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Abstract

Abstract
The aim of this thesis work is the elaboration of micro-supercapacitor electrodes based on chromium
nitride (CrN) deposited on a silicon current collector. Their electrochemical performance can be improved
by increasing their specific surface area and/or porosity for better accessibility of the electrolyte to the

active material to improve their charge storage.

The first part of the first chapter is devoted to the state of the art on supercapacitors and micro-
supercapacitors as well as the different energy storage systems, various types and applications of
supercapacitors and their storage mechanisms. In the second part, we describe the composition of a

supercapacitor as well as materials and electrolytes used for the fabrication of supercapacitors.

The second chapter concerns the fabrication of electrodes based on a thin film of chromium nitride (CrN)
deposited by bipolar magnetron sputtering at a glancing angle (PVD-GLAD). The use of this new
technique allows controlling the morphology of the surface of the electrodes which directly affected their
storage capacity. Subsequently, we will describe the fabrication of a micro-device with an inter-digital

configuration based on chromium nitride with good electrochemical performances.

The third chapter is dedicated to the development of composite electrodes based on silicon nanowires
(SiNWs) synthesized via a VLS mechanism and coated with a thin layer of highly pseudo-capacitive
material of CrN. Post-coating SINWs with CrN can offer benefits, such as enhanced faradaic capacitance
and electrical conductivity of the composite made of the metal nitride and SiNWSs. Furthermore, the

double-layer capacitance of the SINWSs with a large specific surface area can be added to that of CrN.

The fourth chapter focuses on the development of composites electrodes made with carbon nanowalls
(CNW) decorated with CrN. We will describe the benefits of using a template with a large specific surface
area on the electrochemical performance of the composites electrodes. The large surface area of CNW
and their good electrical conductivity allows improving not only the areal capacitance of CrN based
electrodes but also its cycle life. Subsequently, we will describe the fabrication of a micro-device with a
staked configuration based on CNW-CrN electrodes with robust electrochemical stability over 30000

cycles.
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Finally, the conclusion summarizes the obtained results during this thesis as well as the prospects

envisaged.

Keywords: micro-supercapacitors, areal capacitance, carbon nanowalls, silicon nanowires, PVD,

glancing Angle.
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Résumé
L’objectif de cette thése est 1’élaboration des électrodes des micro-supercondensateurs (USC) a base de
nitrure de chrome déposé sur un substrat de silicium utilis¢é comme collecteur de courant. Leurs
performances électrochimiques peuvent étre améliorées en augmentant leurs surfaces spécifiques et/ou la
porosité pour une meilleure accessibilité de 1’¢lectrolyte vers le matériau actif afin d'améliorer le stockage

de charge des électrodes.

La premiere partie du premier chapitre est consacrée a I'état de I'art sur les supercondensateurs et micro-
supercondensateurs ainsi qu'aux différents systemes de stockage d'énergie, aux différents types et
applications des supercondensateurs et de leurs mécanismes de stockage. Dans la deuxiéme partie, nous
décrivons la composition d'un supercondensateur ainsi que les matériaux d’électrode et les électrolytes

utilisés pour la fabrication des supercondensateurs.

Le deuxiéme chapitre concerne la fabrication des électrodes a base d'un film mince de nitrure de chrome
(CrN) déposé par pulvérisation magnétron bipolaire sous incidence oblique. L'utilisation de cette nouvelle
technique permet de contréler la morphologie de la surface des électrodes qui affect direcetement leur
capacité de stockage. Par la suite, nous décrirons la fabrication d'un micro-dispositif a configuration inter-

digité a base de CrN avec de bonnes performances électrochimiques.

Le troisieme chapitre est consacré au développement des électrodes composites a base de nanofils de
silicium (NFSi) synthétisées via un mécanisme VLS et recouvertes d'une couche de CrN. Le revétement
des NFSi avec du CrN peut offrir des avantages, tels que la capacité faradique et la bonne conductivité
électrique du composite de CrN et de NFSi. En outre, la capacité de double couche des NFSi avec une

grande surface spécifique peut étre ajoutée a celle du CrN.

Le quatrieme chapitre se concentre sur le développement des électrodes composites de nanomur de
carbone (NMC) décorées par des couches de CrN. Nous décrirons les avantages d’utilisation d'un template
avec une grande surface spécifique sur les performances électrochimiques des électrodes composites. La
grande surface spécifique de NMC et leur bonne conductivité électrique permettent d'améliorer non

seulement la capacité surfacique des électrodes a base de CrN mais egalement leur durée de vie. Par la
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suite, nous decrirons la fabrication d'un micro-dispositif avec une configuration empilé a base des

électrodes CNW-CrN avec une excellente stabilité électrochimique aprés 30000 cycles.

Enfin, la conclusion résume les résultats obtenus au cours de cette these ainsi que les perspectives

envisageées.

Mots clé : micro-supercondensateurs, silicium, capacité de stockage, nanomur de carbone, nanofils de

silicium, PVD, incidence oblique.
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Introduction

With the rapid increase demand in energy for electronic devices and the development of new hybrid
electric vehicles, major research was carried out for the development of new stable and high power energy
storage devices. Among these devices, rechargeable lithium (Li) batteries are considered as promising
devices due to their high energy density. However, the moderate cycle of life and the lower power density
of lithium batteries cannot provide a complete solution for energy storage systems. Besides, they are not
suitable for industrial and military applications which required more energy resources with high energy
and power density. In this context, the development of new storage systems, in particular supercapacitors
(SCs), have attracted considerable attention due to their high power density, fast charge-discharge ability,
long cycle life and environment-friendly merit compared to Li-ion batteries. SCs are widely employed in
various systems, including hybrid electric vehicles, memory back-up and renewable energy devices.
According to the known charge storage mechanism, supercapacitors can be classified into two categories:
electrochemical double-layer capacitors (EDLCs) and pseudo-capacitors. The charge could be stored by
EDLCs using charge accumulation of ions and electrons on the surface of the electrode without redox
reactions. The pseudo-capacitors, however, rely on the fast and reversible faradaic reactions of pseudo-
capacitive materials. Therefore, they are particularly suitable for applications that required power peaks

in a short period.

The objective of this thesis work

With the continuous miniaturization of electronic devices (tablets, smartphones, etc...), the development
of miniature power sources remains a great challenge. Micro-supercapacitors (USC) meet these micro-
electronics requirements in terms of power and long cycle life. However, the miniaturization of SC devices
still a big challenge as the majority of electrode materials are not compatible with the micro-fabrication
processes of power systems. That led to the research question: is it possible to develop a new high-

performance pSC?

This thesis work is aimed at the development of high-performance on-chip uSC based on chromium
nitride (CrN) active material that allows their integration into microelectronic devices. The major

objectives of this thesis are as follows:



e To elaborate electrodes using low-cost active materials deposited on a silicon substrate.

e To evaluate the electrochemical performance of the as prepared-electrodes.

e To study the effects of the morphology and surface area on the electrochemical performance of
electrodes.

e To fabricate on-chip micro-supercapacitors.

e To study the electrochemical performance of the fabricated devices.

This research work was funded by the Algerian-French cooperation program PHC Tassili.
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. Introduction

Electrochemical capacitors (ECs), also called supercapacitors, have attracted considerable attention due
to their high power density, fast charge-discharge ability, long cycle life and environment-friendly merit
compared to Li-ion batteries [1-4]. Super-capacitors are widely employed in various systems, including
hybrid electric vehicles, memory back-up and renewable energy devices [5, 6]. They have become an
attractive power solution and may challenge batteries in the future as a general solution for power storage

in many applications.

2. Historical background

The first capacitor, called the Leyden jar, which was invented by Pieter van Musschenbroek in 1746 at
the University of Leyden in Holland. It was a glass jar wrapped inside and outside by a thin metal foil.
The outer foil was connected to the ground, while a lead from inner foil was brought out through a plug

at the mouth of the jar and connected to a source of electricity such as an electrostatic generator.

In 1879, the physicist Hermann VVon Helmholtz proposed the first double-layer model which explains the
principle of energy storage in the electrochemical double layer formed at the electrode/electrolyte
interface. Energy is stored by distributing ions at the interface of each electrode, under the influence of
electric potential.

The first patent was filed in 1957 by the American group GENERAL ELECTRIC [7] for a supercapacitor
composed of aqueous electrolytes based on sulfuric acid and electrode made of porous carbon material.
In 1969, a second patent from the American company SOHIO Corporation describes a new high-voltage
device with an organic electrolyte. However, the first supercapacitor was commercialized in 1971 by the
Japanese company NEC (NEC-TOKIN). Matsushita Electric Industrial Company, also, developed the

"Gold Capacitor" series dedicated to memory backup in 1978.

