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Resumen

Los condensadores electroquimicos de doble capa (EDLC), comunmente denomi-
nados supercondensadores, son dispositivos de almacenamiento electroquimico de
energia capaces de proporcionar mas energia que un condensador comin y cargarse
o descargarse més rapido que una bateria. Hoy en dia, este tipo de dispositivos ha
atraido un gran interés debido a tener una excelente reversibilidad, una capacidad
de ciclado practicamente ilimitada (>1,000,000 ciclos) y un modo de operacion sen-
cillo, ofreciendo soluciones en aplicaciones donde se requiere un aporte instantdneo
de energia. Los esfuerzos e investigaciones actuales tienen como objetivo aumentar
su densidad de energia sin perder potencia, para obtener nuevos dispositivos que
alcancen o incluso superen la densidad de energia de una bateria manteniendo las
ventajas propias de los supercondensadores.

El principal mecanismo de almacenamiento de energia en estos dispositivos es
la capacidad eléctrica o capacitancia, que se basa en la adsorcion reversible de iones
de electrolitos sobre la superficie de los electrodos formando una doble capa elec-
troquimica. No ocurren reacciones faradaicas y la energia permanece almacenada
en cargas agregadas en la superficie del material del electrodo. Por lo tanto, cuanto
mayor sea el area superficial del electrodo, méas energia se podria almacenar y es
por eso que el carbono desordenado microporoso es el material mas comtnmente
utilizado como material de electrodo y el que se encuentra en los dispositivos co-
merciales. Por otro lado, los compuestos capaces de interactuar con el electrolito
mediante reacciones redox faradaicas de manera rapida y reversible pueden pre-
sentar otro mecanismo similar a la capacitancia para almacenar energia, que por
similitud se denomina mecanismo de pseudocapacitancia.

En esta tesis, se han disenado diferentes estrategias sintéticas con el fin de
obtener materiales compuestos basados en carbono desordenado con propiedades
electroquimicas mejoradas para su uso como electrodos en supercondensadores.

En primer lugar, la extraccion selectiva con cloro gaseoso de los centros me-
talicos de compuestos organometalicos a temperaturas intermedias, seguida de la

VII



RESUMEN

conversion hidrotermal de los intermedios de reacciéon constituidos por un mate-
rial compuesto basado en una matriz de carbono desordenado con una dispersiéon
homogénea de nanoparticulas de haluro metalico, ha demostrado ser una ruta sin-
tética excelente y directa para la obtencion de materiales compuestos basados en
carbones nanoporosos con nanoparticulas pseudocapacitivas de 6xidos metalicos.
Utilizando como precursores niqueloceno (Ni(C;H;),) y acetilacetonato de manga-
neso (II) (Mn(C;H;0,),) se han obtenido sendos materiales compuestos formados
por una matriz porosa de carbon derivado de organometalico (ODC) con una
dispersion homogénea de nanoparticulas de NiO y Mn;O, respectivamente en su
interior. Los estudios electroquimicos muestran que en estos materiales este meca-
nismo pseudocapacitivo parece funcionar en sinergia con el mecanismo puramente
capacitivo, mejorando la capacidad de almacenamiento de energia total del mate-
rial compuesto frente al respectivo material de carbon en un 44 % en el caso del
compuesto ODC@NiIO (pasando de 47 a 85 F g!) y de un 33% en el compuesto
ODC@Mn,0, (de 87 a 130 F g'). Adicionalmente, estas nanoparticulas otorgan
al compuesto una mayor densidad que el respectivo material de carbono, lo que
resulta en una mejora de la capacidad volumétrica. Asimismo, la matriz de car-
bono proporciona estabilidad mecéanica a las nanoparticulas.

En segundo lugar, habiéndose observado la mejora lograda con la adicion de
nanoparticulas de ¢éxido metalico, se seleccionaron carbonos activados a partir de
precursores lignoceluldsicos como matriz para el desarrollo de nuevos materiales
compuestos mediante la adiciéon de nanoparticulas de 6xido-metélico o metalicas
sintetizadas ex situ. Como materiales precursores para los carbones activados se
seleccionaron cascara de nuez gallega (Juglans regia) y bambu ( Guadua angustifo-
lia), debido a su alto contenido de carbono en forma de lignina y la elevada area
superficial que desarrollan tras activarlos quimicamente. En el caso del carbon ac-
tivado derivado del bambu la incorporacion de un 25 % de nanoparticulas de oro
(AuNPs) pretendia reducir de forma sustancial la resistencia equivalente en serie
(ESR), de forma que aunque se sacrifica la capacidad gravimétrica del material
pasando de 100 a 73 F g! el aumento de densidad que le otorga al material com-
puesto la inclusion de las AuNPs contribuye la obtenciéon de una alta capacitancia
volumétrica (de 29 a 47 F cm™), proporcionando un valor afiadido en términos de
su utilidad préactica como material de electrodo en dispositivos méviles. En el caso
del carboén activado derivado de nueces gallegas, el material compuesto presenta
una ESR aproximadamente 4 veces inferior al carbén activado derivado de bam-
b1, por lo que en este caso se pretendia mejorar las propiedades electroquimicas
incorporando tnicamente un 1% de nanoparticulas de oxido de manganeso. Los
resultado obtenidos para el material compuesto proporcionan no solo una mejora
de la capacidad de almacenamiento total del material (de 41 a 59 F cm™), com-
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RESUMEN

pensando la disminucion del area superficial con el mecanismo pseudocapacitivo
proporcionado por las nanoparticulas de oxido de manganeso, sino una disminu-
cion de aproximadamente 6 veces la ESR del dispositivo comparado con el material
de carbon.

En el dltimo capitulo, se ha sintetizado un nuevo material compuesto denomi-
nado Carbon-Gold Nanograpes, formado por nanoesferas de carbon microporoso
con un nucleo de varias nanoparticulas de oro, combinando una alta densidad con
una gran area superficial. Este nuevo material compuesto proporciona una capa-
citancia volumétrica similar a nanoesferas de carbono analogas que no tienen un
nucleo solido, con la ventaja de ser un material mas denso y, por tanto, mas adecua-
do para dispositivos practicos. Sin embargo, la capacitancia volumétrica de estos
materiales disminuye rapidamente a velocidades de carga/descarga rapidas en una
soluciéon de 0,5 M H,S0,, tal vez debido a problemas de difusion iénica a través
de la estructura porosa del material. Al calentar el nanocompuesto més alla del
punto de fusion de la nanoparticula de oro, estas funden y pueden fluir fuera de las
nanoesferas de carbono, mejorando la conectividad de la estructura microporosa y
mejorando la interacciéon ion-poro y, por lo tanto, su conductividad iénica. De esta
forma, los valores de capacitancia gravimétrica y volumétrica aumentaron a 210 F
gl y 114 F ecm™, respectivamente, en una celda simétrica de dos electrodos usando
0.5 M H,SO, como electrolito. Este trabajo demuestra un nuevo concepto para el
control de la estructura microporosa en el diseno de nuevos materiales compuestos
de carbono de préoxima generacion.
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Summary

Electrochemical double layer capacitors (EDLC), commonly referred as superca-
pacitors, are electrochemical energy storage devices that can provide more energy
than a common capacitor and deliver or capture it faster than a battery. Nowa-
days, this type of devices have attracted considerable interest because they have
excellent reversibility, practically unlimited cyclability (> 1,000,000 cycles) and
a simple operation mode, offering solutions in applications where a rapid energy
boost is required. Current efforts and research are aimed at increasing their en-
ergy density without losing power, in order to obtain new devices that reach or
even surpass the energy density of a battery while simultaneously maintaining the
advantages of supercapacitors.

The main energy storage mechanism in such devices is the electrical capacity
or capacitance, which is based on the reversible adsorption of electrolyte ions onto
the surface of the electrodes, forming an electrochemical double layer. There is
no faradaic reaction and the energy remains stored in aggregated charges at the
surface of the electrode material. Therefore, the higher the surface area, the more
energy could be stored, and that’s why microporous disordered carbon materials
are the most commonly used electrodes and the one found in commercial devices.
On the other hand, compounds able to interact with the electrolyte by quick and
reversible faradaic redox reactions can present a similar behavior for energy stor-
age, which by similarity is called pseudocapacitance mechanism.

In this thesis, different synthetic strategies have been designed in order to ob-
tain composite materials based on disordered carbon with improved electrochem-
ical properties for use as electrodes in supercapacitors.

In first place, the selective metal extraction with gaseous chlorine of the orga-
nometallic compounds metal centers at intermediate temperatures, followed by the
hydrothermal conversion of the by-product reaction intermediates constituted by a
composite material based on a disordered carbon matrix with a homogeneous dis-
persion of nanoparticles of metal halide, has proved to be an excellent and straight-
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SUMMARY

forward synthetic route for the direct obtention of composite materials based on
nanoporous carbons with pseudo-capacitive metal oxides nanoparticles. Using
Niquelocene (Ni(C;Hy),) and Manganese (II) acetylacetonate (Mn(C;H-O,),) as
precursors, composite materials formed by a porous organometallic derived car-
bon (ODC) with a homogeneous dispersion of NiO and Mn;O, nanoparticles re-
spectively embedded were obtained. Electrochemical studies show that in these
materials, this pseudo-capacitive mechanism seems to work in synergy with the
pure capacitance mechanism, improving the total energy storage capacity of the
composite materials compared to their respective carbon material by 44% in the
case of the ODC@NiIO (going from 47 to 85 F g!) and 33% in the compound
ODC@Mn,0, (from 87 to 130 F g!). Additionally, these nanoparticles endow
the composite with a greater density than the respective carbon material, which
results in an improvement of the volumetric capacitance. Also, the carbon matrix
provides mechanical stability to the nanoparticles.

In second place, having been observed the improvement achieved with the ad-
dition of metal-oxide nanoparticles, lignocellulosic activated carbons were selected
as matrix for the synthesis of new composite materials by addition of ex-situ syn-
thetized metal-oxide or metal nanoparticles. As precursor materials for the acti-
vated carbons, Galician walnut shells (Juglans regia) and bamboo (Guadua angus-
tifolia) were selected, due to their high carbon content in the form of lignin and
the high specific surface area developed after chemical activation. In the case of
activated carbon derived from bamboo, the incorporation of 25% of gold nanopar-
ticles (AuNPs) aimed to substantially reduce the equivalent series resistance (ESR)
value, so that although the gravimetric capacity of the material is sacrificed from
100 to 73 F g the increase in density that the inclusion of the AuNPs involved,
contribute to the obtention of a high volumetric capacitance (from 29 to 47 F
cm™), providing a higher value in terms of the practical utility of the composite
in mobile devices. In the case of activated carbon derived from bamboo, the in-
corporation of 25 % of gold nanoparticles aimed to substantially reduce the ESR,
so that although the gravimetric capacity of the material is sacrificed from 100 to
73 F g ! the increase of density that gives the composite material the inclusion of
the AuNPs contributes the obtaining of a high volumetric capacitance (from 29 to
47 F cm -3), providing an added value in terms of its practical utility as electrode
material in mobile devices. In the case of activated carbon derived from Gali-
cian nuts, the composite material presents an ESR approximately 4 times lower
than activated carbon derived from bamboo, so in this case it was intended to
improve the electrochemical properties by incorporation of only 1% of mangnese
oxide nanoparticles. The results obtained for the composite material provide not
only an improvement of the total storage capacity of the material (from 41 to 59
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SUMMARY

F cm™), compensating the decrease of the surface area with the pseudocapacitive
mechanism provided by the manganese oxide nanoparticles, but a decrease of ap-
proximately 6 times the ESR of the device compared to the carbon material.

In the last chapter, a new composite material, denoted as Carbon-Gold Na-
nograpes, composed of individual microporous carbon nanospheres with a core of
several gold nanoparticles, has been successfully synthesized, providing both high
density and large surface area. This new composite material gives a volumetric
capacitance that is similar to analogous carbon nanospheres that do not have a
solid core. As it also has the advantage of a denser material, it is more suitable
for use in practical devices. However, it was found that the volumetric capac-
itance of these materials quickly decreased at fast charge-discharge rates in 0.5
M H,SO, solution, perhaps due to challenges of access of the electrolyte into the
small pore sizes of the nanocarbon. By heating the nanocomposite beyond the
gold nanoparticle melting point, the melted gold could be made to flow out of
the carbon nanospheres, improving the connectivity of the microporous structure
and enhancing ion-pore interaction and thus its ionic conductivity. Overall, the
gravimetric and volumetric capacitance values increased to 210 F g! and 114 F
cm™, respectively, in a symmetrical two-electrode cell using 0.5 M H,SO, as the
electrolyte. This work demonstrates a new concept for micropore structure control
for the design of next generation carbon composite materials.
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Chapter 1

Introduction

The energy demand of the globalized and technological society in which we live
is in continuous growth, since both first world countries and those in develop-
ing require the consumption of increasingly large amounts of energy to cover the
increase in the level of development such as the use of electronic devices, electrifica-
tion or transports (Figure 1.1). The International Energy Agency (IEA) estimates
a 30% of increase in global energy demand by 2040, mainly driven by in devel-
oping countries such as India and Southeast Asia (International Energy Agency,
2017). This situation entails an uncomfortable truth: the energy sources that up
to now have supported the industrial advances that we enjoy in our world, mainly
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Figure 1.1: Global energy consumption by countries. Home Global Energy Statis-
tical Yearbook 2017 (Enerdata, 2018).



CHAPTER 1. INTRODUCTION

based on fossil fuels, are being depleted. The amount of oil available on the planet
is increasingly smaller and more expensive to extract, and therefore it cannot
continue to be our main source of energy for the continued exponential growth of
our population.

That is not the only problem associated, in addition, due to the indiscrimi-
nate use of these fossil fuels, more and more quantities of gases responsible for the
so-called greenhouse effect have been released into the atmosphere. Consequently,
the global temperature of our planet is increasing year after year, approximately
1.2 °C, since the pre-industrial times of the years 1961-1990 (Morice et al., 2012).
Exceeding the mark of 1 °C, we are dangerously close to reach and surpass the
global limit agreed of 2 °C above the pre-industrial temperature (Figure 1.2). Al-
though this is the limit that has been set as the highest acceptable risk to assume
by environmental organizations and economists, exceeding lower temperatures we
are already suffering from natural catastrophes as stronger and more intense hur-

ricanes or the consequences of the melting poles, increasing the sea level by 20
centimeters (NASA, 2018).
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Figure 1.2: Temperature anomalies since 1850 to 2017 (Met Office Hadley Centre,
2017).

This situation requires, as soon as possible, a change in our source of energy
production, replacing the fossil fuels by renewable sources of energy that reduces
the impact of our society on the environment. Renewable sources are the most
economic energy sources of new generation, consequently nowadays many countries
are investing in renewable energy plants. China and India lead the production of
solar energy, while in the European Union the dominant renewable energy is wind
power, where it is also estimated that by 2040 the total renewable energy will
represent the 80% of the total energy generated (International Energy Agency,
2017).



1.1. ENERGY STORAGE DEVICES

But thinking about changing our {,} — Sofar &.s ~ Wind _ bemand
main source of energy by the renewable <

ones, their main drawback arises imme-
diately due to the intermittency in their
generation. Sunlight can only be used
during the day or wind does not blow
at demand, in the same way that we
cannot locate a waterfall close to our
houses to take advantage of hydraulic
energy. Figure 1.3 shows the variabil-
ity and intermittence of sun and wind
power during the day. This graph show
an energy system operating in a sunny Time of day

climate, like that of Spgin, with the Figure 1.3: Variability of solar and wind
renewable component being 80% solar power during a typical day (after BP,
power and 20% wind. As well as vari- 2018).

ability during a typical day, as shown
here, renewable power also varies by
season and geography.

Grid power

Therefore, the energy storage becomes a critical factor to achieve the balance
between the energy demanded and that generated from renewable resources. In
this sense, energy storage devices can be employed with the aim of collecting,
storing and integrating the excess electricity into the electrical grid upon demand.

1.1 Energy storage devices

Energy storage has always been a challenge that has been passed down genera-
tions, because electric power has always been the most difficult product to store
efficiently. The first attempts to store energy were to pump water from one reser-
voir to another located in higher altitudes, taking advantage of periods of low
energy demand and then releasing moving the turbines and generating energy in
periods of high energy demand. It is commonly called hydro-pump, and has been
used since the 1920s in Europe and USA. It is still considered a highly efficient
storage model, with efficiencies reaching greater than 80% (Energy Storage Asso-
ciation, 2017). However, hydroelectric and hydro-pump storage plants can have
an enormous impact on the surrounding environment as they require a great deal
of land resources.



CHAPTER 1. INTRODUCTION

From then till now, many technologies and different options have been available
to store energy on both short and long-terms. Inductors and capacitors are good
examples as short-term storage systems, storing energy in electrostatic or elec-
tromagnetic form on electrical circuits. For long-term approach more options are
available: batteries and fuel-cells, where chemical redox reactions directly produce
electrical energy; fly-wheels, which store kinetic energy by accelerating a rotor in
a vacuum enclosure using the surplus energy and considered at present the most
efficient storage option in industry reaching up to 93% of efficiency (Boos, 2014);
or supercapacitors, that store energy in terms of electrostatic form like common
capacitors but with greater amount of energy (Kularatna, 2015; Winter & Brodd,
2004), being the topic of the present Thesis. Batteries, fuel-cells and superca-
pacitors have become the most used and studied storage devices in recent times,
because it is easier to create smaller and portable devices to satisfy the increasing
demand for its application in hybrid and electric vehicles (Burke & Zhao, 2015)
or portable electronic devices such as cell phones, PDAs, and laptops (CAP-XX,
2015).
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Figure 1.4: Ragone Plot (after Simon & Gogotsi, 2008).



1.1. ENERGY STORAGE DEVICES

The Ragone plot displayed on Figure 1.4 is commonly used to show the prin-
cipal differences between batteries and supercapacitors. Batteries, appearing as
green and red stripes in the graph since they have high energy density (or specific
energy in case of gravimetric measures), however they suffer of low power density or
specific power, meaning that the energy cannot be fastly stored and delivered. In
the opposite way, supercapacitors, represented by the wide blue stripe in the left of
the graph, exhibit lower energy density but higher power density, meaning in this
case that they can store less amount of energy but can be delivered very quickly,
achieving the highest specific power with the lowest charging times. Making a
similarity, a battery would be a long distance runner, it needs a lot of energy re-
leased slowly, however a supercapacitor would be a sprinter, it needs just the right
energy released very quickly. Thereby, the current applications of supercapacitors
are those in which a quick energy boost is needed for a short period of time. As a
example, the multinational company AIRBUS uses them in the opening of emer-
gency doors of one of its most commercialized aircraft models the AIRBUS A380
(European Space Agency, 2014) or in the current hybrid vehicles where they can
store the fast braking energy generated, reducing fuel consumption. A particular
case in Spain is their use on an special catenary-free tram in Seville by the Spanish
company TRAINELEC. Here, fulfilling the need to remove the catenaries in the
tram line when crossing the old town, supercapacitors quickly charge in each tram
station the necessary energy to reach the next stop (TRAINELEC CAF, 2010).

Batteries can be classified as primary and secondary batteries, depending on
whether they are of single-use (galvanic cell, alkaline battery and dry cell) or
rechargeables (lead acid battery, lithium ion battery or nickel-cadmium battery)
respectively (Dehghani-Sanij et al., 2019). On the other hand, fuel cells come in
many varieties depending of their design features such as the fuel kind, operating
temperature and the electrolyte substance, which usually defines the type of fuel
cell (Proton exchange membrane fuel cells (PEMFCs), Phosphoric acid fuel cell
(PAFC), Solid acid fuel cell (SAFC), Alkaline fuel cell (AFC), Solid oxide fuel
cells (SOFCs) and Molten carbonate fuel cells (MCFCs) among others) (Inci &
Tirksoy, 2019).

Having a look to the basic schematic composition of the electrochemical energy
storage devices (Figure 1.5) we can notice several similarities: all are composed
of two electrodes which work as cathode and anode, where the anode is easily
found as the electron donor and the cathode the electron acceptor. Between them
there should be an insulator separator, that allows the passage of ions through it
but not electrons, that in the case of batteries and fuel cells usually also works as
the electrolyte. Finally, if the insulator separator does not work as electrolyte, a
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liquid one impregnating everything is needed. But if they are so similar, why do
they offer such different properties?. The answer lies in its different mechanisms
of storing energy.

@ Battery (b) Fuel-Cell © Supercapacitor

Electrical
insulator
Electrolyte

separator

Elecfiolyte Excess_ _Water and

3 —Heat out

Figure 1.5: Basic scheme of three energy storage devices: battery, fuel-cell and
supercapacitor.

Batteries and fuel-cells works basically with redox reactions that occur in their
electrodes and the difference between them is that fuel-cells are open systems
where the anode and cathode serve as charge-transfer media and /or diffusion layers
(depend of the kind of fuel cell) and the active masses are delivered from outside
the cell, while batteries are closed systems. In batteries and fuel-cells the charge is
stored electrochemically through an exchange of electrons between the electrodes
and the electrolyte. As electrons are involved the process is called a Faradaic
reaction, since Faraday’s law must be fulfilled. The redox reaction takes place on
the bulk electrode material, which explains the higher energy density. On the other
hand, by involving electron exchange all along the electrode material, provides
lower power density. Instead, supercapacitors as we will deeply describe in the next
section, work with a different energy storage mechanism called capacitance where
the charge is electrostatically stored, without any redox reaction and therefore no
Faradaic reactions occurs, offering lower energy density but a higher power density
as displayed in the Ragone diagram.

1.2 Supercapacitors

A supercapacitor, also called an ultracapacitor or double-layer electric capacitor,
is an energy storage device that can provide more energy than a common capacitor
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and deliver or capture it faster than a battery. Nowadays, these type of devices has
aroused considerable interest because they have excellent reversibility, practically
unlimited cyclability (> 1,000,000 cycles) and a simple operation mode. We have
just seen that these devices currently offer energy solutions in applications where
a rapid energy boost is required, but all currently efforts and research are aimed
at increasing the energy density without losing power, in order to obtain more
"super" capacitors that reach or even surpass the energy of a battery with also
better life-time properties, more difficult to improve on a common battery.

There are many strategies followed for this purpose: increasing the electrode
surface area, incorporation of pseudocapacitative materials or even the use of both
capacitor and battery type electrodes together with the employment of different
types of electrolyte: aqueous, organic or ionic liquids. The rapid proliferation
of this type of devices requires an appropriate classification based on the active
material on each electrode and the energy storage mechanism, in order to clarify
and be able to properly compare different setups, since many times all kind of such
devices are included in the general term of supercapacitors, although they work in
a very different way from each others. Thereby, supercapacitors can be classified
in three general catergories: symmetric, asymmetric and hybrid (see Figure 1.6).

Symmetric SCs Asymmetric SCs
| |
[ | [ |
Symmetric SCs without Symmetric-hybrid Asymmetric-hybrid Asymmetric SCs without
hybrid behaviour devices devices hybrid behaviour
| ’—‘—‘
[ |
EDCLs Symmetric systems with One battery-type Electrodes of
pseudocapacitive materials electrode capacitative nature
Symmetric devices with Devices with one Asymmetric and asymmetric-hybrid devices
electrodes of capacitative nature battery-type electrode with electrodes of capacitive nature

Figure 1.6: Classification of supercapacitors based on the charge storage mecha-
nism and active material in each electrode (after Roldéan et al., 2015).

Symmetric devices contain the same active material in each electrode. In this
category the classic electrochemical double layer capacitors (EDLCs) that store
energy by capacitative mechanism, is the most representative, but also account
for other devices with pseudocapacitive mechanism, such as metal oxides or some
conductive polymers (Conway et al., 1997; Simon & Gogotsi, 2008) in both elec-
trodes. In addition, there are many studies in materials that can provide both
mechanisms in synergy, called hybrid materials, and if a device uses the same hy-

7
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brid material for their two electrodes it is named symmetric-hybrid device. Hybrid
and asymmetric terms have been used indiscriminately and oftenly confused. The
most reasonable is to use the term asymmetric as opposed to its antonym, ergo
for devices built of electrodes of different materials, and the term hybrid for ma-
terials that combine different energy storage mechanisms. Therefore, asymmetric
supercapacitors with either capacitative (with two different activated carbons) or
pseudocapacitative mechanism (for example two different metal oxides) can be de-
scribed. In the case of asymmetric hybrid supercapacitors where each electrode
operates with a different mechanism combining a capacitive material and a pseudo-
capacitive one (activated carbon/MnQO, is the common example) or even systems
that combine a capacitative-type electrode with a battery-type one that utilizes
a rechargeable reaction, being this configuration a promising strategy to improve
the energy density of electrochemical capacitors (Roldan et al., 2015).

1.2.1 Energy storage mechanism on supercapacitors

As stated before the two main energy storage mechanisms working in supercapaci-
tors are capacitance and pseudocapacitance, however they have not been described
in detail yet. Capacitance, that also gives the name to the device, is based on the
double layer principle described for the first time by the German physicist Hermann
von Helmholtz in 1853, and in 1957 first patented by the General Electric Company
(Becker, 1957; Rightmire, 1966). The primary basic concept consists on two facing
plates of opposite charges separated by an atomic distance where a controllable
surface density of negative or positive charge can arise. Helmholtz broadens this
concept to more separated interfaces by placing ions as a charge carrier between the
plates and also applied to non metal plates surfaces like semiconductors or colloidal
particles. Louis Georges Gouy and David Leonard Chapman, French and English
physicists respectively, bring in the thermal fluctuaction in their Gouy-Chapman
model, as the ions are not fixed charges at the surface as Helmholtz postulated,
and the whole electrolyte participates on the process in a diffuse gradient. It was
Otto Stern, Nobel laureate in physics in 1943, who mixed both theories identifying
two regions on the double layer, the inner Helmholtz layer and the diffuse layer
where both contribute to the total capacitance, introducing also the concept that
ions are not point charges, they have their own volume plus their hydration shells
(the so called Gurney co-sphere radii) correcting the overestimation of capacitance
obtained by its predecessors by not taking into account this detail.

Later, D. C, Grahame, from United States, took notice of the different nature
of cations and anions: most common cations are smaller than anions and have
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stronger dipole interaction with their solvation
sphere, so it is more difficult that they lose their
shell. Therefore, the Helmholtz layer is divided in
two (see Figure 1.7): the inner Helmholtz layer, con-
taining the anions; and the outer Helmholtz layer,
where the more solvated cations are located (Con-
way, 1999).

When a difference of potential (as voltage, V)
is applied on a supercapacitor, electrons move from
the positive to the negative electrode, creating an
excess of positive (QT, from electrons that left their
holes) and negative (()~, from electrons that arrive)
charge on their respective electrodes. This charges
separation is unstable and needs to be countered by
the corresponding ions of the electrolyte by their
electrostatic deposition on the surface of the elec-
trode following the double-layer described above.
The current through the electrodes continues flow-
ing until the potential difference between both elec-
trodes become equal to the supply voltage, being
this the form in which a supercapacitor stores en-
ergy. The ratio between the sum of absolute values
of both charges (Q = |Q*|+|@|) on coulombs, C,
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GOUY-CHAPMAN
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Figure 1.7: Double layer
general representation (after
Conway, 1999).

and the applied voltage in volts, V', yields the capacitance in farads, F'.

C:

IR

(1.1)

The capacitance formula for a parallel-plate capacitor can also be expressed by

the following equation:

C=T

(1.2)

Where A is the surface area of the interface between the electrode and the

electrolyte in square meters (m?), € is the permittivity of the dielectric material
and d is the double layer thickness in meters (m). Consequently, the greater
the surface area of the electrode, the greater the energy that could be stored.

