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UNIVERSITAT AUTÒNOMA DE BARCELONA

Abstract
Institut de Ciència de Materials de Barcelona (ICMAB-CSIC)

Doctor of Philosophy in Materials Science

Advanced laser deposition of nanocarbon-based supercapacitor
electrodes

by Pablo GARCÍA LEBIÈRE

Supercapacitors or electrochemical capacitors are devices capable to store
and release energy in a short time, being crucial for high power electric sys-
tems. The development of supercapacitors with higher capability to store
energy is key for the advance to a sustainable electrified society. Thus,
new high-performance electrode materials as well as innovative fabrica-
tion technologies need to be developed. The research of this thesis is fo-
cused on the synthesis of composite electrodes constituted by carbon-based
materials decorated with metal oxide nanostructures. The fabrication was
performed through the reactive inverse matrix assisted pulsed laser evapo-
ration (RIMAPLE) technique, a single-step laser deposition technique with
high potential for the synthesis of complex nanocomposites. Multicompo-
nent electrodes based on reduced graphene oxide, multiwall carbon na-
notubes and nickel oxides nanoparticles were produced. The nitrogen-
doping of the carbon nanomaterials was accomplished by using differ-
ent precursors, leading to an enhancement of the performance of the elec-
trodes. Furthermore, the alternative use of different types of nanoparticles
was tested. Electrodes composed of carbon-based materials decorated with
cerium oxide nanostructures disclosed promising performance. Different
synthesis paths were followed for their improvement, obtaining synergis-
tic effects with the co-synthesis of manganese oxide nanostructures. Func-
tional devices were also fabricated demonstrating the practical use of the
synthesized electrodes.
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Chapter 1

Introduction

This chapter provides a comprehensive overview of the importance of the
energy storage field and, in particular, supercapacitor devices. The en-
ergy storage mechanisms of supercapacitors as well as the typical materials
used for the electrodes fabrication will be described. Following, different
methods for the fabrication of electrodes will be introduced, focusing es-
pecially on laser processing techniques and their advantages. To conclude,
an outline of the thesis will be presented.

1.1 Energy Storage

Nowadays, research strategies are moving towards the use of sustainable
and renewable resources along with an increasing focus on energy produc-
tion due to climate change and the decreasing use of fossil fuels, aiming to
reduce pollution. Considering that renewable energy production does not
always reach the population demands, energy storage systems play a ma-
jor role [1]. As electricity is becoming the main power source of energy
usage, the development of portable consumer electronics, medical devices,
electric vehicles, smart electric grids, and the emerging of the Internet of
Things has converted the storage of energy and its controlled release a cru-
cial technology. The aforementioned technologies as well as the storage of
energy harvested by wind power generators, heat sources or solar panels,
requires improvements and diversification of the energy storage devices
[2].
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FIGURE 1.1: Ragone plot of different energy storage de-
vices [4].

The performance of electrical energy storage systems determines their
efficiency as well as their cost of operation for a specific application. Vari-
ous types of storage systems are being investigated with the goal to reduce
costs, ensure long term cyclability and to avoid a detrimental environmen-
tal impact. These storage systems can be classified as mechanical, such as
pumped hydro storage, compressed air or flywheel energy storage; electro-
chemical, including batteries, capacitors and electromagnetic energy stor-
age; chemical, as hydrogen storage or biofuel; and thermal storage sys-
tems, such as sensible heat or latent heat storage [3].

1.2 Supercapacitors

The Ragone plot showing specific energy vs. specific power among diffe-
rent electrochemical storage systems (Fig. 1.1) [4], clearly reveals that su-
percapacitors (SCs), also known as electrochemical capacitors (ECs) or ul-
tracapacitors, are characterized by high specific power and relatively high
specific energy. Additionally, SCs have attracted attention from both indus-
try and academia due to their superior rate capability, fast and reversible
use of energy, rapid charge-discharge rate, long life expectancy, wide range
of operating temperatures, low maintenance cost, and environment-friend-
ly nature [5–7]. Despite all the advantages, some challenges should be
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faced to improve this technology, such as the low energy density compared
with batteries or the high cost of the raw materials and manufacturing [5].

SCs are utilised for high power applications, including power buffer
and power saving units, but are also of great importance for energy recov-
ery applications [1]. SCs are employed in seaport cranes to load and unload
container ships. Using energy that would otherwise be lost as heat during
the repetitive movement is crucial for this application. Another significant
purpose of the system is to allow size reduction in the power source. SCs
are also assembled in heavy hybrid vehicles, which are ideal for trash and
delivery trucks as well as city transit buses with stop-and-go driving. Ad-
ditionally, it has been proposed that SCs could be applied to store off-peak
electricity from the utility grid at night, when it is low cost and abundant,
for usage during the day, when it may be more expensive and in short
supply. SCs are also employed for power tools, namely cordless electric
screwdrivers or power tubing cutters, capable of being charged for short
times and deliver high power [8].

A SC is a device that stores energy at the interface between an electronic
conductor and an electrolytic solution. The fundamental component of the
device consists of two electrodes, an electrolyte, and a separator that acts
as a physical barrier between the positive and negative electrodes while
remaining permeable to ions in order to prevent electrical shorting [9]. The
electrolyte provides pure ionic conductivity between the positive and neg-
ative electrodes, where the negative electrode, or negatrode, releases elec-
trons and the positive electrode, or positrode, gains them. The electrolyte
requires high electrochemical stability, wide voltage window, high ionic
concentration and low solvated ionic radius, low resistivity, low viscosity,
low volatility, low toxicity, low cost and high purity for best performance
in the SC device. These electrolytes can be divided into aqueous, organic
and ionic liquids. Aqueous electrolytes, for instance H2SO4, KOH, Na2SO4

and NH4Cl aqueous solutions, contribute with lower resistance and higher
ionic concentration. However, these electrolytes are limited with a small
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voltage window. Organic electrolytes can provide higher voltage win-
dow. These electrolytes consist on different salts, including tetraethylam-
monium tetrafluoroborate (TEABF4) or tetraethylphosphonium tetrafluo-
roborat, dissolved in diverse solvents, for instance acetonitrile (ACN) and
propylene carbonate. Finally, ionic liquids are composed of melted salts
and are solvent-free adding low vapour pressure, high thermal and chem-
ical stability, low flammability and wide electrochemical stability window
as main properties [5].

SCs are essentially based on two different types of capacitive behaviour:
i) one associated with the denominated Electric Double Layer (EDL) and
ii) the other one associated with pseudocapacitance.

1.2.1 Electric Double Layer Capacitors

In 1957, Becker used a metallic current collector coated with high specific
area carbon in a sulphuric acid solution to create the first electrochemical
capacitor [10]. Electric double-layer Capacitors (EDLC) are electrochemical
capacitors that store charge electrostatically using reversible adsorption of
ions of the electrolyte onto the active surface of the material. During dis-
charge process, the ions return back to the electrolyte solution [1]. Super-
capacitors based on EDL mechanism store significantly more energy than
conventional capacitors due to the large interfacial area and the atomic
range of charge separation distances.

A model for the EDL mechanism was first developed by von Helmholtz
investigating the distribution of opposite charges at the interface of col-
loidal particles, as illustrated in Fig. 1.2a [11]. Helmholtz EDL model
states that two electrodes of opposite charge form a condensed layer at
the electrode/electrolyte interface and are separated by atomic distances,
in the order of 0.5 nm. This simple model is only valid for high concen-
tration electrolyte solutions, without considering the diffusion of ions in
the solution and the interaction between the dipole moment of the solvent
and the electrolyte. Considering this limitation, the transition will not be
so abrupt in more diluted solutions, hence increasing the thickness of the
double layer, as shown in Fig. 1.2b. This modification of the previous
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a) b) c)

FIGURE 1.2: Physical models for the electric double layer at
a positively charged surface: (a) The Helmholtz model, (b)
the Gouy-Chapman model, and (c) the Stern model, com-

bining both.

model was introduced by Guoy and Chapman. The thickness of the EDL,
commonly referred to as diffuse layer, is related to the distance from the
charged surface at which the ions can escape to the bulk by thermal mo-
tion. However, the Gouy-Chapman model overestimates the EDL capaci-
tance and it is insufficient for highly charged double-layers. Subsequently,
Stern combined the two models to identify two regions of ion distribution:
i) the inner region called the compact layer or Stern layer, where the ion dis-
tribution can be treated as an adsorption process; and ii) the diffuse layer
of Guoy-Chapman, where the hydrodynamic motion of the ionic species
is considered, as depicted in Fig. 1.2c. The capacitance can be treated as a
combination of capacitance from the two regions, avoiding the problem of
high capacitance that arises in the Gouy-Chapman treatment [11, 12]. Con-
sidering that these two layers can be treated as two capacitors in series, CH

(Helmholtz layer) and Cdi f f (diffuse layer), the total capacitance (Cdl) can
be expressed as
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1
Cdl

=
1

CH
+

1
Cdi f f

(1.1)

Grahame developed the four regions-based electrical double layers the-
ory. It consists on dividing the adjacent region to the surface into the inner
Helmholtz plane in front of the electrode with small molecular distances
and the outer Helmholtz plane, comprising the Helmholtz layers. Besides
these regions described, it also encompasses the diffusion region and the
bulk region suggested by Stern. This theory includes the specific adsorp-
tion of negative ions on the surface via chemical interaction. Bockris, De-
vanathan, and Müller expanded the theory of EDL with the predominance
of solvent molecules around the interface. In this approach, both the charge
separation and diffusion layers were considered and is suitable for the ex-
planation of high-current-power EDLCs [13].

As a result of the energy stored through electrostatic accumulation of
charges, there is no faradaic (redox) reaction at EDLC electrodes, as a major
difference from batteries (Fig. 1.3a). Hence, the cyclic voltammetry (CV)
signature should show quasi-rectangular behaviour (Fig. 1.3b) and the gal-
vanostatic charge-discharge (GCD) should display a triangular-shape (Fig.
1.3c) accounting for the linear response of voltage with time. This surface
storage mechanism allows fast charge-discharge processes, large amount
of cycling (up to millions) and superior power performance [1].

1.2.2 Pseudocapacitors

A new type of electrochemical capacitance, referred to as pseudocapaci-
tance, was discovered in 1971 using RuO2 [14]. Pseudocapacitive materi-
als base their charge storage mechanism on fast and reversible redox reac-
tions between the electrolyte and their active surface (Fig. 1.4a). Therefore,
this mechanism is considered faradaic in origin as compared with EDL
[11]. Although the charge storage is based on redox processes implying
similar behaviour as batteries, the rapid faradaic reactions are not limited
by diffusion and, subsequently, reflect electrochemical signatures similar
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FIGURE 1.3: (a) Schematic diagram of charge storage mech-
anism of electrical double-layer capacitors. (b) CV and (c)

GCD electrochemical signatures of EDLCs.
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FIGURE 1.4: (a) Schematic diagram of charge storage mech-
anism of pseudocapacitors. (b) CV and (c) GCD electro-

chemical signatures of pseudocapacitors.
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to EDLCs [4]. Hence, pseudocapacitive materials should show approxi-
mately rectangular CV (Fig. 1.4b) and, accordingly, the GCD curve should
present almost linear voltage response with time (Fig. 1.4c). Addition-
ally, some battery-like materials, also known as extrinsic pseudocapacitive
materials, exhibit pseudocapacitive signatures or fast charging with good
capacitance retention after nanosizing [15–18]. Therefore, the definition of
pseudocapacitive materials should be ascribed to the electrochemical be-
haviour rather than the material definition itself.

1.3 Supercapacitor Electrode Materials

The capacitance and charge storage of SCs depend largely on the electrode
materials used. Therefore, new materials need to be investigated and syn-
thesised in order to obtain better capacitance and improved performance
[19].

The materials suitable to reach high capacitance by EDL mechanism
should have high specific surface area and electronic conductivity. In gen-
eral, electrode materials for SCs can be classified in three types: (i) car-
bon-based materials with high specific surface area [20–23], (ii) conducting
polymers [24–28], and (iii) metal-based materials [23, 29, 30]. Moreover,
combination of these types of materials could develop composites with en-
hanced properties [31].

1.3.1 Carbon-based materials

Carbon is one of the most abundant materials, with a wide variety of struc-
tures and morphologies. Most EDLCs use porous carbons as active elec-
trode material [12]. The interest in carbon-based materials arises from the
unique combination of chemical and physical properties, which include
high conductivity, good corrosion resistance, high temperature stability,
flexibility and compatibility to process composite materials as well as rela-
tive low cost [32].

A wide range of natural materials can be used as precursor of carbon-
based materials, such as coal, crude oil or biomass. Additionally, sizing
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these materials to the nanoscale, changes greatly their properties. Con-
sequently, zero-dimensional (0D), one-dimensional (1D), two-dimensional
(2D) as well as three-dimensional (3D) carbon materials present different
outcomes and performances. 0D carbon materials refer to sphere-shaped
particles. Activated carbon (AC), carbon nanospheres, and mesoporous
carbon are the main examples of these materials. Large specific surface area
is obtained for 0D carbon materials with controllable pore size and distri-
bution [33]. Ideal porous structures should contain macropores (> 50 nm)
allowing infiltration of electrolyte, mesopores (2–50 nm) as the place for ion
transport, and micropores (< 2 nm) for charge storage [34]. These materi-
als are produced from carbon-rich precursors through physical activation
at high temperatures (700–1200◦C) with H2O, CO2 and air, or chemical acti-
vation at lower temperatures (600–800◦C) with, for example, H3PO4, KOH
or ZnCl2 [35]. Previous reports published AC electrodes displaying spe-
cific capacitance of 100–300 F g−1 [36–40].

In contrast with 0D materials where electrons are transported via hop-
ing between trap states or via diffusion, 1D nanostructured electrodes form
a continuous network, favourable for charge transport [41]. The most char-
acteristic 1D carbon materials are carbon nanotubes (CNT), which exhibit
much higher conductivity than AC (Fig. 1.5a). CNT can be categorized
to single-wall carbon nanotubes (SWCNT) or multiwall carbon nanotu-
bes (MWCNT) and can be fabricated by different techniques, such as arc-
discharge method, chemical vapour deposition (CVD), plasma enhanced
CVD, pyrolysis of hydrocarbons and pulsed laser vaporization [32, 42].
Pure CNT are reported to possess specific capacitance in the range of 20–
100 F g−1 in aqueous electrolyte [43–46]. The relatively low capacitance
may be ascribed to limited surface area and to their hydrophobic property.

The most common 2D carbon material is graphene, a flat monolayer of
sp2-bonded carbon atoms packed into a 2D honeycomb lattice (Fig. 1.5b)
[47]. Due to its unique structure, graphene has prominent intrinsic chem-
ical and physical features, such as strong mechanical strength, high elec-
trical and thermal conductivity as well as large surface area [48]. These
outstanding properties make graphene suitable for energy storage devices,
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a) b)

FIGURE 1.5: 3D model of (a) a single-wall carbon nanotube
and (b) a graphene monolayer.

among other applications [49, 50]. Different approaches have been fol-
lowed to synthesize graphene-based materials, including epitaxial growth,
CVD, micromechanical exfoliation of graphite, solvent exfoliation, solvent
free gas-phase microwave plasma reactor synthesis, arc-discharge synthe-
sis, and reduction of graphene oxide (GO) [48]. GO can be considered
as a monomolecular graphite-like layer highly functionalized with oxygen
and hydrogen-containing groups and it is synthesized by either the Brodie,
Staudenmaier or Hummers methods. GO is an electrically insulating mate-
rial, although the restoring of the π-network of the disrupted sp2-bonding
structure can recover the electrical conductivity through its reduction. The
product of this reaction results in a material similar to pristine graphene,
called reduced graphene oxide or rGO (Fig. 1.6) [51]. The theoretical spe-
cific capacitance of graphene when the entire surface is fully covered, is
∼ 550 F g−1. However, the measured capacitance of graphene is lower due
to agglomeration during preparation and application processes. Practical
specific capacitances are in the range of 100–350 F g−1 [52]. Furthermore,
the doping of heteroatoms to the lattice of the pristine graphene structure
leads to a change in chemical activity, improves wettability and induces
pseudocapacitance. The most used doping atoms include boron, nitrogen,
sulfur or phosphorus [53]

In 3D structures, more percentage of active surface is exposed in the
electrolyte, which will effectively improve electrochemical properties. A
3D microstucture composed of well-interconnected small and large pores
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GO rGOa) b)

FIGURE 1.6: Molecular structure of (a) graphene oxide
(GO) and (b) reduced graphene oxide (rGO).

provides a continuous electron pathway for good electrical conductivity
and contributes to the acceleration of ion transfer by reducing the diffu-
sion pathways [54]. A common strategy for building 3D electrodes is the
direct growth of free-standing electrodes with high electrical conductivity
on the current collector to achieve homogeneous electrodes. Alternatively,
a thin layer of the material can be deposited over a nanostructured current
collector [55]. Different hierarchical 3D structures can reach capacitances
up to 350 F g−1 [54].

1.3.2 Conducting polymers

Conducting polymers (CPs) constituted by a conjugated bond matrix are
used in various SC applications due to their higher energy density than
metal oxides, low cost, limited environmental impact, high voltage win-
dow and reversible faradaic redox capabilities [5, 31]. CPs, such as polypyr-
role (PPy), polyaniline (PANI), or polythiophene (PTh), accumulate and re-
lease charges through redox processes associated with π-conjugated poly-
mer chains [12]. CPs are synthesized by means of chemical or electrochem-
ical oxidation/reduction of the monomers [56]. Doping of CPs is obtained
during oxidation/reduction of the monomers with the insertion of counter
ions [57]. Reported specific capacitance of different CPs are in the range of
100–500 F g−1 [58].
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1.3.3 Metal-based materials

Electrochemical capacitors based on pseudocapacitive metal oxides or hy-
droxides can provide higher specific capacitance than conventional carbon-
based materials and better electrochemical stability than CPs [59, 60]. The
general requirements for these compounds for SC applications are: (i) the
oxide should be electronically conductive, (ii) the metal can exist in two
or more oxidation states able to coexist with no phase changes involving
irreversible modifications, and (iii) protons can be freely intercalated into
the lattice on reduction [11].

Many transition metal oxides (TMO) have been reported as either in-
trinsic or extrinsic pseudocapacitive materials, such as ruthenium oxide
(RuO2), manganese dioxide (MnO2), nickel oxide (NiO), iron (II,III) oxide
(Fe3O4) or vanadium (V) oxide (V2O5) [23, 29, 30]. The redox behaviour
of these oxides relates to the multivalent nature of the TMO. Most of these
metals are able to change their oxidation states as a result of the reversible
interaction with proton and/or hydroxide anions and the corresponding
redox reactions take place either at the surface or at the bulk of the ox-
ides. Despite their great specific capacitance, most of the metal oxides
suffer from low conductivity, poor stability and poor rate capability and
durability upon charge/discharge cycling [23].

1.3.4 Composite materials

As previously stated, despite the fact that their specific capacitance is not
high enough, carbon-based materials are frequently used as electrode ma-
terials in commercial SCs. As compared to these materials, TMO and CPs
present higher energy storage capabilities. However, their main drawbacks
of low cyclic stability during charge/discharge and high resistance hinder
their practical use for SC applications. These challenges can be overcome
by using composite materials as electrodes with high energy and power
densities [31].
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Regarding conductive polymers, for example PANI-graphene nanocom-
posites have been successfully developed preserving the good conductiv-
ity, stability of physicochemical properties and long cycle life of graphene,
adding the pseudocapacitance from CPs. Moreover, the inclusion of CPs
improves the wetting between graphene and electrolyte due to their hy-
drophilic nature [61]. The integration of nanoscale TMO into carbon ma-
terials may generate composite electrodes in which a conductive back-
bone (carbon) supports the high capacitance TMO nanostructures. Sev-
eral studies have proven the high potential of carbon-TMO composites as
electrode materials for SCs due to their improved electrochemical perfor-
mance through synergistic effect of EDL and pseudocapacitance, avoiding
the drawbacks from TMO as low conductivity, poor stability and poor rate
capability, and maintaining the advantages of carbon-based materials aris-
ing from their good electrical conductivity [62–64].

1.4 Fabrication methods

Considering the critical role of the electrode material and that the output is
influenced by the fabrication method, different approaches are being inves-
tigated for the synthesis of new nanostructured materials with enhanced
performance [5, 65, 66]. Innovative techniques shall be investigated to
overcome the limitations of conventional methods as hydrothermal com-
bined with thermal annealing, sol-gel, electrochemical deposition or chem-
ical precipitation [67–69]. The main disadvantages of these conventional
techniques are that they use multi-step processes, many chemical products
and high temperature processing steps. The chemical reactions often use
hazardous precursors or reveal chemical incompatibilities. In addition, the
thermally-activated processes need prolonged use of high temperatures,
impeding the use of temperature-sensitive substrates.

Laser-based techniques are being employed as an alternative to con-
ventional methods and are revealing high potential for the fast and versa-
tile fabrication of SC electrodes and devices [70–73]. Lasers are powerful
tools utilised for various applications in industry, medicine, science and
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material processing [74]. Materials processed with laser techniques ben-
efit from the characteristics of laser light, including strong localized heat-
or photo-treatment with high spatial resolution, time-controlled process-
ing as well as control of depth of heat treatment or selective non-thermal
excitation [75]. These treatments of the materials are highly dependent on
the laser characteristics, the system set-up, the optical components and the
environmental conditions. These variables include the wavelength, power,
pulse width, energy profile and the pulse repetition rate. One of the most
essential elements is the wavelength of the radiation, considering that de-
termines the percentage of reflected, absorbed and transmitted light by the
material, as well as the type of interaction in the target. Laser power is
directly associated to the amount of energy transferred to the material as a
function of time. This parameter is time averaged, hence it is highly related
to the next variable: the pulse width which is the amount of time of interac-
tion between the beam and the material. The outcome of a laser treatment
is a direct consequence of this parameter, since the variation of time scale
of interactions affects the different arising phenomena. Since the energy
of a laser beam is not constant throughout its cross-section, the descrip-
tion of the profile is crucial. Most laser present a circular cross-section and
a Gaussian beam energy profile. In order to increase the energy density,
lenses could be used to focus the laser beam [76].

Besides the dependences outlined, the interaction mechanisms between
laser light and the material depend on the physical and chemical proper-
ties of the material involved. The laser light excites the electrons causing
the dissipation of this excitation energy into heat within the material in
a short time through electron-electron and/or electron-phonon scattering.
The laser beam can be considered as a heat source which induces a temper-
ature rise on the surface or bulk of the material, depending on its absorp-
tion coefficient. The laser-material interactions can also be non-thermal
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(photochemical), causing the photoactivation of chemical reactions. There-
fore, the laser-induced reactions could be activated thermally, if the ther-
malization of the laser excitation energy is fast compared to any other pro-
cess; photochemically, if the first reaction step is faster than the thermaliza-
tion of the excitation energy; or by combination of both [75]. The result of
these types of interactions is the structural-compositional modification of
the irradiated material in a straightforward way.

Laser techniques offer great experimental versatility and fast fabrica-
tion avoiding lasting high-temperature conditions and the usage of toxic
chemicals [72, 73]. Specifically, the heating and photolysis of the irradiated
material during the action of short laser pulses, in the ns time scale, pro-
duce interactions out of the thermodynamic equilibrium opening up new
possibilities in the synthesis and deposition of materials in form of thin
films. As a consequence, laser-based methods allow for [75]:

• Selective heating and photochemical reactivity

• Ultrafast phase changes (recrystallization, melting, vaporization, plas-
ma formation) besides complex coupling between physical-chemical
processes

• Synthesis of metastable materials that cannot be produced by other
conventional techniques

• Single-step deposition of complex multicomponent materials, highly
crystalline heterostructures and composite films

1.4.1 Laser fabrication for supercapacitors

Laser-based methodologies are applicable for synthesis, reduction, mod-
ification and assembly of carbon-based materials for energy storage elec-
trodes and devices. One of the most employed methods for the fabrication
of graphene-based materials is the laser reduction of GO films through a
scanned laser beam, since GO films are electrically insulating. When sub-
jected to laser radiation, GO can lose most of its oxygen-containing groups,
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resulting in the formation of rGO, with high conductivity and excellent
electrochemical performance [77, 78].

The direct laser reduction of free-standing GO films for the fabrica-
tion of SCs has been mainly accomplished processing GO with CO2 laser
systems. In these devices, conductive rGO can be combined with non-
irradiated GO working as solid electrolyte [70]. Low cost production of
SCs have been performed irradiating a GO/polymer film by means of a
DVD writing technology [79]. By using an intensity-modulated line beam
CO2 laser under a nitrogen flow, high-throughput reduction of GO paper
has been achieved. Sweeping a wide beam in a large area, GO is directly
converted to highly porous and conductive rGO. This method has been
successfully implemented in sandwich-type SC devices [80]. Electrodes
displaying high specific capacitance, high energy and power densities and
high stability under cycling have been fabricated combining femtosecond
laser radiation with precise transfer of electrolyte [71]. The direct pattern
and transfer of GO on flexible substrates can be achieved by the laser weld-
ing technique. The laser-induced localized heat on the carbon-material is
able to melt PET by heat conduction, followed by a welding after cool-
ing. The laser pattern can be completely transferred to the PET flexible
substrate by a straightforward detachment process [81]. Furthermore, SC
electrodes have been improved by synthesizing rGO containing electro-
chemically active functional groups. The combination of graphene with
metal-organic frameworks (MOF) as highly porous and high surface area
materials develops a unique 3D structure for high performing SCs. This
method employs a CO2 laser to simultaneously reduce GO and carbonized
the MOF material [82]. Different studies report the promising outcome
of the fabrication of electrodes composed of rGO decorated with pseudo-
capacitive oxide nanostructures, using RuO2, MnO2 and oxygen-deficient
TiO2 nanoparticles [83–85]. SCs can be also synthesized using pulsed laser
ablation in liquids. Electrodes with anchored WO3 NPs in rGO sheets
present attractive electrochemical and structural characteristics, enhancing
the capacitance of the supercapacitor, compared to pure WO3 [86].
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Furthermore, laser-induced grapehene (LIG) is the material obtained
from the laser graphitization of carbon-containing materials (polymers,
biomaterials) and it is suitable for the fabrication of flexible devices based
on graphene-like materials. LIG includes a series of 3D porous materials
with exceptional conductivity, high surface area and great thermal stability
[87].