Recently, supercapacitors are fabricated by many companies around the world (Table 1). They are
commercialized by several companies like Matsushita (Panasonic-AL135-137), Asahi Glass (AL130),
NEC (AL138), Polystor, Econd, ESMA, ELIT, CAP-XX, SuperFard, EPCOS (Matsushita and Siemens),

SAFT (AL 141, 142) and the world leaders in power supercapacitors are Maxwell and Batscap [8].
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Table 1: Characteristics of various supercapacitors currently commercialized. [8]

Specific Maximum
Voltage Capacity Masse
Companies Energy Power
\/ F kg
Wh kg kW.kg?
Batscap-
2.7 2600 53 20 0.5
France
Maxwell-
2.7 3000 5.2 114 0.55
USA
EPCOS
Japon/ 2.7 3400 4.3 6.7 0.6
Germany
NessCap-
2.7 5000 5.44 5.2 0.93
South Korea
NipponChemi
- 2.5 2400 4 3.8 0.52
Con-Japon
LS-Cable
2.8 3000 5.2 10.4 0.63
South Korea

1. Interest of supercapacitors

1.1. Different energy storage systems
Nowadays, energy storage systems can be classified into three categories: conventional capacitors,
supercapacitors (SC) and batteries. They are characterized by the energy density corresponding to the
number of charges stored per unit of surface or mass and the power density corresponding to the energy

supplied per unit of time and per unit of surface or mass.
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Figure 1: Ragone plot.

Figure 1 shows the Ragone plot (E vs P) of typical energy storage devices, it is clear that the batteries
exhibit a high energy density (10-250 Wh.kg?) but a low power density (< 20 W.kg?), whereas
conventional capacitors have a high power density (>> 50 kW.kg™) with low energy density (<0.1 Wh.kg"
1). SCs have high energy (1-10 Wh.kg™) than conventional capacitors. When compared to batteries, SCs
have a longer cycle life (1,000,000 cycles) and can deliver much higher power (1-20 kW.kg™). They also
show a lower series resistance with an energy efficiency of about 95% (less than 80% for batteries) (Table
2).

In a word, supercapacitors display a higher energy density than conventional capacitors and a higher
power density than batteries and can fill the gap between batteries and conventional capacitors. Therefore,
supercapacitors offer a promising approach to meet the power demands for applications that require a high

energy density and a long cycle life.
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Table 2: Comparison of characteristics of different energy storage systems [9, 10].

Capacitors Supercapacitors Batteries
Charge time 10%-103s 1-30s 1-5h
Discharge time 10%-103s 1-30s 0.3-3h
Number of cycles 10%° 108 103
Specific Energy
0,01-0,1 1-10 10 -100
Wh.kg?
Specific Power
>10° 10° <103
W.kg?
Efficiency ~ 100% > 95% 70 — 85%

1.2. Recent applications of supercapacitors
Supercapacitor devices exhibit a high energy and power densities with excellent electrochemical stability.
They can be used for various applications that require high powers. Their lifetime and almost low
maintenance cost allow their integration in multiple areas such as energy recovery and storage. The main
application of supercapacitors are shown in this section

e Military
Supercapacitors are used in radio transmitters, pulsed lasers, radar orientation systems for tracking
ballistic missiles and satellites. They are tested on the ECCE bench (Essais des Composants de Chaine
Electrique) [11]. The test bench is a hybrid electric vehicle series with 4 independent wheels with a main
thermal engine (diesel in this case). The four electrical sources of ECCE are accumulators, an alternator,
a supercapacitor and a fuel cell. The braking energy is recovered in a combination of accumulators with

two supercapacitor modules [12].
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e Transport
Currently, SCs are used in heavy hybrid vehicles. They are well suitable for public transport buses which
can undergo several start/stop cycles; the energy recovered during the stop allows the vehicle to go to the
next station. In the field of public transport, the French company PVI (Power Vehicle Innovation)
developed the Watt system electric bus [13] (Figure 2a).
The integration of SC allows to producing an electric bus with the fastest recharge time in the world by
the Chinese company Ningbo CSR New Energy Technology [14], Bluetram of the Bolloré Group [15],
the Seoul Metro [16] and the Tramway with braking energy recovery from the TPG Group (Transports
Publics Genevois) [17]. The use of SCs reduces significantly the energy consumption and pollution.
Furthermore, several car companies integrate SC in their vehicles: BMW [18] (Figure 2b), Toyota [19],
Volvo and Tesla [20].
Recently, a stationary system based on SITRAS SES SC was developed by Siemens and used to recover
the braking energy of the tramway. The system now equips the metro systems of Madrid, Cologne and
Dresden and saving up to 30% of energy and reducing the maximum power required by the network by
50% [21].
Supercapacitors can also be used in garbage trucks and delivery trucks, which can endure a thousand

start/stop cycles per day.

-
"“ AN R =
‘2. T 3

3 L L,

Figure 2: Application of supercapacitors in the transport sector. (a) Watt System supercapacitor bus from

PVI [13]. (b) BMW hybrid sports car based on a supercapacitor developed by Toyota [18].
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e Industrial logistics area

Supercapacitors are used in a wide range of commercial and industrial equipment. For example: in
Japan, an airport crane with a supercapacitor system can recover kinetic energy when the carrier plate
is lowered and to restore it during lifting. The use of supercapacitors has reduced its energy

consumption by 40% (Figure 3).

Figure 3: Airport crane in Japan combining a diesel engine and supercapacitor modules. [22]

e Public applications area
Supercapacitors have been used as a power source for modern electronic equipment such as elevators
[23], wind turbine blade orientation systems [24] and products powered by photovoltaic cells [25]. They
are also used as an energy source for powering portable devices such as mobile phones [26-27], tools,

toys, memory storage, etc... (Figure 4).

Figure 4: Common applications of supercapacitors: (a) Photovoltaic lamp [25]. (b) Wireless mouse with

Genius DX-Eco supercapacitor [28].



Chapter 1. Literature Review

2. Principle of supercapacitors

Conventional capacitors composed of two metal electrodes separated by an insulating dielectric material.
When a voltage is applied between the two electrodes, opposite charges are accumulated on the surface
of electrodes.

However, the charge is stored by redox reactions in batteries, which limits their cycle life due to the rapid
degradation and modification of the chemical composition of the active materials during cycling.

Next to batteries, the charge storage mechanism of supercapacitors relies on the charge accumulation of
ions and electrons on the surface of the electrode without redox reactions (Figure 5). In the discharged
state, spontaneous charge accumulation occurs at the electrolyte-electrode interface (Figure 5a). When a
potential difference is applied, charge separation takes place and the ionic species move towards the

oppositely charged electrodes (Figure 5b).
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Electrolyte Separator

Figure 5: Schematic of a supercapacitor. (a) At the discharged state. (b) At the charged state.

In the case of conventional capacitors, the electrodes have a flat surface, whereas SCs have a much higher
surface area. Thus, the capacitance calculated from equation (I-1) increases significantly over that of the
conventional capacitors. The double-layer capacitance of supercapacitors can be calculated by [29]:

&g A

i

Equation I-1

C : The specific capacitance

&, : The vacuum permittivity
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&, : The relative permittivity of the dielectric

A : The specific surface area of the electrode

d : The double-layer thickness

3. Types of supercapacitors

According to the storage mechanisms, supercapacitors can be classified into three main classes:
electrochemical double-layer capacitors, pseudo-capacitors and hybrid supercapacitors [30-31]
characterized by the pure electrostatic charge accumulation, the reversible faradaic redox process and a

combination of the two, respectively (Figure 6).

Supercapacitors
Electric double . .
e Hybrid Pseudocapacitors
. e Conductin
Activated carbon Carbon nanotubes Graphene Metal Oxides Metal nitrides polymers &

Figure 6: Classification of different supercapacitors.
3.1. Electrochemical double-layer capacitors EDLC
The charge can be stored by EDLCs (mainly restricted to carbon-based materials) using the charge
accumulation of ions and electrons at the electrode/electrolyte interface without redox reactions. Opposite
charges accumulate at the interface because of the applied potential.
Recently, different kinds of carbon-based materials such as activated carbons (ACs), carbon nanotubes
and graphene are widely used as EDLC electrodes because of their higher surface area, low cost and high
conductivity. Besides, the control of the specific surface area and the pore size adapted to the electrolyte

is crucial to ensure a good electrochemical performances of the supercapacitors.

10
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3.2. Pseudo-capacitors

The pseudo-capacitors, however, rely on faster and reversible faradaic reactions of pseudo-capacitive
materials [30], which are mainly transition metal oxides such as VO, [32, 33], RuO2 [34], MnO> [35-40],
or conductive polymers [41-45]. Pseudo-capacitors exhibit a much higher specific capacity than EDLCs
[46-47]. However, they suffer from moderate cyclic stability compared to carbon-based materials, because
of the redox reactions between the electrolyte and electro active species occur on the surface of the
electrodes. Their specific capacitance depends on the amount of charge transferred to the active material

and the applied voltage.

C Zg% Equation I-2

C : Specific capacitance (F)
Q : Electrical charge (C)
U : Voltage (V)

3.3. Hybrid supercapacitors

Hybrid supercapacitors are classified into two main categories: asymmetric hybrids SC and composite
hybrids SC. Asymmetric hybrids consist of an EDLC electrode and a pseudo capacitor electrode. They
have better cycling stability than pseudo capacitors and can achieve higher energy and power densities
than EDLC:s.

The energy process of composite hybrid SCs is a combination of EDLC and the pseudo-capacitance with
several combinations such as carbon and metal oxides [48-51] or conductive polymers [52-53] or Lithium
[54] with improved electrochemical performances than those of symmetrical supercapacitors [48].

Nevertheless, their stability is limited compared to EDLCs.

4. Electrochemical double layer

The concept of the electrochemical double layer was developed in the 20th century based on the
fundamental work of Helmholtz (1879) [55]. Helmholtz has discovered the phenomenon and describe it
by a model assimilated to a planar capacitor where all the charges are adsorbed on the surface of the

electrode. Gouy (1910) [56] and Chapman (1913) [57] modified the Helmholtz model by taking into

11
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account the mobility of ions in the electrolyte solutions. Next, Stern (1924) [58] combined the Helmholtz

and the Gouy-Chapman models. Their models are explained below.