9
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This is the main difference between supercapacitors and common capacitors, the
supercapacitor have much more surface area than its counterpart, as it is made
of high surface area materials as electrodes such as activated carbons, while the
common capacitor uses metal plates. In the same way, the higher permittivity,
the higher capacitance. On the other hand, the greater the distance of the double
layer formed at the interface, the smaller the capacitance.

Another type of supercapacitors are based on the so called pseudocapacitance,
phenomenon that was firstly discovered by Trasatti and Buzzanca in their stud-
ies on the RuO, thin films (Trasatti & Buzzanca, 1971) where in a typical cyclic
voltammetry experiment (technique in which we will deepen later) the results
obtained showed a typical rectangular shape characteristic of a capacitative be-
havior, and not the expected for a Faradaic process. This process occurs on the
electrosorption of ions at the surface of the electrode, involucrating a redox reac-
tion between them, when the electrode surface is able to participate on a reversible
redox reaction as for example on metal oxides like RuO,. This mechanism has a
Faradaic origin, as involves the passage of charge across the double layer formed,
in the same way than in batteries, but in this particular case, the charges do not
extend through the entire electrode material, but just stay on the surface due
to thermodynamic and kinetic reasons, where the redox reaction takes place at
very high speed continuously and reversibly. Therefore the charge accepted by
the electrode (Agq) depends on the applied voltage (AV'), so its derivative relation
and thus its electrical behavior is equivalent to the original capacitance (Conway,
1999).

dq

Cpseudo = W

(1.3)

Additionally, three types of pseudocapacitance can be distinguished: i) the un-
derpotential deposition, where a monolayer of a different metal with a very lower
potential than the metal of the electrode is deposited over it; ii) redox pseudo-
capacitance, in the case of surfaces that participate on the redox reaction like
the example of RuO,; and iii) intercalation pseudocapacitance, where the ion in-
tercalates into the structure of the electrode to find the redox-active surfaces, but
without structural changes on the electrode. In this last case, as there are diffusion
problems involved, the charge dependence with the potential is not always linear,
so the capacitance is not always constant (Augustyn et al., 2014; Lukatskaya et al.,
2016).

Once exposed both storage mechanisms, it should be pointed out that they

10
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are not incompatible, in fact they are always present on this type of devices. It is
known that double-layer carbon capacitors exhibit about 1 to 5% of their capaci-
tance as pseudocapacitance from Faradaic reactivity of oxygen groups that always
remain in the surface during the synthesis or preparation, and pseudocapacitor
devices or even batteries always present a 5 to 10% of electrostatic double layer
capacitance component depending on their accessible surface area.

1.2.2 Fundamental parameters

Once defined the capacitance in any of the mechanisms previously mentioned, it
can be related to the fundamental parameters of a supercapacitor, the energy and
the power:

E:% o\'% (1.4)
P 4‘;%5) (1.5)

Where the energy (joules, J) that a supercapacitor can store is proportional
to the obtained capacitance (farads, F') and to the square of the applied potential
(volts, V'), and the power (watts, W) is also directly proportional to the square of
the potential but in this case, inversely proportional to the internal resistance of the
capacitor device (ohms, €2). The capacitance and the resistance are fundamentally
defined by the nature electrode material, meanwhile the voltage depends in a
greater extension on the electrolyte type (aqueous, organic or ionic liquid).

In order to desing a good material for electrode in a supercapacitor we need in
first place, according to the capacitance equation 1.2 displayed above, a conductive
material with a large surface area. In addition, this area must be distributed
in a suitable porous structure. Since the energy is stored by the electrostatic
deposition of electrolyte ions on the surface of the electrode, these ions must find
access to the entire area, and for that, they should fit in the porous structure.
A pore size compatible with the ions is required, also taking into account that
in the case of using an aqueous electrolyte, a solvation sphere will be formed
increasing their size. But even designing a material with the properly pore size
for the electrolyte used, also larger pores would be necessary allowing for a faster
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circulation of ions throughout the electrode surface (Figure 1.8). If not, the ions
would block each other throughout the material, thus interrupting the deposition
process and therefore reducing the effective surface area, especially at fast charge
and discharge speeds.
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Figure 1.8: (a) Unimodal and (b) multimodal pore structures.

If the capacitance is optimized, focusing on the two equations of this section
for energy (1.4) and power (1.5), the applied voltage appears as a key factor in
order to maximize both parameters. The electrode material should withstand the
applied voltage, but what really limits the applicable potential is the stability of the
electrolyte. Aqueous electrolytes are less problematic and easier to manage, but
their stability is about one volt. Outside this voltage window, water is hydrolyzed
into hydrogen and oxygen, degrading the solvent. On the other hand, organic
electrolytes are somewhat more complicated to manage since they require to work
on an inert atmosphere, but they can easily resist higher voltages even up to three
volts (Zhong et al., 2016).

Finally, it is important to point out that the density of the electrode material
is a crucial factor in its applicability. Very often, researchers report impressive
gravimetric capacitance values that once the whole device is built up dramatically
decreases to a comparable volumetric values previously reported. A material with
very high surface area is required, and usually this type of materials presents
low density. At the time of manufacturing the electrode to assembly the device,
the active material must be, for instance, compressed as a film, losing its great
capacity showed on the experimental stage and yielding values similar to those
in the commercial ECs made of activated carbon (Gogotsi & Simon, 2011). So,
the great challenge on the research of material electrodes for supercapacitors is
to design high surface area materials with also high density. Another point to
highlight is that, as explained above, volumetric capacitance is a better way to
report capacitance values than gravimetric capacitance.

12
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1.3 Carbon Science

Carbon is a particular element whose electronic configuration 1s22s?2p? endows it
with special properties. Although at first look only two electrons are available to
form new bonds, the free energy released when formed allow electron jumps from 2s
orbital to the empy 2p orbital, resulting on a new configuration 1s*2s'2p,*2p,'2p,*
where now four electrons from four different orbitals are available to form new
bonds. That particular configuration also allows the combination or hybridization
of s and p orbitals in order to equalize the excited state energy. In such way,
when the 2s orbital is combined with the three p orbitals, four new sp? orbitals are
formed in a tetrahedral configuration, allowing the formation of four o type single
bonds. If the combination is between the 2s orbital and two of the three 2p or-
bitals, then three new sp? orbitals outcome, in a trigonal planar configuration with

Tetrahedron

Figure 1.9: Carbon hybrid orbitals.

the remaining p orbital perpendicular to the plane. Two carbon atoms in such
configuration form a double bond with the contribution of one ¢ bond from one
sp? orbital plus the 7 bond of the 2p perpendicular orbital. Finally, when the 2s
orbital is combined with just one 2p orbital, 2 new sp orbitals are formed, in a
linear configuration. In this case, two carbon atoms will form a triple bond by
the combination of one ¢ bond from the sp orbital and two 7 bonds from the 2p
orbitals located perpendicularly from each others (see Figure 1.9).

Different carbon allotropes result by controlling these hybridizations. A three
dimension sp?® hybridization carbon network evolve on the precious diamond form,
meanwhile a stacking of the sp? planar structure outcome the non so precious
graphite. The sp hybridization results on the carbynes, considered the ideal infi-
nite one dimension carbon materials that, although unstable in ambient conditions
and chemically very active, are recently attracting the attention of scientists due to
their theoretical exciting properties (Bianco et al., 2018). But the world of carbon
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allotropes is far from ending here. Previously described materials are considered
bulk materials, whereas at the nanoscale other carbon allotropes appear, such as
fullerenes,
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Figure 1.10: Classification of carbon nanostructures from the degree of carbon
bond hybridization (modified from Shenderova et al. (2002)).

carbon nanotubes (CNT) or graphene appear, topic of thousand of articles. The
most often explored system at the nanoscale is the sp? planar shape. Fullerenes,
CNT, nanohorns and similar nanostructures can be easily explained in terms of a
curved graphene layer as their common structural building unit. Conversely, sp
and sp® should now be explored more intensively at the nanoscale level. Figure 1.10
show the most representatives carbon structures starting from the three different
atomic hybridization and the natural evolution among them.

1.3.1 The sp hybridization: Linear carbon chains

Theoretical studies reveal very interesting properties in these linear carbon chains:
higher Young’s modulus and stiffness than graphene, CNTs and diamond, an ex-
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tremely high charges movility based on their intrinsic one dimensional structure
and an adjustable bandgap upon strain (Liu et al., 2013; Zhang et al., 2011). Be-
sides, they are important for the understanding of fundamental solid state physics
like quantum conductivity.

Linear carbon chains can adopt two different configurations: polyynes and
cumulenes (see Figure 1.11). Polyynes are made of alternating triple and single
bonds where the two 7 interactions of each atom are localized in the triple bond
resulting on a semiconducting character. While the cumulenes consist on carbon
chains with all carbon atoms connected by double bonds, the two 7 interactions
are now localized on both sides of the carbon atom, which endow it with metallic
properties.

PolyynesC=C-C=C Cumulenes C=C=C=C
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e e M g N

Figure 1.11: Polyynes and cumulenes linear structures.

The synthesis of these linear carbons is not easy due their high reactivity and
unstability. The principal attempts to isolate them was trying to trapping them
between graphene layers or inside the hollow core of CNTs. In the second case,
it has been found that tubular cores in the range between 0.6 to 0.8 nm diam-
eter of multi walled carbon nanotubes (MWCNTS) are optimal for synthesis of
linear carbon chains via atmospheric arc discharge in the presence of boron (Kang
et al., 2016). More recently, thermal treatment of double-walled carbon nanotubes
(DWCNTs) around 1500 °C has been reported for the synthesis of long linear car-
bon chains (Shi et al., 2016), where metallic properties were found in the composite,
even though both the CNTs and the linear carbon chains were semiconductors.

Even so, the study of these carbon materials is in a very first stage, the synthesis
mechanism is not well understood and still are many unresolved questions, and
their theoretical properties based on their ideal one-dimensional features need to be
elucidated. Furthermore, the fabrication of air-stable linear carbon chains without
using encapsulation will be one of the biggest challenges to achieve in the near
future.
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1.3.2 The sp? hybridization: Graphene-like carbons

The graphite bulk material obtained when the carbon atoms are on a sp? hybridiza-
tion is composed of stacked layers of graphene. The p, orbitals which remain
perpendicular to the graphene planes are responsible of such stacking by Van der
Waals forces, and could happen in two different ways, hexagonal (ABABAB...)
or thombohedral (ABCABCABC...) presenting the P63/mmc and R3m spaces
groups respectively.

Thus, graphene can be considered as the building block of graphite. Theoretical
studies predict the fascinating electronic properties of one single and infinite layer
of graphene, a semi-conductor with a band gap close to zero (Wang et al., 2017).
But in practice, that infinite planar layer is impossible to obtain. The layers tend
to curve, especially if they contain some defects in the carbon network like a pen-
tagon or heptagon instead of an hexagon, or a sp>-type carbon that interrupts the
planarity, being this effect more probable as the layer increases in size. Therefore,
graphene can also be considered the building block of different dimensions carbon
nano materials that have been discovered in recent years, becoming the sp? the
most studied hybridization state at the nanoscale.

Zero dimensions nanomaterials

When the layer of graphene is totally curved, fullerenes are obtained (Figure
1.12a). Fullerenes are a family of nanomaterials that consists of a hollow cluster
formed by a certain number of carbon atoms. The most common of the fullerenes
is the structure formed by sixty carbon atoms Cgg, sinthetized in 1985 by Kroto
H.W., Heath J.R., O’Brien S.C., Curl R.F. and Smalley R.E., using the technique
of laser vaporization at Rice University (Kroto et al., 1985). A closer inspec-
tion at the Cgy molecule reveals that each carbon atom is linked to three more
atoms forming a truncated icosahedron with twenty hexagons and twelve hep-
tagons, fulfilling the Euler’s theorem that determines that every closed structure
composed of hexagons and heptagons must contain twelve heptagons and an ar-
bitrary number of hexagons. Five years before (1980) Sumio Iijima first reported
transmission electron mycroscopy images of fullerenes surrounded layer by layer
by other icosahedral fullerenes made of a higher number of carbon atoms when
studying amorphous carbon films prepared by thermal vacuum deposition (Figure
1.12b). These characteristic shape carbon nanomaterials were called nanoonions
by Ugarte in 1992, who obtained them by intense electron irradiation of carbon
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soot under TEM observations (Ugarte, 1992).

(a) (b) A (c)

Figure 1.12: Structure schemes and TEM images of (a) fullerenes (Slepchenkov
et al., 2017), (b) nanoonions (Camisasca & Giordani, 2017), (c) nanohorns (lijima
et al., 1999) and (d) carbon rings (Martel et al., 1999).

Since the discovery of fullerenes, the number of publications in carbon nano
materials increased exponentially, discovering lots of new shapes like the called
nanohorns (Figure 1.12¢), cone shaped aggregates of graphene sheets first re-
ported by Sumio lijima et al. in 1999, synthesized by CO, laser ablation and arc
discharge without a metal catalyst (lijima et al., 1999), as well as carbon rings
or toroids (Figure 1.12d) observed by Smalley and coworkers while examining
laser-grown SWCNTs (Lin, 1999; Shaikjee & Coville, 2012). Graphene clusters,
or nanographenes are one more 0D nanomaterial, also called polycyclic aro-
matic hydrocarbons (PAHs), which consist on graphene sheets of few carbon atoms
synthetized by chemical reactions of hexa-peri and hexacata-hexabenzocoronene
derivatives (Delgado et al., 2008; Hahn et al., 2018).

One dimensions nanomaterials

Carbon nanotubes are the most studied one-dimensional carbon nanomaterial
based on graphene (Figure 1.13a). Single and multi-wall nanotubes can be easily
explained as rolled graphene sheets in a tubular shape. M. Endo and coworkers
were the first group to report the existence of these nano shapes by HRTEM trying
to produce carbon fibers by a modified chemical vapor deposition (CVD) method
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in 1976 (Oberlin et al., 1976), but this paper had not a broad impact at this time
because researchers were only focused in carbon nanomaterials after the discovery
of fullerenes. In 1991 Sumio [jima (Ilijima, 1991a) confirmed the rolled graphene
layer nature of MWCNTs synthetized by using the same method for producing
fullerenes, an arc-discharge between graphite electrodes in an inert atmosphere
whitout metal catalyst. Two years later, in 1993, both lijima’s (Iijima & Ichi-
hashi, 1993) and Bethune’s groups (Bethune et al., 1993) reported the synthesis
of SWCNTs adding during the synthetic process a metal catalyst.

Since the discovery of the first CNTs, researchers have continued with the the-
oretical and experimental studies of these tubular nano shapes. While the perfect
CNT is a rolled hexagonal network layer, structural defects can produce the cur-
vature of the tube. In this sense, Coiled carbon nanotubes are a good example
(Figure 1.13b), when paired pentagon-heptagon atomic rings arrange themselves
periodically within the hexagonal carbon network the tube adopts a spiral shape.
Although the formation mechanism is not well understood, the model of local-
ized stresses and anisotropic rates of carbon deposition on catalyst particles is the
most widely accepted (Zhang & Li, 2009; Zhang et al., 2000). The insertion of non-
hexagonal rings in a particular region of the network also can result on branched
carbon nanotubes, making possible the constructions of various angles from Y
to T shapes (Bir6 et al., 2004). The CNTs growth direction can also be tuned
by the application of an external force originated from an electric field (Nojeh
et al., 2004) or gas flow (Jin et al., 2007), yielding the called regularly bent
carbon nanotubes. Another example of different shape CNTs are the carbon
nanotubes with beads: beads coated with amorphous or polycrystalline carbon
on the surface, adopting various shapes such as spheres, cubes or other polyhedra.
It is believed that those beads are formed during the nanotube growth and their
shape is related to the type of catalyst seeds (de Heer et al., 2005; Lujun Pan et al.,
2001).

Another 1D nano-shaped carbon material that is attracting a lot of atten-
tion nowadays is the called graphene nanoribbons (GNRs) which consist on a
graphene layer in which one of its dimensions has been limited to the nanoscale
(Figure 1.13c). The lateral confinement not present in extended graphene endows
the GNRs with unusual properties, opening a band gap and controlling quantum
states (Bianco et al., 2018). These new properties depend dramatically on the
details of the atomic structure of the GNR in such way that the precise control
in their synthesis is a crucial parameter in order to harness the full potential of
graphene nano-systems and exploit their properties as quantum materials for novel
applications.
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Figure 1.13: Structure Schemes and TEM images of (a) CNTs (Iijima, 1991b) and
(b) coiled carbon nanotubes (Shaikjee & Coville, 2012). (c¢) Structural scheme and
AFM image of GNRs (Chen et al., 2015).

Therefore conventional synthesis methods without such precise atomic struc-
ture control as chemical vapor deposition (CVD) are excluded. However, recently
developments on-surface chemical methods are novel strategies to synthesize these
carbon materials. Fasel and Miillen in 2010 (Cai et al., 2010) were pioneers on
the surface-assisted bottom-up assembly of small precursor monomers into atomi-
cally precise GNRs. In this synthesis method the design of the starting monomer
becomes an important step while expanding the family of GNR carbon materials.

Two dimensions nanomaterials

An infinite two dimensional layer of sp? hybridized carbon atoms is what is com-
monly known as graphene (Figure 1.14a). Andrei Geim and Kostya Novoselov
were awarded with the Nobel Prize in Physics on 2010 "for groundbreaking exper-
iments regarding the two-dimensional material graphene" (The Nobel Prize, 2010)
regarding their discovery in 2004. Since then, graphene has emerged as one of
the most popular topic in research because of its extraordinary properties, which
have attracted the interest of researchers all over the world. This 2D one-atom
thick structure of carbon has as fingerprint a unique electronic structure with lin-
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ear dispersion close to the Fermi level. Charge carriers in graphene are better
described as massless Dirac fermions, which result in new phenomena (Terrones
et al., 2010). Also, bilayers and few-layer-graphene can be included as pseudo 2D
carbon structures as transition materials from graphene to graphite with different
physicochemical properties than both of them, but where graphene properties can
be recovered when stacking disorder is introduced.

Several methods have been reported for graphene synthesis that can be divided
into two different approaches: the top-down and the bottom-up. The top-down
approach implies the exfoliation of graphite into its graphene sheets, where me-
chanical exfoliation has been the turning point in the history of graphene and is
still the key synthesis technique for obtaining high quality graphene for research
purposes, although often entails tedious procedures and low yields (Edwards &
Coleman, 2013). Currently, the most common way to produce graphene at large
scale in research is in its oxide form following the Hummer’s method (Hummers
& Offeman, 1958) or derivatives, which consists of a graphite exfoliation by an
aggressive acid treatment. On the other hand, the bottom-up approach imple-
ments carbon molecules as building blocks for graphene layers acquisition. Even
though nowadays it is not suitable for the production of graphene sheets with
large surface area, this approach offers the possibility of manufacturing GNRs and
nanographenes in large quantities (Warner et al., 2012).

Three dimensions nanomaterials

As it has been previously described, the stacking of 2D graphene layers results
in the 3D graphite, which is the most common carbon structure formed by sp?
hybridized carbon atoms. However, the layers not always stack in an ordered way,
but in random orientations. This concept called turbostatic carbon layers was
introduced by B. E. Warren in 1941 (Warren, 1941) while discussing the X-ray
diffraction pattern from carbon black. Except for 001 reflections, the random
orientations prevent the appearance of general hkl reflections, and for this reason
these materials started to be called disordered carbon materials. Rosalind
E. Franklin in 1951 proposed for the first time a new brilliant structural model
for graphitising and non-graphitising carbons (Franklin & Randall, 1951), where
the basic structural unit are small graphitic crystallites containing a few layers,
which are joined together by cross-links. In graphitising carbons the structural
units are approximately parallel to each other and in a non-graphitising carbon
are oriented randomly. Years later, the advent of electron microscopy allowed
the direct observation of these non-graphitising materials at high resolution giving
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rise to a new model in which the structural unit consist on an arrangement of
ribbon-shaped layer planes (Ban et al., 1975).

100 nm

Figure 1.14: Structure scheme and TEM images of (a) graphene layer with some

non-hexagonal rings (red) (Guo et al., 2012), (b) Schwarzites (Benedek et al.,

2011; Miller et al., 2016) and (c) disordered carbon following the model proposed
by Harris and Tsang (Harris, 2004).

So far, the planarity of sp? layers has not been questioned, but some researchers
pointed out the presence of defects in these layers that break the planarity such
as sp® bonded atoms and carbon rings with different number than six atoms (Das-
gupta & Sathiyamoorthy, 2003). If the graphene layer contains periodic carbon
rings with more than six atoms a negative curvature could be produced, obtaining
a sp? carbon material structurally similar to zeolites that is called Schwarzites
(Terrones & Terrones, 2003) (Figure 1.14b). In most cases these structural models
are ordered, but disordered structures are much more likely in reality, for example
the layer curvatures in schwarzites could not be periodic, with result on carbon
nanofoams, structures that can be visualized as microporous carbons exhibiting
nanochannels. These disordered structures (Figure 1.14c) have also been con-
sidered in the model proposed by Harris and Tsang in which the structure of
non-graphitising carbon consists of discrete fragments of randomly curved carbon
sheets (Harris & Tsang, 1997).
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1.3.3 The sp® hybridization: Nano Diamonds

The bulk material composed by sp® hybridized carbon atoms in an hexagonal
close packing is the precious diamond with cubic structure in the Fd3m space
group. At the nano scale, diamond structures have been found in meteorites and
interplanetary dust (Lewis et al., 1987) as well as earth sediments 13,000 years old.
The first, although involuntary, nanodiamonds produced were in the USSR in
the 1960s by detonation, in an attempt of preparing diamond from non-diamond
carbon. But until 1980s these works were unknown in the rest of the world and
they were not considered of special interest until late 1990s when their possible
applications as non-toxic alternative to semiconductor quantum dots in biomedical
imaging, magnetic sensors, drug delivery and other areas of medicine began to be
discovered (Mochalin et al., 2011).

At present, nanodiamonds can be synthetized by several techniques. In addi-
tion of the use of explosion energy, as pioneer researchers in this field, techniques
like laser assisted synthesis, high temperature high pressure method (HTHP) or
high energy ball milling of microcrystalline diamond are used for industrial produc-
tion of nanodiamonds. But there are other techniques to obtain nanodiamons like
hydrothermal synthesis, chemical vapour deposition (CVD) synthesis, ion bom-
bardment on graphite, chlorination of carbides or ultrasonic cavitation, among
others (Khan, 2018).

1.3.4 Carbon materials as electrodes on supercapacitor de-
vices

As mentioned above, carbon materials are classically used as electrodes on electro-
chemical capacitors (Pandolfo & Hollenkamp, 2006; Simon & Gogotsi, 2013; Zhai
et al., 2011; Zhang et al., 2009). Carbon is one of the most flexible elements in
structural terms, it can form different structures depending of its posible hybridiza-
tion sp, sp? and sp® including the combination of both sp™ as seen above. From all
the carbon allotropes, those described below are the most used as electrode ma-
terials on supercapacitors because they fit almost all the necessary requirements
such as high surface area and conductive properties, low cost (in some cases are ob-
tained from wastes), easy availability, nontoxic nature, environmental friendliness
and stability (Figure 1.15).

The sp?/sp® ratio gives an idea of how the graphene layer is curved and struc-
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Material Carbon onions | Carbon nanotubes | Graphene Activated carbon | Carbide derived Templated
carbon carbon

Dimensionality | 0-D 1-D 2-D 3-D 3-D 3-D

Conductivity High High High Low Moderate Low

Volumetric Low Low Moderate High High Low

Capacitance

Cost High Moderate Moderate High

Y

Structure

Figure 1.15: Different carbon structures used in EDLCs (after Simon & Gogotsi,
2013).

tured in each carbon. In the case of the onion-like carbons (OLCs) the layer is
curved in their three dimensions, forming nanoparticles concentric graphene spher-
ical shells, as all its dimensions are limited, it is a zero-dimensional material, and
works as a discrete bulk material. These carbons have surface areas up to 500-600
m? g and very high electrical conductivity, and a capacitance values between
70-100 F g in alkaline electrolyte (Zhang et al., 2010). If the graphene layers are
rolled in one dimension, then SWNTs and MWCNTs are obtained. Capacitances
of these materials are between 100 F g* for MWCNTs (Niu et al., 1997) to180 F
gt for SWCNTs (An et al., 2001) with similar respective surface areas of 430 and
357 m? g't. OLCs and CNTs are excellent choices for devices with very high power
density and a moderate volumetric capacitance, due to their poor density close to
0.3 g cm™. Even so, CNTs are extensively used as a base matrix in the search for
composite materials in order to increase its energy density without losing power
density (Jurewicz et al., 2001; Luo et al., 2017; Yao et al., 2017).

Graphene has a theoretical surface area of about 2670 m? g'! and its electrical
conductivity is the highest of all carbon allotropes. But in practice, it is very
difficult to obtain just one single layer and, if this was achieved, the sheets would
tend to re-stacking into graphite form during the manufacture of the electrode.
In order to have separated sheets a certain shift of sp? hybridization into sp? is
needed, which entails some folding to the sheet, avoiding restacking by forming
an amorphous and disordered carbon material. This modification strongly affects
to the promising properties of graphene by decreasing the surface area to values
similar to those found in CN'Ts and capacitances of 100 F g, Like CN'Ts, graphene
is widely used as matrix in the development of composite materials. As a particular
example, in a composite material made of a mixture of graphene and CNTs in an
attempt to avoid the graphene stacking by placing CNTs between the layers (Cheng
et al., 2011; Du et al., 2011; Yu & Dai, 2010).
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Activated Carbons (AC) are the most representative materials in this field, they
have the largest surface area above 2000 m? g'*. These carbons materials are easily
produced in large quantities and relatively low cost from fossil fuels like petroleum
coke, pitch and coal; but the growing of global energy demand and the increase
in awareness of environmental impacts of fossil fuel combustion led to the ACs
production from sustainable and renewable natural carbon resources like wood,
coconut shells, cellulose, fruit pits or anthracite for example (Gonzalez-Garcia,
2018). The process to obtain these carbons is divided in two steps: the first one
consists of the pyrolysis of the carbon precursor. In this stage, all elements and
natural oils typical of the vegetal mass are removed or reduced to their minimum
from the material. In a second step, the material is subjected to a a physical or
chemical activation process. In the physical activation, the carbonized materials is
thermally treated between 400-1000 °C in the presence of inert (Ar, N,) or oxidizing
gases such as water, carbon dioxide or both. Under these conditions carbon reacts
yielding CO (g) and H, (g). For example, the activation with water steam can be
described by the following rection:

Cie) + HyOy — CO,y + Hy(y (1.6)

The release of gases helps maintain the activation temperature and gives rise
to the formation of micro, meso and macropores (Sevilla & Mokaya, 2014). One
of the most used reagents for chemical activation are NaOH or KOH which react
with carbon through the following reaction:

6 MOH + 2C «— 2M + 3T, + 2M,CO, (1.7)

The main advantages of this process over physical activation rely on the high
yield, development of microporosity, less energy requirements and activation time,
but the cost and environmental impact of the activating agents are the biggest
drawbacks.

