!

Furthermore, encapsulation of organic active materials (i.e. organic
polymers) in carbon nanotubes revealed applicability towards high
electrochemical-storage. This approach avoids the high self-discharge and low
practical capacity of organic polymer electrodes.*?” For example, PANI
nanowires were confined within a 10 nm-diameter multiwalled carbon
nanotube (MWCNT) porous membrane through an in situ electro-
polymerization method. It is observed that the CNT inhibit the structural
change of the confined polyaniline (PANI) chains during multiple charging-
discharging cycles, increasing the lifetime of the device. Thus, the hybrid
showed an electrochemical capacitance of 296 F/g at a current density of 1.6
A/g with a capacitance loss of less than 5% after 2000 charging-discharging

cycles.t2!

Similar improvement of stability was reported by Kawasaky et al. 9,10-
antraquinone (AQ) and 9,10-phenantreneuquinone (PhQ) molecules were
encapsulated inside of SWNT. As expected, the dissolution of quinone
molecules was supressed by the encapsulation, overcoming the undesired
capacity fading (Figure 9).[*?? Wang et al, synthesized S-CNTs@CNTs hybrid
by completely filling the inside of a large amorphous carbon nanotube (~200

nm in diameter) with both small carbon nanotubes and a high amount of sulfur
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(S, 85.2%). The obtained electrode material demonstrated superior high-rate
cycling performance due to the encapsulation.™*?! While the promising results
have been obtained for the stability during cycling, attention should be paid to
the size of the internal nanotube cavities as they affect the diffusion of the

electrolyte (or reactant), potentially limiting the overall performance.
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Figure 9. Quinone molecules encapsulated in the SWCNTs can store Li-ions
reversibly overcoming via encapsulation the undesired capacity fading, which
comes from the dissolution of quinone molecules into the electrolyte.*??!

1.4.1.2 Molecular metal clusters with carbon
nanostructures

Polyoxometalates (POMSs) are polyatomic ions, usually anions that consist
of one or more transition metal oxyanions linked together by shared oxygen
atoms to form a large, closed three-dimensional framework. It is important to
mention that POMs are molecular metal oxides with reversible redox
properties, which makes them attractive building blocks for energy storage
applications (Figure 10).[t24-12¢]

Initially, several molecular frameworks were dispersed on the carbon
surface (i. e. graphene, carbon nanotubes or carbon black) to form POM/C ex
situ hybrid.™2"*?°1 For example, a much larger capacitance than the theoretical
one, as calculated from the redox changes in POM ([PM01,04]>) when
deposited on rGO, is observed.™® Khan et. al., reported the support of
tungsten addenda mixed heteropolymolybdate (PMo01,.xXWx0403, PMoW) on
the poly(dimethyl diallyl ammonium chloride) (PDDA) functionalized
graphene (PDDA-rGO). The cationic polymer was employed as a linker to
adsorb both rGO and POMs through electrostatic interactions. The resulting ex

25



situ hybrid exhibited a fast ion transport and high rate specific capacitance.™"
It is important to mention that despite the several examples of immobilization
or encapsulation of POMs (i. e. inside silica structures),***3¥ to the best of
our knowledge, the electrochemical properties of POMs encapsulated in
hollow carbon nanostructures have not been reported. Song. et. al,
demonstrated the tuneable synthesis of POMs on the surface of SWNTs by
controlling the ultrasonication intensity and time. However, the material

obtained (POM-CNTs) showed discharge capacities only up to 100 cycles.[**”

S
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Figure 10. (a) Simultaneous incorporation of polyoxometalate

(H3PM0;,04010H,0 or PMo012) with reduced graphene oxide (HT-GO) exhibits a
30% increase in specific capacitance due to the combination of two storage
mechanisms (double layer and faradaic) in the hybrid (b), being 215 F/g and 276
F/g the specific capacitance in 1M H,SO, of HT-RGO and HT-RGO-PMo12,
respectively.!*?’! Scale bar is (a) 10 nm.

Additionally, the attention was also focused on creating stronger molecule-
carbon interactions. For example, Derouich et al., reported a controlled
electrochemically grafting of diazonium modified polyoxometalates (POMs)
on the carbon surface, demonstrating a robust attachment with a control layer
thickness.*®! More interestingly, it has recently being demonstrated that such
close molecule-carbon interaction enables the charge transfer between the

diazonium modified POM and the graphene substrate.[**®
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1.4.2 Nanoparticles with carbon nanostructures

In contrast to their bulk counterparts, nanoparticles (NPs) exhibit a large
surface-to-volume ratio™” and quantum size effects.*'*? Briefly, the
electronic states and coordination environment of surface atoms of a
nanoparticle can undergo dramatic changes when its size decreases to certain
range, 3! for example, 19 nm NiO nanoparticles showed the largest
specific capacitance in comparison to 31 and 48 nm NiO NPs (140, 114 and
101 F/g, respectively).'s) The surface atoms are also dependent on the
nanoparticle morphology (spherical, cubic, or octahedral) as this typically
exposes one set of specific crystallographic planes. Then, each crystallographic
plane shows specific coordination environment and electronic state,
determining, for instance, the resultant activation barrier for chemisorbing or
dissociating reactant molecules.**! Thus, Pt nanocubes showed a higher

catalytic reactivity than polyhedron or the truncated cubes.™”!

14.2.1 Synthesis and properties of nanoparticles-
carbon nanostructures

A large number of synthetic approaches for a great variety of nanoparticles
(Figure 11) are available after several decades of intense research efforts and

many of them have been widely employed: solid-state methods (involving

grinding and firing the mixture of metal oxides, nitrates or carbonates), 434!

[150] [151]

chemical vapour deposition, solvothermal, microwave, 2 hot-

[153] [154]

injection, precipitation and electrochemical methods.™® It is
important to mention that many of these protocols are constantly revised and
modified. For example, gold nanoparticles, which were initially synthesized
via single phase reduction in water, introduced by Turkevich et al. %% \was,
subsequently refined by Frens, [*® and extended to a two-phase Liquid-Liquid

system by Brust.[*>
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In this section, relevant examples about the synthesis of NP-carbon
nanostructures via ex situ (conventional) or in situ approach are summarized.
Afterwards, attention is focused towards the synthetic routes to encapsulate
NPs inside carbon nanostructures to establish whether the encapsulation has an
effect on the electrochemical properties of the metal-carbon hybrids.

1.4.2.1.1  Exsitu synthetic approach

As discussed previously, the ex situ (or conventional) route is based on a
physical mixing of two preformed components (nanoparticles and the carbon
nanostructure) using either a linker (surfactant) or functionalized carbon
nanostructure (i. e. oxygen groups). Thus, a wide range of pseudocapacitance
nanoparticles (NiO, V,0s Fe3O4, CuO, etc.) have been combined with a
nanoconductor such as carbon-black, acetylene black, carbon nanotubes or
graphene, to form an ex situ hybrid electrode.'"**"? It is known that such
dispersion of nanoparticles onto carbon nanostructures provides both
conductivity of the film and separation of nanoparticles from each other, thus
maximizing their total surface area. For example, the simple addition of carbon
nanotubes to 2D MnO, nanoplatelets increased not only their specific

capacitance but also the conductivity and the robustness of the film.["!

However, the need to chemically modify the carbon nanostructure, the
nanoparticle or both, can be detrimental to the overall performance of the
hybrid material. Additionally, an ex situ approach is commonly based on non-

covalent interactions, such as van der Waals or electrostatic interactions, so a
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weak nanoparticle-carbon interaction is expected.' "1™ As a result, despite the
initial increase in the capacity by dispersing MnO, NPs on conductive
polymers, M8 the electrochemical stability of the hybrid is severely limited by

nanoparticle agglomeration. 88!

1.4.2.1.2 Insitu synthetic approach

Alternatively, superior durability and higher cycle performance is reported
for in situ hybrid nanomaterials formed by a chemical reaction (i. e. growing
NPs on the CNs surface via covalent bonding) as compared to ex situ hybrids.
In a study by Yira et al.,, a direct thermal decomposition of palladium
acetyalacetonate in the presence of carboxyl-functionalized MWNTSs
(MWNTS-COOQH) leads to Pd-MWNT-COOH hybrid material, where Pd NPs
were uniformly distributed and strongly anchored onto the MWNT-COOH
surface. It is important to mention that the carboxyl groups are commonly used
as nucleation sites for the deposition of preformed metal NPs and hence
favouring the formation of highly dispersed and stable composite materials.*®*
1871 More importantly, the in situ Pd-MWNT-COOH hybrid revealed a greater
electrochemical performance in comparison to the isostructural ex situ hybrid
(Figure 12).11%81 Therefore, it should be emphasized that this type of hybrid
material/electrode is by no means a simple mixture of two components, but a
true nanocomposite, featuring interactions at the atomic/molecular level

between the components. &
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Figure 12. (a) TEM image of Pd-MWNTs-COOH. Inset particle-size
histrograms (top) and HRTEM images (bottom) of the corresponding
nanohybrid. (b) Electrochemical characterization of bare PdNPs (a, black), ex
situ Pd-MWNTs (b, red) and in situ PAd-MWNTs-COOH hybrid (c, blue) in 1M
KOH at a scan rate of 50 mV/s at room temperature.[*8%
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Similar methodology has been extended to other NPs independently of their
composition or morphology (i. e. Au, MoO3;, WS,, and bimetallic PdCo), all of
which show synergistic properties as the electrochemical performance of the
metal-carbon hybrid is not a simple sum of its components, but much superior
compared to both NP and CNs.'%*'%l Moreover, the optimized in situ
synthesis of a c-CoMn,/C hybrid, which revealed similar electrocatalytic
activity to the commercial Pt/C catalyst, showed a superior catalytic durability
(> 91.5% retention of ORR current on the c-CoMn,/C hybrid with respect to
71.6% on Pt/C after a continuous chronoamperometric period of 50 h)*%
(Figure 13). Therefore, the in situ synthesis is not only a promising approach
for enhancing the electrochemical performance by synergetic effects but it can

also improve the cyclability.

During the in situ synthesis, despite the strong bonding between the
nanoparticle species and the carbon substrate, a control over nanoparticle
morphology can be also achieved. For example, Duan et al. specifically control
the shape of Mn3O, NPs during their growth on nitrogen-doped graphene
sheets through a two-step liquid-phase process at different temperatures.™*
Briefly, irregular Mn3O,4 nuclei were formed when graphene oxide sheets (GO)
were initially combined with Mn(Ac), and ammonia. Then, the simultaneous
deoxygenation and nitrogen doping at high pressure and elevated temperatures
facilitated the growth of Mn3O, into a sphere, cube, or ellipsoid-like
nanoparticle under different reaction conditions. Interestingly, the
corresponding materials without nitrogen doping were also prepared and,
surprisingly large Mn3O, nanoparticles were observed, resulting in a poor
monodispersity. As a result, it is suggested that nitrogen atoms doped into the
graphitic lattice acted as anchoring sites leading to a strong nanoparticle-

support bonding.
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Figure 13. (a) TEM image of prepared c-CoMn,/C hybrid (sacle bar, 50 nm).
Inset shows anchoring of a single spinel nanoparticle on carbon (scale bar, 10
nm). (b) Comparison of ORR and OER activities of c-CoMn,+C mixture (or ex
situ hybrid), c¢c- CoMn,/C in situ hybrid and Pt/C catalyst in 0.1M KOH
solution.!**4

1.4.2.2 Encapsulation of nanoparticles and
properties

The previous approaches (ex situ and in situ) can be applied when
synthesizing nanoparticles inside carbon nanostructures: (1) ex situ synthesis
by filling hollow carbon nanostructures (i. e. muti-walled nanotubes) with
preformed nanoparticles (Figure 14a) or (2) the in situ synthesis by
synthesizing nanoparticles inside the hollow carbon structure (Figure 14b),
growth of carbon nanostructures on the surface of nanoparticles (carbon
coating, Figure 14c) or the simultaneous synthesis of both the nanoparticles

and the carbon nanostructure.**!

In the first approach (Figure 14a), preformed nanoparticles are encapsulated
into the empty cavities of carbon tubular structures. Initially, the use of
supercritical conditions was highly desirable due to the high diffusion
resistance for the nanoparticles along the narrow internal channels of SWNTs
and MWNTSs (1-20 nm). However, the opening of MWNTSs or the Ostwald
ripening of nanoparticles, which increases the nanoparticle size, during the
filling in supercritical conditions were some of the reported side effects.[*-1%]
Alternatively, the use of graphitized carbon nanofibers (CNF) showed an
advantage with respect the filling conditions due to their large internal diameter

(50-100 nm).[*!
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Figure 14. Schematic representation of the synthesis of (a) encapsulated
nanoparticle inside tubular carbon nanostructures by wet impregnation, leading
to NP@TCN ex situ hybrid. In contrast, the in situ synthesis of nanoparticles in
the cavities by using a metal precursor molecule (b) or the carbonization in the
presence of a carbon precursor molecule such as glucose (c) results in hybrid
materials with stronger NP-carbon interaction.

In situ synthesis of nanoparticles within the interior of narrow carbon
tubular nanostructure (Figure 14b) has been carried out mainly by a thermal
decomposition of a metal containing molecule.?2°Y For example, a series of
noble metal and metal oxide nanoparticles (Pd, Au, Pt, Ru, Fe304, CoO) have
been encapsulated inside end-opened carbon nanotubes by wet impregnation

followed by thermal annealing.[2%22%]

It is important to mention that hollow
tubular carbon nanostructures are used as a template of inorganic structures,
known as nanoreactor. For instance, nanoribbons of molybdenum/tungsten
disulphide [Mo0S;], are formed through the reaction of metal hexacarbonyls
(M(CO)s, M = Mo or W) with iodide anions and, subsequently, with hydrogen

sulphide.[?*!

The carbon coating route (Figure 14c) is more versatile so the nanoparticle
morphology determines the carbon nanostructure while leading to an intimate
metal-carbon contact.”® For example, spherical Co NPs, formed during the
arc-discharge process, were encapsulated by the carbon atoms decomposed

from the ethanol to finally form the Co@C nanocapsules.”®® This approach
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has been extended to the formation of ternary structures where the resulting
carbon structure serves as the skeleton for the subsequent synthesis of NPs.[2"
298] For example, ternary nickel cobalt sulfide nanosheets/carbon nanotubes
core-shell nanomaterial were fabricated via a two-step method by the initial in
situ growth of CNT on the metallic Ni mesh, followed by the hydrothermal
synthesis of Ni-Co-S nanosheets./?* The as-prepared hybrid material delivers
a high specific capacity of 222mA h/g at 4 A/g owing to the intimate contact of

highly conductive CNTs with high redox-active Ni-Co-S nanosheets.

Apart from using molecules %21 or polymers 1212 as the source of carbon,
Hasin et al. reported the utilization of carbon nanostructures as a carbon source
for the coating. Hence, graphene oxide (GO), which contains only a few layers
of carbon,™ was used for the synthesis of Co,C. *** Briefly, a simple
ammonia-evaporation method leads to the synthesis of a Co0304,/GO hybrid
material which is subsequently converted into Co,C by thermal reduction in a
H2/N, atmosphere. At low annealing temperatures under a reducing
atmosphere, graphene is formed and simultaneously reacts with Co3O4 NPs to

form mesoporous Co,C.[2*!

The development of nanoparticles@carbon nanostructures has received a lot
of attention as the host-guest interactions (confinement effect) have an impact
in the hybrid properties, such as an enhancement of the catalytic activity of
nanoparticles.™™ In situ metal-carbon hybrid exhibited a much better
performance (reduction of charge overpotential in the formation of Li,O,) with
respect to their counterparts (nanoparticles supported on CNT surface). This
phenomenon was further studied by density functional theory (DFT)
calculations which revealed an increased electron density on CNT surface due
to the encapsulation of “guest” noble metal nanoparticles.[zoz] With respect to
nanoparticle stability, Baaziz et al. reported that confinement effect of Co NPs
inside carbon nanotubes improves the resistance towards oxidation of “naked"
metal Co NPs.2521 Additionally, Co@carbon catalyst revealed high
chemical stability in acid media due to the protective graphitic layers.**®! As a
result, the encapsulation of nanoparticle has promising results not only from

performance but also from the stability point of view.
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1.4.3 Carbon nanostructures with metal-coordination
polymers

Metal-coordination polymers (MCPs), or more popularly known as metal-
organic frameworks (MOFs), are crystalline porous hybrid materials
comprising coupling units (metal ions or metal-oxo units) coordinated by
electron-donating organic ligands.’***?*? One of the reasons of their popularity
is their outstanding properties such as (i) extremely low density (~0.13 g/cm®)
with very high surface areas (up to 10,000m?/g),’*® being higher than those of
other porous materials such as zeolites and carbons, and (ii) their flexibility to
respond dynamically to external factors such as guest-molecules, temperature
or pressure.l??*?261 Al these properties, together with their molecular nature,
which enables a unique level of control over their structure, chemical and
physical properties at the nanoscale, suggest MCP as a great candidate for a

wide range of applications such as electrochemical storage.”’ %%l

In this section, however, we focus our attention on a type of metal-organic
framework (MOF), a metal coordination polymer: Prussian blue. While
Prussian Blue does not enable the same nanoscale synthetic control as the
ligand linker is restricted to cyanide in contrast to the wide library of organic
ligands in the case of MOFs, Prussian blue also presents a porous and flexible
3D metal-cyanide framework with the potential to exploit the redox-active

properties of the metal centres.!??’!

Figure 15. Schematic representation of a cobalt hexacyanoferrate (CoHCF)
framework with formula A,Co,[Fe(CN)g]-nH,O (A: alkali ions, which have
been omitted for clarity, C: grey; N:light blue; Co: blue; Fe: yellow; O: red).
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The general formula of metal hexacyanoferrate (A-MHCFs) or Prussian
blue analogues (PBA) is AyM[Fe(CN)e]1y-my-H>0, where x,y = stoichiometric
numbers, A = alkali metal cation, M = N-coordinated transition metal ion, m =
hexacyanoferrate vacancy (Figure 15). It is important to mention that the
electro-neutrality of the network (for instance, in K-CoHCF) is ensured during
the synthesis by adjusting the number of hexacyanometallate (i.e. [Fe(CN)]*)
vacancies with the amount of alkaline ions (K") initially introduced in the
structure. Hence, the coordination spheres of the N-coordinated transition
metal sites (i. e. Co") neighbouring to a vacancy is completed by water
molecules (leading to an average CoNg,Op, coordination sphere). Large
interstitial “A sites” within the structure can accommodate zeolitic water or
alkali insertion ions. In addition, MHCFs framework structure has wide
channels between the A sites, allowing for the rapid insertion and removal of
monovalent alkali cations and multivalent cations.” For example, NiHCFs
showed a good stability and outstanding properties for the separation of ions
(Cs">Rb* > K" > Na" > Li").l»*

The earliest investigation of these type redox-active framework materials
showed the ability to switch between the different redox states of the metal
centres, being later exploited to modulate conducting, magnetic, gas adsorption
and even optical properties.”**?*! Thus, both the N-coordinated and C-
coordinated transition metals can be electrochemically active in this structure
having an effect on their performance with respect to electrochemical storage.
For example, Mn centres show higher insertion potential of Na cations than Fe
centre in MnHCFs, producing higher power and energy output than
FeHCFs.[% It is worth mentioning that a high alkali cation concentration in
the MHCF framework is highly desired for a full application in ion batteries.
Goodenough’s group has recently synthesized Na-MnHCF with a high

concentration of sodium cations.?*®

Interestingly, the hydrated sample
exhibited high reversibility but, surprisingly, a single plateau for voltage
profiles, which seems inconsistent with two redox processes Mn**/Mn®*" and
Fe?*/Fe®. It was proposed that the two-redox processes brought close in
potential is due to the removal of lattice water. This example highlights that the

in-depth mechanistic understanding of Prussian blue materials is still lacking
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and further explorations are needed to achieve satisfactory electrochemical

performance.123%%

14.3.1 Synthesis and properties of Prussian blue-
carbon nanostructures

Prussian blue analogues (PBA) have been considered as ideal candidate
electrode materials for supercapacitors based on their high chemical stability,
wide potential window and excellent electroactivity in neutral electrolytes
containing alkali metal cations 24%2%?! in comparison to metal oxide/hydroxide
or conductive polymers which preferentially operate in highly corrosive
electrolytes. The synthesis of PBA has evolved from the primarily amorphous
electrodeposition on a surface electrode ! or co-precipitation of the metal
salt (M) with the corresponding hexacyanometallate ?*4 to more sophisticated
synthetic nanostructures with a control over their morphology (i.e. hollow or
core/shell PBA nanoparticles)?*>2%! or the guest specie (i. e. drugs).*” As the
combination with conductive carbon nanostructures overcomes the intrinsic
poor conductivity of PBA 824 only relevant examples of PBA-carbon
hybrid from the literature, with attention in their electrochemical properties, are

discussed below.

Similar to previous hybridization, the synthesis is carried out by either an ex
situ or in situ approach. As example of the former, nano-sized insoluble
MHFCs (FeHCF, NiHCF and CoHCF), which were prepared by a simple co-
precipitation method, were physically mixed with conductive carbon and
showed the specific capacitances of 425, 574.7 and 261.56 F/g (at 0.2 A/g),
respectively.™ CuHCF were uniformly coating carbon fibers, which were
used both as the substrate and the current collector, and investigated as a
positive electrode (due to their pseudocapacitance) for the fabrication of a
flexible asymmetric supercapacitor device.®™ CoHCF nanoparticles were
physically dispersed via sonication in the presence of CNTs, exhibiting the
expected increase of the surface area due to better particle dispersion.?*?

On the other hand, in situ synthesis of MHCF-C hybrids was also
investigated due to the strong interfacial interaction between the components.
Capping-free FeHCF grown on graphene oxide facilitated by the hydrophilic
sites on the graphene surface and showed a high electron transfer and
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enhancement of sensitivity.!”>®! Additionally, in situ synthesis of FeHCF on
carbon chains assured fast charge transfer and ion diffusion as a high
performance sodium ion battery.””* Dou, et. al performed the in situ synthesis
of FeHCF in the presence of carbon black and compared with bare FeHCF in
order to understand the role of vacancies.”® Firstly, it was observed that
carbon had an effect in the Fe(CN)g vacancy content (i.e. 0.07 and 0.15 for
PB@C hybrid and bare PB respectively) as well as in the PB crystal
morphology: much smaller PB crystal anchored on the carbon compared to the
size of bare PB. With respect to their electrochemical properties, unusually,
bare PB exhibited only one distinct voltage plateau at 3.0-2.7V (Figure 16a,
pink) whereas PB@C electrode showed a two sets of redox plateaus (Figure
16a, blue) and redox peaks in the anodic/cathodic scan (Figure 16b, blue).
Even though the presence of carbon, the authors claimed that the higher
electrochemical performance of PB@C hybrid with respect to bare PB is based
on the presence of lower vacancy content within the framework (Figure 16c).
Thus, according to first-principles calculations, the density of states (DOS) of
Fe"3(C) atoms neighbouring the vacancy are largely affected and the
unoccupied peak states of Fe">(C) nearly disappeared (Figure 16d), indicating
the electrochemical degradation of the neighbouring Fe->(C) for reaction with

Na intercalation/deintercalation.
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Figurel6. (a) Galvanostatic charge-discharge profiles of PB@C and bare PB at
50 mA/g. (b) cyclic voltammetry curves of PB@C at a scan rate of 0.1mV/s. (c)
Crystal structure with Fe"$(N) vacancies, where C, N. Fe"S(N), and Fe"® (C) are
represented by grey, blue, green and orange balls, respectively. The red and
white balls represent O and H in the water molecules, respectively. (d) Density
of states projected on the nearest Fe"® (C) and Fe"® (N) atoms with and without
FeHS (N) vacancy.[?%®!

Very recently, a one-pot Prussian blue/polypyrrole/graphene oxide ternary
hybrid was successfully prepared through the spontaneous polymerization of
pyrrole and formation of PB nanocubes on GO.?* The formation of the
nanohybrid is based on the initial strong adsorption of pyrrole on the GO
surface, via hydrogen bonding between the N-H group in the polymer and the
hydroxyl groups in the graphene oxide. Subsequently, Fe** is reduced to Fe?*
by pyrrole on the surface of GO, acting as nucleation points for the formation
of insoluble PB nanocubes. It is important to stress that the specific capacitance
of the ternary hybrid (525.4 F/g at 5A/g) is far superior to the performance of
binary materials (262.5, 246.8 and 97.5 F/g for PPy-PB, PB-GO and PPy-GO,
respectively), being attributed to the synergistic effect of pseudocapacitance

from PB and PPy on the double-layer capacitance from GO.
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1.5 Concluding remarks

A general overview of all the different nanocomponents used towards
electrochemical energy storage in the literature have been discussed in this
chapter, with special attention given to the rational thinking of how to prepare
functional nanostructures so that the synthesis dramatically affects the

electrochemical properties.

Carbon nanostructures (i. e. graphene, carbon nanotubes, carbon nanofibers
and carbon nano-onions) themselves are one of the greatest candidates towards
energy-related application due to their outstanding properties such as electrical
conductivity. Their intrinsic performance have been overcome by different
strategies, for example, enhancing their surface area by exfoliation, doping the
structure with heteroatoms which affects the electron density along the carbon
lattice or by combining with other species.

With regard to the latter, this chapter has reviewed the combination of
different carbon nanostructures with more electrochemically active
components such as organic molecules (i.e. antraquinone), inorganic molecules
(i.e. polyoxometalates), nanoparticles (i.e. monometallic, bimetallic, spherical,

core-shell) or metal-coordination polymers (i.e. metal hexacyanoferrates).

From all the synthetic approaches, there are two main concepts that will be
expanded throughout this thesis. The first concept is to reduce the resistance at
the nanoscale between the different components. For example, it is been
observed that the synthesis of nanoparticles in the presence of the carbon
nanostructure (in situ hybrid) exhibited a higher electrochemical performance
in comparison to the ex situ (or conventional) hybrid, where preformed
nanoparticles are physically dispersed on the carbon nanostructure. It is
important to note that the control of the morphology of the nanoparticle is

crucial towards the electrochemical properties of the hybrid material.

Secondly, the encapsulation of electrochemically active species has shown
promising results towards energy-related applications not only due to the
electron transfer between the guest specie and the host carbon nanostructure,

but also due to the improvement over the stability during cycling.
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Overall, development of new materials through new synthetic protocols as
well as the fundamental understanding of their electrochemical storage
mechanisms could make renewable energy much more efficient and cheaper,

making possible the total replacement of the traditional fossil fuel technologies.
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General statement

As mentioned in the previous chapter, especial attention has been focussed
recently on the preparation and/or modification of carbon nanostructures (CNs)
to improve their performance in a wide range of electrochemical applications.
In the case of 2D carbon nanostructures, their optimised production from a top-
down approach (i.e. exfoliation of graphite) requires harsh conditions. In
Chapter 2, we aim to develop a large-scale, green, simple and cost-effective
method for the production of 2D graphene nanoplatelets (GNP) from one-
dimensional hollow carbon nanofibers (CNF). GNP are 1-15 nm thick graphitic
nanoparticles with diameters ranging from sub-micrometre to 100 um. One of
the objectives here is to determine whether mechanical dry high-energy ball
milling enables the release of nanographene stacks from the internal structure
of CNFs, producing selectively high-quality GNP. Special attention will be
also paid on the oxygen-containing groups on the GNP surface related to the
hydrophilicity of the milled material that determines the electrochemical
charge storage mechanism (i. e. double-layer capacitance or redox
pseudocapacitance) of GNP. Thus, the effect of the milling time, as well as, the

hydrophilicity of the GNP will be investigated in detail.

On the other hand, the preparation of carbon nanostructures from a bottom-
up approach appears to be far more flexible than top-down approach due to the
wide range of reactants, conditions or catalyst that can be used. For example, it
has been reported that graphitic carbon shell (named as carbon nano-onions)
can grow on the surface of nanoparticles during chemical vapour deposition
(CVD), which allows the protection of the metal core against oxidation. In
Chapter 3, we provide further insight into the mechanism formation of carbon
onions, especially when the catalytic nanoparticle is supported on a two-
dimensional carbon substrate. To study the role of the substrate during the
carbon nano-onion formation, catalytic nanoparticles (FesO, NPs) were

dispersed and compared on two different carbon substrates.
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Chapter 2

Quick chemical-free exfoliation of
carbon nanofibers for high-
performance few-layer graphene
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2.1. Introduction

Because of their unique large surface area, exceptional electrical
conductivity and electrochemical stability, graphene-based materials hold a
great promise as high-performance electrochemical capacitors and battery
electrode materials in a variety of energy storage applications ranging from
portable electronics to electric automotive vehicles. ™! Nevertheless, their
market potential is currently hindered by the lack of simple, green and cost-
effective methods for large-scale production in high yield of electrochemically

active graphene-based materials.’®"

To address the above challenge, tremendous efforts have been made to
develop top-down production methods of few-layer graphene materials
including nanoplatelets and nanosheets using graphite as source of carbon.
The chemical exfoliation of graphite, popularly known as Hummers’ method,
produces graphene oxide via oxidation in harsh conditions after a day.!**! Apart
from the environmental concerns,™? one of the main drawbacks of this
approach is that the oxygen-containing groups in the graphene oxide cannot so
far be fully removed by chemical reduction that limits the electrical
conductivity of the obtained material.*3*¢!