4.1. Helmholtz double layer
The first model created by Helmholtz in 1879 [55] considered the concept of charge separation at the
interface between a solid electronic conductor and a liquid ionic conductor. The thickness of the double
layer (d) corresponds to the distance between the axis of the plane and the active material (Figure 7). The
model is similair to that of two conventional capacitors. Nevertheless, the Helmholtz double-layer does

not explain all the features, since it hypothesizes rigid layers of opposite charges.

1st Layer | | «— 2nd Layer
|

Metal

Figure 7: Helmholtz electrochemical double layer.

4.2. Gouy-Chapman double layer
Gouy (1910) [56] and Chapman (1913) [57] have proposed a model taking into account the mobility of
ions in electrolytic solutions. The second layer is replaced by a diffused layer i.e. counter ions are not
rigidly held but tend to diffuse into the liquid phase. The ions are also considered as point charges

distributed near the surface of the electrode according to a statistical Boltzmann distribution (Figure 8).

12
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Figure 8: Gouy-Chapman double layer.

4.3. Stern double layer
In 1924, Stern [58] combined the two previous theories and divide the double electrochemical layer into
two distinct layers, a compact layer called the Helmholtz layer with ions adsorbed at some distance (d)

away from the surface of the electrode and a diffuse layer such as defined by Gouy and Chapman theory

(figure 9).

R
d Diffusion double layer

Figure 9: Stern double layer.

The total capacitance Cq of the electrochemical double layer can be computed as a Helmholtz layer
capacitance Cn and a diffuse layer capacitance Cgitf connected in series (Equation 1-3). It also depends on

the ionic concentration of the solution and the potential of the electrode. In the case of concentered

13
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electrolytes (> 1 M), the Gouy-Chapman diffuse layer is compressed and the double-layer capacitance

will be assimilated as Helmholtz capacitance.

! _ 1 + 1 Equation I-3
Cd| CH Cdiff

C, : Double layer capacitance
C, :Helmholtz capacitance
C,r : Gouy-Chapman capacitance

5. The characteristic parameters of supercapacitors

In general, the electrochemical performance of SCs can be evaluated by certain essential parameters.
Capacitance (C), voltage (Um), energy density (Em) and power density (Pm) are used to evaluate the

electrochemical performance of supercapacitors. Also, SCs can be assessed by their cycling stability.

5.1. Capacitance (C)
SCs can be considered as two capacitors connected in series. If the capacitance of the two electrodes is

expressed as C1 and Cy, the total capacitance is described according to the equation (Equation 1-4):

Equation 1-4

C; : The total capacitance (F)

C,C, : Capacitance of each electrode.

In the case of symmetric supercapacitor C1 = C», the total capacitance (Cr) is half the capacitance of the
electrodes. Besides, for an asymmetric supercapacitor, Ct is mainly dominated by the electrode with lower

capacitance [30].

To further evaluate the performances of the electrode, specific capacitance is often used. It can be
expressed in specific mass capacitance (Cs) or volume capacitance (Cv). Generally, Cs is normalized by

mass loading (F.g}) according to the equation:

14
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CS = Equation 1-5

3|0

C, : Specific capacitance (F.g%)

C : Electrode capacitance (F)

m : The mass loading of active material (g)

If Cs is calculated for a device (a two-electrode system), the mass loading (m must be normalized by the

total mass of the device, including the electrodes, the electrolyte and the separator. [59-60].

5.2. Power density
Power density (Pm) is an important parameter widely used to calculate the amount of energy supplied per

unit of mass. It can be calculated using the equation:

Pm — 4><ELSJ|; <M Equation 1-6

U : The voltage of the device (V)
ESR : The equivalent series resistance (Q)

m : The total mass of the device (kg)

To have a good power density (Pmax), & supercapacitor should have a large maximum operating voltage
and a lower ESR.

ESR is a key factor for determining the power density. It corresponds to the total of several contributions
[59-60]: the internal resistance of the electrodes which results from the conductivity of the active material;
the contact resistance between the active material and the current collector; the ionic resistance of the
electrolyte due to the transport of ions to the pores and the resistance of ions transport through the

separator.

5.3. Energy density
The energy density (Em) is an important parameter used to calculate stored charge per unit of mass. It can

be calculated according to the equation:

15
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C xU? .
m :m Equation I-7

U : The voltage of the device (V)

C : Specific capacitance (F)
m : The mass loading of active material (g)

To have good energy density (Emax), it is necessary to have a large maximum operating voltage and a

high capacitance value.

5.4. Cycling stability
The cycling stability is an important parameter that depends on many factors such as the active material,
the electrolyte and the operating voltage. For example, electrochemical double-layer supercapacitors
based on carbon electrodes generally exhibit high cycling stability [61]. When faradaic reactions are
introduced, cycling stability is generally reduced due to the reversibility of interactions between ions and

electrode materials [62].

6. Improvement and development of supercapacitors

Over the years, the development of high-performance and low cost supercapacitors devices have attracted
considerable attention, so optimizing their performance allows improving their electrochemical
performances. The basic principles to obtain a competitive supercapacitors are: high ionic conductivity
of electrolyte and high conductivity of electrode materials associated with large surface area.

6.1. Electrode materials

Including current collectors and active material. Electrodes should be stable in the electrolyte and have a
low internal resistance. Since the capacitance is proportional to the surface area, electrode materials with
the highest specific surface area are used to ensure a good electrochemical performances of the

supercapacitors.

6.2. Electrolytes
The choice of electrolytes is very important, they should have good ionic conductivity, low viscosity and

a large operating electrochemical window. Therefore, they should provide high conductivity and high

16
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electrochemical stability to ensure that the device can operated at the maximum voltages. Besides, the
electrochemical window has a major influence on the power and energy densities (proportional to its
square Equation 1-6, 1-7). Thus, using electrolyte with a large electrochemical stability window allows
increasing the energy and power densities.
6.3. Resistance

Corresponding to the resistance of active material; the contact resistance between active
material/collector, the resistance of the electrolyte and the resistance ions transport through the separator.
The use of electrolyte with high conductivity as well as highly conductive active materials can

significantly decrease the resistance cell and therefore increasing its power density.

6.4. Capacitance
Proportional to the specific surface area (Equation I-1). The use of electrodes with large specific surface
area allows enhancing their specific capacitance and therefore increasing their energy density (Equation

1-7).

7. Supercapacitors compositions

7.1. Electrodes
As mentioned above, a supercapacitor consists of two electrodes impregnated with electrolyte and
separated by a porous membrane (Figure 5). The electrodes consist of active material deposited on the
current collector. The electrodes are considered as the key factor which defines the storage mechanism of
the based device. It should have a large specific surface area, good contact between active material/current

collector and good electrical conductivity.
7.2. Active materials

In this part, we will present the different active materials (carbon, transition metal oxides and nitrides

etc...) mainly used for the design of supercapacitors.
Carbonaceous materials
Carbon-based materials are widely used in electrochemical double-layer capacitors due to their low costs,

large specific surface area and electrochemical/thermal stability. Also, activated carbon (AC) is the most

17



Chapter 1. Literature Review

widely used electrode material for supercapacitors due to its large specific surface area (1000-2500 m?.g°
1y [63], good conductivity and its relatively low cost [64]. In addition, different kinds of carbon materials
with a large specific surface are widely used for supercapacitors application such as: carbon nano-onions
(Carbon onions) [65-68], graphene [69-72], carbon walls (Carbon Nanowall, CNW) [34] [73, 74],
Activated Carbon (AC) [75-78], carbon nanotube (Carbon NanoTube, CNT) [79-81]. The structure of

these types of carbon is illustrated in Figure 10.

e Carbon nanowalls
Also named vertically oriented graphene sheets (Figure 10a) produced by expanding the radio frequency
(RF) plasma beam [34]. The large specific surface area of (100-1500 m?.g!) associated with excellent
electrical conductivity makes carbon nanowall attractive for electrochemical energy storage applications

[34].

Figure 10: SEM images of (a) Carbon walls (CNW). (b) Carbon nanotube (CNT) [83]. (c) Activated
carbon (AC) [82] and (d) Graphene [86].
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e Graphene

As a new class of two-dimensional carbon nanostructure, graphene has attracted major interest in recent
years because of its large specific surface (630 m?.g%) [85], excellent electrical conductivity and chemical
stability. Graphene sheets could be synthesized by mechanical cleavage of graphite and chemical
exfoliation of graphite [85]. The high specific capacitance of 349 F.g was obtained for graphene

electrodes in an aqueous electrolyte (Figure 10d) [87].

e Activated carbon (AC)

Activated carbon is the most widely used material for commercial supercapacitors because of its high
surface area (3000 m2.g™%), good electrical properties and low cost. AC is derived from various carbon-
rich precursors such as (charcoal, coconut, etc...) by physical or chemical activation in an inert
atmosphere. The physical activation process requires high-temperature thermal treatment (700 - 1200 °
C) in the presence of an oxidizing gas (COg, air), whereas, the chemical activation is carried out at lower
temperatures (400 - 700 ° C) with an activating agent such as (KOH, NaOH ...). Depending on the
activation method, AC can reach a high specific capacitance of 100 - 300 F.g* in an aqueous electrolyte
[85] [88].

e Carbon nanotubes

The most promising materials used for electrochemical double-layer capacitors due to their excellent
chemical stability, low resistivity (lower than that of activated carbon) and large specific surface area.
There are two main types of carbon nanotubes: single-walled carbon nanotubes (SWCNT) consist of a
single graphite sheet wrapped into a cylindrical tube and multi-walled carbon nanotubes (MWCNT)

Figure 11). CNT is produced by laser ablation of carbon or chemical vapor deposition [84].