Nowadays, ACs based supercapacitors give more than 200 F g in organic
electolytes (Wei et al., 2011) with a density higher than other carbon types of
about 0.4-0.7 g cm™. But the main problem associated to these carbons is that its
porosity is totally unpredictable, and as we just seen above, is a critical factor to
reach good electrochemical performances. Also, their conductivity is not very high
being in the range of 0.1-1 S cm™ depending on the thermal treatment (Zhang et al.,
2010). This poor conductivity in comparison with graphite is due to the presence
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of oxygenated functional groups developed in the surface during the activation
process that localize the charge on their site, decreasing the electronic cloud over
the carbon structure. In addition, the lost of planarity within the graphene layers
forming the ACs avoiding a free movement of the 7 electrons together with the
formation of insulating voids related to the pores development also contributes to
worsen the electrical conductivity of ACs.

On the other hand, although Carbide-derived Carbons can be obtained by sev-
eral synthetic procedures, such as reaction of calcium carbide with inorganic salts
at high tempertates (Nikitin & Gogotsi, 2004), hydrothermal lixiviation of car-
bides at at high temperatures (300-1000 °C) and pressures (2-200 MPa) (Gogotsi
& Yoshimura, 1994) or by extraction of the metal atoms of the carbide under vac-
uum at temperatures around 1200 °C (Kosolapova, 1971), the high-temperature
etching with halogens, commonly chlorine, is the most employed. In this methods
the metal atoms are removed from the crystalline network by forming the cor-
responding volatile metal halide yielding a nanostructured carbon material with
high surface area and tunable pore size (Chmiola et al., 2010; Gogotsi et al., 2003;
Presser et al., 2011; Yushin et al., 2006). The chlorination reaction can be postu-
lated as follows:

Mny(S) -+ X(H/Q)CIQ(g) — YC(S) + XMCI (18)

n(g)

Chlorine treatment has successfully been employed for CDC synthesis from a
variety of carbide precursors, including SiC, TiC, B,C, BaC,, CaC,, Cr;C,, Fe,C,
Mo, C, Al,C,, Nb,C, SrC,, Ta,C, VC, WC, W, C, ZrC, ternary carbides such as
Ti,AlC, Ti;AlC,, and Ti;SiC,, and carbonitrides such as Ti,AlC, ;N ;. Through
this method, highly disorederd carbon materials with surfaces areas up to 2000 m?
g'l, similar to the ACs, can be obtained. But in this case, unlike ACs, the pore
structure can be tuned. It is not a common rule for all carbides, as each metal
reacts in a different way with chlorine, but in some cases like TiC and SiC (the
most studied) the pore size can be tuned from 0.6 to 1.1 nm by controlling the
temperature synthesis. This is an important advantage in comparison with the
ACs, since, as we have seen above, the pore structure of the carbon is a key factor
in its electrochemical behaviour. Research in this field has shown that a greater
capacitance can be obtained by fitting the pore and electrolyte size. (Chmiola
et al., 2006). Additionally, whereas the carbonization process uncontrollable, the
metal etching occurs from the outside to the inside of the material allowing the
control of carbon growth at the atomic level, layer by layer (see Figure 1.16).
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Figure 1.16: Carbonization process of WC at 700 °C, 800 °C and 900 °C (Gonzalez-
Garcia et al., 2010).

Finally, templated porous carbons are a family of nanostructured carbons with
well controlled narrow pore size distributions, ordered pore structures, large spe-
cific surface areas and an interconnected pore network. They are produced by
infiltration of a carbon precursor into the pores of an inorganic template, followed
by the carbonization of the organic precursor and removal of the template. In
this type of carbon materials the porous structure can be better controlled than in
CDCs, similar surface area can be developed and different shapes like nanotubes
or spheres, among others, by using different micellar systems or inorganic zeolites
templates can be produced (Francois Beguin, 2009). The properties described be-
fore, make them promising candidates for supercapacitor electrode materials. In
fact electrochemical measurements have reported values of gravimetric capacitance
up to 350 F g in aqueous and 140 F g! in organic electrolytes (Yamada et al.,
2007). Even so, their synthesis usually involves several steps and become more
tedious and expensive than for the other carbon materials.

1.3.5 Carbon-based composite materials for supercapacitors

Pseudocapacitive materials have attracted great interest in the development of
supercapacitor electrodes with enhanced energy storage performances. However,
this mechanism is only effective in a very thin surface of the material, where the
Faradaic reactions occurs. In the particular case of pseudocapacitive metal ox-
ides the poor electronic conductivity of most of them linked to the electrode crack
suffered after a certain number of cycles (<10000) (Lokhande et al., 2016) has
limited their practical application as electrodes. The design of carbon-based com-
posite materials, where the carbon provides mechanical strength to the supported
pseudocapacitive material, better electrical conductivity and its own capacitive
component resulted in new materials showing improved capacitive properties. In
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addition, these carbon-based composite materials exhibit highest densities yielding
improved volumetric capacitances. The Ragone plot displayed in Figure 1.17 shows
how the electrochemical performance (especially the energy density) of some typ-
ical capacitive and pseudocapacitive materials used as supercapacitors electrodes
is improved after the preparation of a carbon-based composite material.

ACs have been widely studied as support for pseudocapacitive metal-oxide
nanoparticles such as RuO, (Yang et al., 2015a), Zn,SnO, (Jin et al., 2018) or
Ni@NiO core/shell structures (Zhang et al., 2014) where beside increase the capac-
itance value, the cycle life of the electrode is greatly extended. In combination with
CNTs, ACs can generate composites able to undergo 50000 cycles with a slight loss
of capacitance, instead similar ACs without CN'Ts where capacitance decrease after
30000 cycles (Borenstien et al., 2013). Meanwhile, CNTs offers a tubular structure
with more surface area than solid structures, high electric conductivity and me-
chanical and chemical stability, making it a good option for a composite electrode.
Another example is the composite based on CNTs and RuO, hollow nanospheres
yielding high capacitance values up to 819 F ¢! (Wang et al., 2015) attributed to
the good dispersion of ruthenium oxide particles on the carbon nanostructure, and
in combination with polymeric species give excellent performance under organic
elecrolytes (Noked et al., 2012). CNTs also provided a well aligned structure with
mechanical stability and high electronic conductivity for the MnO, nanoparticles,
enhancing the rate capability of MnO, which trend to decrease due to the collapse
of the structure over time (Gao et al., 2015). These composite materials could
exhibit high specific capacitance up to 950 F g! achieved in a synthesized com-
posite by the reduction of potassium permanganate under microwave irradiation
(Yan et al., 2009).

Graphene and derivatives (graphene oxide (GO) and reduced graphene oxide
(rGO)) are the two dimensional carbon materials most used for their combination
on a composite material for electrodes on supercapacitors. Higher capacitance
values up to 1365 F g'! have been reported for a composite consisting on GO with
ultrafine RuO, nanoparticles (Yang et al., 2015b), where the layered structure of
GO provides excellent sites for RuO, deposition while maintaining the well-defined
pathways for ion diffusion. Graphene increases considerably the electrical conduc-
tivity of pseudocapacitive metal-oxides like tungsten oxide (Ratha & Rout, 2013),
vanadium oxide (Lee et al., 2015), nickel oxide (Chen et al., 2014) or manganese
oxides (Chen et al., 2018; Gund et al., 2013; Ye et al., 2013), at the same time
that provides a great support with high specific surface area and suitable pore
structure.
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Figure 1.17: Ragone plots of some redox active materials relevant for pseudocapac-

itive and /or faradaic charge storage and improved composite electrodes comprising

these materials in composite structures with carbonaceous materials (after Boren-
stein et al., 2017).

Carbon aerogels are the 3D structured materials preferred for combining in a
composite. For example tungsten oxide nanoparticles dispersed on a mesoporous
carbon aerogel shows a capacitance value of 700 F g! compared to 54 F g™ of only
from WO, nanoparticles (Wang et al., 2014).

Additionally, not only inorganic compounds are considered for the preparation
of electrochemically improved composites. There are many organic compounds
that exhibit reversible redox reactions in electrochemical systems, which may pro-
mote their usage in composite electrodes for energy storage devices. Quinone
and its derivatives is one of the most studied and effective organic compounds
(Navalpotro et al., 2016; Navarro-Suérez et al., 2017). Such organic molecules can
be linked or adsorbed to carbonaceous materials yielding a composite materials
with relatively high and stable specific capacitance (Roldan et al., 2011).
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Chapter 2

Objectives

2.1 General objectives:

The objective of this thesis is the synthesis and the structural, textural and electro-
chemical characterization of nanostructured carbon-based composite materials for
their application as electrode materials in supercapacitor devices. These materials,
whose structural building block is graphene, are part of the so-called disordered
carbons (nanoporous amorphous carbons, activated carbons, ...), because although
they do not show long-range order, they do show order on a nanometric scale due
to the presence of Disordered or uncorrelated and partially corrugated graphene
sheets (sp?T° bond). These materials have a high surface area, high porosity and
a narrow micropore size distribution (~ Inm). These characteristics make them
suitable for application as adsorbents, hydrogen storage devices or, as discussed in
this thesis, as electrodes in supercapacitors.

2.2 Specific objectives:

e Synthesis of various composite materials by the selective extraction of met-
als with chlorine gas on organometallic and coordination compounds metal
centers followed by the hydrothermal conversion of the by-product reaction
intermediates. Obtaining composite materials composed by nanostructured
carbon materials with high surface area and controlled pore size as matrix
with embedded pseudocapacitive metal oxide nanoparticles.
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Synthesis of lignocellulosic activated carbons of high surface area as well as
metal and metal oxide nanoparticles with the aim of mix them in a com-
posite material with improved electrochemical performance, increasing the
volumetric capacitance and electric conductivity.

Design and synthesis of composite material based on microporous carbon and
gold nanoparticles with controlled pore size and improved electrochemical
properties.

Given the close relationship between the nanostructure of the materials and
their physicochemical properties, a study of the micro and nanostructure will
be carried out by means of scanning electron microscopy (SEM) and in detail
by high resolution transmission electron microscopy (HRTEM). In addition,
the use of XEDS and EELS spectroscopy associated with the transmission
microscope will allow us to obtain local composition information.

Evaluation of the textural properties of the materials prepared by analyzing
the adsorption-desorption isotherms, since they provide the specific surface
area (BET), the external surface area, the total and micropore volume and
the pore size distribution (PSD). A detailed description of the pore structure
in terms of size distribution will allow to correlate and predict the properties
of the materials in conjunction with the structural study.

Finally, electrodes with the synthesized materials will be prepared and their
electrochemical properties will be evaluated by means of cyclic voltammetry
in three-electrode cell configuration, and also cyclic voltammetry together
with galvanostatic charge-discharging and impedance measurements in two-
electrode cells. Using aqueous (acid, basic and neutral salts) electrolytes,
which will allow to determine the specific capacitance of the materials. This
parameter indicates the possible application as supercapacitor electrodes in
a real device.



Chapter 3

Experimental techniques

The observation, study and understanding of the most important features of car-
bon materials, such as morphology, micro and nano-structure, chemical composi-
tion, textural parameters and electrochemical behavior is essential to maximize the
performance of the material in certain applications and they are possible due to
the combination of different analytic methods. Electron microscopy and its asso-
ciated analytic techniques (XEDS and EELS) as well as X-ray diffraction, infrared
spectroscopy and gas adsorption allows to obtain information about the structure
and composition of these materials while the electrochemical techniques like cyclic
voltammetry, galvanostatic charge-discharge and impedance spectroscopy provide
indispensable information about the electrochemical behavior of the material for
their use as electrodes on a supercapacitor device.

The different techniques used in this thesis for the textural, structural, chemical
and electrochemical properties of the components are briefly detailed below.

3.1 Electron microscopy

3.1.1 Scanning Electron Microscopy (SEM)

Electron microscopes are fundamentally and functionally analogous to light micro-
scopes (LM), replacing the simple optical technology by complicated electronics,
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vacuum equipment, voltage supplies and electron optics system. A scanning elec-
tron microscope (SEM) can reveal higher levels of detail than a LM with magni-
fication from 10 to 300,000 times. In addition, a SEM have three key advantages
against LM (AMMREF, 2019):

e Higher resolution at high magnification; the use of electrons to form the
images a resolution value of few nanometers meanwhile the best resolution
possible with light is about 200 nm.

e The depth of field (the height of a specimen that appears in focus in an
image) of a SEM is 300 times higher than in a LM, endowing the image with
a three dimensional appearance.

e Electron interaction with the sample allows the analysis of chemical compo-
sition, as well as crystallographic information.

This technique is based on the emission of an electron beam with an energy
between 1 and 50 keV and in a vacuum of 107" bars that is focused on the sur-
face of the sample and continuously scanned over a selected area. As a result
of the interaction between incident electrons and the sample, there are a number
of outcomes: some electrons are bounced back out of the sample (backscattered
electrons), others knock into atoms and displace electrons that, in turn, come out
of the sample (secondary electrons); alternatively X-rays, and light or heat (in the
sample) can be the result of these interactions.

The micrographs obtained by SEM are the result of two main signals that
come from the secondary and backscattered electrons. Secondary electrons signal
intensity (with energies of a few tenths of electron-volts) which are emitted from
the near surface of the sample, depend directly of the angle of incidence of the
electron beam on the surface of the material, in other words, on the topography
of the sample. On the other hand, backscattered electrons signal intensity (much
higher than for secondary electrons) that are emitted from more deep zones of the
sample, depends on the atomic number (Z) of the atoms present in the sample, so
that the image reveals the difference in chemical composition by contrast difference
(I.Goldstein et al., 2003).

Sample preparation is carried out on a copper support where a graphite ad-
hesive tape is placed. In this way two objectives are achieved: fixing the sample
to the support and establishing a conductive contact of the electricity between
the support and the sample. Since the signal processed comes from the sample
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Figure 3.1: (a) Result of the interaction between incident electrons and the sample
and (b) difference in interaction depending on the type of material (after AMMRF,
2019).

(after incident beam interaction), this must be conductive to be viewed. If the
electrical conductivity of the sample is small, it can be charged as a consequence
of the irradiation with the microscope beam, decreasing the quality and resolution
of the image. To reduce this effect, the sample is coated with a conductive film
(gold, carbon or chromium) that facilitates the discharge of the sample through
the metal support.

Using this technique, it was possible to study the morphology, homogeneity
and particle size of the samples under study. The micrographs on this thesis
were performed in a JEOL JSM 6335F scanning electron microscope operating at
voltages from 5 to 20 kV with an average working distance of 15 mm and equipped
with an EDS Oxford Instruments X-max detector of 80 mm? for analytical studies.

3.1.2 Transmission Electron Microscopy (TEM)

Like the SEM, transmission electron microscopes are similar in fundamentals to
a LM, with an even more complex equipment and components. The TEM re-
veals levels of detail and complexity inaccessible by light microscopy allowing
detailed micro-structural examination through high-resolution and high magni-
fication imaging as well as the investigation of crystal structures, with image mag-
nifications up to 1,000,000 times in a routine session, able to solve single columns
of atoms. In comparison with LM, the TEM provides also three main advantages
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(AMMRF, 2019):

e Higher resolution and higher magnification than SEM and LM; resolution
better than 0.2 nm is normally achieved in comparison with 5 nm of SEM
or 200 nm in a LM.

e Electron diffraction on a periodic structure gives structural information about
the sample.

e Like on SEM, the electronic interaction with the sample allows the analysis
of chemical composition

On a TEM, the resolution depends directly on the accelerating voltage accord-
ing to Abbe’s equation:

0.61A

n - Stno

d= (3.1)

where d is the resolution (the minimum resolvable distance), A the wavelength
of the energy source, n is the refractive index of the medium and « the aperture
angle. From DeBroglie relation the wavelength of a beam of electrons through a
potential field can be calculated from the accelerating voltage using the following
equation:

A= (3.2)

Sl

For an electron microscope, n can be approximated to 1, and n - sina (also
called numerical aperture) to «. Replacing this in the previous equations allows
us to directly calculate the highest possible resolution of a microscope knowing the
acceleration voltage and the aperture angle with the resulting equation:

0753

d =
V'V

nm (3-3)

The higher the energy of the electrons, the lower the wavelength and therefore
the higher the resolution. In this way, energy of transmission electron microscopes
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varies from 40 keV to 3 MeV. But for a higher Electron Beam
acceleration voltage, a bigger high voltage gen- auger e o
erator is required. For example, only two o 5
3 MeV microscopes have been built around secondary \

the world (one on CEMES-LOE/CNRS in o \

| SAMPLE |

Toulouse, France, and the other on Hitachi in /

Tokyo, Japan) requiring a two-floor building for \ ey
their installation. Both of them are currently ' ST
out of operation. That is why most common
microscopes are of 200 keV or 300 keV, which
even so, equipped with modern aberration cor-
rectors can achieve resolutions up to 0.05 nm. Figure 3.2: Electron emission
signals generated by the interac-
The electron source is usually a hot fila- tion of the incident beam with
ment of tungsten, which emits electrons by a thin material (after AMMRE,
thermionic effect, or a field emission source. 2019).
Some of these electrons are transmitted, an-
other part is scattered and another part gives
rise to interactions that produce different phenomena such as light emission, sec-
ondary electrons and Auger, X-rays, etc. The transmission electron microscope
uses the transmitted/dispersed electrons to form images, diffraction patterns to
obtain information about crystal structure and the X-ray emission to know the
elemental composition of the sample (Williams & Carter, 2009). Therefore, the
operating modes of a transmission electron microscope can be divided into:

scattered electrons i "

(SAED & CBED)

Unscattered electron beam

e Image formation: It is based on the wave-particle dual nature of the elec-
trons. Considering its wave behavior, when electrons pass across the sample,
variations are observed both in the amplitude and in the wave phase and
both types of variation give rise to the contrast in the image: amplitude
contrast and phase contrast. In most situations both types contribute to
the formation of the image but one of them tends to dominate. In the case
of amplitude contrast images, bright field or dark field images are obtained,
which are originated by the contrast due to the thickness of the sample and
the contrast due to the diffraction of the electrons. Phase contrast images
are formed by selecting more than one electron beam and are generally as-
sociated with high resolution electron microscopy (HRTEM), although this
type of contrast is also produced at low magnification. This phase contrast
is widely used to obtain images that are directly related to the periodic
structure (crystalline planes, extensive defects, etc.) of a crystalline sample.

e Electron diffraction: the electrons, in their wave behavior, can be diffracted
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by crossing a crystalline sample, giving rise to a diffraction pattern that con-
tains information about its crystalline structure. Two main types of diffrac-
tion patterns can be obtained: Selected-area electron diffraction patterns
(SAED) and convergent beam diffraction patterns (CBED). SAED patterns
are very sharp point diagrams that are formed using a parallel electron beam
and placing an aperture in the plane of the image to select a certain area.
CBED patterns are a set of discs that are formed by focusing the beam on a
small area of the sample. The subsequent indexing of the diffraction patterns
associates each point of the reciprocal network with a crystalline plane hkl
and from there one can deduce the orientation of the crystal in terms of the
zone axes [uvw| to which the indexed planes belong.

e Microanalysis: associated analytical techniques have been developed that
combines the high resolution of an electron microscope with the possibilities
of microanalysis of a scanning microscope. The two most commonly used
analytical techniques are:

— Energy Dispersive X-ray Spectroscopy (XEDS): When the incident elec-
tron beam impact with the atoms of the material, electrons of inner
atomic orbitals of these atoms are plucked from there, which produces
the atom ionization. In this situation, electrons from more external
orbitals immediately jump to inner hollow orbitals, spreading out the
energy equal to the difference between the energies that each electron
had in its corresponding orbital. This energy manifests in two ways:
Auger electrons or X-rays and is unique for each element. When the
intensity of this electromagnetic radiation is represented in relation to
its energy, an X-ray spectrum is obtained, consisting of a series of peaks
of variable intensity characteristic of the components of the analyzed
sample region.

— Electron Energy Loss Spectroscopy (EELS): This technique is based on
the measurement of the energy loss of electrons that interact inelasti-
cally with the sample. The measurements in EELS are extraordinarily
sensitive to the thickness of the sample, which must be between 5 and
100 nm to reduce the possibility that an electron suffers more than
one dispersion. This technique allows to extend the chemical analysis
to the light elements (Z <10) something really important since oxygen
and carbon are very abundant elements and can not be easily analyzed

by XEDS.

In this work, transmission electron microscopy has been used in its image mode
to obtain information about the morphology and nanostructure of the materials
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obtained in the different synthesis conditions applied, as well as to confirm the
formation of composite materials by locating the different nanoparticles used in
their corresponding carbon matrix. It has been possible to identify the most stable
morphologies as well as the reaction intermediates, which provide information
about the process formation of carbon and composite materials. When dealing
with direct images at the atomic level, information can be obtained about the
graphene sheets disorder degree, which can be related to the textural properties of
these materials, as well as the crystalline phases of nanoparticles that have been
identified also in combination of microanalysis and diffraction modes.

The conventional TEM images (CTEM), the selected area diffraction patterns
and the dispersive energy analysis were obtained in a JEOL JEM 2100 HT mi-
croscope operating at 200 keV, equipped with an Oxford Inca EDS spectrometer
and an ORIUS SC100 CCD camera. HRTEM images were obtained in a trans-
mission electron microscope JEOL JEM 3000 F, with field emission gun operating
at 300 KeV with a point resolution of 0.17 nm, which is coupled with an ENFINA
Gatan spectrometer, with a resolution 1.2 €V, where the electron energy loss spec-
tra (EELS) were acquired and a microanalysis system by XEDS Oxford INCA. In
STEM mode, it has an ADF detector from Gatan and a HAADF detector for the
collection of Z contrast images (Williams & Carter, 2009).

The samples were prepared from a sonicated dispersion, formed by a certain
amount of sample in butanol. A drop of each suspension was deposited on a copper
grid of 3 mm diameter entre paréntesis, covered with a thin holey carbon film.

3.2 Adsorption Isotherms

Since we are preparing materials for its possible application as electrodes in su-
percapacitors it is essential to perform a textural study of the samples in order to
know the surface properties of the material, such as: pore volume, pore size, pore
size distribution (PSD) and specific surface area (SSA). According to the IUPAC,
three types of pores can be described, depending on their sizes: micropores (<2
nm), mesopores (2-50 nm) and macropores (> 50 nm).

In order to interpret isotherm data, the BET theory developed by S. Brunauer,
P.H. Emmett and E. Teller (Brunauer et al., 1938) was the most extensive approxi-
mation used for porous materials. That theory starts from the modifications made
to the kinetic model of Langmuir isotherm (adsorption of a gas on an adsorbent in
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a single layer), allowing to evaluate the mechanism of adsorption in two or more
layers and giving information on the amount of active surface area and the size
and distribution of pores of the material. The BET model describes the multiple
layer adsorption based on the following considerations:

1. The first layer is absorbed similarly to the Langmuir model

2. In the successive layers, the isosteric adsorption heats must be equal to the
molar liquefaction heat of the adsorbate at a certain adsorption temperature

3. In all the layers (except the first one) the evaporation-condensation condi-
tions are identical.

4. When p = pg, the adsorbate condenses on the surface of the adsorbent and
the number of layers tends to infinity.

The equation, known as the BET isotherm in its linear form, is commonly
used to graphically represent the experimental data and can be written as follows
(Rouquerol et al., 2013):

P 1 (Cpy — 1)P
nopo—P) ~ mmCin (1 R > (34)

Where ngy and p, are the adsorbed amount and the saturation pressure at the
equilibrium pressure P. The C,, constant, exponentially related to the adsorption
heat of the first layer, can be expressed by the following equation:

Cyn = exp <(‘HR;TQL> (3.5)

The molar adsorption heats from the first to the nth layer are represented by
qr and gy, respectively. The term q; — g is interpreted as the net molar adsorption
energy. The (), value is the responsible for the final shape of the isotherm, being
able to take forms of up to six different types depending on the type of pore and
the adsorption mechanism (see Figure 3.3) that can be described as follows (Gregg
& Sing, 1982):
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Amount adsorbed —p &
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Figure 3.3: (a) The ITUPAC classification of adsorption isotherms for solid-gas equi-
librium showing both the adsorption and desorption pathways. Note the hysteresis
in types IV and V. (b) Schematic representation of different types of hysteresis cy-

cles.

Type I isotherm is characteristic of microporous solids, where the gas adsorp-
tion occurs at low relative pressures in a monolayer form, typical of activated
carbon, zeolites, metal-organic frameworks (MOF), etc.

Type II represents an unrestricted adsorption that evolves from monolayer
to multilayer where point "A" marks the stage at which the solid is covered
completely by the monolayer and the start of the multilayer takes place. This
type of isotherm is very common for non-porous or macroporous adsorbents
like N, at 77 K over graphite, CNT and carbon black.

Type III isotherm has a convex shape throughout the entire range of relative
pressures. It is relatively rare and is characterized by the presence of balance
between the adsorption heat and adsorbent liquefaction, in a low adsorbate-
adsorbent interaction.

Type IV characteristic feature is the presence of the hysteresis cycle (the
trajectory described by the adsorption and desorption curves does not follow
the same path), which is associated with capillary condensation that occurs
in the mesopores and the limited adsorption capacity over a wide range
of relative pressures. The initial part of the isotherm is attributed to the
transition of the adsorption from monolayer to multilayer, so it follows the
same path as the corresponding initial part that presents an isotherm of Type
II. This type of isotherms are generally presented in materials that present
a wide range of mesoporosity (carbon black compacted under pressure and
nanostructured carbons)
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e Type V, like the type III isotherm, is characteristic of weak adsorbent-
adsorbent interactions, but it differs from the previous one in that the final
stretch is not asymptotic, and also has a hysteresis cycle.

e The isotherm type VI is rare. This type of step adsorption occurs only for
solids with a very uniform non-porous surface, where each step represents
the adsorption in a different layer.

Another important factor of the different isotherms are the hysteresis cycles
that are formed since the adsorption and the desorption do not follow the same
path. Depending on the hysteresis cycle that is formed, it provides information
about the pore type of the material. The hysteresis cycles possible are four where
H1 and H4 assume the extremes and in between we can observe the cycles H2 and
H3:

e HI; It is a typical parallel and vertical cycle of materials with pore structure
produced by agglomeration of spheres of homogeneous size, therefore it will
have a narrow pore size distribution. Typical tubular shaped pores open on
both sides.

e H2: this type of cycle is common in corpuscular systems, with a pore dis-
tribution much more complicated to interpret. It is typical of "bottleneck"
pores with large body and narrow neck.

e H3: this type of cycle differs from the two above in that it does not present
limits to high pressures. It is of pores produced by plate agglomeration.

e H4; parallel but vertical cycle is typical of pores with slit form, in addition
with a type I isotherm indicates the presence of micropores.

The PSD determination of these carbon materials were performed with a dif-
ferent consideration. Since Seaton et al. (Seaton et al., 1989) (the first to propose
a procedure to determine the pore size distribution of porous carbons from ad-
sorption isotherms) two decades ago, various approaches for calculating densities
of fluids adsorbed in such pores have been employed: starting from the density
functional theory (DFT) in its local version to more advanced fluid theories such
as non-local density functional theory (NLDFT), the fundamental measure the-
ory (FMT) and its modified versions (MFMT) as well as grand canonical Monte
Carlo simulations (GCMC). But whatever the theory used, the essential element
that has remained unchanged in most of the carbon PSD analysis applications is
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the model of slit pores with energetically uniform flat surfaced walls of infinite
extent. In order to better adjust experimental data, the 2D-NLDFT theory was
proposed, in which at least two dimensions are required for evaluation of model
adsorption isotherms for finite pores, one for finite slit pore, consisting of parallel
circular graphene walls, and other for finite slit pore geometries between parallel
graphene strips and channels. Results show a better fit of experimental data on
porous carbon materials (Jagiello & Olivier, 2013).