Given all the examples of laser techniques applied to the development
of SC electrodes and devices is clear that great progress in the energy stor-
age field has been accomplished. However, further research in novel tech-
niques, new combinations of materials and different ways to enhance the
electrochemical properties need to be addressed. In this thesis, a laser tech-
nique was used for the deposition of thin film electrodes. Multicomponent
target dispersions were submitted to laser radiation and the evaporated
material was collected onto a solid substrate surface. The technique em-
ployed is similar to Pulsed Laser Deposition (PLD), with the exception of
target preparation and applied laser fluence values.

1.4.2 Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a physical vapour deposition process. A
pulsed laser beam is focused onto a solid target of the material to be de-
posited. Each laser pulse with laser energy density surpassing the vapor-
ization threshold vaporizes or ablates a small amount of the material cre-
ating a highly forward-directed plasma plume. The evaporated material
is deposited onto a substrate surface placed plan-parallel to the irradiated
target (Fig. 1.7) [88].

PLD is particularly suitable for the deposition of highly crystalline com-
plex materials, through the irradiation of multicomponent targets. Under
optimized irradiation conditions, this technique allows a congruent mate-
rial transfer from the target to the substrate, which is commonly heated
to high temperatures during the deposition process. Moreover, the gener-
ated plasma promotes chemical reactions between the evaporated material
and ambient gas molecules when the irradiations are conducted in reac-
tive atmosphere. The technique allows also the growth of multilayered
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FIGURE 1.7: Schematic diagram of a typical pulsed laser
deposition (PLD) set-up.

epitaxial heterostructures during the same irradiation process through the
successive irradiation of targets with different composition [89]. Concern-
ing functional properties, studies are focused on the growth of new com-
plex oxide superconductors, semiconductors or magnetic films, group III
nitrides which are promising materials for light-emitting devices, carbon
based films, such as diamond, graphene, SiC and metal carbides for tech-
nological applications such as high-power and high frequency electronic
devices, light emitting devices, hard coatings and sensors as well as metal
thin films, including refractory and rare earth metals [90].

1.4.3 Matrix Assisted Pulsed Laser Evaporation

Besides inorganic materials, PLD technique can also be used for the growth
of organic thin films. However, the intense laser pulses generally decom-
pose the organic molecules. Only a few types of polymers, for instance
polymethylmethacrylate (PMMA) or polytetrefluoroethylen (PTFE or Te-
flon) have been successfully deposited with this technique using UV laser
radiation. Different approaches can be followed to solve this limitation
[91]. Matrix-assisted pulsed laser evaporation (MAPLE) technique was
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developed in the late 1990s as a modification of the PLD method for ad-
dressing this issue [92]. Conventional MAPLE consists on the irradiation
of a frozen target by intense laser pulses. The target is composed of or-
ganic or inorganic compounds dissolved or dispersed in a volatile organic
solvent with high absorption at the wavelength of the incident laser radi-
ation. The choose of the highly absorbent solvent is critical to protect the
material to be deposited from the direct action of the laser pulses. The sol-
vent concentration should represent a low weight percentage to produce a
homogeneous solution. The liquid target is frozen in liquid nitrogen, until
its solidification, forming the target to be irradiated. Thus, the laser pulses
produce a rapid photothermal heating of the solvent up to its spinodal
point, leading to its explosive boiling. The generated vapour transports the
organic molecules towards the facing substrate where the thin film grows
under the action of subsequent laser pulses [88, 93].

The primary benefits of MAPLE technique are that it is a relatively
straightforward process, has good control over the film thickness, a variety
of independent deposition parameters, uniform deposition on non-planar
substrates and the ability to produce multilayer and composite films. How-
ever, UV-MAPLE method has a series of limitations, including high rough-
ness values in the deposited films, low UV laser deposition rates and the
possibility for reactive radical formation from the organic solvents under
the action of the UV laser pulses [94]. The technique has been used for the
deposition of functional polymers [95–98], biomaterials [99, 100], colloidal
nanoparticles and quantum dots [101, 102], carbon nanoparticles and na-
notubes [103–106]. In the most reported UV-MAPLE experiments toluene
has been used as solvent matrix for their good UV absorption and low
vaporization laser fluence threshold. However, UV laser radiation could
produce the photolysis and further polymerization of toluene, leading to
the co-deposition of polymeric by-product materials [104, 105]. Moreover,
the UV laser radiation can be absorbed also by the dissolved molecules
and the photochemical reactions lead to the decomposition of the irradi-
ated material.
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One novel approach to the fabrication of composite layers is the Res-
onant Infrared MAPLE (RIR-MAPLE). This method is especially suitable
for the deposition of composites of inorganic/organic films, organic mate-
rials and nanoparticles avoiding damage in the target materials since uses
low-energy sources and allows using water ice as the target matrix [107].
Taking into consideration that the maximum absorption coefficient of the
water ice matrix is comparable to that of liquid water [108], the technique
uses a low-energy Er:YAG (λ = 2940 nm) laser to irradiate the frozen tar-
get solution. The target matrix (or solvent) can be different than water, but
it must include hydroxyl bonds which are resonant with the laser wave-
length. Then, the matrix is evaporated releasing and transferring the target
material to the substrate. RIR-MAPLE has been implemented in the fabri-
cation of SC electrodes developing composites where 2D Ti3C2Tx flakes
were embedded in a polyflouren matrix. The resulting highly transparent
electrodes have a high areal capacitance [107].

1.4.4 Reactive Inverse MAPLE

For the deposition of complex nanocomposite films through UV laser radi-
ation without the presence of by-product materials, Reactive Inverse Ma-
trix-Assisted Pulsed Laser Evaporation (RIMAPLE) method was recently
developed by the Laser Processing Research group of ICMAB. This tech-
nique combines the inverse MAPLE and the reactive MAPLE methods. The
use of water as matrix solvent avoids completely the co-deposition of or-
ganic by-products, besides being non-toxic. The composite deposition is
achieved at room temperature and without substrate heating. Thus, even
polymeric substrate can be used. The absorption of the laser radiation oc-
curs in the solute nanoentities instead of the solvent molecules, inducing a
rapid heating of the solute, which subsequently leads to fast vaporization
of the surrounding solvent through heat transfer. The amount of deposited
material over the substrate can be controlled with the solute concentration
and the number of applied pulses to the target. A further advantage of the
technique consists in the possibility of the addition of reactive precursor
molecules to the target dispersions. Novel nanocomposite thin films can
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be obtained this way, through the simultaneous deposition and chemical
reactions between the components of the target dispersions [109]. Even
though this method is still in its initial steps towards being established as
a prevailing technology, it has high potential due to its high versatility,
straightforward route for the fabrication of carbon-based electrodes for en-
ergy storage and great flexibility in the synthesis of complex compounds.

1.5 Outline of the thesis

The development of new electrode materials for supercapacitor devices
with enhanced performance is a major topic in the energy storage field
that still needs to be addressed.

Laser-based fabrication methods were used for the synthesis of com-
posite materials containing carbon-based materials and metal oxides. The
Chapter 2 of this thesis is centred in the presentation of the electrodes’ syn-
thesis technique and the different characterization techniques used for the
study of their morphological, compositional and electrochemical proper-
ties. Chapter 3 is focused on the fabrication of electrodes composed of
carbon-based materials, such as rGO and MWCNT, and NiO nanoparti-
cles. Different precursors are added to the target composition for obtaining
nitrogen-doping of the carbon materials with the aim to enhance their elec-
trochemical properties. In Chapter 4, the results related to composites con-
sisting of carbon-based materials and CeOx nanoparticles are presented.
The electrochemical properties of these composites are significantly im-
proved after the addition of manganese oxides (MnOx). Different exper-
imental procedures are followed to obtain the binary oxide CeOx/MnOx

composite. Finally, a functional device is fabricated using the electrodes
exhibiting the best electrochemical performances. To conclude this chapter,
the aqueous electrolyte is changed by an organic one, increasing consider-
ably the voltage window, and it is tested in the rGO, MWCNT, CeOx and
MnOx electrodes. A considerable increase in energy is observed maintain-
ing a high power density. Finally, in Chapter 5, the thesis is concluded with
the general conclusions obtained, limitations and potential future research.
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Chapter 2

Experimental Methods

In this chapter, the laser-based deposition technique used for the fabrica-
tion of the electrode materials will be described and the general experimen-
tal conditions will be specified. Afterwards, an overview of the characteri-
zation techniques applied for the investigation of the surface morphology,
chemical composition as well as functional energy storage performance
will be detailed.

The characterization techniques included Scanning Electron Microscopy
(SEM), Transmission Electron Microscopy (TEM) and Small Angle X-ray
Scattering (SAXS) for the investigations of structure and morphology, and
X-ray Photoelectron Spectroscopy (XPS), Fourier-transform Infrared Spec-
troscopy (FTIR) and Raman Spectroscopy for the identification of chemical
composition and chemical bonding states present in the materials. Electro-
chemical techniques as Cyclic Voltammetry (CV), Galvanostatic Charge-
Discharge (GCD), Electrochemical Impedance Spectroscopy (EIS) and Step
Potential Electrochemical Spectroscopy (SPECS) were used for the investi-
gations of the storage performance of the electrodes.

2.1 Laser Deposition Technique

RIMAPLE laser technique was chosen for the deposition of composite thin
film electrodes. Distilled water with low absorption of the incident UV
laser radiation, 266 nm, was used as solvent material. The RIMAPLE pro-
cess diagram is depicted in Fig. 2.1. As a first step, aqueous dispersions
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FIGURE 2.1: Diagram of RIMAPLE deposition steps fol-
lowed for the fabrication of electrodes.

containing the materials of interest, nanocarbon-based compounds and
metal oxide nanoparticles, as well as organic/inorganic precursors were
prepared. The dispersion was stirred for an hour and sonicated for 1 min
prior to the filling of the target holder. When different compounds were
dispersed in the same solution, all the powders were added simultane-
ously. If a compound was soluble in water, it was dissolved previously
to the addition of other materials. The nanocarbon-based compounds se-
lected for the preparation of target dispersions were graphene oxide (GO)
powder (Nano-Innova Technologies) composed of 1 - 15 layers thick flakes
around 1 µm2 in area, and multiwall carbon nanotubes (MWCNT) from
Sigma-Aldrich, with diameters of about 10 nm and lengths of up to 1.5 µm,
doped with carboxylic groups in order to enhance their dispersibility. Ceri-
um (IV) oxide nanopowder (Sigma-Aldrich) of about 25 nm in diameter,
and NiO nanopowder (Sigma-Aldrich) about 50 nm in diameter and 99.8%
purity were also used as nanoparticles for the preparation of target dis-
persions. Manganese (II) acetate (Sigma-Aldrich) and nitrogen containing
precursor molecules as ammonia, urea, melamine and imidazole (Sigma-
Aldrich) were added to the dispersions.
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FIGURE 2.2: RIMAPLE deposition vacuum chamber with
laser path depicted for better interpretation.

After sonication, the target dispersions were subjected to a flash-freez-
ing process in liquid nitrogen to ensure the homogeneity of the target.
After solidification, the targets were placed onto a liquid nitrogen cooled
holder inside a vacuum chamber, shown in Fig. 2.2. All the deposition
process is carried out at room temperature in 20 Pa N2 background gas en-
vironment. The vacuum chamber was evacuated previously to a residual
pressure of 0.1 Pa. The N2 background gas is essential to ensure the con-
finement of the laser plasma for the controlled growth of the thin films. The
films were deposited by accumulation of UV laser pulses (266 nm wave-
length, ≈ 4 ns pulsed duration, 10 Hz repetition rate) with the aid of a
Quantel Brilliant B Nd:YAG laser system, presented in Figs. 2.2 and 2.3.
The laser fluence directed to the frozen target was set at 0.4 J cm−2. Dur-
ing the deposition, the laser beam scans the target surface with an incident
angle of 45◦. A plasma plume is generated under the action of the laser
pulses, as outlined in Fig. 2.4a and the experimental plume obtained is
presented in Fig. 2.4b. Flexible and conducting 1 × 1 cm2 substrates were
placed in front of the target at a separation distance of 4 cm. 0.1 mm thick
polypropylene (PP) films coated with sputtered Au (20 nm)/Cr (5 nm) as
well as 0.5 mm thick copper and 0.1 mm thick stainless steel AISI 316L were
used as substrate materials.
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FIGURE 2.3: RIMAPLE deposition equipment with laser
path depicted for better interpretation.
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FIGURE 2.4: (a) Schematic diagram of RIMAPLE deposi-
tion mechanisms and (b) experimental plume formed dur-

ing deposition process.
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2.2 Morphological and Compositional Characteriza-
tion

2.2.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is an imaging technique providing
microscopic-scale information on the topography and composition of a
specimen. To this aim, the sample surface is scanned by a finely focused
electron beam usually released from a hot filament. However, in Field
Emission SEM (FESEM) a cold cathode is used, emitting electrons under
the application of a very high electric field, providing better resolution as
compared to conventional SEM [110]. The energy of the electrons is in
the range 0.1 − 30 keV. The electrons are subsequently accelerated, being
modified by different apertures, magnetic and electrostatic lenses as well as
electromagnetic coils. Those modifications produce the successive reduc-
tion of the beam diameter allowing the scanning of discrete locations on
the sample surface. At each one of these locations, the interaction between
the electron beam and the sample generates electron products, backscat-
tered electrons (BSE) and secondary electrons (SE), that are collected by
different detectors, allowing image formation. This operation takes place
under high vacuum conditions (< 10−4 Pa) to reduce the unwanted scat-
tering of beam electrons, BSE and SE from residual molecules and atoms.
Samples should have a conducting grounding path in order to avoid the
accumulation of electric charge [111].

FESEM images were obtained using a FEI Quanta 200 FEG-ESEM elec-
tron microscope, located at ICMAB, primarily for the measurement of the
thickness of samples through the investigation of samples’ cross-section.
Extreme high-resolution SEM (XHRSEM) images were also obtained with
a Magellan 400L microscope (FEI) located at the Catalan Institute of Nano-
science and Nanotechnology (ICN2) facilities.
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2.2.2 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) principle is similar to that of the
optical microscope, using electrons and magnetic lenses instead of light
and glass lenses, respectively. Electrons are emitted from a source and
subsequently accelerated and focused into a small, uniform beam using
a condenser lens. In the path of the electrons, a small condenser aperture
is placed to exclude the ones travelling at large angles to the optical axis.
Then, the beam passes through the sample at normal incidence. The sam-
ples are placed in a holder that can be tilted in one or two directions and
even rotated if needed. The transmitted beam is focused by the objective
lens to form an image or a diffraction pattern on an imaging system [112,
113].

A variety of imaging modes can be applied such as bright-field contrast
images, crystallographic dark-field images, selected-area electron diffrac-
tion (SAED), micro- and nano-diffraction or high resolution TEM (HRTEM)
images. It can also be used to perform point chemical analysis using X-
rays (Energy-dispersive X-ray spectroscopy or EDX) or inelastic Electron
Energy Loss Spectroscopy (EELS). Another mode of operation, called Scan-
ning TEM (STEM) is based on the demagnification of a small bright elec-
tron beam and its scanning over the specimen in a two-dimensional raster.
Depending on the position of the detector and its detection angle, bright-
field or annular dark field images can be formed, specifically High-Angle
Annular Dark Field (HAADF) images which allows for high-resolution Z-
contrast chemical imaging [112].

The specimen needs to be thin enough, of the order of a few nm to trans-
mit electrons with sufficient energy [114]. Consequently, the pristine fabri-
cated electrodes cannot be analysed and a sample preparation is required.
In our particular studies, a copper grid was lightly scratched over the elec-
trode surface and placed it on the TEM specimen holder for analysis. For
the structural characterization at the nanoscale, HRTEM images were ac-
quired using the FEI Tecnai G2 F20 equipment located at ICN2 facilities.
The particle size analysis was performed through HAADF-STEM and the
elemental composition by EDX spectroscopy, using the same equipment.
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Furthermore, HRTEM and SAED images were obtained using a JEOL 2010
UHR field emission gun microscope operated at 200 kV with a measured
spherical aberration coefficient of 0.47 ± 0.01 at the Consiglio Nazionale
delle Ricerche - Istituto Officina dei Materiali (CNR-IOM) in Trieste (Italy)
in the frame of a NFFA-Europe project.

2.2.3 Small Angle X-ray Scattering (SAXS)

A scattering experiment consist on the interaction of a planar wave char-
acterized by a defined direction of incidence

−→
k0 with the object’s electron

or nucleus that becomes a source of spherical waves by itself [115]. Then,
the experimentally observed scattered intensity describes the constructive
interference between the waves scattered by atoms as a function of angle,
defined by

−→
k . The scattering vector is defined as a change in the momen-

tum transfer (−→q =
−→
k −

−→
k0 ) mapping out all scattering into reciprocal

space. The magnitude of −→q is

|−→q | = 4π/λsin(θ/2) (2.1)

where λ is the wavelength of the incident wave and θ is the scattering angle
[116]. If there are nanoscale regions or particles embedded in a sample
with different electron density from the matrix, the X-ray scattering from
these regions will locate at small angle extent, usually within 5◦ around
the incident beam. This technique is called Small Angle X-ray Scattering
(SAXS) and it is depicted in Fig. 2.5 [117].

With the application of synchrotron radiation sources, SAXS has be-
come a powerful tool to study nanostructure systems, such as biologi-
cal macromolecules, phospholipids, polymer and related materials, nano-
materials, and superlattices. The main application of SAXS techniques
on nanomaterials include the investigations of superlattice structures of
nanoparticles, their size and distribution, as well as nucleation and growth
process, besides porosity [117, 118].
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FIGURE 2.5: Schematic diagram of the SAXS geometry.

According to the experimental set-up, SAXS measurements are clas-
sified into two basic types: the transmission SAXS mode and the reflec-
tion mode. The reflection mode technique includes the Grazing Incidence
SAXS (GISAXS), and it is suitable for films supported by a substrate where
transmission mode cannot be applied to detect the nanoscale density cor-
relations and the shape of the scatters due to restrictions imposed by the
thickness of the substrate material [117].

The analysis of particle morphology usually begins with an inspection
of the asymptotic behaviour of the SAXS spectrum. The Guinier approxi-
mation describes the asymptotic behaviour in the small q region, and ap-
proximates any form factor function as a Gaussian function in the small an-
gle limit. This small q values must meet the requirement q < 1/Rg, where
Rg, the radius of gyration, is the root-mean-square (RMS) of the scattering
length density weighted distances from the center of mass to each atom of
the particle. In addition, it requires scattering data that contains no struc-
ture factor, condition only met for dilute solutions. The Porod approxima-
tion describes the asymptotic behaviour at high q, satisfying q ≫ π/Rg.
When particles are randomly oriented 3D solid objects with sharp inter-
faces, the intensity in this region follow a power law decay of q−4, also
known as Porod’s law [119].

For many of the well-defined particles with simple geometric shape, as
spheres (three dimensional), thin disks (two dimensional) or thin rods (one
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dimensional), it is possible to calculate the intensity curve for the whole
range of q without making any approximations. For very small q, the three
intensity curves merge together, despite the large differences in the shape
of the particles, which is the basis for the Guinier law. At large q, the inten-
sity can be represented by

I(q) ∝ q−α (2.2)

Determining the slope of log(I) vs. log(q), the value of α reveals the
structure of the system, where α = 1, 2, and 4 corresponds to an infinitely
thin rod, an infinitely thin disk and a sphere with sharp interfaces (Porod’s
law), respectively [120].

These GISAXS measurements were performed at 8 keV of photon en-
ergy on electrodes deposited on Si substrates. The beam size was set to
1.5 × 0.2 mm2 (horizontal × vertical). The detector used was a Pilatus 1
M Dectris, and the distantance between it and the sample was adjusted
to 711 mm, calibrated with silver behenate (AgBH) as a reference pattern.
First, the measurements were carried out with 60 s exposure time at 15%
humidity. The incident angle was set at 0.2 ◦ in order to satisfy surface sen-
sitive conditions. SAXSDOG software was used to perform horizontal (in-
plane) cuts at the location of the Yoneda wing (located at the critical angle
of the material under investigation) to convert de experimentally captured
2D patterns into 1D I(q) patterns [121]. GISAXS measurements were also
carried out in controlled relative humidity environment to further explore
the pore structure of the the composite. These experiments were performed
recording scattering patterns continuously (every 30 s with 10 s exposure
time) during 200 min while applying increasing and decreasing humidity
ramps in the range of 15 – 90% of humidity. All of these measurements
were performed at the Austrian SAXS beamline at Elettra synchrotron fa-
cility (Trieste, Italy) [122] in the frame of a NFFA-Europe project.
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2.2.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a surface analysis technique uti-
lised for the identification of existing elements on the surface of the stud-
ied material, as well as their chemical states. It involves the irradiation of
the investigated material with monoenergetic soft X-rays and subsequent
analysis of the photoemitted electrons. A spectrum is obtained plotting the
number of detected electrons versus their kinetic or binding energies. Tak-
ing into account that every element has unique binding energy values, the
spectrum of a composite material is constituted by the peaks belonging to
the constituent elements [123]. Generally, a wide XPS scan is used for qual-
itative analysis to identify the elements present in the sample as well as
for the calculation of their relative concentrations. High resolution scans
are acquired to obtain accurate peak positions, chemical bonds and peak
areas for quantification of chemical bonding states [124]. An important ad-
vantage of XPS is the ability to determine the chemical environment of the
atoms present in a sample. This environment, including factors like near-
est neighbours and the oxidation state of the element, affects the binding
energy of the photoelectron peaks [125].

In our studies, the chemical composition of the fabricated electrodes
was investigated using a Phoibos 150 electron energy analyser from SPECS
operated in a constant energy mode. The system used the aluminium an-
ode (Al Kα 1486.74 eV) as a monochromatic X-ray source. The measure-
ments were performed in ultra-high vacuum (≈ 10−7 Pa). Typically, wide
spectra over 1500 eV binding energies were acquired using 50 eV analyser
pass energy. High resolution spectra were commonly recorded over 20 eV
ranges at 10 eV pass energy with an energy resolution of 0.7 eV. The mea-
surements were carried out in the National Institute of Materials Physics
in Măgurele (Romania).
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2.2.5 Fourier-transform Infrared Spectroscopy (FTIR)

Fourier-transform Infrared Spectroscopy (FTIR) is a technique that studies
the interaction of infrared radiation with matter. In particular, this tech-
nique is used to identify chemical bonding states and functional groups
of the materials. The infrared spectra are the result of the transition be-
tween molecular quantized vibrational energy states such as stretching,
rotation and bending. Different materials containing covalent bonds ab-
sorb electromagnetic radiation in the IR region. However, for the determi-
nation of functional groups, the materials need to be IR active, containing
molecules with net dipole moment. When this radiation interacts with co-
valent bonds the molecule absorbs energy and the bond starts oscillating,
each bond having its particular natural vibrational frequency [126, 127].

Due to the scarce quantity of material deposited on the substrates sur-
face, conventional FTIR systems did not allow to obtain intense high signal
to noise spectra. Thus, Synchrotron-based Fourier-transform Infrared Mi-
crospectroscopy (SR-FTIRM) was used to study the chemical composition
of the layers. These analyses were performed at the IR beamline MIRAS of
ALBA Synchrotron using a Hyperion 3000 microscope coupled to a Vertex
70 spectrometer (Bruker, Germany). The microscope was equipped with
a liquid nitrogen cooled 50 µm mercury cadmium telluride (MCT) detec-
tor. A 36× Schwarzschild objective (NA = 0.52) was used and all the
spectra were collected in the trans-reflection mode using a single mask-
ing aperture with a size of 10 × 10 µm2. The spectra were registered in
the 4000 − 600 cm−1 spectral range at 4 cm−1 spectral resolution with 1024
scans per spectrum.

2.2.6 Raman Spectroscopy

Raman spectroscopy is an alternative to FTIR technique and a complemen-
tary way to measure vibrational states of the materials. In this technique
the sample is illuminated with a monochromatic radiation. The interac-
tion of the photons with the sample causes the molecule potential energy
to increase to a virtual state above the ground one. Most molecules return
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rapidly to their ground state emitting a photon of the same wavelength as
the incident photon. This elastic scattering is referred as Rayleigh scattering.
However, a small fraction of the excited molecules returns to a different
excited vibrational state than the ground, emitting a photon with different
wavenumber, by inelastic scattering. This process is known as Stokes Ra-
man scattering. Moreover, some molecules in an excited vibrational state
con be elevated to a virtual level and returned to the ground state, result-
ing in Raman bands at wavelength higher than that of the laser. These pro-
cesses, much weaker than Stokes scattering, are known as anti-Stokes scat-
tering. The recording of the Raman spectrum over a wavenumber range
allows for the investigation of all Raman-active vibrational bands of the
molecules [126].