0.5to 1.5nm >100nm

Figure 11: Schematic of carbon nanotubes. (a) Single-walled carbon nanotube (SWCNT). (b) Multi-
walled carbon nanotube (MWCNT). [84]
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a) Transition metal oxides
Transition metal oxides such as nickel oxide (NiO) [97], ruthenium dioxide (RuO2) [34], vanadium oxide
(VO2) [32, 33], manganese oxide (MnO3) [35-40] and iridium oxide (IrO2) are considered as promising
materials for supercapacitors because of their high conductivity and their higher specific capacitance than
that of EDLCs. They can be produced by different methods such as electro-deposition [89-91], sol-gel
[92] and chemical process [93]. Hydrous ruthenium dioxide (hRuO>) currently show the highest reported

specific capacitance [34].

e Ruthenium oxide (RuOy)
RuO- has been widely studied as an electrode material because of its large specific surface area and high
conductivity. Its energy storage mechanism relies on a pseudo-capacitive process with rapid electron
transfer associated with the electro-adsorption of protons on its surface according to equation [8]:

RuO2 + X H" + x € «> RuO2-x (OH) x with 0<x<2

The high specific capacitance of 768 F.g™* has been reported in an acidic aqueous electrolyte [94]. Hydrous
ruthenium dioxide (hRuO-) currently shows the highest reported specific capacitance [34]. However, its
cost and its toxicity limit its wide commercial application.

e Manganese oxide
Less expensive metal oxide such as manganese oxide (MnO2) has been considered as promising pseudo-
capacitive material because of its low cost, abundance and nontoxicity.
The storage mechanism of MnQ; is relying on the adsorption of cations of the electrolyte C* (Li*, Na*,

K™) on the electrode surface according to the redox reaction:
MnQO; + C* + e <> MnOOC

Also, MnO: exists in a wide range of polymorphs such as a, B, y, A, and 6. It is found that specific
capacitance measured for the MnO. strongly depended on its crystallographic structure with values in

descending order: a-MnO; > §-MnO2 > £-MnO2 [40].
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o Nickel oxide
One of the most promising pseudo-capacitive materials; its low cost and high conductivity favor its wide
application as electrode material for pseudo-capacitor. NiO can be produced by various methods such as
thermal treatment of Ni (OH) 2 [95] and sol-gel [96]. Also, a high specific capacitance of 309 F.g* has

been reported in an aqueous electrolyte [97].

e Binary metal oxides
Recently, bimetallic oxides such as NiC0204 [98], NiFe204 [99] and MnFe2O4 [100] have attracted major
interest. They offer an electrical conductivity and electrochemical activity higher than single metal oxide.
For example, a high specific capacitance of 1450 F.g* has been reported for NiCo.04 electrodes in

aqueous electrolytes [98] which is higher than that reported for NiO electrodes [97].

b) Transition metal nitrides
Recently, transition metal nitrides such as vanadium nitride [101,102], chromium nitride [103,104] and
ruthenium nitride [105] are considered as potential electrode materials for pseudo-capacitors due to their

excellent electrical conductivity, electrochemical stability and low toxicity.

e Vanadium nitride (VN)
Vanadium nitride has been identified as one of the most promising transition metal compounds for use in
electrochemical capacitors with a specific capacitance as high as 1340 F.g [106]. This impressive
capacitance was attributed to a combination of both double-layer type capacitance and pseudo-capacitance
occurring at this nitride surface. However, VN suffer from poor cycling stability, which hinders its
industrial application. In general, this poor cycling life is attributed to the dissolution of vanadium oxide

layers which is responsible for the pseudo-capacitive behavior [101, 102, 106].

e Chromium nitride (CrN)
Chromium nitride has been developed as an alternative active material for supercapacitors application.
Das et al. [107] were the first to study the electrochemical performance of CrN nanoparticles via nitriding
of Cr.03 and a high specific capacitance of 75 F.g-1 was obtained. Wei et al. [103] have reported the

synthesis of CrN by DC magnetron sputtering with an areal capacitance of 12.8 mF.cm™ in aqueous acid
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electrolyte along with excellent cycling stability after 20,000 cycles. The high performance of CrN was

attributed to the high conductivity and chemical stability of CrN.

¢) Conducting polymers
Other promising pseudo-capacitive materiasl commonly used in supercapacitors because of their high
conductivity and low resistance series compared to carbon-based materials. The most commonly studied
polymers are poly (pyrrole), poly (aniline) and poly (3-methyl thiophene).
Conducting polymers store charge by a redox reaction given by equations (I1-8) and (1-9):

Uncharged polymer + ne~ + nC* < polymer n—,nC* (1-8)

Uncharged polymer + nA~ < polymer n*,nA*, ne” (1-9)
High capacity of 400 F.g? is reported by Sharma et al. using polypyrrole films as the electrode [109].
Furthermore, Ghennatian et al. have prepared polyaniline nanofibers with a high specific capacity of 480
Fg! [110]. Besides, Poly (3, 4-ethylene dioxythiophene) synthesized by the electrochemical method

shows a specific capacity of 130 Fg [111].

d) Transition metal sulfides
In recent years, metal sulfides such as molybdenum disulfides [112], cobalt sulfide [113] and copper
sulfide [114] have attracted particular interest in the manufacture of supercapacitors. Their superior
physical and chemical properties (excellent electrical conductivity and mechanical and thermal stability)

make them potential candidates for energy storage applications.

e Molybdenum disulfide (MoS>)
MoS: has several advantages such as the high specific surface area, good electrical conductivity and sheet-
like morphology. Various types of MoS, nanomaterials have been manufactured, such as MoS, nano-
spheres [116] and MoS; nano-sheets [117] [118]. High specific capacitance of 330 Fg* has been reported

for MoS; deposited on a glassy carbon substrate [119].
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e Cobalt sulfide (CoS)
It has been considered as a potential candidate electrode material due to its high electrochemical activity
and low cost. Yang et al. have synthesized hollow hexagonal nanosheets of CoS with good specific
capacity of the order of 138 F.g! [120]. A higher capacity of 475 F.g! has been reported for CoSx
synthesized by chemical precipitation [121].

e Copper sulfide (CuS)
Copper sulfide is an advantageous pseudo-capacitive material widely used as a supercapacitor electrode
because of its excellent conductivity, low toxicity and abundance in nature. It can be produced using
different physical and chemical synthesis methods. High capacities of 470 Fg™* and 761 Fg! have been
reported for Cu.S films with different morphologies prepared by adsorption and successive ion layer

reaction in an aqueous solution (SILAR) [122].

e) Silicon nanostructures
The mostly used micro-supercapacitors reported in the literature are generally based on carbon and metal
oxides active materials. However, their integration in micro-electronics remains the main obstacle. On the
other hand, silicon-based supercapacitors can be easily integrated since their fabrication technology is
compatible with that of microelectronics. Also, silicon is the most widely used material in
microelectronics technology due to its abundance on earth, high stability, low cost and toxicity. Thus it
represents an attractive material for the fabrication of micro-supercapacitors.
The morphology of the surface of the electrodes has great importance since it determines the number of
ions to be adsorbed. The surface of the silicon can be nanostructured in various forms such as porous
silicon, silicon nanowires and nano-trees with high surface area allow increasing their specific
capacitance.

e Porous silicon
Porous silicon (PSi) exhibits a relatively high surface area of about 600 m2.cm[123], thus it represents
an attractive material for the fabrication of SCs. It can be produced by chemical or electrochemical etching
of p/n crystalline silicon. Electrochemical etching is the most commonly used method due to its

reproducibility. The etching solution is a mixture of hydrofluoric acid (HF), ethanol and water. The
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properties of porous silicon (porosity, depth and pore shape, etc.) can be controlled by the concentration
of the etching solution, the density of the anodizing current and the etching time.
In 1999, Rowlands et al. [123] have reported the development of porous silicon by electrochemical
anodization of a p-type crystalline silicon substrate in an etching solution of hydrofluoric acid (15%) for
10 min exhibiting an areal capacity of 130 pF .cm™ in an organic electrolyte (NEt4BF4 / PC).

¢ Silicon nanowires
Very recently, silicon nanowires (SiNWSs) have been proposed as electrode materials for micro-
supercapacitors [124-126], due to their interesting capacitive characteristics where the capacitance of the
electrode can be enhanced by increasing the specific surface area. They can be produced using chemical
etching of crystalline silicon [127] or by chemical vapor deposition (CVD), in the presence of a gold
catalyst [124-126]. Thissandier et al. [124] have reported the development of SINWSs by chemical vapor
deposition (CVD). The optimization of the doping levels and their morphology allowed SiNWs to reach
a high areal capacitance of 440 uF.cm in an organic electrolyte (NEt4BF4 / PC). Besides, Berton et al.
[126] have reported the use of ionic liquid electrolyte (EMI-TFSI) with a high operating voltage window
of 4 V along with good specific power of 472 uW.cm™.