The textural characterization of the materials presented in this thesis, has been
made by means of the data obtained from the adsorption/desorption isotherms
of N, at 77 K, which are carried out in a surface area and porosity analyzer
Micromeritics ASAP2020. For this purpose, the data derived from two different
zones of the isotherm are collected, following the experimental procedure described
below:

Before proceeding with the equipment standard degassing, samples with po-
tential corrosive gases adsorbed like Cl, or volatile metal chlorides formed during
the synthesis, where degassed on a vacuum system equipped with liquid N, trap
overnight, in order to remove the corrosive gases and prevent the posible damage
to the analyzer. Once this step has been completed, a sample of known weight
(0.10- 0.15 g) is placed inside a glass sample holder which is kept under vacuum for
2 h at 110 °C. The purpose is to remove air adsorbed on the material and present
in the sample holder. At the end of the degassing time, the amount of sample to
be analyzed is obtained by weight difference. The degassed sample is placed in
the analysis port of the equipment, the analysis conditions are selected and the
isotherm is started. During the standard isotherm, the textural parameters from
the isotherms of adsorption-desorption in the area that goes from p/pg from 0.005
to 1 are measured. For the PDS, points at lower p/p, are needed so data from
321077 to 0.005 are also measured in a second isotherm experiment.

3.3 Infrared spectroscopy (IR)

Infrared spectroscopy is one of the best tools to solve problems related to molecular
structure and chemical identification. The infrared region of the electromagnetic
spectrum was discovered by Herschel in 1800, but was not used for analytical
purposes until the works of Julius in 1892, and systematically until the 1920s
(Olsen, 1990). As shown in Figure 3.4, the infrared region of the spectrum extends
between visible light and microwaves, located in the wavelength range between
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7.8:107% to 3-1073 m.
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Figure 3.4: The electromagnetic spectrum, highlighting the infrared regions.

The infrared region of the electromagnetic spectrum is divided, into three re-
gions: the near, middle and far infrared, due to their distance from the visible
region. Near and short wavelength infrared (A = 0.7 to 3 pum) are following the
visible region. In this zone the absorption bands due to the harmonics of the hy-
drogen tension vibrations take place. The far infrared (A = 10 to 8 um) is close
to the radar and microwave region, it has a low energy and a greater information
mainly of the rotational transitions, vibrational modes of the crystalline networks
and vibrations of the "skeleton" of the molecules. Between them, the mid wave-
length infrared (A = 8 to 3 um) can be found, very useful to study the fundamental
vibrations and the vibrational structure of specific chemical groups. That middle
zone can also be divided into two regions: the group frequency, extending from
about 4000 to 1000 cm™, being the key region for identifying specific chemical
groups like carbon-carbon or carbon-oxygen single and double bonds; and the fin-
gerprint region, called like that because is a region of multiple absorption bands
which is characteristic of each compound.

In the case of the carbon-based materials studied in this thesis, IR spectroscopy
provides information about oxygen functional groups located on their surface, al-
lowing the study of the surface chemistry. The IR spectra collected for this work
have been acquired in a Perkin Elmer 100 FT-IR with an Attenuated Total Re-
flectance accessory (ATR) in the region between 4000-650 cm™.
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3.4 Electrochemical Characterization

The materials synthesized in this thesis pursue the final objective of being used
as electrode materials in supercapacitors, therefore, after structural and textural
characterization, their electrochemical performances must be also tested. Two and
three-electrode configurations were performed. In the case of the three-electrode
cell, the acquired data gives information about the electrochemical behavior of
the electrode material, since the working electrode acts as positive and negative
electrode at same time. On the other hand, the two-electrode configuration brings
information about the supercapacitor device, being this configuration a simulated
real device.

(a)

T
O <«—

Figure 3.5: Three-electrode cells configuration for (a) RHE and (b) rest of reference
electrodes.

The three-electrode cell measurements were performed on a different set-up de-
pending on the reference electrode employed. Figure 3.5a schematically represents
the assembly for measurements with Reversible Hydrogen Electrode (RHE) as ref-
erence electrode (RE). The principal benefit of the use of this subtype of standard
hydrogen electrodes is that the measured potential do not change with the pH so
it can be used directly in the electrolyte. The set-up includes a line to constantly
pump H, in a bulb filled with the electrolyte and a platinum wire, responsible
of catalyze the proton reduction. This part is in contact with the cell trough a
shut-off valve that allow ions difussion. A glassy carbon rod of 7 mm & is used
as working electrode (WE), where the material is deposited on the tip in form of
an EtOH dispersion with a 1% of Nafion (a sulfonamide tetrafluoroethylene based
fluoropolymer-copolymer) as binder. The dispersion, also called ink, is allowed to
dry growing in the form of a very thin film on the surface of the rod and the rod
is placed in the cell immersed in the electrolyte. A platinized platinum wire is
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used as counter electrode (CE), increasing the total surface area which improves
reaction kinetics and maximum possible current. The cell is also provided with a
N, entry for deaerate the electrolyte during the measurements.

In the cases in which different reference electrodes were used like Hg/HgO
for specific alkali electrolytes or Ag/AgCl for more general electrolytes, the cell
configuration was less sophisticated than the previous one since the H, gas pump
system is not required. Figure 3.5b shows the three-electrode cell configuration in
these cases. Here, the cell can also be deaerate with N, before being closed or can
incorporate a specific entry for continuous gas flow as described in the previous
cell.

The two-electrode set-up was performed on a Swagelok-type cell schematized
in Figure 3.6. This type of configuration requires electrodes in form of thin discs,
therefore the carbon-based materials, usually obtained in powder form, needs to be
processed in a more sophisticated way than the inks prepared above. The carbon-
based material is mixed with a 10 wt% of poly(tetrafluoroethylene) (PTFE) as
binder in an EtOH dispersion under continuous and vigorous stirring. While the
mixture gets dried, the EtOH favors the conformation of PTFE in fine threads
that wrap the carbon particles binding them together. As result, the dispersion
becomes first a slurry and finally a moldable gum which can be processed to form
a thin film. After drying at 100 °C overnight in an oven, the film was punched into
10 mm & discs that can be used as electrodes. For a symmetric cell, two equal
thin discs isolated by a fiber glass separator impregnated with the electrolyte were
placed into the teflon Swagelok body. PTFE front and back ferrules and teflon
closing screws were located in both sides as indicate in the scheme displayed in
Figure 3.6. Metal plungers press down the cell allowing the flow of current.

Symetric cell stack:
2 x 10 mm g Film of Carbon material PTFE front and

12 mm ¢ Glass fiber separator back ferrules
. D) 00 .
N %{—%
Stainles steal or Teflon Swagelok® cell

Titanium Plunger

=3

Figure 3.6: Scheme of Swagelok-type cell configuration.

Although, does not exist any standard procedure to test supercapacitors, there
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are several techniques widely used that give us information about the electrochem-
ical behavior of the materials which are the Cyclic Voltammetry (CV), Galvano-
static Cyclic with Potential Limitation (GCPL) and Electrochemical Impedance
Spectroscopy (ELS).

3.4.1 Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is the most widely used technique for acquiring qualita-
tive information about electrochemical reactions. CV provides information on re-
dox processes, heterogeneous electron-transfer reactions and adsorption processes.
It offers a rapid location of redox potential of the electroactive species. CV can
also be used to determine the electron stoichiometry of a system, the diffusion co-
efficient of an analyte, and the formal reduction potential, which can be used as an
identification tool. For the study of supercapacitors, CV yields basic information
about capacitive parameters including voltage window, capacitance and cycle life.

T T T 3,0
F25
20

Potential (V)
Current (mA)

0 5(‘)0 ' 1 0‘00 ' 1 5‘00 ' 2000
time (sec)

Figure 3.7: Cyclic Voltammetry plot of a supercapacitor where several cycles were

measured. Black line represent the voltage applied while the blue line shows the

current response as function of time.

A CV consists of scanning linearly the potential of a stationary working elec-
trode along a voltage range (voltage window). During the potential sweep, the
potentiostat measures the current resulting from electrochemical reactions (con-
secutive to the applied potential) often doing repetitively sweeps between both
limits (Figure 3.7). The cyclic voltammogram is a current response as a function
of the applied potential.

By plotting the current response as function of the applied potential the char-
acteristic "rectangular shape" of a supercapacitor is obtained (Figure 3.8). Several
cycles were recorded showing that almost all materials normally require 5 to 10
cycles to reach the steady state (point in which consecutive cycles start to overlap).

%)



CHAPTER 3. EXPERIMENTAL TECHNIQUES

The potential window can be determined going to further potentials in both ways,
when the current signal starts to increase or decrease exponentially indicating the
decomposition of the electrolyte. For example, in aqueous electrolytes, water suf-
fers its electrolysis generating O, and H,. Those limits determine the effective
potential range of our material in a specific electrolyte.

CV is also the most common technique to calculate the capacitance of a ma-
terial. Integrating the current response (i) in a whole cycle (positive and negative
charge in absolute value along the entire voltage window) the total charge in amps
is obtained, which divided by a factor of 2 (due to the fact that in three electrodes
cell the same electrode is working as negative and positive electrode at same time)
and the sweep rate (Av) in volts per seconds directly give the capacitance (C) in
farads. If additionally the value is divided by the electrode mass (m) as shown in
the equation 3.6, the gravimetric capacitance (Cj,q,) is obtained.

Cgrtw = ! /V2 Z(V) -dV (36)

2mAv v,

On an ideal supercapacitor, as the sweep

20 rate increases, the current also increase pro-
sl portionally. But in real devices, the faster the
0] charge is applied, the less time have the ions to
oo diffuse along the entire surface area of the ma-
go,o- terial and therefore a decay of the capacitance
05 occurs. By recording different CV at increas-
101 ing sweep rates, that loss of capacitance can
e A S be measured giving valuable information about

Potential (V)

the electrolyte ion diffusion into the pores of the

Figure 3.8: CV plot. Current as material. Additionally, in CV experiments the

function of potential. cyclic life can also be estimated. If the material

starts to degrade or decompose, the capacitance

will be strongly affected, and on the CV plots, the cycles are thinner or tilted if
the material becomes more resistive.

3.4.2 Galvanostatic Cyclic with Potential Limitation (GCPL)

Cyclic Charge/Discharge (CCD) techniques are the standard techniques used to
test the performance and cycle-life of batteries and supercapacitors. Between
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several different operating modes, the most common is the Galvanostatic Cyclic
with Potential Limitation (GCPL) procedure, that consist on apply a constant
current (positive for charge and negative for discharge) until a set potential is
reached. A repetitive loop of charge and discharge is called a cycle. The plots (see
Figure 3.9) show the potential as function of time in which if a constant current is
applied, the material reaches the selected voltage. The longer the time the higher
is the amount of charge stored and therefore the higher is the capacitance.

1.0

0.8

0.6

0.4+

Potential (V)

0.2

0.0

0 20‘00 40‘00 GOIOO 80‘00 10600

time (s)
Figure 3.9: Galvanostatic Cyclic with Potential Limitation plot of a supercapacitor
where several cycles were measured.

The gravimetric capacitance (Cy,4,) can be easily calculated from the charge-
discharge slope following equation 3.7. Where [ is the applied current in amps, At
the elapsed time in seconds, AV the reached potential in volts and m the electrode
mass in grams.

2-1-At

Coree =0 AV

(3.7)

The ideal behavior of a supercapacitor in a GCPL experiment is a straight
line with a slope equal to At/AV, but in real devices, the line looks a little
more curved and the ohmic drop at the begining of each process is especially
noticeable, indicating how conductive the material is. In these experiments, if the
applied current is increased, the set potential is reached faster, providing valuable
information of the electrochemical behavior of the material like ion diffusion along
the material and cycle life.

3.4.3 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance spectroscopy is a powerful method of characterizing
many of the electrical properties of materials and their interfaces with electronically
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conducting electrodes. It may be used to investigate the dynamics of bound or
mobile charge in the bulk or interfacial regions of any kind of solid or liquid material
(ionic, semiconducting, mixed electronic-ionic, and even insulators like dielectrics).
In supercapacitors, EIS is the preferred method for measuring ESR values, besides
allowing the calculation of the capacitance as in other techniques (Macdonald &
Johnson, 2018).

The concept of electrical resistance is well know as the ability of a circuit
element to resist the flow of electrical current. It can be calculated by dividing the
potential by the current following the Ohm’s Law:

E
R=—
I

(3.8)

However, in practice, circuit elements exhibit much more complex behavior
than a theoretical resistance, which force us to abandon that simple concept and
in its place we use impedance, a more general circuit parameter. Like resistance,
impedance is a measure of the ability of a circuit to resist the flow of electrical cur-
rent, but unlike resistance, it is not limited by the simplifying properties of an ideal
resistor: It follows Ohm’s Law at all current and voltage levels, its resistance value
is independent of frequency and alternating current and voltage signals though a
resistor are in phase with each other (Macdonald & Johnson, 2018).

In this technique an AC potential is applied to the electrochemical cell and then
measuring the current through the cell. When a sinusoidal potential excitation is
applied, the response to that excitation is an alternating current, but shifted in
time from the applied current (phase-shift). In a linear system both the potential
(E) and current (I) can be described in terms of the radial frequency and time as
follows:

E; = Eysin(wt) (3.9)

I, = Iysin(wt + @) (3.10)

Where E; and I; are the potential and current at time in volts and amps, Fjy
and [ are the amplitude of each signal, ¢ is the time in seconds and w is the radial
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frequency in radians per second, which is related directly with the frequency of
the signal in hertz by the equation:

w=2n1f (3.11)

Including the phase-shift ¢ in the current response signal. This current signal
can be analyzed as a sum of sinusoidal functions (a Fourier series). The impedance
then can be calculate in terms of a magnitude and a phase-shift following an
analogous equation to Ohm’s Law:

B, Epsin(wt) sin(wt)
I, Ipsin(wt+¢) Csin(wt + ¢)

7 = (3.12)

Where the impedance is expressed in terms of a magnitude, Z,, and a phase
shift, ¢. The representation of these parameters as function of the frequency is
called the Bode plot. However, for a better physical interpretation of impedance
data, is more convenient to describe the impedance as a complex number following
the Euler’s relationship for sinusoidal parameters:

Z(w) = ? = Zy(cosp + jsing) (3.13)

Z(w) = Z'(w) + i 2"(w) (3.14)

Plotting the real part on the X-axis and the imaginary part on the Y-axis,
an impedance representation called "Nyquist plot" is obtained. This is the most
common form to defined the impedance in batteries and other energy storage
devices and although there is not direct information about the frequency used in
each point, is easy to interpretate the resistance nature of the measured cell. In
a Nyquist plot, the impedance value is represented with a vector of magnitude
equal to |Z| and an angle from the X-axis called phase angle. By considering the
extremes, a pure resistance does not have that imaginary (also called out-of-phase)
part, so the phase angle is equal to 0°. On the contrary, a theoretical capacitor,
where the signal is totally out-of-phase, the phase angle should be -90°. A real
device has not a pure resistive or capacitive behavior, is always a mixture of both.
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The sum of all impedance data measured at different frequencies often results
on one or more semicircles which can be interpreted as different resistance inter-
faces in the device. For an easy interpretation of the data its very helpful to fit
the obtained data to an electric circuit model. In the case of supercapacitors, the
classic first order equivalent circuit can be seen in Figure 3.10.

(a) (b)

R R +C z

Figure 3.10: (a) First order equivalent circuit of a supercapacitor and (b) its
corresponding Nyquist plot.

The first resistance Rg is related with the intrinsical resistance of the elec-
trolyte. The second resistance Rp and the capacitor element Cy in parallel repre-
sent the electrical resistance of the cell, defined by the diameter of the semicircle
in the Nyquist plot. The Warburg element W takes into account the diffusion
of the electrolyte ions within the carbon material. Its physical meaning comes
from the time necessary for the electrolyte ions to fill the accessible pores in the
material. Finally, the capacitor element C; represents the capacitive behavior of
the electrochemical cell. The longer and more parallel to the Y-axis, the higher
capacitance and more "pure" capactive behavior possess.

The capacitance value can also be calculated from impedance data. Considering
the supercapacitor as a whole, the follow direct relation can be made:

1

2) = Tt

(3.15)

Then, as the impedance, the capacitance value can also be define as a complex
number following the same Euler’s relationship used before:

Clw) =C"(w) + jC"(w) (3.16)
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Allowing the calculation of both parts of the capacitance from impedance data
as follow:

N %))

C@) = 7P (3.17)
vy 2 (w)

") = L7 (3.18)

Where the term |Z(w)| represent the magnitude of the impedance vector at each
frequency. The real part C’(w) of the capacitance corresponds to the capacitance
measured at low frequency and is the capacitance value of the cell. The imaginary
part C’(w) can be correlated to an energy dissipation by irreversible processes
(Taberna et al., 2003). By representing both values as function of frequency, the
real part (Figure 3.11a) shows a sharply increase at low frequencies up to the
total capacitance of the cell, meanwhile the imaginary part (Figure 3.11b) shows a
maximum defining a time constant characteristic of the whole system, also called
dielectric relaxation time (Cole & Cole, 1941), which indicates the time required
to the electrolyte ions to completely fulfill the available surface area to neutralize
the charge generated on the electrodes, in other words, the time required by the
device to be fully charged.
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Figure 3.11: (a) Real (C’) and (b) imaginary (c¢”) parts of the complex capacitance
showing a total capacitance value up to 0.5 F cm™? and a time constant of 10
seconds (after Taberna et al., 2003).
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Chapter 4

Organometallic-derived carbon with
embedded metal nano-oxide
composites as improved electrode
materials for supercapacitors

The use of organometallic compounds as precursors for carbon materials was firstly
reported by Komatsu and Endo in 1985 (Komatsu & Endo, 1985). Iron was com-
monly used as catalyst in carbon fiber production and researches have the idea of
reducing the catalyst material to the minimum particle size in order to improve
the efficiency of the method, so they used ferrocene as catalyst. Although the
method was not completely satisfactory, the authors obtained various undefined
mixtures of fibers and carbon nanoshapes. Years later, ferrocene became the com-
mon catalyst used for the production of existing and new carbon nanostructures in
chemical vapor deposition (CVD) synthesis. Mainly due to its easy availability, low
cost and good stability on air atmosphere (Hummers & Offeman, 1958; Marcano
et al., 2010; Pumera, 2009), contributing to establish this CVD technique as one
of the most used to synthesize, under appropriate conditions, the so-called Shape
Carbon Nanomaterials (SCNMs) (Nyamori et al., 2008) like graphene or CNTs
from organometallic precursors (Ansari & Giannelis, 2009; Jiang et al., 2013).

It was not until 2005 that the well known chlorination method in the CDC syn-
thesis was applied to organometallic compounds. Urones et al. (Urones-Garrote
et al., 2005) firstly employed ferrocene as precursor in the chlorination reaction
yielding the first Organometallic-Derived Carbons (ODC) showing several shapes
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(tubes,bags, etc.) depending on the temperature and reaction time. The CDC syn-
thesis, as seen in the introduction (pg. 25, section 1.3 Carbon Science), consists
of the selective metal etching of the crystalline network of the carbide with halo-
gens (mainly chlorine) at high temperatures forming the corresponding volatile
metal halide; being a well-established method to synthetize nanoporous carbon
with relative high purity, specific shape, narrow pore size distribution and high
surface area (Gogotsi et al., 2003). The fact that the main drawback of this
synthetic method relies in the low weight yield due to the loss of the heavier com-
ponent, encouraged the use of precursors with higher amount of carbon atoms per
formula like organometallic compounds. For example, in SiC, TiC and WC the
mass percentages of carbon are 29.95, 20.06 and 6.13% respectively meanwhile
for ferrocene is 64%. Besides, chlorine can also react with carbon forming CCl,,
lowering the final yield (Yushin et al., 2006). In the case of ferrocene, iron was
extracted from the metallocene structure and eliminated as a mixture of its iron
chlorides (FeCl, and FeCly); hence, cyclo-pentadienyl rings provide the carbon
source. Owing to its success, in the last years, the same group have reported the
synthesis of microporous organometallic-derived carbons with different shapes by
chlorination of organometallic precursors such as cobaltocene (Katcho et al., 2007),
chromocene (Gonzalez-Garcia et al., 2013), bis(cyclopentadienyl) tungsten dichlo-
ride (Gonzélez-Garcia et al., 2010) and bis(cyclopentadienyl) titanium dichloride
(Gonzalez-Garcia et al., 2011).

During the chlorination method, metal halides are formed in gas phase as sec-
ondary products. When the formed metal halide has a low boiling point and the
chlorination temperature is high enough, halides are easily eliminated from the car-
bon networks, but if the metal halide has a higher boiling point or the chlorination
temperature is not enough, the metal halide formed cannot escape out of the ODC
matrix, obtaining a composite material constituted by a carbon matrix containing
a fine dispersion of metal halide nanoparticles. This phenomenon is observed in the
previous case of ferrocene (Urones-Garrote et al., 2005), where the FeCl, formed
gets stuck in the ODC due to its relatively high melting point (674°C) or more
evident in the products of the chlorination of chromocene (Gonzélez-Garcia et al.,
2013) where the halide remains encapsulated forming core-shell particles consist-
ing of a crystalline nucleus identified as CrCl; surrounded by layers of disordered
carbon (Figure 4.1).

In terms of the applicability of these materials as electrodes in supercapaci-
tors devices, they are not apparently useful. Solid nanoparticles substract surface
area to the carbon material reducing its capacitance values and although some
metal halides have pseudocapacitance properties, they can be dissolved in acid
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Figure 4.1: (a) Medium-magnification TEM images for a filled sphere at 400 °C
and (b) the resulting hollow carbon sphere at 900 °C (b) both obtained from
chromocene precursor (Gonzalez-Garcia et al., 2013).

aqueous electrolyte or transformed into hydroxides/oxides in basic electrolytes.
To take advantages of these subproducts of the chlorination reactions at low tem-
peratures, in this chapter we describe the hydrothermal transformation of those
halide nanoparticles into the corresponding stable electroactive nano-oxides. In
this sense, organometallic compounds based on metals exhibiting pseudocapaci-
tance in their oxide forms, such as nickel or manganese, were selected as precur-
sors for the synthesis of new carbon composite materials where both capacitive
and pseudocapacitative energy storage mechanisms could be combined in synergy,
improving the total capacitance value of the electrode material.

4.1 Nickelocene as precursor of microporous orga-
nometallic-derived carbon with confined nickel

oxide nanoparticles as supercapacitor electro-
de

NiO is one of the most promising electrode materials due to its good pseudoca-
pacitive performance, availability, low cost and environmental friendship (Brousse
et al., 2015). However, owing to its poor conductivity, cycling stability and rate
capability its high specific capacitance potential is limited in practical applications.
On the contrary, carbon materials exhibit good conductivity, high power density
and long cycle life, however the low specific capacitance limits their further appli-

65



CHAPTER 4. ODC COMPOSITES

cations. In this sense, the development of novel electrode arquitectures based on
metal oxide nanoparticles@Qcarbon-based composites yielding better electrochem-
ical performances, electrical conductivity and mechanical strength is a promising
field to investigate. To reach this goal, new synthetic pathways to load active
nanoparticles within a carbon matrix must be developed. In this sense, several
synthetic methods such as electrodeposition of MnO, in carbon nanotubes (Zhang
et al., 2008),the preparation of carbon xerogel-titanium oxide composites by an
inverse emulsion sol-gel method (Elmouwahidi et al., 2018) or NiO-mesoporous
carbon composite by a liquid-crystalline (LC) phase-templating method have been
described (Chen et al., 2013).

In this section, we describe the synthesis and characterization of microporous
three-dimensional flower-like and sphere-like particles formed by disordered graphene-
like layers obtained via chlorination of nickelocene Ni(C;H;), as carbon precursor
(Gonzalez-Garcia et al., 2017). Moreover, the intermediate temperature mate-
rial composed by a matrix of highly disordered carbon containing nanocrystals of
NiCl, - 6 H,O is successfully transformed into a NiO@carbon composite. The in-
corporation of NiO nanoparticles enhances the electrochemical performance of the
material as electrode in supercapacitor devices, adding a pseudocapacitive energy
storage mechanism that works in synergy with the capacitive mechanism of the
microporous carbon material.

Synthesis

Two carbon samples were prepared at 600 °C and 900 °C (labeled as Ni-ODC600
an Ni-ODC900 respectively) in order to evaluate if the composite material syn-
thetized at lower chlorination temperature yields improved electrochemical prop-
erties. Bis(cyclopentadienyl)nickel (II), Ni(C;Hy),, with P2, /a space group, (a =
1.073 nm, b = 0.786 nm, ¢ = 0.591 nm, S = 123.5°), melting point 172 °C (Wells,
1975) (Alfa Aesar, powder purity of 97%) was placed on a quarz crucible and lo-
cated on a tubular furnace provided with a system capable of supplying argon and
chlorine gas and a safety and neutralization system of Cl, at the exit consisting
in a one empty gas washing bottle followed by two more containing a saturated
NaOH solution. The following heating program was used: a heating rate of 50
°C/min until the selected synthetic temperature (600 and 900 °C), then 1 hour at
this temperature followed by switching off the furnace. At this stage, the chlorine
gas flow was cut and replaced by argon (25 cm?®/min) for removal of the excess
of chlorine and nickel halides during the reactor cooling to room temperature.
The excess of chlorine and the volatile halides formed during the synthesis were
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removed by bubbling on a NaOH saturated solution at the exit of the reactor.
Finally, the carbon material was washed several times with hot water and dried
under dynamic vacuum in order to remove traces of adsorbed Cl,. The possible
chlorination reaction can be described as follows:

A portion of the material chlorinated at 600 °C, was placed in a Teflon stainless
steel hydrothermal chamber with 30 mL of KOH 12 M. The autoclave was heated
at 200 °C for 48 h then the sample (labeled as NiOQODC) was filtered under
vacuum, washed with abundant water and the residual black powder was dried at
100 °C overnight.

Structural Characterization

X-ray diffraction patterns (Figure 4.2) were recorded to follow the chorination of
Ni(C;Hy),. After the first thermal treatment (600 °C), the characteristic max-
ima of the crystalline precursor disappear suggesting the transformation of the
Ni(C;Hj;), used as carbon source. In the patterns of the sample produced at 600
°C new diffraction maxima appear, identified as typical of the crystal structure of
NiCl, - 6 HyO (Pedro Gonzéalez, 2012). Finally, at 900 °C, the absence of any defined
diffraction maxima in the patterns suggests that the reaction has been completed
and the obtained materials do not have a well-ordered crystalline structure. In ad-
dition, the presence of a broad and not so well-defined diffraction maximum located
at 20 = 24° suggests that the materials present a highly graphite-like disordered
nanostructure.