Alternatively, graphite has been mechanically exfoliated in much shorter
times by sonication in the presence of surfactants.™"*® These methods tend to
exhibit either high production rates or low defect contents, but not both.
Although the intrinsic carbon structure is mainly maintained, unfortunately the
presence of surfactants acting as stabilizers against aggregation or restacking
hinders any further electrochemical applicability. Very recently, wet ball-
milling has been also exploited as a one-step mechanical method for the mass-
production of graphene nanosheets using large amounts of organic solvents
such as N,N-dimethylformamide (DMF) and strong exfoliating agents.™%2!
Though it can be considered as low-cost alternative, it is not an

environmentally friendly method.

Unlike carbon nanotubes, hollow carbon nanofibers are industrially
available in large quantities and in an order-of-magnitude cheaper, making
these nanostructures very attractive to address the cost issues faced by the

current energy storage devices. Highly graphitised carbon nanofibers (CNF)

54



with large internal diameters (63 £ 26 nm) exhibit corrugated surfaces dictated
by their internal graphitic structure composed by 13-15 nm stacked-nanocones

with a typical nanocone thickness of 24 + 8 nm (Figure 1).

Figure 1. (a) FESEM and (b-c) HRTEM images of CNF at low and high
magnification showing their internal corrugated structure (scale bars 25 pm,
100nm and 10 nm, respectively). (d) Schematic representation of a CNF. The
long arrow in ¢ and d indicates the main axes of the nanofibers, while the short
arrows point to the internal step-edge of the CNF.

Interestingly, these graphene stacks can be potentially disassembled and
exfoliated during mechanical ball milling to produce few-layer graphene
nanoplatelets (GNP). Recent studies have shown that the corrugated graphitic
interiors of CNF can be also used for controlling nanoparticle positions 2% and
their growth. ?*2* Nevertheless, to the best of our knowledge, the interiors of
hollow carbon nanofibers have not yet been investigated as source of carbon to
produce few-layer graphene materials for energy storage applications using dry

ball milling conditions in absence of exfoliating agents.[zs]

In this study, we demonstrate for the first time the high-yield production of
good-quality electrochemically active GNP in just 20 minutes from CNF via a
one-step, low-cost and chemical-free process using mechanical ball milling.
The as-prepared GNP without any purification step was investigated in detail
using a number of different characterization techniques including microscopy,
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spectroscopy, thermogravimetric, X-ray diffraction and electrochemistry. An
unprecedented improvement in charge storage ability of GNP with respect to

CNF of more than 30 times is reported here.

Steel ball

Ball
Milling

Scheme 1. Representation of the fabrication of electrochemically active GNP
via dry high-energy ball milling (milling time: 20 min; vibrational frequency:
1800 rpm). The selected source of carbon, CNF, is composed by graphene
stacked-nanocones that are disassembled, broken and exfoliated during ball
milling in air. As result, GNP edges are mainly functionalized by hydroxyl
groups (oxygen atoms in red; hydrogen atoms in grey), while the graphitic basal
planes remain with minimal defects. A single layer of graphene is represented
here for clarity.

2.2 Results and discussion

Conversion of CNF to GNP with an optimum energy storage ability was
achieved after 20 min in a ~98% yield via mechanical ball milling (Scheme 1)
using a high-energy ball mill instrument (1800 rpm) as described in the
Method section. No further steps were required to obtained GNP, as no
contamination was observed by energy-dispersive X-ray spectroscopy (EDS)
from the ball milling process (metallic impurities) after 20 min (Figure 2b and
Appendix 1, Figure 1). GNP was then acid treated (8M HNOs3, 1 h reflux) to
yield GNPac, in order to test electrochemical changes with an increase of the
hydrophilic nature of the sample. To appraise the effect of milling on the
electrochemical performance of GNP, CNF was subjected to different milling
times (1, 5, 10, 20 and 30 min) under the same milling conditions. The ball
milling process of CNF involves first the bond cleavage of graphitic C-C
frameworks on the CNF external surface and the graphene nanocones, and then

the physical delamination of the smashed graphene stacks (Scheme 1). Note
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that short-times of high-energy ball milling are employed here to increase the
degree of exfoliation and efficiency, while reducing the amount of
fragmentation that otherwise will induce amorphous phases. In ambient
atmosphere, the active carbon species (radicals and anions) generated at the
unzipped edges react to give oxygenated functional groups (e.g. -OH, —-C=0, —
COOH) at the edges with minimal defects of the graphitic basal plane that will
ensure high-quality GNP. As shown in Figure 2f, the presence of polar edge-
oxygenated groups, due to the above mechanochemically driven reaction,
clearly facilitates the solubility of GNP in a polar solvent such as water,
enhancing their processability for energy storage devices.

Figure 2. HRTEM images of CNF (a) and GNP (b) (scale bars: 100 nm). The
inset in (b) confirms the retention of graphitization in a few-layer GNP (scale
bar: 5 nm). FESEM images of CNF (c¢) and GNP (d) highlighting the structural
changes as result of the ball milling process (scale bars: 5 um). Images of CNF
(e) and GNP (f) after sonication for 15 minutes in deionized water showing the
improved dispersion of the latter.

High-resolution transmission electron microscopy (HRTEM) imaging
combined with field emission scanning electron microscopy (FESEM) studies
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reveal a complete transformation of CNF into GNP after a milling time of 20
min (Figure 2b). As shown in Appendix Il, Figure 2, the milled material is
composed only of graphitic nanoplatelets (with a size distribution between 20
and 50 nm) and no tubular carbon nanostructures can be observed, which is in
agreement with the observed change in solubility. A high-magnification TEM
image of a GNP oriented perpendicularly on the TEM grid (inset Figure 2b)
exhibits a thickness of ~4 nm (11 graphene layers, approximately), that
correlates well with the statistical analysis of 18 GNP obtained by atomic force

microscopy (AFM) showing an average thickness of 6.4 = 2.0 nm (Figure 3).
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Figure 3. (a) AFM image of GNP on a silica surface and (b) the height profile
taken across the dotted line on the AFM image. The GNP thickness is lower
than 6 nm.

It is worth mentioning that the ball milling treatment of graphite under the
same conditions does not lead to the same extent of exfoliation. Detailed SEM
studies at different milling times (Figure 4c-h and Appendix Il, Figure 3)
clearly indicate a change on the morphology of the milled sample after just 5
min. Both low and high-magnification SEM images show a consistent
morphology confirming further the high-yield transformation to GNP after 20
min. As we can see in these series of images, the milled material tends to
agglomerate forming ball-like structures and the size of these agglomerates
decreases with the milling time. Contamination from the milling process in
form of metallic impurities was observed only after 30 min, as suggested by
energy-dispersive X-ray spectroscopy (EDS) (Appendix Il, Figure 4) and X-
ray diffraction (XRD) data (Figure 4b). Surprisingly, when GNP is acid treated
(GNPac), the sample morphology changes dramatically leading to a close
laminar structure, as observed by SEM (Figure 5 and Appendix, Figure 5), that

may affect the accessibility of the ions to the surface.
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Thermogravimetric analysis (TGA) measurements for GNP (Figure 6a) in
air present a gradual decomposition in the 250-700°C temperature range.
Below 350 °C the small weight loss (8%) observed for GNP can be ascribed to
the removal of oxygen functional groups, while the weight loss above this
temperature (92%) can be solely attributed to the oxidation of pure carbon.
GNP clearly decomposes at lower temperatures when compared with CNF.?!
A decrease in annealing temperatures with milling times is observed for all the
milled samples (Figure 4a). However, no weight loss below 350°C can be
detected when CNF is milled less than 10 min. Figure 6b shows the XRD
patterns for both GNP and CNF. The [002] peak at 26.5° of GNP is
significantly broader and weaker compared to that observer for CNF
suggesting solely a degree of edge-expansion due to the presence of
oxygenated groups at the edges, while the graphitic basal plane remains

intact.[?”)
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Figure 4. Comparison of TGA in air at a scan rate of 5°C/min (a) and powder
XRD patters (normalized for the sake of comparison) (b) of pristine CNF
(black) and milled samples after 1 (green), 5 (brown), 10 (orange), 20 (red) and
30 (purple) minutes, showing metallic contamination just after 30 minutes of
milling. FESEM images of pristine CNF (c¢) and CNF milled after 1 (d), 5 (e),
10 (f), 20 (g) and 30 (h) minutes. Scale bars for all the images are 1 um.
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Figure 5. FESEM images of GNP after acid treatment (GNP c). Scale bars: 1
pm.
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Figure 6. Comparison of TGA measurements (a) at a scan rate of 5°C/min in air
and powder XRD patters (b) for CNF and GNP.

Further evidence for the chemical nature of the edge-functionalisation
comes from X-ray photoelectron spectroscopy (XPS) measurements. As
expected, only a pronounced C 1s peak at 284.6 eV for CNF with a trace
amount of O at 532.5 eV (O/C = 0.01) (Figure 7a). After ball milling, an
increase of 5 times in the O 1 s peak intensity relative to the C 1s peak (O/C =
0.05) confirms the presence of oxygen-rich groups in GNP that is in agreement
with the TGA results (Figure 6a). The curve fittings of the high-resolution XPS
O 1s and C 1s spectra show that the O component in GNP comes
predominantly from C-OH (hydroxyl) groups (Figure 7b-d and 7f-h). It is
worth mentioning that O=C-OH (carboxyl) groups (288.7 eV) will appear in
GNP only after acid treatment that is in agreement with the EDS data
(Appendix 11, Figure 6).222 Fourier transform infrared spectroscopic (FTIR)
data for GNP show the characteristic vibration peak C-O at 1089 cm™, while
for GNPac the most characteristic features are the adsorption bands
corresponding to the C=0O carbonyl stretching at 1720 cm™ and the C-O
stretching at 1313 cm™ (Figure 7e).
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Figure 7. Comparison of the XPS wide-scan measurements for CNF, GNP and
GNP Ac, showing a O/C relation of 0.01, 0.05 and 0.13, respectively (a). C 1s
high-resolution XPS measurements of CNF (b) fitted with two components: C=C
(284.6 eV) and C-C (285.1 eV), GNP (c) showing a new third component at
286.1 eV that corresponds to hydroxyl groups (C-0O) and GNP ¢ (d) fitted with
the following contributions (nonoxygenated sp? C (284.6 eV), nonoxygenated
sp® C (285.1 eV), hydroxyl groups (286.1 eV) and carboxyl groups (288.7 eV)).
It is worth noting that the carboxyl groups (O=C-OH, 288.7 eV) appear in GNP
only after acid treatment, no after milling process. FTIR data for CNF, GNP and
GNP after acid treatment (e) assigning 1722 cm™ (C=0 stretching), 1630 cm™
(C=C), 1384 cm™ (C-O bending), 1313 cm™ (C-O stretching) and 1089 cm™
(hydroxyl C-O stretching) peaks. O 1s high-resolution XPS spectra of CNF (f),
GNP (g) and GNP4c (h). After ball milling the C-O component (in green) is
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higher than the C=0 component (in purple) for GNP, while after acid treatment
for GNP Ac the C=0 component is more intense than the C-O one.

The energy storage ability of a thin-film of GNP deposited on a glassy
carbon electrode is extensively investigated in our study by cyclic
voltammetry, galvanostatic ~ charge-discharge measurements  and
electrochemical impedance spectroscopy in a three-electrode electrochemical
cell using a nitrogen saturated aqueous solution of KOH (1M). To test the
effect of increasing the hydrophilicity on the GNP surface, GNPac was also
studied under the same experimental conditions. Figure 8c shows the cyclic
voltammogram (CV) curves at 0.1V/s for GNP, GNPac and CNF. Trough ball
milling, the ability of GNP to store charge, and thus its specific capacitance
that is proportional to the area under the CV curve, has become 32 times higher
(119 F/g) than the one observed for CNF (3.7 F/g) (Figure 8a). Note that the
reported specific capacitance values are calculated from charging-discharging
measurements (Figure 8b and 8d). Surprisingly, a short milling time such as
just 1 min can increase 7 times the storage ability of the milled material (from
3.7 to 26.4 F/g). However, when CNF is subjected to milling times longer than
20 min, the specific capacitance of the milled materials decreases drastically
(Figure 8a-b). The effect of milling on the rate capability of GNP can be
clearly observed when variations of the specific capacitance with the current
density for GNP and CNF are compared, showing much higher values for GNP
in the investigated range (0.5 to 10A/g) (Appendix Il, Figure 7). For both
samples the specific capacitance decreases with the increase of current density.
It is also worth mentioning that after acid treatment (GNPac) only a small
change in the storage charge ability is observed (from 119 to 140 F/g).
Comparison of the galvanostatic charging-discharging cycles for GNP, GNPac
and CNF at the same current density of 0.5 A/g (Figure 8d) demonstrates a
behaviour for GNP and GNPac that is a combined contribution from double-
layer capacitance and redox pseudocapacitance, while a solely double-layer

contribution is observed for CNF.

It is not surprising that after ball milling the studied milled samples show
higher discharging times than CNF that exhibits an intrinsic small surface area
(15-25 m?/mg as provided by the supplier) and a poor wettability due to their
high grade of graphitization (Figure 8b). Although GNPac shows slightly
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longer discharging time than GNP, the charge—discharge curves for GNP are
more symmetric (quick current/voltage response) and with much lower iR drop
(lower contact resistance) than that obtained for GNPac (0.3 and 0.6 mV,
respectively).2% The latter is in agreement with the reduction in the internal

resistance observed for GNP with respect to GNP ac.
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Figure 8. (a,c) Comparison of CV at 0.1V/s and (b,d) galvanostatic charging—
discharging measurements at 0.5 A/g in 1M KOH of pristine (black) and milled
CNF after 1 (green), 5 (brown), 10 (orange), 20 (red) and 30 minutes (purple)
(a-b, respectively) and CNF, GNP and GNPAC (c-d, respectively). (e) Bode
plots in the 10°-10" frequency range with 5mV AC signal amplitude. (f)
Correlation between the specific capacitance (F/g) (squares), based on
galvanostatic charge-discharge cycles, and the solution resistance (Rs) (circles),
obtained from the electrochemical impedance spectroscopy measurements, with
the increasing milling time (1, 5, 10, 20 and 30 min).

To investigate this point further, we carried out electrochemical impedance

spectroscopy (EIS) measurements for GNP and GNPac and compared them
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with that observed for CNF.BY Their Nyquist plots in the 0.1-10° Hz frequency
range are shown in Appendix Il, Figure 8.

In the high frequency region, the values obtained from the x-axis intercept
of the Nyquist plots correspond to the ionic resistance (Rs) at
electrode/electrolyte interface that can be also extracted from their Bode plots
shown in the inset of Figure 8e.%2 After ball milling R decreases, as the value
found for GNP (10.0 Q) is lower than the one observed for CNF (13.5 Q).
Figure 8f clearly highlights the relationship between the ionic resistance
(circles) and the specific capacitance (squares) over milling time, in which
GNP shows a maximum value of storage ability with a minimum value of ionic
resistance. The absence of a semi-circle and a high slope at low frequency in
the GNP Nyquist plot indicates a low internal and charge-transfer resistance,
suggesting that GNP is especially well suited for use as an electrode material
toward electrochemical energy storage (Appendix Il, Figure 9). The presence
of oxygenated groups at the edges appears to improve the ionic diffusion of the
electrolyte on the electrode surface leaving a more open structure.* However,
when GNP is acid treated the R increases substantially (15.6 Q). This can be
explained by the change in the charge distribution, due to the acid decoration in
GNPac on both the edges and the graphitic basal plane that affects the ionic
accessibility to the carbon surface increasing the ionic resistance. This is in
agreement with the change in morphology observed by SEM for GNP ac.B¥
Moreover, the appearance of a high-frequency semicircle in its Nyquist plot
evidences an increase in the charge transfer resistance at the current
collector/electrode interface (Appendix Il, Figure 10). Thus, the acid treatment
induces a resistive behaviour in GNPac that is in sharp contrast with the

combined capacitive behaviour observed for GNP.

A comparison of the production rate of graphitised nanoplatelets for our
method with the recently reported low-energy ball milling methods (< 500
rpm) using graphite as a source of carbon=" further highlights the advantage
of using CNF comprised of nanographene stacks under high-energy conditions.
Taking into account the size of the ball mill container, the production rate for
the method described here is 291 times higher. Comparing specific capacitance
values, the value obtained for GNP is similar or higher to those reported for the
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above low-energy ball milling methods. For example, commercially available
graphite nanoplatelets (GNP¢) shows a much smaller specific capacitance (20
F/g) in comparison with the obtained GNP after milling CNF for 20 min
(Appendix 11, Figure 11), suggesting GNP a cheaper alternative to GNP¢
(615.5F/$ and 264F/$, respectively)®!. Moreover, due to the very short times
used in our method (20 min compared to 48 h), no further purification steps
(such as Soxhlet extraction in acid media, 48 h) are required to remove metallic
impurities from the ball milling process. As we demonstrate above, a change in
the distribution charges can affect the ionic accessibility to the carbon surface
increasing the ionic resistance of the electrode, which can have detrimental

effects on the storage ability performance of the material.

2.3 Conclusions

This is the first example in which the interiors of hollow carbon nanofibers
have been exploited as source of carbon to produce few-layer graphene
materials for energy storage applications with an optimized storage ability
performance using dry ball milling conditions in absence of exfoliating agents.
We have demonstrated a facile, low-cost and scalable method to produce high-
quality, few-layer GNP from stacked-cup CNF by high-energy ball milling in
high-yield in just 20 min showing a combined contribution from double-layer
capacitance and redox pseudocapacitance. Previous attempts using one-
dimensional carbon nanostructures such as carbon nanotubes, also under high-
energy conditions (3000 rpm), vyielded to mixtures of damaged carbon
nanotubes together with the expected crumbed graphene sheets™” highlighting
the importance of the careful selection of the right source of carbon with the

appropriated mechanical properties.

The major advantage of our ball milling approach to produce GNP over the
tedious chemical processes (oxidation, sonication, separation and reduction) is
that it is a very quick, one-pot and eco-friendly process in which no hazardous
wet-chemicals are used producing minimal distortion on the graphitic basal
plane. The production rate of our method, which does not require any
purification step and yields GNP with a similar or much higher specific
capacitance value, is much higher compared to those for the low-energy ball

milling methods using graphite as source of carbon. Our approach opens up a
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new strategy for GNP production towards energy storage applications from
unexplored exotic multi-structured nanocarbon materials such as platelet or

fishbone carbon nanofibers.
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2.4 Experimental part
Preparation of graphene nanoplatelets

GNP was prepared from CNF produced by chemical vapor deposition
(purchased from Pyrograph, 15-25m?%g) via mechanical ball milling using a
high-energy Retsch MM400 ball mill instrument (1800 rpm). In a typical
experiment, 50 mg of CNF were placed into a stainless steel container (5 mL)
with a stainless steel ball (10 mm diameter) and milled in air for 20 minutes to
afford GNP (98% yield). Note that no further purifications steps are required.
To investigate the ball milling effect on the electrochemical performance of the
obtained milled materials, CNF was also milled at different milling times (1, 5,
10 and 30 minutes) under the same conditions. To produce GNPac, GNP (15
mg) was added into a round flask with 10 mL of HNO3 (8M) and sonicated for
15 minutes before refluxing the mixture for 1 hour. The resultant mixture was
diluted with deionized water and filtered through a 0.2 pm pore size PTFE
membrane. The black solid was dried overnight under reduced pressure to give
GNPac. Commercial graphene nanoplatelets (GNP) were purchased from
Asbury (2299 GNP, 402 m?/g).

Material characterization

HRTEM images and EDS measurements were performed using a Jeol
2100F transmission electron microscope at an accelerating voltage of 200 kV.
TEM specimens were prepared by casting several drops of a suspension of the
carbon material in hexane onto a copper-grid mounted “holey” carbon film
before drying under a stream of nitrogen. SEM images were acquired on a field
emission scanning electron microscope (XL30 FESEM) with 15 kV working
voltage. AFM images were acquired by using a Fast Scan Bio (Bruker) with
NanoScope Analysis 1.50 software. All the images presented in this article
were acquired using tapping mode under ambient conditions and the samples
were prepared by drop casting on a silica substrate a suspension of carbon
material in hexane. TGA was carried out on a SDT Q-600 TA instrument over
the range of 25-1,000 °C in air with a scan rate of 5 °C/min. Powder XRD
patterns were recorded using a PANalytical diffractometer equipped with Cu

Ka source (A=1.5418A). The data was analysed and processed using the X’
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Pert Data software package. XPS measurements were recorded using a Kratos
with monochromated Al Ka radiation (10 kV anode potential, 15 A emission

current) in fixed analyser transmission mode (80 eV pass energy).
Electrochemical measurements

Electrochemical experiments were carried out on a computer-controlled
potentiostat (Autolab 201A) at room temperature using a conventional three-
electrode cell with a nitrogen saturated 1M KOH aqueous solution as
electrolyte. A Pt wire and a reversible hydrogen reference electrode (RHE)
were used as the counter and the reference electrode, respectively. All
potentials were measured and reported versus the RHE at room temperature.
0.5 mg of carbon material was mixed with 0.03 mg of PTFE (0.5% in DI
water), 0.1 mg of graphite powder (15%) and 0.5 mL of deionized water to
form a homogeneous suspension after sonication. Subsequently, 10 pg of the
suspension was placed onto the surface of glassy carbon electrode (GCE) using
a micro syringe and the electrode was allowed to dry at room temperature
before measurements. Prior to use, the working glassy GCE (3 mm in
diameter) was polished mechanically with aqueous slurries of alumina powder
(0.05 pm) and rinse with Mill-Q water and acetone, and allowed to dry under
nitrogen. The specific capacitance (Cs) in F/g was calculated using
galvanostatic charging—discharging measurements using the following
expression: Csp, = (tg * 1)/AV, where tq (s), I (A/g) and AV (V) are the
discharging time in galvanostatic cycles, the current density and the voltage

window, respectively.
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Chapter 3

Growth of hollow nano-cages on
defective graphene flakes driven by
the agglomeration and release of
metal atoms
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3.1 Introduction
The development of carbon-based materials has received tremendous

attention owing to their multifunctional properties. Free-standing carbon nano-
onions (also known as carbon cages) have demonstrated useful properties for a
wide range of applications, including catalysis, sensing, adsorption,
bioimaging, water purification, or energy-storage and conversion.® In order
to improve the properties of such carbon nanostructures, different synthetic
approaches for controlling their growth and composition have been intensively
investigated in recent years.”*® For example, the size of the carbon nano-
onions and the thickness of their graphene layers can be selectively controlled
by factors such as temperature and time, and the size of the catalyst

nanoparticle (NP) selected as template.[*!

Similar to the recently reported three dimensional (3D) carbon
nanotube/graphene architectures,™? nanostructures composed of carbon nano-
onions and graphene can potentially exhibit high surface area accompanied by
an intrinsic high electrical conductivity. Generally, the strategy for the
synthesis of such carbon architectures involves the deposition of metallic NPs
on graphene acting not only as a template, but also as a catalyst for the
subsequent growth of carbon nanostructures at high temperatures.’**** In this
way, Zhang and co-workers grew graphene shells on uniform copper
nanoparticles supported on graphene by a one-step in situ chemical vapour

deposition (CVD) process.!*™

Interestingly, such carbon-coating on nanoparticles offers an effective
protection to the metallic core and prevents the agglomeration of NPs not only
during the carbonization process at high temperatures but, more importantly,
during the utilisation of such hybrid nanostructures as electrodes materials for
energy storage.™ For example, carbon-coated Fe,O5 nanoparticles dispersed
on graphene sheets (Fe,0;@C@graphene) have shown outstanding Li* storage
properties when used as anode materials for lithium ion batteries, due to the
semipermeable carbon shell (made of two to five layers).*] These hybrid
nanostructures reported by Tour et al. were obtained by a two-step CVD
growth (initial reduction and carbon coating of Fe3O, supported on graphene
(FesOs@graphene) to Fe@C@graphene under methane atmosphere) followed
by oxidation of the metal core to Fe,Os in air.

73



In order to take full advantage of the inner confined space of carbon nano-
onions and, therefore, to increase of the surface area and porosity, acid
treatments are usually applied that can cause detrimental effects on the
physicochemical properties of the resultant nanostructures.***%! Thus, hollow
carbon spheres anchored on the surface of carbon nanotubes were reported by
Fan et al. after etching MnO, NPs used as a template.”” Interestingly, the
preparation of unsupported hollow carbon nanocages by iodine or NH,CI-
assisted heat treatment have been recently reported.??? In these studies, the
formation of a soluble intermediate iron salt that can be easily removed is
demonstrated to be the key factor for the preparation of hollow carbon nano-

onions.

One-step synthetic methods allowing the decoration of carbon surfaces with
hollow carbon nano-cages in a controllable manner are highly desirable./!
Quintana et. al., reported recently the synthesis of hollow carbon nano-onions
at the edges of few layer graphene by ultrasonication of fullerenes in organic
solvent, however the formation of nano-diamonds as side product reveal the
lack of knowledge about the real mechanism.?”! To the best of our knowledge,
the synthesis of carbon nano-onions with special attention to the nanoparticle-

support has not been investigated.

In this work, we study the formation process of carbon nano-onions (or nano
cages) and the role of the presence of chemical defects on the carbon surface
when preformed Fe;O, NPs are supported on a two-dimensional carbon
substrate. Unlike previous studies where the catalytic nanoparticle is covered
by graphitic carbon at high temperatures due to the saturated carbon
atmosphere (i. e. methane in CVD), here, the effect of the carbon substrate in
the catalytic formation of nano-cages is investigated by thermal treatment in a
protective atmosphere (i. e. argon) in the absence of any carbon-containing gas,

allowing the migration and coalescences of nanoparticles.
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3.2 Results and discussion

Small pseudo-spherical iron oxide nanoparticles (FesO4NPs) of 4 nm
diameter on the surface of graphite flakes were selected for studying the
formation of carbon nano-onions, as they are prone to form carbon
nanostructures at high temperatures in inert atmosphere due to their catalytic
properties (Appendix 1, Figure 1). The selected FesO4NPs were previously
synthetized via the thermal decomposition of iron (l1l) acetylacetonate in
phenyl ether solvent in the presence of 1,2-hexadecanediol acting as reducing
agent and, oleic acid and oleylamine as surfactants to control the nucleation
and growth.®!

In order to appraise the effect of the presence of anchoring points on the
basal plane of the carbon support during thermal annealing at high
temperatures under inert atmosphere, two different graphite flakes were
employed for the study, named as GF and GFox. While GFox was used as
received from the company, GF was ball-milled to reduce its original size from
natural graphite flake to powder (Appendix 11, Figure 2). After the milling, GF
size was successfully reduced as observed by SEM, being slightly larger than
GFox flakes, 2um and 300nm, respectively (Appendix Ill, Figure 3). More
importantly, neither their graphitization, as confirmed by the sharp diffraction
peak at 26.4° (Appendix 111, Figure 4), nor chemical composition were affected
during the ball milling. In fact, X-ray photoelectron spectroscopy (XPS)
showed higher oxygen content on the surface of as received GFox (O/C = 0.08)
with respect to GF (O/C = 0.02), which indicates the superficial chemical
functionalization of GFox (Appendix Il1, Figure 5) and allows the use of GF as
a background structure to elucidate the relevance of electrostatic interaction
(NP-GFox) with respect to van der Waals interactions (NP-GF) between the

nanoparticle and carbon support during thermal annealing.

75



Figure 1. Bright-field TEM images of initial (a) Fe304/GFox and (d) Fe;O,/GF.
(b-c) Fe@C/GFpx and (e-f) Fe@C/GF after annealed hybrids at 1000°C for 2
hours in argon. Scale bars are 200 (b), 50 (e), 10 (a,d) and 2 nm (c,f).