¢ Silicon nanowires coated with active material
SiNWs suffer from the rapid oxidation of the silicon surface in aqueous electrolytes and dissolution in
mild saline solutions. Thus, their electrochemical stability and the capacitive performance of SINWSs can
be enhanced by modifying their surfaces with highly conductive active material such as manganese oxide
MnO. [93], carbon [127] and silicon carbide SiC [129].

Table 3 summarizes the performance of silicon nanowires based electrodes.
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Table 3: Electrochemical performance of SiINWs based electrodes.

Areal
Electrode ) Number of
_ Electrolyte capacitance References
materials cycles
mF.cm™
LiClO:-
MnO,@SINWSs 13.38 5000 [93]
PMPyrrBTA

SIC@SiINWs KCI 1.7 1000 [130]
C@SiNWs Na2SO4 25,64 25000 [127]

f) Nanocomposites
The composite electrodes Fare made of a carbon-based material (graphene, CNTs, CNW ...) coated with
highly pseudo-capacitance material of metal oxides or metal nitrides. They exhibit a large specific surface
area, which increases the contact surface between the pseudo-capacitive material and the electrolyte. For
example, acomposite electrode made of MnO- / reduced graphene oxide (rGO) can achieve a high specific
capacitance of 255 F.g [131]. Besides, Dinh et al. have reported the fabrication of composites electrodes
based on hydrous ruthenium oxide (hRuO) coated carbon nanowalls (CNW) with an excellent areal
capacitance of 1097 mF.cm [34]. In addition, Liu et al. have reported the synthesis of the graphene /
poly-pyrrole composite exhibiting a high capacity of 420 F.g™% in an acid electrolyte [132]. Qin et al. have
reported the electrochemical performance of activated carbon modified with poly-aniline (PANI). The
PANI-Carbon composite electrode shows a specific capacity of 587 F.g™ [133]. Zhang et al. have reported
the growth of vanadium nitride (VN) on a carbon nanotube fiber (CNT) which gave a very high specific

capacity of 715 mF.cm2 [134].
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7.3. Electrolytes
Besides electrodes, the electrolytes are the most influential component of the performance of
supercapacitors (energy, power, stability...). They can be classified into three categories: aqueous, organic
and ionic liquids electrolytes. However, the choice of electrolyte is important, it should be inert,
uninflammable, have a large electrochemical window, low viscosity and high ionic conductivity.
According to the equations (I-5, 1-6), the power and energy densities are proportional to the square of the
voltage U which is limited by the electrochemical stability window. The larger electrochemical window
implies a maximum voltage and therefore a better power and energy densities.
The ionic conductivity of the electrolyte plays an important role, a high ionic conductivity limits the
internal resistance of the device and therefore enhances its power densities (the resistance is inversely
proportional to the power density equation 1-5).
The low viscosity allows good diffusion of the ions to the active material and reduces the resistance of the
supercapacitors.
In general, there are three types of electrolytes used for supercapacitors: aqueous electrolytes, organic
electrolytes and ionic liquids. Aqueous electrolytes have a high ionic conductivity but their
electrochemical window is limited. However, organic and ionic liquid electrolytes allow larger potential
window but their ionic conductivity remains much lower compared to the aqueous electrolyte. Table 4
summarizes the characteristic of the various electrolytes.

Table 4: comparison of the properties of aqueous, organic and ionic liquid electrolytes [8].

Stability window Viscosity lonic conductivity
Electrolytes
\Y, mPa.s mS.cm?
Aqueous <12 1 > 400
Organic 2-3 0.3-26 50
lonic liquid 3-6 50 - 400 <15
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7.3.1. Aqueous electrolytes
The aqueous electrolytes contain acid (H2SOs, H3POs etc...), basic (KOH, NaOH etc...) and neutral salt
(KCI, Naz2SOgsetc...). According to Table 3, these electrolytes exhibit a high ionic conductivity> 0.4 S.cm”
! (up to 0.8 S.cm™ for sulfuric acid at 25 ° C) [30]. Their advantages are low cost and low toxicity.
However, the electrochemical window of aqueous electrolytes is impeded by the limited cell voltage
(around 1V), which is linked to the decomposition of water at 1.23 V. Besides, the freezing/boiling point
of water limits their working temperature.

7.3.2. Organic electrolytes
Organic electrolytes are the mixture of a conductive salt (usually ammonium or phosphonium) dissolved
in an organic solvent such as propylene carbonate (CsHeOs) or acetonitrile (CHsCN).
Tetraethylammonium tetrafluoroborate (EtsNBF4) is the most used salt. Their main advantage is the large
electrochemical window (2-3 V) which allows storing a large amount of energy. However, supercapacitors
with organic electrolytes generally have a higher cost, low specific capacitance and lower ionic
conductivity (0.05 S.cm™) as well as their high flammability and toxicity compared to aqueous
electrolytes.

7.3.3. lonic liquids
lonic liquids (IL) can offer a great advantage for supercapacitors due to their large windows of
electrochemical stability (3-6 V), high thermal and chemical stability. They are composed of ions (anions

and cations) with a melting temperature below 100 °C.

Several combinations (anions/cations) are possible to produce ionic liquids. The cations mostly used are:
centered at a nitrogen atom (imidazolium, pyrrolidinium and ammonium), on a phosphorus atom
(phosphonium) or a sulfur atom (sulfonium). The most used anions are chloride (CI), bromide (Br),

tetrafluoroborate (BF4), hexafluorophosphate (PFe) and bis (trifluoromethylsulfonyl) imide [TFSI].

Their main advantage is the larger electrochemical window (can reach 6V and limited by the instability
of the electrolyte, reduction of the cation and the oxidation of the anion). The larger potential window
assures a high energy density. However, ionic liquids are more viscous and less ionic conductors than

organic or aqueous electrolytes. Their ionic conductivity is less than 0.015 S.cm™. However, the properties
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of ionic liquids can be enhanced by dilution of the ionic salts in an organic solvent to combine their
properties (electrochemical stability of ionic liquids and low viscosity of the solvent). In this case, the

electrochemical window is limited by the solvent used.

7.4. Separator
The separator is a porous membrane placed between the two electrodes of the supercapacitor. It must be
electrically insulating to prevent the short-circuiting, highly porous to ensure the ionic conductivity,
chemically and electro-chemically stable. The choice of separator depends on the type of electrolyte and
electrode used. In the case of organic electrolytes, cellulose and polymer membrane (polyethylene PE,

polypropylene PP) are commonly used. Glass fibers can be used in the case of aqueous electrolytes [30].
l. Micro-supercapacitors

The rapid development of microelectronic devices has spurred research on new energy storage micro-
devices. Generally, micro-batteries are widely used to ensure sufficient energy density. However, their
short cycle life and low power density limit their wide application in microelectronics where high power
densities are required. Thanks to their long cycle life (> 100,000 cycles) and their higher power density,
micro-supercapacitors with two configurations commonly used to integrate a micro-device: the stacked
configuration and the inter-digital configuration (Figure 10) [135] should overcome these limitations.

1. The stacked configuration

The stacked configuration consists of two films of electrodes (active material deposited on a current
collector) stacked and separated by a solid electrolyte, the solid electrolyte also plays the role of separator
(Figure 12a). The maximum voltage of the device is identical to that of the single electrode. It is also
possible to design an asymmetric devices with supercapacitors electrode and battery electrode. The main
advantages of the stacked configuration are: reliable process, high productivity and low costs.

2. The inter-digital configuration

The inter-digital configuration consists of the integration of the two electrodes on a planar surface
(generally a silicon substrate) in the form of inter-digital combs (Figure 12b). The two inter-digited
electrodes are isolated by physical separation to prevent any contact which would cause short circuits.
This configuration, therefore, does not require a separator. Their performance depends on the materials

used (active material, electrolyte, etc.) and the geometry of the micro-device. The electrodes (of length L)
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are separated by an isolated space (of width I). However, a large space between the inter-digital electrodes
implies a higher resistance. Consequently, maximizing the ratio (L / I) will reduce significantly the
resistance and therefore enhancing the power density [136].

Each configuration has advantages and inconvenients, the stacked configuration often suffers from short
circuits and the dislocation of the electrodes. However, inter-digital configuration on a flat substrate can
solve these problems [135]. On the other hand, the inter-digital configuration can reduce the energy

density due to the thin thickness of the electrodes.

(a) Active material (b) Current collector

¥ Solid electrolyte

e e va®

N/

Current collectors

4
¥ Active material

Figure 12: Schematic of micro-supercapacitors configurations. (a) Stacked configuration and (b) inter-

digital configuration.

3. Performances of micro-supercapacitors

The performances of supercapacitors are generally reported using gravimetric values. The specific
capacitance (Fgt), the specific power (W.kg?), the specific energy (Wh.kg™) and cycling stability are the
main parameters for the evaluation of supercapacitors. In the case of micro-supercapacitors, the material
quantity available is very low, and therefore, the mass of the electrode is negligible compared to the total
weight of the micro-device. Consequently, capacitance, power and energy densities are expressed per unit
of surface area (F.cm?, W.cm™ and Wh.cm™).