Ni-ODC600 Carbon nanostructures

The morphology of the sample is observed in the SEM image displayed in Figure
4.3a. At this chlorination temperature the sample consists mostly of spherical
particles of diameter ranging from 90 to 220 nm. Additionally, in lesser amount,
carbon plaques with length ranging from 400 to 950 nm and thickness varying
from 30 to 80 nm are observed. In the low magnification TEM image (Figure
4.3b) it is possible to distinguish three different particles: corrugated plaques of
irregular shape and thickness, solid spheres of diameter from 70 to 170 nm and
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Figure 4.2: X-ray diffraction patterns for samples at different temperatures from
nickelocene.

small hollow spheres of diameter from 40 to 55 nm and wall thickness from 5 to
12 nm that seem to be decorating the surface of the solid ones. In some cases,
the wall of these hollow spheres looks like open or broken. The corresponding
SAED pattern, inset in Figure 4.3b, displays diffuse diffraction rings with hk0
graphite-like reflections, which are characteristic for carbon materials built up
by highly disordered graphene-like layers without a three-dimensional stacking at
long range. Figure 4.3c shows a HRTEM image recorded at the edge of one solid
sphere. The contrast of this image is characteristic of highly disordered carbon
materials, where the graphene-like layers are randomly stacked and form a very
dense nanostructure. Notice some individual graphene-like layers at the edge of
the sphere. Figure 4.3d shows a HRTEM image of one open sphere being less dense
that the solid ones. It is clearly observed that it is formed by highly disordered and
entangled graphene-like layers; however, it is possible to identify some individual
graphene layers at the edge of the walls of this nanosphere. A careful analysis of
the HRTEM image reveals the presence of nanocrystals (smaller than 5 nm) of
NiCl, - 6 H,O, identified by their chemical composition obtained from the XEDS
analysis. Finally, the HRTEM image of Figure 4.3e shows the structure of one
carbon plaque. Once again, the contrast of this image suggests that it is formed
by two different materials: a matrix of highly disordered carbon and well dispersed
NiCl, - 6 H,O nanocrystals of within the matrix.

Ni-ODC900 Carbon nanostructures

The morphology of the carbon materials obtained at 900 °C chlorination tem-
perature is observed in Figure 4.4. During the SEM observations, micrometric
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Figure 4.3: (a) SEM micrograph showing conglomerated spheres and some car-
bon plaques. (b) Low magnification TEM image of the particles (solid spheres
decorated with smaller hollow spheres and bended plaques) obtained at 600 °C.
Their corresponding HRTEM images show the edge of (c) a solid sphere and reveal
presence of nanocrystalline NiCl, -6 H,O in (d) an open hollow sphere and (e) a
carbon plaque. Notice the graphene-like layers marked with white arrows.

structures quite similar to a desert rose have been found in major proportion as
it can be seen in Figure 4.4a. A higher magnification micrograph (Figure 4.4b),
made on one desert rose, allows observing that the petals of these roses are formed
by a coaxial-type stacking of carbon plaques (thickness from 240 to 300 nm) that
could be the result of the evolution of the carbon plaques previously detected at
lower chlorination temperature. However, thickness of these plaques presents an
important increase with the reaction temperature. We have also found some beds
of spherical particles, diameter from 90 to 230 nm (almost the same size than the
spheres obtained at 600 °C) but conglomerated (Figure 4.4c). These spheres were
observed in smaller proportion than the desert roses.

The average nanostructure of these particles was studied by TEM. Figure 4.5a
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Figure 4.4: (a) SEM micrographs of the materials obtained at 900 °C. Carbon

particles of micrometric size similar to a desert rose and spherical particles. (b)

Enlargement of the zone squared in (a) revealing that these roses are formed by

thick carbon plaques. (c) Conglomerates of carbon spheres and some isolated
carbon plaques.

shows a low magnification TEM image of one of the carbon plaques that could
be related to the particles that form the petals in the desert rose structure. As
observed, contrast of the image suggests that these plaques are corrugated, some-
times bent and have variable shape and thickness. Figure 4.5b shows a group of
solid spheres (diameter from 75 to 150 nm) surrounded by smaller hollow spheres
(diameter from 35 to 50 nm, wall thickness from 6 to 9 nm), as observed previously
in the sample obtained at 600 °C. This curious nanostructure is quite similar to
the morphology of Opuntia ficus-indica, see inset, a cactus that grows in America,
Spain, Italy and Western Africa. The SAED patterns, inset in Figure 4.5a and b,
present diffraction rings slightly more defined than the observed at 600 °C, with
spacing than can be assigned to the hk(0 graphite type reflections, once again, as-
sociated to the disorder in the graphene-like layers despite that an incipient local
graphitization takes place at this chlorination temperature. Even though the low
magnification TEM images do not show a significant change in the nanostructure
of the particles obtained at 900 °C, respect to the 600 °C ones, in their respective
HRTEM images it is possible to observe an evolution in the local nanostructure
of these particles, as suggested by their SAED patterns. Figure 4.5¢ presents an
image that corresponds to one of the carbon plaques. Contrast of this image is
characteristic of highly disordered carbon materials; however, it is possible to de-
tect some individual graphene-like layers at the edges of the structure, as well as
some small graphitic ribbons formed by the stacking of 2-3 graphene layers. The
HRTEM images of the solid and hollow spheres are in Figure 4.5d and e, respec-
tively. Note that both nanostructures are mostly formed by open and disordered
graphene-like layers. In some cases, these layers are locally stacked as small local
graphitic domains of 2-4 graphene-like layers. At this temperature, Nickelocene is
completely transformed into an ODC, without any residual NiCl,.
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Figure 4.5: Low magnification TEM images of (a) the petals of the desert rose and

(b) the group of spherical particles that form the Opuntia cactus shape. HRTEM

images of (c¢) a single carbon plaque, (d) a solid sphere and (e) the edge of a hollow

sphere. The graphitic ribbons and individual graphene-like layers are marked with
yellow arrows

NiO@QODC composite material

The formation of such a composite material at 600 °C as an intermediate product
in the preparation of the organometallic-derived carbon, suggests the possibility of
the transformation of the NiCl, - 6 H,O into NiO nanoparticles yielding a new com-
posite material NNOQODC. The hydrothermal treatment in basic media converts
the NiCl, - 6 H,O nanoparticles according to the following reactions:

NiCl, 4+ 2H,0 — Ni(OH), + 2 HCI (4.2)
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Ni(OH), —> NiO + H,0 (4.3)

The morphology observed by SEM images displayed in Figure 4.6 can be re-
lated with the material carbonized at 600 °C. Spherical particles of diameter range
(from 90 to 220 nm) similar than the Ni-ODC600 composite and, in minor propor-
tion, carbon plaques of varying thickness can be observed at low magnification (see
Figure 4.6a), demonstrating that the carbon material does not seem to have un-
dergone any transformation. However, a closer inspection of these spheres (Figure
4.6b) indicate that the spheres have now a rough and open structure, in some cases
broken spheres, instead of the smooth and soft surface observed in the Ni-ODC600
presursor. The new surface morphology suggests an increase of the surface area of
the NiOQODC composite. Additionally, although at this magnification it is im-
posible to detect such a small NiO nanoparticles in the composite, XEDS analysis
detect the presence of nickel and oxygen, characteristic signals of the successful
transformation of NiCl, - 6 H,O residue into NiO nanoparticles within the carbon
material.

Figure 4.6: (a) SEM micrograph showing conglomerated spheres and some car-
bon plaques. (b) Detail of conglomerated spheres showing the roughness of their
surface.

A closer inspection of the sample in the TEM (Figure 4.7) by High-Angle
Annular Dark Field (HAADF) imaging (Figure 4.7a) confirms that the spheri-
cal material is composed by a matrix of low atomic number element containing
brighter areas of a heavier one. Along with larger nanocrystals, the high magni-
fication image displayed in Figure 4.7b also demonstrates the existence of bright
spots all along the carbon matrix consisting of well dispersed nanoparticles smaller
than 5 nm in diameter. Some of these small nanoparticles are identified as NiO
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Figure 4.7: (a) Low and (b) high magnification HAADF images of the solid spheres
after the hydrothermal process. (¢) HRTEM image showing an edge of a solid
sphere where well crystalline NiO nanoparticles (identified by inset DDP along
the [110] zone axis) can be observed within highly disordered graphene layers.
(d) EEL spectrum from the particle in (c) marked with a red circle showing the
characteristic edges of NiO together with the carbon one.

nanocrystallites oriented along the [110] zone axis in the HRTEM image displayed
in Figure 4.7c. Besides, the EELS spectrum recorded in the composite NiOQODC
(Figure 4.7d) shows its characteristic edges as well as the absence of chlorine.
The self-assembly of highly dispersed pseudo-capacitive NiO nanoparticles into
a carbon matrix improves not only the specific capacitance of the carbon but
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also the electrical conductivity and electrode density for its further application in
supercapacitors (Chen et al., 2013).

Textural Characterization

The textural parameters were obtained from the N, adsorption-desorption mea-
surements performed on the three materials previously described. Their isotherm
plots (Figure 4.8a) can be considered as Type I, related to microporous materials,
according to the IUPAC classification (Rouquerol et al., 2013). The isotherms
also exhibit a H4 hysteresis loop which is associated to non-rigid slit-shaped pores.
The closure of the desorption branch at p/py = 0.42 is almost independent to the
morphology of the sample but it is associated to the nature of the adsorptive (Sing
et al., 1985). Finally, an important amount of nitrogen is adsorbed at relative
pressures p/py > 0.7 revealing the existence of textural porosity formed by the
interparticle voids among the carbon packing of all the particles, as it has been
observed by SEM (Figures 4.3, 4.4 and 4.6). Results derived from the assessment
of the surface area values are collected in Table 4.1. The specific surface area, ob-
tained using the BET theory, is as high as 710 m?/g for Ni-ODC900, whereas for
Ni-ODC600 and NiO@QODC a dramatic reduction is found due to the presence of
the NiCl, - 6 H,O or NiO nanoparticles whitin the carbon matrix. As displayed in
Table 4.1 the microporous surface area (SMic) for all the tested materials comprise
almost 80% of the total area, indicating that they are mostly microporous.
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Figure 4.8: (a) Standard nitrogen adsorption-desorption isotherms at 77 K for Ni-
ODC600, Ni-ODC900 and NiO@QODC. (b) Representation of the pore size distri-
bution showing the region with pore width <50 nm for Ni-ODC900 and NiOQODC

and the micropore region <2 nm in the inset.
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STotal gy OExt. ppr  OMicr. ger  Pore Width op npprr

(m?/g)  (m?*/g)  (m*/g) (nm)

Ni-ODC600 277 49 227 -
Ni-ODC900 710 136 573 0.61
N:O@ODC 422 80 341 0.56

Table 4.1: Total, exterior and micropore BET surface area and pore width of
prepared samples.

The pore size distribution (PSD) plots, derived from the NLDFT method are
represented in Figure 4.8b. The graph reveals that both materials exhibit an
almost well-defined pore structure with narrow microporosity (0.61 nm and 0.56
nm for Ni-ODC900 and NiO@ODC respectively displayed in the inset of Figure
4.8) and some contributions of wide micropores (up to 2 nm) in the case of Ni-
ODC900. In addition, NiOQODC composite presents some mesopores ranging
from 1.59 to 5.71 nm, meanwhile the Ni-ODC900 maintains a similar pore volume
up to 44.17 nm with slight maxima at 8.39 and 31.21 nm.

Electrochemical Characterization

The electrochemical characterization was evaluated in a first step by cyclic voltame-
try measurements in a three-electrodes cell. A thin film of the tested materials
deposited on top of a glassy carbon rod was fabricated as working electrode, with a
platinum wire serving as a counter electrode and a Hg/HgO electrode as reference.
A NaOH 1M solution was used as electrolyte in the voltage range between -0.2
and 0.4 V.

The CV curves at a scannig rate of 5 mV /s for the three materials show a nearly
rectangular shape (see Figure 4.9) indicating a capacitive nature of the tested
electrodes. The nanocomposite NiOQODC exhibits a highest specific capacitance
(85 F gt at 5 mV s!) compared with its precursor Ni-ODC600 (10 F ¢! at 5 mV
s1) which contains chloride nanoparticles instead of oxide. This behavior indicates
that NiCl, nanoparticles are not electrochemically active, and therefore the poor
capacitance value of this material is only originated by the electrostatic adsorption
of the electrolyte ions on the carbon surface not hidden by the nanoparticles.
On the other hand, since the NIOQODC material was obtained by hydrothermal
transformation of the Ni-ODCG600 composite, and the increase of the surface area
is not significant, it suggests an important contribution of pseudocapacitance from
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the NiO nanoparticles. In addition, the NiOQODC nanocomposite doubles the
specific capacitance values of the pure nanoporous carbon Ni-ODC900 (47 F g!
at 5 mV s1). Although the specific surface area of Ni-ODC900 is larger than
the NiOQODC composite, the combination of the two storage mechanisms on the
latter, results in a higher gravimetric capacitance.
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Figure 4.9: Cyclic voltamperometric and capacitance retention at sweep rates from

5 to 1000 mV s for the carbon material obtained at (a) 600 °C, (b) 900 °C and

(¢) the composite material NNO@QODC on three-electrode configuration. (d) CV

for the composite material NiIOQODC with separate contributions: capacitance
(blue) and pseudocapacitance (green).

Several voltammograms were recorded under different scanning rates ranging
form 5 to 1000 mV/s in order to evaluate the capacitance retention at highest
cycling speeds. The material that better retains capacitance at higher sweep rates
is the Ni-ODC600 composite (FIg 4.9a), but this material at 5 mV s exhibits a
capacitance as low as 10 F g!, being probably associated with the fact that only
the external surface participates in the electrochemical process. Where ions have
not diffusion problem even at high sweep rates. In comparison, the Ni-ODC900
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carbon has a higher capacitance loss, approximately 50% at speeds of 1000 mV /s.
This disordered carbon material is free of either metal halide nanoparticles or
adsorbed chlorine, so the entire microporous area is accessible to the ions. It is in
these pores where the ions begin to have diffusion problems, which produces that
at higher loading speeds the ions do not have enough time to enter and leave the
whole microporous network. In the case of the material NiIOQODC, a carbon-like
behavior is observed, very similar to the Ni-ODC900 carbon material. It has the
same type of porosity with a similar pore width, and therefore the response at
high speeds is similar, but it seems that at low speeds rates the pseudocapacitive
mechanism becomes to play an important role by doubling the amount of stored
charge.

Additionally, by considering that during the voltammetric experiment, the cur-
rent response for each sweep rate will vary depending on whether the redox pro-
cess is diffusion-controlled or surface controlled (capacitive), both contributions
can be discriminated and estimated (Augustyn et al., 2014). In a surface capac-
itive process the current varies directly with the sweep speed (v), whereas for a
diffusion-controlled the current response varies with the square root of the seep
rate (V(1/?)) according to to the following equation:

i(V) = ko2 + kyv 4.4
(

Solving for the values of k; and ks at each potential allows for the discrimiation
of the diffusion and capacitive currents, if we rearrange the equation as follows:

l(v) — kl 4 k2vl/2 (45)

Plotting the sweep rate dependence of the current allows us to determine k;
and ko from the slope and the y-axis intercept point of a straight line, respectively,
at each fixed potential. After this calculation over the whole potential window we
are able to quantify the fraction of the current due to each of these contributions.
Figure 4.9d shows the total charge storage of NiOQODC at a sweep rate of 5
mV /s. These results show that 63% of the total current corresponds to the capac-
itive mechanism, and the 37% enclosed in the green area is caused by the redox
pseudocapacitance of the NiO nanoparticles. Although a capacitive contribution
of NiIO@QODC similar to that for Ni-ODC600 composite would be expected, since
the last is the same material without pseudocapacitive contribution, the slightly
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higher value determined for the capacitive contribution of NiOQODC composite
being 63% of the total value, is related to the highest surface area found in this
composite material, probably due to the removal of NiCl, nanoparticles, hindering
the surface of the carbon material, during the solvothermal transformation.
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Figure 4.10: Electrochemical Characterization of NiOQODC composite material
on a symmetrical two-electrode cell: (a) CV, (b) GCPL and (c) EIS on Nyquist
and (d) complex imaginary capacitance.

Once determined the superior electrochemical performance of the nanocompos-
ite NiIO@QODC, this material has been tested in a symmetrical cell. The composite
material was processed to make a film and then two disc-electrodes were prepared.
They were used both as electrodes separated by a fiberglass impregnated with the
NaOH 1M electrolyte in a swagelok cell configuration. CV, GCPL and EIS mea-
surements were performed in order to characterize the cell. The CVs (Figure 4.10a)
show a parallelogram shape up to 1 volt at 5 mV s, indicating a good capacitance
behavior as well as for the GCPL plot (Figure 4.10b) where a linear ramp on the
charge and discharge process at 0.1 A g™ is noticed. The gravimetric capacitance
value extracted from the GCPL is 124 F g at 0.1 A g'!, similar to capacitance
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values reported for other carbon-metal oxide composites (Lota et al., 2011). On
the other hand, a denser electrode (0,64 g cm™) has been achieved and yileding a
volumetric capacitance of 79.75 F cm™ at 0.1 A g, suggesting that the material
could be optimally compressed in manufacturing processes for its potential use as
electrode material in potable devices, giving a standard capacitance in less space.

From the nyquist EIS plot displayed in Figure 4.10c we can get the ESR value
at the end of the first semicircle, in this case it is about 17 Ohms. The complex
impedance plot (Figure 4.10d) show the imaginary (C”) part of the complex capac-
itance (Taberna et al., 2003). The relaxation time constant of the systems, which
is the maximum of the graph, is 29 seconds. The time constant is characteristic
of each material, and indicates the time needed for the device to be completely
charged or discharged.

Conclusions

Microporous carbon, containing a fine dispersion of NiO nanoparticles, has been
synthesized by using a novel and straightforward synthetic route. This was based
on the chlorination of Ni(C4H) at intermediate temperatures, followed by the
hydrothermal conversion of the by-product, composed of NiCl, nanoparticles em-
bedded in the carbon matrix, into the target composite NiOQODC. The success
of the proposed procedure has been demonstrated by imaging of the NiOQODC
composite and its respective intermediate NiCl,@QODC, by transmission electron
microscopy. This micro/nanostructural study revealed the retention of the shape
and microstructure of the carbon matrix, consisting of large solid spheres, deco-
rated on their surface by smaller hollow ones.

Electrochemical studies in a three-electrode configuration demonstrated an im-
provement in the electrochemical properties of this new composite in comparison
with the porous carbon obtained by chlorination of the precursor at 900 °C. The
electrochemical characterization in a two-electrodes symmetrical cell displays a
capacitive behavior comparable with similar materials, demonstrating the valid-
ity of this novel synthesis method in the search for new electrode architectures of
electrochemical energy storage materials.
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4.2 New electrode material based on Mn;0, nano-
particles embedded in organometallic-derived

carbon (ODC)

The previous successful synthesis gave way to extend this two step process of
preparing new M;O,Q0ODC composite materials to different precursors than met-
allocenes, like phthalocyanines or metal acetylacetonates. Among them, the man-
ganese (II) and (III) acetylacetonates were selected as promising precursors for
obtaining a composite electrode material with capacitive and pseudocapacitive
mechanisms. Manganese presents multitude of possible oxidation states, it is the
most abundant metal on earth, after aluminum and iron and has a very low toxic-
ity. There is a great variety of manganese oxides among which there are numerous
polymorphs no well understood but related between them, even with their corre-
sponding oxyhydroxides (Wells, 1975). There is a lot of research done on MnO,
as electrode material in supercapacitors, including its different polymorphs (Be-
langer et al., 2008; Chodankar et al., 2016; Huang et al., 2015), as well as composite
materials mixing it with different carbon-type materials in order to improve the
relatively low electrical conductivity of MnO, (Gambou-Bosca & Belanger, 2015;
Xu et al., 2017). But not only MnO, has been studied as electrode component in
supercapacitors, other oxidation states like MnO (Ramadan et al., 2018), Mn, O,
Li et al. (2015); Wang et al. (2016) and Mn;O, (Shah et al., 2018; Shaik et al.,
2016) also have been studied for this purpose, concluding that manganese oxides an
their carbon-based composites represent promising and very competitive electrode
materials for applications in supercapacitors (Zhang & Chen, 2008).

In this section, following the two-step synthesis succesfully applied in the pre-
vious section, we describe the synthesis and characterization of microporous ODC
composites with embedded Mn;0O, nanoparticles. Two different precursors with
two different manganesse oxidation states have been used, Mn(Cz;HgO,), and
Mn(C;HgO,);. The structure and physical properties of each precursor deter-
mine the morphology and micro/nanostructure of the carbon composite material
obtained, along with the electrochemical properties in each case.

Synthesis

In order to obtain a first carbon material that would combine an adequate porosity
and a good quantity of nanoparticles homogeneously dispersed through the carbon
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matrix, different chlorination temperatures between 400 °C to 700 °C were carried
out, using both 24-pentanedione manganese (II) and (III), Mn(C;H,O,), and
Mn(C;H;0,)5, with P2, /c space group, (aqn = 1.118 nm, by = 0.542 nm, cqry =
1.131 nm, 6([1) = 106.1° and a(m) = 1.387 nm, b(IH) = 0.746 nm, C(III) = 1.620 nm,
Bamy = 98.4° respectively; Alfa Aesar, powder purity of 100%). This first step al-
lowed to determine the ideal temperature for each precursor, otherwise the carbon
resulting material could have too much metal chloride nanoparticles or very large
particles that can seal the porous structure, reducing the surface area therefore the
capacitive performances; on the contrary, a poor content of nanoparticles or none
would not offer pseudocapacitance contribution after the hydrotermal conversion.
The optimized conditions to obtain a carbon-based composite material with a com-
promise between the amount of nanoparticles imbedded and the available surafec
area was different for each precursor, due to their different thermal stability. In the
case of the manganese (III) acetylacetonate (Mn(C;H,0,)4,m.p.:159-161 °C (Wells,
1975)) the optimized carbon-base composite was obtained at lower temperature,
500 °C (sample called M3.5 in the following), than in the case of the manganese
(IT) acetylacetonate (Mn(CzH,O,),, m.p.:248-250 °C (Wells, 1975)) where a tem-
pertaure of 700 °C was needed (sample that will be called M2.7), according to their
different melting points.

Consequently, Mn(C;H,0,), and Mn(C;H,0,); were separately placed in a
quartz vessel and heated in the tubular furnace with the same characteristics than
in the above NiO@QODC section under argon atmosphere (25¢m?3/min). After 15
min, the argon was replaced by chlorine gas and the furnace was turned on at 50
°C/min until 700 °C and 500 °C respectively. When the temperature is reached, it
is maintained for 1 hour before turning off the furnace, replacing chlorine by argon
and letting cool down to room temperature. In both synthesis, the raw materials
were washed with abundant hot water to remove either traces of Cl, or manganese
chlorides not imbedded in the carbon matrix.

After structural and textural characterization of the intermediates M2.7 and
M3.5 materials, they were dispersed in 30 mL of KOH 12M and placed in a Teflon
stainless steel hydrothermal chamber. The autoclave was heated at 200 °C during
48 h and dried at 100 °C overnight after several washings with hot water followed by
filtering under vacuum. The new composite materials obtained by hydrothermal
conversion will be called Mn;0,*@QODC, where “z” identifies the precursor from
which they have been synthesized, 3.5 or 2.7.

81



CHAPTER 4. ODC COMPOSITES

Structural Characterization

Carbon-based composite material obtained at 500 C from Mn(C;H,0,),

The TEM study of intermediate M3.5 composite material is shown in Figure 4.11.
At low magnification (Figure 4.11) it can be observed that the material consists
on large particles (Figure 4.11a) where is possible to identify small dots of darker
contrast with size around 4-5 nm. In the high magnification image recorded in a
thin edge of the material one of the imbedded nanoparticles of 4 nm in size is clearly
imaged (Figure 4.11b). Although the nanocrystal in not oriented and periodicity
is only observed along one direction, in the DDP (see inset in Figure 4.11b) this
periodicity can be assigned to the 102 plane of MnCl,. Besides the XEDS spectrum
(Figure 4.11b) detects the signal of manganese and chlorine, together with the one
from carbon in higher intensity.

==

Figure 4.11: TEM micrographs of (a) low and (b) high magnification of compound
M3.5 obtained from Mn(C;H,0,), at 500 °C inset of DDP from the nanoparticle
encircled in red. Below the XEDS spectrum form this particle is dsplayed.

MnCl, nanoparticles, with CdCl, or Cd(OH),-type structure, have a melting
point of 654 °C, above the chlorination temperature, and a boiling point of 1225 °C,
even higher. Therefore this compound can remain within the resulting amorphous
carbon material in the form of nanoparticles. The chlorination reaction of this
compound can be postulated as follows::
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MH(C5HSO2)3(S) + (7 —|— 2X)012(g) e (15 — X)C(S) + XCCI4(g) + MHC12 (4 6)
+12HCl,) + 6 H,0 '

Where “2” represents the amount of CCl, formed decreasing the yield of the
carbon mass.

Figure 4.12: SEM micrographs of the composite material Mn;0,**@QODC at (a)

low and (b) high magnifications. TEM micrographs of the composite at (c) low

magnification and (d) diffraction pattern along the [101] zone axis taken in one of
the largest nanocrystals.

After hydrothermal conversion, the Mn;0,**@ODC composite material was
studied again by electron microscopy (Figure 4.12). In the low magnification SEM
image (Figure 4.12a) the composite material is revealed as large particles without
any distinguishable shape. A closer inspection at higher magnification (Figure
4.12b) reveals a fluffy surface containing voids of size below 100 nm. The TEM
image displayed in Figure 4.12c shows the local structure of the composite mate-
rial consisting on a matrix of disordered carbon containing empty voids and other
containing darker nanocrystals. Those nanocrystals are identified as the haus-
manite type Mn;O, through the diffraction pattern recorded along the [101] of
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one of the larger nanopaticles as well as the XEDS analysis. Unfortunately, the
size of the nanooxides obtained after the hydrothermal transformation of the man-
ganese halide nanoparticles is notoriously larger. According to the experimental
data, the chemical reactions involved in the hydrothermal transformation may be
formulated:

MnCl, + 2 KOH «— Mn(OH), + 2 KCL (4.7)

6 Mn(OH), + Oy +— 2Mn;0, + H,O (4.8)

In the first stage MnCl, nanoparticles react with KOH yielding Mn(OH),,
then the presence of oxygen favors the oxidation of manganese yielding Mn;O,
which is the first oxidation process following the Pourbaix diagram (White &
Labayru, 1991). Since pseudocapacitance is a surface process, homogeneous and
small nanoparticles are expected to provide a larger area that increases the ca-
pacitance contribution. In the particular case of Mn3O43'5@ODC material, the
microstructural study demonstrates that the previous premises are not fulfilled
and therefore promising electrochemical properties are not expected.

Carbon-based composite material obtained at 700 °C' from Mn(CsH,0,),

The TEM study of the intermediate M2.7 composite material shown in Figure 4.13
reveals a highly porous carbon-based material. In the low magnification image
(Figure 4.13a) a characteristic particle showing a homogeneous distribution of
pores can be observed. At higher magnification (Figure 4.13b), the pore diameter
can be measured ranging from 5 to 25 nm, being in the mesopore range. XEDS
analysis performed in different areas of the specimen during the observation detects
the presence of manganese and chlorine elements in the material, but in the TEM
micrographs the nanoparticles responsible of those signals are not observed. Here,
the acquisition of HAADF images (Figure 4.13c), where the contrast is almost
proportional to the Z number of elements, allow the localization of the expected
MnCl, in the composite. Since manganese atomic number (Z = 25) is greater
than carbon (Z = 6), the presence of MnCl, nanoparticles can be located as the
sharp brightest areas whitin the carbon material. EELS spectra (Figure 4.13d)
performed on these areas show the characteristic carbon K and manganese Ls 3
edges, confirming the presence of MnCl, nanoparticles of such a small size that
cannot be easily imaged by conventional HRTEM. Analogously to the previous
material, we can postulate the chlorination reaction as follows:
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Figure 4.13: TEM micrographs of (a) low and (b) high magnification of the

M2.7 intermediate composite material. (¢) STEM-HAADF mode image where

the brightest zones indicate the presence of a higher Z element than carbon. (d)

EELS spectrum where the K and L9 3 edges of carbon and manganese respectively
can be identified.
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MH<C5H802)2(S) + (5 + 2y>012(g) — (10 — Y>C(s) + yCC14(g) + MHCI2

(4.9)
+8HCl, +4H,0,

[T

Where now “y” represents the amount of CCl, formed decreasing the yield of
the carbon mass.

