
UNIVERSIDADE ESTADUAL DE CAMPINAS
FACULDADE DE ENGENHARIA ELÉTRICA E DE COMPUTAÇÃO

Davi Marcelo Soares

Transition metal oxides and carbide as
active electrodes for electrochemical

capacitors

Óxidos de metais de transição e carbeto
como eletrodos ativos para capacitores

eletroquímicos

Campinas
2018



Davi Marcelo Soares

Transition metal oxides and carbide as active electrodes for
electrochemical capacitors

Óxidos de metais de transição e carbeto como eletrodos
ativos para capacitores eletroquímicos

Dissertation presented to the School of
Electrical and Computer Engineering of
the University of Campinas in partial
fulfillment of the requirements for the
degree of Master in Electrical Engineer-
ing, in the area of Electrical Energy.

Dissertação apresentada à Facul-
dade de Engenharia Elétrica e de
Computação da Universidade Estadual
de Campinas como parte dos requisitos
exigidos para a obtenção do título de
Mestre em Engenharia Elétrica, na Área
de Energia Elétrica.

Supervisor/Orientador: Dr. Hudson Giovani Zanin

Co-supervisor/coorientador: Dr. Alfredo Carlos Peterlevitz

Este exemplar corresponde à versão
final da dissertação defendida pelo
aluno Davi Marcelo Soares, e orien-
tada pelo Prof. Dr. Hudson Giovani
Zanin.

Campinas
2018





Comissão Julgadora – Dissertação de Mestrado

Candidato: Davi Marcelo Soares RA: 208931

Data da defesa: 19 de Dezembro de 2018

Título da Tese: ”Transition metal oxides and carbide as active electrodes for
electrochemical capacitors”

Prof. Dr. Hudson Giovani Zanin (Presidente, FEEC/UNICAMP)
Prof. Dr. Gustavo Doubek (FEQ/UNICAMP)
Prof. Dr. Helder Jose Ceragioli (FEEC/UNICAMP)

A ata de defesa, com as respectivas assinaturas dos membros da Comissão Julgadora,
encontra-se no processo de vida acadêmica do aluno.



Acknowledgments

I would like to express my sincere gratitude to all who helped me somehow to
accomplish my masters degree studies.

Firstly, I would like to thank Dr. Hudson Giovani Zanin for his mentorship,
and for always trusting me and introducing me to this field of research. Likewise, to
Dr. Alfredo Carlos Peterlevitz for his patience, mentorship, wisdom, knowledge, and
suggestions provided during this fruitful period at Carbon Sci-tech labs. Paldies!

Also, I appreciate Rafael Vicentini for providing samples, assisting me with
electrochemical studies, and for his friendship; Dr. Helder Ceragioli for all knowledge and
useful suggestions on hot filament chemical vapor deposition technique; Dr. Aline Pascon
for allowing me to visit Center for Semiconductor Components (CCS) and for kindly helping
me with scanning electron microscopy images; Willian Nunes for his suggestions regarding
electrochemical impedance spectroscopy bibliography; Paloma for X-ray diffraction in
samples and friendship; Dr. Elenice for assisting me with X-ray photoelectron spectroscopy
spectra due to her expertise and friendship; Dr. Bruno Morandi for his revision and useful
suggestions; Thais for assisting me with chemical synthesis and friendship; Bruno Freitas,
Cesar, Carla, Carol, Lenon, Luiz Eduardo, Murilo, Otávio, Renato, Thayanne, Dr. Vera,
and Vinícius for their friendship.

Special thanks to Dr. Cristiane Rodella for XRD diffraction at XPD beamline at
Brazilian Synchrotron Light Laboratory (LNLS) , and to Dr. Leonardo Silva, from Federal
University of Vales do Jequitinhonha e Mucuri (UFVJM), for his revision, suggestions and
knowledge provided throughout my masters studies.

To Japanese government through Japan student services organization (JASSO)
for financial support in the co-creative education program of humanities and sciences to
solve global issues confronting Japan and Latin America (La-CEP) at Tokyo university of
agriculture and technology (TUAT). Similarly, special thanks to Nanako Takase Sensei,
Yoichi Tominaga Sensei, Kenzo Maehashi Sensei, Takashi Ikuta Sensei, and all students,
who kindly accepted me for lab-work in their respective laboratories, allowing me to learn,
feel part of their research groups, and showing me the unique Japanese culture.

More importantly, I appreciate the special support of my beloved wife Adriana,
who encouraged me to pursue my masters and always had faith in myself, even during
difficult times. Also, to my parents, sister and my niece Sarah.

This study was financed in part by the Coordenação de Aperfeiçoamento de
Pessoal de Nível Superior - Brasil (CAPES) - Finance Code 001. The author also thank
São Paulo Research Foundation (FAPESP), process 2014/02163-7, for financial support.



Dedication

I dedicate this study to my wife, my parents, my sister and my niece for their
unconditional love, support, and source of encouragement.

But it is from the champions of the impossible rather than the slaves of the possible that
evolution draws its creative force.

—Barbara Wootton



Abstract

The development of renewable energy storage systems is a cornerstone field for
sectors such as electronics, aerospace and automobile. In research, techniques for producing
efficient energy storage materials have drawn attention of researchers allover the world.
Within this field, supercapacitors, also known as electrochemical capacitors, occupy special
position, due to its high power density. This family of energy storage devices presents
simple assembly, which is constituted by two electrodes – positive and negative terminals –
an electrolytic medium, and a membrane, also known as separator, that plays the role
of avoiding short circuit of positive and negative terminals, but allows ionic exchange in
the electrolyte. Regarding the research efforts for supercapacitors, it is currently focused
in the development of new electrode materials and electrolytes. For instance, within
the materials tree for electrodes, transition metal oxides have called the attention due
to faradaic or oxidation and reduction reactions. These reactions provide capacitance
enhancement, but in most cases they do not allow long lifespan to the device. The purpose
of this work is to present materials that have both redox reactions and longer lifespan.
The two synthesized electrodes are namely: i) tungsten oxide (WxOy) and carbide W2C
composite, and ii) composite of multi wall carbon nanotubes (MWCNT) decorated with
niobium pentoxide (Nb2O5). Both materials were grown by chemical vapor deposition
(CVD) technique. Following the synthesis, characterization techniques were employed to
evaluate the morphology, physical-chemical characteristics and electrochemical behavior
of the composites. The experimental results of tungsten oxide and carbide show that
the capacitance increased 119% during cyclability for Na2SO4 electrolyte. The efficiency
also improved, from 59% at first cycle to 85% after 10,000 charge-discharge with constant
current (GCD) cycles for Li2SO4 electrolyte. About the composite of MWCNT decorated
with Nb2O5, the capacitance increased more than 34 times compared to an electrode made
only out of MWCNT (without decoration). Therefore, the results reported herein present
that both materials synthesized are candidates towards renewable supercapacitor devices,
with Faradaic behavior and long lifespan.



Resumo

O desenvolvimento de sistemas de armazenamento de energias renováveis é um
campo estratégico para setores tais como eletroeletrônico, aeroespacial e automotivo. Em
pesquisa, técnicas para produção de materiais para armazenamento de energia eficiente
tem sido objeto de estudos por grupos de pesquisa por todo o mundo. Neste âmbito,
supercapacitores, também conhecidos como capacitores eletroquímicos, tem ocupado local
de destaque, haja vista sua alta densidade de potência. Esta classe de armazenadores de
energia tem por característica um processo relativamente simples de montagem, o qual
constitui-se de dois eletrodos – terminais positivo e negativo – um meio eletrolítico, e
um separador para impedir o curto circuito dos eletrodos mas permitir a troca iônica
no meio eletrolítico. No tocante às linhas de pesquisa para capacitores eletroquímicos,
muitos esforços tem sido colocados na busca por novos materiais de eletrodos e meios
eletrolíticos. Por exemplo, no que se refere aos materiais para eletrodos, óxidos de metais
de transição têm chamado atenção devido a ocorrência de reações faradáicas ou de oxi-
redução. Tais reações proporcionam aumento na capacitância, mas na maioria dos casos
não conferem ao dispositivo uma longa vida útil. O objetivo deste trabalho é apresentar
dos compostos que possuem concomitantemente reações redox e longevidade na operação.
Os dois materiais sintetizados são: i) composto de óxido (WxOy) e carbeto de tungstênio
(W2C), e ii) composto de nanotubos de carbono de paredes múltiplas (MWCNT) decorados
com pentóxido de nióbio (Nb2O5) em substrato de alumínio com eletrodeposição de níquel.
Os materiais sintetizados foram crescidos pela técnica deposição química em fase vapor
(CVD). Posterior à síntese, técnicas de caracterização foram empregadas para avaliar a
morfologia, características físico-químicas e comportamento eletroquímico dois compostos.
Os resultados experimentais do dispositivo com eletrodo de óxido e carbeto de tungstênio
mostram que a capacitância aumentou 119% ao longo da ciclabilidade para o eletrólito de
Na2SO4. Já a eficiência também aumentou, de 59% no primeiro ciclo para 85% após 10.000
ciclos de carga e decarga com corrente constante (GCD) no eletrólito de Li2SO4. Quanto
ao composto de MWCNT decorado com Nb2O5, a capacitância aumentou cerca de 34 vezes
quando comparada com a de um eletrodo composto apenas por MWCNT. Portanto, os
resultados expressos neste trabalho situam ambos os materiais sintetizados como candidatos
para dispositivos supercapacitores com materiais ambientalmente sustentáveis, aliando
características Faradáicas e longo ciclo de vida.