For the hybrid formation, after purification the as-synthetized Fe;O4NPs (50
mg) were dispersed via sonication in organic solvent (120 ml of hexane) in the
presence of graphite flakes (GF or GFox) (100 mg) to yield Fe3O4/GFox
(Scheme 1a) and Fe;04/GF (Scheme 1b), respectively. Transmission electron
microscopy (TEM) studies showed that both hybrids have supported NPs with
identical sizes, as the sonication does not affect the size of the NP, which were
measured as 3.9 = 1 and 4 £ 0.6 nm in Fe304/GFox and Fes04/GF respectively
(Appendix I11, Figure 6). In addition, they have also comparable NP assembly
on the surface of both carbon supports, revealing neither nanoparticle
agglomeration nor carbon support dependence (Figure la and Figure 1d).
However, thermogravimetric analysis (TGA) of the hybrids indicated that the

residual weight remaining after annealing the hybrid samples at 1000°C in air
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that can be attributed to Fe,Os is slightly higher for Fes04/GFox (25.6%) than
for Fe;04/GF (20.5%) (Appendix 11, Figure 7). Fe304/GFox hybrid is expected
to be slightly more decorated with nanoparticles than Fe;04/GF hybrid, because
of the presence of polar oxygen-groups on the basal plane of GFox that can act
as anchoring points. Moreover, FesO4NPs are expected to interact stronger with
GFox surfaces than with GF ones where only van der Waals forces are mainly
present.?*?! Thus, the formed hybrids (Fes04/GF and Fe;04/GFox) with
identical NPs on the surface are ideal platforms for studying the role of

chemical defects (mainly carboxylic groups COOH) on the carbon nano-onions

growth.
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Scheme 1. Schematic representation of the annealing treatment of initial (a)
Fes04/GFox and (b) Fe3O04/GF hybrids, respectively, where preformed
nanoparticles are homogeneously dispersed on the carbon surface. After thermal
treatment, large metal-carbon core-shell nanoparticles (Fe@C) and hollow
carbon cages (HCC) are observed on the surface of the carbon substrate (GFox)
whereas only large metal-carbon core-shell nanoparticles (Fe@C) are observed
in annealed Fe;04/GF hybrid.

Fe,0,/GF

Annealing Fe;04/GFox hybrid at 1000°C for 2 hours in argon (Fe@C/GFox)
produces a dramatic change on the nanoparticle morphology (Scheme 1a). The
initial monodispersed 4 nm Fe;O4 NPs (Figure 1a) are transformed into larger
nanoparticles (Figure 1b) with diameters of 150 £ 50 nm (Appendix Ill, Figure
8). A more pronounced effect was observed when nanoparticles supported on a
more graphitized (low O/C) carbon surface (GF) are subjected to the same
thermal treatment (Scheme 1b). As shown in Figure le, nanoparticles
agglomerate to form larger nanoparticles in Fe@C/GF, for possessing the

diameter much larger (with a maximum size of 500 nm) than the nanoparticles
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in Fe@C/GFox (Figure 1b). Larger carbon-coated iron nanoparticles in
Fe@C/GF (500nm) than in Fe@C/GFox (150 nm) suggest that the
nanoparticles can migrate and coalesce more easily when supported on a
graphitized carbon surface (GF) at 1000°C. In fact, it is worth mentioning that
the observed nanoparticle agglomeration was not reported before when iron
oxide nanoparticles, also located on a two-dimensional carbon support, were
treated via CVD at high temperatures conditions.*”? In such conditions, a
protective graphitized carbon layer covers immediately the nanoparticle
surface, retaining their size. In contrast, in our study, the nanoparticles are not
in the presence of such a saturated carbon environment, which does not result
in the immediate protective carbon shell, so nanoparticles are able to migrate
along the surface and coalesce into larger nanoparticles facilitated by the high

thermal conditions.

Figure 2. Bright-field TEM images of (a-c) Fe@C/GFox showing the presence
of hollow carbon cages (HHC) on the surface of graphene (GFox). (d) TEM
images of Fe@C/GF hybrid with no superficial transformation. Scale bars are 50
(a,d), 10 (b) and 5 nm (c).

Surprisingly, the surface of the carbon support in Fe@C/GFox is drastically
modified during annealing at 1000°C for 2 hours under inert atmosphere
(Figure 2a), forming numerous hollow carbon cages (HCC). The resulting
hollow carbon cages, which are mostly made of 2-3 graphene layers, are
uniformly distributed along the carbon surface (Figure 2b-c). Statistical
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analysis of the hollow carbon cages, which would be presumably created by
iron nanoparticles, reveals a larger average size (9 £ 2 nm) with respect to the
initial 4 nm metal oxide nanoparticle (Appendix Ill, Figure 9), suggesting the
agglomeration of the nanoparticles during the thermal treatment. In contrast,
the carbon surface after annealing Fe;O,/GF (Figure 2d) after the same
procedure remains practically unchanged, with scarce amount of hollow carbon
cages are observed along the carbon surface (Appendix 11, Figure 10). Hence,
the observed differences on the carbon surface after thermal treatment suggest
that interaction between the catalytic nanoparticles with its support plays an

important role.

The presence of mainly van der Waals interactions between nanoparticles
and the graphitized carbon surface (GF) enables mostly the free migration and
coalescence of nanoparticles, leading to the observed large carbon-coated iron
nanoparticles in Fe@C/GF (Appendix Ill, Figure 11). In contrast, the stronger
interaction with a more defective carbon surface (GFox) (based on electrostatic
interaction) would hinder nanoparticle migration (Figure 3a, inset). To prove
this point, Fes04/GFox hybrid was heated in air (300°C) to remove the
surfactant which acts as a stabilizer. The complete removal of the surfactant
does not promote the agglomeration of nanoparticles (Figure 4a-b), even after
heating the hybrid at 300°C for a long period of time in air (Appendix I,
Figure 12), as the nanoparticles retain their pseudo-spherical shape and size.
The removal of the surfactant is confirmed by thermal gravimetric analysis
(Figure 4c) and also electrochemically (Figure 4d), improving the pseudo-
capacitance of the hybrid due to a more accessible nanoparticle surface.
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Figure 3. Proposed mechanisms for the formation of hollow carbon cages
(HCC) on the surface of GFox templated by iron nanoparticles during annealing
at 1,000°C in argon. Initially, (a-b) iron nanoparticles supported on carbon
agglomerate around those nanoparticles anchored on defective carbon surface
via Ostwald ripening and coalescence (a-inset). Subsequently, the reduction of
iron oxide to iron (0) at high temperatures in argon followed by the dissolution
of carbon from the carbon substrate and surfactant (c-inset) leads to carbon
oversaturation and, hence, graphitic carbon at the nanoparticle surface is
observed (d). Due to the high temperature, large nanoparticles, which are
surrounded by few carbon graphitic layers, grow at the expense of the small
ones by the diffusion of iron clusters between the graphitic layers of the
substrate (e-inset). It would result into small and hollow carbon cages
decorating the carbon surface (f) while large metal-carbon core-shell nanocages
(f, red arrow) finally detached from the substrate (i) forming large metal-carbon
core-shell nanoparticles and (h) hollow carbon cages on the surface of GFox.
Scale bars are 50 (b), 20 (d,f) and 10 nm (h).
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Figure 4 (a-b) Bright-field TEM images of Fe;04/GFox after heating in air at
300°C for 2 hours. (c) Thermogravimetric analysis of the elimination of
surfactant in air of Fe3;04/GFox hybrid, showing a total removal after 82
minutes. (d) Cyclic voltammogram of initial Fe;04/GFgox hybrid (blue) and
heated Fe;04/GFox hybrid for 82 minutes in air (pink) in 2M KCI at 0.1 V/s. It
is important to highlight that more active surface area of iron nanoparticles is
available by removing the surfactant. Scale bars are 50 (a) and 5 nm (b).

Based on the widely-accepted vapor-liquid-solid (VLS) mechanism, iron
oxide would be thermally reduced to metallic iron at high temperatures under
argon atmosphere, and dissolve some carbon thus forming iron carbide.”
Small amounts of amorphous carbon present on the carbon surface together
with the surfactant which initially surround the preformed Fe;O, NPs can
simultaneously act as source of carbon.B®¥ The X-ray diffraction pattern of
Fe@C/GFox (Figure 5a, red line), which is completely different with respect to
before annealing treatment (Figure 5a, blue line), confirms the formation of
metallic Fe (*, JCDPS No. 06-0696) and Fe;C (=, JCDPS No. 35-0772)
crystalline phases and it is associated to the dark nanoparticles observed by
TEM (Figure 1b). Diffraction peak at 26 of 26.10° indexed to the diffraction
from (002) plane of the graphite flake.
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Figure 5. (a) X-ray diffraction pattern and (b) thermal gravimetric analysis in
air of Fe304/GFox before (blue, Fez04/GFox) and after (red, Fe@C/GFox)
annealing. (c¢) Gravimetric analysis in air of Fe;O04/GF before (purple,
Fe;0,4/GF) and after (green, Fe@C/GF) annealing. (d) Cyclic voltammogram of
Fes04/GFox (red) and FesO4/GF (green) after thermal treatment (annealing at
1000°C in argon) in 2M KCL at 0.1V/s. Iron redox process in Fe@C/GFox
hybrid suggests a porous shell on the iron-carbon core-shell nanoparticles. In
contrast, purely double-layer behaviour is observed in Fe@C/GF hybrid so no
redox process is measured.

The thermodynamically higher stability of graphitic carbon than iron
carbide B**% results in the precipitation of graphitic carbon layers around the
nanoparticle (Figure 3d-e), producing the carbon-coated iron nanoparticles.
HRTEM studies reveal a highly graphitized carbon shell on the large iron
nanoparticles with an average thickness between 4 and 7 nm (Figure 1c),
confirming the formation of carbon-coated nanoparticles (nano-onions) after
thermal treatment. Interestingly, the carbon shell increases the thermal stability
of Fe@C/GFox (Figure 5b, red line) with respect to the initial Fe3O4/GFox
hybrid (Figure 5b, blue line) as the oxidation of the carbon support occurs at a
higher temperature (480 and 380°C, respectively). A more significant increase
of the thermal stability in air (~200°C, based on the onset of GF oxidation) is
observed in Fe@C/GF (Figure 5c, green line) with respect to the initial hybrid
(Fe304/GF), being in agreement with the around three times thicker carbon-
shell measured in Fe@C/GF (Figure 1f) than Fe@C/GFox (9 nm vs 4 nm
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respectively). The small weight gain around 350°C in Fe@C/GFox (Figure 5b,
black arrow,) and around 400°C in Fe@C/GF can be associated with the
simultaneous oxidation of the carbon shell and the iron Fe° core. Thus, the
increase of the thermal stability in air of the heated hybrids (Fe@C/GFox,
Fe@C/GF) with respect to initial hybrids (Fe3s04/GFox, FesO4/GF) reveals a
complete inhibition of iron as a catalyst, suggesting the protection of the
spontaneous oxidation of the metallic iron core in air at room temperature.®” It
is important to highlight that the thin carbon coating of Fe@C NPs would be
directly related the lower carbon saturation on the reduced iron nanoparticles in
Fe@C/GFox with respect to Fe@C/GF as some of the carbon has been
employed for the preparation of HCC on the surface of GFox. Hence, the
absence of HCC in Fe@C/GF leads to a carbon oversaturation on large Fe@C
nanoparticles which results in thick carbon-coating as well as tubular structures
(Appendix I, Figure 13).

Electrochemistry is used to gain more information about the carbon shell
structure of the formed carbon nano-onions by studying the interface between
the electrolyte and the metal-carbon nano-onions. As shown in Figure 5d, both
hybrids have a dramatically different electrochemical response in 2M KCI. Iron
from the core of large nano-onions is detected (Fe*"**, E°= 0.41V vs Ag/AgCl)
in Fe@C/GFox hybrid. In contrast, no redox process is observed in Fe@C/GF,
showing purely double-layer behaviour. These observations suggest a porous
carbon shell structure in Fe@C/GFox whereas iron is completely isolated in
Fe@C/GF, being in agreement with the measured carbon shell thickness by
TEM analysis and its high thermal stability in air by TGA. Additionally, the
acid treatment of Fe@C/GFox hybrid confirms the possibility of dissolving the
iron core (Appendix Ill, Figure 14), being in agreement with the proposed

porous carbon shell structure.
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Figure 6. Bright-field TEM images of annealed hybrid (Fe@C/GFyx) at 1000°C
for 45 min in argon. Scale bars are 200 nm (a), 20 nm (c-d) and 10 nm (b). Short
arrows indicate free-standing and large metal-carbon core-shell nanoparticles
(black), supported and small iron-carbon core-shell nanoparticles (red) and
hollow carbon nano-onions (yellow).

On the other hand, the investigation of thermal treated Fe;O4/GFox hybrid
after 45 minutes (instead of 2 hours) at 1000°C allows a further insight into the
formation process of the hollow carbon cages on the surface of GFox. As
shown in Figure 6, dark and large nano-onions are already formed after a short
thermal treatment (Figure 6a, black arrows). However, not all the iron is
encapsulated in large carbon-coated nanoparticles as in Fe@C/GFox smaller
carbon-coated iron nanoparticles are still decorating the carbon surface (Figure
6a, red arrows). A close examination of the carbon surface reveals that the iron
nanoparticles are not the initial 4 nm size but their size increases to 9 nm, being
all the nanoparticles surrounded by a carbon shell structure (Figure 6b). This
observation is crucial to confirm that hollow carbon cages on the surface of
GFox (Figure 6b-d, yellow arrows) are initially filled with iron, which acts as a
template. It is important to mention that the stabilization of nanoparticles
around 9 nm size is not fully-understood yet but electronic and structural
factors have to be considered, such as in the case of other nanoparticles (i. e.

Au) on the surface of graphene. 84
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More interestingly, iron-filled carbon cages larger than 15 nm were found in
the intermediate sample heated for 45 min (Figure 3d, red arrows), being in
sharp contrast to the statistical analysis of Fe@C/GFox after annealing for 2
hours, which does not show any hollow carbon cages larger than 14 nm and
suggest the desorption of large iron-filled carbon cages from the carbon
support. Such process would be a result of iron diffusing from small carbon
cages towards larger nano cages (>14nm) via Ostwald ripening, leaving the
small carbon cages empty (Figure 3d-g, yellow arrows). This hypothesis is in
agreement with the observed large iron-filled carbon cage on the surface of
GFox (Figure 3f, red arrow), being surrounding by hollow carbon cages. It is
important to mention that the diffusion from one metal-carbon cage to another
is proposed to take place between the graphitic layers of GFox rather than from
the surface so the graphitic layers of the carbon cages would hinder the
diffusion of iron both outwards and inwards the cage. In fact, heat-promoted
expansion at high temperatures (i. e. thermal exfoliation),*) as well as the
successful intercalation of many metals and semiconductors between the
graphene layers*?*¥! suggests that iron atoms can diffuse between the graphitic
carbon layers in order to connect metal-carbon nanocages during annealing at
1000°C in argon (Figure 3e-inset, black arrow). The successive increment in
size of the iron-carbon nanocages would decrease the interaction of iron-filled
carbon cages with its support, producing the completely detachment of the
former nanostructure and forming the observed large carbon-coated iron

nanoparticles (Fe@C) (Figure 4i).

Metallic iron has been extensively utilized as a hard catalyst for the
formation of a carbon coating in previous examples;*Y however, in these
studies, iron has not spontaneously diffusedd from the core to form hollow
carbon structures but has formed carbon-coated iron nanoparticles. In sharp
contrast, we observe the diffusion of iron from the core, resulting in hollow
carbon nanostructure after long (2 hours) annealing times (Figure 2a-c), at

lower temperatures than iron evaporation (1000°C with respect to 1900°C) 1!

and in the absence of any oxidizing agent.”**4
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3.3 Conclusions

We have found that the carbon support plays an important role in the growth
process of carbon-coated iron nanoparticles when the catalyst (iron
nanoparticles) is supported on flat carbon nanostructures, suggesting the
interactions between nanoparticle and support are crucial parameters. Thus, 4
nm nanoparticles agglomerate and lead to large metal-carbon nano-onions (500
nm, Fe@C) when they are supported on a highly graphitised nanostructure (i.e.
GF), showing the low nanoparticle-support interaction. In contrast, the carbon
support can have a stronger interaction with the nanoparticles via the chemical
defects located at the carbon surface (i.e. GFox). During thermal treatment,
nanoparticles anchored to the defects serve as a nucleation points during the
agglomeration process, in which smaller nanoparticles migrate along the
surface dissolving carbon atoms from the surfactant and carbon support. The
reduction of iron at high temperatures that is concomitant with the formation of
graphitic shells gives rise to small carbon-coated iron cages on the surface.
Hollow carbon cages (9 nm) on the surface and large carbon-coated iron nano-
onions (150 nm) that desorb from the surface appear as a result of the diffusion
of iron atoms through the graphitic layers (Ostwald ripening). The resulted
hollow carbon cages on the carbon surface demonstrate promising results for
electrochemical storage devices such as supercapacitors or batteries due to the

increased surface area with respect pristine “smooth” carbon nanostructures.
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3.4 Experimental part

Synthesis of preformed Fe;O4 nanoparticles.

The preparation of 4-nm Fe3O,4 nanoparticles was made following Zeng’s
procedure.”® Briefly, Fe(acac); (2 mmol) was mixed in phenyl ether (20 mL)
with 1,2-hexadecanediol (10 mmol), oleic acid (6 mmol), and oleylamine (6
mmol) under nitrogen and was heated to reflux for 30 min. After cooled to
room temperature, the dark-brown mixture was treated with ethanol under air,
and a dark-brown material was precipitated from the solution. The product was
dissolved in hexane and reprecipitated with ethanol to give 4-nm Fe;0,

nanoparticles.
Milling GF flakes
Graphite flakes (GF and GFpx) were purchased from Asbury Carbons. While

GF were used as received, graphitic natural flakes material (GF, 200 mg) was
placed inside a ball milling cylinder (5 ml) with an SS ball (10 mm). The
cylinder was vibrated at a frequency of 20Hz for 90 min four times. The milled
material was recovered from the cylinder and use without further purification.

Synthesis of Fe304/GFox (and Fe3O4/GF).

Graphite flakes (GFox or GF, 100 mg) were suspended in hexane (100 mL)
and sonicated for 20 minutes. Subsequently, a hexane suspension of 4-nm
preformed Fe3O, nanoparticles (50 mg/20 mL) was sonicated while the
graphite flakes suspension was added drop by drop. The mixture was stirred
vigorously for 3 hours. Then, the suspension was sonicated for 15 minutes and
filtered onto a PTFE filtration membrane (0.2 pm pore size), thoroughly
washed with hexane, ethanol and acetone and dried in air to yield Fe304/GFox,
125 mg (or Fe304/GF,134 mg).

Annealing treatment of metal-carbon hybrids.

Metal-carbon hybrid (20 mg) was first sealed in a quartz tube under argon
atmosphere. Subsequently, the quartz tube was introduced in a furnace pre-
heated at 1000°C. After 2 hours, the tube was taken out from the furnace and

let it cool down at room temperature.
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Structural characterization.

Thermogravimetrical analysis (TGA) was carried out on a SDDT Q-600 TA
instrument over the range of 25-1000 °C in air at a scan rate of 5°C/min.
Powder X-Ray diffraction measurement of the materials were taken using X-
Pert Pro PANalytical-XRD diffractometer using Cu Ko radiation (A =
1.5406A). XPS were recorded using a Kratos with monochromated Al Ko
radiation (10 kV anode potential, 15 A emission current) in fixed analyser
transmission mode (80 eV pass energy). High resolution transmission electron
microscopy (TEM imaging, were performed using a Jeol 2100F transmission
electron microscope at an accelerating voltage of 200kV. TEM specimens were
prepared by casting several drops of a suspension of the composite in hexane
onto a copper grid mounted “lacey” carbon film before drying under a stream
of nitrogen. Statistical analysis was performed using Gatan Digital Micrograph.
Electrochemical experiments were carried out on a computer-controlled
potentiostat (Autolab 302N) at room temperature using a conventional three-
electrode cell with a nitrogen saturated 2M KCL aqueous solution as
electrolyte. A Pt wire and a Ag/AgCI electrode were used as the counter and
the reference electrode, respectively. All potentials were measured and
reported versus the AQ/AgCl electrode at room temperature. Working
electrodes were prepared using 1:1 mixture of the active material with
deionized water by sonication for 15 min and 1% PTFE binder. The prepared
sample was dropped onto the glassy carbon electrode (GCE) surface using a
micro syringe (10 pg) and the electrode was allowed to dry at room
temperature before carrying out the measurements. Prior to use, the working
glassy GCE (3 mm in diameter) was polished mechanically with aqueous
slurries of alumina powder (0.05 um) and rinse with Mill-Q water and acetone,

and allowed to dry under nitrogen.
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General Statement

The combination of carbon nanostructure with functional nanomaterials (i.e.
molecules, nanoparticles or metal-coordination polymers) has shown promise
for the development of the next generation of materials, mainly, due to the
underlying synergistic effects within the hybrid material. While the active
additives provide a rich variety of electronic processes via reversible Faradaic
oxidation/reduction reactions, carbon nanostructures, which act as a support,
facilitate both the electron and the ionic transfer due to their intrinsic high
conductivity and high surface area. In this Part, we will focus our attention on
the combination of carbon nanostructures with a multi-electron molecular
metal cluster (Chapter 4), metal oxide nanoparticles (Chapter 5) and metal

coordination polymers (Chapter 6).

Molecular metal clusters can undergo multi-electron redox reaction and
have been already proposed for energy related applications (i. e. Lithium
batteries via the insertion/extraction of Li* ions).# Even though their intrinsic
potential, their current application is limited by their low stability during the
electrochemical process, restricting their commercialization. In Chapter 4, we
aim to investigate the extreme confinement (<10 nm internal diameter) of
molecular clusters inside hollow tubular carbon nanotubes as new strategy to
increase the cluster stability during the reduction/oxidation process and hence,
increase their durability. The composite material, which was previously
synthesized by Dr. Maria Gimenez-Lopez, is extensively studied using
different electrochemical techniques. To test the protective behaviour of the
host-container, electrochemical measurements are carried out under harsh
conditions (i. e. acid media). In addition, the insertion/removal of K* ions from
the composite will be discussed from both thermodynamic and kinetic point of

view.

The overall performance of nanoparticles is limited by their agglomeration,
which drastically decreases their active surface area. The combination with
carbon nanostructure is the common approach to overcome such a limitation
and recent trends are based on synthesizing the nanoparticle in the presence of
the carbon substrate (in situ or one-pot synthesis). Interestingly, despite the

great knowledge about free-standing nanoparticle synthesis, being able to
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selectively control the composition, shape or size, the new synthetic pathway
could be significantly affected by the presence of carbon nanostructures during
the in situ (or one-pot) reaction. In Chapter 5, we aim to develop a simple in
situ approach using hollow carbon nanofibers for the synthesis of metal-carbon
hybrids, facilitating the nanoparticle encapsulation while increasing the
nanoparticle-carbon contact. Carbon nanofibers (CNF) are proposed as the
host-container because of their wide internal diameter and, more importantly,
their internal corrugated interior which not only would act as anchoring points,
leading to 1D arrangement, but also it has shown the ability of stabilizing
nanoparticles in harsh conditions (i. e. thermal treatment). One of the main
objectives here is to encompass the control of the synthesis of nanoparticles (i.
e. chemical composition, shape and size) with their confinement within CNF.
The effect of chemical defects (i. e. oxygen containing groups) on the surface
of CNF will be evaluated as a strategy to control the synthesis of nanoparticles
either inside or outside the carbon nanofiber. Subsequently, the resulted hybrid
materials will be analysed extensively from an electrochemical point of view in
order to elucidate the advantages of confinement as well as the proposed in situ
synthetic approach (vs ex situ).

Metal coordination polymers, such as Prussian blue, have gathered much the
attention for the insertion of cations due to their intrinsic three-dimensional
open framework. In Chapter 6 we aim to relate the structure and chemical
composition (i. e. vacancies and oxidation states of metal centres) of a Prussian
blue analogue with its electrochemical performance and stability. In contrast to
previous examples in the literature that focus on developing different synthetic
methods for controlling the ratio of metal vacancies and, hence, the water
content, our approach would produce from a PBA with a specific composition,
different mixed-valence systems (MVS) by thermally removing coordinated
water molecules. The advantage of our approach is that the initial number of
vacancies within the structure would remain intact and will allow a direct
comparison of the factors involved. Interestingly, such thermal treatment
simultaneously triggers an internal electron transfer from one metal centre (M’-
NC) to the other (M-CN). Prior to preparing and analysing PBA@carbon
hybrids, the electrochemical conditions of pristine PBA as well as the
annealing temperature to prepare MVS-PBA are optimized. Then, the effect of
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carbon nanostructure during the in situ synthesis of PBA@carbon hybrids is
investigated to, finally, focus on the specific capacitance and electrochemical
stability of MVS-PBA@carbon hybrid.
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Chapter 4

Molecule clusters encapsulated in
carbon nanotubes as new working
principle for energy-storage
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4.1 Introduction

Hybrid metal-carbon nanostructures have recently attracted a great deal of
attention as electrode materials for high-energy and high-power density
supercapacitors.>®! They store energy by combining two different charge
storage mechanisms: electrical double-layer (EDL) capacitance and
pseudocapacitance. Carbon-based electrodes operate under the first
mechanism, in which the energy is stored at the electrode interface through
reversible electrolyte ion adsorption during charging-discharging, showing
excellent cyclic stability and long service lifetime.! On the contrary,
pseudocapacitors materials that are typically transition metal oxides depend on
the fast and reversible redox reactions at the electrode surface for charge
storage providing the source of high specific capacitance in the hybrid

supercapacitors.

High aspect ratio carbon nanostructures such as carbon nanotubes that show
high electronic conductivities provide an excellent means to achieved this
charge storage combination.”? They not only serve as the physical support of
the metal oxide nanoparticles but also provide fast transport pathways for both
electrons and ions through the interconnected tri-dimensional porous network
structure.® 2% Since the redox reactions take place solely on the outermost
surface layer of the metal oxide nanoparticles, the charge transfer ability of the
metal oxide-carbon nanotube compositest*” could be, in principle, further
enhanced by increasing the interfacial contact area between the two
components and reducing the thickness of the supported nanoparticles.[*24
Thus, the full utilization of the electro active material might be then achieved,

minimizing environmental impacts and reducing production costs ™!

Molecular metal clusters that can be envisaged as the ultimate smallest
particle size undergoing multi-electron redox reactions have been proposed as
cathode-active materials for lithium-ion battery applications.****! These
polynuclear metal complexes can potentially show extreme high capacitance.
However, previous attempts to fabricate molecular clusters batteries based on
Mn, molecules ([Mn12012(02CR)16(H20)4] R=CHs, CgHs) (Figure 1a), which
are well-known as single-molecule magnets (SMM), comprised of a physical

mixture of Mny, microcrystals with different types of carbon materials bound
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together.”® The strain developed during the charge—discharge processes
accompanying the insertion and removal of lithium ions together with the poor
electrode contact leads to low stability, slow rate and insufficient cyclability.
Thus, nanostructuring of the hybrid composite electrode ensuring both an
intimate contact at the molecule level and smooth electron transfer in a
protected surrounding®’! would be the ideal scenario for achieving the full

potential of these exciting magnetic molecules in energy storage devices.

Open-end multi-walled carbon nanotubes (MWNT) with diameters smaller
than 10 nm are ideal one-dimensional containers for large molecules.”*?!! The
confined space within these restricted nanotube diameters will hinder the
formation of large aggregates of molecules maximizing molecule-nanotube
contacts. Interestingly, these one-dimensional nanopore channels may also play
an important role increasing the confinement of the electrolyte ions, which
could lead to an increase of capacitance.?® Very recently, theoretical studies
have demonstrated the importance of the nanotube-like pore structure on the
enhanced capacitance. 2 The efficiency of the storage process over that of a
flat carbon-based capacitor arises from the confinement, where the charging
and discharging process involves the exchange of ions with the bulk
electrolyte. This ionic transport may be restricted in long carbon nanotubes
with several tens of microns in length. However, by reducing the length of the
one-dimensional nanocontainers the transport resistance of the electrolyte ions,
and therefore (i.e. ion diffusion length), should become less important,
allowing the exploitation of capacitance effects within the confined space of
the nanotubes (Figure 1b).