This composite material was subsequently subjected to the hydrothermal con-
version under basic conditions in order to transform the manganese chloride (II)
nanoparticles into one of the many manganese oxides or even oxyhydrides with
pseudocapacitative properties, but under the same hydrothermal conditions than
the previous material the obtention of Mn,;O, nanoparticles was expected but with
lower size taking into account that the MnCl, nanoparticles in the present compos-
ite exhibited subnanometric size. The SEM images displayed in Figure 4.14 show
the shape and morphology of the obtained composite named Mn3O42'7@ODC. The
composite is formed by large sponge like particles plenty of voids.

Figure 4.14: SEM micrographs of hybrid materials Mn,0,*"@ODC at (a) low and
(b) high magnifications.

Figure 4.15 shows the TEM study of the obtained composite material. In
the low magnification image (Figure 4.15a) it can be appreciated that the car-
bon matrix has barely changed compared to the precursor imaged in Figure 4.13,
but now a darker contrast is clearly observed corresponding to the manganese
oxide nanoparticles well dispersed within the carbon matrix. These nanoparti-
cles are better imaged in the HAADF image displayed in Figure 4.15b, where
the characteristic mesopores of the carbon matrix is more recognizeable and now
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brighther nanoparticles ranging from 6 to 20 nm are clearly identified. Again, the
hydrothermal process transforms the MnCl, nanoparticles in larger nanooxides,
however now they are still enough small to provide good electrochemical response.
EELS spectra recorded on different particles confirm the presence of manganese
showing its Lo 3 edge at 644 eV. A closer inspection of the composite at higher
magnification (Figure 4.15¢) by HRTEM reveals the atomic arrangement of one of
these nanoparticles of about 12 nm located at the thin edge of the composite. The
crystalline nanoparticle can be identify as expected with the hausmanite phase
Mn;0,, oriented along the [110] zone axis.
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Figure 4.15: (a) TEM and (b) HAADF micrograph of Mn,0,*"@ODC composite

material, inset EELS spectrum with the L3 manganese absorption edge. (c)

HRTEM image of a single nanoparticle and its digital diffraction pattern that
identifies the spinel phase Mn;O, along the [110] axis zone.
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Textural Characterization

The N, adsorption isotherms displayed in Figure 4.16a assert that both materials
have a type IV isotherm characteristic of mesoporous materials in combination
with a H4 hysteresis loop, which is associated with the presence of micropores.
Results derived from the assessment of the surface area values are collected in
Table 4.2. The specific surface areas, obtained using the BET theory, are 512
m? g, and 749 m? g for Mn,0,*?QODC and Mn;0,>7@ODC, respectively.
The largest surface area found in Mn;O,*>7@ODC is in agreement with the fact
that this material is built up by a low-density carbon matrix containing small
size nanoparticles, whereas the presence of large nanoparticles in Mn3043'5@ODC,
hindering the surface, could be responsible for its lower surface area.

The pore size distribution (PSD) plots, derived from the NLDFT method, are
depicted in Figure 4.16b. The plots confirm for both composites the develop-
ment of narrow micropores (pore width of 0.6-0.7 nm), however the plot for the
Mn3042'7@ODC material reveals a more complex pore structure containing nar-
row (pore width 0.62 nm) and wider (pore width 1.48 nm) microporosity, as well
as some mesopores ranging from 3 to 10 nm in diameter (Table 4.2). In this
sense, mesoporosity in this material can be attributed to pores formed between
the corrugated carbon foils detected by the TEM study (Figure 4.15). As ex-
tracted from the textural analysis the combination of micropores and well defined
mesopores plus the presence of small oxides nanoparticles makes the composite
Mn,0,*>"@0DC a good candidate for supercapacitor whereas the microstructural
and textural properties of Mn,;0,*°@ODC foresee worse electrochemical perfor-
mance of this material.

STotal ppr  OBExt. ppr  OMicr. ppr Pore Width op.nrpFT
(m?/g)  (m?/g) (m*/g) (nm)
Mn3043‘5@ODC’ 512 400 112 0.67
Mn3042'7@ODC 749 465 284 0.62, 1.48, 2.09, 3.7, 5.1, 7.6

Table 4.2: Total, exterior and micropore BET surface area and pore width of
Mn30,*QODC samples.
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Figure 4.16: (a) N, adsorption-desorption isotherms at 77 K of Mn;0,Q0DC
composite material obtained from each precursor. (b) Graphical representation of
the pore size distribution showing the region with pore width <10 nm.

Electrochemical Characterization

The two composite materials were electrochemically characterized by cyclic voltame-
try (CV) on a three-electrode cell using a glassy carbon rod as working electrode
where the material was deposited as thin film; platinum wire as counter electrode
and two different reference electrodes, hydrogen electrode (RHE) and a Hg/HgO,
in order to measure in acid and basic electrolyte respectively. H,SO, 0.5 M was
used as acid electrolyte and NaOH 1 M as basic electrolyte and measurements
were carried out at different sweep rates, from 5 to 1000 mV s,

The sample Mn,0,>"@ODC (Figure 4.17a) show a rectangular shape in both
electrolytes, typical of a capacitive behavior, instead that the sample Mn;0,*°@-
ODC (Figure 4.17b) in which the shape of CV looks tilted. Both samples behave
better on the basic 1 M NaOH electrolyte, the rectangular shape is better main-
tained because in acid the oxide nanoparticles can be dissolved. Manganese ions
released in the medium generate diffusion problems, increasing the electrode re-
sistance. For the composite Mn;O,**@ODC a very high electrical resistance is
observed, denoted by the tilted parallelogram; the electrolyte is unable to reach
the entire surface area of the material due in large part to diffusion problems even
at low sweep rates. The porous structure seems blocked, being ineffective in facili-
tating ion traffic. The capacitance values obtained for this material are quite low:
62 F ¢! in H,SO, 0.5 M and 14 F g in NaOH 1 M. The gravimetric capacitance
values for Mn;0,*"@ODC is 95 F g in acid electrolyte (H,SO, 0.5 M) and 101
F gl in basic electrolyte (NaOH 1M), its porous structure seems to be the key for
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obtaining better results than the previous material, in addition to having smaller
hausmanite nanoparticles, which increases its contribution. Although in H,SO,
the CVs show slight broadening in the middle, typically assigned to pseudocapaci-
tance behavior of oxygen groups located at the surface of the carbon created during
the hydrothermal process (like on a chemical activation, KOH also attacks the car-
bon surface, leaving oxygen groups on the surface). The contribution of Mn;O,
nanoparticles cannot be clearly seen. In NaOH that contribution it is shown in
the asymmetric distortion at higher voltage in the parallelogram that also remain
at higher sweep rates indicating a intercalation pseudocapacitance type.
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Figure 4.17: Cyclic voltammograms at different sweep rates of (a) Mn;0,>"@0ODC

and (b) Mn,;0,**@Q0ODC in a deaerated, 25 °C, H,SO, 0.5 M and 1 M NaOH solu-

tion on a three-electrode configuration. (c) Fraction of total capacitance retained

from 5 to 1000 mV s. (d) Total (purple area) and capacitive contributions (blue
area) to charge storage in 1 M NaOH of Mn,0,*"@0ODC.

In order to investigate how accessible the porous structures are for the elec-
trolyte on both materials, measurements at different sweep rates were carried out
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from 5 to 1000 mV s*. In the graph of Figure 4.17c it can be observed that the com-
pound Mn;0,*"@ODC maintains a 46% of the total capacitance at 1000 mV s
having a porous structure more appropriate than the composite Mn3043‘5@ODC,

which loses 82% of the capacitance at 200 mV s and 92% at 1000 mV s™.

Considering the approximation made before for the separation of energy storage
mechanisms according to its variation with the sweeping speed, direct (capacitive)
or its square root (pseudocapacitative), the capacitive contribution of the voltam-
perogram obtained for the Mn3042‘7@ODC composite material can be separated
(Figure 4.17d). It can be seen how the capacitive contribution in blue represent
the 71% of the total capacitance obtained in purple. It is now more evident that
the pseudocapacitative contribution takes place in the whole potential window as
the purple part of the total voltammogram that is not overlapping by the blue
voltamperogram, which represents only the capacitive contribution.

Once confirmed the superior electrochemical properties of the Mn3042'7@ODC
composite material over the Mn;0,*°@ODC, it was selected for the two-electrodes
experiment. Nevertheless, a new ODC carbon material was synthetized from
Mn(C;H,0,), at 900 °C in order to compare the composite with a pure carbon
material. The carbon obtained at 900 °C is shown in Figure 4.18 displaying a
very similar morphology to the carbon matrix in the Mn;O0,*"@ODC, so it will be
considered as the carbon matrix in the composite without any nanoparticle, with
comparable specific surface area and microporous distribution.

Figure 4.18: (a) Low and (b) high magnification images of the ODC carbon ma-
terial from Mn(C;H,0,), at 900 °C.

Similarly to the previous electrode material, the composite and the new car-
bon materials were processed to make a film and then two disc electrodes from
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each carbon-film were separated by a fiberglass impregnated with NaOH 1M elec-
trolyte inside a symmetric configuration Swagelok-cell. The CVs of both materials
(Figure 4.19a) show a rectangular shape up to 1 Volt, although in the case of
the Mn3O42'7@ODC a peak at 0.1 Volts probably due to some Faradaic reversible
reaction of manganese oxide can be observed. The current signal clearly indi-
cates a superior gravimetric capacitance value for the Mn3O42‘7@ODC composite.
Thereby the gravimetric and volumetric capacitance from the GCPL plot (Figure
4.19b) for the composite material is 130 F g and 58 F cm™ respectively at 0.1 A
g, higher than for the ODC carbon material that is 87 F g! and 28 F cm™. It is
a very low volumetric capacitance as well because of the low density of the carbon,
0.32 g cm™ against 0.45 g cm™ for the composite. The gravimetric capacitance
obtained for the ODC carbon material syntethized at 900 °C represents the 70%
of the capacitance of the composite, sustaining the approach done on the three-
electrode characterization shown previously. The impedance Nyquist plot (Figure
4.19¢) shows a very close behavior between the composite and the ODC carbon
materials with a similar ERS value of 4.6 Ohms. The relaxation time constant
of the systems is 2.9 seconds calculated from the imaginary part of the complex
capacitance (Figure 4.19d) slightly improving the value for the ODC carbon which
is 3.2 seconds. The Mn;O, nanoparticles increase the total gravimetric capaci-
tance of the composite material besides providing a higher density that enhances
the total volumetric capacitance not only without losing conductivity but slightly
increasing it. Put all that together with a suitable pore structure for the ion diffu-
sion of the carbon matrix makes it a promising electrode material for high power
density supercapacitors.

Conclusions

Mn;0,@O0DC composite material has been successfully synthesized by partial
chlorination followed by hydrothermal conversion from both Mn(II) and Mn(III)
acetylacetonates precursors. Imaging both Mn;O0,@ODC composites obtained by
transmission electron microscopy revealed a mesoporous carbon containing a fine
dispersion of Mn,O, nanoparticles for the Mn,O,*’@ODC, meanwhile for the
Mn3043‘5@ODC, although the porous carbon matrix is very similar, the Mn;O,
nanoparticles are much more bigger.

Electrochemical studies in a three-electrodes configuration demonstrated that
such big nanoparticles in the Mn;0,**@0ODC composite, probably due to the lower
chlorination temperature, obstruct the ions diffusion along the specific surface area
which results on a very resistive material. On the other hand, the Mn,;0,*"@ODC
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Figure 4.19: Electrochemical Characterization of the Mn3042'7@ODC composite

and the Mn(C;H,0O,), ODC carbon materials on a symmetrical two-electrode cell:

(a) CV, (b) GCPL and (c) EIS on Nyquist and (d) complex imaginary capacitance
plot.

composite displays a much better electrochemical behavior even showing pseudo-
capacitive contribution of Mn;O, nanoparticles, demonstrating its superior perfor-
mance as an effective electrode to facilitate fast ion and electron transportations,
which are highly desirable for high power supercapacitors. Further studies in a
two-electrodes symmetrical cell configuration of this composite gives evidence of
its superior capacitance value against the porous carbon obtained by chlorination
of the precursors at 900 °C, temperature in which there is not any nanoparticle
residue.
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Chapter 5

Lignocellulosic-based activated
carbons with ingrained metal or
metal oxide nanoparticles as
composite supercapacitor electrodes

Nowadays, most of the commercial EDLCs are based on AC due to their well-
developed manufacturing technologies, easy production in large quantities, rela-
tively low cost and great cycle stability (Burke, 2007; Wei et al., 2011a). During
the rapid development of modern society over the 20th century, the production
of AC was noticeably increased for their use as clean gas application, air qual-
ity control, energy storage/conversion and economic recovery of valued chemicals
(Gonzalez-Garcia, 2018). Most ACs have been synthesized from precursors based
on fossil fuels, but the shortage of these resources requires finding new types of
affordable and renewable precursors. In recent years, many different natural re-
sources with high biomass content such as wood, bamboo, coconut shell or olive
pits have been reported for the preparation of ACs (Ip et al., 2008; Long et al.,
2014; Navarro-Suarez et al., 2014; Redondo et al., 2015; Wang et al., 2013).

The chemical composition of AC produced from biomass is mainly composed
by C, O, H, N, Ca, and K in order of abundance, containing also Si, Mg, Al
S, Fe, P, Cl, and Na in minor proportion depending on the precursor (Vassilev
et al., 2010). The most abundant element of biomass, carbon, is found as compo-
nent of three different biopolymers: cellulose, hemicellulose and lignin being the
last one responsible for the development of mircroporosity in ACs (Suhas et al.,

97



CHAPTER 5. LIGNOCELLULOSIC AC COMPOSITES

2007).That is why biomass residues with a high lignin content, such as coconut
(59.4%(Justiz-Smith et al., 2008)) or palm shell (53.4%(Adinata et al., 2007)) have
been widely studied as raw materials for the production of microporous AC for
supercapacitors(Jain et al., 2013; Misnon et al., 2015).

Although recent research has been focusing on the use of abundant and renew-
able sources for the production of nanoporous carbon electrodes, for applications
like hybrid electric vehicles and portable electronic devices, further development of
dense and inexpensive carbon materials with high capacitance per unit volume is
critically needed (Wei & Yushin, 2012). In the previous chapter is demostrated that
increasing the electrode material density is a direct way to achieve it. On the other
hand, activated carbons suffer of low electric conductivity, as it has been described
in the Introduction section, which is reflected in high ESR values. Therefore, the
challenge pursued in this chapter is devoted to improve the electrochemical prop-
erties of well know microporous ACs obtained from Galician wallnut shell (Juglans
regia) and bamboo (Guadua angustifolia) species (Figure 5.1), precursors previ-
ously studied in our research group, consisting on highly disordered microporous
carbon materials with high surface areas up to 2000 m? g! and specific capaci-
tances as high as 161 F g! (Pedro Gonzalez, 2012). One way explored to improve
the electrochemical performance of porous carbons consist on the development of
composite materials based on faradaic materials (metal nano-oxides) and carbon.
This combination, yields synergistic effects between the storage mechanisms of
both phases and produces denser materials with higher volumetric capacitance.
Moreover, these nanoparticles or even better metallic nanoparticles like gold can
improve the electrical conductivity of the composite, contributing to decrease the
ERS value of the supercapacitor device.

5.1 Wallnut shell activated carbon with embedded
MnO, nanoparticles composite with enhanced
electrochemical properties

Ruthenium oxide (RuO,) is considered the best pseudocapacitive material, be-
ing able to deliver gravimetric capacitance values up to 1000 F ¢! (Sugimoto
et al., 2006), with a potential window of 1.4 V in aqueous electrolyte. However
the shortage of ruthenium on earth-crust and therefore the high market price of
RuO, restrict its applications mostly in military and aerospace industries (Con-
way, 1999). Manganese is the twelfth most abundant element on the earth-crust,
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Figure 5.1: Lignocellulosic precursors. Guadua Angustifolia (a) and Juglans regia

(b).

cheap, environmentally benign and available in various oxidation states, becoming
the proper replacement element to ruthenium for electrochemical purposes. Man-
ganese oxides (MnOy) are environmental friendly and only harmful by excessive
inhalation or ingest. As it has been described in the previous chapter, manganese
oxides (MnOy) have been widely studied as pseudocapacitive metal oxides used in
composite materials for electrochemical capacitors as well as alkaline batteries and
lithium ion batteries (Zhang & Chen, 2008), evidencing in all the cases to be a
reliable electrode material with high performance. Compared to bulk MnOy ma-
terials, nanoparticles acquire larger surface areas, increasing the pseudocapacitive
activity (since is a surface process) and reducing the current densities. Nonethe-
less, the synthesis of MnO, in the form of nanoparticles requires an extra effort
than for the same material in bulk. Several and effective synthetic routes have been
developed in order to prepare different manganese nano-oxides such as hydrother-
mal synthesis (Wu et al., 2009; Yu et al., 2009), electrodeposition (Thiagarajan
et al., 2011) and colloidal processes in both aqueous (Jana et al., 2007; Luo, 2007)
and organic (Jana et al., 2008) medium.

It is obvious that EDLCs and batteries offer both certain distinct advantages.
Therefore, hybridization of EDLC and batteries is highly attractive. Nanoscale
decoration of carbons with a battery material allows a faradaic charge transfer,
enhancing the specific capacity of purely EDLC materials. In this sense, many
MnO,@carbon composite systems have been investigated for supercapacitor ap-
plications (Bordjiba & Belanger, 2009; Chen et al., 2018; Qu et al., 2017).
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In this section, in our effort to improve the electrochemical properties found
in AC derived from wallnut shells (Juglans Regia), we describe the preparation
of a new composite material by incorporation of ultrasmall and spherical MnO,
nanoparticles (aprox. 2 nm size). AC obtained from Juglans Regia exhibits a spe-
cific capacitance of 161 F g'! measured at 1 mA cm™, matching and even surpassing
the values quoted in the literature for AC derived from lignocellulosic precursors
(Gonzalez-garcia et al., 2013). However, the specific capacitance markedly de-
creases due not only to the presence of surface oxygenated acidic groups (Centeno
& Stoeckli, 2006) but also due to the low electronic conductivity of activated car-
bon being in order of 10 to 100 S m™ (El-Kady et al., 2012; Sanchez-gonzélez et al.,
2011). The precursor is first carbonized and then chemically activated by KOH un-
der thermal treatment. Once the carbon guest is obtained, this material is incopo-
rated into a brown colloidal aqueous solution containig 1% of MnO, nanoparticles
and after a few seconds they are adsorbed by the activated carbon yielding a trans-
parent supernatant. Consequently, a new composite material, called MnO,@QWAC
(wallnut activated carbon containing MnO nanoparticles), composed by a matrix
of highly disordered and entangled graphene layers containing ultrasmall pseu-
docapacitive MnO nanoparticles is presented. The effect of such small amount
of metal oxide nanoparticles in the electrochemical performance of the activated
carbon is evaluated.

Synthesis

Wallnut shell Activated Carbon (WAC)

Before carbonization, the wallnut shells were smashed in a metal mortar to reduce
the particle size to millimeters. Then, 5 g of these particles were placed into a
quartz crucible and heated at 400°C during 10 minutes in a tubular furnace under
Ar atmosphere in order to remove their low boiling and melting point organic
compounds. Finished the carbonization process, heating was turned off and the
system was cooled down to room temperature. For the activation process, the
carbon powder and the KOH are homogeneously mixed in a ratio 1:4. Then, the
resulting mixture was placed on an alumina crucible inside a tubular furnace under
Ar atmosphere, during 60 min at 700°C. After thermal activation, heating was
turned off and the system was cooled down until 25°C. The activated carbon was
neutralized with concentrated HCI solution and washed with abundant distilled
water until the total elimination of chemical impurities. The final product labeled
as WAC was dried in a stove at 110°C during 24 h.
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MnQO, nanoparticles

MnO, nanoparticles where synthesized by a novel route using poly acrylic acid
(PAA) as both surfactant and reductor agent of manganese from KMnO,. 1.2
mmol of PAA were added to a solution of 20 ml of KMnO, 0.02 M. After few min-
utes the solution change its colour form purple to light brown indicating reduction
of the oxidation state of manganese and the formation of a colloidal solution of
MnO, nanopartilces. The colloid was then dialyzed for 5 days under continuous
stirring renewing the water every day to remove excess of PAA in the dispersion.
The final colloid dispersion was then washed by centrifugation (4000 rpm, 60 min)
and placed on a stove at 80°C overnight. A brown powder is then collected as final
MnO, nanoparticles product.

MnO,@WAC composite

The MnO,@Q@WAC composite material was prepared following the next procedure.
A dispersion of MnO, nanoparticles in 5 mL of water was added to an aqueus
suspension of WAC (5 mL) in a ratio 1:100. After mixing, it was sonicated for
5 min changing the brown colour of the dispersion from brown into transparet,
indicating an incopotation of the MnO, nanopraticles witin the activated carbon.
The MnO,@WAC composite was isolated by centrifugation (6000 rpm, 15 min)
and dried at 80°C overnight.

Structural Characterization

Galician wallnut shell is a high lignin content carbon and low cost renewable
biomass readily accessible by our research group, which make it a good candi-
date as precursor material. An elemental analysis (see Table 5.1) was performed
demonstrating the high carbon content of the wallnut shell and the wallnut shell
activated carbon (WCA).

C N H O

Juglans regia  48.04 6.01 0.30 45.51
WAC 85.30 0.32 091 13.43

Table 5.1: Elemental analysis from the precursor and the WAC (%)

After the carbonization and chemical activation process, the carbon content
(85.3%) almost doubles its amount values as displayed in Table 5.1, but important
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concentrations of oxygen and hydrogen suggest the presence of surface oxygenated
acidic groups such as hydroquinones or quinones.

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000
-1
Wavenumber (cm’)

Figure 5.2: Infrared spectrum of WAC.

Figure 5.3: SEM images of raw wallnut shell (a) and the obtained shell activated
carbon (WAC) (b). Low magnification TEM (c) and HRTEM (d) images of WAC.

The identification of these oxygenated surface groups has been carried out by
infrared spectroscopy (IR). The spectrum presents a broad band centred at 1579
cm™ indicating the presence of quinonic groups v(C=0). The bands situated at
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1375-1427 cm™ due to the v(C—O) stretching reveals the formation of xantenes
v(C—0) and ethers v(C—0) groups.

The SEM micrographs displayed in Figure 5.3 allow us to compare the mor-
phology of the precursor and the AC. While the precursor exhibits a smooth and
plane surface (Figure 5.3a), in the AC a roughness of the surface is clearly ob-
served as result of the activation process (Figure 5.3b). The TEM study at low
magnification (Figure 5.3c) shows that the material is formed by large a very thin
carbon platelet-like particles. A closer inspection at higher magnification (Figure
5.3d) confirms that the material is composed by highly disordered and entangled
graphene layers as building unit, showing even fullerene-like carbon layers at the
edge of the particle.

Figure 5.4: (a) Low magnification TEM micrograph oh the colloidal MnO,.
HRTEM images of the MnOy nanoparticles identified as MnO along the (b)[011]
and (c) [100] zone axis. Their corresponding digital diffraction patterns are inset.

On the other hand, the synthesized MnO, nanoparticles are very stable on
aqueous solutions. Figure 5.4a shows a low magnification TEM image of the MnO,
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nanoparticles, identified as the darker contrast of the image (poner flechas en la
imagen para indicarlas) with a diameter ranging from 2-4 nm. These nanoparticles
are identified as MnO, after recording HRTEM images along the [011] and [100]
zone axis.(Figure 5.4b and ¢). MnO can be described as a cubic close-packing anion
structure with all the octahedral holes filed by the cations in a NaCl type structure
where all the Mn?" cations are surrounded by O?  anions. Although MnO does
not exhibits channels in its structure like MnO, polymorphs, is still considered
one of the more promising candidates as electrode materials in supercapacitors
(Ramadan et al., 2018; Wei et al., 2011b), due to its abundance, low cost and
environmental compatibility plus its theoretical specific capacitance higher than
MnO, (1360 F gt against 1110 F g respectively)(Yang et al., 2014).

The micro/nanostructure of the MnOQWAC composite material is analyzed
in Figure 5.5. At first sight, both the low magnification TEM (Figure 5.5a) and
the HRTEM images (Figure 5.5b) do not display appreciable contrast variation
to ascertain the presence of the MnO nanoparticles whitin the particle, but we
should remain that the nanoparticles ara below 4 nm in size and only 1% in
weight in the materials. However, the XEDS analyses performed in large areas of
the particles (Figure 5.5¢) detect the presence of manganese in addition to carbon
and oxygen. The relative high intensity of the oxygen signal can be explained by
the fact that the activated carbon contains around a 13% of oxygen as it has been
previously discussed. In order to localize and image the MnO nanoparticles within
the carbon matrix the use of STEM-HAADF mode was necessary. In the images
recorded in this operation mode of the TEM, the contrast of the image is almost
proportional to the atomic number of the atoms, in this composite material since
Mn has the highest Z, we can identify the ultrasmall nanoparticles of MnO as tiny
brighter spots well dispersed within the homogeneous darker contrast belonged to
the carbon matrix (Figure 5.5d).

Textural Characterization

N, adsorption-desorption isotherms measurements at 77 K on the WAC and MnOy-
@QWAC composite material have been performed in order to evaluate the effect
of the nanoparticles loading on the porous structure of the host material. The
isotherm plots of both materials displayed in Figure 5.6a can be assigned to a type
I according with the IUPAC classification, where the porosity consist mainly on
micropores (<2nm) although the slight deviations at high pressure values indicate
the presence of certain large pores (Gregg & Sing, 1982), however their impact in
the total area is only around 5% as refelected in the values of Sgxt. 4y, displayed
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Figure 5.5: TEM micrographs of MnOQWAC composite material at low (a) and

high (b) magnification. (¢) XEDS spectrum of a carbon particle. On the right

top of the spectrum the enlargement of the red squared area allow to identify

the characterictic signal of Mn. (d) STEM-HAADF micrograph of the composite

material where the MnO nanoparticles can be identify as the bright spots marked
by arrows.

in Table 5.2. The comparison of the textural parameters from both materials (see
Table 5.2, reveals a decrease of 900 m? g™ as result of the incorporation of 1% of
MnO nanoparticles. However, the Sggr values of these materials are still remark-
ably larger that the reported by Pedro Gonzalez (2012) for the same lignocellulosic
precursor. The main difference lies in the chemical activation process, being more
effective a mixture in solid state of the carbon and KOH that the impregnation
of the carbon in a KOH solution. The pore size distributions derived from the
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NLDFT method of WAC and MnO,@QWAC are depicted in Figure 5.6b. The plots
confirm a similar behavior of these materials, showing a well defined pore struc-
ture composed by narrow (<0.7 nm) and wide (0.7-2 nm) micropores, with similar
values as it can be observed in Table 5.2. The main difference found on the porous
structures corresponds to the decrease of wide micropores with size close to 2 nm
which corresponds to the lower size of the MnO nanoparticles. Therefore the sur-
face area decrease is originated by adsorption of the MnO nanoparticles within the
micropores matching their size.
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Figure 5.6: (a) N, adsorption/desorption isotherm plots from WAC and
MnO,@WAC. (b) Representation of the pore size distributions showing the re-
gion with pore width <5nm.