The active material of the electrode, the electrolyte and the configuration of the device are the main key
factor to improve the electrochemical performance of micro-supercapacitors. Next, the electrolyte is an
important factor to determine the maximum voltage window of the micro-device which is limited by the
degradation of the electrolyte. Hydrogels (gel of an aqueous ionic solution) and ionogels (gel containing

an ionic liquid) are the most used electrolytes [8].
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The configuration of micro-devices, in particular the inter-digital configuration, can also improve their
performance. For stacked microdevices, the main parameter is the thickness of the electrode layer:
increasing the thickness of the electrode increases the storage capacity. For the inter-fingered micro-
devices: increasing the number of inter-digital electrodes and reducing the space between them improves

their performance.

4. Micro-supercapacitors electrodes materials
4.1. Transition metal nitrides-based micro-supercapacitors

Transition metal nitrides are promising pseudo-capacitive materials with good electrochemical
characteristics such as a high specific capacity and excellent electrical conductivity, which makes them
potential candidates as micro-supercapacitors (USC) electrodes.

Robert et al. [137] have reported the fabrication of an inter-digital uSC based on vanadium nitride (VN)
using an ICP (Inductive Coupled Plasma) etching method. The fabricated device shows a good areal
capacitance of 40 mF.cm™.

Wei et al. [103] have fabricated uSC based on thin layers of chromium nitride (CrN) by DC sputtering.
The areal capacitance of the micro-device was as high as 6.5 mF.cm at a current density of 1 mA.cm™.
Furthermore, thin porous layers of CrN have been synthesized by Wei et al. [138] using chemical etching
of CrCuN. Its integration in symmetrical micro-supercapacitors allows obtaining a capacity of 10.9
mF.cm™ for 2 mA.cm™,

Table 5 summarizes the capacity values of metal nitride-based uSC reported in the literature.

Table 5: Performance of transition metal nitride-based micro-supercapacitors.

Areal capacitance
Active material Electrolyte References
(mF.cm?)
VN KOH 40 [137]
CrN H2S04 6.5 [103]
Porous CrN H2SO4 10.9 [138]
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4.2. Carbon-based micro-supercapacitors

Due to their large specific surface, carbon-based materials are widely used to manufacture of double-layer
micro-supercapacitors (USC) (Table 4). Pech et al. have reported the manufacture of inter-digital micro-
device based on activated carbon in an ethylene glycol solvent and an organic binder of
polytetrafluoroethylene (PTFE) [139]. The fabricated device exhibits a large voltage window of 2.5 V and
a maximum specific capacity of 2.1 mF.cm™. A micro-device based on carbon nano-onions has been
fabricated exhibit a specific capacity of 0.9 mF.cm™ at a high scanning speed of 100 V.s*[140].
Furthermore, inter-digital uSC based on carbide-derived carbon films (CDC) has been manufactured by
Huang et al. [141]. These micro-devices achieved good electrochemical performance with an areal
capacitance of 1.5 mF.cm™. Gao et al. have reported the synthesis of a reduced graphene-based pSC
exhibits a specific capacitance of 0.51 mF.cm [142]. Besides, inter-digital micro- pSC based on graphene

oxide composite (rGO) and carbon nanotubes (CNT) electrodes have been reported by Beidaghi and Wan

et al. [143].
Table 6: Performance of carbon-based micro-supercapacitors.
Areal capacitance
Active material Electrolyte References
(mF.cm™)
Activated carbon
1M EtsNBF4/PC 2.1 [139]
AC
Carbon onions 1M EtsNBF4/PC 0.9 [140]
carbide-derived
1M EtsNBF4/PC 1.5 [141]
carbon
Reduced Graphene Hydrated GO 0.51 [142]
Oxide
Reduced Graphene
Oxide — Carbon 3M KCI 6.1 [143]
nanotube
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Summary

This chapter highlights the major interest of supercapacitors (SC) and micro-supercapacitors (USC), the
theory of double-layer models, the electrode, electrolyte, active materials and recent applications of SC in
many fields such as logistics, military and microelectronics. The electrodes of SC are mainly based on
carbon or transition metal-based compounds. However, the main challenge is their integration into
microelectronic circuits. Thus, the development of high-performance electrodes based on transition metal
nitrides such as chromium nitride (CrN) deposited on silicon current collectors should facilitate their
integration into micro-electronics circuits.

The uSC based electrodes also should be stable in the electrolyte and have a large developed surface area.
Besides, the use of new strategy combining physical vapor deposition (PVD) with glancing angle (GLAD)
is envisaged in order to fabricate a porous CrN thin films with high surface area/porosity allows improving
its electrochemical storage. Another strategy using a high conductive nanostructures consisting of silicon
nanowires (SINWSs) and carbon nanowalls (CNW) with high surface area for the growth of CrN thin film

will be investigated.
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1. Introduction

Physical vapor deposition (PVD) techniques are widely used for material synthesis, in the form of films,
for different applications including semiconductor technology, medical devices, smart coatings, or cutting
tools [1-4]. Recently, there has been an impressive research effort toward the fabrication of electrodes
deposited by PVD for energy storage devices such as Li-ions/micro-batteries [5,6] or electrochemical
capacitors (ECs)/micro-supercapacitors (USCs) [7-9]. In particular, in the case of ECs electrodes, the
PVD techniques offer alternative solution to most of the problems faced during the processing of powder
into packed films [6,8,9]. These problems consist of bad adhesion to the current collector, loss of
accessible volume to the electrolyte and incompatibility with standard micro-fabrication protocols.
Indeed, PVD can produce films with good adhesion, controlled thickness, composition and morphology
[1-4,6,9]. Thus, using PVD to fabricate electrodes for ECs, and especially for micro-supercapacitors,
would be an interesting alternative solution to most of the problems encountered during the processing of

powder into packed films.

Metal oxides including RuO> [10], MnO2 [11] and transition metal nitrides such as TiN [12,13], VN [14],
TiVN [15], RuN[16] and CrN [17,18], have been deposited by PVD methods for use as electrodes in ECs.
Besides, the deposition parameters were also adjusted, to increase the porosity of the films, and thus,
enhance their specific capacitance. For instance, nitrogen flux has been controlled in the case of TiN
electrodes [12], while the pressure and deposition temperature have been adjusted in the case of VN [19]
and CrN [17] electrodes to produce porous films with enhanced electrochemical energy storage. In this
work, we used bipolar magnetron sputtering at a glancing angle (GLAD) as a new strategy, in the field of
ECs, to improve the apparent porosity of CrN films. The GLAD strategy simply entails substrate tilting
to the target during film deposition. The GLAD method allows modifying the morphology of the deposited
coating, from dense to porous, and the formation of inclined columns. Such features have found
applications in optical devices (polarized light emitters), sensors devices (humidity sensors) or energy
devices (solar energy conversion) [20-22]. Herein, four different tilt angles of 0, 45, 60 and 75° were
explored. The areal capacitance value of the resulting CrN electrodes can reach capacitance values as high

as 35.4 mF.cm?at a current density of 1.2 mA.cm™, with a stable cycle life exceeding 10,000 cycles.
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Moreover, the apparent porosity of the CrN electrode can be controlled by tailoring the deposition angle
inside the chamber during film growth, which affects both the areal capacitance and power density of the
electrodes. In contrast to the method used in Ref [18] involving selective etching of Cu from CrCuN film
to obtain porous CrN films, our method is simple and consists of a single-step process. Besides, it is
scalable and can be easily generalized for other types of materials deposited by PVD techniques to obtain

high porous electrodes for energy storage applications.

1. Chromium nitride (CrN) as an active material for SC applications

Transition metal-based materials (TMs) have been explored as promising electrode materials for
supercapacitors application due to their unique properties such as high capacity, excellent conductivity
and low cost [10-18]. Among those TMs, chromium nitride (CrN) has been explored as a potential
candidate for many industrial applications due to its chemical stability and excellent electrical
conductivity [17, 18]. However, only a few reports are available on the use of CrN as supercapacitor
electrode materials. Das et al. [32] were the first to develop the synthesis of CrN nanoparticles by nitriding
Cr203 at a relatively low temperature. The specific capacitance of the CrN based electrode was as high as
75 F gt at a current density of 30 mA.gt. Very recently, Wei et al. have reported the fabrication of a
symmetrical SC (CrN / CrN) using reactive magnetron sputtering method with high energy density (of
8.2 mWh.cm™, a high power density of 0.7 W.cm™ along with excellent electrochemical stability over
20000 cycles [17]. Arif et al. have reported the synthesis of a thin-film CrN electrode with a high specific
capacitance of 41.6 Fg™* at a scan rate of 5 mV.s! and good cyclic stability over 2000 cycles [44].

Most recently, Qi et al. [45] reported the synthesis of nanostructured porous CrN thin layers by combining
magnetron sputtering and glancing angle deposition (GLAD). The thin-film electrode exhibited a high
specific capacity of 17.7 mF.cm at a current density of 1.0 mA.cm™. A symmetric supercapacitor using
the CrN electrode was proposed to achieve maximum energy and power densities of 7.4mWh cm™ and
18.2W cm3, respectively with good stability (retention of 92.2% capacity after 20,000 cycles). The recent
studies reported show the advantage of using CrN as an active material for the fabrication of high

performance supercapacitors.
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2. Experimental methods

2.1. Synthesis of CrN films
The CrN thin films have been synthesized by combining magnetron sputtering and glancing angle
deposition (GLAD) in a 1m?3 semi-industrial hexagonal chamber from D&M Vacuumsystemen (Figure
13a) [2]. Two planar chromium targets (7.5 x 35 cm, 99.99% purity, from Neyco) have been sputtered in
an argon and nitrogen gas mixture, respectively 150 and 120 sccm, with gas injected at the surface of the
target. The pressure was set at 5 mTorr (0.66 Pa) and continuously adjusted with a throttle valve. The

targets are sputtered in bipolar mode, using a Magpuls QP-1000/20 10 kW pulse unit, at a mean current

of 2 A, a duty cycle of 50% and a frequency of 2500 Hz (Figure 13b).
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@ Gas distribution
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Figure 13: (a) Laboratoire d'Analyse par Reaction Nucléaire (LARN) sputtering machine. (b) Schematic of
the Sputtering method.