List of Figures

1.1 Number of records in articles, books, and authentic open literature related
to supercapacitors from 2000 until 2018. Search formulation for "superca-
pacitor"; search from Web of Science; search time: 22, Jan, 2019. . . . . . . 15

1.2 Supercapacitor classification for its different types. Adapted from [1]. . . . 16
1.3 Ragone plot of energy storage systems. . . . . . . . . . . . . . . . . . . . . 16

2.1 Charge and discharge mechanism in supercapacitors and ions disposition. . 22
2.2 Electric double layer models on a positively charged surface: (a) Helmholtz

model, (b) Gouy-Chapman model, and (c) Stern model. Adapted from [2]. 23
2.3 Stern model circuit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.4 RC circuit with a constant current source. . . . . . . . . . . . . . . . . . . 26
2.5 (a) Plot of voltage-time (φ-t) response of current step, considering that at

t = 0 the capacitor Cd voltage is 0 V, (b) current step plot. Adapted from [3]. 26
2.6 (a) Scan rate (ν) respresentation; (b) plot of current-time (i-t) result of

increasing voltage application. Adapted from [3]. . . . . . . . . . . . . . . . 27
2.7 Plots of (a) triangular wave voltage applied for voltammetry, (b) current

response in the capacitor device in function of time, and (c) response of
current in function of voltage. Adapted from [3]. . . . . . . . . . . . . . . . 28

2.8 Galvanostatic charge-discharge typical voltage shapes, namely (a) linear,
and (b) non-linear [4]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.9 Simplified Randles cell for electrochemical impedance spectroscopy (EIS). . 31
2.10 Nyquist impedance plot for simplified Randles’ circuit presented by figure 2.9. 32
2.11 Example of Randles’ circuit with constant phase element (CPE) for EIS

fitting [5, 6]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.12 Typical Nyquist plot for a pseudocapacitor with a CPE element. Adapted

from [7]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.1 Representation of hot filament chemical vapor deposition (HFCVD) reactor
principle. Adapted from [8]. . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.2 Representation of coin cell assembly and its components used in the present
study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.3 (a-g) scanning electron microscopy (SEM) and (h,i) transmission electron
microscopy (TEM) data took from W2C:WxOy composite. . . . . . . . . . . 38

3.4 Raman spectra of (a) W2C:WxOy thin film, and (b) as-purchased tungsten
filament. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.5 (a)X-ray diffraction (XRD) pattern of W2C:WxOy composite, (b)pattern of
small intensity peaks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.6 X-ray photoelectron spectroscopy analysis (XPS) core-level spectra of the
following regions: (a) long scan, (b)W 4f, (c)C 1s, and (d)O 1s. . . . . . . 41



3.7 (a) Cyclic voltammetry for different scan rates for 0.5 mol/l Na2SO4 elec-
trolyte before starting galvanostatic charge-discharge (GCD). (b) Cyclic
Voltammograms of W2C:WxOy composite electrodes at scan rate 50 mV/s . 42

3.8 (a) Cyclic voltammetry for different scan rates for 1 mol/l Li2SO4 elec-
trolyte after 2500 cycles of GCD. (b) Cyclic voltammograms of W2C:WxOy

composite electrodes at scan rate 50 mV/s. . . . . . . . . . . . . . . . . . . 43
3.9 Specific capacitance for W2C:WxOy composite devices with (a) 1 mol/l of

Li2SO4 and (b) 0.5 mol/l of Na2SO4. . . . . . . . . . . . . . . . . . . . . . 44
3.10 Galvanostatic charge-discharge for W2C:WxOy composite devices with (a)

1 mol/l of Li2SO4 electrolyte from 1st and 10, 000th cycles, and (b) 0.5 mol/l
of Na2SO4 from 1, 000th and 5, 000th cycles. . . . . . . . . . . . . . . . . . . 44

3.11 EIS for 2,500th and 10,000th cycles for Li2SO4 electrolyte. . . . . . . . . . . 46
3.12 EIS data from electrochemical capacitors (EC) filled with Na2SO4 electrolyte

after first and 5,000th cycles. . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.1 Structural representations of some crystal structures of Nb2O5 with their
respective phase in function of temperature. Adapted from [9] . . . . . . . 49

4.2 Simple nozzle configuration for electrospray system. Adapted from [10]. . . 52
4.3 SEM and TEM from the multi wall carbon nanotubes (MWCNT) decorated

with Nb2O5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.4 Raman spectrum of compound MWCNT decorated with Nb2O5. . . . . . . . 55
4.5 XPS core-level spectra of the following sections: (a) long scan, (b)Nb 3d,

(c)O 1s, (d)C 1s, (e)Ni 2p, and (f)Al 2p. . . . . . . . . . . . . . . . . . . . 56
4.6 (a) Comparison of MWCNT and decorated Nb2O5:MWCNT, (b) cyclic voltam-

metry of Nix : Al:MWCNT-Nb2O5 electrode for different scan rates, (c) ev-
idences long lifespan of the device and its behavior at 100 mV/s, and (d)
galvanostatic charge–discharge (GCD) profiles for various current densities. 57

4.7 (a) EIS data took from device after 12,993rd and 107,886th cycles for Li2SO4

electrolyte, and (b) EIS from 12,993rd up to 197,886th cycles for 1 mol/l of
Li2SO4 electrolyte, showing behavior change of the device as it underwent
GCD cycles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58



List of Tables

3.1 Data extracted from EIS for the device with 1 mol/l of Li2SO4. . . . . . . . 45
3.2 EIS data for EC filled with Na2SO4 electrolyte after 2500th and 10000th

cycles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.1 Data extracted from EIS constant-phase element (CPE). . . . . . . . . . . 59



List of abbreviations

AC activated carbon.

CBMM Brazilian metallurgy and mining company.

CCS Center for Semiconductor Components.

CNT carbon nanotubes.

CPE constant phase element.

CV cyclic voltammetry.

CVD chemical vapor deposition.

DC direct current.

EC electrochemical capacitors.

EDL electric double layer.

EDLC electric double layer capacitor.

EIS electrochemical impedance spectroscopy.

ESI electrospray ionization.

ESR electric series resistance.

FAPESP São Paulo Research Foundation.

GCD galvanostatic charge-discharge.

HFCVD hot filament chemical vapor deposition.

HWCVD hot wire chemical vapor deposition.

JASSO Japan student services organization.

La-CEP co-creative education program of humanities and sciences to solve global issues
confronting Japan and Latin America.

MWCNT multi wall carbon nanotubes.



SEM scanning electron microscopy.

TEM transmission electron microscopy.

TUAT Tokyo university of agriculture and technology.

UFVJM Federal University of Vales do Jequitinhonha e Mucuri.

XPS X-ray photoelectron spectroscopy analysis.

XRD X-ray diffraction.



Summary

1 Introduction 14

2 Capacitors 18
2.1 Parallel plates capacitor . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.1.1 Supercapacitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.1.2 Physical based models of supercapacitors . . . . . . . . . . . . . . . 22
2.1.3 Usual techniques of electrochemical behavior characterization . . . . 25

3 Tungsten oxide and carbide as active materials for electrochemical ca-
pacitors 34
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.2 Experimental procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3 Materials characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.4 Devices characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.5 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.5.1 Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.5.2 Raman spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.5.3 X-ray diffraction (XRD) . . . . . . . . . . . . . . . . . . . . . . . . 39
3.5.4 X-ray photoelectron spectroscopy analysis (XPS) . . . . . . . . . . 40
3.5.5 Electrochemical studies . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4 Core/shell Nb2O5 nanoparticles/carbon on carbon nanotubes as sym-
metrical supercapacitor electrodes 48
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.2 Experimental procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.3 Materials characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.4 Devices characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.5 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.5.1 Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.5.2 Raman spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.5.3 X-ray photoelectron spectroscopy analysis (XPS) . . . . . . . . . . 55
4.5.4 Electrochemical studies . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5 Future work 60

6 Conclusion 61



15

Chapter 1

Introduction

Climate change and indiscriminate fossil fuel use are protagonists of ecologic and

economic crises nowadays [11,12]. Global warming is fact, regardless the reasons, and CO2

emissions may be a reason for that. In order to control CO2 emissions below the United

Nations goal of 2 ◦C by 2050, one third of global oil reserves together with 50% and 80% of

gas and coal reserves, respectively, must be kept intact for the next thirty five years [13,14].

More than global warming, fossil fuels generate toxic sub-products such as sulfur dioxide

(SO2), nitrogen oxides (NOx) and air particulate. These compounds pose as a direct threat

to human health, and therefore represent a public health issue, as well [15, 16].

These and other facts have driven nations worldwide to encourage and invest

in research and development of renewable energy sources, which neither generate toxic

sub-products nor increase carbon emissions to atmosphere [17].

Such encouragement and incentives are translated into goals, for example the

European union intends to have in its energy matrix renewable sources participation of

20% and 55% by 2020 and 2050, respectively. In addition, there are countries with a more

aggressive policy, such as the United States, which intends to achieve 80% renewable sources

by 2050; and Denmark, that foresees the abandon of all sources of fossil energy sources by

2050 [18]. Allied to the facts mentioned, renewable energy consumption nowadays is an

indicative of economic growth. For this reason, development of these green energy sources

is strategic towards nations development [19].