STotal gy OBxt. ppr  OMicr. ger  Pore Width op npprr
(m?/g)  (m?/g) (m*/g) (nm)
WAC 2927 140 2786 0.55, 0.97 & 1.82
MnO,@WAC 2070 84 1985 0.57, 0.92 & 1.76

Table 5.2: Total, external and micropore BET surface area and pore width of
WAC and MnO,QWAC.

Electrochemical Characterization

The WAC carbon and the MnO,@QWAC composite material were directly mea-
sured in a symmetric Swagelock-type cell by cyclic voltametry response at 5 mV
s1 at room temperature. Both samples show the typical pure capacitive behavior
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of quasi-rectangular shapes in the CVs (Figure 5.7). The gravimetric capacitance
values determined form the CVs displayed in Figure 5.7a yield values of 168 F g
and 172 F g for the carbon and the composite. In the composite material the
capacitance value is 2% higher that the one for the pure carbon. Although the
deposition of 1% of MnO nanoparticles provokes a decrease of the surface area (see
Table 5.2) and therefore less accesible surface to the electrolyte ions, the pseudo-
capacitive contribution of such nanoparticles contribute to making balancing the
loss of pure capacitance. The slight increase in density in the composite material
also increase the volumetric capacitance from 41 to 59 F cm™.
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Figure 5.7: Comparison of gavimetric (a) and volumetric (b) capacitance of
MnO,@WAC composite material and NCA carbon material on a symmetric two-
electrode cell.

As the sweep rate was increased (see Figure 5.8a), although the shape of the
CVs is almost retained in the case of the carbon material, the lose of the shape
is more evident and the original volumetric capacitance decrease more rapidly in
comparison with the composite. Further characterization of the materials was
performed by glavanostatic measurements at different current densities (Figure
5.8b). The charging discharging profiles at 0.1 A g show linear-like dependen-
cies of the potential versus time in agreement with the capacitive charge storage
mechanism and the capacitance obtained from cycling voltammetry. In this case,
capacitance values calculated from GCPL shows a higher gravimetric capacitance
value for the carbon material than for the composite (207 F g! and 191 F g
respectively) unlike the values calculated from CVs before. Being such small dif-
ferences, the capacitance value for both materials can be considered as equal. By
increasing the current density from 0.1 to 10 A g'*(Figure 5.8b inset), the compos-
ite MnO,@QWAC holds a 63% of the original capacitance current density, whereas
the carbon material suffers a dramatic reduction of the capacitance in the same
range.
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Figure 5.8: (a) Cyclic voltammograms at different scan rates, (b) galvanostatic

charge-discharge cycles, (¢) Nyquist plot and (d) complex imaginary capacitance

from potentio electrochemical impedance spectroscopy for MnO,@WAC and WAC
on a symmetric two-electrode cell.

The Nyquist plots obtained after potentiostatic electrochemical impedance
spectroscopy (PEIS) measurements are displayed in Figure 5.8c. It is evident
that the MnO,@QWAC composite exhibits a much smaller diameter of the Nyquist
semicircle, indicating a much more efficient charge transfer process at the electrode
interface. The equivalent circuit modeling yields ESR values of 31 and 6 ohm re-
spectively, improving the relaxation time constant calculated from the complex
impedance data from 55.5 to 9.5 seconds (Figure 5.8d). This result suggests that
the incorporation of 1% of MnO nanoparticles leads to a much reduced electrical
impedance and an increased charge transfer process.
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Conclusions

An activated nanoporous carbon from Galician wallnut shells (WAC) with an enor-
mous specific surface area has been successfully synthesized following a dry chem-
ical activation process. As well as ultrasmall MnO, nanoparticles synthetized by
a novel method using polyacrilic acid as both surfactant and reductor agent. The
combination of both materials in adequate proportions results on the MnO,QWAC
composite with improved electrochemical performance due the pseudocapacitance
properties of MnO nanoparticles which work in synergy with the capacitive mech-
anism of WAC, in addition to the increase in the electrical conductivity, indicated
in the impedance measurements by a dramatic decrease of the ESR value.

5.2 Bamboo activated carbon with embedded gold
nanoparticles composite as supercapacitor elec-
trode with enhanced volumetric capacitance

At the present, the ohmic resistance of the activated nanoporous carbon is the
main disadvantage at the time to use it as electrode material in supercapacitors.
It can substantially be reduced by the incorporation of other carbon additives such
as carbon black, graphite or carbon nanotubes (Portet et al., 2005) or a low cost
and excellent conductor such as copper nanocrystals (Zhang et al., 2013). Though
copper is more economic than noble metals such as gold or platinum and yield also
higher volumetric capacity and contribute also to the increase of energy storage
through the presence of faradaic reactions, is easily oxidized into CuO in the form
of nanoparticles, with a dramatic decrease of the electronic conductivity from 108 S
m™ into 0.1-1 S m™ (Jeong & Choi, 1996). Therefore, gold may offer an excellent
alternative to copper as main composition of nanoparticles within ACs matri-
ces. In this context, gold nanoparticles (AuNPs) have been synthesized in CDCs
through wet chemical synthesis of nanocrystals in aqueous solution (Niu et al.,
2011). However, due to the inherent difficulties of dispersabilities of hydrophobic
ACs in water, and considering the advances of synthesis of gold nanoparticles in
non-aqueous solvents (Xia et al., 2009), we consider interesting the use of organic
solvents to obtain highly loaded ACs@AuNPs matrices with promising electronic
conductivities.

In this section, we report a facile an efficient synthetic method to incorporate
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gold nanoparticles in an activated nanoporous carbon matrix, in organic solvent,
derived from an abundant natural plant resource: the Guadua angustifolia bamboo
specie. This precursor has been selected, since the obtained AC, called bamboo
activated carbon (BAC), exhibits a high specific capacitance value of 154 F g
at 1 mA cm? (Gonzalez-garcia et al., 2013). Although, in a similar way than
the WAC described in the previous section, the specific capacitance notably de-
creases as the current density increase. The precursor is first carbonized and then
chemically activated by KOH during thermal treatment. Then AuNPs have been
incorporated to the carbon matrix by using a method for the large-scale synthe-
sis of organoamine-protected AuNPs (Hiramatsu & Osterloh, 2004). Therefore,
a nanostructured AuNPs@QBAC composite material is obtained exhibiting a mi-
crostructure composed of highly disordered and entangled graphene layers with
a 25% of Au inside and decorating the surface. The incorporation of a more
dense material like gold in the AC provoked an enhancement of almost double
of the volumetric capacitance values (47 F cm?®) in aqueous electrolyte as well
as the drop of one order of magnitude of the internal resistance of the superca-
pacitor cell. The change in the textural properties of the activated nanoporous
carbon upon addition of gold nanoparticles and the reliable synthesis method of
these metal-nanoporous carbon composites suggest the possibility of production of
many different nanostructured composite electrode materials for electrochemical
energy storage applications.

Synthesis

Bamboo Activated Carbon (BAC)

Prior the carbonization, the lignocellulosic precursor Guadua angustifolia, was
reduced to 1 c¢m length. The carbonization process was performed in a similar
way than the above nutshell carbon: 5 g of these particles were placed into a
quartz crucible and heated at 400°C during ten minutes in a tubular furnace under
Ar atmosphere in order to remove their low boiling and melting point organic
compounds. Finished the carbonization process, heating was turned off and the
system was cooled down to 25°C. The carbon obtained from the previous stage
was chemically activated with KOH but in this case by solid-liquid interaction,
using the impregnation method. A solution of 10 mL containing 10 M KOH and
the carbon in weight ratio 4:1 was stirred at 70°C during 120 min. The resulting
slurry was later on dried at 110°C followed by a thermal activation carried out
in a tubular furnace under Ar atmosphere, during 60 min at 700°C. Elapsed the
activation time, heating was turned off and the system was cooled until 25°C. The
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activated carbon was washed in a 0.1 M HCI solution and with abundant distilled
water until the total elimination of chemical impurities. The final product was
dried in a furnace at 110°C during 24 h.

AuNPs@BAC composite

For the preparation of the AuNPs@BAC composite, 70 mg of the activated carbon
were dispersed by sonication (15 minutes) in 10 mL of toluene, and subsequently
mixed with 3.25 mL of oleylamine (OAm) and 35 mg of HAuCl,-3H,0. The
mixture was stirred during 12 hours at room temperature, to allow complete difu-
sion of chemicals within the carbon matrix. The mixture was heated to reflux at
150°C during 2 hours. Then at room temperature, the mixture was centrifuged and
cleaned twice with toluene (2500 rpm, 10 min) to remove excess of OAm, and the
precipitate was redispersed in 0.5 mL of toluene. Finally, the AuNPs@BAC sample
was heated under vacuum at 80°C during 1 week to remove traces of solvent.

Structural Characterization

Bamboo waste is selected as raw material because it is a renewable biomass, it
has a high content of carbon (see elemental analysis in Table 6.1), yields a high
quality activated carbon and is a low cost precursor (abundance).

C N H O

Guadua angustifolia 44.84 5.84 0.91 48.41
BAC 82.85 2.88 1.22 13.05

Table 5.3: Elemental analysis from the precursor and the BAC (%)

Generally, a carbonization process at 400°C is needed to enrich the carbon con-
tent by eliminating non-carbon species, followed by a chemical activation process
with KOH at 700°C to enhance the pore volume, enlarge the diameter of pores
and increase the porosity. The success of the activation process is reflected in the
doubled carbon content above 80% in the chemical activated carbon from Guadua
angustifolia (BAC) compared with the raw material (see Table 5.3). The chemical
composition of BAC exhibits a concentration of oxygen and hydrogen of 13.05%
and 2.88% respectively, suggesting the presence of surface oxygenated acidic and
hydroquinone/quinone groups that can be responsible of pseudo-capacitance in
the carbon material.
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Figure 5.9: Infrared spectrum of BAC

The analysis of the infrared spectrum (5.9) allows the identification of the dif-
ferent groups. The sharpest band at 1620 cm™ indicates the presence of quinonic
groups v(C=0), whereas those situated at 1315 and 1380 cm™, due to the C—O
stretching, reveals the formation of xanthenes v(C—0) and ethers v(C—O) groups.
The single band at 1070 cm™ reveals that the ethers groups are symmetric (R—O—R).
Finally, the broad band at 3240 cm™, due to the H—O stretching, confirms also
the presence of phenolic groups v(x-o) and the weak and broad bands in the range
from 2850-2950 cm™, can be assigned to the asymmetric va5c_pn) and symmetric
vs(c—n) C—H stretching.

As it can be seen in Figure 5.10a, the pieces of the raw dried bamboo are
formed by fibers since is mainly composed of cellulose, lignin and hemicellulose.
A close inspection of the raw material by Scanning Electron Microscopy (SEM)
reveals the fibrous nature of the precursor (see Figure 5.10b). The SEM image of
BAC displayed in Figure 5.10c clearly shows how the chemical activation modifies
the surface of the raw material due to the elimination of volatiles. Notice that
the material is composed by fibrous particles showing almost exfoliated very thin
carbon flakes and the development of a high amount of pores.

Oleylamine (OAm) is common reagent used in the synthesis of stable and
monodisperse nanoparticles (Mourdikoudis & Liz-marza, 2013). In fact, the syn-
thesis of Au nanoparticles is very simple since only involves OAm and HAuCl, in
an organic solvent. Here, OAm acts not only as reduction agent of Au*" into Au,
but also stabilizes grow of the particles through the affinity of the NH, group with
the metal. Under these synthetic conditions, it seem feasible that a highly porous
structure of an active carbon such as BAC, can act as a nanoreactor where the Au-
OAm nanoparticles can be growth yielding an interesting composite AuNPsQBAC.
The success of this approximation is clearly demonstrated by the SEM images dis-
played in Figure 5.10d-f. The image displayed in Figure 5.10d shows a perspective
of the AuNPs@QBAC composite material where all the particles are decorated by
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Figure 5.10: (a) Photograph of the dried bamboo pieces before the carbonization,

SEM microgaph of the precursor (b) before and (c) after carbonization and chemi-

cal activation, low magnification SEM microgaphs of (d) AuNPs@BAC composite

material and (e) a single particle and (f) high magnification microgaph of the
BCA@QAuNPs composite.

areas with brighter contrast corresponding to the Au nanoparticles. At higher
magnification (Figure 5.10e) a single particle of this material is displayed contain-
ing a substantial amount of Au nanoparticles. The most important point is that
in those areas the Au nanoparticles are not agglomerated but well-ordered as it
can be observed at the high magnification SEM image displayed in Figure 5.10f.
Here, we note that the size of the nanoparticles on the surface is not homogeneous,
but are well separated by around 2 nm, which is the length of the OAm molecule
(Borges et al., 2011). In addition, the blurred bright contrast observed can indicate
that also groups of particles are located inside the carbon material.

To further investigate the structure of the prepared composite material AuNPsQBAC,
a HRTEM study has been performed. Figure 5.11 displays the HRTEM images at
different magnification of this composite material. At low magnification (Figure
5.11a) we observe a very thin layer of active carbon containing darker areas where
the Au nanoparticles have grown, exfoliated in the crushing of the microparticles
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Figure 5.11: (a) Low magnification TEM image of the composite material

CAC@AuNPs, where the darker areas reveal the presence of AuNPs. (b) Magnified

area from (a) where isolated and ordered AuNPs are clearly identified. (c¢) Group

of AuNPs showing an interparticle distance of 2 nm. (d) Single pentatwinned Au
nanocrystal.

observed by SEM during the TEM sample preparation. In fact some of these lay-
ers are marked by yellow arrows in Figure 5.10e. At higher magnification (Figure
5.11b) we detect the presence of single but also groups of particles with different
size in the surface and inside the carbon layer with a separation between the closest
particles 2 nm (Figure 5.11c). The HRTEM images of single Au nanoparticles re-
veal that their size varies between 15 and 50 nm, and a multiply twinned structure
(Figure 5.11d), which is typical for noble metals with a face-centered cubic struc-
ture at small sizes (Lu et al., 2008). The amount of gold incorporated to the BAC
has been analyzed by thermo-gravimetric analysis of a portion of AuNPsQBAC in
air yielding a loss of carbon of 75% and therefore a content of gold of 25%.

Textural Characterization

The effect on the porous structure with the loading of AuNPs, has been study by
the N, adsorption-desorption measurements at 77 K on the BAC and the composite
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material BAC-AuNPs prepared in this work. The isotherm plots of both materials
depicted in Figure 5.12a follow the type I according to the IUPAC classification
(Gregg & Sing, 1982). It appears that the porosity consists mainly of micropores
(width < 2 nm). The BET surface (SBET) area and the micropore volume of BAC
are one order of magnitude larger than in AuNPsQBAC, as effect of the loading
of AuNPs (see Table 6.1).
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Figure 5.12: (a) N, adsorption/desorption isotherm plots from BAC and
AuNPs@BAC. (b) Pore size distributions of BAC and AuNPs@QBAC on a sym-
metric two-electrode cell.

STotal per  OExt. ppr  OMicr. ger  Pore Width op npprr
(m?/g)  (m*/g) (m*/g) (nm)
BCA 2187 96 2091 0.57, 0.91 & 1.77
BCA@AuNPs 265 48 217 0.78

Table 5.4: Total, exterior and micropore BET surface area and pore width of
prepared samples.

The pore size distribution curves of both materials (see Figure 5.12b) show a
similar trend, however whereas the curve of BAC present a maximum value at 0.57
nm and two well defined shoulders centred at 0.91 and 1.77 nm respectively, in
the PSD of AuNPs@BAC the maximum is displaced at 0.78 nm and the shoulders
disappear due the fact that the ratio of pores with a size between 1.5-2.5 nm are
increased respect to smaller pores. Interestingly, the new pore distribution matches
the size of the chain length of OAm at the surface of the AuNPs (Wang et al.,
2010). Therefore, we have analysed the typical interparticle distance between
AuNPs by HRTEM (Figure 5.11c.) that has been determined in 2 nm, showing an
interdigitation of the monolayers of OAm between adjacent nanocrystals within
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the carbon matrix. This result can be correlated to the increase of the pores with
a size between 1.5-2.5 nm observed in the pore size distribution.

Electrochemical Characterization

Figure 5.13 shows the cyclic voltammetric response of the carbon electrodes con-
taining gold nanoparticles (AuNPs@QBAC) and without (BAC) recorded in a su-
percapacitor cell at 5 mV s at room temperature in a symmetric two-electrode
cell configuration. Both samples shown CVs with rectangular shape, typical of a
capacitive behavior. Figure 5.13a shows higher gravimetric capacitance values for
BAC (100 F g!') than the sample BCA-AuNPs (73 F g!'). This is because of the
presence of higher specific surface (2019 m2 g! against 265 m2 g!) in BAC than
AuNPs@BAC. However, sample AuNPs@BAC shows superior volumetric capac-
itance values (47 F cm?) in comparison to BAC (29 F cm?) as a consequence of
the incorporation on its microstructure of gold nanoparticles as it shown in Figure

5.13b.
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Figure 5.13: (a) Cyclic voltammograms at different scan rates, (b) galvanostatic

charge-discharge cycles, (¢) Nyquist plot and (d) complex capacitance from po-

tentio electrochemical impedance spectroscopy for BCAQAuNPs and BAC on a
symmetric two-electrode cell.

Additional electrochemical measurements performed on the samples BAC@-
AuNPs and BAC in 6MKOH electrolyte are shown in Figure 5.14. Figure 5.14a
shows CVs at different scan rates for AuNPsQBAC sample. The increasing of the
ohmic resistance in the bulk electrolyte with increasing the scan rate produced a
small distortion in the CVs. The distortion of the electrochemical response was
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more pronounced in CAC sample in which a highly resistive behavior during polar-
ization can be observed in Figure 5.14a. The origin of this distortion could be due
to the intricate diffusion of the ions inside the pores. However, the textural proper-
ties exhibited by both samples comprised the presence of a large amount of micro-
pores accompanied by certain mesoporosity that should be optimum for retention
of the capacitive properties as the sweep rate increase (Maletin et al., 2012). In ad-
dition, both samples presented enough micropore surface area SDFT (<2 nm) (see
Table 6.1) that should allow the accommodation of the electrolyte’s ions while cy-
cling up to 1 V without the presence of sieving effect features (Mysyk et al., 2009).
Therefore, the distortion might not be only due to the diffusion limitation of the
ions into the nanopores but possibly to the presence of a high electrode resistance.
The inherent electronic conductivity of the active electrode material is included in
the ESR. Then, it would be also possible by impedance spectroscopy analysis to
further ascertain the role of functional groups and the inhomogeneous nanoporosity
in the ohmic drop of the cell (Gregg & Sing, 2005). Figure 5.14c shows the Nyquist
plot of the supercapacitor cell obtained from PEIS data. The vertical increase of
the imaginary part of the impedance in both carbon electrodes confirms the capac-
itive nature of the electrochemical storage. The first semicircle of BAC sample is
attributed to the bulk impedance while the second one appearing at lower frequen-
cies suggests the parallel existence of a charge transfer resistance. Thus, it might
be possible that faradaic reactions (irreversible) from the presence of functional
groups at the surface of the activated carbon are at the origin of the high values of

capacitance observed for sample BAC. We have compared both PEIS data before
and after cycling for BAC supercapacitor cell evidencing the disappearance of the
interfacial contribution which it was most probably due to the oxygen groups at
the surface of the porous carbon. The total interfacial resistance at open circuit
voltage is shown to be comparable than the bulk resistance and it was therefore
evident how the presence of gold nanoparticles suppressed this effect, which is
important for practical applications. The electrochemical series resistance (ESR)
measured for AuNPs@BAC reaches the value of 8 ohm cm?, one order of magnitude
lower that for sample BAC with an ESR value of 130 ohm cm?. Moreover, high
electrochemical stability for the nanoporous carbon-gold nanoparticles electrode
material was evidenced by PEIS measurements of the supercapacitor cell after
cycling. From these measurements, we can also infer that an optimum interaction
between carbon surface and gold nanoparticles was achieved. Figure 5.14b show
the galvanostatic charge-discharge cycles at 0.1 A g'. The charging discharging
profiles show linear-like dependencies of the potential versus time in agreement
with the capacitive chargestorage mechanism and the capacitance obtained from
cycling voltammetry.
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Figure 5.14: (a) Cyclic voltammograms at different scan rates of AuNPs@BAC

and BAC samples. (b) Galvanostatic charge-discharge plots for CAC and

AuNPs@BAC at 0.1 A g'. Potentio electrochemical impedance spectroscopy of

AuNPs@BAC and BAC on (c¢) Nyquist plot and (d) complex imaginary capaci-
tante.

Conclusions

In summary, a facile and reproducible new method for the synthesis of activated
nanoporous carbon@gold nanoparticles composites has been detailed. This ap-
proach yields nanostructured electrode materials with high-volumetric capacitance
in aqueous electrolyte (6 M KOH). Interestingly the suppression of the irreversible
capacitance caused by the presence of oxygen moieties at the surface of the car-
bon has also been evidence after gold nanoparticles incorporation into the carbon
matrix. The present results are of high significance because bring the possibility
to fabricate nanoporous carbon@metal composites with a high potential of being
used as the next generation of electrode materials in electrochemical energy storage
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applications.
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Chapter 6

Carbon-Gold Nanograpes: A novel
and tunable electrode nanomaterial
for supercapacitor applications

As we learn in previous chapters, the control over the surface area and pore size
in carbon materials is not an easy task. Template carbons represent one strategy
to obtain carbon materials with controlled pore structure, where it can be cus-
tomized in the mesoporous range (Centeno et al., 2007; Tang et al., 2016; Yan-su
& Cheng-yang, 2010). This process involves several steps, such as template syn-
thesis, infiltration of carbon precursors, carbonization treatment, and removal of
the template, all of which increase relatively their production cost (Zhang et al.,
2009). The preparation of CDCs with micropores related to the carbide crys-
talline structure, which can even be tuned in a certain rage as a function of the
temperature (Gogotsi et al., 2003), is another strategy to control the pore size
of carbon materials, as well as the ODCs previously studied in the chapter 4 of
this thesis. Nevertheless, CDC production entails again high costs associated with
the metal carbide precursors. On the other hand, biomass-derived carbons are
more suitable in terms of their cost and environmentally friendly precursors, but
for these types of materials, the pore structure is often very heterogeneous and
uncontrollable (Jung et al., 2018). Glucose is an abundant and renewable material
widely studied as a precursor for carbon nanostructures. This simple sugar can be
polymerized by hydrothermal synthesis into polymerized glucose spheres (PGSs)
of different sizes by controlling the temperature and reaction time (Li et al., 2017,
2015; Sevilla & Fuertes, 2009a; Zhang et al., 2015). In a subsequent carboniza-
tion step, the nanospheres maintain their original size, but an internal micropore
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network is formed, albeit without any control over the process.

Another crucial property related to the applicability of carbon materials as
electrodes in supercapacitors is their density. Normally, high surface area carbon
materials are very lightweight and when they are processed into thin films during
the manufacture of supercapacitor devices, a large fraction of the specific surface
area is lost. For this reason, the calculation of the volumetric capacitance instead
of the gravimetric capacitance is more convenient because the first considers the
density of the material (Gogotsi & Simon, 2011).

6.1 Carbon-Gold Nanograpes

In this work, we have taken advantage of the ability of glucose to polymerize
around metal nanoparticles through encapsulation during hydrothermal synthesis
(Khan & MacLachlan, 2015; Sun & Li, 2004; Zhong et al., 2008), producing a
new core-shell carbonaceous material, described as Nanograpes (NGs). These are
composed of PGSs with a few gold nanoparticles (AuNPs) present in their cores.
After carbonization and chemical activation at 500 “Cof NGs, composite material
(Grb00, prepared at 500 °C) retained the same core-shell structure as the origi-
nal NGs, while the PGSs carbonaceous polymer became disordered microporous
carbon nanospheres (CNSs). Although it was expected that the Gr5 composite
would have a lower gravimetric capacitance than CNSs (119 against 171 F g! re-
spectively), the volumetric capacitance reached values of 90 F cm™ in these more
practical, denser composite. Similar than the volumetric capacitance value of 96
F cm™ reached by the CNSs.

Additionally, in order to improve the conductivity of the electrolyte through
the micropores of the NGs material, a new composite material denoted as Gr700
(NGs prepared at 700 °C) was also synthesized at a higher carbonization tempera-
ture. In contrast to Gr500, the Gr700 material did not maintain the NG core-shell
structure. The AulNPs were found to have melted and then flowed out of the
spheres, reconditioning the micropore structure of the NG material and recrystal-
lizing at the surface. This resulted in the generation of an improved micropore
size distribution that was found to enhance ion diffusion, thus increasing the vol-
umetric capacitance to ca. 115 F -3 in aqueous acidic solutions. It is possible that
the recrystallized AuNPs, now found on the outer surface of the carbon NGs, may
improve the electrical conductivity through the carbon layer, thus retaining or
even improving the characteristics of these supercapacitors at high power densities
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(Zhang et al., 2013).

Synthesis

AuNPs

AuNPs were synthesized following the classical method described by Eniistiina and
Turkevich (Eniistiin & Turkevich, 1963). A 500 mL aqueous solution of 0.4 mM
HAuCl4 (>99.9%, Sigma-Aldrich) was heated to boiling in a 1 L flask. Then, a
second 20 mL aqueous solution of 1 wt% sodium citrate (>99.9%, Sigma-Aldrich)
was quickly added under vigorous stirring. The mixture was kept boiling for 10
min until the color changed to red. Then, at room temperature (RT), the mixture
was centrifuged (6500 rpm, 90 min) to remove the excess sodium citrate and the
precipitate was redispersed and concentrated in water several times. When the
concentration of nanoparticles reached 10 mM, 1.7 mg of poly(ethylene glycol)
methyl ether thiol (PEG Thiol-6000, Sigma-Aldrich) was added to the solution
in a proportion of four molecules per 1 nm2 of nanoparticle surface area in order
to replace the surfactant under stirring overnight. The AuNPs were centrifuged
again (1200 rpm, 90 min) to remove any excess surfactant.

Nanograpes

NGs were prepared by hydrothermal synthesis. D-(+)-Glucose (1 mM, >99.5%,
Sigma-Aldrich) was dissolved in a 10 mL water dispersion of the above AuNPs (0.5
mM). The mixture was then transferred to a stainless steel autoclave and heated
up to 150°C for 20 h. The resulting product was washed with water and collected
by centrifugation. Polymeric glucose spheres (PGSs) were also synthesized with
the same procedure without AuNPs and heating to 180°C for 6 h.

The obtained NG and PGS carbonaceous materials were placed in a quartz
crucible and heated at 500°C (PGSs and NGs) or 700°C (only NGs) during 1 h in a
tubular furnace under argon atmosphere. After the carbonization process, heating
was turned on and the system was cooled down to RT. The carbon materials
obtained from the previous stage were chemically activated with KOH. The weight
ratio of carbon to KOH (>84.0% pellets, EMPLURA) was 1:4. Then, the two
materials were ground in an agate mortar until an homogeneous mixture was
obtained, which was placed in an aluminum oxide crucible, followed by thermal
activation in a tubular furnace under argon atmosphere for 60 min at 500°C. After
said activation time, the heating was turned o? and the system was cooled down to

125



CHAPTER 6. CARBON-GOLD NANOGRAPES

25°C. The activated carbon was washed with water and dried in a furnace at 110°C
overnight. The samples obtained from NGs are labeled as Grb (NGs prepared at
500°C) and Gr7 (NGs prepared at 700°C), while the carbon obtained from PGSs

is denoted as carbon nanospheres (CNSs).