The Raman spectroscopy measurements were performed in air with a
home-built optical set-up consisting of a 532 nm wavelength DPSS laser
with 2 MHz linewidth (Cobolt - Samba), which is focused on the sample
through a microscope objective (Olympus MPLFLN-BD, ×50, NA = 0.8)
to a spot smaller than 1 µm. The spectra were acquired in backscattering
configuration using a 750 mm spectrometer equipped with 600 lines per
mm gratings (Shamrock SR-750), and a EM CCD (Andor Newton) at the
Consiglio Nazionale delle Ricerche - Istituto Officina dei Materiali (CNR-
IOM) in Trieste (Italy) in the frame of a NFFA-Europe project.

2.3 Electrochemical Characterization

Several techniques have been applied to characterize the electrochemical
performance of the fabricated electrodes. These techniques are based on
three fundamental parameters (voltage, current and time), allowing the es-
timation of other metrics, such as capacitance, equivalent series resistance,
time constant as well as energy and power densities. In addition, these
methods can be used also to identify the storage mechanisms of the mate-
rials.
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FIGURE 2.6: Diagram of the electrochemical cell used for
the analyses with aqueous electrolyte.

For this purpose, the samples deposited over stainless steel or Au-
coated polypropylene (PP) were used as working electrodes in a three-
electrode configuration test cell. It is crucial the selection of a non-reactive
substrate for these tests to avoid its electrolysis. The electrochemical anal-
yses were performed over a sample area of 0.5 cm2 using a plate material
electrochemical cell from BioLogic, and Ag/AgCl reference electrode (3M
KCl internal solution), a Pt wire counter electrode and 1M Na2SO4 aque-
ous solution as electrolyte at room temperature, as it is outlined in Fig. 2.6.
The symmetric devices assembled were tested in a two-electrode configu-
ration without using a reference electrode. The electrodes were separated
by glass microfiber filter paper (Prat Dumas) impregnated with the same
electrolyte from the single electrode measurements. A few cm long cop-
per contacts were attached to the current collector and the system was
sealed with plastic film using an impulse heat sealer type IS300C (Pac-
plus). Cyclic voltammetry (CV), Galvanostatic Charge-Discharge (GCD)
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and Step Potential Electrochemical Spectroscopy (SPECS) tests were per-
formed using a Keithley 2450-EC Electrochemistry Lab System. Electro-
chemical Impedance Spectroscopy (EIS) measurements were carried out
using a Hioki IM3590 chemical impedance analyser.

Additional electrochemical measurements were conducted with an or-
ganic electrolyte. The 99.8% pure acetonitrile (ACN) solvent was pur-
chased from Sigma-Aldrich. A molecular sieve from CWK with a 3 Å pore
size was added to reduce the water content down to 20 ppm. The tetraethy-
lammonium tetrafluoroborate (TEABF4) salt was supplied by IoLiTec (Ger-
many) and dried in a vacuum glass oven at 120 ◦C and 1 × 10−2 mbar for
24 h before use. The study has been achieved using the electrolyte 1 M
TEABF4 in ACN, displaying a water content lower than 20 ppm. Electrodes
with mass loading of the active material over 30 mg cm−2 were fabricate as
self standing electrodes for counter electrodes of the films under study.
The electrodes were composed of active carbon (Supra DLC 50, 85 wt%) as
active material, conductive agent (Super C65, Timcal, 10 wt%) and binder
(Polytetrafluoroethylene, PTFE, Sigma Aldrich) [128].

These electrochemical investigations were performed using Swagelok-
type cells with a two- or three-electrode set-up. In the three-electrode con-
figuration, a Ag wire was used as reference electrode. The cells were as-
sembled in a LABmaster pro glove box (MBRAUN) filled with Ar and a
content of H2O and O2 below 1 ppm. The cells were assembled using ei-
ther two identical electrodes (symmetrical cell) or with the electrode under
study facing the AC electrode with high mass loading. A 520 µm Whatman
glass fibre disk, soaked with 120 µL of electrolyte, was used as separator.
The electrochemical measurements with the organic electrolyte were con-
ducted with an Arbin LBT21084 and a BioLogic VMP-3 equipment located
at the Center for Energy and Environmental Chemistry (CEEC) and the
Friedrich-Schiller-Universität Jena (Germany).

2.3.1 Cyclic Voltammetry (CV)

CV test consists in the application of an electric potential linearly changing
with time between reference and working electrodes for three-electrode
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configuration and between positive and negative electrodes for a two-elec-
trode system. The potential change is performed at a constant rate and
it is designated as the sweet rate (or scan rate), v. The potential range
where the test is executed is called potential window. Generally, a closed
cycle between the initial and final potentials is carried out. During the test,
the current is recorded for the electrochemical characterization. The data
are plotted as current vs. potential, called voltammograms [129]. From the
voltammograms, the capacitance at different scan rates can be calculated
using

C =

∮
S I(V) dV
2∆VvΠ

(2.3)

where the integral represents the area enclosed in the voltammogram (an-
odic-cathodic charges), ∆V is the potential window, v is the scan rate and
Π represents the dimensional parameter for normalization, which could be
the surface area, volume or mass of active material.

As previously mentioned, the material storage mechanism can be dis-
tinguished using the CV measurements data. In surface-dominant reac-
tions, the response current varies linearly with v. By contrast, processes
controlled by semi-infinite diffusion (bulk) are proportional to the square
root of v [29]. Therefore, the current can be expressed as

i(v, V) = icap + idi f f = k1v + k2v1/2 (2.4)

Taking this into account, k1 and k2 constants can be determined from
the fitting of i(v, V)/v1/2 vs. v1/2, hence differentiating the capacitive cur-
rent contribution from that of diffusion-controlled processes.

2.3.2 Galvanostatic Charge-Discharge (GCD)

In contrast with CV test, GCD measurement is based on holding the cur-
rent constant at a determined value, recording the voltage change in time.
It consists on consecutive charging and discharging cycles of the electrodes
and SC devices. For the charging process, a constant current is applied
until the maximum voltage is reached. Then, the current is reversed to
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discharge the system until the minimum voltage. The maximum and min-
imum voltages correspond to the potential window applied to the elec-
trochemical cell and depend on the structure and composition of both the
electrode and electrolyte [11]. For SCs, the capacitance can be obtained
from the GCD data using

C =
i∆tdisch

∆VΠ
(2.5)

where i is the applied current, ∆tdisch is the discharge time, ∆V is the volt-
age window range and Π represents the dimensional parameter for nor-
malization. The calculated capacitance values should be similar to the val-
ues obtained from the CV data for comparable current values applied.

Subsequent charge-discharge cycles can be applied to evaluate the real
performance of the fabricated devices. Through the comparison of the ca-
pacitance values measured during subsequent cycles and the initial one,
capacitance retention can be determined. The coulombic efficiency (i ·∆tdisch

/i ·∆tcharge) gives information about leakage current changes upon cycling.
The performance metrics most relevant for end applications are the en-
ergy and power densities. The energy density accounts for the amount
of electrical energy stored, whereas power density is related to the charg-
ing/discharging rates, i.e. energy uptake and delivery [130]. These metrics
can be calculated from the capacitance C, following

E =
1
2

C ∆V2 (2.6)

P =
E

∆tdisch
(2.7)

where E is the energy density in units of Wh kg−1 or Wh cm−3, ∆V is the
potential window, P is the power density in units of W kg−1 or W cm−3 and
∆tdisch the discharge time. It has to be taken into account that equation (2.6)
should only be used when a nearly linear dependence of charge within the
potential window is measured.
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Additional investigation for the stability of the assembled cells was per-
formed utilizing float test at room temperature for 180 h. The potential is
maintained at the maximum of the voltage window for a determined time,
followed by 50 charge/discharge cycles between 0 V and the applied float
voltage using a constant applied current density.

2.3.3 Electrochemical Impedance Spectroscopy (EIS)

EIS test measures the impedance of the electrochemical cell or the super-
capacitor device by the application of a low-amplitude alternating current
signal (around 5 mV) in a range of frequencies. The data can be represented
in a Nyquist plot where the real and imaginary parts of the impedance are
expressed on the complex plane, or in a Bode plot to show the response of
the phase or module in function of the frequency.

For extracting technical parameters of the device, an equivalent circuit
that describes the behaviour of the impedance response can be fitted. For
that, simple elements such as resistors, capacitors, inductances, Warburg
elements and constant phase elements (CPE) are used . The main compo-
nents used in SCs are described by the following equations,

ZR(ω) = R (2.8)

ZCPE(ω) =
1

Y(j ω)n (2.9)

ZW(ω) =
AW

ω1/2 (1 − j) (2.10)

where ω is the angular frequency and j is the imaginary unit. The resis-
tor R contributes to the real part of the impedance. CPE is an element
used for modelling the response of non-homogeneous systems. It is deter-
mined by two parameters: Y and n. Y becomes equal to capacitance when
n = 1 (ideal capacitor). These components are employed for representing
moderately distorted capacitances. Warburg (W) element represents the
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impedance of semi-infinite diffusion, where AW is the Warburg coefficient
(Ω s−1/2).

Through the combination of these elements, a large number of complex
curves can be accurately fitted [131]. The equivalent circuit is used to elu-
cidate the storage mechanisms, to estimate the equivalent series resistance
(ESR) or the relaxation time constant [11].

2.3.4 Step Potential Electrochemical Spectroscopy (SPECS)

SPECS is an electrochemical method that involves the application of a se-
quence of small potential steps, ES, over the potential window, ∆V, of the
device under study. The application of each potential step is followed by
a rest time, t, to allow the electrode to reach quasi-equilibrium, as it is de-
picted in Fig. 2.7. During this time, the flowing current is measured. The
modelling of the data is employed to estimate the contribution of EDL and
pseudocapacitance charge storage as well as bulk diffusion processes. In a
typical i-t response, the current decays quickly to almost zero after reach-
ing a maximum value, repeating this process for each potential step [132].

After an incremental change of the electrode’s potential, different pro-
cesses can occur at the electrode/electrolyte interface. The charge carriers
accessing the electrode’s surface from the electrolyte can either contribute
to surface processes, both EDL and pseudocapacitance, or suffer redox pro-
cesses along with diffusional processes [129]. In order to differentiate the
contribution of each process, the SPECS data is fitted for each i-t response
with the aid of a mathematical model.

EDL and pseudocapacitive materials charge is a fast process and de-
cays quickly after an applied potential, ES. The current response for this
mechanism is given by [129, 132, 133]

icap =
ES

RS
exp

(
− t

RSCC

)
(2.11)

where RS is the series resistance, CC is the EDL capacitance and pseudoca-
pacitance, and t is the time after the potential step. Moreover, diffusion lim-
ited processes are slower than EDL and pseudocapacitive mechanisms due
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t

FIGURE 2.7: Example of voltage steps performed for a
SPECS measurement and depiction of a current response

of one of the steps.

to slower kinetics associated to bulk redox reactions [134]. Consequently,
this current response can be modelled using the Cottrell equation for semi-
infinite planar diffusion

idi f f = nFA∆C
(

D
πt

)1/2

=
B

t1/2 (2.12)

where n is the number of electrons involved in an electrode reaction, F is
the Faraday constant, A is the electrode area, D is the diffusion coefficient
of the species, ∆C is the concentration change of the species intercalated
into the host structure, and B is a proportionality constant [129].

Although the current is expected to reach zero to accomplish the equi-
librium, this is not the real case scenario as a result of the existence of slow
rate residual processes that do not reach equilibrium [133]. Hence, this
residual current (leakages) should be added to the global SPECS model to
represent the total current. Finally, the total current of SPECS data can be
given by

iT = icap + idi f f + ires =
ES

RS
exp

(
− t

RSCC

)
+

B
t1/2 + G (2.13)

where RS, CC, B and G are the fitting parameters, obtained by linear least
squares regression.
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Chapter 3

Nanocarbon-based electrodes
with NiO

This chapter will be focused on the development of carbon-based elec-
trodes fabricated with RIMAPLE technique. Electrodes composed of rGO
as well as rGO and NiO nanoparticles will be studied by means of mor-
phological, structural and electrochemical measurements. After this pre-
liminary study, different pathways will be followed to enhance their elec-
trochemical performance. Nitrogen-containing precursors will be added to
the target dispersion containing GO platelets and NiO nanoparticles. The
studies will be concluded with electrochemical capacitor devices fabrica-
tion. The addition of MWCNT to the rGO-NiO composite will be also
investigated. The different mechanisms contributing to the capacitance
increase by nitrogen-doping and MWCNT addition will be determined,
based on morphological, compositional and electrochemical measurements.

3.1 Electrodes composed of rGO and NiO NPs

The targets for RIMAPLE deposition are composed of a dispersion of GO
sheets and a mixture of GO sheets with NiO NPs homogeneously dis-
persed in distilled water. A liquid nitrogen cooled holder maintained the
target dispersion frozen at a temperature of about 200 K. The solid ice wa-
ter matrix is transparent to the incident laser radiation. Although the op-
tical absorption is slightly higher in solid than in liquid water due to ice
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b)a)

FIGURE 3.1: (a) Simulated temperature of a NiO NP and
carbon nanostructures during laser irradiation at 0.4 J cm−2

laser fluence and (b) temperature map of single NP at 5 ns
from the start of the laser pulse.

imperfections, entrapped air bubbles, cracks and other defect, the minor
increment in absorption cannot explain the ablation process [108]. There-
fore, the laser radiation is absorbed by the materials of interest dispersed
in the ice matrix. Different mechanisms take place when the target is ex-
posed to the laser light, including photochemical processes, which directly
break chemical bonds, and photothermal interactions, which are brought
on by the thermalization of excited electrons with longer interaction times
than photochemical processes [135]. Previous research demonstrated that
UV light can photochemically reduce GO solutions [77]. Considering that
the threshold for GO photo-induced reduction was determined to be 3.2 eV
[77], the use of 266 nm wavelength laser radiation, corresponding to 4.7 eV
photon energy, is assumed to drive the photochemical GO reduction [136]
even though photothermal processes also occur. Regarding the graphitic
domains of GO, the main process is considered to be photothermal due to
the lack of enough photonic energy to break C –– C sp2 bonds (6.4 eV) [137].
Both σ and π-bonded electrons, constituent of graphene structures, are ex-
cited by UV radiation, which causes their fast heating [138]. Furthermore,
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TABLE 3.1: Relative concentration of precursors in the
aqueous dispersions for RIMAPLE targets composed of

GO and NiO NPs.

Target dispersion Composition

GO5% 5 wt% GO
GO9% 9 wt% GO
GO5%-NiO2% 5 wt% GO, 2 wt% NiO NPs
GO5%-NiO5% 5 wt% GO, 5 wt% NiO NPs
GO9%-NiO9% 9 wt% GO, 9 wt% NiO NPs

the bandgap of 4.3 eV of the NiO NPs [139] allows the excitation of elec-
trons to produce significant heating by electron-phonon scattering. Photo-
chemical processes can also occur as there is enough energy for breaking
the Ni – O bond [140].

Previous works thoroughly studied the mechanisms occurring during
UV laser irradiation of GO, MWCNT and NiO NPs [109, 141]. Here, simple
photothermal simulations were performed through numerical simulations
using COMSOL Multiphysics to explain the processes involved during de-
position (Appendix A). Considering the thermophysical and optical prop-
erties of GO [109] and NiO [142, 143] (Table A.1), the temperature evolu-
tion was simulated upon a single pulse irradiation with a pulse duration
of 5 ns (Fig. 3.1a). As previously stated, water ice is transparent to UV
radiation. Hence, the nanocarbon materials and the oxide NPs absorb all
the radiation, being rapidly heated. As witnessed in Fig. 3.1a, the car-
bon nanomaterials and the NiO NPs irradiated with a 266 nm laser pulse
with 0.4 J cm−2 laser fluence leads to a rapid temperature increase up to ca.
800 K in nanocarbons and beyond 2230 K (melting point) in NiO NPs in just
a few ns. The heat released by these nanostructures leads to the explosive
boiling of the surrounding water ice resulting in the deposition of material
onto the facing substrate [109, 144]. The laser-induced chemical reactions
will cause the reduction of GO to rGO [109], and the thermally-driven melt-
ing and resolidification of the NiO NPs, leading to their recrystallization to
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FIGURE 3.2: Electrode layer deposited over PP film coated
with sputtered Au/Cr.

metal oxide nanostructures. Table 3.1 presents the different target disper-
sions containing GO powder and NiO NPs in various concentrations used
for the preparation of the electrode layers. The electrodes were deposited
after the accumulation of 6000 pulses (i.e. 10 minutes of irradiation time)
under the experimental conditions described in Chapter 2.

3.1.1 Morphological characterization

The deposited films are adherent to the substrate, flexible and show ho-
mogeneous dark brown – black colour independently on the target com-
position (Fig. 3.2). The deposited rGO layers present a film thickness in
the 100–500 nm range, whereas the rGO-NiO films are thicker, about 2.3–
8.6 µm. The large difference of thickness between rGO and rGO-NiO films
is due to the absorption of the laser radiation by the NiO NPs and subse-
quent heating of the surrounding water-ice matrix. This temperature rise
leads to a more extensive vaporization of the matrix causing the deposition
of a larger amount of material as compared to pure GO target, as deduced
from the photothermal simulations (Fig. 3.1).
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FIGURE 3.3: XHRSEM images of (a) GO9% and (b) GO5%
– NiO5% electrodes.
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FIGURE 3.4: HRTEM images of electrode (a) GO9% and (b),
(c) and (d) of GO5% – NiO5% in different regions.
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Representative SEM images of the deposited films are shown in Fig.
3.3. The rGO films exhibit a rough surface morphology composed of an
homogeneous distribution of irregular-shaped wrinkled rGO flakes (Fig.
3.3a). The formation of these wrinkles in rGO sheets after irradiation with
nanosecond UV laser has been previously observed [145]. The origin of
this deformation is attributed to the steady deformation of the GO sheets
prompted by the creation of structural defects. The rGO-NiO films show
a similar morphology with tens of nm-sized visible droplets (Fig. 3.3b).
These particulates are not observed in rGO films, hence they may be as-
cribed to NiO nanostructures. HRTEM analyses of the deposited films
reveal highly crumpled graphene oxide flakes with irregular edges (Fig.
3.4a). The analyses for the rGO-NiO films confirm the presence of nm sized
round nanostructures over the wrinkled rGO flakes (Fig. 3.4b). Higher
magnification images reveal nanostructures that are ascribed to cubic NiO
(JCPDS 00-047-1049) showing domains with interplanar distances of 0.21
and 0.24 nm assigned to (2 0 0) and (1 1 1) crystallographic orientations, re-
spectively.

3.1.2 Electrochemical characterization

The electrochemical properties of the rGO and rGO-NiO electrodes de-
posited on Au/Cr/PP substrate were studied by CV measurements in aque-
ous 1 M Na2SO4 electrolyte solution. Fig. 3.5a and b show the voltammo-
grams at 100 mV s−1 of GO9% and GO5% – NiO5%, respectively. Using
equation (2.4), the capacitive contribution from the total current can be de-
termined as highlighted in the figures. The peak recorded at the highest
potential is caused by the oxygen-evolution reaction at the aqueous elec-
trolyte. In general, the films deposited with NiO NPs reach current den-
sities higher than those of the films composed of GO only in the target,
independently on their relative concentration. As a representative elec-
trode, voltammograms of the GO5% – NiO5% film at different sweep rates
in the range 10 mV s−1 – 150 mV s−1 are presented in Fig. 3.5c. The rectan-
gular-like shape without any redox peak together with the main contribu-
tion of capacitive current, points to the capacitive processes as main charge
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a) b)

c) d)

FIGURE 3.5: CV of the electrodes (a) GO9% and (b) GO5%
– NiO5% at 100 mV s−1 with surface capacitance contribu-
tion highlighted in blue; (c) CV curves of sample GO5% –
NiO5% at sweep rate range of 10 mV s−1 – 150 mV s−1 (ar-
row indicates the increasing sweep rate); (d) areal capaci-

tance vs. sweep rate of the fabricated electrodes.

storage. Considering this behaviour, the surface capacitance can be deter-
mined from CV data using equation (2.3). The films composed of only rGO
have similar surface capacitance values independently on the GO platelets
concentration in the target dispersion, reaching ca. 1 mF cm−2 @ 10 mV s−1.
The addition of NiO NPs increases the surface capacitance. The addition of
2 wt% and 5 wt% NiO NPs to the 5 wt% GO dispersion leads to an increase
of the surface capacitance to 4.3 mF cm−2 and 5 mF cm−2 @ 10 mV s−1, re-
spectively. However, for 5 wt% NiO NPs and 9 wt% GO the capacitance
slightly decreases. It is important to emphasize that this comparison is
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performed considering the surface capacitance instead of volumetric ca-
pacitance due to the large difference of thickness values. Although rGO
electrodes with submicrometric thicknesses may exhibit greater volumetric
capacitance values than rGO-NiO electrodes, such thin electrodes cannot
be scaled up without losses because microstructural rearrangements ob-
struct the electrolyte diffusion and its interaction with the active material
[146].

NiO-containing electrodes would exhibit additional charge storage pro-
cesses as a result of oxidation of NiO to NiOOH (charging) and reduction
of NiOOH to NiO (discharging), as it is described in the following reaction
[147]

NiO + z OH– −−→ z NiOOH + (1-z) NiO + z e–

being z the fraction of nickel (III) sites. EDL and pseudocapacitance charge
storage are surface processes by nature. The structure-morphology of the
electrode material, however, can also lead to diffusion-limited (semi-infi-
nite or bulk) electrochemical processes. As a result, complex systems com-
posed of different types of nanomaterials can display pseudocapacitance
(surface) or battery-like (bulk) behaviour even having the same chemical
composition. For instance, NiO-based nanomaterials have been reported
to exhibit different electrochemical behaviour depending on their nanos-
tructure (extrinsic pseudocapacitive material) [147–150]. The dominance of
capacitive processes with lack of redox peaks in the electrodes fabricated
containing NiO NPs have been proven (Fig. 3.5b). This fact could indi-
cate that either NiO nanostructures located on the surface of rGO sheets
expand the distance between rGO sheets, increasing the effective surface
exposed to the electrolyte (increment of porosity) and showing limited dif-
fusive behaviour, or NiO nanostructures exhibit pseudocapacitive nature
due to their small size.
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TABLE 3.2: Relative concentration of GO, NiO NPs and im-
idazole precursors in the aqueous dispersions used in the

RIMAPLE targets.

Target dispersion Composition

GO-imi 5 wt% GO, 5 wt% imidazole
GO-NiO-imi 5 wt% GO, 5 wt% NiO NPs, 5 wt% imidazole

3.2 Nitrogen-doping of rGO and rGO-NiO electrodes

The electrochemical performance of the former fabricated films can be im-
proved by means of incorporation of nitrogen groups in carbon materials.
This enhancement can be achieved by the addition of nitrogen-containing
precursors in the initial target dispersion. These groups can undergo re-
versible redox reactions, besides enhancing electron donor capability and
wettability [151]. Imidazole is an aromatic nitrogen-containing compound
with unique biological and pharmaceutical applications [152]. The highly
polar nature of imidazole makes it susceptible to stablish non-covalent
bonds. Recent studies using UV laser radiation have proved the effective-
ness of imidazole molecules as N-doping agent of GO [153]. Furthermore,
the formation of N-doped graphene through thermal annealing of imida-
zole has been demonstrated [154]. Therefore, RIMAPLE deposition of GO
in the presence of imidazole is expected to induce large N-doping of rGO.
Two different sets of electrodes were prepared combining GO and imida-
zole in the RIMAPLE targets, with and without NiO NPs, using the same
laser parameters as for the undoped rGO and rGO-NiO samples. The rel-
ative concentration of GO, NiO and imidazole in the aqueous dispersions
are presented in Table 3.2.
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FIGURE 3.6: (a) TEM image of GO-imi sample; (b) TEM
and (c) corresponding HAADF-STEM images of the same

location in the GO-NiO-imi sample.

3.2.1 Morphological characterization

Under visual inspection, the doped films present similar appearance as the
undoped counterparts, characterized by an uniform black colour. More-
over, SEM images does not show any differential feature to their counter-
parts without imidazole precursor. TEM analyses reveal that the GO-imi
film shows higher density of wrinkles in the rGO flakes (Fig. 3.6a) and
larger quantity of nanoholes. The formation of a high quantity of wrinkles
and nanoholes was previously observed in RIMAPLE deposition of GO
flakes in the presence of N-containing precursors as ammonia, urea and
melamine molecules [141]. These results would point out that molecules
containing nitrogen functional groups, as imidazole, induce high reactiv-
ity and subsequent structural alterations to the GO flakes during the UV
laser irradiation process. Importantly, it is hypothesised that the existence
of defects in the form of nanoholes will help create electrolyte diffusion
channels and interact with edge atoms, which are more electrochemically
active than basal ones [155, 156]. TEM and HAADF-STEM analyses of GO-
NiO-imi film (Fig. 3.6b and c, respectively) reveal that the rGO surface is
highly covered by nanometric crystals. HRTEM image shows the presence
of a large amount of nanostructures with dimensions ranging from 1 nm to
few tens of nm. The corresponding HAADF-STEM image, in which the in-
tensity is strongly related to the atomic number, reveals that these crystals
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are indeed composed of NiO (Ni-rich regions appear brighter). These NiO
nanostructures are substantially smaller than the initial NiO NPs (50 nm)
suggesting the development of melting-dewetting-recrystallization mech-
anisms during the laser irradiation-deposition process.