Nevertheless, development comes at a cost, which means that there are drawbacks

that should be addressed when it comes to green sources [20]. One of the major obstacles

lies in transport and direct supply to consumers; allied to the fact it cannot be produced on

demand, e.g. conversion of solar energy during the night is impracticable. One alternative

for these cited issues is the use of feasible electrochemical storage systems, such as batteries,

electrochemical capacitors, or fuel cells. These storage devices play the role of supplying

citizens and businesses during low generation and high demand periods (peak time). More

importantly, due to environment-friendly nature of the generation, storage should attain
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such feature, too [18,21,22].

Among the devices cited above, electrochemical capacitors – also known as

supercapacitors, ultracapacitors or golden capacitors – have gained special position in the

last ten years because their fast charge/discharge feature. Because lithium-ion batteries

undergo through phase changes during its operation – which leads to low power delivery

– they are deficient for applications that require fast charge/discharge. This niche of

application is attractive to supercapacitors, once they present simple operating principle,

high power supply capability, and longer life cycle (beyond 100,000 cycles) [11, 12]. These

features and special position achieved are demonstrated by official statements given by

governments around the world: e.g. United States Department of Energy attributed equal

importance to supercapacitors and batteries for the future of energy storage systems.

Likewise, currently there is an increasing volume of research – published papers, books,

and patents – towards supercapacitors, as depicted by figure 1.1 [23].
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Figure 1.1: Number of records in articles, books, and authentic open literature related to
supercapacitors from 2000 until 2018. Search formulation for "supercapacitor"; search from
Web of Science; search time: 22, Jan, 2019.

This high volume of research, mainly focused in the pursuit of new materials,

has lead to the development of different types of supercapacitor, as depicted in figure 1.2.

According to figure 1.2, supercapacitors are divided in 3 main classes: i) electric double

layer capacitors (EDLCs), ii) pseudocapacitors and iii) battery-like capacitors (hybrid

systems). EDLCs are energy storage devices that store chemical energy by electrostatic

adsorption of ions on electrode/electrolyte interface. Pseudocapacitors are EDLCs but with

additional electron transfer across electrode/electrolyte interface [24]. Finally, battery-like

capacitors, as name suggests, have charge discharge processes similar to battery at about

constant voltage. In the latter case, electron transfer process is predominant on energy
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Accordingly, it is possible to see, in terms of power and energy densities, that

batteries have lower power but higher energy densities, the opposite of supercapacitors.

Aiming to contribute towards the development of environmentally friendly, low

cost, safe, easily manufactured and long-life supercapacitors, this study presents the

synthesis of two composite materials for electrodes. Both aggregated metal oxides, leading

to pseudocapacitor type – as showed by figure 1.2.

Thus, at present work two new materials were developed using a technique

known as chemical vapor deposition (CVD). Overall, besides developing materials with

features above reported, the employed technique intends to show potential for large scale

production.
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Chapter 2

Capacitors

Capacitors are centennial energy storage devices. It is reported that in the

mid-1700 at Leyden University, in the Netherlands, a device known as Leyden jar was

capable to store energy [7].

This device was a jar coated with a thin silver foil internally and externally. As

external part was grounded, it was possible to accumulate electric charges in the inner

part of the jar through an electrostatic generator. Therefore, in this early capacitor it was

possible to store energy energy – through electric charge accumulation – as well as to see

electric discharges.

This primitive device gave rise to what would become one important devices for

electronics concerning energy storage, electronic filters, and voltage divider for example.

More than that, it preceded devices with higher power density to fill a gap within Ragone

plot shown by figure 1.3. The theoretical principle of capacitors and supercapacitors is

quite similar. More specifically, its equation starts with the device known as parallel plates

capacitor.

2.1 Parallel plates capacitor

A capacitor is a device capable of accumulate electric energy in its electric field.

Originally, this is composed by two parallel plates apart from a dielectric. The charge in

the device accumulates when voltage is applied to its terminals, which forces positive and

negative electric charges to accumulate on the terminals. Overall, a capacitor may provide

electric current to a circuit for short periods of time. Its capacitance – given in Farad

units – is the ratio of electric charge – given in Coulomb – which can be accumulated on

the terminals for a voltage value – given in Volts. Hence, the capacitance of a capacitor

obeys the equation 2.1.

C =
Q

V
(2.1)
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Moreover, for a capacitor with parallel plates, the capacitance is proportional to

the area of the device, as well as to the material permittivity (ε0 εr). Similarly, the electric

field in a double layer capacitor is given by the relation below.

E =
σ

ε0 εr

(2.2)

σ =
Q

A
(2.3)

Where, in equation 2.3 Q is the value of electric charge, in Coulomb, and A is the

electrode surface area. The combination of equations 2.1, 2.2 and 2.3 yields equation 2.4

C =
ε0 εr A

d
(2.4)

Where, ε0 is permittivity of free space; εr is the relative material permittivity,

and d is the distance between negative and positive terminals.

From conventional capacitors to supercapacitors few observations should be

addressed, which are briefly covered here and in further details on the next section. In

supercapacitors, capacitance may be from 3 to 10 orders of magnitude greater than

conventional capacitors. Considering this information and equation 2.4, one way to achieve

higher capacitance is by reducing the distance d, and/or by increasing surface area (A).

The distance d on supercapacitors is equivalent to solvated ion radius on electrolyte,

and not the distance between terminals or electrodes – as for conventional capacitors.

Moreover, surface area on supercapacitors may range from hundred to thousand of m2/g

of active material. These facts corroborate to explain the greater values of capacitance of

supercapacitors.

Regarding the energy stored in supercapacitors, commonly notations utilized are

power density, or specific power, and energy density, or specific energy. These definitions

take under consideration the mass of the electrode; therefore, normalizing the values for

comparison purposes. The specific energy of supercapacitor is presented in the equation

2.5.

E =
1
2
C V 2

m
(2.5)

Where, in the equation 2.5, energy (E) is given in J, capacitance (C) in F, voltage

applied to the terminals (V ) in V; and m is the electrode mass, usually given in g.

Yet the specific power of a supercapacitor, according to the fundamental definition,

is given by the rate of energy supplied to the load in time divided by the electrode mass,

as stated by equation 2.6.

P =
1
m

∂E

∂t
(2.6)
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As previously stated, one difference between capacitors and batteries is in terms

of energy and power densities. Capacitors present higher specific power (higher than

5× 103 W/kg); but lower specific energy (from 1× 10−2 to 5× 10−2 W h/kg). Accordingly,

compared to batteries, supercapacitors can be rapidly charged and discharged; despite its

lower energy storage capacity [25].

2.1.1 Supercapacitors

Supercapacitors, also known as electrochemical capacitors, or ultracapacitors,

are devices that store and supply energy, respectively, through rapid charge and discharge

that happen on the electrode-electrolyte interface [7]. These devices are candidates for

replacing batteries in applications that require high power and low weight. Due to

their fast charge/discharge processes, supercapacitors can supply loads that require quick

power bursts; therefore, with applicability that goes from wearable and mobile devices to

automotive vehicles and aircrafts emergency doors [11, 26].

Other advantages of supercapacitors are their long durability and high efficiency,

due to their mechanism of energy storage. For electric double layer capacitor (EDLC), one

happens through electrostatic attraction of ions on electrode/electrolyte interface [7, 9].

activated carbon (AC) is the most employed material on EC electrodes due to its high

surface area, which has impacts on capacitance magnitude, chemical stability, and low

cost. Similarly, plenty of research has been done on carbon allotropes electrodes, namely,

graphene, carbon nanotubes, and fullerenes, for instance [27].

Specifically about carbon nanotubes (CNT), that belong to the group known as

1D electrode materials, despite the fact they provide high electronic conductivity and

path towards flexible devices, their specific surface area is considered low, usually below

200 m2/g [28]. Notwithstanding, the surface capacitance of pristine carbonaceous films

ranges from 5 to 15 µF/cm2, which may provide, depending on the electrolyte, a capacitance

not higher than 200 F/g, value also considered low by literature [29]. One alternative to

overcome the low specific capacitance characteristic of pristine carbonaceous thin films is

through the decoration with materials that may provide higher capacitance values. For

instance, increase in capacitance may happen through faradaic or redox reactions. These

reactions, also known as pseudocapacitance, may take place in devices that possess the

following materials: carbons enriched in heteroatoms, conducting polymers, nanoporous

carbons with electrosorbed hydrogen, and transition metal oxides [7]. Thus, deposition of

such materials onto carbonaceous electrodes may be a successful approach towards higher

capacitance devices [29, 30].

Hence, in supercapacitors there are two mechanisms in which charge is stored:

electrostatic and faradaic. Regarding electrostatic mechanism, the majority of electrodes to

that end are porous carbon allotropes [31–35]. However, as previously mentioned, limited
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capacitance is achieved relying in the electrochemical double layer only, 100 - 200 F/g

depending on the electrolyte [7, 31]. In order to overcome such limitation, transition

metal oxides are one kind of materials that were employed at present study for achieving

pseudocapacitive behavior [7].