Structural Characterization

Glucose-derived carbon materials can be easily nanostructured, since glucose is
readily transformed into solid carbonaceous spheres by polymerization during hy-
drothermal synthesis. The temperature and reaction time are key factors to control
the size of the resulting polymerized glucose spheres (PGSs). The PGS synthesis
involves the balance between formation and growth of carbon nuclei simultane-
ously. The higher the temperature, the greater the number of nuclei formed, with
each sphere growing only slowly, thus resulting
in carbonaceous material that is composed of
o - ... | many small spheres. In contrast, low tempera-
oo A, | ture synthesis results in the formation of fewer
%cﬁﬁ R nuclei and favored growth, producing carbona-
4 polymerization  ce0yis material that is represented by a few large
S @50, | spheres.

W
M " .
o . SOV The size of the PGSs can also be modu-

lated with the reaction time; in general, the

1 nucleation longer the reaction time, the larger the spheres.
g:é’ N Glucose polymerization starts with dehydra-
Y\} 3 » tion reactions between the OH groups, forming

»* large hydrophilic chains, which subsequently
J(\/ j\ A//* condense into hydrophobic cores retaining a hy-

T gomtn drophilic shell that allows for continuous growth
AUNP L\/j\ (Li et al., 2011; Sevilla & Fuertes, 2009b), as
shown in Figure 6.1. Poly(ethylene glycol)
methyl ether thiol (PEG-SH) was chosen as the
surfactant polymer to enhance the stabilization
of the AuNPs in aqueous solution, as well as
to ensure good interactions with glucose, since
PEG has been studied for their molecular ag-
gregation, drug encapsulation, and drug release
behavior as sugar-PEG-based polymeric archi-
tectures (Bhatia et al., 2011). The incorpora-

Figure 6.1: Schematic nuclei
formation and growth of the
polymerized glucose spheres
(PGSs) over carbon and PEG-

functionalized AuNP cores.
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tion of these PEG-functionalized AuNPs during the hydrothermal synthesis results
in the addition of formed cores in the synthesis medium that allow the polymer-
ization of glucose around them, in a similar way than glucose grow over its own
core in its polymerization (see Figure 6.1).

In this work, assuming that the AuNPs will be the nuclei of the spheres, a very
low temperature of 150 °C compared to that of conventional PGS hydrothermal
synthesis was chosen, in addition to a very long reaction time (20 h) in order to
suppress the formation of new carbon cores. The SEM micrographs on Figure
6.2 show the obtained NG material as a core-shell composite, consisting of car-
bonaceous spheres of about 150 nm of diameter with a few AuNPs of 15 nm in
diameter at their core. Also, PGSs of the same size without AuNPs were synthe-
sized at a higher temperatures but using shorter reaction times (180 °C for 6 h)
for comparison purposes.

€))

Figure 6.2: Schematic nuclei formation and growth of the polymerized glucose
spheres (PGSs) over carbon cores and the mimetic PEG-functionalized AuNP
cores.

Assuming that the AuNPs will be the nuclei of the spheres, a very low tem-
perature of 150°C compared to that of conventional PGS hydrothermal synthesis
was chosen, addition to a very long reaction time (20 h) in order to suppress the
formation of new carbon cores. The SEM micrographs on Figure 6.2 show the
obtained NG material as a core-shell composite formed by carbonaceous spheres
of about 150 nm of diameter with a few AuNPs of 15 nm in diameter at their
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core. Also, PGSs of the same size without AuNPs were synthetized at a higher
temperature but shorter reaction time (180°C for 6 h) for comparison purposes.

Normalized infrared spectra provided information on the evolution of the func-
tional groups during the chemical transformations that take place during the poly-
merization, carbonization and chemical activations processes. PGSs and NGs give
very similar spectra but these are quite different from those of their glucose pre-
cursors. The main difference is the emergence of a band at 1620 cm™, which
can be assigned to C=C vibrations from the aromatic rings, as well as the band at
1710 em™, which is assigned to the C=0 vibrations corresponding to the carbonyl,
quinone, ester, or carboxyl groups that remain inside the nanospheres. The pres-
ence of aromatic groups in the PGSs and NGs nanomaterials is also confirmed by
the vibration bands seen at 875-750 cm™, assigned to aromatic out-of-plane C-H
bending vibrations, the bands at 3000-2815 cm-1, which correspond to stretching
vibrations of aliphatic C-H groups, as well as the broad band at 3000-3700 cm™,
attributed to O-H stretching vibration of the hydroxyl or carboxyl groups, thus
confirming the presence of oxygen groups (Sevilla & Fuertes, 2009b). In contrast,
in the carbonized and activated samples, the intensity of these bands is signifi-
cantly reduced in the case of the CNSs, indicating that fewer of these functional
groups are present (Zheng et al., 2014). Samples Gr5 and Gr7 still exhibit the
bands assigned to aromatic rings, with a less pronounced content of oxygen groups
in sample Gr7.
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Figure 6.3: FTIR spectra of glucose, PGSs, NGs, CNSs, Grb, and Gr7.
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Figure 6.4: TEM micrographs of (a) the CNSs, which retain the original spherical

shape, with a 150 nm &, (b) the Grb composite material composed of carbon

spheres with AuNPs at their core, (c) the Gr7 composite material formed from the

carbon spheres with a hollow core, containing Au NPs at some surfaces, and (d)

a HAADF-STEM image of Gr7, showing the Au NPs at the particle surfaces and
the absence of significant Au residue in the inner pores.

After the carbonization and activation processes, the CNSs and Grb retain the
spherical shape of their respective precursors (Figures 6.4a and 6.4b). Gr7 also
conserves a spherical shape, but with the AuNPs located on the outer surface
instead of in the core (Figure 6.4c). Moreover, the AuNPs are larger than the
pristine nanoparticles of the precursor, which may indicate that they undergo
fusion during the carbonization process.

The HAADF-STEM micrograph (Figure 6.4d) of the Gr7 sample clearly shows
that the AuNPs not only leave a void in the sphere core but also that no residual
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Au remains in the internal pores. However, in-situ TEM experiments showed
that, upon heating the NGs up to the synthesis temperature of Gr7, the AuNPs
started to melt and mix with the rest of the core nanoparticles, flowing through the
microporous structure to the outer surface (Figure 6.5). Based on this scenario,
gold from neighboring spheres may also mix, producing larger nanoparticles, in
accordance with the observations seen for Gr7 (Figure 6.4 ¢ and d).

Figure 6.5: TEM micrographs of the nanostructures obtained after increasing times

of in-situ heating, where the AuNPs appear to melt and then flow through the

microporous structure out of the spheres, where they recrystallize on the outer
surface.

After these in-situ experiments, the obtained carbon spheres were seen to con-
tain some residual gold in both the inner pores, the outer surface and the sphere
cores, contrary to what was seen for the material obtained in the furnace, sug-
gesting than factors such as the gas flow rate and heating ramp rate used for the
carbonization process play an important role in this flow-out mechanism. To un-
derstand this more fully, this would require further research, but at this point, it
represents a starting point for the control of AuNP diffusion with these carbon
nanomaterials, which may enable the tunability of the pore structure of these type
of materials.

Textural Characterization

N, adsorption isotherms were recorded to determine the specific surface area
(Sper) of each material, as well as their PSD (Figure 6.6), which are key fac-
tors for efficient electrode materials in supercapacitors. All of the isotherms of the
carbonized and chemically activated materials exhibit a Type I shape, characteris-
tic of microporous solids (Rouquerol et al., 2013), except for the NG carbonaceous
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material, where no N, absorption was observed at relatively low pressures. The
low Sggr value of 23 m? g for the NGs also indicates the absence of micropores,
and thus the surface between the spheres must contribute the majority surface
area to Sgrr. The CNS material exhibits a Spgr of 720 m? g! and has a PSD with
a main contribution centered at 0.56 nm, in addition to a minor wider contribution
from 1 to 1.5 nm. The Gr5 composite presents a Sggr of 515 m? g, smaller than
that of the CNSs, likely due to the solid core present in the spheres. The PSD is
analogous to that of the CNS material, indicating that the AuNPs do not influence
the porous structure after carbonization and chemical activation at 500 °C.
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Figure 6.6: (a) Type I N, adsorption isotherms for the NG, CNS, Gr5, and Gr7

materials and (b) their PSDs, showing that the main contribution is centered at

0.56 nm and revealing minor contributions from 1 to 1.5 nm, including the broad
shoulder unifying both contributions in the case of the Gr7 composite.

STotal per  OBExt. ppr  OMicr. ger  Pore Width op npprr

(m?*/g)  (m?/g)  (m*/g) (nm)

Grapes 23 8 15 -

CNS 720 26 694 0.56 & 1.24
Grb 515 25 490 0.55
Gr7 797 23 773 0.56

Table 6.1: Total, exterior and micropore BET surface area and pore width of
prepared samples.

For the Gr7 composite, Sggr increases to 797 m? g, higher than that of the
CNSs, owing to the hollow space left behind after the AuNPs have left the core
of the spheres. Although the main contribution to the PSD in the Gr7 composite
is also centered at 0.56 nm, in contrast to the above materials, a wide shoulder
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unifying bigger porous sizes of up to 1.5 nm is observed. The AuNP flow-out pro-
cess modifies the pore structure of the material, inducing better interconnectivity
between the existing pores.

Electrochemical characterization

The materials were first tested by cyclic voltammetry (CV) using a three-electrode
cell, as shown in 6.7a. The CVs for both the CNS and Gr5 electrode materials
exhibit a quasi-rectangle shape with only small peaks centered at 0.45 V, typical
for carbon-based supercapacitors. High capacitance values of up to 191 and 205
F g! are obtained at a scan rate of 5 mV s for CNS and GR5, respectively. The
Gr7 material achieved a value of 436 F ¢! at the same sweep rate (Figure 6.7a),
with more pronounced redox peaks centered at around 0.5 V, which are typically
assigned to the pseudo-capacitive redox activity of the oxygen functional groups
anchored on the surface of the carbon material (He, 2018). Since polymerized
glucose is the precursor material for PGSs and NGs, it is not surprising to find an
abundance of oxygen groups on the CNS, Gr5 and Gr7 surfaces at sites that are
accessible to the electrolyte.

Additionally, the Gr7 material is shown to lose only 47% of the capacitance
when cycled at 200 mV s (Figure 6.7b), while CNSs and Gr5 lost approximately
71 and 70%, respectively, of their capacitance at 50 mV s'. This indicates that
the pore structure obtained in the Gr7 material allows faster ion diffusion, perhaps
consistent with the larger CV charges passed in the CV in Figure 6.7a. That could
be due to the modify pore structure in this composite. The wide shoulder up to
1.5 nm in its pore size distribution (Figure 6.6b) favor the ion diffusion along the
active surface area.

The high gravimetric capacitance values evidenced in the three-electrode exper-
iments (Figure 6.7) prompted us to process the materials as thin films and perform
a second electrochemical characterization in a two-electrode Swagelok-type cell in
a symmetrical configuration. This was done in order to calculate the volumetric
capacitance from galvanostatic measurements, giving a more reliable capacitance
value in terms of applicability (Gogotsi & Simon, 2011). CVs performed (Figure
6.8a) again show a significantly higher current response for the Gr7 composite
material in comparison with the CNS and Grb electrode materials. The Gr7 com-
posite exhibited a quasi-rectangle CV shape with pseudo-capacitance features at
lower potentials than in the 3 electrode measurements. It is also notable that the
CNS and Grb materials give a more tilted CV, which may indicate that they are
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Figure 6.7: (a) The cyclic voltammograms of the CNS, Gr5, and Gr7 materials were

performed at 5 mV s by using a glassy carbon rod as the working electrode (WE),

a reversible hydrogen electrode (RHE) as the reference electrode, and platinized

platinum as the counter electrode (CE) in a three-electrode cell configuration. The

electrolyte used was deaerated 0.5 M H2S04 in deionized water. (b) Capacitance
retention of each material with increasing sweep rate.

more resistive materials.

The capacitance values obtained from the galvanostatic charge-discharge curves
(Figure 6.8b) show that the Gr7 composite gives the highest gravimetric and vol-
umetric capacitance (210 F g and 114 F ¢cm™) in comparison with the CNS (170
F ¢! and 96 F cm™) and the Gr5 (118 F g! and 89 F cm™) materials at 0.1 A
gl. These values are higher than seen for carbon spheres in aqueous electrolytes
(Zhang et al., 2014; Zhou et al., 2018), showing the superior electrochemical be-
havior of the Gr7 material in supercapacitive applications, likely as the pore size
(0.56 - 1.50 nm) allows for facile transport of the protons in solution (Li et al.,
2011; Zheng et al., 2014). In addition, the high ohmic drop for the CNS and
Grb materials argues for a lower electrical conductivity of their carbon matrices in
comparison with the Gr7 composite material. This is also observed in Figure 6.8b
inset, where the capacitance quickly drops to 0% for the CNS and Grd materials,
meanwhile is better retained for the Gr7 composite.

The impedance analysis of the three materials (Figure 6.8c) allows the calcu-
lation of their ESR-define values. While CNS and Grb materials show a similar
charge transfer resistance with at least two large semicircles and ESR values of 179
and 285 Ohms, respectively, the Gr7 composite exhibits a lower ESR value of 34
Ohms. This clearly shows that Gr7 is the optimum material for use as an electrode
in supercapacitors. It should be noted that the vertical response at low frequencies
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Figure 6.8: (a) Two-electrode Swagelok-type cell cyclic voltammograms at 5 mV

st (b) galvanostatic charge-discharge at 0.1 mA g, (c¢) Nyquist plots, and (d)

Complex impedance plots for the imaginary (C”) part of the complex capacitance
for the CNS, Grb, and Gr7 materials in deaerated 0.5 M H2SO4 electrolyte.

is typical of the capacitance of carbon materials (Danoglidis et al., 2019), while the
semi-circles reflect the double layer charging process combined with trace redox
processes.

The complex impedance plot (Figure 6.8d) show the imaginary (C”) part of
the complex capacitance (Taberna et al., 2003). The relaxation time constant of
the systems, which is the maximum in the imaginary part, reached values of up
to 50 s for the Gr7 composite. However, for the CNS and Gr5 materials, the time
constants cannot be calculated because these two materials are quite slow in terms
of their electrochemistry such that the maximum lies at a frequency below 10-2
Hz.
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Conclusions

By controlling the temperature and reaction time of the hydrothermal synthesis
of glucose polymerization spheres with gold nanoparticles, a new carbonaceous
core-shell nanomaterial, denoted as nanograpes, was successfully synthetized. The
density of the equivalent carbon spheres was enhanced as well as their electric
conductivity due the inclusion of AuNP. Nanospheres and nanograpes prepared at
500°C showed high gravimetric capacitance on a three-electrode cell of up to 205
F g!at 5 mV s, but the sample carbonized at 700°C doubled that capacitance
value (436 F g!). At such high carbonization temperature, the gold nanoparticles
start to melt and flow out of the core of the grapes, creating a more suitable pore
structure for ion diffusion as it was evidenced by electrochemical impedance spec-
troscopy. The Gr7 sample showed the highest capacitance values on a symmetrical
two-electrode cell with a gravimetric capacitance of 210 F g'! and high volumetric
capacitance of up to 114 F ecm™.
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Chapter 7

Summary and Conclusions

In the present thesis have been presented different approaches aimed to the ob-
tention of new composite materials with improved electrochemical performance for
their use as electrodes in supercapacitors devices. Initially, a novel and straightfor-
ward synthetic route has been established for the obtention of composite materials
made of high specific surface area carbon materials with embebed metal-oxide
nanoparticles by the chlorination of organometallic compounds at intermediate
temperatures, followed by the hydrothermal conversion of the by-product, com-
posed of metal chloride nanoparticles embedded in a carbon matrix. By this way,
micro and mesoporous carbons, containing a fine dispersion of either NiO or Mn;0,
nanoparticles, denoted as ODC@NiO and ODC@Mnz;0O, respectively, have
been successfully synthetized from their respective Ni(Cy4Hg) and Mn(C;H,0,),
precursors. The success of the proposed procedure has been demonstrated imaging
of the ODC@NiO and ODC@Mn;0, composites and their respective intermedi-
ates, ODC@QNiCl, and ODC@MnCl,, by transmission electron microscopy. This
revealed the retention of the shape and microstructure of the carbon matrix, con-
sisting of highly entangled and corrugated carbon foils and large solid spheres, dec-
orated with smaller hollow spheres. Electrochemical studies in a three-electrodes
configuration demonstrated an improvement in the electrochemical properties of
these new composites in comparison with the porous carbons obtained by chlori-
nation of it precursor at 900°C in the case of the ODC@QNIiO, increasing the gravi-
metric capacitance from 47 to 85 F g''; and in comparison with similar composite
materials obtained at lower temperature synthesis in the case of the ODC@Mn;0,,
from 14 to 101 F g! in 1M NaOH electrolyte. In addition, the differences in the
microstructure of the carbon component, the porous architecture developed as well
as the better electronic conductivity of Mn;0O,, are the likely reasons for the supe-
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rior electrochemical performance of ODC@Mn,;0O, in the symmetrical cell, where
capacitance values up to 130 F g! and 58 F cm™ were obtained. This study has
clearly shown that, depending on the nature of the organic ligand linked to the
metal of the organometallic precursor, the final microstructure as well as the tex-
tural properties of the carbon component varies significantly. Therefore, since the
number of possible organometallic precursors is extremely large and many of them
are commercially available, the present results are very promising. This is because
this method could lead to the synthesis of a wide range of porous carbon@metal
oxide nanoparticle composites for use in the next generation of electrode materials
for electrochemical energy storage applications.

As Mn;0O, nanoparticles provide the best result as pseudocapacitve material
in the previous composites, boosted us to the creation of similar composites ma-
terials by the inclusion of manganese oxide (MnO,) nanoparticles in a higher spe-
cific surface area materials such as lignocellulosic activated carbons. Thus an
activated nanoporous carbon from Galician wallnut shells (Guadua Angustifolia)
and ultrasmall MnO, nanoparticles have been synthetized and mixed to form the
WAC@MnO, composite. STEM-HAADF images in conjunction with EDS anal-
ysis demonstrate the inclusion of MnO, whitin the carbon matrix as well as the
improved electrochemical performance of the composite, reaching gravimetric ca-
pacitance values up to 207 F g, and especially in the dramatic decrease of the
ESR value. With a focus on reducing the ESR value of these not much conduc-
tive lignocellulosic activated carbons, gold nanoparticles (AuNPs) arise as an ideal
material for enhance the electrical conductivity of these composites. In this case,
an activated nanoporous carbon from Bamboo (Juglans regia) filled with AuNPs
has successfully synthetized. The BAC@AuNPs composite material display a
high volumetric capacitance up to 47 F cm™, due to the increased density given
by AuNPs, and a reduction of the ESR value of one order of magnitud.

In order to keep such improvements without reduce the specific surface area of
the carbon material the challenge became the synthesis of similar carbon@AuNp
with AuNPs relocated outside the surface. A nanostructured composite material
composed of spheres of few AuNPs surrounded by a microporous disordered car-
bon shell was successfully synthetized. The volumetric capacitance and its electric
conductivity were enhanced avoiding the reduction on the active specific surface
area. Furthermore, for the sample carbonized at 700°C, Gr7, TEM in-situ tem-
perature experiment demonstrate that the gold nanoparticles start to melt and
flow out of the core of the spheres, creating a more suitable pore structure for ion
diffusion, evidenced by the highest gravimetric and volumetric capacitance values
of this thesis (210 g and F cm™).
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The state of the art of this thesis can also be seen in the modifficated Ragone
plot of figure 7.1. Taking as reference the same Ragone plot explained in the Intro-
duction chapter (Simon & Gogotsi, 2008), it can be affirmed that the main purpose
of this work, which consist in the increase of the specific energy of supercapacitors
devices, has been achieved. Except for the BAC@QAuNPs, who has a very low
specific surface area, all the composite materials syntetized present higher values
of specific energy than current supercapacitors. Among which it is worth mention-
ing the composites with MnOy nanoparticles, ODC@QMn;0, and WACQMnMnOsy,
which retains also high specific energy values ant higher specific power.
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Figure 7.1: Actualized Ragone Plot including the materials studied in the present
thesis (modified from Simon & Gogotsi, 2008).
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como electrodos en supercondensadores. Daniel Arenas Esteban.

European Material Research Society 2015 fall meeting, Warsaw University, Poland, 15"-
18" September, 2015.

— Poster presentation: Phtalocianine derived Supercapacitors. Ana Sanchez
Grande, Daniel Arenas Esteban, David Avila Brande, Esteban Urones Garrote, Javier
Carretero Gonzalez, L. Carlos OteroDiaz.

— Oral presentation: Synthesis and characterization of carbon metal nanoparticle
composite as electrode material for supercapacitors. David Avila Brande, Daniel
Arenas Esteban, L. Carlos Otero Diaz, Andrés Guerrero Martinez, Gloria Tardajos,
Javier Carretero Gonzalez.

XXXV Bienal Real Sociedad Espafiola de Quimica (RSEQ), A Coruiia, Spain, 19t"-
237 July, 2015. Poster presentation: FElectrodos de carbon nanoporoso decorados con
nanoparticulas de oro para su aplicacion en supercondensadores. D. Avila Brande, D. Are-
nas Esteban, G. Alepuz Fernéndez, L.C. Otero Diaz, A. Guerrero Martinez, G. Tardajos,
J. Carretero Gonzalez.
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28902 Getafe, Madrid (SPAIN)

@
@ +34695467316
©

darenasest@gmail.com

About me

During my master and PhD studies I
have acquire good skills on several
synthesis techniques such as solid
state, hydrothermal, chlorination,
chemical activation, etc, as well as
absorption isotherms and
electrochemical characterization
techniques. Nevertheless, electron
microscopy techniques became a
fundamental part of all my studies,
acquiring valuable experience on
morphological and compositional
characterization of materials.

Skills

TEM/SEM

Synthesis

Carbon Materials

Electrochemistry

Supercapacitors

(*)[The skill scale is from 0 (Fundamental Awareness)
to 6 (Expert).]

since 2014

2013-2014

2007-2013

Ph.D. in Advanced Chemistry Universidad Complutense de Madrid
Composite materials based on disordered carbon as supercapacitor
electrodes. Thesis directors: David Avila Brande, Luis Carlos Otero
Diaz.

Master in Science and Chemical Technology Universidad Complutense de Madrid
Introduction to Research in Nanoscience and Nanomaterials: Disor-
dered Graphene Nanomaterials. Tutors: David Avila Brande, Luis Car-
los Otero Diaz.

B.Sc. in Chemistry Universidad Complutense de Madrid
Final Project: "Photocatalytic degradation of phenol under UV-Vis
light by Pr-doped TiO2". Department of Chemical Technology of the
Technical University of Gdansk, Poland. Tutors: Reszcyriska Joanna,
Adriana Zaleska.

Publications

2016
2015

2015

2014

since 2014

2018
2017

2015

New Electrode Material Based on Mn304 Nanoparticles Embedded in
Organometallic-Derived Carbon (ODC). D. Arenas-Esteban, D. Avila-
Brande, L. C. Otero-Diaz and E. Urones-Garrote. Microscopy & Micro-
analysis, 22, (S3) 1350-1351.

Nickelocene as precursor of microporous organometallic-derived car-
bon and nickel oxide-carbon nanocomposite. Gonzalez-Garcia, P.,
Arenas-Esteban, D., Avila-Brande, D., Urones-Garrote, E., Otero-Diaz,
LC.. Journal of Colloid and Interface Science, 5, (105) 86282-86290.
Activated nanoporous carbon?gold nanoparticle composite electrode
with enhanced volumetric capacitance. David Avila-Brande, Daniel
Arenas-Esteban, L. Carlos Otero Diaz, Andrés Guerrero-Martinez,
Gloria Tardajos, Javier Carretero-Gonzalez. RSC Advances, 5,

86282786290.
Pr-Doped TiO2. The effect of metal content on photocatalytic activ-

ity. Joanna RESZCZYNSKA, Daniel ARENAS ESTEBAN, Maria GAZDA,
Adriana ZALESKA. Physicochemical Problems of Mineral Processing,
20(2), 515-525.

Research group member Universidad Complutense de Madrid
Projects: MAT2017-84385-R Functional materials: magnetic and
nanostructured.

Project: PR26/16-3B-1 New 3D architectures of carbon-based nano-
materials for application in energy storage systems.

Project: MATERYENER3CM Materials for energy: electrical, magnetic
and superconducting

First prize in the modality of scientific photographs in the VI Scientific
Disclosure Contest for photography entitled " Accomplices crystals"
convened by the OTRI.

Accesit in the field of Sciences and Engineering in the I Thesis Con-
test in 3 Minutes with the thesis "Disordered carbon materials for its
application as electrodes in supercapacitors".

Special Mention in the modality of scientific photographs in the VI
Scientific Disclosure Contest for photography entitled "Carbon en-
ergy warehouse" convened by the OTRI.
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2019 10" International Symposium on Metallic Multilayers, Madrid, Spain.

2018 |1:2t5te(|3"ongreso sobre Materiales Multifuncionales para Jovenes,
Granada (Spain). Oral contribution.

2018 CARBON Congress, Madrid (Spain). Oral contribution.

2018 QIES 2018 La Laguna (Spain). Oral contribution.

2018 51t Course: Electron Crystallography, Erice, Italy. Poster.

2017 European Material Research Society fall meeting, Warsaw University
of Technology (Poland). Oral contribution.

2017 XXXVI Reunidon Bienal de la Sociedad Espafiola de Quimica, Sitges
(Spain). Oral contribution.

2016 I Simposio Anual en Quimica Avanzada, Universidad Complutense de
Madrid 2016. Oral contribution.

2016 Microscopy & Microanalysis Meeting, Columbus (Ohio). Poster

2015 European Material Research Society fall meeting, Warsaw University
of Technology (Poland). Poster

2015 XXXV Bienal Real Sociedad Espafiola de Quimica (RSEQ) 2015, A

Coruna (Spain). Poster

Training courses

2018 51st Course: Electron Crystallography 2018, Erice (Italia).

2017 RSEQ School of Spectroscopy, Segovia (Spain).

2016 Transmission electron microscopy: beyond the boundary of atomic
resolution. Summer course, San Lorenzo del Escorial (Spain).

2016 Short course on MATERIALS FOR SUSTAINABLE ENERGY GENERA-
TION, Universidad Politécnica de Madrid (Spain).

2015 IV Training Seminar on Radiological Protection, Universidad Com-
plutense de Madrid.

2015 XV Workshops on Materials: Materials for Energy and Environmental
Sustainability, Universidad Carlos III de Madrid.

2013 Computer courses: Microsoft Excel and Microsoft PowerPoint, Uni-

versidad Complutense de Madrid.

2016-2019 Teaching Assistant in the Department of Inorganic Chemistry I, during
the courses.

2018 Founding President of the ECS Madrid UCM Student Chapter.

2018 Organizer Member Contest: "Brain Wars: The future is in your hands".

2018 Organizer Member Workshop: "Experimental techniques one step
from your laboratory".

2018 Organizer Member: II PhDay, Faculty of Chemistry, UCM.

2016 Organizing Member: I Annual Symposium in Advanced Chemistry.
UCMm.
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