4.2 Results and discussion

Coexistence of capacitance effects and multi-electron redox reactions within
the internal cavity of carbon nanotubes has not yet been realized. This unique
molecule-carbon nanotube hybrid approach can serve as new working principle
for high-performance energy-storage devices. To test this hypothesis, we have
designated a hybrid material (Mni;,AC@MWNT) in which Mng,Ac (Ac for
R=CH3) molecules (Figure 1a) are encapsulated inside short graphitised
MWNT (mean internal diameter of ca. 6.5 nm and average length of ca. 400

nm) by van der Waals forces (i.e. non-covalent interactions) that allow the
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guest-molecules to stay mobile within the internal cavities of the host-
containers (Figure 1c).1”®! The functional properties of Mni,Ac SMM, which
are very sensitive to the oxidation states of the manganese centres, are fully
retained after the encapsulation within the carbon nanotubes that acts as a
shield protecting the guest-molecules from harsh environment.?*1 This
distinctive well-defined hybrid nanostructure Mni;AC@MWNT (Appendix 1V,
Figures 1-6) will provide a unique scenario for studying simultaneously
capacitance effects and multi-electron redox processes in a confined space of a

few nanometers for charge storage.

The electrochemical performance of a thin-film of Mnj ,AC@MWNT
deposited on a glassy carbon electrode has been extensively investigated in our
study by galvanostatic charge—discharge measurements, cyclic voltammetry,
and electrochemical impedance spectroscopy in a three-electrode
electrochemical cell using a 2 M KCI aqueous electrolyte. Short and open
MWNT used for the preparation of the hybrid material and a crystalline sample
of Mnp,Ac were also carefully analysed under the same experimental
conditions to ascertain the behaviour of the host nanocontainer and the
confinement effect on the capacitance performance. Electrochemical studies on
Mni,Ac (Appendix IV, Figure 7) reveals a rich redox chemistry involving
several oxidation and reduction process. Several of the latter appear to be
reversible by electrochemical criteria, suggesting that [Mni,Ac]" are stable
species. In fact, monoanionic and dianionic members of the Mny, family have

been isolated.l3*32
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Figure 1. Coexistence of capacitance effects and multi-electron redox reactions
within the internal cavity of carbon nanotubes. (a) Structure of a two-reduced
[Mn{,01,(0,CCH3)16(H,0)4] ([Mnlec]z') that is expected to be formed within
the studied potential range in which two of the outer Mn(lll) atoms shown in
green have been reduced to Mn(Il). Dimensions are indicated by double-headed
arrows. Carbon, hydrogen, manganese, and oxygen atoms are shown as grey,
light-grey, red and orange, circles, respectively. Schematic representation of
K,[Mng,Ac] where the potassium ions are located slightly above the x—y plane
of the Mny,Ac cluster. (b) Diagrams of the charge storage mechanisms for a
short and open MWNT and (¢) a MWNT hosting Mn;,Ac. (d) Specific
capacitance (F/g of Mn;,Ac) as a function of the current density for Mn,Ac
(blue) and Mn;,Ac@MWNT (red) in 2M KCI. Inset: Capacitance of short and
open graphitized MWNT per nanotube mass. (e) Comparison of the
galvanostatic charge—discharge curves for Mn ,AC@MWNT (red), Mni,Ac
(blue) and short and open graphitized MWNT (black) at a current density of 0.8
Alg. (f) Charge—discharge curves for the hybrid Mn,Ac@MWNT at different
current densities (0.5-10 A/qg).

An important synergistic effect of the nanoscale hybridization on the rate
capability is clearly revealed when variations of the specific capacitance with
the current density for Mn,AcC@MWNT and a crystalline sample of Mni,Ac
are compared, showing much higher values for the hybrid material in the
investigated range (0.3-10 A/g) (Figure 1d). At a current density of 0.5 A/g
(Appendix 1V, Figure 8), the experimental value of the specific capacitance
found for the hybrid (302 F/g) is almost an order of magnitude higher than the
one calculated (36 F/g) taking into account both the amount of Mn,Ac inside
nanotubes (14.2% wt, Appendix 1V, Figure 3) and experimental values
obtained for only Mny,Ac (201 F/g) and nanotubes (9 F/g).B¥ In contrast to

Mn,Ac electrode, a less merited decrease in capacitance at low current
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densities (< 5 A/g) is observed for the hybrid material (Figure 1d), which is in
agreement with an enhancement of both the electrochemical utilization of the
Mni,Ac molecules and the ionic transport as a consequence of the nanoscale

dispersion.*4

Comparison ~ of  galvanostatic ~ charge—discharge  curves  for
Mn , AC@MWNT, Mn,Ac and MWNT electrodes at the same current density
of 0.8 A/g (Figure 1e) demonstrates a behaviour for the hybrid electrode that is
a combined contribution from double-layer capacitance and redox
pseudocapacitance. A shorter discharging time is expected for
Mn, AC@MWNT, as the amount of encapsulated Mni,Ac molecules in the
hybrid is only a small fraction of the amount of Mnj,Ac deposited on the
electrode. However, the charge—discharge curves for Mnj;,AC@MWNT are
more symmetric (quick current/voltage response) and with much lower IR drop
(lower contact resistance) than those obtained for Mnj,Ac electrode (Appendix
IV, Figure 9). The latter is in agreement with the reduction in the internal
resistance observed from the hybrid electrode with respect to the Mnj,Ac
electrode on the electrochemical impedance measurements (Appendix 1V,
Figure 10). As a consequence of the nanoscale hybridization the energy and
power densities values (Appendix 1V, Figure 11) obtained from the charge—
discharge curves at a current density of 0.5 A/g for the hybrid electrode (71.1
Wh/kg and 2323.0 W/kg, respectively) are, much higher than those found for
the Mny,Ac electrode (45.9. Wh/kg and 320.6 W/kg, respectively).

The protective effect of the host nanocontainer on the encapsulated Mn,Ac
molecules combined with a rapid electron transfer can be clearly evidenced
from cyclic voltammetry studies at a scan rate of 0.1 V/s (Figure 2a) showing
an interesting activation process. In contrast to the insufficient rate cyclability
of the Mny,Ac crystals (Figure 2b and Appendix 1V, Figure 12 and Figure 13)
(capacitance retention of 8 % after 100 cycles), the hybrid electrode shows a
significant increase in capacitance with increasing cycle number in the first 100
cycles with a maximum change in capacitance of ten times followed by a
steady decrease for the first 2000 cycles (Figure 1c). Since no capacitance
increase with increasing cycle number can be observed for the carbon

nanotubes (Figure 1c and Appendix IV, Figure 14), the activation effect of the

101



hybrid electrode can be attributed solely to the encapsulated material. Cyclic
stability studies of a sample of Mn;,AC@MWNT thermally treated at 340 °C to
form MnzO,4 inside nanotubes (Mn;O,@MWNT) that is an expected
decomposition product of Mnj,Ac were performed to ascertain the observed
activation in the hybrid material to structurally intact Mn;2Ac molecules. As
shown in Figure 2c (pink), a gradual decrease of the capacitance in the first 300
cycles is found for Mn;O,@MWNT until a constant retention value of ca. 53
% is reached™ (Appendix IV, Figure 15), which is in sharp contrast to the
hybrid electrode. Hence, the activation process observed cannot be attributed to
the decomposition of the Mnj,Ac cluster, but instead to the Mni,Ac molecules
that remain structurally intact after cycling (Appendix IV, Figure 16). To
unequivocally prove the chemical stability enhancement of the confinement of
Mni,Ac within the nanoscopic cavities of MWNT, cyclic voltammetry for
Mn1,AC@MWNT and Mnj,Ac was performed under acidic conditions (HCIO4
aqueous electrolyte, pH = 4). Stability studies for the hybrid electrode show the
presence of a rapid activation process for the first 100 cycles followed by a
gradual capacitance increase (Figure 2c and Appendix IV, Figure 17), whereas
an instant decomposition can be observed for the Mnj,Ac electrode as a
consequence of the protonation of the acetate groups (pk, = 4.75) (Appendix
IV, Figure 18).

102



20 1.5

—_—
Q
~—
_—
O
~—

15 J 100
10 4

5 -

0 4

-5 J

Current Density (A/g)
Current Density (A/g)

-10

-15 T T T T T -1 T T T T T
-0.3 0 03 06 09 -0.3 0 03 06 09

() Potential (V) (d) Potential (V)
C) 1200

1000 4

800 | e |

600 4

400 4

Z modulus ()

200 J
o N . .
0 500 1000 1500 2000

Cycles Log frequency (Hz)
500

Capacitance Variation (%)

800
700 -
600 -
500 -
400
300 J
200 -

e 0.8 Alg, 60
0 0 aidlcs g, S

0 50 100 150 200 250 300 0 500 1000 1500
Cycles Cycles

—
—
=2

400

300 4

200

100 4

Capacitance Variation (%)™
Capacitance Variation (%)

Figure 2. Confinement effect on the cycling performance of molecule metal
clusters encapsulated within carbon nanotubes. Cyclic voltammetry (CV) of (a)
Mn ,AC@MWNT and (b) Mny,Ac electrodes at a scan rate of 0.1 V/s with
increasing cycling. (c) Variation of the specific capacitance (%) from CV
measurements as a function of increasing cycle number for Mnj,AcC@MWNT in
KCI (red) and HCIO,4 (pH=4) aqueous solution (green), Mn;0O,@MWNT (pink),
short and open MWNT (black) and Mny,Ac (blue). (d) Bode type representation
of the impedance (Z) modulus as a function of applied frequency for the hybrid
Mn,Ac@MWNT electrode for the 1°' (black), 100™ (blue) and 1000" (pink)
cycle. (e) Cycling performance of Mn ,Ac@MWNT at a current density of 0.4
(black) and 0.8 A/g with (60 s) (purple) and without (0 s) (red) time delay
between each charge—discharge cycle for the first 300 cycles. The potential
range is -0.3 to 1 V (vs. saturated Ag/AgCl). (f) Cycling stability of
Mn,Ac@MWNT for 1500 cycles (8 A/g, 60 s).

In order to investigate further the activation process observed with the
increase in area of the cyclic voltammograms for the Mni ,AC@QMWNT

electrode, electrochemical impedance spectroscopy was performed before
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(cycle 1) and after electrode activation (cycle 100 and 1000) in a 2 M KClI
aqueous electrolyte (Figure 2d). A Bode-type representation of the modulus of
the impedance (Zmoq) Vversus the logarithm of the frequency shows that the
capacitance of the Mn ,AC@MWNT electrode increases with the first 100
cycles and remains unchanged after 1000 cycles that is consistent with cycling
voltammetry measurements. The overall reduction on the electrode resistance
can be understood in terms of continuous improvement of the contact
resistance between the Mnj,Ac and the nanotube that enhances the ionic
diffusion leading to capacitance activation. This only can be explained with the
disaggregation of the Mnj,Ac nanoclusters into very small clusters and these
into molecules within the host nanocontainers after cycling. An increase of the
electro-active surface area is expected, as a result of this process that is induced

by the electron reduction of Mnj,Ac that takes place during the discharging.
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Figure 3. Dynamic behaviour of guest Mn;,Ac molecules encapsulated within a
carbon nanotube under (a) continuous and (b) discontinuous charge—discharge
cycling. (a) upon discharging the cluster aggregation is reduced as a
consequence of the electron reduction of Mn;,Ac concomitant with the
penetration of K* within the carbon nanotube channels. The decomposition of
Mni,Ac via electron reduction into Mn3;O, and/or the release of [Mn;,Ac]"™ from
the internal cavities of the host-nanocontainers may explain the decrease in
capacitance observed after an outstanding number of cycles. (b) The fragmented
nanoclusters [Mn;,Ac]" are likely to reorganize into thermodynamically more
stable aggregations, as a consequence of the time delay between charge-
discharge cycles. K*, CI" and Mny,Ac are shown as blue, green and red circles,
respectively.

The dynamics of the activation process can be understood from
galvanostatic charge—discharge studies. As it is shown in Figure 2e, when
Mn1, AcC@MWNT undergoes continuous cycling at a current density of 0.8 A/g
the activation leads to an increase in capacitance of almost 5 times after just 20
cycles that decreases very slowly to be negligible after 7000 cycles (Appendix
IV, Figure 20). A similar behaviour is found at lower current density (0.4 A/g),
however, as the ionic transport is less diffusion-limited under these conditions,
a greater increase in capacitance is observed for the activation (more than
seven times after 30 cycles) (Appendix IV, Figure 21). Although we are not
able to visualise the actual mechanism of the activation process, it is quite
likely that K* ions would be strongly attracted to the negatively charge

nanoclusters that break into smaller clusters due to columbic repulsions in the
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discharging where the electron reduction of the Mnj,Ac takes place (Figure
3a). The breaking up of the nanoclusters after reduction might be induced by
the penetration of K' ions into the nanotube channels and, vice versa.
Considering that the [Mn1,Ac]"—nanotube interactions are driven by columbic
forces, the fragmented nanoclusters are likely to be highly mobile on the
nanotube sidewalls, leading to disorder aggregations within a one-dimensional
restrictive space. If this process takes place in an unconfined space, the
fragmented nanoclusters would quickly disassemble from the nanotube,
abandoning the electrode surface and reducing the cycling stability. When the
potassium ions are desorbed after charging, it is plausible that the formed
aggregates rapidly reorganise to assemble on the nanotube walls by van de
Waals forces. This spatial reorganisation together with the size reduction of the
fragmented nanoclusters is expected to facilitate ionic diffusion within the
nanotube channels and give rise to less disrupted transport pathways. This is in
agreement with the gradual capacitance increase observed for cyclic
voltammetry experiments under acid conditions after 200 cycles (Figure 2c), as
the solvated ion size for protons (900 pm) is larger than for potassium (300
pm).B%3 |t is worth mentioning that no activation has been previously
observed for molecule metal clusters adsorbed on the external surface of
carbon nanotubes in which the stability of these systems is restricted only a few

cycles.[*®]

When a time delay between each charge—discharge cycle is considered at a
current density of 0.8 A/g, the activation leads to the same increase in
capacitance as in the experiment with continuous cycling (Figure 2e and 2f).
However, after 50 cycles the activation readily decreases reaching a constant
capacitance value (330 %, > 400 cycles) that is in sharp contrast with the
gradual capacitance decrease observed for the experiment under continuous
cycling (Appendix 1V, Figure 19). Thus, [Mn2Ac]™...[Mng,Ac]™ interactions
must be considered to explain the differences in behaviour. By inserting a time
delay after each cycle, the disordered fragmented nanoclusters are likely to
reorganize into thermodynamically more stable aggregations contributing to
the energy dissipation at the electrode (Figure 3b). As this cluster—cluster
aggregation is kinetically unfavourable, a continuous size reduction of the
fragmented nanoclusters is expected under constant cycling. The gradual
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decrease in capacitance activation might be then explained due to the
decomposition of the formed isolated Mn;,Ac molecules. However, the fact
that the Coulombic efficiency remains unchanged with the loss of capacitance
activation may suggest that Mn;,Ac molecules may leach out of the carbon

nanotubes instead of decomposing.

The structure of the one- and two-electron reduced complexes remains
practically unchanged with respect to the neutral complex [Mni2]° and the
added electrons in [Mny,]” and [Mny,]* go to the outer Mn(lll) atoms
converting them to Mn(l1) (Figure 1a).E%? 1t is worth noting that in the solid
state the electrons are known to be valence-trapped and the positions of the
cations in the [Mn12]"% salts are located slightly above the x—y plane of the
Mny..B*U Thus it can be concluded that, the adsorption/desorption of K,
concomitant with the reduction/oxidation of the fragmented Mn,Ac
nanoclusters encapsulated within the carbon nanotubes, is the origin of
capacitance enhancement, but not the only one. To prove that the enhancement
in capacitance can also be attributed to a deviation from unity of the ratio of
numbers of ions of different charge (i.e. K and CI) within the host-
nanotubes®?’ open circuit potential measurements were performed after
applying a negative potential to the activated Mn;,AC@MWNT electrode that
became negatively charged (Figure 4). A clean glassy carbon electrode was
tested under the same conditions as background experiment (Appendix IV,
Figure 22). As shown in Figure 4, a positive increase in the potential of the
hybrid electrode relative to the reference electrode is always observed when the
cell is allowed to equilibrate after external stimulus (negative potential). Under
these conditions only the K* ions that are not bonded to the [Mn;,Ac]™ would
be able to migrate out of the carbon nanotube channels to compensate the
charge difference in the bulk electrolyte. Interestingly, the time for the cell to
equilibrate decreases drastically with increasing number of open circuit
potential experiments (from 60 min. to 26 min. after the electrode is negatively
charge ten times). This indicates that during the insertion and removal of K*
within the nanotubes channels a structural reorganisation of the encapsulated

nanoclusters is taking place facilitating the ionic migration.
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Figure 4. Capacitance enhancement can also be attributed to the deviation from
unity of the ratio of K and CI° within the host-nanotubes. Open circuit
measurements were carried for one hour after applying a negative potential.
Schematic representations in A and B show that only the K* ions that are not
bonded to the [Mny,Ac]™ would be able to migrate out of the carbon nanotube
channels. K*, ClI" and Mn;,Ac are shown as blue, green and red balls,
respectively.

4.3 Conclusion

In conclusion, this study outlines a new strategy for energy storage devices.
Our strategy exploits the multi-electron redox properties of molecular metal
clusters confined within the internal cavities of carbon nanotubes. The carbon
nanotubes act as both host-containers, ensuring both an intimate contact at
molecule cluster level, and as a conduit for smooth electron transfer in a
protected surrounding. We identify the key processes that lead to capacitance
activation: (1) fragmentation of confined Mn;,Ac nanoclusters which undergo
oxidation/reduction that is concomitant with the adsorption/desorption of K*
ions, and (2) insertion/removal of K* ions within the nanotubes channels.

Experimental evidence suggests the coupling of these two processes under a
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potential change (external stimulus). This is the first example reporting the
synergetic coexistence of capacitance effects and multi-electron redox
reactions within the internal cavity of carbon nanotubes. The one-dimensional
confinement allows clustering aggregation that triggers the long-term cyclic
stability (chemical stability). The nanoscale hybridization of the Mnj,Ac
nanoclusters improves the rate capability and accounts for the high values on

energy a power density found.

The surprising capacitance activation observed in Mnj;,AC@MWNT may
open new avenues for energy storage devices that have not been considered so
far. The electrochemical properties of Mnj,AC@MWNT and the complex
dynamic behaviour of the confined Mnj,Ac nanoclusters studied here may
pave the way for future applications of these materials in smart electrochemical
devices (brain-type memories) for the development of neural implant

electrodes and spintronic applications.
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4.4 Experimental part

Preparation of short and open graphitized MWNT via
oxidative cutting

GMWNT (200 mg) were added to a 16 M solution of nitric acid (50ml) and
the resulting black suspension was treated with ultrasound in a water bath for
30 min at room temperature. The suspension was then heated in air under
reflux for 5h. The resulting mixture was then diluted with deionized water (200
ml), filtered using a 0.45m pore size PTFE membrane filter, washed thoroughly
with water until neutral pH and ethanol (50 ml) and dried under vacuum to
yield a black solid (192 mg). The product was then placed in an alumina
crucible and heated in air at 700°C until weight loss of 80% was achieved.

Preparation of Mnj,AcC@MWNT and Mn3O,@MWNT

Mny, was synthesized following the procedure described previously.[>**!

Subsequently, freshly annealed short and open graphitized MWNT (10 mg)
were added to a suspension of Mnjp;Ac (30 mg) in hexane (8 ml), and the
resulting black suspension was transferred into a 10 ml autoclave that was
topped up with supercritical carbon dioxide (40 °C, 275 bar). The pressure was
cycled between 270 bar and 120 bar for 20 h. The resulting black solid was
then washed with 250 ml acetonitrile and filtered using 0.2 m pore size PTFE
membrane filter to give Mnj,AC@MWNT (14.2% wt of Mnj,Ac). After
heating at 340 °C on air, Mn3O, is formed as a product of thermal
decomposition of Mny,Ac in MWNT to yield Mn;O,@MWNT (5.6% wt of
Mn30,). Details for the preparation of short and open graphitized MWNT via
oxidative cutting and the quantification of the amount of Mnj,Ac inside

nanotubes can be found in supplementary material.
Electrochemical tests

Electrodes were tested on PGSTAT 304 (Autolab) in a three-electrode
electrochemical cell using 2M KCI aqueous solution as electrolyte at room
temperature. For the experiment under acid conditions an aqueous solution of
HCIO, (pH = 4) was used as electrolyte instead. Prior to modification, the
glassy carbon electrode (GCE) was well polished with aqueous slurries of

alumina powder (0.05 pum), rinsed and ultrasonicated in distilled deionized
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water. A Pt wire and Ag/AgCI (saturated KCI) were used as the counter and the
reference electrode, respectively. The modified electrode was prepared by
mixing the active material (Mn ,AC@MWNT, MnpAc, GMWNTs and
Mn;0O,@MWNT), carbon black and poly(tetrafluoroethylene) (PFTE) in a
mass ratio of 70:20:10 to form a homogeneous suspension in hexane. The
suspension was dropped cast onto the GCE and let it to dry under a stream of

nitrogen before measurements.
Characterisation

Cylic voltamograms were performed at 0.1 V/s in a potential window of -
0.3 to 1V. Charging-discharging curves were carried out at different current
densities (0.3, 0.5, 0.8, 1, 3, 5 and 10 A/g) from -0.3 to 1V. For the hybrid
electrode (MniAcC@MWNT), the specific capacitance (F g™) was calculated
based on the total mass of the active material (Mni,Ac) using the next equation
Csp= It/ (AVem), where I is the constant discharge current, t is the discharging
time, AV is the voltage drop upon discharging and m is the mass of the
electrode material. EIS measurements were performed by applying an AC
voltage with 5 mV amplitude in a frequency range from 0.1 Hz to 100 kHz at
open circuit potential (OCP). OCP protocol was as follow: a negative potential
(-0.3V) was applied to the modified electrode for 10 min. Subsequently, an
open circuit measurement was run for 1 hour. High-resolution TEM imaging
and energy-disperse X-ray analyses were performed using a Jeol 2100F
transmission electron microscope using an accelerating voltage of 100kV.
TEM samples were prepared by casting several drops of hexane suspension of
Mn,AC@MWNT and Mn3O,@MWNT onto copper-grid mounted ‘lacey’
carbon films before drying under a stream of nitrogen. TGA measurements

were carried out on a SDT Q-600 TA instrument over the range 25-1,000°C in

air and at a scan rate of 5°Cmin™.
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Chapter 5

Templating effect of carbon
nanofibers for the in situ synthesis
of metal oxide nanoparticles: effect

of nanoscale-confinement
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5.1 Introduction

Nowadays, a significant effort is being made in developing functional
nanomaterials which can offer new solutions for catalysis, bioimaging,
electronics and renewable energy.’! However, the shortage of some
technologically important chemical elements, including many transition metals,
demands long-term stability of the material to ensure that functional properties
are retained during the exploitation cycle.

In this context, manganese compounds have received considerable attention
not only for their relatively high abundance, low cost, environmental benignity,
and structural versatility!? but also because they offer a wealth of applications
and excellent performance in the field of electrochemical energy storage and
conversion.®! For example, manganese oxides (Mn,Oy) are the most promising
electrode materials for charge storage applications in cathodes of secondary
lithium  batteries,  electrochromic  devices and  electrochemical
supercapacitors.) Similar to other transition metal oxides, they store
electrochemical energy by the simultaneous injection of electrons and
adsorption of cations. Manganese-based oxides have been combined with
different carbon nanostructures in order to improve not only a higher surface
area of the active material but also film conductivity, due to the carbon
nanostructures.’) For example, MnsO, nanocrystals have been successfully
dispersed on reduced graphene oxide, delivering higher lithium storage
capacity in comparison to pure Mn3;O.[" However, there is a general
consensus that the manganese dissolution during the charge-discharge cycle is
the key problem hindering the application of electroactive Mn,Oy as electrode
material.l”” Mn cation dissolution not only adversely affects capacity retention
through the loss of active material but also can cause the formation of an
undesired solid electrolyte interphase (SEI) on the negative electrode of a
lithium battery. Delacourt et.al, revealed that manganese cations trapped in the
solid electrolyte interphase undergo a multiphase transformation reactions
leading to severe structural changes and electrolyte decomposition,® which

illustrates the detrimental effects caused by manganese dissolution.

Three main approaches have been explored to combat the problem of

dissolution. The first is based on the substitution of manganese in a LiMn,0O4
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crystal lattice by cations such as Co** AI** and Ti**, which also reduce the
electrochemical activity of the material due to the dopant cations.®*% An
alternative approach involves coating the surface of manganese oxide with a
thin layer of less soluble metal oxide, such as ZnO, NiO and C0304.2**® These
core-shell electrodes possess remarkable stability and retention of 97% over
100 cycles at high temperature, which is a significant improvement on the
performance of the core electrode which drops 35.3% under the same
conditions.** However, uniformity and continuity of the coating layers may
make it difficult to control the insulating nature of the coated oxide, and may
block ionic and electronic transportation channels, therefore decreasing the
storage ability. More recently Zhan et.al reported an effective approach to
supress manganese dissolution via a nanoscale surface-coating by atomic layer
deposition of electrochemical inactive cations incorporated only into the
surface of the spinel LiMn,O4 both protecting the bulk LiMn,O, from acid
corrosion, such as a surface-coating layer, but maintaining the ion and charge
transport channels on the surface.!* Protective coating with a polymer can also
enhance the electrochemical utilization of well-dispersed manganese oxide
nanoparticles while suppressing the dissolution related to the structure
evolution during cycling.[*® For example, mesoporous carbon/MnO, composite
covered with polyaniline showed a capacitance retention of 88% after 1000
galvanostatic charge-discharge cycles in acid media.l'”! As an alternative to the
protective coating methodology which may have negative impact on the
electrode rate capability, dissolution of manganese compounds can be
supressed by adding to the electrochemical media either NaHCO3 or Na,HPQy,
improving electrode cyclability to over 1800 cycles, as demonstrated by

Komaba et. al.[*®!

The present study explores an alternative and simple approach to mitigate
manganese dissolution via encapsulation in hollow tubular carbon
nanostructures, which does not require any chemical modification of the
manganese oxide nanoparticles nor the composition of electrolyte. Carbon
nanofibers (CNFs) stands as the ideal candidate due to their low cost as well as
their large internal diameter (63 £ 26 nm), which exhibit corrugated surfaces
due to their internal layers composed by 13-15 nm stacked-nanocones
(Appendix V, Figure 1). These corrugated graphitic cavities have already
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shown an effect on the nanoparticles by controlling the nanoparticle positions
(97 and growth.?” Additionally, CNFs can provide excellent electrical contact
between the nanoparticles and the macroscopic electrode due to the high

conductivity of CNFs.!?!