As stated by equation 2.4, the pursuit for materials that provide high capacitance

is mainly based on some variables expressed in that relation. For instance, high surface

area materials are desired; reason why more than 90 % of commercial supercapacitors

use carbon as the electrode active material [36]. Furthermore, the distance between the

electrodes is related to the electric double layer thickness – for supercapacitors it has order

of magnitude of angstrom (1× 10−10 m). These few facts can bring useful information

regarding the employed materials and operating principle of supercapacitors. For example,

the double layer thickness shows why high power values can be achieved. Another reason

for the high power lies in the fact that supercapacitors possess higher charge and discharge

rates when compared to batteries. This fact is explained by the fact that these high

reversible charge transfers and reactions do not promote phase changes or slow reactions

at the electrode/electrolyte interface, like in batteries [7].

Apart from higher power density, supercapacitors also differ from batteries in the

regard its life cycle – once some supercapacitors may achieve millions of cycles. Furthermore,

supercapacitors present lower charge and discharge times, and higher efficiency – measured

by the ratio of discharge and charge times – and by the fact that they can be completely

charged and discharged without affecting its performance.

In relation to pseudocapacitance, it is typical of reactions in which electric

charge (q) is proportional to change in potential (∆φ), according to equation 2.1. Thus,

pseudocapacitance, also known as faradaic or redox reactions, is usually achieved under

following cases: i) surface redox in transition metal oxides or other materials; ii) ion

intercalation that does not culminate in phase changes; iii) monolayer adsorption of ions

in the electrode surface; iii) redox reactions in electrolytes at the electrode/electrolyte

interface, for instance [37,38]. The equation that rules such redox reactions is presented

by equation 2.7.

φ ≈
(

RT

nF

)

ln

[

1
1 − q

]

(2.7)

Where, in equation 2.7, φ is voltage in V, R is the gas constant given in J/(mol K),

T is the temperature in K, F is the Faraday constant, n is the number of electrons in

the redox reaction, and q is the charge stored. This behavior is therefore named as

pseudocapacitive as it is typical in capacitive charge/discharge processes [37].

It is also important to highlight that surface redox reactions exhibits kinetic that

follows the equation 2.8.
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This approach – Gouy-Chapman model – takes into account a continuous cation

and anion distribution in the electrolyte under effect of ion thermal motion. This model,

proposed by Louis Georges Gouy and David Chapman, also calls as diffuse layer the region

where the ion concentration closer to the charged surface obeys Boltzmann distribution.

Although more elaborated than Helmholtz model, Gouy-Chapman overestimates

the electric double layer capacitance, once it does not comprehend physical limitation for

ions to get closer to electrodes, what does not possess physical meaning. Furthermore,

the model considers ions as punctual charges. Treating ions like punctual charges means

that the electric potential difference between the compact layer plane (ψa ) and the metal

with respect to electrolyte solution (ψM) is the same; also, it means the ion distribution

goes further down to the metal substrate, where dH = 0. Therefore, once the ions are very

close to the surface the values of capacitance obtained theoretically are much higher than

the real ones [2, 25]. This means that even though the Gouy-Chapman model had a more

refined mathematical treatment, which involved Boltzmann’s energy distribution equation

and Poisson’s relation, it was not enough due to serious overestimation of double-layer

capacitance. Consequently, a more realistic model was then proposed by Stern.

Stern model

The drawback found in Gouy-Chapman model was overcame by Stern in the

study published in Zeitschrift fur Elektrochemie in 1924, which contained a new theory for

double-layers. One relevant aspect of Stern model is that it kept some contribution from

previous models – Helmholtz and Gouy [2].

As introduced by figure 2.2(c), the model conceived an inner region of ions

distribution, which obeys the Langmuir’s adsorption isothermal curves. Beyond the inner

region, there is the diffuse layer of ionic charge distribution – similar to Gouy-Chapman

model. It is also important to highlight that in Stern model ions assume a finite size,

which include their hydration shells.

As depicted in figure 2.2(c), in Stern model, the stern layer capacitance is in

series with the diffuse layer capacitance. This equivalent circuit is similar to the one

illustrated in figure 2.3.

CH Cdiff

Figure 2.3: Stern model circuit.

From figure 2.3, once the capacitors are in series, the equivalent of them will be

analogous to resistors in parallel, as shown by equation 2.11.

1
C

=
1
CH

+
1

Cdiff

(2.11)
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Where, in equation 2.11, CH is the compact layer capacitance from Helmholtz;

while, Cdiff is the diffuse layer capacitance.

2.1.3 Usual techniques of electrochemical behavior characterization

When it comes to characterization techniques for supercapacitors, there are

standard ones that are employed, and, therefore, widely reported in literature.

One relevant aspect is that even though supercapacitors may have different

operating principle compared to electrostatic capacitors, they still being treated as parallel

plates devices. Hence, surface area and thickness of the film, for instance, are parameters

of interest when characterizing the devices.

The following topics present a brief explanation of some standard techniques

employed for evaluation of supercapacitors electrochemical behavior and performance.

The techniques discussed below were employed at the present study for the synthesized

materials.

Cyclic voltammetry (CV)

One of the most employed techniques for electrochemical characterization is

known as cyclic voltammetry (CV). According to its definition, in CV, the response current

from the working electrode is obtained by applying a potential scan rate. This procedure

thus allows to see the current that flows through the working electrode and counter

electrode, or, in the two electrode system, from positive to negative terminals. The

resulting plot is known as voltammogram, which is a standard plot of voltage in the x-axis

versus current in the y-axis.

The response current is given in function of substrate material, electrolyte, and

concentration of these. Furthermore, electrolyte oxidation and reduction reactions may

occur at electrode/electrolyte interface. Then, such contribution, known as pseudocapaci-

tance contribution, is usually identifiable in CV representation [4, 38].

Aiming to briefly show some theory behind a voltammogram, firstly we identify

one recurrent nomenclature – scan rate (ν) – which is a potential constantly varying in

time, with units given in V/s. By applying this potential rate, the voltage is presented by

equation 2.12.

φ = ν t (2.12)

Where ν is the scan rate in V/s; φ is the voltage in V; and t is time in s.

In order to clearly show the voltammetry principles, a simple RC circuit with a

constant current source is used at the present topic. This circuit is introduced in figure 2.4,

where Cd is the double-layer capacitance (EDLC), and Rs the internal equivalent resistance

of the device.
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depicted in figure 2.8(a). While for a pseudocapacitor, as the voltage versus time curve is

not linear as presented by figure 2.8(b), the capacitance is calculated by integrating the

current either on charge or discharge time, as per equation 2.19 [4, 7].

C =
1

∆φ
i

∫

dt (2.19)

Where, in equation 2.19, ∆φ is the voltage window, i is the known current, and

dt is either the charge or discharge time.

Besides capacitance, another relevant property that is obtained through GCD

plot is the supercapacitor efficiency. The relation that rules efficiency (η) is presented by

equation 2.20.

η =
tdischarge

tcharge

× 100% (2.20)

Where, tdischarge and tcharge are the times of discharge and charge, respectively.

In terms of resistance of devices, the voltage drop – highlighted in red during

current inversion in figure 2.8(a-b) – is related to the resistance of the cell. Therefore, it

brings useful information regarding cell’s performance.

Voltage drop is presented in equation 2.21.

Rs =
∆φdrop

∆ i
(2.21)

It is common when characterizing a device to keep track of the internal resistance

evolution during time. It is made by repeatedly applying the equation 2.21. Thus, the

GCD is used to cyclability evaluation, as well.

Electrochemical impedance spectroscopy (EIS)

Alternating current (AC) impedance spectroscopy, usually reported as electro-

chemical impedance spectroscopy, is the technique capable of evaluating a perturbation

in a system upon applying a small magnitude AC signal. The measurements can be

performed either at equilibrium state or with little displacement from it [4].

According to Ohm’s law, the impedance of a circuit (Ż) is given by voltage

divided by current. The equations 2.22 and 2.23 present the relations, respectively, for

arbitrary AC voltage and current signals.

φ(t) = V0 sin (ωt) (2.22)

I(t) = I0 sin (ωt+ ϕ) (2.23)

Where, in equations 2.22 and 2.23, ω is the phase angle (ω = 2π f); f is the
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signal frequency given in Hz; and ϕ is the phase angle. For a pure capacitive current, it

accounts for ϕ = π/2; whist for a pure resistive current it is equals to zero (ϕ = 0).

From the equation 2.22 presented, by varying the voltage wave sign frequency, its

resulting value (φ(t)) will also change; even though its maximum value is V0. It happens

because voltage value goes from -1 up to +1. The same principle applies for current signal

(I(t)).

As a result, the EIS allows us to see the system behavior for a range of input signal

frequencies. Results such as electric series resistance (ESR), charge transfer resistance,

heterogeneous charge transfer parameters, and diffusion resistance can be quantified, along

with the EDLC behavior [2–4,39,40].

The standard representation of EIS has two typical plots: frequency response

plot, known as Bode plot, and Nyquist plot, in which real part is plotted in x-axis; while

the imaginary part is plotted in y-axis [2]. The latter is illustrated in figure 2.10. As a

matter of fact, the as called imaginary impedance, in case of a purely capacitive system, is

given by equation 2.24.

˙Zim = −j
1
ω C

= −j
1

2π f C
(2.24)

Where, in equation 2.24, j2 = −1. Furthermore, performing the proper mathe-

matical steps in equation 2.24, it yields equation 2.25.