3.2.2 Compositional characterization

The composition of the deposited films is studied via wide scan and high
resolution XPS. Fig. 3.7a shows the survey of the GO-NiO-imi film, in
which C, O, Ni and N peaks are clearly identified. The wide scan spectra
were used to calculate the atomic concentration of the chemical elements
present in the raw GO and N-doped films, besides previous undoped GO
(GO9%) and GO-NiO (GO9% – NiO5%) films for comparison. Fig. 3.7b
and c display the calculated reduction degree (at.%C/at.%O ratio) besides
the nitrogen doping degree (100 × at.%N / (at.%N + at.%C)) of all sam-
ples. It is important to note that due to the presence of Ni and O atoms
from NiO in the GO-NiO samples, the concentration of C, O and N in rGO
material has to be recalculated (filled bars in Fig. 3.7b) from the measured
data (open bars). Being the total atomic quantities of C, O, N and Ni named
as qC, qO, qN and qNi, respectively, and considering NiO material as stoi-
chiometric,

qNi = qONiO (3.1)

qO = qONiO + qOrGO → qOrGO = qO − qONiO = qO − qNi (3.2)

Therefore, designating qCNO = qC + qN + qO, the atomic concentra-
tion recorded by XPS is, by definition,

[C]XPS =
qC

qC + qN + qO + qNi
≡ qC

qCNO + qNi
(3.3)

[O]XPS =
qO

qCNO + qNi
(3.4)
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[Ni]XPS =
qNi

qCNO + qNi
(3.5)

By using equation (3.2) and (3.3), the real atomic concentration in rGO,
considering all the measured C and N atoms present in the rGO structure,
would be

[C]rGO =
qC

qC + qN + qOrGO
=

qC
qCNO − qNi

(3.6)

[O]rGO =
qOrGO

qC + qN + qOrGO
=

qO − qNi
qCNO − qNi

=
[O]XPS − [Ni]XPS

1 − 2[Ni]XPS
(3.7)

[C]rGO

[C]XPS
=

qCNO + qNi
qCNO − qNi

=
1

1 − 2[Ni]XPS
=

[N]rGO

[N]XPS
(3.8)

Therefore, with equation (3.7) and (3.8), [C, N, O]rGO can be calculated
from the atomic concentrations measured by wide scan XPS.

As seen, raw-GO exhibits a low C/O ratio (approximately 2.6) and no
presence of nitrogen-containing groups. The deposited films from both tar-
gets comprising GO-water and targets containing reactive imidazole mole-
cules, show an increase of the reduction degree in all cases, confirming that
the GO flakes were reduced and deposited simultaneously. The rGO-based
sample with the highest reduction degree (8.6) was synthesized in the pres-
ence of imidazole molecules. The GO-NiO film obtained without reactive
molecules in the target displays a C/O ratio similar to that of raw GO. GO
flakes may have a laser shielding effect due to the presence of highly UV
absorbing NiO NPs, which would impede the photochemical deoxygena-
tion process. Furthermore, the presence of imidazole molecules enhance
the deoxygenation process, leading to a reduction degree of 13.7. The sam-
ple deposited without imidazole molecules in the target (GO, GO-NiO)
reveal a minor incorporation of N into the rGO structure with a respective
N-doping degree of 2% and 3% originating from the N2 background gas



3.2. Nitrogen-doping of rGO and rGO-NiO electrodes 55

a)

b) c)

FIGURE 3.7: (a) Wide XPS spectra of electrode GO-NiO-
imi, (b) reduction degree and (c) nitrogen doping degree of
all fabricated electrodes. In (b), open bars are directly ob-
tained from measurements, whereas filled bars correspond
to the calculated concentration by subtraction of NiO con-

tribution.

environment. Conversely, the samples synthesized with imidazole precur-
sor exhibit higher N-doping degree (7% and 16% for GO-imi and GO-NiO-
imi, respectively). This feature can be attributed to the decomposition of
N-containing imidazole molecules and subsequent incorporation of N into
the rGO structure

Representative C 1 s and N 1 s high resolution XPS spectra of the de-
posited samples are displayed in Fig. 3.8a-c, including the corresponding
deconvoluted peaks. The C 1 s signal is deconvoluted in five components
ascribed to sp2-bonded carbon atoms, possibly with a minor contribution
of sp3 configuration (284.7 eV), in addition to hydroxyl (286.0 eV), epox-
ide (287.1 eV) and carboxylic (289.7 eV) groups [141]. The peak at 292.0 eV
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a) b)

c) d) Pyridinic N Pyrrolic-amine Graphitic N

FIGURE 3.8: Deconvolution of high resolution C 1 s XPS
spectra of (a) raw GO and (b) GO-NiO-imi sample; (c) de-
convoluted N 1 s spectrum of GO-NiO-imi sample; and (d)

ratio of N 1 s components of the fabricated samples.

is related to a shake-up satellite caused by a π-π∗ transition in graphene
structure [157]. As can be observed in Fig. 3.8a and b, the relative intensity
of the sp2-bonded carbon signal increases in the deposited films as com-
pared to raw GO. This effect is a consequence of the decrease of carbon-
oxygen bonds due to the reduction of deposited GO. On the contrary, the
deconvolution of the N 1 s spectra reveals the presence of nitrogen contain-
ing functionalities associated with pyridinic N (398.8 eV), pyrrolic-amine
groups (399.5 eV) and graphitic N (401.0 eV) (Fig. 3.8c) [141]. It is worth
mentioning that the contribution of pyridinic and pyrrolic N – C bonds
superposes the hydroxyl and epoxide peaks of the C 1 s spectrum [158].
Fig. 3.8d displays the integrated area of the N 1 s deconvoluted compo-
nents. GO sample exhibits the formation of pyrrolic-amine functionalities,
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GO-NiO shows the presence of graphitic nitrogen besides pyrrolic-amine,
and the samples developed with imidazole precursor reveal the presence
of all functionalities.

3.2.3 Electrochemical characterization

The electrodes prepared with imidazole precursor were studied by cyclic
voltammetry in the voltage window of 0–0.8 V and 10–150 mV s−1 sweep
rate. All the voltammograms show highly symmetric rectangular shapes
without the presence of pronounced peaks (Fig. 3.9a,b). The deviation
at highest potential comes from the oxygen-evolution reaction. The cur-
rent densities measured for the electrode containing NiO NPs are higher
as compared to those corresponding to the electrode obtained from GO-
imidazole target dispersions, in the absence of NiO. No evidence of po-
tential variation of features with sweep rate, characteristic of kinetic irre-
versibility, is perceived. However, a progressive symmetry deviation in
the voltammograms with increasing sweep rate is observed at the voltage
limits (0, 0.8 V), which is caused by kinetic limitations during the voltage
reversal at each cycle. The rectangular-like shape, without marked redox
peaks and the kinetic reversibility of the voltammograms point out to a
capacitive behaviour (surface mechanisms) in the electrodes [159, 160].

The oxygen- and nitrogen-based functionalities contained in the N-do-
ped rGO that constitute the electrodes would actually improve their ability
to store charges. The deposited electrodes should exhibit EDL and pseu-
docapacitance caused by redox reactions as the two primary mechanisms
of charge storage. Ideally, the formation of an electric double layer is ex-
pected at the interface between graphitic domains and electrolyte. Notably,
any remaining oxygen-containing chemical groups in rGO would impart a
polarity to carbon atoms, which interact with polar water molecules in the
electrolyte, increasing wettability [161]. Under these conditions, the equi-
librium reaction during charging at the positive electrode would be simply
presented as

Cx + A– −−→ Cx//A–
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a) b)

c) d)

FIGURE 3.9: CV curves at sweep rate range 10 mV s−1 –
150 mV s−1 of sample (a) GO-imi and (b) GO-NiO-imi (ar-
row indicates the increasing sweep rate). CV of the elec-
trodes (c) GO-imi and (d) GO-NiO-imi at 100 mV s−1 with

surface capacitance contribution highlighted in blue.

being Cx the carbon structure of the electrode and A– the anion molecules
of the electrolyte. A negative electrode undergoes a similar mechanism,
but involving cations. Additionally, nitrogen-containing chemical groups
will add pseudocapacitance through several redox reactions. Pyridinic and
pyrrolic nitrogen with negative charge, located at the graphene edges, were
reported to have the highest influence on the capacitance as a result of the
induced redox processes [162]. On the contrary, graphitic nitrogen, present
within the graphene sheet, substituting C atoms, has been demonstrated to
increase capacitance due to its positive charge that improves electron trans-
fer and adds n-type nature to the material [161–166]. All of this functional
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a) b)

FIGURE 3.10: (a) Areal capacitance vs. sweep rate of the
fabricated electrodes with imidazole precursor comparing
with previous GO5% and GO5% – NiO5% (open symbols).
(b) Corresponding volumetric capacitance vs. sweep rate

of the N-doped electrodes.

chemical groups, besides the NiO nanostructures, would enhance the stor-
age capability as compared to conventional rGO. Despite the formation of
different redox-active species in the rGO structure, the main contribution
to capacitance are surface processes, as it can be observed in Fig. 3.9c and
d, where the surface capacitance contribution from the total current is cal-
culated using equation (2.4). Taking into account the main contribution of
this surface processes together with the quasi-rectangular shape of voltam-
mograms, the surface capacitance can be determined from CV data using
equation (2.3).

The areal capacitance is presented in Fig. 3.10a together with the areal
capacitance values of GO5% and GO5% – NiO5% electrodes for compari-
son. As can be observed, the addition of the imidazole precursor increases
the areal capacitance, reaching ca. 6 mF cm−2 and 9 mF cm−2 @ 10 mV s−1
for GO-imi and GO-NiO-imi, respectively. In Fig. 3.10b, the corresponding
volumetric capacitance of these electrodes are calculated using the thick-
ness values measured by SEM, 0.43 ± 0.12 µm for GO-imi and 3.3 ± 0.8 µm
for GO-NiO-imi. The volumetric capacitance of GO-imi reaches around
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140 F cm−3 and that of GO-NiO-imi, 27 F cm−3. The higher volumetric ca-
pacitance of GO-imi electrode might be the result of the lower compactness
(larger thickness) of GO-NiO-based films due to an increased distance be-
tween NiO-coated rGO sheets. Additionally, NiO, a p-type semiconductor,
has been demonstrated to act as hole-transport electron blocking material
in p-n junctions [167]. As previously discussed, graphitic N-doped rGO
exhibits n-type behaviour. Thus, p-n nanojunctions with rectifying effect
would be present in the N-doped rGO flakes coated with NiO nanostruc-
tures, which might hinder charge storage procedures. It is also worth not-
ing that, as stated in the previous section, the performance of very thin
electrodes, such as those based on rGO, should not be directly extrapolated
to thicker films as they would not scale up linearly.

Galvanostatic charge discharge of both GO-imi and GO-NiO-imi elec-
trodes at 1, 2, 4 and 8 mA cm−2 are presented in Fig. 3.11a and b, respec-
tively. Despite the low thickness and low mass loading of the films (about
few µg cm−2), the corresponding specific currents are significative, about
kA g−1. The curves exhibit highly triangular profile without any plateaus,
indicating a quasi-linear dependence of voltage with time, which is a dis-
tinctive behaviour of electrochemical capacitors. As can be observed, the
charge/discharge time decreases as the applied current density increases.
The volumetric capacitances, calculated by equation (2.5), are shown in
Fig. 3.11c. Electrochemical impedance spectroscopy measurements were
acquired to study the AC performance of the electrodes. Nyquist plots of
GO-imi and GO-NiO-imi electrodes in a frequency range of 1 Hz to 200 kHz
are presented in Fig. 3.12a. As observed, the EIS curves exhibit the char-
acteristic behaviour of carbon-based porous electrodes containing a mod-
erately straight line at low frequencies and a partial semicircle at high fre-
quencies [168–170]. The curves were fitted by a modified Randles equiva-
lent circuit shown in Fig. 3.12b and their plots are presented as continuous
lines in Fig. 3.12a. This circuit contains a resistance R1 as equivalent series
resistance (ESR), accounting for the intrinsic resistance of the electrolyte,
besides electric contacts and materials of the electrode. This resistance is
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a) b)

c)

FIGURE 3.11: Galvanostatic charge–discharge data of (a)
GO-imi and (b) GO-NiO-imi for different applied currents;
(b) volumetric capacitance vs. applied current density of

GO-imi and GO-NiO-imi.

connected in series with two CPEs in parallel configuration. CPE1 repre-
sents the impedance developed from the double layer charge storage pro-
cesses, whereas CPE2 stands for the pseudocapacitance contribution gener-
ated by redox processes. A charge-transfer resistance (R2), related to redox
processes, is placed in series to CPE2, and in parallel, a leakage resistance
(R3). The fitted values for these parameters are listed in Table 3.3. Both
electrodes exhibit similar ESR, around 20Ω, and CPE1 has lower n expo-
nent of about 0.5–0.6 compared to CPE2 (0.9). The fitting of n values lower
than 1 indicates that the properties of the electrodes are not homogeneous
or exhibit some dispersion as highly contorted and rough surfaces, varying
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a) b)

FIGURE 3.12: (a) Nyquist plot of the EIS measurement
(points) and simulated data from the equivalent circuit
(lines) of fabricated electrodes containing imidazole pre-
cursor (the arrow indicates the direction of increasing fre-
quency). Inset details the high frequency range. (b) Equiv-

alent circuit for data fitting.

TABLE 3.3: Fitting values for the elements of the equivalent
circuit for electrodes with imidazole precursor.

CPE1 CPE2
R1
(Ω)

R2
(Ω)

R3
(Ω)

Y
(mS sn)

n
Y

(mS sn)
n

GO-imi 19.6 2.9 11600 0.28 0.6 0.67 0.9
GO-NiO-imi 19.8 4.3 > 108 0.35 0.5 0.61 0.9

thickness or composition of the film, and non-homogeneous redox reaction
rates. Having n values of CPE1 lower than CPE2 indicates that compared to
pseudocapacitive ones, double layer charge storage mechanisms are more
influenced by material imperfections (dispersive features).

3.2.4 Device fabrication and performance study

The performance of GO-imi and GO-NiO-imi electrodes in working de-
vices was examined by assembling symmetric electrochemical capacitors.
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To this purpose, pairs of both GO-imi and GO-NiO-imi films were pre-
pared (Fig. 3.13a). The voltammograms maintain the quasi-rectangular
shape without the presence of prominent peaks (Fig. 3.13b). Galvanos-
tatic charge-discharge voltage charts of the devices show the distinctive
triangular-shape profile (Fig. 3.13c). As seen, the applied current den-
sity causes a reduction in the charge-discharge duration of cycles. Using
equation (2.5), the corresponding volumetric capacitance of the SCs was
calculated and is displayed in Fig. 3.13d. Remarkably, GO-imi SC ex-
hibits higher volumetric capacitance than GO-NiO-imi device. GCD cy-
cling at 1.5 mA cm−2 current density was also used to examine the stabil-
ity of the devices. The GO-NiO-imi device disclose excellent behaviour
with capacitance retention and coulombic efficiency remaining unaltered
after 10000 cycles. Through mechanical strength and adhesion to the elec-
trodes, NiO nanostructures may contribute to structural stability in these
devices. However, the GO-imi SC shows a continuous fading of coulom-
bic efficiency and can only withstand a certain number of cycles (ca. 5000),
probably due to the considerably higher specific current density that the ac-
tive material of the electrodes has to bear and lower mechanical strength,
as consequence of the significant lower mass loading and the absence of
NiO, respectively.

The Ragone plot shown in Fig. 3.13f, allows the evaluation of the over-
all performance of the SCs. The volumetric energy and power densities
were calculated using equations (2.6) and (2.7), considering the total vol-
ume of active materials in the assemblies. A comparison of different en-
ergy storage devices is also presented, calculated with the total volume
of the device, including the active material, the current collector and the
separator with electrolyte [79, 171]. As can be observed, the GO-imi de-
vice has notably greater energy and power densities, about 4.0 mWh cm−3

and 6.5 W cm−3, respectively, as compared to the NiO-based device. The
energy density of GO-imi SC is also higher than that of commercial SCs
and comparable to that of Li batteries. In terms of power density, there is
a distinct advantage over Li batteries, while commercial SCs have similar
power density values.
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Cu contacts

Electrode Separator

Li thin-film
battery

4V/500 μAh
2.75 V/44 mF

commercial AC-SC

3.5V / 25 mF
SC
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GO-NiO-imi
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GO-imi
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FIGURE 3.13: (a) Image of an assembled SC device. (b) CV curves at sweep
rate range 10 – 150 mV s−1 (arrow indicates the increasing sweep rate) and
(c) GCD measurement of GO-NiO-imi SC device. (d) Volumetric capacitance
vs. applied current of symmetric device GO-imi and GO-NiO-imi. (e) Capaci-
tance retention and coulombic efficiency (inset) of both devices fabricated. (f)
Ragone plot of the fabricated SC device compared with commercially avail-
able energy storage systems. Data for the lithium battery, 3.5 V/25 mF super-
capacitor (SC) and 6.3 V/220 µF electrolytic capacitor [171] and data for the

2.75 V/44 mF activated carbon supercapacitor (AC-SC) [79].
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TABLE 3.4: Relative concentration of precursors in the
aqueous dispersions for RIMAPLE targets composed of

GO, MWCNT and NiO NPs.

Target dispersion Composition

GO-CNT-NiO-505 5 wt% GO, 5 wt% NiO NPs (No MWCNT)
GO-CNT-NiO-515 5 wt% GO, 1 wt% MWCNT, 5 wt% NiO NPs
GO-CNT-NiO-525 5 wt% GO, 2 wt% MWCNT, 5 wt% NiO NPs
GO-CNT-NiO-515-A 5 wt% GO, 1 wt% MWCNT, 5 wt% NiO NPs,

2 M NH3
GO-CNT-NiO-525-A 5 wt% GO, 2 wt% MWCNT, 5 wt% NiO NPs,

2 M NH3
GO-CNT-NiO-515-U 5 wt% GO, 1 wt% MWCNT, 5 wt% NiO NPs,

2 M urea
GO-CNT-NiO-515-M 5 wt% GO, 1 wt% MWCNT, 5 wt% NiO NPs,

0.3 M melamine

3.3 Addition of MWCNT to the rGO-NiO composite

The morphology of the material, specifically the pores distribution, is a key
factor for the energy storage performance since it is directly related to the
active surface where the electrolyte can interact [170, 172–174]. Hence, a
unique technique for producing high surface area nanocarbon electrodes
involves physically separating two-dimensional graphene-like sheets with
a tendency to aggregate using one-dimensional CNT [175–178]. This study
will be performed with the addition of MWCNT to the rGO-NiO com-
posite in different concentrations to obtain micrometric thickness films for
better stability. With this thickness, the scalability problems to thicker
electrodes will be essentially avoided, although the transition from rGO
submicrometric thick films to tens or hundreds of micron thick electrodes
could lead to appreciably lower volumetric capacitances. The capacitance
of the rGO-CNT-NiO composites can be further improved by doping with
nitrogen-containing chemical groups. The different electrodes were pre-
pared from the target dispersions presented in the Table 3.4 by the accu-
mulation of 6000 pulses at 0.4 J cm−2 laser fluence. The concentration of
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+ CNT

FIGURE 3.14: XHRSEM images of (a) GO-CNT-NiO-505,
and (b) GO-CNT-NiO-515.

GO and NiO NPs was set at 5 wt% and the MWCNT concentration was
varied up to 2 wt% to prevent precipitation and excessive viscosity of the
dispersions. The different nitrogen-containing molecules used were am-
monia, urea and melamine, which have been previously proven to cause
laser-induced chemical reactivity and nitrogen doping [141]. The concen-
tration of ammonia and urea were both set at 2 M, whereas the melamine
concentration was fixed at 0.3 M to avoid precipitation.

3.3.1 Morphological characterization

The deposited films present a uniform black colour under visual inspec-
tion. The change in the morphology on the addition of MWCNT to the
rGO-NiO composite is presented in Fig. 3.14. Randomly oriented MW-
CNT, of about 0.5–1 µm in length and ca. 20 nm in diameter, are mixed
with rGO sheets, from hundreds of nm to ca. 1 µm in lateral size, and NiO
NPs leading to an increased porosity. The rGO flakes display crumpled
shapes and irregular edges, forming aggregates and cavities of about tens
to hundreds of nm between the flakes and aggregates. Bent MWCNT ap-
pear in form of interwined beams of nanotubes, randomly distributed over
the rGO sheets.
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FIGURE 3.15: HAADF-STEM images of (a) GO flake and (b) MWCNT
in sample GO-CNT-NiO-515. (c) HRTEM of sample GO-CNT-NiO-515;
(d) zoomed-in area indicated in (c) with FFT of the area indicated by the
rectangle. TEM images of (e) GO-CNT-NiO-515-M and (f) GO-CNT-NiO-

515-A. Circles indicate the formation of nanometre-sized holes.
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FIGURE 3.16: HRTEM image of GO-CNT-NiO-515-M and
selected area filtered through FFT showing atomic planes

of (1 1 1) NiO with arrows indicating dislocations.

High resolution HAADF-STEM studies reveal that the rGO and MW-
CNT surfaces are covered with Ni containing nanostructures (bright re-
gions in Fig. 3.15a) as small as 1 nm (Fig. 3.15b), indicating that the molten
NiO NPs suffer both coalescence and dewetting mechanisms during the
laser radiation action forming larger and smaller nanostructures than ini-
tial NPs. According to HRTEM analysis, the nanostructures covering both
rGO flakes and MWCNT are crystalline (Fig. 3.15c and d). The interpla-
nar distances of this nanometric regions, as determined by FFT studies, are
0.24, 0.21, 0.14, 0.12 and 0.1 nm, respectively attributed to (1 1 1), (2 0 0),
(2 2 0), (2 2 2) and (4 0 0) crystallographic planes of cubic NiO (JCPDS 00-
047-1049). Remarkably, small, up to 10 nm-sized holes can be identified
on the surface of rGO flakes of the samples deposited in the presence of
N-containing precursor (Fig. 3.15e and f) not observed in the undoped
samples. Therefore, it could be stated that the nanoholes could be formed
through laser-induced chemical reactions between the GO platelets and
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a) b)-1.83q
-2.14q

FIGURE 3.17: (a) In-plane GISAXS intensity profiles of all
the samples. The q-range below 0.16 nm−1 is the beamstop
area. The origin of the peak at ca. 4 nm−1 is from kapton
window. (b) Temporal evolution of correlation length at

low (< 3.14 nm−1) and high (> 3.14 nm−1) q-ranges.

N-containing molecules dissolved in the matrix submitted to laser radia-
tion. HRTEM images of these N-containing films also depict highly crys-
talline NiO NPs with measured interplanar distances of 0.15-0.18 nm, 0.21-
0.22 nm and 0.24-0.25 nm corresponding to (2 2 0), (2 0 0) and (1 1 1) crys-
tallographic planes of cubic NiO (JCPDS 00-047-1049), respectively (Fig.
3.16). The value and distribution of these interplanar distances point to
the development of highly strained structures, which would also explain
the high density of edge dislocations found in certain areas filtered by FFT
(Fig. 3.16 zoomed region). The intense kinetic conditions that crystals un-
derwent during their growth at extremely high temperatures during very
short times result in all of the phenomena described.

Grazing Incidence Small Angle X-ray Scattering (GISAXS) analysis was
carried out to identify further structural characteristics at the nanoscale of
the deposited composites. The acquired intensity profiles of representative
samples are shown in Fig. 3.17a as a function of the in-plane scattering
vector (q). The scattered intensities at the low q values recorded follow
the power law and scale with the scattering vector as equation (2.2). The
experimental data in the q-range below 0.24 nm−1, corresponding to prob-
ing lengths (d = 2π/q) over 26 nm, was fitted with the aim to obtain the
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power law exponents. The sample GO-CNT-NiO-505 is characterized by
the highest exponent (2.14± 0.01). On the contrary, this value averaged for
all samples containing MWCNT, decreases to 1.83 ± 0.02. In the composite
materials, the scattered intensity is a consequence of electron density fluc-
tuations due to the presence of different types of nanomaterials exhibiting
different sizes, shapes, structural changes and pores. Larger q-range mea-
surements are necessary for the appropriate modelling of the structural
responses. In addition, in order to investigate the fractal dimension of the
samples, the q-range is requested to cover at least one decade, requiring
Ultra-Small Angle X-ray scattering (USAXS) and Ultra-Small Angle Neu-
tron Scattering (USANS) measurements. The present study will be focused
on the qualitative description of water accessibility to the pores in the given
q-range, specially for nitrogen-containing samples which exhibit the pres-
ence of nm-sized holes as shown by TEM (Fig. 3.15e and f). Additional
GISAXS data was collected during continuous up-down humidity ramps,
expected to cause the partial filling of pores with water. In such cases,
the electron density variation should result in the form factor change and
thus the scattering intensity. The q-range is split at 3.14 nm−1, which corre-
spond to probing length scales below 2 nm (q > 3.14 nm−1) and above 2 nm
(q < 3.14 nm−1), and the correlation length (lc) is calculated in the ranges
using

lc = π

∫ ∞
0 qI(q) dq∫ ∞

0 q2 I(q) dq
(3.9)

where I(q) is the scattering intensity [179, 180]. This parameter is shown in
Fig. 3.17b as a very sensitive indicator of changes in the scattering data in
the respective ranges assessed for samples GO-CNT-NiO-515-A and GO-
CNT-NiO-515-U as a function of time. The fact that the GO-CNT-NiO-
515-A samples exhibits no features while the sample produced with urea
reversibly follows the humidity ramp in both q-ranges indicates that the
surface chemistry is different for nitrogen-containing samples. All the rest
of the samples measured behaves similarly to GO-CNT-NiO-515-A with no
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response to humidity change. The correlation length of GO-CNT-NiO-515-
U sample at low q-range decreases with the increase of humidity, indicat-
ing that the volume fraction of pores is greater than that of the composite
material. In contrast, the correlation length rises with humidity at high q-
range. These results point to the dominance of bigger (> 2 nm) pores in
urea-containing sample, but more importantly, the reversible response in
both q-ranges has been shown.