Most importantly, the nanoscale confinement
prevents the dissolution of nanoparticles without detrimental effects on ion or
charge mobility, thus yielding a new hybrid material with superior
electrochemical stability. This study is specifically focused on Mn3O, phase
which is known to be kinetically more likely to dissolve as compared to other

oxides, such as Mn,O3 or MnO, ?%

5.2 Results and discussion

Synthesis and characterization of metal oxide-carbon hybrids. The

synthesis of pseudo-spherical Mn3O4 NP is based on the developed approach

(23] which requires a basic reaction medium obtained by the

[24]

for Hyeon’s group
hydrolysis of acetate:
CH;C00~ + H,0 — CH;COOH + OH™ (1)
3Mn?* + 60H™ + (1/2)0, » Mn;0, + 3H,0 (2)

Briefly, manganese acetate is added to a solution of oleylamine, which acts
as a ligand stabilising the surface of the growing nanoparticle, in xylene and
subsequently heated to 90°C in air atmosphere. Once the temperature is
achieved, 1 mL of DI water was injected into the solution under vigorously
stirring and aged for 3 hours. Subsequently, pseudo-spherical nanoparticles of
11 + 3 nm diameter are obtained after purification (Appendix V, Figure 2). A
similar procedure was followed to synthesise nanoparticles of Mn3O,4 within
CNF cavity by immersing open CNFs into a solution of manganese acetate
with oleylamine/xylene. With the aim of tuning the number of nanoparticles
that are synthesized inside the carbon nanofibers (CNFs), the carbon surface
was previously oxidized by acid treatment (HNO3). X-ray photoelectron
spectrometry (XPS) confirms the differences in oxygen content (O%) on the
surface a different nanofibers labelled as CNFg, CNF, CNFac and CNFox
according to their oxygen content, 0.4, 1.2, 2 and 11.4, respectively (Appendix
V, Figure 3). Hence, when the nanofibers surface is oxidised by acid treatment

(i. e. CNFac and CNFpx) prior Mn3O,4 formation, the nanoparticles are formed
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(a) In situ synthesis:
CNF Mn(acetate), + CNs CNF,c

CNFsurface‘
ol 3 o ‘(C)fz

CNF, surface

Step-edge

l nucleation

Electrostatic
interactions

Figure 1. (a) Schematic synthesis of Mnz;O,@CNF (left-hand-side) and
Mn304/CNFac  (right-hand-side) showing both the smooth exterior and
corrugated interior (black arrows) of CNFs. (b) The In situ synthesis of Mn;0,
NPs was performed in the presence of pristine CNF, leading to the formation of
nanoparticles (red arrows) located inside CNF (MnzO4/CNF). (c) In order to
study the effect of nanoparticle encapsulation, a similar nanoparticle synthesis
was carried out in the presence of acid treated CNF (CNFac), forming
Mn3O4/CNFac hybrid where nanoparticles were mostly deposited on the outer
surface of CNF,c due to initial electrostatic interaction between Mn?* cations
(purple) and oxygen groups (pink) at the carbon surface. (d) TEM image of
Mn3;04/CNF, showing nanoparticles positioned inside CNF cavity at the step-
edges. (e) TEM image of Mn3;0O4/CNFAc, showing that most of the nanoparticles
are located outside the CNFac. Scale bars, 20 nm (b,c) and 50 nm (d,e)
respectively.

predominately on the exterior of CNFac (Figure 1c and Appendix V, Figure 4).
As the oxidative treatment of CNF leads to the structural defects in the sp*
carbon lattice, and functionalisation with oxygen-containing groups, such as
carboxyl, epoxide or hydroxyl groups, on the surface of CNFac which are able
to bind manganese cations during the nanoparticle synthesis, resulting in the
nucleation and growth of nanoparticles mainly on the outer surface and acting

as anchoring sites for Mn3zO, NPs (Figure 1e)_[25-26]

In pristine CNFs, the
absence of such defects on the surface ensures that manganese cations to
interact equally with both the outer and the inner carbon surface of CNF during
the synthesis. However, the internal CNF step-edges of 3-4 nm high ensure a

larger surface of contact with growing nanoparticles than the smooth outer
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surface, thus providing more effective nucleation centres and the anchoring
points for Mnz;O4 NP inside CNF (Figure 1d).1?"

Figure 2. TEM images Mn3O,/CNFg. Scale bars are (a) 50, (b) 20 and (c) 10
nm, respectively

When the in situ synthesis is carried out in the presence of low oxygen
content carbon nanofibers (CNFg, O < 1%), synthesized Mn3O4 NPs were
larger and more faceted (Figure 2a) compared to free-standing Mn3O4 NPs. A
close inspection at the carbon nanofiber interiors by TEM reveals the existence
of NPs, proving carbon nanofibers as nanoreactors for the synthesis of metal-
oxide nanoparticles (Figure 2b). Analysis of the side dimension of the
encapsulated nanoparticles in Mn;O4/CNF¢ reveals a size similar to the step
length, formed by few layers graphene-stacked (18 + 6 nm length), enabling
the nanoparticles to grow and arrange within a chain in just one step synthesis
(Figure 2c and Appendix V, Figure 5). It is important to highlight that large
and faceted nanoparticles (Appendix V, Figure 6) are also observed after
repeating the same synthetic procedure in the presence of graphitized MWNTSs
(Appendix V, Figure 7). Nanoparticles were not synthesized inside GMWNTSs
due to their narrower internal diameter (4 £ 2 nm) with respect to CNFs (63
23 nm). Thus, these observations suggest that the carbon surface can tune the
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morphology of Mn3O, NPs from small and pseudo-spherical to large and
faceted nanoparticles.
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Figure 3. (a) TEM image of Mn3O4/CNFc hybrid after purification (named as
Mn3;0,@CNFAc), showing small amount of nanoparticles inside. (b) Correlation
of the total metal oxide loading in the purified hybrids (based on TGA
measurements in air) with respect to the superficial oxygen content (based on
XPS measurement) on the carbon nanostructure (0.4, 1.2, 2 and 11.4 for CNFg,
CNF, CNFac, and CNFqyx, respectively). Scale bar is 50 nm.

Previous studies have shown that the morphology (size and shape) of
nanocrystals are very sensitive to changes on experimental conditions such as
precursors/surfactant ratio, temperature, time, solvents, pH, mechanical
agitation and even a magnetic field.?* However, to the extent of our
knowledge, graphitized carbon nanostructures (i. e. small oxygen content) have
not being shown to affect the synthesis of nanoparticles. Based on the
experimental results, we may propose the nucleation and growth mechanisms
of Mn30O4 nanoparticles during the in situ synthesis. In our system, the carbon
nanostructure, and specially, their superficial functionalization, plays a role
during the in situ synthesis of the metal oxide-carbon hybrid material, as other
experimental parameters such as temperature, solvents or reaction time are
similar in all the experiments. The Hyeon group performed several experiments
to fully understand the formation mechanism of free-standing Mn3O, NP,
proposing manganese oxide Mn(OH), , which can be generated during the hot-
injection of DI water in the presence of oleylamine, as an intermediate that
only contributes to the nucleation. In contrast, manganese-oleylamine (Mn-
OAM) complex contributes to the shape-controlled growth process as the
experimental results suggested a selective attachment onto the (001) plane of

Mn30,2. Therefore, any interaction of the carbon nanostructure with these
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two intermediate species (Mn(OH), and Mn-OAM) during the synthesis would
have a dramatic impact on the final nanoparticle morphology.

In our experiments, the smaller nanoparticle size found in Mn3O4/CNFac
with respect to free-standing Mn3;O4 NPs (Appendix V, Figure 8), 8 £ 2 and 11
+ 3 nm, respectively, confirms that oxygen containing groups on the carbon
surface additionally act as nucleation points. Thus, the presence of oxidized
carbon nanofibers (i. e. CNFac) does not substantially modify the nanoparticle
synthetic pathway as similar pseudo-spherical nanoparticles are observed,
compared to free-standing Mn3zO, NPs. An indirect observation of a strong
interaction of the Mn*" with the oxidized carbon surface would be inversely
related to the total Mn3O, weight encapsulated inside hollow tubular
nanostructures. To investigate this point further, all hybrid materials were
purified after the synthesis by removing the NPs located on the outer surface of
the nanofiber via sonication in hexane and subsequent filtration. As it can be
observed in Figure 3a, a significant difference of the nanoparticle content is
observed after purification (Mn3Os@CNFac) with respect to Mn3O4/CNFac
(Figure 1e) so most of nanoparticles are located inside CNF (Appendix V,
Figure 9). Thermal gravimetric analysis of the purified hybrid materials shows
that higher amount of manganese oxide remains in Mn3O,@CNF¢ with respect
to Mn3O4@CNFac, being the values 19.4 and 3.3% respectively. Hence, a
correlation is stablished between the weight of manganese oxide of the purified
hybrids at 1000°C (encapsulated) with respect to the superficial oxygen content
measured by XPS (Figure 3b), revealing a low nanoparticle content for a high
oxygen-containing groups surface as a consequence of oxygen containing
groups on the carbon surface acting as nucleation points via electrostatic

interactions (Figure 4a).B
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Figure 4. Schematic representation of in situ synthesis of Mn3zO, nanoparticles
in the presence of (a) CNFg and (b) CNFac. In the presence of CNFac, the
nucleation process (represented by the blue zone) would be favoured with
respect to the growth process as the oxygen-containing groups in the carbon
surface would additionally acts as nucleation points via electrostatic interaction.
Conversely, the non-covalently m-m stacking interaction between the alkenyl
functional group (-CH=CH-) and the aromatic graphitized surface as well as van
der Waals interaction with the alkali chain of oleylamine with the carbon
surface would drive the Mn-OAM complex towards the carbon surface (both
inside and outside), enhancing the growth (represented by the pink zone)over
the nucleation process.

In contrast, the presence of large and faceted nanoparticles suggests a
change on the nucleation/growth ratio when using low oxygen content carbon
nanostructures (i. e. CNFg or GMWNTs). Due to the lack of oxygen-
containing groups or, in other words, the highly graphitized carbon surface, an
interaction between the oleylamine with the carbon surface is expected via a
non-covalent z- 7 stacking interaction between the alkenyl functional group (-
CH=CH-) of oleylamine and the aromatic graphitized surface as well as van
der Waals interaction of the long alkali chain (— (CH2)7—) with the carbon
surface (Figure 4b). This effect would be the driving force for the Mn-OAM
complex to completely surround the carbon surface (both inside and outside).
Simultaneously, the hydrophobicity of the graphitized carbon nanostructure
would hinder the formation of numerous Mn(OH), nucleation points when the
hot-injection of H,O takes place. Thus, the combination of the mentioned
effects together with the observed template effect of the internal nanocone

would lead to large and faceted nanoparticles when the synthesis is performed
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in the presence of highly graphitized carbon nanostructure (CNFg and
GMWNTS).
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Figure 5. (a) Powder XRD pattern and (b) IR spectra of pristine CNF (black),
Mn3;04/CNFg (green) and MnzO4/CNFc (red). High resolution TEM images of
() Mn304/CNFac and (e) Mn3O4/CNFg. (d,f) Interplanar spacing (d) is
calculated using the equation: d = D / (L-1), where D and L stand for the total
distance and the numbers of layers, respectively, as measured in the line
profiles (d,f) of the HRTEM images. Scale bars are (¢) 5 and (c) 2 nm,
respectively.

Despite the observed morphological differences between the nanoparticles
with respect to the carbon nanostructure, only the Mn3O,4 phase is successfully
synthesized in all the hybrid materials. The XRD pattern is indexed to
Hausmannite Mn3O, (JCPDF file no. 80-0382) where sharp diffraction peaks
in the XRD pattern of Mn3zO4/CNFg are indicative of highly crystalline
nanoparticles (Figure 5a, green), which is in line with HRTEM observations
(Figure 5e-f and Appendix V, Figure 10). Nanoparticles in Mn3O4/CNFac and
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Mn3O4,@CNF have lower crystallinity due to their small size, being confirmed
by the slightly broader diffraction peaks in the XRD pattern (Figure 5a, red and
Appendix V, Figure 11) as well as by HRTEM analysis (Figure 5c¢). The
crystal lattice fringes can just be attributed to the Mn3;O,4 (Figure 5d-f and
Appendix, Figure 12). In addition, the sharp peaks at 628 and 524 cm™
observed by IR were assigned to the characteristic of coupling modes between
Mn-O in tetrahedral and octahedral sites for Mn3O,4 nanoparticles (Figure 5b
and Appendix V, Figure 13). B4 Therefore, the carbon nanostructure surface
does not appear to affect the chemical composition of the nanoparticles but

their growth mechanism.
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Figure 6. Cyclic voltammetry of (a) Mn;O4/CNFac, before (red) and after
washing (pink), and (b) Mns;O4/CNFg (green) with respect to the carbon
nanostructure (CNFac grey and CNF black) at 0.1V/s in 2M KCI. Specific
capacitances of Mn3;O4/CNFac, Mn;O,@CNF5c and Mn3O4/CNFg are 17.8, 9.6
and 8.3 F/g, respectively.

Figure 6 shows that the Mn3O4/CNFac hybrid, where large amount of small
pseudo-spherical nanoparticles decorating the surface of CNFac, shows the
largest current response (Figure 6a, red) with respect to large faceted NPs in
Mn3;04/CNFg (Figure 6b, green). Their specific capacitances are 17.8 and 8.3
F/g respectively. In addition, the Mn3O4@CNFac hybrid, despite itss lower
manganese oxide content with respect to Mn3O4,/CNFg (3.3 and 19.4%,
respectively), exhibits a higher current response (Figure 6a, pink). Thus, small
nanoparticles are a better candidate for electrochemical storage applications
due to their high surface area in comparison to large and crystalline

nanoparticles.

In this context, Mn3O4/CNFac and Mn3O,@CNF hybrids are ideal systems

to investigate the confinement effect of nanoparticles within CNF. It is
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important to highlight that large field of view TEM images clearly demonstrate
that Mn3;04/CNFac (Figure 1e) contains more nanoparticles than Mn;O,@CNF
(Figure 1d), which is corroborated by TGA measurements quantitatively
showing that MnzO4/CNFac have almost 4 times more Mn304 (by weight) than
Mn;0,@CNF (Appendix V, Figure 14). Closer inspection of high-
magnification TEM images reveals that while the nanoparticles have the same
shape in both materials, they are slightly smaller in Mn3O4/CNFac as compared
to Mn3O,@CNF, with the average diameters being 8 + 2 and 10 = 2 nm
respectively (Appendix V, Figure 8). This small but measurable difference is
likely to be a result of a higher number of nucleation points in CNFac than in
pristine CNF leading to a larger number of smaller nanoparticles in the former

case as previously discussed.

In order to further investigate the effect of nanoparticles confinement in
CNF, a separate batch of Mn3O, NPs was synthesized using the same
conditions as for the preparation of Mn3O,@CNF, but without CNF, leading to
free-standing spherical nanoparticles (s-MnsO,, 11 + 3 nm).”®! In parallel,
another batch of Mn3O4NP was made by extending the reaction time from 3 to
8 hours yielding nanoparticles with the ‘nanobrick’ morphology (b-Mn3QO4,
approximately 10 nm x 10 nm with ~5.7 nm thickness). The pre-formed
nanoparticles have been inserted into CNFs using previously reported
methods,?? producing s-Mn;O04s@CNFac (Appendix V, Figure 15) and b-
Mn;04,@CNF (Appendix V, Figure 16) which give ideal control systems for
comparison with the Mn;O,@CNF where nanoparticles were formed in situ
inside CNFs.

Electrochemical storage properties and stability. Overall, Mn3O4/CNFac
and Mn3O,@CNF possess similar size, shape and chemical composition of the
metal oxide nanoparticles but with significantly different environments around
the Mn3O,4 centres, such that comparison of electrochemical performance of
these nanomaterials can help to assess the impact of nanoscale confinement on
the functional properties of the nanoparticles and to harness them in practical
applications (Figure 7a-b). In addition, electrochemical performance of s-
Mn3O4@CNFac can stablish the advantages of in situ synthesis with respect to

the conventional two-steps approach synthesis while comparison with b-
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Mn3;0,@CNF can illustrate the importance of the nanoparticle shape and size.
The metal oxide-carbon nanostructures were deposited on a clean glassy
carbon surface by drop casting and were studied in cyclic voltammetry
measurements at 0.05V/s in 2M KCI. CV measurements indicate a capacitance
(calculated from the area under the curve) of Mn3zO4/CNFac 4 times higher
than Mn;O,@CNF (Figure 7c), which is related to the higher amount of metal
oxide and smaller nanoparticles in the former material. In addition, inorganic
oxygen-containing groups on the CNFac may further contribute to the

capacitance of MnzO4/CNFac (Appendix V, Figure 17).

(c)

——— Mn30,/CNF,.
Mn304@CNF
5 21
<
3 04
Mn;0,@CNF . F%?ential (Vvs AQC}EQCD
(b) (d) 90
o \\\ //} ™ . I Min;0,/CNFy
o |\ oe S | Mn0,@CNF
) e <
72 | 4. 2 %1
7% \& % . &
[ hd 8
_______ ;.% 30 4
Mn304/CNFAC (%_
O_

Expected Experimental

Figure 7. (a) and (b) are schematic representation of Mn3;O,/CNF and
Mn3O4/CNF ¢ respectively. (c) Cyclic voltammogram of Mn;O,@CNF (blue)
and Mn3zO4/CNFac (red) at 0.05V/s in 2M KCI. (d) Expected (based on charge-
discharge values of individual building blocks, e.g. Mn;O4,NP and CNF in
separation) and experimental specific capacitance (based on charge-discharge
cycle at 0.5 A/g) of Mn;O,@CNF (blue) and Mn3O4/CNFc (red), showing a
greater synergetic effect when nanoparticles are located inside CNF
(Mn;O0,@CNF) than outside CNFac (Mn3;O4/CNFAc). Because the two hybrid
materials have different amounts of nanoparticles, the capacitance was
normalized with respect to the amount of Mn;0, of each sample for the sake of
comparison (defined as specific capacitance).

It is important to mention that the specific capacitance of the hybrid material
is not always a sum of the specific capacitance values of their building blocks

(Appendix V, Table 1). For example, in contrast to agglomerated nanoparticles,
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well-distributed nanoparticles on a surface would have larger surface available
which would enhance the specific capacitance. Hence, the in situ synthesized
Mn304/CNFac and Mn3O,@CNF show experimentally measured specific
capacitances of 9 and 11 times higher than expected for the sum of the
constituent components (Figure 7d). The greater synergy effect for
Mn;O,@CNF suggests that nanoparticles inside CNF not only may have a
better dispersion but, more importantly, a stronger interaction with the carbon
support than nanoparticles located outside CNFac, highlighting the benefit of
confinement for the effective electric contact between the Mn3zO4NP and the
carbon nanofiber. Interestingly, preformed s-Mn3O4 NPs inserted into CNFac
(s-Mn3;0,@ CNFac) have an experimental specific capacitance no more than
twice of the expected for the separate components, exhibiting only a low
synergetic effect (Appendix V, Figure 18), which is in sharp contrast to the
remarkable synergetic effect observed in Mn;O,@CNF hybrid (Figure 8f).
Thus, in situ synthesis of metal oxide nanoparticles directly in carbon
nanostructures is demonstrated to be a more effective approach as compared to
the conventional approach (pre-formed nanoparticles inserted in CNF) for the
capacitance due to the formation of a more intimate nanoparticle-carbon

contact.
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Figure 8. (a) Cyclic voltammograms of Mn3;O4/CNFac (n=1, n=150 (dashed))
with respect to CNFac (grey) at 0.05V/s in 2M KCI, showing a low cycling
stability. (b) Cyclic voltammograms of Mn;0,@CNF (n=1 and n= 200 (dashed))
with respect to pristine CNF (black), showing an increment in current after 200
cycles at 0.05V/s in 2M KCI. (c) Galvanostatic charge-discharge cycles of
Mn3;04/CNFac (n=1, n=200 (dashed)) with respect to CNFAc (grey) at 0.5A/g,
showing a decrement of capacitance after cycling in 2M KCI. (d) Galvanostatic
charge-discharge cycles of Mn;O,@CNF (n=1, n=400 (dashed)) with respect to
CNF (black) at 0.5 A/g, showing an increment of capacitance after cycling in
2M KCI. (e) Capacitance retention of MnzO4/CNFAc hybrid (red), b-
Mn;O,@CNF composite (orange), s-Mnz;O,@CNFsc composite (purple) and
Mn;0,@CNF hybrid (blue) during 400 cycles at 0.5 A/g in 2M KCI. (f)
Synergy, being the ratio between experimental and theoretical specific
capacitance, of Mn;O,@CNF hybrid (blue) with respect s-Mnz;O,@CNFac
composite (purple) shows the benefits of in situ over conventional synthesis
procedure.

Detailed CV measurements performed for both in situ synthesized hybrid
materials under the same conditions (2M KCI electrolyte, room temperature)
show significant differences in electrochemical stability of the two materials.
The stability of nanoparticles outside CNFac appears to be relatively low
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(Figure 8a) as the electrochemical response of Mn3;O4/CNFac decreases
dramatically after 150 cycles and approaches the response of empty CNFac
(grey line). In stark contrast, nanoparticles located inside CNF (Mn3;O,@CNF)
not only retain their properties, but increase their electrochemical response
after 200 cycles (Figure 8b) and maintain the improved electrochemical
performance for 9,000 cycles (Appendix V, Figure 19). Electrochemical
impedance spectroscopy confirms this improvement in the capacitance for the
hybrid material after cycling at 0.05 V/s (Appendix V, Figure 20).
Furthermore, charge-discharge measurements performed in both hybrid
materials under the same conditions reveal an increase in capacitance of
Mn;O4,@CNF (Figure 8d) and a decrease in capacitance of Mn3O4/CNF
(Figure 8c) with the number of cycles, which is consistent with the observed
changes in the electrochemical responses of these materials. This clearly
emphasises the advantages of charge storage for confined Mn3O, NP and
represents a significant improvement in the nanoparticle stability provided by
the CNF nanoscale cavity. Additionally, b-Mn;O4@CNF and s-
Mn3;04,@CNFac show a high capacitance stability during charge-discharge
cycles in 2M KCI at 0.5A/g (Figure 8e) similar to that for Mn3;O,@CNF,
confirming that the encapsulation of nanoparticles is essential for the enhanced
durability of Mn3O4 NPs.

Surprisingly, in spite of their high stability, no measurable electrochemical
activation was observed for b-Mn3O,@CNF after 400 cycles. Due to the
synthetic protocol, preformed block-shaped b-Mn3;O, NPs are surrounded by
almost twice as much surfactant as the more compact spherical Mn3;O4 NPs
(Appendix V, Figure 21). Such a highly protected surface may result in a lower
specific capacitance of the b-Mn;0,@CNF composite (23.7F/g) with respect to
spherical nanoparticles inside CNF (Mn3O,@CNF-58.1 F/g) (Appendix V,
Figure 22). Furthermore, the almost constant electrochemical response during
charge-discharge cycles (e.g. no decrease and no increase in the specific
capacitance with the number of cycles, Figure 8e) may also be linked to a high
concentration of surfactant surrounding the nanoparticle surface in b-
Mn;O4@CNF. It is important to note that the fact that the surface of MnzO4
crystal in the block-NP is flatter than in sphere-NP may also mean that the
crystal facets in b-Mn3O,4 are more stable and less likely to change during the
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Figure 9. (a) Galvanostatic charge-discharge cycles of Mn;O04/CNF (n=1,
n=13,200 (dashed)) with respect to CNF (black) at 0.5A/g, showing an
increment of capacitance after cycling in 2M KCI. (b) Capacitance retention of
Mn3;04/CNF during 13,200 cycles at 0.5 A/g in 2M KCI. (c) STEM image of
Mn;O0,@CNF after electrochemical stability experiment (13,200 cycles),
revealing that nanoparticles remain inside CNF (inverse contrast to bright-field
TEM: nanoparticles are bright white/grey and CNF walls pale grey, and vacuum
is black). (d) Electron energy-loss spectrum of Mn3O, NPs located inside CNF
with peak intensity ratio of 2.7. (e) HRTEM image of Mn3;O4 NPs inside CNF
after 13,200 charge-discharge cycles at 0.5 A/g, showing characteristic inter
planar distance of Mn;O,4 (0.296 [200]). HRTEM of Mn;O0,@CNF (f) before and
(g) after 13,200 charge-discharge cycles at 0.5 A/g. Scale bars are 100 (c), 5
(f,g) and 2 nm (e).

charge-discharge cycling.®™ In addition, electrochemical activation appears to

be directly related to nanoparticles loading. Although showing similar pseudo-
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spherical nanoparticles, with similar sizes (Appendix V, Figure 2), s-
Mn304,@CNFac composite, which has 3.8 wt.% Mn3O4 (Appendix V, Figure
23), shows a smaller electrochemical response increment than Mn;O,@CNF
hybrid with 6.4 wt.% Mn3O,4 under the same conditions (Figure 8e).

As the Mn;0,@CNF hybrid shows the greatest activation among all the
studied materials, the cycling stability experiment was extended over 13,000
cycles (Figure 9a). It is remarkable that this hybrid material becomes almost
five times more active after such a long charge-discharge cycling (Figure 9b).
Previous work showed a specific capacitance activation (between 1.4 to 3.5
times) triggered by the oxidation of Mn3O,4 to MnO, (with the latter being more
electrochemically active) due to Na* intercalation.®®*® This transformation has
previously been studied in detail, for instance, Komaba reported effects of
different parameters, such as milling treatment, the potential range and
electrolyte solution on the Mn3O,4 to MnO, transformation.® To the best of
our knowledge, the specific capacitance activation of Mn3O4NPs has not been
previously reported in aqueous KCI solution.

Characterization of electrochemically activated Mn3;O,@CNF. In order
to gain a better understanding of the mechanisms of the electrochemical
activation described above and to elucidate the chemical reasons for the
continuously increasing capacitance of Mn3O4@CNF during the charging-
discharging cycling, detailed TEM analysis was carried out on the
Mn;0,@CNF material after it had been subjected to around 15,000 cycles.
Remarkably, nanoparticles are retained inside CNFs even after around 15K
cycles (Figure 9c¢) and, surprisingly, there is no measurable increase of the
nanoparticle average size (10-11 nm) after the experiment, although the spread
of the size distribution increases from 2 to 4 nm (Appendix V, Figure 24).
HRTEM images of the inter-planar distances confirm that the nanoparticles
remain as the Mn3O,4 phase after the electrochemical cycling (Figure 9e and
Appendix V, Figure 25) ruling out the oxidation to MnO, or any other chemical
transformation of the manganese oxide as a potential mechanism for the
activation. Additionally, electron energy-loss spectroscopy (EELS), a powerful
local-probe chemical analysis method for determining the oxidation state of

transition metals, shows the intensity ratio of L3(2ps)/L2(2p12) for Mn EELS
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edges as 2.7, as expected for the Mn3;O, phase (Figure 9d).1*"*!! Therefore, the
drastic improvement of the capacitance during the cycling is not related to any
chemical transformation of Mn3;O,4, in particular to MnO;, which is also
consistent with the absence of Na cations in the electrolyte (Appendix VI,
Figure 26).

While no significant changes in size, composition or structure of the
Mn3O4NPs can be detected after the extensive potential cycling, systematic
TEM imaging reveals subtle changes in Mn3;O4NP surface morphology which
may be responsible for the observed increase in their capacitance (Figure 9f).
Such surface transformation (Figure 9g) can be due to the pseudocapacitance
(Faradaic) reactions occurring on the nanoparticle which are known to be the
major charge storage mechanisms for manganese oxides. The initial superficial
oxidation reaction of Mn3O, to MnOOH ((1) to (2), Fig. 6c¢), involves the

surface desorption of electrolyte cations (Cation = H*).[*!

Charging H,O

H,0

H: :+Mn

Discharging

2+

Charging

‘ H,O
MnOOH H Mn?*

Figure 10. Proposed superficial transformation on nanoparticle (Mn3;O4-red)
based on initial oxidation or charging (Mn;0, + 2H,0 - 3MnOOH (orange) +
H* + e7), subsequent reduction or discharge, releasing of Mn?" ions (4MnOOH +
8H* + 6e” > Mn3z0, + Mn?" + 4H,0), and re-capture of dissolved Mn?* upon
oxidation (MnsO4 + Mn?" + 4H,0 > 4MnOOH + 8H"* + 6e°). It is important to
highlight that the dissolution of manganese from one nanoparticle and a
subsequent reduction in a different one can explain the measured increase in the
spread of size distribution.