C = −j
1

˙Zim 2π f
(2.25)

Nonetheless, differently from relation presented by equation 2.24, the impedance

of a system hardly ever presents only capacitive part (Zim). It means that the equivalent

impedance of a system always have a resistive part (Zre), too.

Although the applied signals in EIS are AC, which means they are frequency

dependent, it is possible to analyze them using electrical circuits. Time dependent variables

can be then studied in the frequency domain, and therefore be algebraically solved. This

is one of the advantages of EIS. A simple typical circuit, known as simplified Randles cell,

is presented in figure 2.9 [2].

Rs

R

C

Figure 2.9: Simplified Randles cell for EIS.

From circuit depicted by figure 2.9, the equivalent impedance (Ż) is presented in

equation 2.26.
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Chapter 3

Tungsten oxide and carbide as active ma-

terials for electrochemical capacitors

3.1 Introduction

Tungsten carbide is the material, since the 1960s, most employed for catalytic

reactions due to its low cost and ability to not be poisoned by H2S and CO species,

for example. Besides extensively studied for catalytic reactions, its low cost, corrosion

resistance, and catalytic ability – analogous to noble metals – make it a candidate to

renewable energy storage applications [43–45]. Likewise, the other species of interest at the

present study, tungsten trioxide (WO3), exhibits chemical stability, various morphologies,

low cost, electrochromic and gaschromic properties [46–48]. Similarly, tungsten oxide is a

promising material for field-emission, solar energy and energy storage [49]. As a conse-

quence, capacitive behavior of tungsten oxide WO3 has been reported by literature through

several methods, such as microwave-assisted, electrochemical deposition, hydrothermal

preparation and precipitation method [48,50–53].

However, with relation to supercapacitors, the main issue of tungsten oxides

(WxOy) is their lack for chemical stability, yielding low lifespan devices. For the best of

our knowledge, the longest reported cyclability of WO3 electrode is 5,000 cycles, with

capacitance retention of 87% [54].

To overcome this issue, this study grew two main species of tungsten for superca-

pacitor electrodes: i) WO3, which provides pseudocapacitive behavior; and ii) W2C, which

is a very stable tungsten alloy in aqueous media.

In this study, W2C was synthesized onto copper substrate, as copper does not

react with tungsten, but they form what is called "pseudoalloy", once their mutual solubility

is negligible. Furthermore, they combine the desirable properties of electrical contact for

their use as electrodes [55]. More importantly, to the best of our knowledge, there is no

study published yet that synthesized W2C combined with tungsten oxide species (WxOy)
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on copper substrate and characterized it as supercapacitor.

In relation to carbon, which is part of the W2C molecule, it comes from the

as-purchased tungsten wires – which is coated by carbon layer – and also from vacuum

pump oil [56]. In any case carbon may evaporate to surface and diffuse. Carbon may also

spontaneously adsorb on surfaces, forming a film known as adventitious carbon [56]. This

adsorbed carbon may also lead to the production of new species.

With respect to the technique employed in the present work for depositing a

thin tungsten film onto copper substrate hot filament chemical vapor deposition (HFCVD),

also known as hot wire chemical vapor deposition (HWCVD), was employed. At HFCVD,

catalytic decomposition of hydrogen gas in atomic hydrogen happens by decomposing

the gas molecules to radical species once they hit the tungsten hot filament. Therefore,

the film formation occurs due to concomitant chemical reactions such as etching by the

atomic hydrogen generated, gas phase chemistry, and the thin film deposition itself, among

others [57–60]. Furthermore, at HFCVD, the pressure during the growth process is low,

around 1 Pa, similar to sputtering technique, which, therefore, considerably avoids the

formation of dust and particles accumulation on the substrate. It is worth noting also that

besides the reduced number of particles, the films obtained have lower stress, opposite to

the plasma assisted depositions, for instance [57]. Nonetheless, the presence of O2 during

the deposition, even under low pressure, induces at some degree oxidation on the film [46].

Our technique is fast, low cost, very reproducible, and environment-friendly. Also,

this technique does not require any typical carbon-containing gas, such as methane (CH4),

ethane (C2H6), butane (C4H10), and carbon monoxide (CO), which can be either expensive

or toxic [61].

Lastly, we report here a coin cell device assembled with W2C and WxOy compos-

ite as active electrode for electrochemical capacitor, henceforth referred as W2C:WxOy

composite. The composite thin film shows chemical stability, long lifespan, and higher

capacitance due to pseudocapacitive behavior.

3.2 Experimental procedures

Samples of polycrystalline copper were mechanically polished (1200 and 2000

grit) using sandpaper and then placed in sonication for 10 minutes in a solution containing

99.5% Synth ethyl alcohol for organic cleaning. Afterwards, samples were dried and

transferred into HFCVD reactor for the deposition.

The HFCVD reactor consisted of a stainless steel chamber, whose volume cor-

responded to approximately 20 L and base pressure of 5.8× 10−3 mbar. Thus, small

quantities of oxygen and water vapor were presented in this configuration. Two tungsten

filaments of diameter 236µm were equally 80 mm long; both positioned approximately

10 mm above the substrate holder. Figure 3.1 shows an schematic of this technique. During
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Figure 3.6: XPS core-level spectra of the following regions: (a) long scan, (b)W 4f, (c)C 1s,
and (d)O 1s.

The carbon peak, presented in figure 3.6(c), is deconvoluted into three resolved

peaks with binding energies 284.7 eV, 286.7 eV, and 288.5 eV. The stronger peak at 284.7 eV

is assigned to C–C bonds [83]; while low intensity peaks located at 286.7 eV and 288.5 eV

are assigned to C–O–C and O–C––O, respectively [84–88].

On the regard of oxygen, the deconvolution peaks are presented in figure 3.6(d).

Peaks are located at 531.0 eV and 532.0 eV. The main peak – 531 eV – is attributed to

1s oxygen ions in the O2− lattice combined with W ions [89–91]. In comparison, the

peak located at 532 eV is related to OH– compounds in which there are weakly absorbed

oxygen states, or surface contamination [89,90,92]. Such contamination is explained by

the fact that the device was not characterized in-situ. As a consequence, metallic W was

spontaneously oxidized when exposed to atmosphere. In fact, the presence of C–O bonds

is also another contamination source, which takes place upon exposing samples to air [92].

More specifically about carbon on the thin film synthesized, similar to oxygen a thin

layer, known as adventious carbon, can be found in samples exposed to air. This layer is
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composed of relatively short chains, and hydrocarbon species [56]. Additionally, in vacuum

systems oil arising from the pump can be a carbon source, with the carbon coat present on

tungsten filament, as well as CO and CO2 species adsorbed in the XPS chamber [56,93–95].

This adventitious carbon is in fact a molecule of interest, once according to literature

carbon brings stability to supercapacitors.

3.5.5 Electrochemical studies

Cyclic voltammetry findings are presented in figures 3.8(a-b) and 3.7(a-b). All

experiments were performed using W2C:WxOy electrodes separated by a mesoporous

membrane soaked with the 1 mol/l Li2SO4 and 0.5 mol/l Na2SO4 solutions. The molarities

informed were picked out from the literature in order to permit carrying out thousand of

charge/discharge cycles for pristine carbon allotrope electrodes [35,96].
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Figure 3.7: (a) Cyclic voltammetry for different scan rates for 0.5 mol/l Na2SO4 electrolyte
before starting GCD. (b) Cyclic Voltammograms of W2C:WxOy composite electrodes at
scan rate 50 mV/s

.

Figures 3.8(a) and 3.7(a) show that as the scan rate increases, the shape of the

voltammograms hardly changes, evidencing good electrochemical reversibility as well as

high power performance [80]. Also, current is almost a linear function with the scan rate.

In addition, it is possible to observe that as the device is subjected to the

GCD cycles it presented clearly distinctive cathodic and anodic peaks, both assigned to

pseudocapacitive behavior. Furthermore, according to the voltammograms obtained for

the different electrolytes, it is possible to observe one relevant aspect of the electrode: a

capacitance increasing over time due to Faradaic reactions, which become evident on the

oxidation and reduction peaks present on CV (please see figure 3.8(a) and 3.7(a)).

In fact, there are few peaks and bands appearing on CV. We believe that the

redox peaks are due to oxidation and reduction of W6+ −−→
←−− W5+, and also intercalation

and deintercalation, according to the relation 3.1 [97,98].
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Figure 3.8: (a) Cyclic voltammetry for different scan rates for 1 mol/l Li2SO4 electrolyte
after 2500 cycles of GCD. (b) Cyclic voltammograms of W2C:WxOy composite electrodes
at scan rate 50 mV/s.

WO3 + x e− + xM+ −−→
←−− MxWO3 (3.1)

Where, in reaction 3.1, M+ can be either Li+ or Na+, cations from electrolyte [98].

It is also important to highlight that there is not only WO3 as tungsten oxide

species in the sample, but WxOy species, for instance, probably WO2.75. Consequently, for

both electrolytes studied, the linear increasing in the potential shows two anodic current

peaks at approximately 0.1 V and 0.5 V regardless the electrolyte. This happens probably

due to oxidation of metallic tungsten and/or W2C into WxOy species [99].

In contrast, driving the voltage to negative values accounts for the reduction

of WxOy species. This is a relevant fact once publications claim that the decrease in

the capacitance is usually because such reduction process generates not W2C but atomic

tungsten and oxygen. Subsequently, after a complete voltammetric cycle, these elements

generate inert oxide species on the surface, reducing the accessible W2C. This oxide, then,

provides lower oxidation current values in the subsequent cycles; therefore, decreasing the

capacitance [99].