3.3.2 Compositional characterization

Wide-scan XPS surveys of the samples reveal the presence of C, O, N and
Ni elements, similarly to the wide-scan spectra of GO-NiO-imi (Fig. 3.7a).
The reduction and nitrogen incorporation processes in the rGO-MWCNT
structures were studied through the C/O and N/(N + C) atomic ratios
assessed from the XPS surveys, after subtraction of the NiO contribution
from O concentration (Fig. 3.18a and b). As observed, the C/O ratio
slightly increases from 2.5 in samples GO-CNT-NiO-505 to 2.9 and 3.7 in
GO-CNT-NiO-515 and GO-CNT-NiO-525, respectively, with the inclusion
of MWCNT into the layer. This feature may indicate a lower relative oxygen-
to-carbon content for MWCNT than for rGO. The C/O ratio increases us-
ing melamine, reaching 5.3. Then, it might be noted that the N-doping
procedure results in increased reduction of the GO sheets and MWCNT.
Furthermore, GO-CNT-NiO-515-M exhibits the highest level of nitrogen
inclusion in the rGO structure (15.6), followed by the samples that were
deposited in the presence of urea (10.9) and ammonia (6.5 for GO-CNT-
NiO-515-A and 4.8 for GO-CNT-NiO-525-A). In the samples that include
ammonia, the incorporation of higher concentration of MWCNT leads to
the decrease of the the N-doping level, due to the higher carbon content
present. The GO-CNT-NiO-505 and GO-CNT-NiO-515 samples exhibit the
lowest nitrogen ratio, about 3.3 and 2.5, respectively, originating from the
reactive interaction of the heated carbon nanoentities with the background
N2 gas.
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FIGURE 3.18: (a) Reduction degree and (b) nitrogen dop-
ing degree of fabricated electrodes. In (a), open bars are
directly obtained from measurements, whereas filled bars
correspond to the calculated concentration by subtraction

of NiO contribution.

High resolution XPS spectra of C 1 s and N 1 s of the samples are sim-
ilar to that of the samples which do not include MWCNT in their com-
position (Fig. 3.8b and c). The C 1 s spectra of representative films were
deconvoluted into five components: C –– C sp2 with some contribution of
C – C sp3 (284.7 eV), hydroxyl groups (285.6 eV), epoxide functionalization
(286.7 eV), carboxylic groups (288.9 eV) and a shake-up satellite (290.4 eV)
(Fig. 3.19a). These peaks are present in all samples, with the exception of
the shake-up satellite which is characteristic for the GO-CNT-NiO-515-M
film only (Fig. 3.19c). In all the spectra, the component associated to C –– C
bonds is the most intense one. The N 1 s spectra were deconvoluted into
four components assigned to pyridinic nitrogen (398.7 eV), pyrrolic-amine
groups (399.9 eV), quaternary (graphitic) nitrogen (401.9 eV) and pyridinic
NOx (404.5 eV) (Fig. 3.19b) [157, 181, 182]. Interestingly, the concentra-
tion of different nitrogen groups vary from sample to sample (Fig. 3.19d).
The pyrrolic-amine groups are present in all layers, being the unique com-
ponent in GO-CNT-NiO-515 and GO-CNT-NiO-515-M, whereas GO-CNT-
NiO-505 and GO-CNT-NiO-515-A contain also graphitic N. GO-CNT-NiO-
515-A and GO-CNT-NiO-515-U contain pyridinic NOx (14% of the decon-
voluted area) and pyridinic N (37%) functionalization, respectively. The
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FIGURE 3.19: Deconvolution of high resolution (a) C 1 s
and (b) N 1 s of GO-CNT-NiO-A sample. Areal percentage
of the XPS deconvoluted components of the (c) C 1 s and

(d) N 1 s peaks of the fabricated samples GO-CNT-NiO.

presence of the observed nm-sized holes in the N-containing rGO struc-
tures (Fig. 3.15e and f), can be explained by the fact that the pyridinic and
pyrrolic N groups are linked to vacancies in the graphene backbone. The
incorporation of nitrogen into the carbon structure could occur by two dif-
ferent methods [51, 183–187]:

(i) The synthesis of a carbon-nitride material via thermal decomposition
of the N-containing molecules, acting as an intermediate product for
the formation of identified N-functional groups.
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a) b)

FIGURE 3.20: High resolution (a) O 1 s and (b) Ni 2 p spec-
tra of the GO-CNT-NiO-515-U sample.

(ii) The direct chemical reaction of GO-MWCNT functional groups with
the N-containing precursor molecules and N2 ambient gas in the irra-
diation chamber.

The O 1 s and Ni 2 p high resolution XPS signals were also registered.The
representative O 1 s and Ni 2 p spectra are displayed in Fig. 3.20a and b, re-
spectively. O 1 s lines were deconvoluted into three components: O1 at
529.7 eV, O2 at 531.7 eV and O3 at 533.2 eV. O1 is associated to double
C –– O bonds of carboxyl groups present in the rGO and MWCNT, besides
Ni – O bonds of the NiO nanostructures. O2 can be ascribed to defective
sites and/or adsorbed O in NiO crystals, as well as nickel hydroxide com-
pounds. O3 is related to single C – O bonds of the hydroxyl and epoxy
groups of the nanocarbons [188]. All the samples show similar configura-
tion of the O 1 s components, being O2 the most intense peak. Finally, the
spectra of the Ni 2 p doublet were deconvoluted into four components: Ni1
(856.1 eV) and Ni3 (873.8 eV) corresponding to Ni 2 p3/2 and Ni 2 p1/2, re-
spectively, and their associated shake-up satellites Ni2 (861.7 eV) and Ni4
(879.8 eV). The GO-CNT-NiO-515-A sample also shows the presence of
a weak component centred at 853.8 eV. The position of these distinctive
peaks indicates the formation of NiO and Ni(OH)2, which were formed by
the chemical reaction between molten NiO droplets and evaporated H2O
molecules from the matrix [188].
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FIGURE 3.21: Characteristic FTIRM normalized spectra of
raw GO, MWCNT, urea and melamine powders as well as
deposited samples GO-CNT-NiO-515, GO-CNT-NiO-515-

A, GO-CNT-NiO-515-U and GO-CNT-NiO-515-M.

Additional studies of the composition of the sample were performed by
synchrotron trans-reflection mode-FTIRM. Representative spectra of raw
precursors and films are shown in Fig. 3.21. The list of the observed bands
and their assignment are presented in Table B.1 of the Appendix B. As seen,
raw GO powder exhibits extremely weak characteristic bands, likely as a
result of strong scattering. The spectrum of MWCNT displays the bands
corresponding to C – O, C – OH and C – C bonds. The spectra of urea
and melamine base materials are composed by typical bands of N- and
O-containing groups. The spectrum of the GO-CNT-NiO-515 film mainly
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FIGURE 3.22: (a) Raman spectra acquired for representa-
tive films and (b) deconvolution of the Raman spectrum of

film GO-CNT-NiO-515-A.

displays weak bands corresponding to C –– C and C – O – C, besides the
contribution of C –– O and C – N bonds. The spectra of GO-CNT-NiO-515
films obtained with N-containing precursors reveal the presence of addi-
tional bands ascribed to several types of carbon-nitrogen chemical groups.
The spectra of the deposited samples do not coincide with the spectra of
the precursor materials. Thus, the presence of unreacted molecules may be
disregarded. The considerable nitrogen incorporation and bonding types
observed by XPS are confirmed by FTIR investigations. The absence of
C – H or C – C sp3 bands may have contributed to the minor amorphiza-
tion of the rGO/MWCNT and the formation of alkyl chains.

For the quantitative examination of the laser-induced structural modi-
fications of the deposited carbon nanostructures, Raman spectroscopy in-
vestigations were also performed. Several spectra were acquired at dif-
ferent sites of each deposited layer (Fig. 3.22a) and were deconvoluted
into five components centred at ca. 1190, 1360, 1490, 1600 and 1690 cm−1

referred to as I, D, D′′, G, and D′ components, respectively (Fig. 3.22b).
Moreover, the peak centred at 490 cm−1 is associated to NiO nanostruc-
tures [189]. The sp2-bonded carbons contained in the materials generate
the G band, whereas the presence of defects in the graphitic structure (va-
cancies, boundaries, sp3) cause the disorder-activated D band [190]. It is
well acknowledged that the D/G intensity ratio (ID/IG) is a figure of merit
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a) b)

FIGURE 3.23: (a) Box plot of the measured D/G intensity
ratios and (b) D/G intensity ratio vs. FWHM(G) of repre-

sentative samples, including linear fits.

for determining the quantity of defects present in the graphene structure,
as well as the ratio of D/G integrated intensities. If the laser-generated
defects destroy the graphitic rings, ID/IG increases in a low-density de-
fects regime, whereas decreases in a high-density defects regime [190–192].
However, attaining only to the intensity ratio may lead to erroneous con-
clusions as the disorder not only affect the intensities of the bands but also
the position and shape of the Raman peaks [193]. Since the width of the
G band always increases with the structural disorder, the ID/IG versus full
width at the half maximum of G, FWHM(G), allows us to determine the
defect regime of the rGO-MWCNT materials.

As observed in Fig. 3.23a where the D/G intensity ratios are presented,
the samples GO-CNT-NiO-505 and GO-CNT-NiO-515-U are envisaged to
have the lowest density of defects as they show the lowest D/G ratio.
However, attaining to D/G intensity ratio vs. FWHM(G) (Fig. 3.23b)
reveals that these samples are in a regime of high density of defects, ac-
counting to the decreasing behaviour. The samples GO-CNT-NiO-515, GO-
CNT-NiO-515-A and GO-CNT-NiO-515-M exhibit the opposite tendency,
indicating the presence of low density of structural defects.

According to the ID/IG vs. FWHM(G) results, the mean distance be-
tween defects (LD) and the corresponding density of defects (nD) were cal-
culated using
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FIGURE 3.24: (a) Calculated mean distance between de-
fects (LD) and corresponding density of defects (nD). (b)
Box plot of the D/D′ intensity ratio for the deposited sam-

ples.
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where EL = h̄ωL is the laser photon energy in eV. Equations (3.10) and
(3.11) are only valid for a regime of low-density of defects (LD > 10 nm)
[190, 191]. For a high-density of defects regime (LD < 3 nm), it should be
calculated using equations (3.12) and (3.13) [190]
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(3.12)
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(3.13)

As observed in Fig. 3.24a, the samples GO-CNT-NiO-515, GO-CNT-
NiO-515-A and GO-CNT-NiO-515-M disclose similar values of LD (ca. 12
nm) and nD (ca. 2 × 1011 cm−2), whereas GO-CNT-NiO-505 and GO-CNT-
NiO-515-U reveal about one order of magnitude lower LD (ca. 1 nm) and
two order of magnitude higher nD (ca. 2 × 1013 cm−2) values.



3.3. Addition of MWCNT to the rGO-NiO composite 79

D and D′ bands, absent in pristine graphene, increase when disorder
is induced in the sample up to a maximum value where it begins to de-
crease. Therefore, these bands are activated by defects in graphene and
the characteristics of such bands depend only on the type of defect and
not on the defect concentration [194, 195]. The nature of the defects cre-
ated in the deposited carbon nanostructures can be experimentally stud-
ied by the D/D′ intensity ratio, ID/ID′ (Fig. 3.24b) [195]. The samples
containing low-density of defects, GO-CNT-NiO-515, GO-CNT-NiO-515-
A as well as GO-CNT-NiO-515-M, present a ID/ID′ ratio near 13, pointing
to the main formation of defects associated with sp3 hybridizated carbon.
Moreover, GO-CNT-NiO-505 and GO-CNT-NiO-515-U disclose ID/ID′ ra-
tio of around 7.3 and 10.2, respectively, suggesting the foremost creation
of vacancies with the possibility of some contribution of boundary-like de-
fects. It is worth recalling that only the GO-CNT-NiO-515-U sample con-
tains pyridinic C – N groups. The presence of these groups in conjunction
with the high density of vacancies/boundaries could explain the SAXS dif-
ferent correlation length with humidity of this specific sample.

3.3.3 Electrochemical characterization

The registered CV plots display a quasi-rectangular shape with no pres-
ence of prominent peaks (Fig. 3.25a and b). The rectangular-like nature
of the voltammograms, together with the main contribution of capacitive
processes calculated using equation (2.4) and shown in Fig. 3.25c and d,
points towards capacitive charge storage processes. The addition of MW-
CNT does not increase significantly the diffusion components. Therefore,
the volumetric capacitance of the electrodes can be calculated using equa-
tion (2.3). As witnessed in Fig. 3.25e, the maximum capacitance of the
electrodes without MWCNT is ca. 4 F cm−3 @ 10 mV s−1. Interestingly, the
addition of MWCNT to the material structure significantly increases the
volumetric capacitance. The maximum values of capacitance rise to ca. 10
and 20 F cm−3 @ 10 mV s−1 in electrodes GO-CNT-NiO-515 and GO-CNT-
NiO-525, respectively. This implies that the addition of 2 wt% MWCNT to
the GO-CNT-NiO-505 target will enhance capacitance by 500%. The large



80 Chapter 3. Nanocarbon-based electrodes with NiO

a) b)

c) d)

e) f)

FIGURE 3.25: CV curves at sweep rate range 10–150 mV s−1

of (a) GO-CNT-NiO-515 and (b) GO-CNT-NiO-515-U (ar-
row indicates the increasing sweep rate). CV of (c) GO-
CNT-NiO-515 and (d) GO-CNT-NiO-515-U electrodes at
100 mV s−1 with surface capacitance contribution high-
lighted in blue. Volumetric capacitance vs. sweep rate of

(e) GO-CNT-NiO electrodes and (f) N-doped electrodes.
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increase of capacitance can be attributed to the film’s increased porosity
since the nanostructure and composition of the samples do not apprecia-
bly differ from one another. The low mass loading of the films does not
allow for the quantitatively evaluation of the porosity through the con-
ventional Brunauer-Emmett-Teller (BET) method. SEM analyses, however,
distinctly show the existence of NiO-coated MWCNT that are randomly
oriented inside the films. These MWCNT create channels between rGO
sheets enhancing the electrolyte’s ionic access to larger surface area of the
material (Fig. 3.14) [172, 173, 196].

Additionally, the chemical composition plays a critical influence in the
capacitance of the films (Fig. 3.25f). The volumetric capacitance of GO-
CNT-NiO-515 samples deposited in the presence of ammonia and urea
precursors increases to 20–21 F cm−3 @ 10 mV s−1 despite their different N-
doping nature in their structure. However, the electrode with the highest
N-doping percentage (mainly pyrrolic N-amine) deposited in the presence
of melamine precursor has a lower capacitance than the GO-CNT-NiO-515
electrode. The rGO-NiO and rGO-NiO-melamine electrodes previously
showed a similar behaviour, which was linked to the decreasing poros-
ity of the composite material [141]. The combined action of O- and N-
containing groups, such as quinone- and pyridinic-pyrrolic N, have also
been proven to increase electrochemical energy storage capacitance [162].
Moreover, graphitic-N groups, absent in the melamine sample, have been
demonstrated to contribute as strong electron-acceptor improving electron
transport [197–199]. These characteristics would also induce the raise of
the capacitance of the electrodes obtained with ammonia and urea. Sur-
prisingly, when the relative amount of MWCNT in the ammonia-based
targets increases (GO-CNT-NiO-525-A), the capacitance decreases as com-
pared to the samples synthesized in the absence of ammonia. Different
explanations could be given to this behaviour [51, 186]:

(i) Variations in film morphology (porosity) caused by the different ther-
mal conditions developed at the MAPLE targets during laser irradia-
tion.
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(ii) Variability in redox behaviour or charge-transfer efficiency of similar
N-containing groups depending on their base material, either rGO or
MWCNT.

(iii) Minor differences in the structure of N-containing groups in rGO and
MWCNT not detected by XPS and FTIRM measurements, caused by
reaction of ammonia during laser irradiation with O-containing groups
in GO and carboxylic-doped MWCNT.

Galvanostatic charge-discharge analyses of GO-CNT-NiO samples were
performed in the 0.03–6 mA cm−2 current density range. The resulting cur-
ves exhibit a nearly linear voltage response with time, with a triangular
shape, characteristic for capacitive materials (Fig. 3.26a). As expected,
the charge/discharge time decreases as the current density rises. Equation
(2.5) was also used to compute the volumetric capacitance of the electrodes.
The capacitance rapidly decreases with the increase of the applied current
density, as shown in Fig. 3.26b. At a current density of 30 µA cm−2, the
maximum capacitance of 84 F cm−3 is measured in the GO-CNT-NiO-515-
A electrode.

EIS measurements of the electrodes are presented in Fig. 3.27a. The
Nyquist plots of the samples display the characteristic straight-line shape
at low frequencies and a partial semicircle at high frequencies previously
explained. The equivalent circuit represented in Fig. 3.27b was used for the
fitting of the electrodes. The circuit is based on a Randles cell and consist
on an equivalent series resistance (R1); a constant phase element (CPE1);
a resistor (R2) in parallel with the CPE accounting for leakage of charges
in the capacitor due to electrochemical reactions; and a Warburg element
(W) in series with the capacitor, related to semi-infinite diffusion of ions
in the electrode. In contrast with the equivalent circuit used for imidazole
containing electrodes (Fig. 3.12b), there is no second CPE element to dif-
ferentiate EDL and pseudocapacitance. Similar characteristic times could
impede their distinction in two components. Therefore, the only CPE used
should incorporate both mechanisms. Table 3.5 presents the fitted values
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a) b)

FIGURE 3.26: (a) Galvanostatic charge-discharge data of
electrode GO-CNT-NiO-515-U and (b) volumetric capaci-
tance vs. applied current density of GO-CNT-NiO samples.
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FIGURE 3.27: (a) Nyquist plot of the EIS measurement
(points) and simulated data from equivalent circuit (lines)
of GO-CNT-NiO samples (the arrow indicates the direction
of increasing frequency). Inset details the high frequency

range. (b) Equivalent circuit for data fitting.
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TABLE 3.5: Fitting values for the elements of the equivalent
circuit for GO-CNT-NiO electrodes.

CPE1 W
R1
(Ω)

R2
(kΩ)

Y
(µS sn)

n
AW

(Ω s−1/2)

GO-CNT-NiO-505 23.8 50 54.5 0.93 186.4
GO-CNT-NiO-515 22.7 54 49.6 0.94 218.7
GO-CNT-NiO-525 31.5 97 60.6 0.93 174.1
GO-CNT-NiO-515-A 22.7 > 105 57.5 0.92 141.6
GO-CNT-NiO-515-U 25.2 63 46.8 0.95 187.9
GO-CNT-NiO-515-M 36.8 260 57.7 0.94 189.4

of the parameters of the equivalent circuit components. The equivalent se-
ries resistance, R1, of the electrode-electrolyte system ranges from 23–37 Ω.
The n exponent of the CPE element is greater than 0.92, indicating a nearly
ideal capacitor performance. The leakage resistance, R2, is high in all elec-
trodes (> 50 kΩ) accounting for low loss of stored charges, in agreement
with the similar charge/discharge time relation, equal to 1. Interestingly,
this resistance rises with the loading of MWCNT, and the GO-CNT-NiO-
515-A electrode shows practically no leakages.

Additional studies of representative samples were investigated through
Step Potential Electrochemical Spectroscopy (SPECS), scanning the applied
voltage in steps of 25 mV in the 0–0.8 V range (Fig. 3.28a). All the cur-
rent peaks were fitted using equation (2.13) and an example of this fit-
ting is shown in Fig. 3.28b. Fig. 3.29 presents the fitted values CC, RS,
B and G (or ires) obtained as a function of the voltage step. The GO-CNT-
NiO-515-U electrode has the highest capacitance across the entire voltage
range, followed closely by GO-CNT-NiO-515-A but with statistically dif-
ferent results, verified by an ANOVA study of the capacitance calculated
from multiple SPECS and CV experiments. This can be concluded despite
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a) b)

FIGURE 3.28: (a) Example of applied voltage steps and
corresponding current evolution with acquisition time in
SPECS experiment. (b) Fitting of a typical measured cur-
rent curve (imeas) considering the capacitive (icap), diffu-
sional (idi f f ) and residual (ires) components, and iTot =

icap + idi f f + ires.

the dispersion and associated error of the fitted values. The electrodes GO-
CNT-NiO-515 and GO-CNT-NiO-515-M show lower and fairly similar ca-
pacitance between them, while GO-CNT-NiO-505 exhibits the lowest ca-
pacitance, demonstrating that the addition of MWCNT increases the abil-
ity of the rGO-based composite to store energy. Interestingly, as compared
to the other electrodes, GO-CNT-NiO-515-U exhibits a significantly greater
value of RS. Since the electrolyte, cell configuration and current collector
are constant across all experiments, the change in series resistance should
be attributed to the chemical-structural modification of the active material
of the electrodes. Some interaction deviations at the electrode-electrolyte
interface brought on by surface redox reactions could also increase this re-
sistance. In all voltage range, the B parameters of the GO-CNT-NiO-515-U
and GO-CNT-NiO-515-A electrodes are very similar and higher than those
of other samples. This fact would imply higher values of either the ef-
fective area or the diffusion coefficient of such electrodes, given an equiva-
lent amount of transferred electrons in their respective redox processes and
comparable ionic concentrations. In all electrodes, the residual current, ires,
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a) b)

c) d)

FIGURE 3.29: Results obtained from fitting SPECS current
curves for each measurement step: (a) CC, (b) RS, (c) B and

(d) ires parameters.

increases with the applied voltage, being slightly higher for GO-CNT-NiO-
515-U and GO-CNT-NiO-515-A electrodes.

Cyclic voltammograms can be emulated from the SPECS data in the
4 × 10−4–1.2 V s−1 sweep rate range [132]. As seen in Fig. 3.30a, the result-
ing voltammograms display a rectangular-like shape, as demonstrated in
previous CV studies, indicating that the surface processes (EDL and pseu-
docapacitance) contribute mainly to the stored charge. The measured cur-
rent was assumed to be the sum of the capacitive (icap) and diffusional
(idi f f ) components, with the contribution of residual current (ires) being
disregarded. The response current should follow equation (2.4), which
enables analysis of the contribution to the current of the capacitive (sur-
face) processes and the diffusion-limited ones for each voltage (Fig. 3.30a).
As expected, the percentage of the capacitive contribution increases with
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FIGURE 3.30: (a) Typical voltammogram generated from SPECS data, cor-
responding to GO-CNT-NiO-5151-U electrode at 86.7 mV s−1 sweep rate
(iTot), together with the calculated current generated from the capacitive
processes (icap). (b) Percentage of the capacitive charge for the analysed
electrodes. (c) Typical linear fitting of iTot v−1/2 vs. v−1/2 for GO-CNT-
NiO-5151-U and GO-CNT-NiO-5151-A electrodes. (d) Coefficient of de-
termination (R2) of the linear fitting as a function of voltage (up and

down) for the GO-CNT-NiO-5151-U electrode.

sweep rate due to the difficulties of diffusional ionic species to follow the
fast voltage variations (Fig. 3.30b). In contrast to the above conclusions,
the GO-CNT-NiO-515-U electrode displays a significantly low capacitive
contribution that could be interpreted as “battery-like” behaviour. How-
ever, the origin of this effect is connected to the fitting process. Fig. 3.30c
shows two typical linear regressions of iTot v−1/2 vs. v−1/2. As can be seen,
the data from GO-CNT-NiO-515-A film fits the data well across all the volt-
age range, while GO-CNT-NiO-515-U sample has a very poor fit due to the
current fading at highest sweep rates. In the complete voltage range of this
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particular sample, a extremely low coefficient of determination is calcu-
lated (Fig. 3.30d), not observed for other electrodes. This lack of linearity
may be the result of the electrical attenuation in the porous matrix of the
electrode, which exhibits and additional increase in resistance that is not
taken into account by equation (2.4). This behaviour was attributed to the
“porous-electrode” effect [200, 201] where the signal may become attenu-
ated in pores having finite resistance, leading to a progressively increase
of the iR-drop. Due to this attenuation, the local response current cannot
be stated as a straightforward relation between the current and v or v1/2.
Thus, it is possible to underestimate the surface percentage. Therefore, the
significantly larger RS values found in GO-CNT-NiO-515-U compared to
the other electrodes are likewise explained by this “porous-electrode” ef-
fect. The linear regression of this particular sample disregarding the fastest
sweep rates (v > 86.7 mV s−1) results in a coefficient of determination close
to 1. This value is maintained across the entire voltage range with the ex-
ception of voltages close to 0.8 V. Consequently, the associated capacitive
percentage significantly increases, rising to the highest one (Fig. 3.30b).
The larger CC values obtained from the current peaks regression investiga-
tion (Fig. 3.29a) and this outcome would be consistent.