The subsequent superficial reduction reaction of Mn,03 ((2) to (3), Fig. 6¢)
gives rise to the formation of Mn?* 41 which would deteriorate the

performance of the nanoparticle over cycling (2), such as in the example
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reporting the diffusion of the reduced Mn species, [Mn(H,0)s]*, from the
MWNTSs network into the electrolyte solution, and subsequent deposition upon
oxidation on the electrode surface (not on MWNTSs) thus deteriorating the
electrode performance including the specific capacitance and cyclic
stability.*®! In our case, the encapsulation of MnzO4NPs in CNF hinders the
diffusion of Mn*" to the bulk electrolyte solution, making it easier the re-
capture the manganese cations upon applying an oxidation potential without
detrimental effects on the electrode performance ((3) to (4), Figure 10). The
continuous dissolution and re-capture (3-4) process in the confines of CNF
channel would not affect the manganese nanoparticle phase (staying Mn3O,) or
the loss of the metal from the system, but a subtle structural modification of the
nanoparticle surface, creating “dentate” nanoparticles with an increased surface
area and, hence, higher specific capacitance would take place inside the CNF.
This observation is also in agreement with the fact that b-Mn;O,@CNF
showed no activation effects as the nanoparticle surface in this case is
inaccessible (e.g. high surfactant content) and more stable (due to the lower
curvature than in the spherical NP) in order to undergo increase in the NP

surface roughness underpinning the increased capacitance.
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5.3 Conclusion

A series of metal oxide-carbon nanostructures has been successfully
synthesized via a facile in situ method where it was possible to control the final
nanoparticle loading within the cavities of CNF by tuning the oxygen-
containing groups (nucleation points) on the carbon surface. Interestingly, the
absence of nucleation points (i. e. graphitized carbon surface) modifies the
final nanoparticle morphology, from the expected small pseudo-spherical to
large faceted, via non-covalently interactions between the surfactant with the
carbon surface. It is observed that the unique corrugated internal structure of
carbon nanofibers (CNF) not only allows the arrangement of nanoparticles in
one dimension but also serves as template for the synthesis of faceted
nanoparticles. Furthermore, we have introduced and developed confinement in
carbon nanofibers as an alternative approach stabilising electrochemically
active Mn3zO4NPs against dissolution, oxidation and leaching during the
charging-discharging cycle Mn;O4NPs synthesised directly inside the cavity of
hollow, electrically conducting nanofibers yielded a hybrid material and most
durable capacitance characteristics, with the specific capacitance increasing
over 13,000 potential cycles. In contrast, the nanoparticles grown on outer
surface of CNF or prepared separately and inserted in CNF, exhibited a lower
durability in the charging-discharging cycling and/or weaker synergistic effects
between the metal oxide and graphitic carbon components. The mechanism of
the remarkable performance of Mn3;O4NP formed inside CNF, increasing their
specific capacitance by nearly a factor of 5, have been explored by HRTEM,
STEM and EELS, revealing no chemical changes in structure or in composition
of nanoparticles, and no significant changes in the NP average size. The
remarkable electrochemical stability of MnzO, inside CNF is due to the
nanoscale confinement allowing excellent electrical contact between the metal
oxide and carbon and facilitating re-capture of desorbed Mn?* due to the
nanoscale confinement effects imposed by the CNF cavity. These newly
discovered mechanisms of metal oxide interactions with carbon nanostructures
contribute to the rational design of metal-carbon hybrid nanostructures for
electrochemical applications such as efficient catalysts for energy storage and

energy generation.
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5.4 Experimental part

General

CNF (produced by chemical vapour deposition) were purchased from
Pyrograph. All other reagents were purchased from Sigma-Aldrich (UK) and
used without further purification. Thermogravimetrical analysis (TGA) was
carried out on a SDT Q-600 TA over the range of 25 — 1000°C in air at scan
rate of 5°C/min. Infrared (IR) spectra were measured as KBr discs on a Nicolet
Avatar 380 FT-IR spectrometer over the range of 400-4000 cm™. High
resolution transmission electron microscopy (TEM) imaging, energy-
dispersive-x-ray (EDX) and energy electron loss analysis were performed
using a Jeol 2100F transmission electron microscope at an accelerating voltage
of 200 kV. TEM specimens were prepared by casting several drops of a
suspension of nanofibers in hexane onto copper grid mounted “lacey” or
“holey” carbon film before drying under a stream of nitrogen. Statistical

analysis of TEM images was performed using Gatan Digital Micrograph

software.

Electrochemical experiments were carried out on a computer-controlled
potentiostat (Autolab 201A) at room temperature using a conventional three-
electrode cell with a nitrogen saturated 2M KCI aqueous solution as electrolyte.
A Pt wire and a reversible hydrogen reference electrode (Ag/AgCl) were used
as the counter and the reference electrode, respectively. All potentials were
measured and reported versus the Ag/AgCl at room temperature. 0.5 mg of
active material (in situ hybrid and composites) was sonicated in 0.5 mL of
hexane to form a homogeneous suspension after sonication. It is important to
notice that no binder or conductive carbon was added to the electrode in order
to avoid any side effects. Subsequently, 10 pg of the suspension was placed
onto the surface of glassy carbon electrode (GCE) using a micro syringe and
the electrode was allowed to dry at room temperature before measurements.
Prior to use, the working glassy carbon electrode (3 mm in diameter) was
polished mechanically with aqueous slurries of alumina powder (0.05 um) and
rinse with Mill-Q water and acetone, and allowed to dry under nitrogen. The

capacitance of the hybrid material (C, in F/g) was calculated using
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galvanostatic charging—discharging measurements using the following

expression:

C (F/9) = [tq = i}/AV

where ty (s), i (A/g) and AV (V) are the discharging time in galvanostatic
cycles, the current density and the voltage window, respectively.

In order to have a clear comparison between the performance of both
hybrid, their capacitance was normalized to the amount of Mn3O, using the
following equation to calculate the specific capacitance:

Cs (FIg") = C (F/g) * 100 / %Mn30,
Synthesis of CNFac

A 5M nitric acid solution (50 mL) was prepared and added to a carbon
nanofibers sample (50 mg) the mixture was heated at reflux for 24 hours. After
cooling, the mixture was diluted and filtered through a nylon membrane under
vacuum. The solid was washed with excess deionised water until the filtrate
had a neutral pH. The product was dried with acetone under vacuum and

collected.
Synthesis of CNFg

Carbon nanofibers (50 mg) were sealed in a furnace and purged with a flow
of argon for 1 hour to purge the system before heating up the system to 900°C.
After keeping the temperature for 2 hours, the system was left to cool down.

Synthesis of Mn3O4 NPs (s-MnzO4 NPs)

s-Mn3O4 NPs were synthesized using the previous modified protocol but
without the presence of any carbon nanostructure during the synthesis. To
precipitate the nanoparticles, ethanol (25 mL) was added to the reaction
mixture, and Mn3O, NPs were isolated by centrifugation. The resulting
precipitate was dissolved in hexane and precipitated again by adding ethanol.
This process was repeated three times to remove the excess of oleylamine. The
obtained pseudo-spherical Mn3O, can be well dispersed in organic solvents

such as hexane, toluene or chloroform.
In situ synthesis of Mn;O,@CNF

The synthesis of oleylamine stabilised Mn3O, NPs was performed using a

modified low-temperature Hyeon protocol.”®! In a typical experiment, a
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mixture of manganese (11) acetate (1.1 mmol) and oleaylamine (13.5 mmol) in
xylene (7 mL) was added a suspension of carbon nanofibers (CNF), previously
sonicated for 15 min (25 mg/10mL). After heating the mixture in 90°C in air, 1
mL of deionised water was added to the dark suspension under a vigorous
stirring, and the resulting suspension was kept at 90°C for 3 hours. The
composite material was isolated by centrifugation at room temperature and
filtration by using a nylon membrane, which was then thoroughly washed with
hexane, ethanol and finally acetone. The resulting precipitate was sonicated in
hexane (25 mL) for 15 minutes and filtrated again to remove nanoparticles

from the outer surface.
In situ synthesis of Mn3O4/CNFac

The synthesis of oleylamine stabilised Mn3O4 NPs was performed using a
modified low-temperature Hyeon protocol.”! A mixture of manganese (I1)
acetate (1.1 mmol) and oleaylamine (13.5 mmol) in xylene (7 mL) was added
to a suspension of carbon nanofibers (CNFac), previously sonicated for 15 min
(25 mg/10mL). After heating the mixture to 90°C in air, 1 mL of deionised
water was added to the dark suspension under a vigorous stirring, and the
resulting suspension was kept at 90°C for 3 hours. The composite material was
isolated by centrifugation at room temperature and filtration by using a nylon
membrane, which was then thoroughly washed with hexane, ethanol and

finally acetone.
In situ synthesis of Mn;O,@CNFg

A similar procedure than in situ synthesis of MnzO,@CNFac was followed
but in the presence of thermal treated carbon nanofibers (CNFg) instead of
CNFac.

Synthesis of Mn3O,@CNFac

The in situ synthesized Mn3O4/CNFac was sonicated in hexane (25 mL) for
15 minutes and filtrated again to remove nanoparticles from the outer surface.

Synthesis of nanobrick Mnz;O4 NPs (b-Mn3O,4 NPs)

The synthesis of oleylamine stabilised Mn3O, nanobricks was performed
using a reported protocol.™ Briefty, 10 mmol of manganese (I1) acetate and

120 mmol of oleylamine were dissolved in 150 mL of xylene. After heating at
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90°C in air over 6 hours, 1mL of deionised water was added to the brown
solution under vigorous stirring, and the resulting suspension was kept at 90°C
for further 2 hours. To precipitate the nanoparticles, ethanol (100 mL) was
added to the reaction mixture, and Mn3zO4 NPs were isolated by centrifugation.
The resulting precipitate was dissolved in hexane and precipitated again by
adding ethanol. This process was repeated three times to remove the excess of
oleylamine. The obtained Mn3O4 nanobricks can be well dispersed in organic

solvents such as hexane, toluene or chloroform.
Synthesis of s-MnzO4@CNFac

s-Mn3O4 NPs (25 mg) were sonicated in xylene (20mL) in the presence of
CNFac (25 mg). The suspension was stirred for 1 hour prior to filtration. The

membrane was washed with hexane and acetone.
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Chapter 6

Stabilisation of low crystalline
Prussian Blue Analogue by internal
charge transfer
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6.1 Introduction

The family of bimetallic cyanide complexes (also known as Prussian blue
analogues, PBA) having the general formula AM'[M"(CN)g]1y-0-nH,0
(where A is the guest cation, M' and M" stand for the transition metal ions, O
for the vacancies of [M"(CN)s] centres in the framework and n for both water
molecules coordinated to metal centres and within the lattice)® have attracted
attention for a wide range of applications in electrochromism, ion detection,
hydrogen storage, biosensing, photocatalysis, and molecular magnets, amongst
others.®®! Their three-dimensional open frameworks have received a great deal
of attention for a range of different electrochemical applications including

[¢71 " supercapacitors’®, batteries! or electrocatalysts*® due to the

sensing
possibility of ion-exchange™™"). However, the stability of bimetallic cyanide
complexes has been always questioned. Their electrochemical aging during
cycling has encouraged researchers to carry out further investigations to

overcome this important limitation.!*®!

So far, it is known that parameters such as the nature of anions,™ the
concentration of alkali cations™™ or the presence of structural defects (i. e.
M"(CN)e vacancies) can dramatically affect the electrochemical performance
of bimetallic cyanide complexes.?! For example, the increase in the number of
M"(CN)g vacancies induces lattice distortion, reduces the cation content in the
lattice (due to charge balance) and, more importantly, introduces more
coordinated water molecules into the framework.”? Such coordinated
molecules facilitate the collapse of the cyano-bridge framework due to side
reactions arising from H;O decomposition resulting in low specific
capacitance, low Coulombic efficiency, and a deterioration of the
electrochemical performance.”*!! Consequently, more attention has been
focussed on high crystalline PBAs with a low number of vacancies, and, thus,
coordinated water molecules, resulting in rigid structures in comparison to low
crystalline PBAs.[*?! For instance, a gradual decrease of the total H,O content
(from 18.7 to 15.5%) was reported by increasing the sodium concentration
during the synthesis of Naj.xFe[Fe(CN)s]. Such decrease in water content

increased the specific capacitance, being in agreement with the higher cation
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content within the framework (from 1.26 to 1.56), and an improved (6%) the
cycling stability during the charge-discharge processes."!

The combination of PBAs with carbon-based nanostructures has shown an
improvement in their electrochemical performance with respect to the single
PBAs due to the increase in conductivity and a much better distribution of the
PBA (known as synergetic effect).®2* For example, nickel hexacyanoferrate
on graphene (NiHCF/graphene hybrid) showed 13% higher capacitance
retention with respect to single NiHCFE!  and Ni-Fe-HCF/graphene
nanocomposite illustrated higher capacity (67.77 mAh/g) than graphene (32.5
mAh/g) and Ni-Fe-HCF (20.97 mAh/g) under same experimental
conditions.® In addition, Zhao et. al., reported higher synergistic effects by a
direct growth of PB nanocrystal in the presence of graphene in comparison

with conventional physical mixing.?

Among all of the PBAs, cobalt hexacyanoferrate (CoHCF) is of particular
interest as the switching in the magnetic response between the diamagnetic
Co" s-NC-Fe' s (LS: low-spin) and the paramagnetic Co"ns-NC-Fe'"' s (HS:
high-spin) states, which have been activated by light B3I temperature 14,
pressuret®>*® and pHE™ leads to a significant cell parameter variation.® This
process arises from the fact that both cobalt and iron can exist in two common
oxidation states (l1, I1l), leading to compounds of multiple stoichiometry (or
mixed valence systems, MVS). The stoichiometry can be initially controlled
during the synthesis as the substitution reactions of the water molecules of the
hexaaqua complex [Co" (H,0)s]** by [Fe'(CN)s]* progressively increases the
Co ligand field as oxygen atoms from water are replaced by nitrogen atoms
derived from the cyanide ligands. For a sufficient number of donor atoms
around the Co ion (i. e. Co(Ns01)),1** the cobalt becomes low spin, resulting in
a charge-transfer-induced spin transition (CTIST) to a more stable Co"' s-NC-
Fe'''s diamagnetic pair. Therefore, such sensitive synthesis hinders the
comparison between the works published so far, as each material has a
different stoichiometry (i. e. materials have different number of vacancies with
different Co"'/ Co' ratio).

It is been demonstrated that water molecules within the CoHCF framework

play a role in charge transfer, switching the oxidation states and, hence, the
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structure and magnetic response.? For example, Hayami et al. reported that
the colour of the crystal as well as its magnetic behaviour changes after the
removal of both coordinated and lattice water molecules by heating."® As a
consequence of the loss of coordinated water molecules after thermal
treatment, it is expected an increase of the ligand-field around the cobalt
centres triggers the internal charge transfer from the Co'" to the Fe'" centres via
the cyanide bridges, and therefore, the increase of the number of Co"' s-NC-
Fe'''s pairs with respect to the initial Co"s-NC-Fe'' s ones. This internal
charge transfer accompanies a reduction of the unit cell of the CoHCFe which,
to the extent of our knowledge, have not been investigated from an

electrochemical point of view.

In this Chapter, we will investigate the effect of increasing the number of
Co"-NC-Fe" pairs on the electrochemical performance of an in situ
synthesised CoHCF/carbon hybrid via thermolysis under an inert atmosphere.
First, the electrochemical parameters for the characterization of a CoHCF
nanocrystal will be thoroughly studied. Then, a series of mixed valence
systems (MVS), produced by thermal annealing of CoHCF under an inert
atmosphere, will be electrochemically investigated. The thermal approach used
in this work allows the selective modification of the water content and, hence,
the Co"'/ Co" ratio, while the vacancies in the framework remain constant,
overcoming the current synthetic limitation where each synthesis results in
CoHCF with unigue stoichiometry (Appendix VI, Figure 1) and, hence,
electrochemical properties. Thus, we will be able to isolate the effect of water
molecules from the vacancy effects as the number of vacancies will be firstly
determined by the initial synthesis while the water content by the subsequent
heating conditions. The combination of CoHCF with carbon nanostructures
will be carried out by a one-pot synthesis to produce CoHCF directly on the
surface of graphene flakes (CoHCF/graphene hybrid). The synthesis of a
CoHCF/graphene hybrid will be optimized by varying the concentration of
carbon during the synthesis. Finally, the modification of Co"'/ Co" ratio in the
CoHCF/graphene hybrid will be investigated, stablishing its relation with the

cation insertion/extraction process.
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6.2 Results and Discussion

Synthesis of cobalt hexacyanoferrate (CoHCF). CoHCF with a high

" -NC-Fe' s pair is

number of vacancies and, hence, low population of the Co
synthesised from its precursors by a precipitation method in excess of Co".
Briefly, an aqueous solution of CoCl, was added at once to an aqueous solution
of K3Fe(CN)g under vigorous magnetic stirring until a total ratio of 2:1 (Co/Fe)
was achieved. The production of insoluble dark violet colloids evidenced the
reaction. The resulting product was centrifuged and washed with copious
amount of deionised water. The obtained neutral three-dimensional network
(Figure 1a) adopts a face-centered cubic (fcc) structure with a cell parameter
(a) of 10.26 A (Appendix VI, Figure 2). It is important to mention that cell
parameter strongly depends on the oxidation state of the metallic ions and the
nature of the alkaline ions.*”) The vertices and the centres of the faces of the

"ions (yellow), while Co" ions (red) are

cubic unit cell are occupied by the Fe
located at the octahedral sites (Figure 1a). Both metal centres are linked by
cyanide bridges with Fe'' and Co" being coordinated by carbon (brown) and
nitrogen (light blue), respectively. The corresponding ligand field of both

""and high spin Co" configuration.

donor atoms leads to low spin Fe
Thermogravimetric measurements in the temperature range of room
temperature to 200°C at a scan rate of 5°C/min in nitrogen reveals water
content in the structure of 27.6% (Appendix VI, Figure 3). Water molecules
can fill the pores within the structure and also coordinate to the Co** centres
(Figure 1, blue), leading to a coordination sphere of (NC)x(OHy),. The latter is
associated to the absence of [Fe(CN)s]* centres (Figure 1, red arrow). Energy
dispersive X-ray (EDS) analysis reveal a Co/Fe ratio of 1.49, leading to the
final formula of Kg;Co4Fe(CN)gl27-01318H,0 (CoHCF) with a high

percentage of [Fe(CN)g]* vacancies (33%).1?
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Figure 1. Schematic illustration of the formation of CoHFC mixed valence
systems by thermal treatment. (a) Porous CoHCF framework presents intrinsic
structural defects or Fe(CN)s (yellow) vacancies (red arrow), leaving the
coordination of water molecules (blue) with Co' center (red) possible. (b) the
controlled removal of coordinated water molecules trigger the internal electron
transfer from the Co'' centers to the Fe'", resulting in the diamagnetic Fe''-CN-
Co'" pair. Simultaneously, there is a shrink in the cell unit due to the shortening
of the Co"'-N bond with respect to Co'-N bond, being 1.9 and 2.1A,
respectively®®. The guests (zeolitic water molecules and cations, located at the
centre of every eight sub-cubes) are omitted for clarity.

Electrochemical study of CoHCF. Prior to investigating the effect of the
thermal treatment on the electrochemical properties of CoHCF, factors such as
the nature of the guest cation (type of electrolyte selected) and the
concentration of the electrolyte were carefully studied. Electrochemical
performance was assessed by cyclic voltammetry (CV) dispersing the active
material (CoHCF) on the surface of a glassy carbon electrode (no conducting
additives were used for preparing the film). Pt wire and standard hydrogen
electrode were utilised for the measurements, as counter and reference
electrode, respectively. As it is shown in Figure 2a, despite the intrinsic low
conductivity of CoHCF, a pair of pronounced redox peaks centred at 1V (Ep vs
RHE) that corresponds to the redox couple Fe"" Fe'' can be observed. It is
accompanied by the release (during oxidation) and uptake (during reduction) of
potassium ions (K") located at the tetrahedral sites in order to keep the
neutrality of the framework. Their symmetric peak shape indicates high

reaction reversibility.

Interestingly, the concentration of K* ions has an effect on the
electrochemical response: the increase of the K* ions in the electrolyte

facilitates their intercalation/de-intercalation within the CoHCF structure that is
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reflected by a decrease of the separation of the redox peaks from 467 at 0.01M
to 116mV at 2M. However, for a concentration higher than 0.5M the
intercalation/deintercalation of K* ions remains unaffected, showing even a
decrease of the peak current at high concentrations such as 2M (Figure 2b). In
addition, the reversibility of the process (Ai =ipa/iy, ratio between the peak
anodic and cathodic current respectively) shows similar results with values
close to 1 in the range of 0.5-1M. It is important to highlight that the de-
intercalation or release of K* from CoHCF is found to be the greatest at 0.5M
KCI, based on the anodic peak current (i,) (Figure 2a-b). Electrochemical
impedance spectroscopy suggests that initial CoHCF crystal is formed by a
more porous and less crystalline outer structure in comparison with its interior
as the experimental data fits with an equivalent circuit based on a solution
resistance part (Rs), a porous layer (R-CPE) and a compact barrier (RW-CPE)
(Figure 2d)."*¥ The solution resistance reflects the increase of ionic
conductivity with the increase in concentration (from 1130Q at 0.01M to 7.9Q
at 2M). More importantly, the total resistance of the material (Rt + Rer2) shows

the minimum value for 1M.
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Figure 2 (a-b) cyclic voltammograms at 0.1V/s and (c) electrochemical
impedance spectroscopy with (d) the simulated equivalent circuit of initial
CoHCF at different KCI concentrations.
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Table 1 AE (peak separation), Ai (anodic and cathodic current ratio), E, (formal
potential), i, (anodic peak current), R (electrolyte/electrode interface
resistance), R¢y (charge-transfer resistance in the porous layer), R¢» (charge-
transfer resistance in the compact barrier), CPE; and CPE, (constants phase
elements indicates ideal capacitor if exponent [n] is equals to 1), Y,
(Admittance which is directly proportional to the diffusion (D) of the cation
through the framework) and x? is the maximum change with respect to
experimental data.l*

Conversely, the total capacitance response (CPE;1+CPEy) is higher at lower
concentrations. As a combination of the two phenomena, the admittance (o),
which is directly proportional to the diffusion of the cation within the 3D
porous structure, shows the highest value (448 pS-sl’z) when the electrolyte is
made of 0.5M KCI. Therefore, both cyclic voltammogram and electrochemical
impedance analysis confirm 0.5M KCI as the best conditions to study the
electrochemical properties of the CoHCF structure, having the highest

electrochemical storage with the best diffusion of the cation through the

framework.
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Figure 3 (a) Cyclic voltammogram of CoHCF in 0.5M LiCl (brown), NaCl
(purple) and KCI1 (pink) at 0.1V/s, being AE (97, 120 and 188 mV), Ai (2.5, 1.6
and 1.04) and E, (0.63, 0.76 and 1V) respectively. (b) Correlation of the formal
potential with respect to the hydrated cation radius (Li" (0.42 nm), Na* (0.36
nm) and K* (0.24 nm), being the slopes -1.37 (R?=0.999)[**! -1.8 (R?=0.912)1®
and -2.5 (R?=0.999) (this work).
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Even though the synthesis of the CoOHCF was carried out in the presence of
K*, other alkali cations can be stored within the framework.”®! It has been
reported that the changes in the Gibbs free energy due to the alkali ion insertion
(AG; = —nFAE;) is equal to the difference between the Gibbs free energy of
“solvation” of the alkali ion in the CoOHCF framework (AGy) and the Gibbs free

energy of solvation of the alkali ion in the solvent (AG;):*" 8

AG; = —nFAE; = AG; — AG (Equation 2)

Because the inserted ions are mostly dehydrated, the magnitude of AG; is
smaller than the free energy of solvation in solution (AG;). Thus, the variation
of insertion potential (AE;) for different ions is mainly a function of just the
Gibbs free energy of solvation of the insertion ion. Such value decreases as the
ionic radius of the ion increases further down Group, since larger ions have
lower hydration energies in solution.®®! In the present study, the same
behaviour is observed (Figure 3a). Additionally, a linear correlation of the
formal potential with respect to the hydrated cation radius suggest that alkali
cations do not retain a complete hydration shell when they enter the crystal
lattice (Figure 3b).1#50

Among the three alkali cations (Li*, Na', K%), K" showed the best
electrochemical performance due to its symmetric shape (Figure 3a), meaning
that a similar number of cations ingress in and out of the framework. In
contrast, for larger cations such as hydrated lithium exhibiting a low cathodic
current, the insertion in the framework is prevented. Overall, 0.5 M KCI is
confirmed as the optimized conditions in order to investigate the
electrochemical properties of CoHCF and the produced mixed valence systems
(MVS) after thermal treatment.

Transformation of CoHCF into MVS by thermal treatment. Heating
CoHCF at different temperatures between room temperature to 200°C in
nitrogen atmosphere enables the selective removal of water molecules from the
structure (Appendix VI, Figure 4) from 5.5 to 17.4 water molecules. Due to
their weak interaction, water molecules within the porous structure (solvated)
would be removed first at low temperatures (< 100°C). In contrast, higher
temperatures would be required to remove water molecules coordinated to Co

centre. As a consequence, the ligand field around this ion would increase;
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destabilizing the electrons located in the orbitals of Co" with the highest energy

(eg) and being transferred to the neighbor Fe'"

orbitals with the lowest energy
(tag). Thus, demagnetization and shortening of the unit cell would be observed
as a consequence of the increase of diamagnetic Fe"-CN-Co'" pairs, where the
Co"-CN distance bond is shorter than Co"-CN, being 1.9 and 2.1A
respectively (Appendix VI, Figure 5). It is important to mention that no
significant differences in the Fe-C bond length are expected with respect to the
oxidation state of the iron centre (Fe' or Fe""), being 1.7935 and 1.7904 A

respectively.l®!
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Figure 6. Electrochemical characterization of initial CoHFC and Mixed-Valence
Systems (MVS). (a) Cyclic voltammogram and (¢) Nyquist plot of initial (pink)
and MVS after thermal treatment at 120°C and 200°C in N,. (b) Correlation of
the unit cell and the anodic peak current with respect the temperature. (d)
Correlation of the charge-transfer resistance (R}) and the Warburg admittance
(Yo) with respect to the temperature. It is important to mention that Warburg
admittance coefficient is proportional to the diffusion coefficient.!?

As it can be clearly observed in Figure 6a, the heating of CoHCF at different
temperatures produces MVS with different electrochemical performance. The
heating at temperatures below 100°C does not show a significant effect in the
unit cell, where almost the 32% of water molecules are removed from the pores
of the framework. Higher temperatures than 100°C successfully removed the

coordinated water molecules, decreasing steadily the unit cell (a) to a
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minimum size of 10.039A. The controlled transformation from Fe"'-CN-Co" to
a Fe'-CN-Co"" species is further confirmed by the demagnetization of the
sample while increasing the temperature (Appendix VI, Figure 6).
Interestingly, the shrinking of the unit cell (just 2.2% respect to initial unit cell
(@ = 10.264 A) and 8% respect to the hydrated potassium diameter)™ has a
significant effect on the storage of K* within the CoHCF-MVS, showing an
initial increase to 14.8 A/g after heating at 120°C (MVSi20) and a subsequent
decrease to 5.8 A/g after heating at 200°C (MVSaq) (Figure 6b, solid line).

Additional experiments were performed to investigate the physical process
that controls the kinetic behaviour of CoHCF during the cycling of the initial
CoHCF and the MVS. Electrochemical impedance spectroscopy (EIS), carried
out under the same conditions within the range of 0.1 to 10° Hz, shows that
each system has different resistance response. The presence of a semi-circle at
high-frequencies in the Nyquist plot (Figure 6c¢) reveals the charge transfer

resistance associated to the Fe"""

redox process. Heating the sample at 120°C
(blue) reduces considerably the semi-circle with respect to the initial CoHCF
sample (pink), being in agreement with the observed current increase by cyclic
voltammogram. Further heating to 200°C increases dramatically the resistance
(blue) with a total value of 482Q. The correlation of the charge transfer
resistance with the ionic diffusion of the K* through the framework can be
observed in Figure 6d where MVSiy shows the lowest charge-transfer

5 1t is

resistance (81.3Q2) with the highest Warburg admittance (554 uS-s
important to mention that these values were obtained from a simulated
equivalent circuit (Appendix VI, Figure 7). Thus, removing thermally the
coordinated water molecules affects the framework and, hence, the kinetic

behaviour of charge carriers in and out of the structure.

In-situ synthesis of CoHCF@Carbon hybrid. The intrinsic electrical
resistivity of CoHCF can be further reduced by the combination with carbon
nanostructures, which show high conductivity. It is important to mention that
the assembly was carried out during the synthesis of CoHCF (or in situ). To do
so, graphene flakes (GF) were sonicated with the initial Ks;Fe(CN)g solution

and, subsequently, CoCl, was immediately added, enabling the in situ
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precipitation of CoHCF in the presence of the carbon support. For comparison,
CoHCF was combined with graphene flakes by conventional procedure (named
as physically mixture) where CoHCF was sonicated in the presence of the

carbon nanostructure, resulting in COHCF/GF.
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Figure 7. Synergetic effect of COHCF@GF by in situ synthesis with respect to
the conventional physical mixture (CoHCF/GF). Back-scattered scanning
electron micrographs of (a) CoHCF/GF composite and (b) CoHCF@GF hybrid.
(c) cyclic voltammogram at 0.1 V/s, (d) Nyquist plot and (e) galvanostatic
charge-discharge cycle at 0.5 A/g in 0.5M KCI of initial CoHCF (pink),
graphene flakes (black), CoHCF/GF composite (orange) and CoHCF@GF hybrid
(red). (f) Synergy effect of the physical composite (CoHCF/GF) and the in situ
hybrid (CoHCF@GF) based on their experimental and the calculated specific
capacitance, being the ratio 1.2 and 4.4 respectively.