Nonetheless, this fact is not applicable to the present study – opposite to what

was found out by several publications – once there is capacitance increase after GCD

cycles [100]. Figure 3.9 illustrates such capacitance enhancement.

Another hypothesis that justifies such capacitance increase is the H+ storage

within the WO3 crystal structure [101]. This process obeys the following reaction.

WO3
+ xH+ + x e− −−→

←−− HxWO3 (3.2)

Although H+ – proton – insertion/extraction is an important topic for electro-

chemical performance, to date, such mechanism is not thorough understood for lattice
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Figure 3.9: Specific capacitance for W2C:WxOy composite devices with (a) 1 mol/l of
Li2SO4 and (b) 0.5 mol/l of Na2SO4.

water in WO3 [101]. Orisini et al reported that mesoporous WO3 in aqueous media com-

bines good proton and electron conduction, consolidating a mixed conductive system [102].

According to these authors, pore surface with charged defects promotes dissociation of

protons from the chemisorbed water. In this study there is some further analysis aiming

to elucidate the electrochemical behavior of the supercapacitor device.

A detailed analysis of capacitance – illustrated in figure 3.9 – shows that for

1 mol/l of Li2SO4 there is an increase of approximately 14% in the capacitance, from the

very first cycle up to 10, 000th cycle. Similarly, for 0.5 mol/l of Na2SO4, there is an increase

of 119% from the very first cycle up to 5, 000th cycle, as showed by figure 3.9(a-b). These

results are also discussed in more details below.
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Figure 3.10: Galvanostatic charge-discharge for W2C:WxOy composite devices with (a)
1 mol/l of Li2SO4 electrolyte from 1st and 10, 000th cycles, and (b) 0.5 mol/l of Na2SO4

from 1, 000th and 5, 000th cycles.

Another important aspect regarding the characterization of supercapacitors is the
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efficiency, which is calculated by inserting variables extracted from GCD figure 3.10(a-b)

onto equation 2.20.

For the electrochemical capacitor with 1 mol/l of Li2SO4, at 1st cycle the calcu-

lated efficiency is 59%; while, in 10, 000th cycle it is 89%. Accordingly, efficiency increased

50.8% over time for that device. On the other hand, for supercapacitor with 0.5 mol/l

of Na2SO4, in the 1, 000th cycle, the efficiency is 78%; whilst in 5, 000th cycle it is 67%.

Hence, a variation of −14.1% over time. With respect to this efficiency decrease – as

showed in figure 3.10(b) – the wider voltage window of the device with 0.5 mol/l of Na2SO4

has probably interference in this aspect.

As previously stated, further elucidation of the processes occurring in the elec-

trolyte and at the electrode/electrolyte interface were investigated using the EIS technique.

Figures 3.11 and 3.12 show EIS spectra registered using the Li2SO4 and Na2SO4 electrolytes,

respectively. Values of the circuit elements in figure 2.9 were extracted and presented in

tables 3.1 and 3.2.

Resr (equivalent series resistance) values are presented in table 3.1. Resr stands for

sum of the thin-film resistance, overall impedance of the current collector, void resistance

in the electrode micro-structure, and electrolyte resistance [2]. In addition, in the case

of the constant-phase element (CPE) used to represent the non-ideal capacitive behavior

of solid electrodes, one has the parameter denoted as Y0 – depicted in table 3.1 – which

represents the non-ideal capacitance values (e.g., fractal behavior) denoted by CP EEDL
and

CP Eθ
. Accordingly, EIS analysis also shows capacitance increase; thus, corroborating with

the experimental findings obtained for the Li2SO4 electrolyte from cyclic voltammetry and

GCD techniques.

Table 3.1: Data extracted from EIS for the device with 1 mol/l of Li2SO4.

Cycles Resr (Ω) Rct (mΩ)
CP EEDL

− Y0 CP Eθ
− Y0

n [(mΩ−1
∗ s)n] n [(mΩ−1

∗ s)n]
2500 4.42 415 0.771 0.876 0.777 2.21
10000 4.14 707 0.783 1.07 0.754 2.52

Regarding the capacitance enhancement, this capability is achieved possibly due

to greater accessibility of electrode surface to the electrolyte ions during GCD. It means

that the material synthesized at the present study is capable of providing better access

to pores on its surface; thus, outperforming previous studies [48,50,54]. We believe the

capacitance of the device containing Na2SO4 electrolyte becomes more pronounced because

of the size of hydrated Na+ ions is 3.59 Å. On the contrary, in the case of the bulky Li+

ions, one has a value of 3.81 Å. Thus, Na+ ions might exhibit better access to narrower
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Figure 3.11: EIS for 2,500th and 10,000th cycles for Li2SO4 electrolyte.

pores of the composite surface [103]. Indeed, more accessible active sites means more

energy stored.

Furthermore, according to table 3.2, Resr increased over time approximately

50.5%, which indicates formation of a passive layer. Regarding the Rct (charge transfer

resistance), according to table 3.2, it increased over time, also probably due to larger

covering and thicker oxide layer formation which limits the electron transfer at the

electrode/electrolyte interface.

Table 3.2: EIS data for EC filled with Na2SO4 electrolyte after 2500th and 10000th cycles.

Cycles Resr (Ω) Rct (mΩ)
CP EEDL

− Y0 CP Eθ
− Y0

n [(mΩ−1
∗ s)n] n [(mΩ−1

∗ s)n]
1st 1.01 276 0.997 0.896 0.847 1.99
5000 1.52 299 0.816 1.93 0.81 2.45

Similarly to the supercapacitor with 1 mol/l of Li2SO4, the capacitance obtained in

0.5 mol/l of Na2SO4 increased considerably, as presented in figure 3.7(b). The explanation

for that probably lies on the occurrence of an activated transport process, which means the

electrolyte gradually penetrates in the surface pores facilitating the ion insertion/extraction

process. As a result, one has the occurrence of facilitated redox reactions throughout the

electrode surface [54,80]. This feature is corroborated by the values of Y0 – CP EEDL
and

CP Eθ
– columns in table 3.2.
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Figure 3.12: EIS data from EC filled with Na2SO4 electrolyte after first and 5,000th cycles.

3.6 Conclusions

This work presents the growth of W2C:WxOy thin film using the HFCVD method.

The method employed aimed at obtaining a material with a Faradaic behavior – due to

oxidation and reduction processes – without jeopardizing the thin-film electrical conduc-

tivity properties. For this purpose, spontaneous passivation was the technique chosen to

form the oxide layer on the W2C:WxOy thin film. The electrochemical results showed that

supercapacitors, tested with 1 mol/l Li2SO4 and 0.5 mol/l Na2SO4 electrolytes, withstood

more than 5,000 cycles each, increasing its capacitance during the tests. Enhancement on

the electric properties of the device is probably caused by activation of the nanometric

oxide layer promoted during the GCD experiments. Only few studies that employed WO3

have reported any enhancement of the device capacitance. In fact, most of them have

reported a considerable decrease in capacitance values after few hundred cycles. Indeed,

the ion insertion/extraction during Faradaic reactions can be responsible for the capac-

itance increase, once more pores are available and therefore the electrolyte can easier

access them for faster exchange of electrons and protons all over the accessible surface

regions. It is evident that with Resr decrease – for Li2SO4 electrolyte device – the electrode

wettability increases; therefore, facilitating the ion permeability and decreasing the "void

regions" formed by gases captured from the environment during the device assembling

process. Therefore, results obtained in the present work, for both electrolytes, contribute

to the development of electronic devices, such as wearables that self-improve its electric

characteristics during use, once the cycling tests simulate real conditions of operation.

Additionally, it is worth noting that other devices can be powered by this supercapacitor;

by associating supercapacitors other applications may also use this environmentally friendly

energy storage device.
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Chapter 4

Core/shell Nb2O5 nanoparticles/carbon

on carbon nanotubes as symmetrical su-

percapacitor electrodes

4.1 Introduction

Niobium composites started to gain attention in the last decades due to its

applications for industry, in particular at aerospace sector – owing to super alloys – and

electro-electronic [104]. Furthermore, niobium is recognized as critical raw material for

European Union and American industries. In this regard, Brazil is a privileged country,

once it holds more than 90% of world’s exploitable niobium reserves [105].

In the regard of supercapacitors, as previously stated at present study, transition

metal oxides are species of interest due to pseudocapacitive behavior they may present [7].

Examples of transition metal oxides widely reported in literature for supercapacitors are:

RuO2, NiO, Co3O4, NiCo2O4, TiO2, Fe2O3, and Nb2O5 [106].

One of the most known niobium compounds, niobium pentoxide (Nb2O5), is a

n-type semiconductor – band gap of 3.4 eV – important due to its technological applications.

It is a material of interest owing to its chemical and physical properties. Some of its applica-

tions are biomaterials, gas sensors, optical filters, catalysis, solar cells, and electronics [107].

In addition, Nb2O5 is a promising candidate for energy storage applications due to its

pseudocapacitance and high power and energy features [108–111]. Factors that contribute

to its employability are the low cost, high chemical stability, environment-friendly, redox

valence states, wide range of temperatures and high potential window [106,112–114].

Even though this material has interesting properties, publications that present

Nb2O5 nanocomposite materials for energy storage electrodes are considered rare [110].