The reactive inverse MAPLE fabrication of ternary hybrid electrodes
composed of rGO, MWCNT and NiO NPs was proven. The relative quan-
tity of MWCNT allows the tuning of the layer morphology leading to a
boost of the capacitance. The majority of previous works primarily at-
tribute the increased capacitance seen in the N-doped graphene-based elec-
trodes to various elements of the electric-faradaic behaviour of the N-con-
taining functional groups and their impact in nearby carbon atoms [185,
202–208]. Thus, it is believed that the graphitic N promotes the electron
transfer, leading to the decrease of the charge-transfer resistance of the n-
type doped graphene. In addition to their activity in catalytic reactions,
pyridinic and pyrrolic N are also believed to have pseudocapacitive prop-
erties in charge-discharge processes, especially in pyridinic groups. Large
dipole moments are also present in substitutional and pyridinic N, which
would increase the wettability of the electrode. Despite the fact that the
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porosity is always present, significantly fewer studies connected the im-
provement in charge storage performance to the nanomorphology caused
by nitrogen doping of graphene [209–211]. The results of the present study
reveal the significance of the structural configuration of the electrode at the
nanoscale — specially, crystalline defects — influencing the ability of the
electrode to store energy. This structural effect, which is related to chemical
functionalization, might be as significant as the faradaic component. Ob-
taining electrodes with a certain structural-electrochemical nature highly
depends on the type of precursor molecule used for the N-doping process.
The GO-CNT-NiO-515-U electrode exhibits a considerably more porous
structure as compared to other electrodes, as revealed by the XPS, Raman
spectroscopy and GISAXS investigations. This is due to the presence of
pyridinic N in the electrode, which is linked to carbon atom vacancies and
the formation of nanoholes [212]. This feature together with the faradaic
nature of pyridinic N [213], would explain the higher capacitance of the
electrode as compared to highly N-doped films with comparable density
of defects in the graphitic structure. Due to the electric-faradaic behaviour
of the graphitic N and pyridinic N – O groups [162], the capacitance of
GO-CNT-NiO-515-A sample is almost double of that of GO-CNT-NiO-515-
M and its counterpart without ammonia (GO-CNT-NiO-515). Addition-
ally, it has been demonstrated that the pyrrolic N groups, despite being
linked to structural holes, do not significantly contribute to the capacitance
of the samples. Pyridinic N would preferentially form in the basal-plane,
whereas pyrrolic N is situated at the edges of plasma-fabricated N-doped
graphene materials [214]. Assuming this fact, edge pyrrolic N in the fab-
ricated composites would not significantly contribute to the formation of
nanoholes (i.e. to the increase of the effective surface area), on the contrar-
ily to basal pyridinic N groups, which mostly contribute to the increase of
the EDL capacitance.
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3.4 Conclusions

Reactive inverse MAPLE is a potential technique for the fabrication of func-
tional graphene-based composites for electrochemical capacitors.

Electrodes composed of rGO only were successfully developed. The
effects of the addition of NiO NPs to the rGO was also studied. The forma-
tion of NiO nanostructures were demonstrated, enhancing the areal capac-
itance of the rGO-NiO composite. The storage performances of the elec-
trodes were improved with the addition of imidazole to the RIMAPLE tar-
get dispersion as nitrogen-containing precursor to N-doped the nanocar-
bon material. The assembling of symmetric electrochemical devices was
tested, with good durability and stability upon cycling, up to 10000 cycles.

The addition of MWCNT increased mesoporosity, which augments dif-
fusion pathways for the ionic species of the electrolyte, leading to the in-
crease of the capacitance. Additionally, the constitution of the carbon na-
noentities significantly differs depending on the type of N-containing pre-
cursor molecule. It was possible to deposit nanocomposites with con-
trolled degrees of GO reduction and N-doping level, through UV laser-
induced reactions between GO sheets and precursor molecules, enabling
the adjustment of the functional characteristics in a very straightforward
and flexible manner. Notably, compared to analogue electrodes containing
rGO, MWCNT, NiO with different N-doping, the electrode synthesized us-
ing urea precursor in the target exhibited higher porosity and density of
structural defects of the vacancy-boundary type. The significant increase
in the capacitance of the electrode was directly associated to the variation
in structural configuration at the nanoscale, related to the presence of pyri-
dinic N.
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Chapter 4

Nanocarbon-based electrodes
with CeO2

This chapter will be focused on the development of carbon-based elec-
trodes decorated with CeOx NPs. Simulations of the laser process will
elucidate the different mechanisms involved during deposition. Morpho-
logical and compositional analyses will describe the electrodes and their
energy storage performance will be studied by means of electrochemical
measurements.

After this investigation, the composite electrodes’ electrochemical per-
formances will be improved through the addition of manganese oxide NPs.
Two different methods of target preparation will be tested and the results
will be compared between them and previous ones. Subsequently, a de-
vice will be assembled and studied with the best obtained electrodes. To
conclude, the electrochemical performance of these electrodes will be eval-
uated with an organic electrolyte.

4.1 Electrodes composed of rGO, MWCNT and CeOx

Cerium dioxide (CeO2) is a relevant rare earth metal oxide that is both
abundant and inexpensive. Recent findings demonstrate the exceptional
supercapacitive performance of CeO2 nanostructures [215–217], and also
in combination with carbon-based materials [218, 219]. Despite having
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a) b)

FIGURE 4.1: (a) Simulated temperature of CeO2 NPs and
carbon nanostructures during laser irradiation and (b) tem-
perature map (K) of an aggregate of 50 nm radius com-
posed of 6 NPs surrounding a single one at the end of the

laser pulse.

good redox characteristics, CeO2 structures generally have poor conduc-
tivity and lack of structural stability. Synergistic effects would arise from
the combination of this material in nanoscale size with carbon-based com-
pounds. This way, the disadvantages of CeO2 materials could be avoided
preserving the thermal conductivity, high electron mobility, mechanical
stability and large surface area of carbon-based materials.

As previously stated in Chapter 3, GO and MWCNT follow similar
photothermal and photochemical processes. Focusing on CeO2 NPs and
considering their absorption and their bandgap of ca. 3.2 eV [220], the ex-
cited electrons would result in significant heating through electron-phonon
scattering. The laser irradiation of CeO2 could cause its reduction forming
Ce2O3 [221, 222]. Moreover, a reversible transition between the cerium ox-
idation states Ce4+ and Ce3+ can be produced by the existence of intrinsic
oxygen vacancies from either laser-induced defects or the raw nanoparticle
lattice [223].

The effect of UV laser irradiation of GO, MWCNT and CeO2 NPs im-
mersed in a water-ice target during RIMAPLE deposition process was in-
vestigated by numerical simulations using COMSOL software. The study
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TABLE 4.1: Relative concentration of precursors in the
aqueous dispersions for RIMAPLE targets composed of

GO, MWCNT and CeO2 NPs.

Target dispersion Composition

GO-Ce 5 wt% GO, 5 wt% CeO2 NPs
CNT-Ce 1 wt% MWCNT, 5 wt% CeO2 NPs
GO-CNT-Ce-515 5 wt% GO, 1 wt% MWCNT, 5 wt% CeO2 NPs
GO-CNT-Ce-525 5 wt% GO, 2 wt% MWCNT, 5 wt% CeO2 NPs

of nanocarbon materials follows a similar description as using NiO NPs
described in Chapter 3. The temperature change was simulated during sin-
gle pulse irradiation conditions taking into consideration the optical [224]
and thermophysical properties [225] of CeO2 NPs (Table A.1). As previ-
ously stated, the transparency of water ice to the used UV radiation allows
the rapid heating of the nanocarbon materials and the oxide NPs after the
absorption of the radiation. As shown in Fig. 4.1a, the abrupt heat re-
leased by a single NP or a carbon nanoentity (GO, CNT) induces the ex-
plosive boiling of waiter ice surrounding the laser-absorbed material and
the deposition of the material of interest in the substrate surface. GO is re-
duced throughout this deposition process by the laser irradiation, and the
CeO2 NPs follow thermally-driven recrystallization at temperatures above
1000 ◦C during several ns, but remaining below the melting point. How-
ever, since NPs tend to aggregate, melting and phase change of the CeO2

can be induced by laser irradiation of the aggregates with dimensions at
least 50 nm radius (Fig. 4.1b).

Electrode layers were prepared starting from dispersions with concen-
trations of base materials summarized in the Table 4.1. The deposition
of the electrodes was performed by the accumulation of 6000 pulses at
0.4 J cm−2 laser fluence. Stainless steel foils were used as substrates, fol-
lowing the procedure described in Chapter 2.



94 Chapter 4. Nanocarbon-based electrodes with CeO2

FIGURE 4.2: Electrode layer deposited over stainless steel
substrate.

b)a) c)

1 μm 1 μm1 μm

FIGURE 4.3: XHRSEM images of (a) GO-Ce, (b) CNT-Ce
and (c) GO-CNT-Ce-515 samples.

4.1.1 Morphological characterization

The fabricated electrodes are adherent to the flexible substrate and show
uniform black colour (Fig. 4.2). The thickness of the electrodes is on the
micrometric range: 1.4 ± 0.2µm for GO-Ce; 1.2 ± 0.1µm for CNT-Ce; 1.7 ±
0.1µm for GO-CNT-Ce-515; and 1.1± 0.1µm for GO-CNT-Ce-525. Morpho-
logical XHRSEM analyses prove that the fabricated electrodes have a ho-
mogeneous structure. The carbon nanostructures of GO-Ce (Fig. 4.3a) and
CNT-Ce (Fig. 4.3b) composites can be clearly distinguished. The structure
of the ternary rGO, MWCNT and CeO2 NPs layer (Fig. 4.3c) is character-
ized by a higher porosity as compared to the binary counterparts.
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1 μm 1 μm

↑↑CNT

b)a)

FIGURE 4.4: XHRSEM images of (a) GO-CNT-Ce-515, and
(b) GO-CNT-Ce-525. Regions with agglomerated MWCNT

are indicated.

The investigations revealed that the concentration of MWCNT in the
initial dispersion is crucial to avoid aggregation. The increase of the MW-
CNT concentration to 2 wt% causes the formation of aggregates and inter-
twined nanotubes (Fig. 4.4b), not observed at lower concentration where
the MWCNT are evenly distributed (Fig. 4.4a).

Fig. 4.5a and b show higher magnification XHRSEM images where
the presence of rGO sheets and MWCNT decorated with nanostructures
can be observed. In Fig. 4.5c, the HRTEM image reveals that the MW-
CNT (0.34 nm interplanar distance) are covered with nanocrystals. The sur-
face particles have dimensions of around 5 nm and show highly crystalline
structures with interplanar distance of 0.31 nm corresponding to the (1 1 1)
lattice plane of CeO2 (JCPDS 00-004-0593). These structures are spread
over the surface of the MWCNT. It is worth mentioning that these struc-
tures are suitable for energy storage applications with the MWCNT work-
ing both as a scaffold and as a current collector for the insulating pseudo-
capacitive metal oxides, which store energy through pseudocapacitance.
Additionally, the small size of the oxide crystals enables them to maintain
low electric resistance [223]. Besides the few nanometer-sized nanoparti-
cles, larger spherical particles can also be distinguished, with diameters
reaching a few tens of nanometers (Fig. 4.5a). The particles size range
is different from that of raw CeO2 NPs (average diameter of 25 nm) due
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FIGURE 4.5: XHRSEM images of (a) CNT-Ce electrode with
magnified region on the right and (b) GO-Ce layer. HRTEM

images of (c) CNT-Ce and (d) GO-CNT-Ce-515.
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to the laser-induced structural transformation during the deposition pro-
cess. Small nanoparticles would be probably formed by fragmentation of
molten CeO2 droplets while the larger particles, through their coalescence.
HRTEM images of GO-CNT-Ce-515 sample indicate that both rGO sheets
and MWCNT were decorated with NPs exhibiting a plethora of sizes and
compositions (mainly CeO2 and Ce2O3). Fig. 4.5d reveals different crys-
talline domains compatible with (1 0 1) and (1 1 1) lattice planes of Ce2O3

(JCPDS 00-023-1048) and CeO2, respectively, of sizes in the range 5 – 35 nm,
proving that part of the CeO2 is reduced during the laser deposition pro-
cess.

4.1.2 Compositional characterization

Fig. 4.6a shows the wide range XPS spectrum of the GO-CNT-Ce-515 elec-
trode. The spectrum consists on the lines corresponding to the elements
present in the composition of the layer, C, O and Ce. The incorporation of
N from background gas during deposition is negligible as the N 1 s line
could not be detected in the spectrum. In Fig. 4.6b and c, the respec-
tive C 1 s and O 1 s high-resolution spectra of the electrode are presented.
C 1 s peak is deconvoluted into four lines equivalent to rGO-NiO compos-
ites from Chapter 3, corresponding to sp2-bonded carbon (284.8 eV) with
some contribution from sp3 bonds, carbon-oxygen single bonds hydroxyl
(285.7 eV) and epoxide (286.5 eV) as well as carbon-oxygen double bonds
of carboxylic (289.5 eV) groups [141]. As in rGO-NiO samples, the absence
of carbonyl groups present in RIMAPLE samples that contain Fe3O4 and
TiO2 NPs [108, 141, 145], is noteworthy. Analysing the areal percentage
of each peak, sp2-bonded C –– C is the main component of the C 1 s spec-
trum, indicating the reduction of the GO platelets during laser irradiation
and the formation of graphene-like structures. Furthermore, O 1 s signal is
deconvoluted in components corresponding to oxygen bonding with Ce4+

(529.95 eV) and Ce3+ (531.4 eV), the last one also related to oxygen vacan-
cies O2 – in the metal oxide lattice, besides the contributions of hydroxyl
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a)

b) c)

FIGURE 4.6: (a) Wide XPS spectra and fitting curves of
high-resolution (b) C 1s and (c) O 1s spectra of the sam-

ple GO-CNT-Ce-515.

(532.15 eV) and carboxyl (533.2 eV) bonds [153, 226, 227]. From the in-
tegrated area of the Ce4+ and Ce3+ peaks, the relative content of Ce4+ is
estimated at 61%.

For the elucidation of the Ce bonding states, Ce 3 d3/2 and Ce 3 d5/2 sig-
nals were deconvoluted. The six peaks labelled as v0, v1, v2 (3 d5/2) and v′0,
v′1 and v′2 (3 d3/2) refer to the three pairs of spin-orbit doublets characteristic
of Ce4+ 3 d final states. Another two pairs of spin-orbit doublets u0, u′

0 and
u1, u′

1 correspond to Ce3+ [228]. The contribution of these last doublets to
the XPS spectrum of raw-CeO2 NPs is lower, as compared to the spectrum
of the GO-CNT-Ce-515 electrode (Fig. 4.7). This complex deconvolution
does not allow obtaining a reasonable result. However, the contribution of
Ce4+ can be estimated using the relation
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FIGURE 4.7: Ce 3d3/2 and Ce 3d5/2 high resolution XPS of
GO-CNT-Ce-515 and CeO2-raw NPs.

Ce4+ (%) =
v′2%
14

× 100 (4.1)

where v′2% is the percentage of v′2 peak area respect to the total Ce 3 d area,
with the relative error in the range of 10% [229]. Using this relation, the
percentage of Ce4+ for raw CeO2 is 100%, as expected, and for GO-CNT-
Ce-515 is 70%, compatible with the one obtained from the study of the O 1 s
band. The coexistence of both states leads to the presence of Ce2O3 and
CeO2 as determined with HRTEM analyses. Additionally, CeO2 – x inter-
mediate states that contain partially reduced CeO2 could be also present in
the layers. Therefore, some of the initial NPs undergo reduction processes
during the deposition, changing from Ce4+ to Ce3+ state. Given that stoi-
chiometric CeO2 is an insulator, this reduction is crucial for increasing the
electronic conduction achieved with the diffusion through hopping mech-
anism of small formed polarons. Additionally, there is an improvement of
the capacity of the ceria matrix to store and mobilise oxygen [227, 230].

The composition of the electrodes was further investigated by synchro-
tron-based FTIRM. Despite the reduced film thickness, intense synchrotron
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FIGURE 4.8: SR-FTIRM spectra of samples MWCNT-raw,
GO-raw and GO-CNT-Ce 515.

light source allowed to identify various characteristic bands in the trans-
reflection operation mode. Fig. 4.8 shows the SR-FTIRM of representative
samples. GO-raw spectrum is composed by peaks situated at 810 cm−1

(attributed to C – H and/or C – O – C), 890 cm−1 (C – O – C), 1050 cm−1

(C – O alkoxy), 1210 cm−1 (C – O – C), 1235 cm−1 (C – OH) and 1715 cm−1

(C –– O), corresponding to the oxygen containing functional groups of GO
platelets. The spectrum also reveals a flatten band at 1600 cm−1 (C –– C sp2)
[74, 231]. The C – OH line from the carboxylic functionalization is the dom-
inant feature of the MWCNT-raw spectrum. However, the C –– O band is
not visible, and the C –– C sp2 bonds line of the carbon structure is slightly
shifted towards lower wavenumbers as compared to the C –– C line in the
spectrum of the GO platelets [232].

The spectrum of the GO-CNT-Ce-515 sample reveals the presence of
C –– C sp2 groups with a band located at 980 cm−1 as well as a broadband in
the range 1560 – 1600 cm−1. The doublet peaks at 2857 cm−1 and 2925 cm−1

are ascribed to symmetric and antisymmetric stretching vibrations of – CH2

and the peak at 1450 cm−1 is associated with – CH2 bending [233, 234]. It
has been reported that these groups, which are constituents of alkyl chains
that could be formed during reconfiguration of GO ro rGO, contribute to
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the electrochemical performance [235]. However, this alkyl groups could
be by-products not linked to the rGO. All of the oxygen-containing bands
present in raw materials are reduced or are missing in the characteristic
spectrum of the deposited sample, proving the reduction of GO platelets
during the deposition process. The small bands located at 2350 cm−1 and
assigned to CO2 are present in all measured samples.

4.1.3 Electrochemical characterization

Voltammograms of the electrodes GO-Ce, CNT-Ce and GO-CNT-Ce-515 at
100 mV s−1 sweep rate are shown in Fig. 4.9a, b and c, respectively. The ca-
pacitive contribution from the total current measured using equation (2.4)
is highlighted. Once again, the oxygen-evolution process in the aqueous
electrolyte is responsible for the peak at ca. 0.8 V. The recorded voltammo-
grams show quasi-rectangular shape and no presence of prominent peaks.
This behaviour together with the main contribution of the capacitive cur-
rent proves the capacitive (surface) processes as main charge storage mech-
anisms in the electrodes. The percentage of the capacitive contribution
of all the fabricated samples at 100 mV s−1 is presented in Fig. 4.9d, con-
firming that the main contributions are surface processes. Fig. 4.9e shows
the typical voltammograms of the electrode GO-CNT-Ce-515 for different
sweep rates. The quasi-rectangular shape of the voltammograms is con-
served with the sweep rate change. Considering the major contribution of
surface processes, the volumetric capacitance can be calculated from CV
data with the aid of equation (2.3). Fig. 4.9f shows the volumetric capaci-
tance at different sweep rates for the four fabricated electrodes. Comparing
the capacitance measured at 10 mV s−1 sweep rate, both GO-Ce and CNT-
Ce electrodes disclose ca. 60 F cm−3. However, the electrode containing
MWCNT reveals lower energy storage for higher sweep rates, in agree-
ment with the lower capacitive surface contribution from the total current,
as presented in Fig. 4.9d. This result supports the ones from Chapter 3,
revealing that the addition of MWCNT to GO-NiO system boosts the dif-
fusive process, lowering the capacitance at high sweep rates. The addition
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a) b)

c) d)

e) f)

FIGURE 4.9: CV of the samples (a) GO-Ce, (b) CNT-Ce and (c) GO-CNT-Ce-
515 at 100 mV s−1 with surface capacitance contribution highlighted in blue;
(d) percentage of surface contribution in capacitance of the fabricated elec-
trodes at 100 mV s−1; (e) CV curves of the sample GO-CNT-Ce-515 at sweep
rate range 10 mV s−1 – 150 mV s−1 (arrow indicates the increasing sweep rate);

(f) volumetric capacitance vs. sweep rate of the fabricated electrodes.
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a) b)

FIGURE 4.10: (a) Galvanostatic charge–discharge data of
GO- CNT-Ce-515 for different applied currents; (b) volu-
metric capacitance vs. applied current density of all the

fabricated electrodes.

of 1 wt% of MWCNT to GO-Ce dispersion, increases slightly the capaci-
tance of the obtained electrode to ca. 70 F cm−3. In addition to enhance
electron transport, the MWCNT increase porosity and prevent re-stacking
of GO by broadening the spacing between GO sheets [236]. The addition
of a higher concentration of MWCNT (2 wt%) reduces the capacitance to
40 F cm−3, due to the formation of nanotubes aggregates, hindering the ac-
cess of the electrolyte ions to the active area of the electrode [236].

GCD measurements were acquired at current densities in the range of
0.2 – 2 mA cm−2. Fig. 4.10a depicts a typical charge-discharge curve and
the quasi-linear voltage response with time that gives capacitive materi-
als their distinctive triangular form. The decrease in the charge/discharge
time with the increasing current can also be observed. The coulombic ef-
ficiency is around 97% for most current densities and it decreases to 90%
for the lowest applied current values. As a result, there is practically no
charge loss during operation. The volumetric capacitance was calculated
using equation (2.5) and the results are represented in Fig. 4.10b. The mea-
sured capacitances are consistent with those calculated in CV data, reach-
ing similar values for applied currents of 0.2 mA cm−2 and sweep rates of
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FIGURE 4.11: (a) Nyquist plot of the EIS measurement
(points) and simulated data from the equivalent circuit
(lines) of all the fabricated samples (the arrow indicates the
direction of increasing frequency). Inset details the high

frequency range; b) equivalent circuit for data fitting.

10 mV s−1. Additionally, as applied density rises, capacitance decreases,
resulting in quicker processes and less charge being stored.

The electrodes were also investigated through EIS measurements. The
registered Nyquist plots are presented in Fig.4.11a. At high frequencies,
EDL and charge-transfer reactions result in a characteristic partial semi-
circle loop. At low frequencies, diffusion processes should be predomi-
nant. However, slower mechanisms could result in an additional semi-
circle loop, shifting diffusion to lower frequencies. Hence, two distinct
processes with their respective characteristic time may be differentiated in
some electrodes with two unique semicircle plots. The equivalent circuit
shown in Fig. 4.11b was used to fit all the curves, and the plots are shown
as continuous lines in Fig. 4.11a. The equivalent circuit used is the same
one as films containing imidazole from Chapter 3 (Fig. 3.12b), where a de-
tailed explanation of their components was given. Table 4.2 summarizes
the values of the elements for the equivalent circuit fitting of the EIS data.
The films present a comparable ESR (or R1) values of about 14Ω. This
resistance is the sum of the intrinsic resistance of electrodes and that of
electrolyte besides the external wiring. The R2 (charge-transfer resistance)
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TABLE 4.2: Fitting values for the elements of the equivalent
circuit.

CPE1 CPE2
R1
(Ω)

R2
(Ω)

R3
(Ω)

Y
(µS sn)

n
Y

(µS sn)
n

GO-Ce 13.4 51.4 886.1 25.8 0.82 36.0 0.84
CNT-Ce 15.4 225.3 10991 14.2 0.85 52.8 0.89
GO-CNT-
Ce-515

13.8 30.7 1881.3 38.1 0.83 25.5 0.94

GO-CNT-
Ce-525

14.4 25.7 2564.1 23.3 0.84 22.9 0.91

values of the electrodes are also comparable, with the exception of CNT-
Ce electrode, which has a resistance one order of magnitude higher. It is
worth noting that this electrode presented the highest decay of capacitance
with the sweep rate (CV) and the current density (GCD) (Fig. 4.9f). There-
fore, the high charge-transfer resistance of this film accounts for its slower
storage of energy, decreasing its performance in fast charge-discharge pro-
cesses. Warburg elements were negligible in the fitted model, indicating
that the R2 element is the one accounting for electrolyte diffusion contri-
bution in the measured frequency range. Low charge leakage is indicated
by R3 (leakage resistance) values in the order of kΩ. Regarding CPE, all
n values are greater than 0.82, confirming the almost ideal capacitor be-
haviours.
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4.2 Increase of electrochemical performance through
combination of metal oxides

The maximum capacitance value of the electrodes containing CeO2 NPs is
higher as compared to their counterparts including NiO NPs in their com-
position (presented in Chapter 3). The capacitance of the electrodes can be
further increased through different routes. It has been demonstrated that
combining two or more metal oxide materials can improve electrical con-
ductivity. Hence, better charge storage performances result from enhanc-
ing charge transfer [237]. Besides, the combination of metal oxides leads
to different oxidation states enabling multiple redox reactions, enhancing
rapid faradaic reactions with synergistic effects [238]. The study of the su-
percapacitive improvement of mixtures composed of two or more metal
oxides has recently been the subject of numerous investigations. Among
various metal oxides, manganese-based ones (MnOx) are the most promis-
ing materials due to their superior electrochemical performance, low cost,
abundance, structural diversity as well their environmentally friendly na-
ture [239, 240]. Although MnO2 was reported to have the best energy
storage properties [241], MnO and Mn3O4 are also used as SC electrodes
[242–245]. Storage performance of CeO2 electrodes has been increased with
the addition of Co [246] and ZnO [247]. Manganese oxide electrodes has
been investigated in combination with Co3O4 [248], ZnO [249], Fe2O3 [250],
Cu2O [251], and different metal ions as cobalt, copper, nickel or chromium
[252, 253]. Moreover, the synthesis of MnOx and CeO2 mixed oxide elec-
trodes has been also reported, revealing outstanding storage performances
[254–259]. In conclusion, the synergistic effect produced by combining
cerium and manganese oxide materials could indicate a viable composite
for supercapacitive devices.