The operating cycle (ratio between T on and T on + Torr), as well as the frequency, are adjustable. In our
case, the Ton and Torr were fixed at 100us (Figure 14a). Silicon substrates were static and mounted in
front of one cathode, with tilted substrate holder at 0, 45, 60 and 75°. When the sample holder is tilted,
the deposition flow is no longer orthogonal to the substrate but forms an angle o with it leading to the

formation of columns with inclination 3 (Figure 14b).
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Figure 14: (a) Evolution of the voltage during a bipolar discharge. (b) Schematic of the GLAD

deposition.
Before the deposition of CrN film, an interface layer of Ti and Au with a thickness of 80 nm is deposited.
The Ti/Au layers were chosen as substrates for CrN deposition because the device is made of gold as the
current collector deposited on a Ti buffer layer (as explained in Figure 20). The role of the Ti buffer is
the improvement of the gold adhesion on silicon. Therefore, to make an honest comparison between CrN
films tested in the three-electrode configurations and the CrN deposited on the device (made of gold
current collector), we have chosen Ti/Si as a buffer in the case of CrN film to exclude any effect of the

substrate concerning the resistivity and CV shapes.

1.2. Electrochemical measurements
Electrochemical studies of the CrN electrodes were carried out using a potentiostat/galvanostat Metrohm-
Autolab PGSTAT128N at room temperature in a typical three-electrode electrochemical cell. The cell is
composed of two parts assembled face to face. The lower part has a copper current collector and the upper
part is made of Teflon and filled with the electrolyte. It also has a hole at the bottom to enable the contact
between the electrode and the electrolyte. The CrN sample was used as a working electrode, Ag/AgCl as
a reference electrode and Pt foil as a counter electrode. In this cell, only the side coated with CrN was in
contact with the electrolyte (S = 0.5 cm?). The other side of the samples was contacted with the copper
current collector by using a silver paste to ensure good electrical contact. The electrodes were

characterized by cyclic voltammetry (CV) and Galvanostatic Charge-Discharge (GCD) in H2SO4 (0.5 M)
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aqueous solution. The charge transfer and ion diffusion properties study of the CrN thin-film electrodes
were conducted by electrochemical impedance spectroscopy (EIS) measurements. The EIS measurements
were carried out in the frequency range of 100 kHz—-10 mHz by plotting spectra using 10 points per
frequency decade at open circuit potential (OCP) in 0.5 M H2SOs electrolyte at room temperature. The
capacitance calculation details according to Reference [21-22] are given in Annex.

In the present work, only areal and volumetric capacitance of the CrN deposits and the corresponding
micro-devices are provided. It should be noted that the mass of the device has no meaning because the

most important is the area that is occupied by the device and not its mass [8].

3. Results and discussion

3.1. Evaluation of CrN electrodes deposited at different angles

3.1.1. Structural and surface characterization

Figure 15 shows the cross-section and top-view SEM images of the CrN films deposited at different
glancing incidence. All the samples exhibit a dense columnar structure, a typical morphology obtained
under similar conditions [2,23], with small cubic crystallites growing normal to the surface. The tilting of
the sample (Figure 14b) leads to a (i) change of the morphology, (ii) a decrease of the thickness, from
1870 nm at 0° down to 1210 nm at 75° of incidence, and (iii) a global increase of the tilting angle of the
columns B. The increase of B is observed up to o = 60°, while the columns are slightly less tilted than for
a = 60°. This evolution has already been reported by Besnard et al. [20], where the saturation of the tilting
angle occurs. It is worth to mention that in our case, the nanostructures are deposited on silicon substrates,
which means that material quantity available is very low, and therefore, in contrast to powder, the
Brunauer-Emmett-Teller (BET) analysis is not possible. The only possible way to estimate the surface

area is from SEM images.
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Figure 15: Top view SEM images of CrN films : (a) CrNO° (b) CrN45°, (c) CrN60° and (d)
CrN75°.Cross-section SEM images of CrN films: (e) CrNO° (f) CrN45°, (g) CrN60° and (h) CrN75 °.
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Overall, the increase of tilt angle results in a more porous structure: at 0°, the structure is denser, without
voids between columns (Figure 15a & e), and cubic crystallites of =100 nm are observed on the top
surface. Both CrN45° and CrN60° exhibit similar morphology, but a different tilting angle (respectively
10.8 £ 0.8° and 16.4 £ 0.7°), with smaller cubic crystallites, about 50-100 nm (Figure 15f & g), and more
open voids between the top of the columns. The increase of the incidence up to 75° does not significantly
affect the shape of the columns. However, it drastically reduces the crystallites size (<50 nm) which
merges to close open porosity as can be observed on the top surface from Figure 1h. The same evolution
has recently been reported for TiN thin films [21]. It results in lower mobility of adatoms and lower
crystallite size, in addition to the creation of voids between columns [26,27]. It is worth mentioning that
the difference of grain size, as well as the separation of columns by voids and defects in each case, can
deeply influence both the electrical and electrochemical performance (inter-columnar porosity) behavior
of CrN electrodes deposited at different tilt angles. Finally, the voids between columns, estimated from
SEM observations, are less than 20 nm, suggesting the presence of a mesoporous network in CrN45° and
CrN60° samples. Due to the low amount of active material and to the limited surface of thin-film samples,

it was not possible to further estimate the pores size distribution by gas adsorption techniques.

3.1.2. Physico-chemical characterization

The cubic structure is also confirmed by GA-XRD measurements (Figure 16a), with diffraction peaks at
37.5°, 43.6°, 63.4° and 76.0° attributed to (111), (200), (220) and (311) planes, respectively. All the
diffraction peaks have a significant increase of the full width at half maximum (FWHM) as the deposition
angle increases. The FWHM of (111) diffraction peak has been used to estimate the grain size using the
Scherrer formula; the grain size decreases from 18 to 9 nm as the deposition angle increases from 0 to
75°, in good agreement with the SEM observation. Due to the tilted columnar morphology and the use of
GA-XRD, the intensity ratio strongly depends on the measurement method and the sample position during
the measurement. Thus, the comparison of intensity is convenient. However, a shift of the diffraction
peaks is observed as the deposition angle increases. This effect is attributed to the increase of the oxygen
content at high angles, due to the lower deposition rate. The presence of oxygen in metal nitride thin film

is frequently reported [28,29], and its content decreases as the deposition rate increases.
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Figure 16: (a) XRD patterns, and XPS high-resolution spectra of (b) N 1s and (c) Cr 2p of CrN films.

The surface chemistry of the chromium nitride thin films has been investigated by XPS measurements,
on Cr 2p and N 1s core-level spectra (Figures 16b and c). No significant differences between samples
are evidenced, which is expected since neither the working pressure nor the gas flux has been modified.
The survey spectra (not shown here) reveal the presence of oxygen, with higher content as the tilting angle
increases. Cr 2ps is fitted with three contributions, centered at 574.6, 575.5 and 576.6 eV that can be
assigned to CrN, Cr(O, N) and Cr20s3, respectively [30]. Such surface oxidation is expected, as no sample
etching is done before the analysis. Nitride formation is attested by the N 1s core-level spectra (Figure
16¢) with a major contribution at 396.9 eV in addition to oxynitride formation as depicted from the
contribution at 398.3 eV [30,31]. Since the specific capacitance of electrochemical capacitors is

influenced by both the surface chemistry and the surface area of the active materials, one should consider
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that, in the case of our CrN electrodes, any difference of the electrochemical behavior will be only
attributed to the effect of surface area and structure, because the surface chemistry of all the CrN electrodes

deposited at different tilt angles is almost the same.
3.1.3. Electrochemical characterization

The charge transfer and ion diffusion properties of the CrN thin-film electrodes were investigated by
electrochemical impedance spectroscopy (EIS) measurements. Figure 17 shows the typical Nyquist and
bode plots of CrN thin-film electrodes (CrNO°, CrN45°, CrN60° and CrN75°) recorded in 0.5 M H2SO4

aqueous solution at open circuit potential (OCP).
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Figure 17: Analysis of EIS plots of the CrN film electrodes (CrNO°, CrN45°, CrN60° and CrN75°): (a)

Nyquist plots, (b) Bode plots recorded in 0.5 M H2SO4 at OCP, and (c) the related equivalent circuit.