One reason for that lies in the fact that niobium species started to gain attention in the

90s, mainly in heterogeneous catalysis research field, thanks to publications which reported
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well as elongation of the jet – process known as Taylor cone – caused by the electric field

action in the shear stress of the liquid surface. In addition, the droplets tend to split until

they reach the gaseous phase. By charging the particles with same polarity, they are apart

thanks to Van der Waals forces [120].

Therefore, at this study we combined strategies aiming to employ innovative, low-

cost and clean techniques in order to come up with an feasible stable current collector with

enhanced conductivity, chemical stability, avoiding agglomeration of niobium pentoxide

particles. Also, it is reported by literature that nanometric metal oxide crystals present

greater pseudocapacitive responses, owing to higher density of active surface as well as

short pathways [121].

First, we worked with niobium pentoxide nanoparticles, which have high con-

centration of dangling bond per unit of volume compared to bulk material. Furthermore,

they present shorter diffusion length and the larger electrode-electrolyte interface area

compared with the bulk structure [117]. Second, we partially covered niobium pentoxides

nanoparticles with thin carbonaceous layer with the goal to enhance electronic conduc-

tivity (e.g. kinetics enhancement of electrode material) and avoid aggregation of Nb2O5

nanoparticles. We employed NixAl and MWCNT as current collector to fast and efficiently

drain electrons from Nb2O5 nanoparticles. This coating technique – with of high voltage

deagglomeration – of Nb2O5 consolidated a novel composite material which we henceforth

refer as NixAl : MWCNT− Nb2O5. NixAl is a modified aluminum foil, which is converted

into nickel and aluminum alloy, showing metallic electrical conductivity with chemical

stability on aqueous media [35]. Thus, NixAl : MWCNT− Nb2O5 has superior electro-

chemical properties, including longer lifespan along with higher energy and power densities,

because of the synergistic effects of the NixAl current collector, mesoporous carbon and

pseudocapacitive properties from Nb2O5.

More importantly, the EC assembled were symmetrical. To our best knowledge, no

work has been published on symmetrical supercapacitors with Nb2O5/MWCNT electrodes

operating in high voltage in aqueous electrolytes.

Regarding electrolytes, aqueous ones are unique due to its environment-friendly,

high ionic conductivity, low cost, and easy manufacturing and handling characteristics.

It is worth noting, nevertheless, that they posses limitations in its voltage compared to

organic solvents and ionic electrolytes. Such limitation happens due to H2/O2 evolution

reactions – at 1 atm and room temperature – for voltages higher than 1.23 V [38]. In

contrast, at present work the supercapacitor operated at 1.8 V for almost 200,000 cycles;

hence, another relevant aspect of this study.

Thus, for the reasons presented herein, Nb2O5 is a promising candidate for

supercapacitors electrodes. Its poor electric conductivity can be overcame by calcination

under high temperature [113].
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4.2 Experimental procedures

In order to prepare the current collectors, aluminum foil substrates were cut in

squares with dimensions of 3 cm by 3 cm and treated in a solution containing hydrochloric

acid (HCl) and deionized water (1:4) for 30 s. The samples were then transfered to an

electrodeposition system, where at 60 ◦C a current density of 25 mA/cm2 circulated for

1 min in a solution containing 2 mol/l Ni(NO3)2. In this process, a layer of Ni was formed

and because of the heat it was transformed into catalyst spheres, which are encapsulated

by CNT.

After properly dried, samples were placed inside chemical vapor deposition (CVD)

furnace for MWCNT growth. After purging the system with N2, temperature was increased

up to 650 ◦C. After temperature stabilized for 5 min, carbon feedstock containing 43.6

wt% of camphor (C10H16O) diluted in ethanol (C2H5OH) with 2 wt% of Ni(NO3)2 was

released into the furnace by N2 drag for 60 min.

Once the samples were cooled down to room temperature, the electrospray

ionization procedure was performed in order to equally distribute Nb2O5 nanoparticles

onto MWCNT surface. In this process, Nb2O5 optical grade – which present the best

optical transmission and was kindly donated by Brazilian metallurgy and mining company

(CBMM) – was deposited onto the MWCNT samples as grew by a technique known as

electrospray [122].

For this deposition, which configuration is portrayed by figure 4.2, the positive

terminal of a direct current (DC) high voltage source is connected to one syringe needle;

while the substrate is grounded. The voltage applied to the syringe capillary was 10 kV for

1 s, and the mixture in the syringe contained 0.05 mol/l of Nb2O5 in methanol. It is worth

mentioning that such molarity was found in literature and experimentally, once the Nb2O5

is an insulating composite [9]. This means that higher concentrations of Nb2O5 probably

would give to the CNT grew an insulating nature; therefore, hindering its capacitive

performance.

Afterwards, calcination process was performed aiming to provide the desired

crystal structure. Furthermore, in calcination it is possible to convert the insulating Nb2O5

particles into conductive NbO and NbO2 by phase transformation and by increasing the

carbon content on the electrode, aspect that may improve the electrochemical performance,

once it may provide maximum access of pores to aqueous electrolyte species [123]. In

contrast, the surface area can be reduced in calcination process [9]. This process was also

performed in CVD furnace under constant flow of 1× 103 sccm of N2 for 1 h and 650 ◦C.

Overall, the experimental results show that calcination process should be performed right

after electrospray ionization (ESI) process. As a matter of fact, all reagents used in this

experiment were guaranteed-grade and used without further purification.
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4.5 Results and discussion

4.5.1 Morphology

Firstly, figure 4.3(a-f) shows that Nb2O5 particles were distributed all over CNT

surface. Therefore, due to the magnification depicted, there are nano-size Nb2O5 particles

deposited on the carbonaceous thin film grew from CVD process.

Furthermore, ESI plays an important role on Nb2O5 deagglomeration and distri-

bution on the CNT surface. Figure 4.3(e-f) illustrates the high density of CNT decorated

with quasi-spherical small nanoparticles – possessing 100 nm or less. Also, figure 4.3(g-l)

depicts TEM images, evidencing turbostratic MWCNT encapsulating nickel catalytic parti-

cles, which are only very small portion of particles. Regarding the CNT, they possess a few

dozen walls with basal planes slipped out of the radial alignment, and with interplanar

spacing of 0.32 ± 0.02 nm. CNT diameters range from 20 to 60 nm, which are decorated

with niobium oxides nanoparticles with diameters ranging from 10 up to 100 nm. Also,

carbon and niobium pentoxide are on crystalline phase with lattice fringes evidenced under

appropriate focus. It is clear here that niobium oxides nanoparticles are and inside the

core encapsulated for carbon shell, which has few nanometers thickness. MWCNT form an

entangled spaghetti-like network; therefore, contributing towards electric conductivity. In

order to better understand material properties and electrochemical behavior of this novel

material, further characterizations are presented herein.

4.5.2 Raman spectroscopy

According to figure 4.4, Raman mode ν1 is most diagnostic in niobium oxide

materials and corresponds to the symmetric metal-oxygen stretching vibration on octa-

hedral structure [124, 125]. Raman band at 235 cm−1 is characteristic of bending mode

of Nb–O–Nb, also reported as ν6 (T2u) mode [125–127], while the band located at ≈

840 cm−1 is assigned to Nb–O–Nb collinear bond symmetric stretching [128]. Further-

more, the bands within range 500-800 cm−1 are assigned to Nb–O–Nb symmetric and

anti-symmetric stretching modes; while the doubled observed with bands located at ≈ 630

and 680 cm−1 are assigned to transverse optic modes (TO) or a less ordered structure, as

when the transition happens to T-Nb2O5 (orthorhombic), the peak at 675 cm−1 shifts to

700 cm−1 [127,129–131]. Finally, the band located at 993 cm−1 corresponds to Nb2O5 to

stretching vibrations of the Nb–O bond. [126, 129, 131]. Thus, crystal structure of Nb2O5,

it presents a phase transformation from amorphous to pseudo hexagonal [127, 132]. In

addition, it also presents monoclinic phase, as well [127].

Regarding the carbon Raman peaks, the band characteristic for quantifying

disorder in carbonaceous materials – known as D band – is located at 1350 cm−1. The
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Figure 4.4: Raman spectrum of compound MWCNT decorated with Nb2O5.

4.5.3 X-ray photoelectron spectroscopy analysis (XPS)

XPS measurements were performed for further investigation of the material

obtained. The deconvoluted curves are presented by figure 4.5(a-f). Importantly, figure

4.5(a) presents the species present in the sample.

About Nb 3d nanocomposite spectrum, one shows that binding energies for Nb

3d3/2 and 3d5/2 are 210.6 eV and 207.9 eV, respectively. Additionally, the ionic state is

Nb5+ and the double-peak structure is 2.7 eV, all results in accordance with published

results [110,121,136–138].

Regarding O 1s spectrum, according to figure 4.5(c), it presents two peaks. The

first one – located at 530.7 eV is assigned to O2−, which corresponds to the ion in the

Nb2O5 species [138–141]. The second one, located at higher binding energy – 532.1 eV – is

assigned to hydroxyl group (–OH) absorbed on the MWCNT:Nb2O5 thin film [142–144].

In C 1s spectrum, portrayed in figure 4.5(d), there are three component peaks at

284.6, 285.6, and 287.3 eV, which are characteristic of C–C bonds [145–147], C–O [86],

and C––O bonds [146], respectively.