4.2.1 Manganese acetate reaction with H2O2 for target prepara-
tion

Although MnO2 has the best storage capability among manganese oxides,
the acquisition of commercial MnO2 NPs is not possible. However, MnO2
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FIGURE 4.12: (a) HRTEM image of the crystals obtained as
product of reaction of manganese acetate with H2O2 and

(b) FFT of the selected region in (a).

can be synthesized using manganese acetate precursor [260] and hydrogen
peroxide (H2O2) following the oxidation reaction:

Mn2+ + H2O2 −−→ Mn3+ + 2 OH–

where Mn3+ under alkaline conditions, is rapidly converted to MnO2 as
follows:

2 Mn3+ −−→ Mn2+ + Mn4+

Mn4+ + 2 H2O −−→ MnO2 + 4 H+

The target for RIMAPLE consisted in the preparation of a determined
concentration of manganese acetate aqueous solution. H2O2 at 30% was
added drop by drop sonicating at the same time. The reactions were per-
formed with an open container due to its exothermic nature. Once all the
H2O2 had entirely reacted, the container was closed and left sonicating
for one hour. To prove the formation of the expected compound, HRTEM
images of the produced crystals have been analysed. The crystal struc-
ture presented in Fig. 4.12 shows interplanar distances compatible with
(1 1 0), (2 0 0), (3 2 1) and (2 1 1) MnO2 (JCPDS 00-044-0141). The size of
the structures is in the range of 10 to 50 nm. Following with the target
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FIGURE 4.13: XHRSEM images of GO-CNT-Ce-Mn-5152-
H2O2 electrode with magnified region on the right.

preparation, the solution was mixed with GO, MWCNT and CeO2 NPs
and stirred overnight. Before laser irradiation, the dispersion was soni-
cated for one hour. Two different electrodes were prepared using the con-
centration of the GO-CNT-Ce electrode with the highest storage capabil-
ity (5 wt% of GO, 1 wt% of MWCNT and 5 wt% of CeO2 NPs): one react-
ing 0.57M manganese acetate with H2O2 which corresponds to a 2 wt% to
the total mass added (GO-CNT-Ce-Mn-5152-H2O2) and the second one,
reacting 1.45M of acetate, corresponding to 5 wt% (GO-CNT-Ce-Mn-5155-
H2O2). The morphology and composition of the electrode GO-CNT-Ce-
Mn-H2O2-5152 was compared to the GO-CNT-Ce-515 electrode. Electro-
chemical properties of the electrodes were systematically investigated.

4.2.1.1 Morphological characterization

Under visual inspection the fabricated electrodes show homogeneous black
colour. The black colour is caused by the carbon nanoentities, indepen-
dently on the addition of other components. Compared to previous elec-
trode layers, the thickness measured for the manganese containing elec-
trodes is larger, although still in the micrometric range. GO-CNT-Ce-Mn-
5152-H2O2 has a thickness of 2.3 ± 0.2µm whereas GO-CNT-Ce-Mn-5155-
H2O2 is 2.3 ± 0.5µm thick. Both rGO platelets and MWCNT decorated
with nanometric strucutres can be identified in the XHRSEM images of the
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FIGURE 4.14: HRTEM images of GO-CNT-Ce-Mn-5152-
H2O2 electrode and FFT patterns of the marked regions.

electrode (Fig. 4.13). HRTEM images (Fig. 4.14) reveal the presence of dif-
ferent crystalline structures. The measured iterplanar distances of 0.31 nm,
0.19 nm and 0.16 nm are compatible with (1 1 1), (2 2 0) and (3 1 1) CeO2

(JCPDS 00-004-0593). However, the interplanar distances of 0.31 nm could
correspond also to the (3 1 0) lattice plane of MnO2 (JCPDS 00-044-0141).
The interplanar distance of 0.27 nm corresponds to (2 2 2) Mn2O3 (JCPDS
01-071-0636). This coexistence of different phases could be attributed to the
mixture of Mn2+ and Mn3+ from material not completely oxidized besides
Mn4+ from completely oxidized one. Additional HRTEM images demon-
strate the presence of distances compatible also with Ce2O3. In summary,
HRTEM investigations reveal the coexistence of CeO2, Ce2O3 and Mn2O3,
whereas MnO2 could be also present in the structure of the composite films.

4.2.1.2 Compositional characterization

XPS investigations were performed to disentangle the stoichiometry of the
oxides formed in the composite electrodes and determine their relative
concentrations. In Fig. 4.15a, the wide range XPS spectrum of the GO-
CNT-Ce-Mn-5152-H2O2 electrode is presented. The spectrum is composed
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b) c)
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FIGURE 4.15: (a) Wide XPS spectra; (b) C 1 s and (c) O 1 s
high resolution XPS peaks of the GO-CNT-Ce-Mn-5152-

H2O2 electrode.

by the C, O, Ce and Mn. N from background gas is barely incorporated as
in the prior Ce-containing electrodes. The C 1 s high resolution peak (Fig.
4.15b) is similar to the C 1 s peak of GO-CNT-Ce-515 electrode shown in
Fig. 4.6b, consisting of a main contribution from sp2-bonded C –– C and less
intense lines corresponding to the remaining oxygen-containing groups of
GO platelets. For the O 1 s peak (Fig. 4.15c), the deconvolution includes the
O2 – structural peak, related to Mn – O – Mn bond (529.39 eV) [261, 262]
besides the Ce4+, Ce3+, hydroxyl and carboxyl bond contributions. The
Mn – O peak is the most intense one in the O 1 s spectra of the individ-
ual manganese oxide (ca. 80%). Therefore, the contribution of hydroxyl
and water peaks from this compound to the fabricated composited film is
negligible. The relative content of Ce4+ and Ce3+ can be calculated from
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FIGURE 4.16: (a) Ce 3 d and (b) Mn 2 p high resolution XPS
peaks of the GO-CNT-Ce-Mn-5152-H2O2 electrode.

the areal percentage of each peak, resulting in a 67% and 33% respectively.
The 3 d3/2 and 3 d5/2 Ce lined were also deconvoluted (Fig. 4.16a). Using
the equation (4.1), the percentage of Ce4+ for GO-CNT-Ce-Mn-5152-H2O2
is estimated at around 70%, similar to the value calculated from the O 1 s
line. Moreover, the value is similar also to that estimated for the electrode
GO-CNT-Ce-515, proving that the addition of the manganese compound
does not influence the reduction process of CeO2 NPs during laser irradia-
tion.

Through the deconvolution of the Mn 2 p peak, different MnOx phases
were identified and their relative percentages can be calculated. The Mn 2 p
peak consists of two lines assigned to Mn 2 p1/2 and Mn 2 p3/2 (Fig. 4.16b).
The Mn 2 p3/2 line is deconvoluted in peaks centred at 641.3 eV, 642.5 eV
and 643.84 eV binding energies, corresponding to Mn2+, Mn3+ and Mn4+,
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respectively, and a satellite peak at 645.7 eV [263, 264]. The slightly higher
binding energies as compared to the values of pure stoichiometric MnO,
MnO2 and Mn3O4 [265], may indicate a strong interaction between man-
ganese and cerium oxides [266]. The relative Mn2+, Mn3+ and Mn4+ content
is calculated using the integrated area of the constituent peaks, without the
satellite lines. The percentage of Mn2+ is 33.6%, Mn3+ is 47.6% and Mn4+

is 18.9%. Accordingly, the sample contains a mixture of MnO (9.8% Mn2+),
Mn3O4 (23.8% Mn2+ and 47.6% Mn3+) and MnO2 (18.9% Mn4+). The pres-
ence of these species is in agreement with HRTEM analyses. The predom-
inance of Mn3O4 is confirmed by XPS analyses, consistent with HRTEM
investigations. The existence of MnO2 has been also proven.

4.2.1.3 Electrochemical characterization

The energy storage performance of the fabricated electrodes was studied
through electrochemical measurements. The results were compared to the
characteristics of electrodes containing GO, MWCNT and CeOx (GO-CNT-
Ce-515 electrode). In Fig. 4.17a, the CV curves of the sample GO-CNT-
Ce-Mn-5155-H2O2 are presented at different sweep rates. Similarly to pre-
vious electrodes, the CV curves have a quasi-rectangular shape without
the presence of prominent peaks. Despite the overlapping of CV curves,
the main contributions to the total current calculated using equation (2.4)
are still capacitive surface processes. Considering these characteristics, the
equation (2.3) determines the volumetric capacitance. Fig. 4.17b shows
the obtained results. The addition of 2 wt% of manganese acetate for the
reaction with H2O2 does not improve significantly the storage capabil-
ity as compared to GO-CNT-Ce-515. However, the increase of the man-
ganese acetate concentration to 5 wt%, leads to a volumetric capacitance of
ca. 110 F cm−3 @ 10 mV s−1, as compared to around 70 F cm−3 of the GO-
CNT-Ce-515 electrode. GCD measurements prove the quasi-linear voltage
response with time (Fig. 4.17c). The coulombic efficiency is over 98% in
all the applied current densities, hence, negligible charge is lost during the
operation.
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FIGURE 4.17: (a) CV curves of film GO-CNT-Ce-Mn-5155-
H2O2 at sweep rate range 10 – 150 mV s−1 (the arrow indi-
cates the increasing sweep rate); (b) volumetric capacitance
vs. sweep rate of the electrodes GO-CNT-Ce-Mn-5152-
H2O2 and GO-CNT-Ce-Mn-5155-H2O2 with sample GO-
CNT-Ce-515 for comparison; (c) GCD data of GO-CNT-Ce-
Mn-5155-H2O2; and (d) Nyquist plot of EIS measurement
(points) and simulated from equivalent circuit (lines) of the
electrodes (the arrow indicates the direction of increasing

frequency. Inset details the high frequency range).
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TABLE 4.3: Fitting values for the elements of the equivalent
circuit with the addition of manganese acetate and H2O2.

CPE1 CPE2
R1
(Ω)

R2
(Ω)

R3
(Ω)

Y
(µS sn)

n
Y

(µS sn)
n

GO-CNT-Ce-
Mn-5152-H2O2

18.8 35.8 46975 7.9 0.89 84.7 0.83

GO-CNT-Ce-
Mn-5155-H2O2

17.1 146.46 14838 11.6 0.87 76.0 0.84

Finally, EIS measurements are presented as Nyquist plot in Fig. 4.17d
with equivalent behaviour as the previously fabricated electrodes. For
these samples, besides the semicircle loop at high frequencies of EDL and
charge-transfer reactions, a quasi-linear straight line at low frequencies of
diffusion processes can be identified. The circuit that fits the EIS data
is the same as previous electrodes (Fig. 4.11b) and the fitting values are
summarized in Table 4.3. As expected, the R1 is similar to previous ones
(around 18Ω). Moreover, the fitted values of R2 are higher, especially for
GO-CNT-Ce-Mn-5155-H2O2 electrode, causing a greater semicircle loop at
high frequencies. This higher value could be associated with the incorpo-
ration of bigger manganese oxides nanostructures in the electrode [267],
even though no evident changes are observed in HRTEM images. Leakage
resistances (R3) are in the range of kΩ accounting for low leakages. As to
CPE, n values are higher than 0.84, and as a consequence both electrodes
can be considered almost ideal capacitors. It is important to point out the
increase of Y value of CPE2 compared to previous electrodes and to the
corresponding CPE1. This fact points to the enhancement of the pseudo-
capacitance with the manganese oxide incorporation. In summary, it has
been proved that the addition of manganese oxide species increases the
total capacitance by pseudocapacitive processes.
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4.2.2 Electrodes prepared from GO platelets, MWCNT, CeO2 NPs
and manganese acetate target solutions

In the procedure described in the previous section the main goal was to
obtain MnO2 NPs in the target dispersion, previously to laser irradiation,
through the reaction of manganese acetate with H2O2. In parallel experi-
ments, the possibility to synthesize MnOx NPs through direct laser irradi-
ation of manganese acetate in addition to the CeO2 NPs and the carbon-
based material was also investigated. Fortunately, MAPLE technique al-
lows the deposition of metal oxide NPs using aqueous solutions of metal
organic precursors (acetates) in the frozen targets [144]. Therefore, the UV
photon energy and the resulting temperature rise are sufficient to cause the
acetate groups to decompose under the action of the laser pulses, allowing
the free metal ions to form oxide nanostructures inside the target before the
material is ejected.

More precisely, during the RIMAPLE deposition procedure, the laser
radiation absorbed by the molecules of manganese acetate has sufficient
energy to break the Mn – O bond of the acetate (photodissociation process)
[140]. However, prior studies found that in the reactive MAPLE process,
photothermal pathways dominate the decomposition of acetates. Addi-
tionally, the deposition of these compounds can be restricted by a water
explosive boiling temperature lower than that of acetate decomposition
[144]. Even though, during the RIMAPLE deposition, the energy required
to reach the decomposition temperature of the Mn acetate is originating
from heat transfer from GO, MWCNT and CeO2 NPs. These structures
rapidly heat the matrix surrounding them over the temperature needed
for acetate decomposition (over 600 K) [268, 269]. Thermal simulations
prove that the temperature reached in a radius of ca. 200 nm around CeO2

NPs aggregates (Fig. 4.1b), GO and MWCNT would be sufficient to cause
the molecules of manganese acetate to decompose resulting in the crys-
tallization of Mn oxides. Additionally, photochemical processes can occur
producing manganese oxide species with different stoichiometries [270].
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TABLE 4.4: Relative concentration of precursors in the
aqueous dispersions for RIMAPLE targets composed of of

GO, MWCNT, CeO2 NPs and Mn(CH3COO)2.

Target dispersion Composition

GO-CNT-Ce-Mn-5151 5 wt% GO, 1 wt% MWCNT, 5 wt% CeO2 NPs,
1 wt% Mn(CH3COO)2

GO-CNT-Ce-Mn-5152 5 wt% GO, 1 wt% MWCNT, 5 wt% CeO2 NPs,
2 wt% Mn(CH3COO)2

GO-CNT-Ce-Mn-5155 5 wt% GO, 1 wt% MWCNT, 5 wt% CeO2 NPs,
5 wt% Mn(CH3COO)2

Three different targets for the electrodes fabrication were prepared main-
taining the concentration of GO, MWCNT and CeO2 NPs of the GO-CNT-
Ce electrode with the best electrochemical performance (Table 4.4). The
deposition conditions, detailed in Chapter 2, consisted on the accumula-
tion of 6000 pulses at 0.4 J cm−2 laser fluence on the frozen targets, being
the ejected material deposited over stainless steel substrates placed at 4 cm
separation distance.

4.2.2.1 Morphological characterization

The fabricated electrodes presented a measured thickness of 1.3 ± 0.2µm
for GO-CNT-Ce-Mn-5151, 1.3 ± 0.2µm for GO-CNT-Ce-Mn-5152 and 1.4 ±
0.3µm for GO-CNT-Ce-Mn-5155. In the XHRSEM images (Fig. 4.18a), the
evenly distribution of the GO platelets and MWCNT, can be clearly identi-
fied, and they appear decorated with nanostructures. It is anticipated that
Mn ions dissolved in boiling water will produce manganese oxide crystal-
lites, producing nanostructures of various sizes in the fabricated electrode.
Both Ce- and Mn-based nanostructures can be found on the carbon na-
noentities, as revealed by HAADF-STEM and EDX analysis (Fig. 4.18b).
It is visible that both Mn and Ce nanostructures are mixed up but with-
out sharing position. Therefore, there is no proof that mixed oxides were
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FIGURE 4.18: (a) XHRSEM images of GO-CNT-Ce-Mn-
5152 with magnified region on the right; (b) HAADF-STEM
image of a nanotube in GO-CNT-Ce-Mn-5152 with EDX

spectra of the depicted regions.

formed during the deposition process. The average size of the Ce NPs (re-
gion 1) is around 2.8 nm and that of Mn NPs (region 2) is around 1.7 nm.
HRTEM image in Fig. 4.19 reveals different crystal structures. Both CeO2

and Ce2O3 are observed, similarly to the crystal structures identified in the
ternary GO-CNT-Ce electrode. Simultaneously, the FFT patterns indicate
the presence of MnO (JCPDS 04-005-4310) and Mn3O4 (JCPDS 01-075-0765)
crystal structures. These results confirm that original acetate decomposes
during laser irradiation, followed by oxides formation through recrystal-
lization mechanisms. Moreover, due to the presence of two distinct oxida-
tion states (Mn2+ and Mn3+) in Mn3O4 that were not present in the original
compound (only Mn2+ in the acetate), it can be stated that Mn suffers oxi-
dation when exposed to laser irradiation.
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FIGURE 4.19: HRTEM image of GO-CNT-Ce-Mn-5155 with
FFT and filtrated lattices of the specified regions.

4.2.2.2 Compositional characterization

XPS analyses were performed in order to further investigate the chemi-
cal composition and chemical bonding states in the composite electrodes.
Wide range XPS spectrum of the electrode GO-CNT-Ce-Mn-5152 is sim-
ilar to that registered for the GO-CNT-Ce-Mn-5152-H2O2 electrode (Fig.
4.15a). The C 1 s peak (Fig. 4.20a) is also comparable to that of GO-CNT-
Ce-515 (Fig. 4.6b), having the main contribution from sp2-bonded C –– C
and low intensity lines of oxygen-containing groups. The O 1 s peak (Fig.
4.20b) includes the lines of Mn – O – Mn bonds, as well as the Ce4+, Ce3+,
hydroxil and carboxyl bonds, similarly to that of GO-CNT-Ce-Mn-5152-
H2O2 electrode (Fig. 4.15c). The relative content of Ce4+ is about 71%.
Using the equation (4.1), the corresponding deconvolution of Ce 3 d spec-
trum (Fig. 4.20c) reveals around 78% of Ce4+, compatible with the value
extracted from O 1 s peak and similar to that of GO-CNT-Ce-515. There-
fore, the addition of the Mn metal organic precursor to the target disper-
sion does not alter the reduction process of CeO2 NPs. The Mn 2 p peak
(Fig. 4.20d) follows an equivalent deconvoluted configuration to that of
GO-CNT-Ce-Mn-5152-H2O2 (Fig. 4.16b). As in the previous analyses, the
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FIGURE 4.20: (a) C 1 s, (b) O 1 s, (c) Ce 3 d and (d) Mn 2 p
high resolution XPS peaks of the GO-CNT-Ce-Mn-5152

electrode.
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location of the peaks at higher binding energies than in the raw oxides may
be caused by a strong interaction between cerium and manganese oxides.
Although more local techniques such as EDX may point to the formation
of separated Mn and Ce oxides without sharing position, larger-scale XPS
analyses suggest some cation mixing. The percentage of Mn2+, Mn3+ and
Mn4+ are 42.7%, 51.3% and 6.0%, respectively. Therefore, the electrode con-
tains a combination of MnO (17.0% Mn2+), Mn3O4 (25.7% Mn2+ and 51.3%
Mn3+) and MnO2 (6.0% Mn4+) oxide stoichiometries. As compared to the
electrode obtained from target dispersions containing MnO2 NPs, the in-
crease of MnO and decrease of MnO2 is manifested, while the Mn3O4 con-
centration in the electrodes remains constant.

4.2.2.3 Electrochemical characterization

The obtained voltammograms (Fig. 4.21a) exhibit quasi-rectangular shape
without presence of prominent redox peaks, being capacitive processes the
main charge storage mechanism. The dominance of surface capacitive pro-
cesses can be deduced also using equation (2.4) from the voltammogram
taken at 100 mV s−1 sweep rate (Fig. 4.21b). Accordingly, the percentage
of the capacitive contribution to the total current is represented in Fig.
4.21c. Regarding GO-CNT-Ce-Mn-5155 electrode, k1 and k2 terms might
not be calculated with a sufficient accuracy due to lack of linearity of equa-
tion (2.4) in most of the voltage values. The coefficient of determination,
R2, is calculated for the linear fit i(v, V)/v1/2 vs. v1/2 for each voltage
value and it is depicted in Fig. 4.21e. As an example of this, the volt-
age at 0.3475V is presented where the experimental points do not follow
a straight line. Thus, no simple mechanisms would account for the ori-
gin of the k1, k2 sweep rate dependence. This behaviour was attributed
to the “porous-electrode” dispersion effect [200, 201] explained in Chap-
ter 3. Despite the anomalous behaviour of this specific sample, for other
electrodes the main contributions are surface processes. Interestingly, with
the addition of Mn oxides, the diffusive component increases (Fig. 4.9d),
despite their pseudocapacitive behaviour [30]. Fig. 4.21d shows the vol-
umetric capacitance at different sweep rates using equation (2.3) for the
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FIGURE 4.21: (a) CV curves of GO-CNT-Ce-Mn-5152 electrode at sweep
rate range 10 – 150 mV s−1 (the arrow indicates the increasing sweep rate);
(b) CV curve at 100 mV s−1 with highlighted surface capacitance contribu-
tion; (c) percentage of surface capacitance contribution at 100 mV s−1; and
(d) volumetric capacitance vs. sweep rate of the electrodes. (e) CV curves
of GO-CNT-Ce-Mn-5155 electrode at sweep rate range 10 – 150 mV s−1

with corresponding R2 of the linear fit i(v, V)/v1/2 vs. v1/2 at each volt-
age value. The fitting at 0.3475V is used as an example of the non-linearity

of this fitting.
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a) b)

FIGURE 4.22: (a) Volumetric capacitance vs. sweep rate of
GO-CNT-Ce-Mn-5152 for diverse thicknesses and (b) volu-
metric capacitance vs. thickness for different sweep rates.

different electrodes. For comparison, the electrodes with the highest stor-
age performances GO-CNT-Ce-515 and GO-CNT-Ce-Mn-5155-H2O2 have
been added to this plot. As can be observed, the addition of MnOx rises
the capacitance in all cases. With the addition of only manganese acetate
with a manganese acetate/CeO2 NPs relative concentration of 1/5, the
capacitance reaches ca. 75 F cm−3 @ 10 mV s−1. Increasing the amount of
manganese oxide precursor to 2/5 and 5/5 relative concentration, the ca-
pacitance boosts to ca. 140 F cm−3 and 130 F cm−3, respectively. A higher
decay in capacitance at faster sweep rates is observed for the electrode ob-
tained with the highest amount of manganese oxide precursor. Similarly to
CNT-Ce electrode, this behaviour results from an increase of the diffusive
contribution, which suggests either the mobility limitation of electrolyte
ions or the extrinsic pseudocapacitive nature of manganese oxides (MnO,
MnO2 and Mn3O4) [242–245, 252, 271, 272]. Comparing to the GO-CNT-
Ce-Mn-5155-H2O2 electrode, an increase of capacitance value of almost
15% is observed, proving the effectiveness of the direct synthesis method.

Layers with larger thickness values, in the micrometric range, may de-
crease their capacitance as some path for the electrolyte diffusion can be
blocked reducing the active surface area. To test this behaviour, thicker
electrodes had been fabricated, increasing the original thickness of 1.2 µm
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FIGURE 4.23: (a) GCD data of GO-CNT-Ce-Mn-5152; and
(b) Nyquist plot from EIS measurements (points) and sim-
ulated from equivalent circuit (lines) of the electrodes (the
arrow indicates the direction of increasing frequency. Inset

details the high frequency range).

up to 5.5 µm with the accumulation of successive deposition processes. No
relevant variation of the volumetric capacitance with thickness of electrode
was observed (Fig. 4.22a). This result proves the good diffusion of the elec-
trolyte ions towards the active surface (Fig. 4.22b).

GCD analyses of GO-CNT-Ce-Mn-5151/-5152/-5155 electrodes reveal
the triangular charge-discharge response and a coulombic efficiency around
98% proving negligible charge lost during operation (Fig. 4.23a). The vol-
umetric capacitance values calculated using equation (2.5) are similar to
the values obtained from the CV curves for similar applied currents (Fig.
4.21d). EIS results obtained from these electrodes are presented in Fig.
4.23b as Nyquist plots. The carbon-based porous electrode response is
similar to that of previous samples, especially to GO-CNT-Ce electrodes
where two different processes with different characteristic times could be
identified (Fig. 4.11a). The equivalent circuit used for fitting is depicted
in Fig. 4.11b, the same used for previous electrodes, and the fitting values
are listed in Table 4.5. The calculated R1 resistances are in the range 15
– 17Ω, similar to the values of electrodes presented in Tables 4.2 and 4.3.
The R2 components are also similar to the values calculated for previous
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TABLE 4.5: Fitting values for the elements of the equivalent
circuit with the addition of manganese acetate as metal or-

ganic precursor

CPE1 CPE2
R1
(Ω)

R2
(Ω)

R3
(Ω)

Y
(µS sn)

n
Y

(µS sn)
n

GO-CNT-Ce-
Mn-5151

17.5 64.8 1659.9 16.3 0.86 63.6 0.87

GO-CNT-Ce-
Mn-5152

15.1 63.3 1855.3 14.4 0.87 77.8 0.84

GO-CNT-Ce-
Mn-5155

15.2 525.8 6447.4 10.6 0.88 83.0 0.88

samples, with the exception of the GO-CNT-Ce-Mn-5155 electrode, signif-
icantly higher than previous results. The consequence of this difference
could be addressed similarly as in the case of CNT-Ce electrode, where
it was observed a higher decay of capacitance at faster sweep rates, or
GO-CNT-Ce-Mn-5155-H2O2 electrode where it was associated with big-
ger manganese oxide nanostructures incorporated. R3 resistances are all
in the range of kΩ, thus low current is leaked. CPE elements can be con-
sidered as almost ideal capacitors, n values being higher than 0.86 in all
fittings. As in the case of GO-CNT-Ce-Mn-5152-H2O2 and GO-CNT-Ce-
Mn-5155-H2O2 electrodes, the Y magnitudes of CPE2 are higher than that
of CPE1 and are significantly larger as compared to the electrodes with-
out Mn oxide. These results confirm that incorporation of MnOx leads to
the increase of the pseudocapacitance contribution and consequently, the
storage performance of the electrodes.