As it can be observed by SEM, the physically mixture of COHCF with GF
(Figure 7a, COHCF/GF) exhibits a completely different morphology than the in
situ COHCF@GF hybrid (Figure 7b), showing the latter a smaller particle size
(maximum of 2um in COHCF@GF with respect to 70 um in CoHCF/GF) and a
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much better dispersion of the CoHCF on the carbon support (Appendix VI,
Figure 8).°4 It is important to note that back-scattered electrons (BSE)
detected by SEM help to discriminate between the heavy (Fe or Co) and light
elements (C), such that the former appears much brighter. As a consequence,
the resultant metal-carbon hybrid (CoHCF@GF) reveals a much larger current
density (i.e. 60.6 A/g anodic peak) in comparison to COHCF/GF composite (i.e.
17.8 A/g anodic peak) while retaining the peak symmetry, highlighting the
advantages of in situ synthesis over the conventional physical mixture for
electrochemical applications (Figure 7c). It is important to mention that both
the CoHCF@GF hybrid and CoHCF/GF composite have a similar amount of
CoHCF, specifically 74.5 and 80.6% (Appendix VI, Figure 9).

Electrochemical impedance spectroscopy reveals the improvement of the
conductivity in both CoHCF@GF hybrid (Figure 7d, red) and CoHCF/GF
composite (Figure 7d, orange) with the addition of carbon by the absence of
semi-circle at high frequencies. In contrast to the composite, the COHCF@GF
hybrid shows a more vertical line that is characteristic of facile ion transport

such as in the case of ion adsorption on GF surface (Figure 7d, black).

Galvanostatic charge-discharge (CD) measurements at 0.5 A/g confirms
CoHCF@GF hybrid material with the highest specific capacitance (194.2 F/g)
with respect to CoHCF/GF composite (47.6 F/g), the initial COHCF (31 F/g)
and GF (37.8 F/g) by their own (Figure 7e). The specific capacitance of the
hybrid material, which is in line with previous studies,™>*® can be considered
as a sum of specific capacitance values of their building blocks. Thus, the
experimentally measured capacitance for the hybrid and the composite is 1.2
and 4.4 times higher than expected for these materials (Figure 7f). The greater
synergetic effect for the hybrid material with respect to the composite is
associated with a much better distribution and smaller size of CoHCF and
suggests a stronger interaction with the carbon support. For example, We et al.
synthesized in situ CoHCF in the presence of reduced graphene oxide (rGO),
showing a maximum capacitance of 361F/g in Na,SO, aqueous electrolyte for
CoHCF/rGO (20% graphene) but with a smaller synergetic effect (1.4) as the

specific capacitance of COHCF and rGO were 263 and 168 F/g, respectively.®”]
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Effect of carbon during the in-situ synthesis of COHCF@GF hybrid.
Although the XRD pattern of CoHCF@GF hybrid material seems initially a
simple addition of both CoHCF and GF patterns, a closer examination reveals a
slight shift of the peaks assigned to CoHCF, suggesting a 0.1% decrease of the
unit cell (Appendix VI, Figure 10). To investigate whether the close CoHCF-
carbon nanostructure interaction from the in situ synthesis can trigger the
internal charge transfer in CoHCF, which would decrease the unit cell while
enhancing the Co"'-CN-Fe'" state, several in situ synthesises of COHCF@GF
hybrid were performed. Specifically, the amount of carbon was increased by a
factor of 2 (11.8 g/L), 3 (17.6 g/L), 4 (23.5 g/L) and 6 (35.3 g/L) with respect
to the initial COHCF@GF hybrid (5.9g/L), being these hybrids referred as
CoHCF@GF,, CoOHCF@GF3;, CoOHCF@GF, and CoHCF@GFs, respectively.

Figure 8. Structural characterization with the increase of carbon content during
the in situ synthesis. FEG-SEM and TEM images of (a-c) CoOHCF@GF,, (d-f)
CoHCF@GF, and (g-i) CoHCF@GFs. Black and red arrows indicate CoHCF
distributed on the carbon surface whereas yellow arrows indicate empty
graphene flakes surface. Scale bars are (c¢) 100 and (f,i) 200 nm, respectively

As expected, the COHFC/GF ratio decreases as the in situ reaction is carried
out in the presence of more carbon material (Appendix VI, Figure 11).
Interestingly, the addition of carbon seems to have a structural effect on the

CoHCF nanoparticles during the in situ synthesis (Figure 8). Hence, at low
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concentration of carbon (i. e. COHCF@GF,, Figure 8a-c), individual CoHCF
nanoparticles are homogeneously distributed along the carbon surface (Figure
8c, black arrows). The increase of carbon content does not improve the
distribution but, surprisingly, produces the agglomeration of CoHCF
nanoparticles (Figure 8d-f, red arrows) while the surface of graphene flakes is
mostly clear (Figure 8d-f, yellow arrows). This effect is more significant when
the in situ synthesis is performed with a high concentration of carbon flakes (i.
e. COHCF@GFs, Figure 8g-i), as not only the surface of GF is clear (Figure 8i,
yellow arrows) but a few large nanocrystals (~200 nm) were found (Figure 8.9-
h).

Energy-dispersive X-ray spectroscopy (EDS) analysis confirms the effect of
GF concentration on the chemical composition of CoHCF during the in situ
synthesis. The Co/Fe ratio varies slightly by increasing the concentration of
graphene flakes, with a sharp decrease when the carbon content is higher than
of 30g/L (Figure 9a). The latter observation suggests the important structural
role of the carbon nanostructure at high concentration hinders the synthesis of
the CoHCF nanocrystals. Therefore, based on the synthetic protocol in which
graphene flakes (GF) are initially mixed with K3Fe(CN)g solution, we propose
that the excess of GF captures Fe(CN)Z~, hindering the diffusion of the added
Co” and, hence, the synthesis of COHCF (Appendix VI, Figure 12).
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Figure 9. (a) Co/Fe ratio and (b) correlation of unit cell and specific
capacitance with the increasing of carbon content in the volumetric flask during
the in situ synthesis, resulting in CoHCF@GF (5.9 g/L), CoHCF@GF, (11.8
g/L), CoHCF@GF; (17.6 g/L), CoOHCF@GF, (23.5 g/L) and CoHCF@GF¢ (35.3
g/L) hybrids. It is important to note that the unit cell for CoHCF (0g/L),
CoHCF@GF (5.9 g/L), CoHCF@GF, (11.8 g/L), CoHCF@GF; (17.6 g/L) and
CoHCF@GF, (23.5 g/L) hybrids is @ = 10.26 + 0.01 A, @ = 10.255 + 0.007 A, a
= 10.250 + 0.004 A, @ = 10.242 + 0.006 A and a = 10.227 + 0.006 A,
respectively.
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As a consequence of the proposed diffusion limitation of Co cations in such
high carbon concentration conditions (CoHCF@GFs), large FeHCF
nanocrystals are found (Figure 8g-h and Appendix VI, Figure 13). This finding
suggests the reduction of Fe** cations, which has been reported to be enhanced
under irradiation with visible light. More importantly, the light-induced ligand-
to-metal charge transfer (light-induced LMCT) associated with the reduction to
Fe?* cations is being further enhanced by the presence of dissolved organic
carbon (such as citric acid or humic substances).®®®% In our experiments at
high carbon content (CoHCF@GFg), the chemical functionalization on the
surface of GF (i. e. hydroxyl groups, Appendix VI, Figure 14) could show
similar interaction with Fe®* cations, triggering their reduction and promoting
the synthesis of FeHCF nanostructures. As a consequence of the mentioned

heterogeneity, COHCF@GFs is not going to be discussed further.

The correlation of the unit cell with the increase of carbon content can be
observed in Figure 9b. As initially proposed, the increase of carbon content
causes a decrease in the lattice parameter of the resultant complex, measuring a
total 0.36% reduction from the initial COHCF crystal (10.26 A) to the
COHCF@GF, hybrid (10.227 A). Thus, such shrinkage of the unit cell with the
addition of carbon (<25 g/L) is associated to an increase of the Co'"'-NC-Fe"
population during the in situ synthesis. 2% It is important to note that no new
peaks appeared during the in situ synthesis, being a single-phase

transformation (Appendix VI, Figure 15).
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Figure 10. Cyclic voltammogram of (a) CoHCF@GF and (d) CoHCF@GF, at
0.1V/s in 0.5M KCI, showing their peak separation (AE). Nyquist plot of (b)
CoHCF@GF and (e) CoHCF@GF, with (c,f) their simulated circuits
respectively.

Conversely, the specific capacitance does not show a clear trend with
respect to the addition of carbon (Figure 4h), suggesting that additional factors
(i.e. potassium content, unit cell, water content) may play a role. Based on the
potassium content, which is inversely dependent on the Co/Fe ratio in order to
maintain the neutrality of the framework, COHCF@GF, and CoHCF@GF;
hybrids show the highest and lowest specific capacitance with Co/Fe ratio of
1.32 and 1.47 respectively. Even though this tendency is in agreement with the
measured specific capacitance of CoHCF@GF, (246.4F/g for 11.8g/L),
CoHCF@GF; have slightly higher specific capacitance than CoHCF@GF,
(194.2 and 180.1 F/g respectively). It could be considered that the smaller unit
cell, due to the increase of the Co"' s-NC-Fe's pair in COHCF@GF, with
respect to COHCF@GF; could inactivate some iron centres (Fe' vs Fe'""), what
would reduce the amount of release and uptake of potassium ions, confirming

the decrease in specific capacitance.
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Surprisingly, despite that the unit cell shrinkage can limit the amount of ions
going in and out of the framework; such a reduction in size enhances the
diffusion of the ions through the structure, which would positively affect the
stability during cycling. Analysis of the cyclic voltamograms of COHCF@GF;
and CoHCF@GF, at 0.1V/s (Figure 10a,d) illustrates an increase in
reversibility (current ratio, Ai equals to 1.11 and 1.06 respectively) of the latter
with also a much lower resistance (peak separation: AE equals 97 and 44 mV,
respectively). The electrolyte/electrode interface resistance (solution resistance,
Rs) is lower for COHCF@GF, (28.2 versus 30.8Q2), which could be related to
its high water content (Figure 10b,e and Appendix VI, Figure 16), and the
diffusion of cations within CoHCF@GF, is more than 8 times higher with
respect to COHCF@GF,, (9.92 mS-s*?and 1.19mS-s* respectively) (Figure
10c,f). In addition, the capacitance retention after 400 charge-discharge cycles
at 1 A/g (Appendix VI, Figure 17) of COHCF@GF; (45.4%) was slightly lower
in comparison to CoHCF@GF, (48.2%). Therefore, it is shown that the
shrinkage of the unit cell, triggered by the carbon support, decreases the

specific capacitance while increases the stability of the framework.

Finally, it is important to mention that the presence of carbon substrate has
an enormous effect on the intrinsic stability of CoHCF framework. It is worth
mentioning that in the area of heritage science, the aging of Prussian blue
pigments by light in air has attracted special attention regarding to conservation
of artwork. Despite to the absence of the clear structural and electronic
reorganization of Prussian blue upon fading, numerous studies have
investigated the degradation of the pigment as a consequence of the formation
of iron (111) oxohydroxide and demonstrated its dependence on several factors
(pH, substrate, atmosphere and light).[®®¥ Specifically, the substrate acts an
mediator during the reorganization to maintain the electroneutrality of the
framework.[%! For example, it is been demonstrated that Prussian blue is more
stable on linen rather than cotton, being the latter a natural cation reservoir

which generates hydroxyl radical when exposed to UV and blue light.!®>°®!
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Figure 11. Cyclic voltammogram at 0.1V/s in 0.5M KCI of (a) CoHCF crystals
and (b) CoOHCF@GF, hybrid after 6 months of synthesis.

In our work, we observe that the electrochemical properties of the CoHCF
crystal decreases dramatically (Figure 11) together with its initial violet colour
after being in storage for 6 months (Figure 11, inset). In contrast, a clear and
defined redox process is still observed when CoHCF is in contact with GF (i. e.
CoHCF@GF, hybrid) after the same period of time, revealing the activity of
the redox centres is maintained. As a consequence of the great stability of
carbon nanostructures in environmental conditions, graphene flakes do not
promote the decomposition of CoHCF but hinder the process. Therefore, the
synthesis of hybrid nanostructures enhances the stability of CoHCF not only
during electrochemical performance but also during their synthesis and

subsequent storage.
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Electrochemical evaluation of CoHCF@GF after thermal treatment.
Aiming to investigate further the relation between the unit cell shrinkage with
the electrochemical stability of the metal framework, COHCF@GF, was heated
in nitrogen at 120°C for 1 hour (CoHCF@GF, 120°C). As it can be clearly
observed in Figure 12a using the GF peak at 26.5 [002] as a reference, there is
a shift in the CoHCF peak position [220] after thermal treatment as a
consequence of the internal charge transfer from Co"-NC-Fe'"' to Co"'-NC-Fe'.
Using for the calculation the four most intense peaks of CoHCF in
CoHCF@GF, 120°C, the unit cell of the metal framework is 10.119A (1.1%
smaller with respect to CoHCF in COHCF@GF,).
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Figure 12. Structural and electrochemical characterization of COHCF@GF, after
thermal treatment at 120°C in nitrogen. (a) Powder XRD, (b) cyclic
voltammogram at 5mV/s in 0.5M KCI, (c) charge-discharge cycle at 0.5 A/g and
(d) capacitance retention after 400 cycles at 1 A/g of CoHCF@GF, before
(purple) and after (green) thermal treatment at 120°C.

Cyclic voltammograms reveal that the internal charge transfer triggered by
the thermal treatment is associated with a new redox couple (centred at 1.13V)
(Figure 12b, arrows) with respect to CoHCF@GF, before treatment, which
could be related to the formation of a Co'"'-NC-Fe'" pair. In fact, the Fe-C bond
would be less covalent because Fe centre would be surrounded by a more

positive environment (due to the presence of the Co™) and, hence, increasing
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the formal potential from 1.07 (in COHCF@GF,) to 1.13V (in COHCF@GF,
120°C).[”! The decrease in the energy couple could also inactivate some Fe
centres, which would be in agreement with the observed decrease in the
specific capacitance after thermal treatment (Figure 12c). More interestingly,
the Warburg admittance of potassium ions within the framework in
CoHCF@GF, 120°C is higher with respect to CoHCF@GF,, being 12.5 and
9.92 mS-s*?, respectively (Appendix VI, Figure 18). As a consequence, the
thermally treated CoHCF@GF, shows a significant improvement of 21%
higher capacitance retention after 400 cycles at 1 A/g (Figure 12d).

Overall, the low stability of COHCF@GF, 120°C (80% after 250 cycles) is
in agreement with previous studies as high PBA with better electrochemical
performance (i. e. smaller capacity loss (<10%) after longer cycles (1000-
5000)) can be found in the literature.l®%% However, it is important to note that
those PBAs had a low percentage of Fe(CN)g vacancies within the framework,
having a beneficial effect on their stability. For example, You et al. compared
the electrochemical performance of two different FeHCF (i.e.
Nag s1Fe(Fe(CN)sJo.0am0.0s and Nag 13Fe(Fe(CN)glo.sstosz2) Which were labelled
as high and low quality respectively according to their percentage of [Fe(CN)g]
vacancies (6 and 32%, respectively). The low quality material, which indeed
has similar percentage of vacancies with respect to COHCF@GF, (32% and
30%, respectively), exhibited a smaller capacitance retention (36.5% after just
70 cycles) in contrast to the high quality material (zero-capacity loss after 150

cycles).[*
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6.3 Conclusion.

Here, we investigated the effect of Co'/Co" ratio on the electrochemical
performance of cobalt hexacyanoferrate (CoHCF) triggering the internal
electron transfer by thermal annealing. This alternative methodology enables us
to specifically study the coordinated water contribution while retaining the
number of vacancies constant. Interestingly, thermal treatment leads to an
internal electron transfer from the Co to the Fe centres, selectively increasing

"M -NC-Fe' s with respect to the initial Co"4s-NC-

the concentration of the Co
Fe'"' s pair, which modifies the crystal structure (shrinking the unit cell) and,
hence, the cation insertion/extraction process. Optimization of both the thermal
conditions as well as the electrochemical parameters is discussed within this
work. Furthermore, graphene flakes (GF) are used in the study to overcome the
intrinsic low conductivity of CoHCF crystals. The hybrid composite reveals a
much better electrochemical performance that the analogous composite due to
a higher synergistic effect. Surprisingly, a structural and chemical effect of GF
was observed during the in situ synthesis of COHCF@GF hybrids, showing a
small shrinkage of the CoHCF unit cell as well as the synthesis of FeHCF at
high concentrations of GF. In addition, it appears that COHCF in contact with
GF is more stable when compared to CoHCF crystal, suggesting the
combination of carbon nanostructures to enhance not only their

electrochemical properties but also their stability during storage.

Overall, the thermal treatment of the resulant hybrids shows an
improvement in the stability during cycling which indicates that the partial
removal of coordinated water molecules introduce flexibility into the
framework, facilitating the reversibility of the insertion/extraction of the K* .
These findings would have an impact on the preparation of electrochemical

storage devices such as supercapacitors and batteries.
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6.4 Experimental information

Synthesis of COHCF. K3[Fe(CN)g] (0.494 g, 1.5 mmol) were dissolved in
DI H,O (8 mL) and stirred while a solution of CoCl, H,O (0.713 g, 3 mmol)
was added. The mixture was stirred for 10 minutes and the brown-red solid was
separated by centrifugation (7000 rpm, 15 min). The solid was washed with
water untill no chlorides were detected by adding AgNQOs3 in the wash water.

Finally, the solid was dried under vacuum at room temperature.

Synthesis of COHCF@GF composite. Graphene nanoflakes (GF, 0.245
mg) and CoHCF (immediately mixed, 0.745 mg) were put together in a vial in

1ml DI H,0 and sonicated for 15 minutes.

Synthesis of CoHCF/GF hybrid. Ks[Fe(CN)g] (0.0119 g, 0.036 mmol)
were dissolved in DI H,O (1 mL) and graphene nanoflakes (10, 20, 30, 40 or
60 mg) was added to the solution and sonicated for 15 minutes. CoCl,-H,0
(0.0171 g. 0.072 mmol) solution was added immediately dropwise. The
mixture was stirred for 1 hour and the brown-red solid was separated by
centrifugation (7000 rpm, 15 min). The composite was washed with water until
no chlorides were detected in the wash water and then filtered through a wet

PTFE membrane. The composite was dried on the vacuum system.
Materials characterization.

All the reagents were purchased from Sigma-Aldrich (UK) and used without
further purification. Thermogravimetrical analysis (TGA) was carried out on a
SDT Q-600 TA over the range of 25 — 1000°C in air at scan rate of 5°C/min.
Infrared (IR) spectra were measured as KBr discs on a Nicole Avatar 380 FT-
IR spectrometer over the range of 400-4000 cm™. High resolution transmission
electron microscopy (TEM) imaging, energy-dispersive-x-ray (EDX) and
energy electron loss analysis were performed using a Jeol 2100F transmission
electron microscope at an accelerating voltage of 200 kV. TEM specimens
were prepared by casting several drops of a suspension of the hybrid material
in hexane onto copper grid mounted “lacey” or “holey” carbon film before

drying under a stream of nitrogen.

Electrochemical measurements. Electrochemical measurements were

conducted with a Autolab 201 un an aqueous KCI electrolyte (0.5 M) in a
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conventional, three-electrode cell where a Pt wire serves as the counter
electrode and a standard hydrogen electrode as the reference electrode. Prior to
measurement, oxygen was removed from all solutions by bubbling nitrogen
and the working electrode (glassy carbon) was polished with 0.05 um alumina
and rinsed in a sonicated, distilled water bath. For the electrochemical
measurements of the CoHCF and CoHCF-MVS, the working electrode was
prepared by only using electroactive material without the presence of
conductive or binder additives. For the case of CoHCF/GF composite and
CoHCF@GF hybrid, the working electrode was prepared by mixing the
electroactive material with a polymer binder (polytetrafluoroethylene) in a
weight ratio of 90:10. The mass loading is about 0.14 mg/cm?.

The specific capacitance is calculated by following the equation:

__ tght

C = (1)

mAV’
Where t; is the discharge current, At is the discharge time, AV is the
voltage range and m is the mass of active material.

Fabrication of mixed valence systems (MVS) of CoHCF and
CoHCF/GF hybrids. Sample of interest was heated in an inert N, atmosphere
using TGA at a 5°C/min scan rate up to temperature of interest (80, 120, 140,

160 or 200°C) with a subsequent 60 minutes isothermal period.
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Technological advances, which have a crucial impact in society, are
intimately related to the development of new nanostructured materials. Hence,
the main motivation of this work was to expand the strategies for the
preparation of functional nanomaterials by designing hybrid carbon
nanostructures suitable for energy storage applications containing a range of
electrochemically active nanocomponents including molecules, nanoparticles
and metal coordination polymers. An overview of the current approaches
within the energy area for the preparation of both uncoupled carbon
nanostructures and the approaches to combine them with a wide range of active
components (i. e. molecular clusters, nanoparticles and metal coordination
polymers) is provided in Chapter 1. This chapter highlights that rational
thinking is required for the development of nanomaterials with functional
properties by targeting the combination of two or more nanocomponents with
different properties, and preparation methodologies while ensuring the

utilisation of cheaper and abundant materials such as non-precious metals.

In chapter 2, a large-scale, green, simple and cost-effective method for the
production of 2D graphene nanoplatelets (GNP) from one-dimensional hollow
carbon nanofibers (CNF) is proposed. It was found that high-energy ball
milling can lead to few-layer GNP in just 20 min which reveals a higher
specific capacitance (119 F/g) due to the combination of double-layer and
redox pseudocapacitance mechanisms with respect to pristine CNF (3.7F/qg).
Interestingly, the produced GNP stands as an alternative to commercially
available graphene nanoplatelets due to their higher electrochemical
performance at a lower price (615.5F/$ and 264F/$, respectively). The effect of
milling as well as the increase the hydrophilicity on electrochemical
capacitance was thoroughly investigated. For example, the increase in oxygen
content on the GNP nanostructure by acid treatment showed increase in the

internal resistance as a consequence of a morphological change.

The formation of carbon nanostructures by using hard template catalyst (i. e.
Fes04 nanoparticles) supported on a two-dimensional carbon substrate at high
temperatures (1000°C) in inert atmosphere (argon) was investigated in Chapter
3. Despite the thermal treatment of FesO, NPs (4 nm) leads to large carbon-

iron nano-onions (> 100nm) independently of the carbon substrate, it was
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demonstrated that the presence of oxygen containing groups on the carbon
surface had a dramatic effect on the formation pathways of those large nano-
onions as a consequence of the nanoparticle-support interaction. Thus, the
highly graphitized carbon surface (GF, low oxygen content) is mostly intact
after thermal treatment whereas a large number of small hollow carbon cages
(HCC, 9 nm) decorate the surface of the partly oxidized carbon surface (GFox)
after 1000°C for 2 hours. It was suggested that defects on the carbon surface
would act as nucleation points during the agglomeration of nanoparticle at high
temperatures. In fact, TEM analysis of thermal treated material for a shorter
period of time (45 min instead 2 hours) demonstrated that hollow carbon cages
were initially filled with iron. Subsequently, the hollow carbon cages and large
carbon-coated iron nano-onions that desorb from the surface were a result of
the diffusion of iron atoms through the graphitic layers via Ostwald ripening at
high temperatures.

In chapter 4, the confinement of molecular metal clusters (i. e. Mnj,
molecules) within the cavities of carbon nanotubes was investigated in order to
overcome their intrinsic low cyclability of these polynuclear metal complexes.
It is important to note that the carbon nanotubes acted as host-containers,
ensuring the intimate contact with the molecule cluster, and as conductor for
rapid electron transfer. Hence, the capacitance enhancement during
electrochemical cycling was associated to two key factors. Firstly, the
disaggregation of confined Mn,Ac nanoclusters into very small clusters and
these into molecules within the host nanocontainers during the
oxidation/reduction process that leads to an increase of electro-active surface
area. The second factor is the structural reorganisation of the encapsulated
nanoclusters during the insertion and removal of K™ ions within the nanotube

channels, which facilitates the ionic migration.

In chapter 5, the encapsulation effect is further investigated but using larger
hollow tubular carbon nanostructures than carbon nanotubes. To do so, an in
situ approach for the synthesis of metal oxide-carbon nanostructures was
successfully developed where Mn3;O, nanoparticles were synthesized in the
presence of hollow carbon nanofibers (CNF). It was demonstrated the control

on the final nanoparticle loading inside the cavities of CNFs by tuning the
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oxygen-containing groups, which act as nucleation points, on the carbon
surface. It is important to highlight that the absence of nucleation points
dramatically modified the nanoparticle morphology (from pseudo-spherical to
large faceted), suggesting an effect of the graphitized carbon surface in the
synthetic pathway. The electrochemical properties of all the hybrids lead to two
main conclusions. First, large faceted nanoparticles showed a smaller specific
capacitance with respect to small pseudo-spherical nanoparticles as a
consequence of a smaller surface area. Secondly, the confinement of the
nanoparticles increases their electrochemical stability. Hence, the nanoparticles
grown on outer surface of CNF or prepared separately and inserted in CNF
exhibited a low durability in the charging-discharging cycling and weak
synergistic effects between the metal oxide and the carbon component. In
contrast, nanoparticles synthesized directly inside the cavity of hollow CNF
yielded a hybrid material with a high durable capacitance, increasing the
specific capacitance over 13,000 cycles. The mechanism of the remarkable
performance of NPs formed inside, which increases their specific capacitance
by nearly a factor of 5, was explored by HRTEM, STEM and EELS, revealing
no chemical changes in the structure or in composition of nanoparticles, and no
significant changes in the NPs average size. Thus, the confinement facilitates
the re-capture of desorbed Mn?* on the nanoparticle surface, creating “dentate”

nanoparticles with an increased surface area.

In Chapter 6, the effect of Co'/Co"' ratio on the electrochemical
performance of cobalt hexacyanoferrate (CoHCF) was thoroughly investigated.
The proposed methodology was based on triggering the internal electron

M -NC-Fe' s with respect to the initial Co"ys-NC-

transfer (increasing the Co
Fe'"' s pair) by thermal annealing, studying specifically the coordinated water
contribution while retaining the number of vacancies constant within the
structure. Different thermal conditions as well as the electrochemical
parameters were thoroughly studied. In addition, COHCF was synthesized in
the presence of graphene flakes (GF) to overcome the intrinsic low
conductivity of CoHCF crystals. It is important to highlight that the hybrid
material exhibited a much better electrochemical performance that his analogue
composite due to a higher synergy. Overall, the thermal treatment of the
resulted hybrid improved the stability during cycling (+21% after 400 cycles)
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which indicated that the partial removal of coordinated water molecules
introduced flexibility into the framework, facilitating the reversibility of the

insertion/extraction of the K.
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List of abbreviations
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EDL: electrochemical double-layer

EJ: exajuoles (10*8))

EV: Electric vehicles

CNF: Carbon nanofibers

MWNTSs: multi-walled carbon nanotubes
SWNTs: single-walled carbon nanotubes
F/g: Faraday per gram (

CNs: carbon nanostructures

AAQ: 2-aminoanthraquinone

TTF: tetrathiafulvalene

CNTs: carbon nanotubes

PANI: polyaniline

AQ: 9,10-anthraquinone

PhQ: 9,10-phenantreneuquinone

POMs: Polyoxometalates

rGO: reduced graphene oxide

PDDA:
chloride)

NPs: nanoparticles

poly(dimethyl diallyl ammonium

ORR: oxygen reduction reaction
OER: oxygen evolution reaction
GO: graphene oxide

Ac: acetate

DFT: density functional theory
MCPs: metal-coordination polymers
MOF: metal-organic framework

PBA: Prussian blue analogues

MHCFs: metal hexacyanoferrate
PPy: polypyrrole

GNP: graphene nanoplatelets
CVD: chemical vapour deposition
DMF: N,N-dimethylformamide
FESEM: Field emission scanning electron
microscopy

EDS: Energy-dispersive X-ray spectroscopy
AFM: Atomic force microscope

TEM: Transmission electron microscope

SEM: Scanning electron microscope

XRD: X-ray diffraction

TGA: Thermogravimetric analysis

XPS: X-ray photoelectron spectroscopy

CV: Cyclic voltammogram

EIS: Electrochemical impedance spectroscopy
Rs: Solution resistance

Csp: Specific capacitance

GCE: Glassy carbon electrode

PTFE: Polytetrafluoroethylene

OCP: Open circuit potential

HHC: Hollow carbon cages

GF: Graphene flakes

E® Formal potential

AE: Peak separation

MVS: Mixed-valence systems
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Appendix 11

Quick chemical-free exfoliation of
carbon nanofibers for high-
performance few-layer graphene
nanoplatelet supercapacitors
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Figure 1. (a) FESEM image (scale bar: 25 pum) and (b) EDS of GNP showing C
(93% weight) and O (6.8%). Inset in b shows traces of Si (0.2%) but no
contamination from the milling process (in form of metallic impurities) is

Figure 2. (a-b) FESEM (scale bars: 1 and 0.5 um) and (c-f) HRTEM (scale bar:
200, 50, 20, 10 nm, respectively) images of GNP. Yellow arrows highlight the
thickness of few-layer GNP.
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Figure 3. FESEM images of (a) pristine CNF and CNF milled for (b) 1, (c) 5,
(d) 10, (e) 20 and (f) 30 minutes. The scale bars for all the images are 5 um.
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Figure 4. (a) FESEM image (scale bar: 25 pm) and (b) EDS of CNF milled after
30 minutes confirming the presence of metallic impurities (0.5% in weight of

Fe) as result of the ball milling process.