For nickel binding energy range, one is presented in figure 4.5(e). It is possible to

see the metallic nickel peak at 852.8 eV [148,149]. Also, there is a Ni 2p3/2 multiplet-split

at ≈ 854.7 eV and 856.4 eV, which indicates the presence of NiO on the surface, probably

due to passivation occurred after electrodeposition procedure [150–155]. Furthermore, from

the binding energies presented, the oxidation state of NiO is Ni2+ and the peak located at

854.7 eV is due to a satellite peak of Ni 2p3/2 located at 861.6 eV [149,152,154,156]. Other

small intensity peaks depicted on figure 4.5(e) were assigned as Ni 2p3/2 satellites, more

specifically the ones located at 858.8 eV, 862.8 eV and 864.9 eV [155,157,158].
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Figure 4.5: XPS core-level spectra of the following sections: (a) long scan, (b)Nb 3d, (c)O
1s, (d)C 1s, (e)Ni 2p, and (f)Al 2p.

Finally, as presented in figure 4.5(f), Al 2p band at 74.7 eV is assigned to Al–O

species, probably Al2O3 generated due to passivation of the substrate; while the signal at

68.1 eV is assigned to Ni 3p, which formed a metallic alloy with aluminum [151,159,160].
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4.5.4 Electrochemical studies

According to literature, pristine MWCNT electrodes present capacitance ranging

from 4-135 F/g [161]. Figure 4.6(a) shows specific capacitance comparison of a pristine

MWCNT and Nix : Al:MWCNT-Nb2O5 electrodes, both tested in 1 mol/l Li2SO4. From this

data, it is evident the superiority of Nix : Al:MWCNT-Nb2O5 composite, which presents

specific capacitance – operating at 1.8 V – of 464.7 F/g; whilst the pristine MWCNT depicted

presents specific capacitance of 13.6 F/g. Therefore, by employing the ESI decoration with

Nb2O5, the capacitance was increased more than 34 times.

Another relevant aspect of the as-grew composite is the high operating voltage –

1.8 V – which culminates in greater energy densities, as well as the box-like shape of the

voltammogram presented by figure 4.6(b). Such characteristic implies good wettability

even under under operation in higher electric potential.
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Figure 4.6: (a) Comparison of MWCNT and decorated Nb2O5:MWCNT, (b) cyclic voltamme-
try of Nix : Al:MWCNT-Nb2O5 electrode for different scan rates, (c) evidences long lifespan
of the device and its behavior at 100 mV/s, and (d) galvanostatic charge–discharge (GCD)
profiles for various current densities.

Regarding the capacitance enhancement shown by figure 4.6(a), probably the
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Nb2O5 plays the role towards pseudocapacitance behavior. Although not as evident as

the W2C composite electrode redox peaks, it is possible to see subtle redox peaks in figure

4.6(b). Furthremore, the nanostructured Nix : Al:MWCNT-Nb2O5 composite with high

conductivity – due to carbon shell – may also contribute for pseudocapacitive properties

by enabling faster electron transport and rate capability.

It is also important to highlight the long lifespan of the device. Figure 4.6(c)

presents CVs after 10,000, 35,0000, 105,000, and 195,000 GCD cycles. From these CV,

one can evaluate the big picture regarding impedance, capacitive and pseudocapacitance

behavior during GCD cycles, which shows good response even after several GCD cycles.

Importantly, the device withstood nearly 200,000 cycles, value greater than usually reported

by literature [162–164].

Additionally, EIS was performed aiming to further understand changes in ca-

pacitance and resistance of the device. Figure 4.7(a) reports EIS spectra of the device

after 10, 000th and 105, 000th GCD cycles. From such plot, the higher frequency region

intercepts the x-axis – real part of impedance – at ≈ 1.28 Ω, which is equivalent to ≈

2.6 mΩ g. Thus, it implies at the beginning of GCD in low equivalent series resistance of

Nix : Al:MWCNT-Nb2O5 thin film, probably due to the thin carbon shell around Nb2O5

nanoparticles. Likewise, it is worth noting that such carbon shell also contributes towards

electrochemical stability, as a protection layer is formed, which provides path for electrons

to Nb2O5 surface sites [165,166].
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Figure 4.7: (a) EIS data took from device after 12,993rd and 107,886th cycles for Li2SO4

electrolyte, and (b) EIS from 12,993rd up to 197,886th cycles for 1 mol/l of Li2SO4

electrolyte, showing behavior change of the device as it underwent GCD cycles.

Correspondingly, EIS presented by figure 4.7(b) corroborates the behavior of

voltammogram – figure 4.6(c). This data is also in accordance with Randles equivalent

circuit – shown by figure 2.9 – whose fitting is detailed in table 4.1. To summarize, at the

beginning, the composite presents smaller charge transfer resistance (Rct), as confirmed
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by voltammogram, Randles equivalent circuit fitting, and EIS Nyquist plot depicted in

figure 4.7(b). As it underwent thousand of GCD cycles, such resistance increased; thus,

modifying the semicircle and therefore the values of Rct in table 4.1.

Table 4.1: Data extracted from EIS constant-phase element (CPE).

Cycles Resr (Ω) Rct (mΩ)
CP EEDL

− Y0 CP Eθ
− Y0

n [(mΩ−1
∗ s)n] n [(mΩ−1

∗ s)n]
12,993 1.07 2.20 0.608 0.792 0.904 51.3
37,866 1.47 18.6 0.605 0.886 0.934 54.2
107,886 0.905 67.8 0.457 1.79 0.921 52.2

4.6 Conclusions

This study presents the synthesis of a composite named Nix : Al:MWCNT-Nb2O5

through a facile method. Aiming to come up with an electrode with high electronic

conductivity and chemical stability, MWCNT was firstly grew onto the substrate, following

the deposition by ESI technique of Nb2O5. After this deposition, calcination was performed,

which provided the structure named as carbon shell. This structure – carbon shell

which wrapped Nb2O5 nanoparticles – provided stability, once the Nb2O5 was covered

by sp2 carbon, helping to solve the issue with respect to low electronic conductivity of

Nb2O5; nevertheless, this carbon shell did not jeopardize pseudocapacitive properties.

Subsequently, the symmetrical supercapacitors assembled with Nix : Al:MWCNT-Nb2O5

electrodes presented high capacitance, high energy – as it operated in 1.8 V – good stability

– from shortened diffusion lengths for ion and electron transport along with large surface

are in electrote/electrolyte interface – withstanding nearly 200,000 cycles. Along with

this composite properties, the ESI deposition technique proved to be a simple and efficient

method for mitigating the agglomeration of Nb2O5 nanoparticles; therefore, leading to

easier electronic conduction. In sum, from the data reported, this carbon shell is a facile, low

cost and efficient way to increase the electronic conductivity – keeping the structure intact

and stable – enhancing also capacitance, energy density, and cycle stability. Additionally,

as per expectation, the resistance of the device, after several thousand cycles increased;

nonetheless, it presented good stability as well as withstood a number of cycles greater

than usually published by the existing literature. Accordingly, this Nix : Al:MWCNT-Nb2O5

symmetrical supercapacitor has potential for large scale applications once it presented

higher voltage operation than conventional aqueous one and high specific capacitance

values.
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Chapter 5

Future work

Many different adaptations, tests, and experiments were left for the future due

to lack of time. Thus, below there here are some insights I would have appreciated trying

during this masters program.

1. One question yet not fully understood by researchers is the H+ insertion/extraction

into WO3 crystal lattice. Probably a three electrode system configuration or in-situ

techniques may assist towards further elucidation;

2. Once tungsten deposited over copper forms what is known by literature as "pseudo

alloy", a possibility is to grow W2C:WxOy onto different substrates, and check

whether different current collectors may provide superior capacitive behavior;

3. Try to employ the HFCVD for sublimation of different filaments, such as lanthanum;

4. Running Raman and XRD after cyclability in W2C:WxOy composite in order to

gather more data about the capacitance enhancement process, phase changes...;

5. Performing an analysis of NIx : Al:MWCNT-Nb2O5 composite with three electrode

system configuration;

6. Evaluate the performance of these composites in different electrolytes, such as organic,

or ionic liquids.
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Chapter 6

Conclusion

We reported transition metal oxides and carbide as electrodes for electrochemical

capacitors. We presented a technique feasible for large scale production, employing

environmentally friend composites as active materials. At first study, the W2C:WxOy

composite synthesized was performed by a facile method – HFCVD – that presented

capacitance enhancements even after thousand of GCD cycles. It is worth noting that

such aspect has outperformed published studies. Additionally, one of the W2C:WxOy

supercapacitors built self-improved its efficiency, as well as showed capacitance increase after

10,000 cycles due to pseudocapacitive behavior and proton insertion/extraction in WO3

lattice. Regarding the other composite synthesized, named NixAl : MWCNT− Nb2O5,

it presented high capacitance and long lifespan – near 200,000 cycles of GCD – once it

combined the stability and fast electron transport of MWCNT and carbon shell – achieved

by calcination – and pseudocapacitive behavior from Nb2O5. In addition, the result was

achieved due to an easy, low cost and large scale potential deposition technique known as

electrospray ionization (ESI). Therefore, although the current study brings the synthesis of

two distinct composites, they have similarities in respect of their nature – transition metal

oxide metals with low cost – as well as the ability to provide long lifespan to the devices

assembled, along with facile production techniques.
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