4.2.2.4 Device fabrication and performance study

A symmetric electrochemical capacitor fabricated with two facing GO-CNT-
Ce-Mn-5152 electrodes was assembled to test the performance of the best
volumetric capacitance. Fig. 4.24a shows the typical voltammograms for
different sweep rates. The shape of the voltammograms is similar to that
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registered for the single electrode (Fig. 4.21a). The calculated volumetric
capacitance for different sweep rates (CV) and current (GCD) reaches ca.
25 F cm−3 @ 10 mV s−1 in both cases (Fig. 4.24b and c). For the calculation,
the total volume of the active materials has been used. The Ragone plot
is shown in Fig. 4.24d where equations (2.6) and (2.7) were used to cal-
culate the volumetric energy and power densities, using the total volume
of active material. These last results are presented together with different
energy storage devices (comprising the current collectors, the active ma-
terial and the separator) [79, 171] including also the results presented in
Chapter 3, related to NiO containing electrodes. The improvement in both
power and energy densities over the prior RIMAPLE symmetric N-doped
GO-NiO device (GO-NiO-imi) must be emphasized, highlighting the sim-
ilar thickness of electrodes involved. Although there is a decay in both
parameters compared to those of GO-imi symmetric device, the submicro-
metric thickness of that device will not escalate correctly to practical per-
formances for the explanation previously discussed. The fabricated rGO-
MWCNT-CeOx-MnOx capacitor exhibits power and energy densities, up to
5.4 W cm−3 and 2.2 mW h cm−3, respectively. The stability of the device has
been also studied by GCD cycling at ca. 2 mA cm−2 current density (Fig.
4.24e). The capacitance retention and the coulombic efficiency decay ca.
10% after 20000 cycles, maintaining the triangular charge-discharge shape
practically unaltered (Fig. 4.24e, inset). The decay is presumably related
to electrolyte drying process for poorly sealed devices. Nevertheless, the
improved stability of this devices have been demonstrated, doubling the
number of cycles of previous experiments.
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FIGURE 4.24: (a) CV curves at sweep rate range 10 – 150 mV s−1 (arrow
indicates the increasing sweep rate), (b) volumetric capacitance vs. sweep
rate and (c) volumetric capacitance vs. applied current of a symmetric de-
vice GO-CNT-Ce-Mn-5152. (d) Ragone plot of the fabricated SC device
compared with commercially available energy storage systems. Data for
Li battery, 3.5 V/25 mF supercapacitor (SC) and 6.3 V/220 µF electrolytic
capacitor [171], data for the 2.75 V/44 mF activated carbon supercapaci-
tor (AC-SC) [79] and GO-NiO-imi and GO-imi symmetric devices from
Chapter 3. (e) Capacitance retention with charge-discharge zoomed re-

gions (superior insets) and coulombic efficiency (inferior inset).
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4.3 Organic electrolyte for energy increase

Considering that the energy of electrochemical devices is proportional to
the squared of the operating voltage as seen in equation (2.6), a simple
method to obtain high energy storage devices is to increase the operat-
ing voltage. Compared to aqueous solutions, electrolytes composed of a
salt dissolved in an organic solvent offer a wider electrochemical stabil-
ity window, in detriment of lower ionic conductivity and specific capac-
itance. Quaternary ammonium salts are frequently employed in organic
electrolytes, being tetraethylammonium tetrafluoroborate (TEABF4) dis-
solved in acetonitrile (ACN) the most used salt for commercial superca-
pacitors [12].

In this section, further performance studies of an asymmetric GO-CNT-
Ce-Mn-5152/AC supercapacitor are presented using 1 M TEABF4 dissolved
in ACN as electrolyte instead of the previous aqueous 1 M Na2SO4 solu-
tion. As these electrochemical tests are performed using Swagelok-type
cells, the electrodes are deposited over circular stainless steel substrates
with a diameter of 12 mm. In order to study the voltage window of the sin-
gle electrode, the Swagelok cells were assembled in a three-electrode con-
figuration, placing the working composite electrode opposed to the thick
activated carbon electrode and using a Ag wire as reference. As the thick-
ness of the composite electrode is much lower than the AC one, GO-CNT-
Ce-Mn-5152 acts as limiting current electrode and the results are only re-
ferred to it.

CV measurements were performed increasing the voltage window in
small steps to avoid deterioration of the electrolyte and/or electrodes, un-
til a certain voltage produces irreversible reactions. The electrodes reach
up to +1.3 V and down to −1.6 V vs. Ag reference, allowing a voltage win-
dow of ∆V = 2.9 V. In Fig. 4.25a, the voltammograms with the determined
voltage window is presented for different sweep rates. As observed in the
CV plot, the quasi-rectangular shape is still maintained despite the pres-
ence of small bulges caused by reversible surface redox reactions. Using
equation (2.4), the contribution of surface capacitance can be differentiated
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a) b)

c)

FIGURE 4.25: (a) CV curves of electrode at sweep rate range 5 mV s−1 –
150 mV s−1 (arrow indicates the increasing sweep rate) and (b) CV curve
at 100 mV s−1 with highlighted surface capacitance contribution of GO-
CNT-Ce-Mn-5152 with 1 M TEABF4 dissolved in ACN. (c) Volumetric ca-
pacitance vs. sweep rate of GO-CNT-Ce-Mn-5152 electrode with aqueous

and organic electrolyte.

(Fig. 4.25b). As can be observed, the main contribution to the total current
are surface processes. Hence, using equation (2.3) the volumetric capac-
itance can be calculated (Fig. 4.25c). The volumetric capacitance of the
same electrode using aqueous electrolyte is also represented in Fig. 4.25c.
With the organic electrolyte, the capacitance has drop to ca. 75 F cm−3 @
5 mV s−1. Charge-discharge measurements were performed in the current
density range of 0.09–1.6 mA cm−2 (Fig. 4.26), revealing the triangular pro-
file, even in long cycles, with a coulombic efficiency of ca. 100%.

Once established the working voltage window of the electrode in the
organic TEABF4/ACN electrolyte, a symmetric device was assembled. To
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FIGURE 4.26: GCD measurement of electrode GO-CNT-
Ce-Mn-5152 with organic electrolyte. In left plot a zoomed
region of shorter charge-discharge cycles is depicted for

better visualization.

avoid significant deterioration upon cycling, the voltage window was lim-
ited to ∆V = 2.8 V. The electrochemical investigations were performed
using a Swagelok cell with a two-electrode set-up, facing two GO-CNT-
Ce-Mn-5152 electrodes. GCD measurements were performed in the cur-
rent density range of 0.06–0.6 mA cm−2 and display the triangular profile
without any presence of bulges (Fig. 4.27)a). The charge-discharge profiles
are the last cycle of 100 consecutive cycles, at each different applied current
density. The capacitance remains constant after a few cycles of stabilization
while the coulombic efficiency is ca. 95%, indicating that almost no charge
is lost during operation, similarly to the single electrode measurements.
The calculated specific energy and power densities, using the total active
material, are presented in the Ragone plot shown in Fig. 4.27c together
with the performances of other storage devices (considering the current
collectors, active material and separator) [79, 171] as well as previous re-
sults, including also GO-imi, GO-NiO-imi and GO-CNT-Ce-Mn-5152 de-
vices assembled using aqueous electrolyte. The increase in energy density
is outstanding as compared to 1 M Na2SO4 aqueous electrolyte, reaching
an energy density up to 16 mW h cm−3, while maintaining a similar power
density of 4.5 W cm−3.
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c)

0.06 
-2mA cm

0.06 
-2mA cm

0.12 
-2mA cm

0.3 
-2mA cm

0.6 
-2mA cm

a) b)

Li thin-film
battery

4V/500 μAh
2.75 V/44 mF

commercial AC-SC

3.5V / 25 mF
SC

63V / 220 μF
electrolytic capacitor

GO-NiO-imi
RIMAPLE
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FIGURE 4.27: (a) GCD measurements and (b) calculated
volumetric capacitance and coulombic efficiency of each
cycle at different applied current densities of symmet-
ric GO-CNT-Ce-Mn-5152 device with TEABF4/ACN elec-
trolyte. (c) Ragone plot of the fabricated GO-CNT-Ce-
Mn-5152 device with TEABF4/ACN electrolyte compared
with commercially available energy storage systems and
GO-NiO-imi, GO-imi and GO-CNT-Ce-Mn-5152 symmet-
ric devices with aqueous electrolyte. (d) Capacitance and
coulombic efficiency calculated during the float test of the

device under study.
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Float potential stability tests were also carried out for the assembled de-
vice, holding the potential at 2.8 V for 2 h, after sequences of 50 charge/dis-
charge cycles at 0.12 mA cm−2 between 0 – 2.8 V. The capacitance and
coulombic efficiency are calculated during the charge-discharge step and
the results are plotted in Fig. 4.27d. It is important to emphasize that
this test conditions are extremely challenging and stressful for the devices,
which could cause significant changes in the electrode material. Although
the capacitance decreases a 50% after 50 h of operation, the coulombic effi-
ciency remains at almost 100%, indicating no charge losses during opera-
tion.

Tests with identical voltage upper limits involving constant voltage
hold are more demanding than conventional cycling tests. Additionally,
the cycling test typically requires longer times than the float potential test
before a clear stability result is defined [273]. Therefore, these results may
indicate promising stability results even with the high decrease of the ca-
pacitance as the cycling test presented in Fig. 4.24e was concluded after
ca. 10 hours. However, this float test was not possible to replicate with
aqueous electrolyte device due to poor sealing causing premature drying
before degradation of the electrodes and/or electrolyte. Swagelok cells
could overcome this sealing issue, but aqueous electrolyte cannot be used
in this type of cell material as chemical reaction may occur.

4.4 Conclusions

Composites constituted by carbon-based materials and cerium oxides were
successfully synthesised using RIMAPLE technique. The rGO-MWCNT-
CeOx composite discloses higher volumetric capacitance as compared to
composites containing NiO NPs. The change of composition did not affect
the main contribution of surface storage processes. The optimization with
the amount of MWCNT was also performed. The results indicated that the
aggregation of MWCNT led to the decrease of the storage performance at
higher concentration values.
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A different route for electrochemical performance enhancement was
followed, including simultaneously different metal oxides in the carbon-
based composites. For that goal, two different pathways were tested, be-
ing the addition of metal acetate to the target dispersions the most promis-
ing one. The new composite fabricated with carbon-based material, CeO2

NPs and manganese acetate in the target dispersion disclosed considerably
higher volumetric capacitance as compared to the rGO-MWCNT-CeOx elec-
trode. Compositional analyses revealed the coexistence of different oxides
of the both metals present, enhancing the energy storage capability of the
composite through synergistic effects. A symmetric SC was assembled
with two GO-CNT-Ce-Mn-5152 electrodes and aqueous electrolyte. The
improvement in both energy and power density of this device compared
to the previous GO-NiO-imi SC was clear. Although, there was a slight de-
crease of storage capacity as compared to GO-imi device, the larger thick-
ness and structural stability of the new composite allowed for better scala-
bility to thicker electrodes and better stability upon cycling.

Finally, the GO-CNT-Ce-Mn-5152 electrode and a symmetric SC based
on this electrode were tested using an organic electrolyte substituting the
aqueous electrolyte. The increase of the voltage window was significant,
reaching up to 2.8 V, preserving the device capacitive performance. This
voltage window increase led to a considerable gain in energy density, even
higher than the optimized GO-imi device. Float potential stability tests
were also performed in the symmetric device with organic electrolyte re-
vealing promising results.
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Chapter 5

General Conclusions

Reactive inverse MAPLE is a technique with high potential for the fabri-
cation of functional graphene-based composites for supercapacitors. This
deposition method was successfully used for the development of compos-
ites based on reduced graphene oxide, multiwall carbon nanotubes and
nanoparticles of nickel, cerium and manganese oxides.

Electrodes composed of rGO were fabricated and their electrochem-
ical properties were improved with the addition of NiO NPs. The ob-
tained electrodes displayed rGO sheets decorated with NiO nanostructures
and disclosed an areal capacitance of 5 mF cm−2 @ 10 mV s−1, five times
higher than rGO only electrodes, and a volumetric capacitance of 5 F cm−3.
The energy storage capabilities were further increased with the addition of
multiwall carbon nanotubes, to increase mesoporosity. The resulting elec-
trodes showed the carbon nanotubes as well as the rGO sheets decorated
with NiO nanostructures and the capacitance boosted up to 20 F cm−3.

The nitrogen-doping of the nanocarbon materials was induced by the
incorporation of nitrogen-containing molecules to the RIMAPLE target dis-
persion. Different N-containing groups were achieved for each of the nitro-
gen precursor molecules. The capacitance of the electrodes with nitrogen-
doped nanocarbon reached ca. 120 F cm−3 @ 10 mV s−1 without using car-
bon nanotubes, although the submicrometric thickness of the electrodes
hinders their practical use. Regarding the electrodes including MWCNT,
the capacitance doubled by the inclusion of nitrogen groups in the carbon
structures. The structural studies pointed out that the significant increase
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of capacitance is associated an increase of porosity in the carbon nanoenti-
ties at the nanoscale.

Electrodes composed of rGO, MWCNT and cerium oxide nanoparti-
cles were also fabricated. Similarly to NiO-containing electrodes, rGO and
MWCNT were decorated with cerium oxide nanostructures with different
sizes. Different oxide species were identified, including CeO2 and Ce2O3.
This composite disclosed superior performance than its counterpart with
NiO, reaching ca. 70 F cm−3 @ 10 mV s−1.

The rGO-MWCNT-CeOx electrodes were further improved with the ad-
dition of manganese oxides, obtaining synergistic effects from this combi-
nation. The addition of manganese acetate to the target material caused the
deposition of different manganese oxide nanostructures decorating both
rGO and MWCNT, including MnO, Mn3O4 and MnO2 phases. The volu-
metric capacitance was incremented up to ca. 140 F cm−3 @ 10 mV s−1, the
highest capacitance that we obtained with aqueous electrolyte thus far. The
rGO-MWCNT-CeOx-MnOx electrodes were scalable to thicker electrodes
preserving their electrochemical properties unaltered. Studies using an or-
ganic electrolyte with these electrodes tolerated the widening of the volt-
age window of operation from 0.8 V to 2.8 V, allowing for an energy den-
sity increase for the operating devices.

To conclude, several devices were assembled for testing the real appli-
cation of the deposited electrodes. Successful symmetric systems were fab-
ricated composed of nitrogen-doped rGO with and without NiO nanopar-
ticles using an aqueous electrolyte. Additionally, a symmetric device based
on rGO-MWCNT-CeOx-MnOx was tested with both aqueous and organic
electrolytes revealing a significant increase in energy density with the or-
ganic electrolyte, and preserving high power. The good stability of the
supercapacitors was validated allowing thousands of cycles and hours of
operation under demanding conditions.

RIMAPLE laser technique proved its potential for the versatile fabri-
cation of SC electrodes, as an alternative to conventional methods. The
tuning of the initial target dispersion composition allows the development
of complex multicomponent films with different structural and functional
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properties. Moreover, the myriad of applicable materials has no limitations
as both organic and inorganic compounds are usable.

Nonetheless, some limitations emerge from this laser-based technique.
Micrometric-thick electrodes are fabricated in a 10 minutes deposition pro-
cess. These kind of electrodes could be desirable for microsupercapacitor
devices. However, prolonged fabrication times are required for the deposi-
tion of tens of microns thick electrodes necessary for large commercial SCs,
hindering a plausible market development. Additionally, the equipment
configuration allows producing homogeneous electrodes up to 2× 2 cm2 in
size due to small size of the MAPLE target as well as plasma confinement
issues. Nevertheless, larger electrodes, up to several cm2, are desirable
for commercial applications. To overcome these issues, a different depo-
sition chamber with optimized configuration should be used, as well as a
high power high-repetition-rate UV laser source. Moreover, the SCs using
aqueous electrolytes could not reach full stability potential due to the dry-
ing of the electrolyte. Thus, the effective sealing of the devices needs to be
addressed for obtaining better results.

Further research could be focused on the synergistic combination of
nanoparticles with metallic acetates in the MAPLE targets for obtaining
electrodes with higher performance. Currently, the best combination ac-
complished uses cerium and manganese oxides. However, different mix-
ing of oxides could be beneficial for achieving better materials. Moreover,
more effective nitrogen doping of the carbon-based materials could fur-
ther increase the performance of the electrodes. Thus far, only symmetric
devices have been assembled, although asymmetric devices could benefit
from both electrode materials, increasing the voltage window of operation
or even combining different storage mechanisms (supercapattery). Finally,
the tuning of the electrolyte may enhance the energy storage performance
of the final device. Therefore, focus on this field could also contribute with
better performances.
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Appendix A

COMSOL simulation and
material properties

A.1 COMSOL simulation

COMSOL Multiphysics is a powerful interactive and integrated simulation
environment used to model and solve different scientific and engineering
problems. The analyses can easily be extended from conventional mod-
els for one type of physics into multiphysics models that solve coupled
physics phenomena.

The description of the laws of physics for space- and time-dependent
problems are usually expressed in terms of partial differential equations
(PDE). However, for the vast majority of geometries and problems, these
PDE cannot be solved with analytical methods. Instead, an approximation
of the equations can be constructed, typically based upon different types
of discretization. These discretization methods approximate the PDE with
numerical model equations, which can be solved using numerical meth-
ods. The solutions to the numerical model equations are an approximation
of the real solution to the PDE. The finite element method (FEM), used
by COMSOL software simulations analyses, is used to compute these ap-
proximations. FEM subdivides the system into smaller elements by the
discretization of the dimensional space, implemented by the construction
of a mesh. Then, the PDE are solved in each of these limited regions taking
into consideration the boundary conditions.
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The temperature evolution of the materials involved in RIMAPLE de-
position process during laser irradiation was simulated considering only
thermal mechanisms. All the structures were considered isotropic and
solid materials. The simulations were performed by solving the partial
equation of a 2D transient heat conduction model

ρCp
∂T
∂t

−∇(kth∇T) = Q (A.1)

where ρ is the material density, Cp is the specific heat capacity, T is the
temperature, t is the time, kth is the thermal conductivity and Q the heat
source. This last Q parameter is defined as the energy input in a finite
element caused by a laser pulse with Gaussian-like temporal evolution

Q =
F
τ

e−4Ln(2)( t−τ
τ )2

(1 − R)αe−αz (A.2)

where F is the incident laser fluence, τ is the laser pulse duration, z stands
for the spatial coordinate (depth in the absorptive material ) and finally, R
and α are, respectively, the reflectance and optical absorption coefficient of
the corresponding compounds [138]. The first exponential term multiplied
by α F/τ describes the Gaussian-like temporal evolution of the pulse laser
energy. The (1− R) term accounts for the percentage of radiation transmit-
ted to the material, disregarding a percentage of absorbed light. Finally, the
e−αz describes the attenuation of the laser intensity in depth due to absorp-
tion.

The optical and thermophysical properties of the materials are listed in
the next section. The heat equation is applied to all materials, in which
the solvent material presents absorption α = 0 (i.e. Q = 0). For a general
understanding of the irradiation mechanisms underwent, simple geome-
tries of GO sheets, NiO and CeO2 NPs and aggregates of CeO2 NPs were
applied. GO was modelled as a continuous film of 10 nm thick. NiO was
implemented as a 50 nm size squared NP (Fig. A.1) and CeO2 as a 25 nm
lateral squared size NP. Additionally, CeO2 were also simulated as an ag-
gregate of squared-shaped NPs. These geometries were placed within a
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FIGURE A.1: Zoomed region of the 2D temperature map, in K, of single
squared NiO NP of 50 nm lateral size (white square) at 5 ns from the start
of the laser pulse. The discretization triangular elements where the PDE

are solved is also included.

squared H2O medium of 1µm size, transparent to radiation. The defined
geometries can be observed in the left images of Fig. A.2.

Once the geometry for simulation is described, the definition of an ap-
propriate mesh is a crucial step as it determines how the model is solved.
The mesh establishes geometry divisions by defining shape, type, size,
density, number and quality of the elements. In the simulations, free trian-
gular elements were chosen with a maximum size 20 times lower than the
main dimension of the material. Outside the material, the same elements
were selected with a maximum size of 37 nm. The skewness measure is a
suitable measure for most types of meshes. This quality measure is based
on the equiangular skew that penalizes elements with large or small angles
as compared to the angles in an ideal element. For the quality measures, a
quality of 1 is the best possible and it indicates an optimal element. At the
other end of the interval, 0 represents a degenerated element. The colour
map in Fig. A.2 elucidates the quality of the mesh elements. Additionally,
the histograms in Fig. A.2 show the amount of mesh elements for each
skewness quality, tending in all simulated geometries to 1.

The simulation results in a 2D map of the temperature at each evaluated
time. For the temperature vs. time plots, the temperature is calculated in a
defined point in the middle of the geometry of each material under study.



140 Appendix A. COMSOL simulation and material properties

a)

b)

c)

FIGURE A.2: Skewness quality measure 2D map and cor-
responding histogram of (a) GO, (b) NiO NP and (c) CeO2

NPs aggregate simulations with COMSOL.
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A.2 Optical and thermophysical properties

In the following tables, the parameters of the materials implemented in the
simulations are listed. The dependence of parameters with temperature is
listed in specific tables when needed.

TABLE A.1: Density (ρ), specific heat (Cp), thermal conduc-
tivity (kth), reflectance (R) and absorption coefficient (α) of

the materials used for simulation.

Material Parameter Value

H2O ρ 917 kg m−3

Cp 1400 J kg−1 K−1

kth 3.5 W m−1 K−1

GO ρ 917 kg m−3

Cp 700 J kg−1 K−1

kth 0.53 W m−1 K−1

R 0.08
α 5.0 · 106 m−1

NiO ρ 6670 kg m−3

Cp see Table A.2
kth see Table A.3
R 0.2
α 5.0 · 107 m−1

CeO2 ρ see Table A.4
Cp see Table A.4
kth see Table A.4
R 0.1
α 2.5 · 107 m−1
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TABLE A.2: Temperature dependence of specific heat (Cp)
of NiO used for simulation.

Temperature Specific heat
(K) (J kg−1 K−1)

200 447.7
300 589.9
400 702.9
500 853.5
505 882.8
510 962.3
545 945.5
550 857.7
560 790.8
580 748.9
600 732.2
700 719.6
800 719.6
900 719.6
1000 719.6

TABLE A.3: Temperature dependence of thermal conduc-
tivity (kth) of NiO used for simulation.

Temperature Thermal conductivity
(K) (W m−1 K−1)

200 64.0
250 33.8
300 20.2
400 11.5
500 7.85
700 4.55
5000 4.5



A.2. Optical and thermophysical properties 143

TABLE A.4: Temperature dependence of thermophysical
properties of CeO2 used for simulation.

Thermal
Temperature Density Specific heat conductivity

(K) (kg m−3) (J kg−1 K−1) (W m−1 K−1)

373 6763 386 6.220
423 6752 398 5.556
473 6740 406 5.164
523 6728 416 4.866
573 6717 425 4.529
623 6705 433 4.127
673 6693 435 3.824
723 6681 436 3.581
773 6669 437 3.397
823 6656 440 3.259
873 6644 442 3.138
923 6632 445 2.995
973 6620 449 2.896
1023 6607 452 2.816
1073 6595 457 2.720
1123 6583 459 2.634
1173 6570 461 2.567
1223 6556 462 2.458
1273 6542 465 2.390
1323 6529 467 2.315
1373 6516 470 2.217
1423 6504 472 2.151
1473 6491 475 2.088
1523 6481 478 2.029
1573 6472 480 1.973
1623 6463 483 1.920
1673 6453 485 1.870
1723 6441 488 1.823
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Appendix B

Assignment of FTIR bands

TABLE B.1: Assignments of bands appearing in sam-
ples GO-CNT-NiO-515, GO-CNT-NiO-515-A, GO-CNT-

NiO-515-U and GO-CNT-NiO-515-M.

Wavelength (cm−1) Assignment

GO 800 C – O – C or C – H
890 C – O – C
980 C –– C
1150 C – OH
1550 C – C
1640 C –– C
2900 OH
3200 OH

MWCNT 1240 υ(C – O), C – OH
1560 C – C

Urea 1150 ν2(or 2νL), C – OH
1450 C – N, CN2

1600 C – N, CN2, N – H
1680 O + NH, CO
3250 NH
3330 νas NH2

Continued on next page
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TABLE B.1 – continued from previous page

Wavelength (cm−1) Assignment

3420 νas NH2

Melamine 800 δoopring, δtwistNH2

1020 δrock NH2, ν C – N(H2), δipring
1200 δrock NH2

1420 ν C – N(H2), δipring
1530 δsciss NH2, δrock NH2, δipring
1620 δsciss NH2

3100 νs NH2

3320 νas NH2

3410 νas NH2

3460 νas NH2

515 890 C – O – C
1010 C –– C
1320 C – OH / C – O – C
1530 C – N, CN2, N – H
1680 C –– O

515-A 750 γ C – O, γ NH2 + CO
out-of-phase

950 Second vibrational mode
of NH3

1090 ν2(or 2νL) amorphous
1260 C – OH, C – O – C
1350 C – OH, C – O – C, ν2 + νL

crystalline
1510 C – N, CN2, N – H
1700 C –– O
1790 H – N – H scissoring
3100 νs NH2

Continued on next page
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TABLE B.1 – continued from previous page

Wavelength (cm−1) Assignment

3530 N – H symmetric stretching

515-U 770 γ C – O, γ NH2 + CO
out-of-phase

810 C – O – C or C – H
890 ν (C – N), CN2

1100 C – O
1210 NH
1480 C – N, CN2, N – H
1600 C – O and NH2

1700 O + NH, C – O

515-M 790 δoopring, δtwistNH2

1100 C – O
1240 δrock NH2

1490 C – N, CN2

1580 N – H
1750 C –– O
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