Figure 5. FESEM images of GNP after acid treatment (GNP s¢c). Scale bars: 10

pumin aand 0.5 um in b-c.

179



~
(=)

~

O

—GNP,.

Intensity (a.u.)

2 3 4 5
Energy (keV)

Figure 6. (a) FESEM image (scale bar: 10 pm) and (b) EDS of GNP 5c showing
a O/C ratio (% weight) of 0.18.
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Figure 7. Specific capacitance (F/g) as a function of the current density (A/g)
for CNF, GNP and GNP ac.
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Figure 8. Nyquist plot for CNF, GNP and GNP,c (a) at low and (b) high
frequencies.
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Figure 9. (a) Nyquist plot for GNP showing a high slope at low frequency and
(b) the absence of a semi-circle at high frequency.
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Figure 10. (a) Nyquist plot for GNPsc showing a moderate slope at low
frequency and (b) the presence of a semi-circle at high frequency.
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Figure 11. (a) Comparison of CV at 0.1V/s and (b) galvanostatic charging-
discharging measurements at 0.5 A/g in 1M KOH of pristine CNF (black),
graphite nanoplatelets, produced after milling CNF for 20 min(GNP), and
commercially available GNP (GNP, Asbury 2299 GNP).
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Appendix

Growth of hollow nano-cages on
defective graphene flakes driven by
the agglomeration and release of
metal atoms
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Figure 1. Powder XRD pattern of Fe;O, NPs (brown), showing the
characteristic inter-planar distance of Fe;O, despite of their small size (4nm).

Figure 2. (a) Natural graphite flakes as received and (b) after milling treatment
(GF).

Figure 3. SEM images of (a) GFox and (b) GF (after milling treatment). Scale
bar are (a) 500 nm and (b) 2 um.
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Figure 4. Powder XRD pattern of (a) GFox and (b) GF, showing the
characteristic peaks of graphite located at 26.5° 44.3° and 54.5° corresponding
to planes (002), (101) and (004), respectively.

(a) ———— ()
ox
—_ =)
= ©
p A
g =
= B
o )
O =
E —
M 1 M L ' L] M 1 M L] M 1 M L] M 1
282 284 286 288 290 282 284 286 288 290

Binding Energy (eV) Binding Energy (eV)

Figure 5. C 1s high-resolution XPS measurement of (a) GFox and (b) GF, being
fitted with four and three components respectively. It is important to highlight
the high oxygen content on GFgx is larger than GF (0.08 and 0.02,
respectively).
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Figure 6. Statistical analysis of FezO, nanoparticles supported on GFox
(Fes04/GFpx, blue) and GF (Fe;0,4/GF, purple), being their sizes 3.9 + 0.5 and 4
+ 0.6. It can be observed that the preparation of the composite does not modify
the structure of the nanoparticles.
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Figure 7. Thermal gravimetric analysis of Fez04/GFox (blue) and Fe;04/GF
(purple) in air at scan rate of 5°C/min before thermal treatment (annealing at
1000°C in argon) showing similar loading of nanoparticles, being related with
the final weight at 1000°C.
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Figure 8. Statistical analysis metal-carbon nano-onions in Fe@C/GFoyx
composite, being their sizes 150 + 50 nm.
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Figure 9. Statistical analysis hollow carbon cages supported on Fe@C/GFgx
composite, being their sizes 9 + 2 nm.
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Figure 10. TEM image of a smgle hoIIow carbon cage on Fe@C/GF, being
located at the more active site of the graphene flake (at the edge). Scale bar is 2
nm.

inset]

1. Agglomeration

& Red uction 00— .r'\;

2. Detachement

Figure 11. Proposed mechanism for the selective formation of metal-carbon
nano-onions during annealing Fe;O,/GF at 1000°C for 2 hours in argon. Due to
the low nanoparticle-carbon support interaction, nanoparticles agglomerate into
large metal-carbon core-shell nanoparticles.

Figure 12. HRTEM image of Fe;0,/GFox after heating in air at 300°C for 24
hours. Scale bars are (a) 20 and (b) 5 nm.
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Figure 13. Bright-field TEM image of a-Fe;O,/GF at 1000°C for 2 hours in
argon showing the heterogeneity of the sample. Scale bar is 500 nm.
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Figure 14. XRD pattern of a- Fe30,/GFox before (red) and after (purple) acid
treatment in chloric acid. TEM image shows that hollow carbon nanostructures
are retained after treatment. Scale bar is 20 nm.
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Appendix IV

Molecule clusters encapsulated in
carbon nanotubes as new working
principle for energy-storage
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Structural Characterisation of Materials.

Figure 1: Time series of bright field transmission electron micrographs of
Mn12Ac@MWNT (100 kV) and a schematic representation of the packing of
Mn12Ac molecules in a NT. White scale bar is 5 nm.

Figure 2: Bright field transmission electron micrographs of Mn;;,AC@MWNT
(100 kV). White scale bar is 50 nm and black scale bar is 0.2 pum.
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Figure 3: TGA of Mnj ,AcC@MWNT (red) and empty (short and open) GMWNT
(blue). Step 1 corresponded to decomposition of Mn;,Ac with the loss of all
coordinated ligands and, hence, the consequent formation of Mn;O,4. Step 2
corresponded to the catalytic oxidation of the graphitized MWNTs in the
presence of the Mn3;O, formed inside the nanotubes, and the third step
corresponded to thermal oxidation of the graphitized MWNT themselves (that is,
sections of nanotubes that are not in direct contact with Mn;0,)*'?! The residual
weight remaining at 1,000 °C was attributed to Mn3;0O, (5.6% wt) that does not
decompose further.
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Figure 4. TGA of Mnj;Ac. Three weight loss steps were observed on air. The
first step corresponded to the loss of crystallisation solvent molecules and the
second and third weight losses to the subsequent decomposition of the cluster.
At ca. 280 °C, all organic moieties are removed upon heating and Mn3;O,4 was
formed. Moreover, the oxidation of Mn;O, to Mn,0; was observed at 560 °C,
followed by the decomposition of Mn,Oj5 at higher temperatures (930 °C).[%!
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Quantification of the amount of Mnj,Ac inside nanotubes. The amount
of MnpAc in Mni,AC@MWNT can be estimated from TGA measurements
(11.6% wt). From TGA measurements, the amount of Mn;,Ac has been
deduced by comparing the amount of manganese oxide remaining at 1,000°C
after all carbon of Mn;;Ac@ GMWNT being burnt out (5.6% of the total
weight, Figure 3) with the residual manganese oxide found at the same
temperature for pristine Mny,Ac (47.2% of the total weight, Figure 4).

(a)

Mn,,Ac@MWNT ~ Mn,0,@MWNT

P 2

Cu Mn

Intensity (a.u.)

4 6 8 10

Energy (keV)

Figure 5: a) Schematic representation of the decomposition of Mnj,Ac into
Mn3;O, inside NT. b) On the left: bright field transmission electron micrographs
of Mn3;0, nanoparticles inside NTs (100 kV); (inset) optical diffractogram
showing d-spacing of 0.288 nm which corresponds to the [200] planes of Mn3O,.
On the right: EDX spectrum of Mn3;O, formed from Mnj,Ac inside NT (area of
the spectrum is marked with a white circle; Cu peaks are due to the copper

grid).
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Figure 6: Bright field transmission electron micrographs of Mn;O,
nanoparticles inside nanotubes (100 kV). The white circles in (a) denote
encapsulated nanoparticles. Black scale in (a) is 50 nm while white scale bar in

(b) is 5 nm.
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Figure 7: Cyclic voltammogram of Mnj,Ac in MeCN. The potentials are given
versus the Cp,Fe/Cp,Fe* couple under the same conditions.!*®

Synergistic effect of the nanoscale hybridization.

Calculation of the Theoretical Capacitance. The theoretical capacitance

of the Mn;,AcC@MWNT hybrid electrode at a current density of 0.5 A/g can be
calculated as follows:

Chiybrid = Pmn12ac * Cmn2ac + (100%-P)mwnt * Crvwnt

being 201 F/g and 9 F/g the experimental values at 0.5 A/g of Mn,Ac and
MWNT, respectively and 14.2% (wt) the percentage of Mn,Ac in the

composite (P). Thus, the theoretical capacitance of the composite is 36 F/g.
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Figure 8: Comparison of charge-discharge curves of MWNT (black), Mn,Ac
(blue) and Mn;,Ac@MWNT (red) at a constant current density of 0.5 A/g.

193



(a

~—

© 9o
o o =
N

04 4

Potential (V)
o
o N

-0.2 4

0 50 100 150 200 250 0

100 200 300 400 500 600
Time (s)

Time (s)

Figure 9: Discharge voltage profiles at various current densities (0.3, 0.8, 1, 3,
5, 10 A/g) for (a) Mn;,AcC@MWNT and (b) Mn,Ac.
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Figure 10: Bode plot representation of the electrochemical impedance for
Mni,Ac (blue) and Mn,AcC@MWNT (red).
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Figure 11: Ragone plot (power density vs. energy density) of MWNT (black),
Mng,Ac (blue), Mn,Ac@MWNT (red) electrodes and other power technologies
(conventional capacitors (CC), ultra capacitors (UC), batteries and electrical
double-layer capacitors (EDLC)).® The energy densities and power densities
were derived from the charge—discharge curves at different current densities.
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Protective effect of the host

encapsulated Mn;;Ac molecules.
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Figure 12: Variation of the current density with the increasing cycling for
Mn,Ac electrode at a scan of 0.1 V/s.
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Figure 13: Comparison of cyclic voltammograms for Mn;,Ac (bright and dark
blue line for the 1°' and 100" cycle, respectively) and Mn;,Ac@MWNT (solid,
dashed and dotted red line for the 1°', 100" and 2000™ cycle, respectively) at a
constant scan rate of 0.1 V/s (based on the Mn;,Ac mass).
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Figure 14: Cyclic voltammograms of MWNT at a constant scan rate of 0.1 V/s
for the 1°' (black) and 1000" (pink) cycle.
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Figure 15: Cyclic voltammograms of Mn;O,@MWNT at a constant scan rate of

0.1 V/s for the 1% (black), 100" (blue) and 1000™ (pink) cycle (based on the
Mn3;0,4 mass).
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Figure 16: Comparison of the cyclic voltammograms of Mn ,AC@MWNT (red)
and Mn;O,@MWNT (pink) for the 1°' (solid lines) and 1000" cycle (dashed

lines) at a constant scan rate of 0.1 V/s. The total weight of the electrode is
considered here.*°
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Figure 17: Cyclic voltammograms of Mn,Ac@MWNT under acid conditions
(aqueous solution of HCIO,4, pH = 4) at a constant scan rate of 0.1 V/s with
increasing cycling (1-2000 cycles) (based on the Mn;,Ac mass).

Figure 18: Time series of images for Mn ,AcC@MWNT (a) and Mn;,Ac (b)

electrodes with increasing time from left to right under acid conditions (aqueous
solution of HCIO,, pH = 4).
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Dynamics of the Activation Process.
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Figure 19: Cycling performance of Mn ,Ac@MWNT at a current density of 0.8
A/g with no time delay between each charge—discharge cycle is shown in red.
Coulombic efficiency (%) as a function of increasing cycle number is shown in
black (dashed line).
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Figure 20: Charge-discharge profiles for Mn;,AcC@MWNT at a current density
of 0.8 A/g for the initial first ten cycles (a) the first ten profiles after 990 cycles
(b), 1990 cycles (c) and 4990 cycles (d) under continuous cycling.
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Figure 21: (a) Cycling performance of Mn;,AcC@MWNT at a current density of
0.4 and 0.8 A/g with (60 s) and without (0 s) time delay between each charge—
discharge cycle for the first 30 cycles. The potential range is -0.3 to 1 V (vs.
saturated Ag/AgCl). (b) Charge—discharge profiles at a current density of 0.4
Al/g for the initial first ten cycles (solid line) and the ten profiles after 200
cycles (dashed line).
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Figure 22: Open circuit potential experiments for a clean glassy carbon
electrode.
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Appendix V

Templating effect of carbon
nanofibers for the 1n situ synthesis
of metal oxide nanoparticles: effect

of nanoscale-confinement
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Figure 1. FESEM (a) and HRTEM (b-c) images of CNF at low and high
magnification showing their internal corrugated structure (scale bars 25 pm,
100nm and 10 nm, respectively.) Schematic representation of a CNF (d). The
long arrow in ¢ and d indicates the main axes of the nanofibers, while the short
arrows point to the internal step-edge of the CNF.
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Figure 2. (a) TEM image and (b) nanoparticle size distribution of free-standing
Mn3;O4 NPs, showing an average size of 11 £ 3nm. Scale bar is 20 nm.
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Figure 3. (a) Wide-scan XPS measurement of GWMNTs (square), CNFg
(circle), CNF (triangle), CNFAc (diamond) and CNFgx (star), being the atomic
percentage of O (%) 0, 0.4, 1.2, 2 and 11.4, respectively. (b) Despite the
superficial functionalization, the structure of both CNF,c and CNFg remains
intact, as observed by TEM in Figure 1 and Figure 2a-b.

Figure 4. TEM image of Mn;O4/CNFox with an average size of 8+ 2 nm. Scale
bar is 20 nm.
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Figure 5. (a) TEM image, (b) schematic representation and (c-d) size
distribution (X: 17 + 4 and Y: 20 = 5nm) of nanoparticles in Mn3;04/CNFg),
showing a good correlation with (e) nanocone length (18 + 6). Scale bar is 10
nm.

Figure 6. TEM images of Mn3;O,4 NPs synthesized in the presence of GMWNTSs
(Mn304/GMWNTSs), showing a minimum and maximum nanoparticle size of 5
and 47 nm, respectively. Scale bars are 20 nm.
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Figure 7. Histogram of Mn3;O, NPs synthesized in the presence of GMWNTs

(Mn3;0,/GMWNTS).
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Figure 8. Nanoparticle size distribution
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of (a) Mn3zO4/CNFac (red) and (b)

Mn;0,@CNF (blue), being the average diameter 8 + 2 and 10 = 2 nm

respectively.
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Figure 9. Thermogravimetric analysis at 5°C/min in air of purified hybrids:

Mn;0,@CNF¢

(green), Mn;O0,@CNF

(blue),

Mn;O,@CNFsc (red),

Mn3zO,@CNFox (purple) and pristine CNF (black) with 19.4, 6.4, 3.3 and 0% of
Mn3Oy, respectively in each hybrid material.
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Figure 10. (b) Fourier transform of (a) Mn3;O,/CNFg TEM image revealing
[211] and [220] planes of Mn3;0,4 phase. Scale bar is 5 nm.
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Figure 11. PXRD pattern of MnzO4/CNFc (red) and Mn;O,@CNF (blue), being
indexed to tetragonal hausmannite-Mn;O, (JCPDS 24-0734, 14;/amd, a = b =
5.76A, ¢ = 9.47 A) even though their small size and their low amount in the

composite. Sharp peak at 26° correspond to CNF [002].
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Figure 12. (a) HRTEM image of Mn3O,@CNF, resolving the nanoparticles
interplanar spacing of 0.302nm ([112] plane of Mn30,). (b) Interplanar distance
(d) is calculated using the equation: d = D / (L-1), where D and L stand for the
total distance and the numbers of layers, respectively, as measured in the line
profiles (a) of the HRTEM image. Scale bars is 2 nm.
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Figure 13. FT-IR spectrum for Mn;O4/CNFAc (red) and Mn;O,@CNF (blue). In
the region from 650 to 500 cm™, two absorption peaks were observed at 630 and
524 cm™, which may be associated with the coupling of the Mn-O stretching
modes of tetrahedral and octahedral sites.
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Figure 14. TGA of CNF (black), Mn3;04/CNF ¢ (red) and Mn;0,@CNF (blue) at
5°C/min in air. Surfactant loss is observed between 200-300°C while the second
loss is attributed to carbon oxidation. The remaining material is identified as
Mn;O, content, being 22.6 and 6.4% for Mn3O4/CNFsc and Mn;O,@CNF
respectively. It is worth noticing that manganese has a catalytic effect on the
oxidation of carbon.

Figure 15. TEM images of preformed s-Mn3;0, NPs (a), and s-Mn30;@CNFAc
composite (b), where nanoparticles are encapsulated inside CNFAc. Scale bars
are 10 (a) and 50 nm (b).
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Figure 16. TEM images of (a) a close-packed array of b-Mn;O,4 NPs (with size
dimensions of 11.4 £ 1.6 nm and 10.1 + 1.5 nm and thickness of 5.7 £ 0.9 nm).
(b) lattice planes imaged parallel to the edge of a Mn;O, NP with a d-spacing
value of 0.288 nm (200). (c) Selected area electron diffraction (SEAD) pattern
showing clear diffraction rings indexed to the Mn3;0, spinel structure. (d) TEM
image of b-Mn;O,@CNF composite where nanoparticles are adsorbed on the
step-edge of CNF. Scale bars are 10 (a) and 40 nm (d).
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Figure 17. Cyclic voltammogram at 0.05V/s (a) and galvanostatic charge-
discharge cycles (b) of CNF (black) and CNFAc (grey) at 0.5 Al/g, being their
specific capacitance 0.3 and 2.4 F/g respectively.
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Figure 18. Charge-discharge cycle (a) of s-Mn3;0,@CNFac (purple) with respect
to CNFac (grey). Synergy (b) of 1.5, being the expected and experimental
specific capacitance of the composite 62.2 F/g* (or 2.36 F/g) and 94.7 F/g” (or
3.6 F/g, having a 3.8% of Mn3;0,) respectively.
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Figure 19. Cyclic voltammogram of Mn;O,@CNF at 0.05V/s in 2M KCI during

9 000 cycles.
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(a,b) Nyquist plot of initial Mn;O,@CNF (blue) and after different

cycles at 0.05V/s (200, 500 and 9000) with respect to CNF (black). (c¢) Specific
capacitance (calculated using equation 5) vs frequency and (d) solution
resistance (R;) over cycling, showing all a noticeable improvement on the
electrochemical performance over cycling.
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Figure 21. Thermal gravimetric analysis of (a) s-Mn;04 and (b) b-Mn3;O,4 NPs at
5°C/min in air, having a 12 and 22% surfactant loss respectively in the region

150-250 °C.
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Figure 22. Charge-discharge cycle of b-Mn;0,@CNF composite at 0.5 A/g in
2M KCI with a specific capacitance of 3 F/g or 27.3 F/g" (with 11% of Mn30,).
It is important to notice that even though the composite has higher loading than
Mn3;0,@CNF hybrid, 11% with respect to 6.4%, its capacitance and, hence, its
specific capacitance is smaller, 27.3 with respect to 58.1 F/g*.
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Figure 23. Thermal gravimetric analysis of s-Mn;O,@CNFc in air, showing a
3.8% of Mn30,.
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Figure 24. (a) TEM image of Mn3;O,@CNF after 13 200 cycles at 0.5 A/g,
showing no noticeable changes while nanoparticles are still inside CNF. (b)
Nanoparticle size distribution with an average size of 11 £ 4 nm. Scale bar is 20
nm.
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Figure 25. HRTEM images of Mn3O, NPs inside CNF after 13 200 charge-
discharge cycles at 0.5 A/g, showing the characteristic inter planar distance of
Mn3;0,. Scale bars are 2 nm.
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Figure 26. Cyclic voltammogram of Mn;O,@CNF in 2M LiCl at 0.05V/s shows
high capacitance retention for 14 000 with a slightly capacitance increment.
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NPs Capacitance Specific Capacitance
Synergy
Loading (F/g hybrid) (F/g Mn;0,)
%Mn;0, M. Exp. M. Exp.
Mn30,/CNFc 22.6 17.8 21 78.8 9.2 9
Mn;0,@CNF 6.4 3.7 0.3 58.1 5.3 11

Equation 1:
Synergy = Specific capacitance (Measured) / Specific capacitance (Expected)
Equation 2:

Expected capacitance = (%Mn3;O4 * Cyps )/100 + [100-%Mn;0,4]/100 *
C<:arbon

Equation 3:
Capacitance (F/g) =i (A/g) * tq (s)/ V (V)
Equation 4:
Specific capacitance (F/g”) = Capacitance (F/g) * 100/ %Mn;O,

Table 1. Calculation of synergy of metal carbon hybrid materials. Synergy
effect is the relation between the measured (M.) versus the expected (Exp.)
specific capacitance for the hybrid material (equation 1). To do so, the
theoretical capacitance was calculated using equation 2, being 0.9, 0.3 and 2.4
F/g specific capacitance of building blocks at 0.5 A/g (Cnps, Ccarbon: CNF and
CNFac) respectively and %Mn3;0, the loading of manganese oxide in the hybrid
(obtained after heating the sample in air at 1 000°C (Appendix V, Figure 9). It
is important to mention that specific capacitance both with respect the hybrid
(equation 3) and with respect to the amount of manganese oxide (equation 4)
was calculated. The latter helps the comparison of material with different
nanoparticle shape or size. C..on fOr the specific capacitance of either CNF (for
Mn3;0,@CNF) or CNFac (for Mn3O4/CNFAc), i stands for current during
galvanostatic discharge measurement, tq for discharge time and V for voltage
window.
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Appendix VI

Stabilisation of low crystalline
Prussian Blue Analogue by internal
charge transfer

218



10.6

__ 1044 = A

10.2 1

Unit cell (A

10.0 +——F——F——F———
20 24 28 32 38 40
Co,[Fe,(CN),]

Figure 1. Relationship between the unit cell of CoHCF, which is related to the
Co'"/Co" ratio, with respect to the Fe content, which determines the [Fe(CN)g]
vacancies, showing the difficulty to control simultaneously the number of
vacancies and the oxidation state of Co centres during the synthesis. Thus, the
number of vacancies as well as the Co'"'/Co'" ratio is different in all of the
examples. It is important to mention that the values are calculated from the
literature (squarel™, triangle!®, star®® and circlel).
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Figure 2. PXRD of CoHCF crystal. The indexation of a face-centred cubic unit

(equation 1) leads to a unit cell parameter of @ = 10.26 + 0.01 A, being the four

most intense diffraction peaks at 17.30 (200), 24.40 (220), 35 (400) and 39.20

(420).

dhkl = \/ﬁ (Equation 1)
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Figure 3. A total loss of 27.6% weight (associated to water molecules) was
observed after heating the initial CoHCF crystal up to 200°C in nitrogen
atmosphere with a ramp of 5°C/min.
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Figure 4. (a) TGA of initial CoHCF in nitrogen with a ramp of 5°C/min,
showing that the water content in the resulted MVS can be selectively
determined in the range of RT to 200°C by controlling the maximum achieved
temperature. (b) Based on weight loss from Figure S4.a, the number of water
molecules is calculated for every MVS.
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Figure 5. Schematic representation of the electronic configuration of Fe-Co pair
and the mechanism associated to the internal charge transfer which produces the
demagnetization of the sample.
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Figure 6. (a) Magnetic susceptibility in phase as a function of the temperature

of MVS systems and initial CoHCF. (b) Curie temperature (T.) of MVS and
initial CoOHCF (0°C).
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Figure 7. Nyquist plot of (a) initial COHCF, (¢) MVS 120°C and (e) MVS 220-
°C with respect to the simulated calculation (red line) based on the proposed
electrical circuits (b,d and f). x? for initial COHCF, MVS 120°C and MVS 220-
°C are 0.02, 0.03 and 0.08, respectively, showing a good fitting with
experimental results.
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Figure 8. Scanning electron images of (a) CoHCF/GF composite and
(b)CoHCF@GF hybrid using the secondary electron detector, which reveals the
samples’ surface topography.
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Figure 9. TGA of in situ CoHCF@GF hybrid (red) with respect to initial
CoHCF (pink) and graphene flakes (black) in air with a ramp of 5°C/min. In
contrast to initial CoOHCF, a 25.5% weight loss in the range of 350 to 600°C in
air is observed for the hybrid materials and it is assigned to the carbon
nanostructure. Then, the in situ CoOHCF@GF hybrid has a GF/CoHCF ratio of
25.5%/74.5%. It is important to mention that same ratio was employed for the
fabrication of CoHCF/GF composite.
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Figure 10. XRD diffraction pattern of in situ CoOHCF@GF hybrid (red) with
respect to initial CoHCF (pink) and graphene flakes (black). In contrast to
initial COHCF, a new peak at 26.5° is observed for the hybrid materials and it is
assigned to the carbon nanostructure. Unit cell parameter of CoHCF in
CoHCF@GF hybrid was calculated using the four most intense diffraction peaks
(i. e. 17.28 (200), 24.54 (220), 34.93 (400) and 39.27 (420): a = 10.255 + 0.007
A (equation 1).
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Figure 11. (a) TGA of in situ COHCF@GF, hybrid (x=2 to 6) in air with a ramp
of 5°C/min. (b) As expected, CoHCF weight decreases (from 100 to 24%) or, in
other words, the amount of carbon in the hybrid increases as the amount of
carbon during the synthesis increases from 0 in CoHFC to 76% in CoHCF@GF
(35.3g/L).
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Figure 12. Schematic representation of initial high concentration of carbon
nanostructure (GF) during the in situ synthesis of COHCF@GF hybirds, which
blocks the interaction of Co**withFe(CN)3~.
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Figure 13. FESEM images of COHCF@GF¢ using (a) secondary electron and (b)
back-scattering electron. (c) EDS analysis shows that crystal structure (red
circle) is mainly formed of iron while both iron and cobalt is observed in the
rest of the sample (red rectangular). As no peaks corresponding to iron oxide
whereas only the Prussian blue XRD pattern is identified (d), it is proposed that
both FeHCF and CoCHF form the CoHCF@GF¢ hybrid.
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Figure 14. C 1s high-resolution XPS measurement of GF fitted with four
components: nonoxygenated sp? C (284.6 eV), nonoxygenated sp® C (285.1eV),
hydroxyl groups (286.8 eV) and carboxyl groups (289.1 eV). The chemical
functionalization of the graphene flake surface enables the proposed interaction
with iron cations.
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Figure 15. XRD diffraction pattern of in situ COHCF@GF, hybrid (x=2 to 4). It
is important to notice that carbon peak at 26.5° increases with the increase of
carbon content, being in agreement with TGA measurements (Figure 10). Unit
cell parameter of CoHCF in CoHCF@GF, hybrid (x=2 to 4) was calculated
using the four most intense diffraction peaks, leading to a unit cell parameter of
a = 10.250 + 0.004 A, @ = 10.242 + 0.006 A and a = 10.227 + 0.006 A,
respectively (equation 1).
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Figure 16. Solution resistance (Rs, dash line) from EIS measurements in the
high frequency region and the water content (solid line) from TGA experiments
are represented with respect to the carbon content during the in situ synthesis of

CoHCF@GF

hybrids

(COHCF@GF (5.9 g/L),

CoHCF@GF,

(11.8 g/L),

CoHCF@GF; (17.6 g/L), COHCF@GF, (23.5 g/L) and CoHCF@GF¢ (35.3 g/L)).
Initial CoHCF (carbon content = 0) is considered for the sake of comparison.
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Figure 17. Capacitance retention (solid line) and coulombic efficiency (dash
line) of (a) CoHCF@GF and (b) CoHCF@GF, after 400 cycles at 1A/g. The

chemical composition and electrochemical

parameters of CoHCF@GF and

CoHCF@GF, are summarized in the table below, showing the capacitance
retention after 400 cycles as well as the coulombic efficiency (in brackets).
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Figure 18. Nyquist plot of (a) CoHCF@GF, 120°C with respect to the
simulated calculation (red line) based on the proposed electrical circuits (b). X?
CoHCF@GF, 120°C is 0.002, showing a good fitting with experimental results.
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