Three domains can be identified for the EIS spectra as depicted in Figure 17; at high frequencies region,
a semicircle is observed which can be attributed to the surface properties and charge transfer resistance of
the material; the domain at mid frequencies region corresponds to a straight line (except for CrN0°) with
a slope < 45° followed by a straight line at higher phase angle. These features indicate a non-perfect

capacitive-like behavior. The slope of the straight line making an angle lower than 45° in the mid-
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frequency region is due to the diffusion effect of ions at the electrode-electrolyte interface and reflects the
diffusive behavior, including proton diffusion in the electrolyte trapped in the porosity of the CrN film.
These slopes are followed by a straight line with a slope > 45° indicating the capacitive behavior of the
CrN films. These results are in accordance with the literature on the electrochemical behavior of CrN in
the acidic electrolyte [17,32,33]. The intercept of the beginning of the semicircle with Z' axis is very close
for all the samples and it is related to the resistance of the 0.5M H>SOs electrolyte (Re). Wider arcs or
semi-circles mean greater resistance to charge transfer and a steeper slope means a lower ion diffusion
rate [34]. In the low-frequency region, a vertical plot is observed, suggesting a capacitive behavior of the
CrN electrodes. The phase angles determined in the Bode plot (Figure 17b) at low frequencies are >45°
for all electrodes, which is lower than the expected value for an ideal capacitor (90°). The Randles
equivalent circuit of CrN electrodes in Figure 17c presents three series networks, one of them related to
the electrolyte, the second to the film area, and the third to the pores. The electrolyte resistance is
represented by resistor Re, the area occupied by CrN film is represented by a parallel R//Q network that
refers to the associated interfacial process (Rct, Cat and W), standing for the charge transfer resistance,
double layer capacitance and diffusion effect, respectively, in series with a Qpr corresponding to the
pseudocapacitance of CrN electrodes. The Nyquist plot was fitted using the Randles equivalent circuit
and its parameter values were summarized in table 1. The resistance of the electrolyte Re was varied from
28 to 17 Q which due to the difference in contact of the backside of the electrodes. The charge transfer
resistance (Rct) value determined for CrN45° electrode was 120 Q, lower than that for CrN0°, CrN60°
and CrN75° electrodes with values of 204, 237, and 409 Q, respectively. The results indicate that the
CrN45° electrode is electrochemically more active than the other samples deposited at different grazing
angles. This implies that the deposition angle has a drastic influence on the electrochemical behavior of
the CrN films. This can be explained by the morphology and the apparent porosity of the sample. The
relative low charge transfer resistance (Rct) values are helpful to provide good electrochemical

performance [35].
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Table 6: EIS equivalent circuit fitting parameter values of the CrN electrodes.

Re Q Ret W B Qpr
n
Q) (F) Q) (S.sec??) (sec%) (S.sec®M)
0° 17.24 6.27E-8 204.5 0.003578 | 4.768E9 5.024E-6 0.8532
45° 18.06 0.007685 120.5 0.001956 2.353E5 5.113E-6 0.7833
60° 28.65 5.802E-4 237.57 0.005861 3.133E8 3.444E-5 0.5864
75° 19.8 6.28E-7 409.49 0.004907 2.378E9 9.583E-7 0.9443

Figure 18a shows cycling voltammograms (CV) of the CrN (0-75°) electrodes at a scan rate of 10 mV.s
! The CVs of CrN45° and CrN60° are bit distorted even at a low scan rate, which could indicate that the
CrN deposit is resistive. In the case of CrNO° and CrN75°, the CVs do not show any capacitive behavior
even at a low scan rate of 5 mV.s (not shown here), and the current is very weak, thus indicating a poor
double-layer capacitance. This can be assigned to the dense structure of the CrNO° and CrN75° electrodes
as observed by SEM and in agreement with EIS analyses. The effect of surface chemistry can be ruled out
as already discussed in the XPS section. The CVs at different scan rates (10-100 mV.s) of the CrN films,
deposited at tilt angles of 45° and 60°, are presented in Figures 18b and 18c, respectively. At a low scan
rate, both CVs exhibit small distortion, indicative of the resistivity nature of the deposit (more portably
due to the increased oxygen amount in the films). However, at higher scan rates, the CrN45° and CrN60°
electrodes display poor capacitance retention, which may be due to the porosity of the electrodes.

Galvanostatic charge-discharge curves at a current density of 0.4 mA.cm™ are depicted in Figure 18d. It
can be seen that the CrN45° and CrN60° electrodes display an IR drop of 0.088 V and 0.192 V

respectively, suggesting a superior electrical conductivity of CrN45°, as well as more accessible porosity
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by the electrolyte. This is consistent with the CV and EIS results. Indeed, at the same scan rate, the CVs
of the CrN60° electrode are more distorted than those of the CrN45° electrode.

The areal capacitance values were calculated from the charge-discharge curves at a current density of 0.4
mA.cm2. The values are 70.0 and 54.2 mF.cm for CrN45° and CrN60° electrodes, respectively. Such a
difference cannot be due to the smaller thickness of CrN60° compared to CrN45°. Indeed, when the
capacitance is normalized to the thickness, the volumetric capacitance of CrN 45° and CrN60° become
454.5 and 389.9 F.cm™, respectively.

Figures 18e and f depicts the variation of the areal capacitance versus scan rate and current density,
respectively. It can be seen that the capacitance decreases with increasing the scan rate and current density,
suggesting that parts of the surface are inaccessible at high scan rates and/or at fast charging-discharging
rates. The difference of areal capacitance between the two electrodes can be attributed to the small

differences in their thicknesses.
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Figure 18: (a) Comparison of cyclic voltammograms of CrN electrodes in 0.5M H2SO; at a scan rate of
10 mV.s 2, (b) cyclic voltammograms of CrN45° at different scan rates and (c) cyclic voltammograms
of CrN60° at different scan rates, (d) comparison of GCD curves at 0.4 mA cm for CrN45° and
CrN60° electrodes, (e) areal capacitance of CrN45° and CrN60° films versus scan rate, (f) areal

capacitance of CrN45° and CrN60° films versus current density.
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The capacity loss after 10,000 consecutive cycles at a scan rate of 100 mV.s™ is only 5.5%, as shown in
Figure 7, indicative of a fair long-term electrochemical stability [6-8], which is even higher than those of
transition metal nitride materials [36]. Such good electrochemical stability enables one to envision the use
of CrN electrodes in micro-supercapacitors [8]. The sudden drop in capacitance at the ~5000 cycle could

be due to day/night room temperature change.
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Figure 19: Cycling stability test of CrN45° film in 0.5M H,SO4 at a scan rate of 100 mV.s™.

From a practical point of view, the areal capacitance of 35.4 mF.cmat a current density of 1.2 mA.cm™
for the CrN45° electrode compares to 31.0 mFcm 2 at 1.0 mA.cm 2 for the porous CrN electrodes
recently reported in [18] and 2.5 fold higher than the best CrN electrode deposited by sputtering (13
mF.cm~2 at 1.0 mA.cm2) recently reported in [17]. When compared to other transition metal nitrides, the
areal capacitance of our CrN electrodes is still much higher than for TiN electrodes (27 mF.cm™2 at
1.0 mA.cm2) [37], HfN electrode (6 mF-cm 2 at 1.0 mA-cm2) [38], or GaN membrane (21 mF cm 2 at
0.1 mA cm?) [39] (Table 7).. Therefore, our CrN electrodes are competing quite well with the state of
the art transition metal nitride thin film electrodes, not only in the term of cycling stability but also in the

term of specific capacitance.
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Table 7: Performances of CrN electrodes.

Areal capacitance | Current density
Electrodes references
mF.cm mA.cm

CrN-GLAD 35,4 1.2 This work
Porous CrN 31,0 1.0 [18]
CrN thin film 13 1.0 [17]
TiN 27 1.0 [36]
HfN 6 1.0 [37]
GaN 21 0.1 [38]

3.2.  Integration of CrN thin film electrode in a planar symmetrical uSC

CrN 60° was chosen in this study to be integrated into the micro-device as shown in Figure 20. As the
volumetric capacitance is close to each other for both orientations, we choose the more tilted sample,
namely CrN 60°. Besides, due to the size of the device and to avoid deposition on the current collector
side of the device, orientation of 60 ° was chosen as the safe angle to deposit the CrN on the device.
Moreover, more than 95% of the 30 fabricated MSCs did not exhibit any short-circuit between the two
electrodes, indicating the high reproducibility of the technological process. Furthermore, the electrodes
are deposited without intentional heating of the silicon substrate. Therefore, our complete process is
compatible with semiconductor technology.

Figure 20c illustrates the geometrical parameters of the unit cell. A 100 um wide spacing was used to
isolate the interdigitated electrodes (2 mm long/1.7 mm wide). The SEM cross-section of the CrN coated

USC is reported in Figure 20d, with a similar morphology with previous coatings.
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Figure 20: Micro-supercapacitor fabrication and design. (a) Schematic illustration of the fabrication
process using the lift-off process of the active material (not to scale). Schematic (b) and optical image
(c) of the micro-device. (d) Cross-section of the electrode observed with scanning electron microscopy.

3.2.1. Electrochemical properties of uSC

The CV plots of CrN based uSC were recorded at various scan rates from 0.01 to 10 V.s to test the rate
capability of the uSC. Indeed, the integration of CrN on-chip uSCs allows decreasing the series resistance

thus improving the power density of the microsystem [40].
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Figure 21: CVs obtained at scan rates of (a) 0.1, (b) 1 and (c) 10 V.s™* for CrN 60° based micro-
supercapacitors device.

Electrochemical impedance spectroscopy was used to investigate the CrN micro-supercapacitor device.
The shape of the Nyquist plots (Figure 22) confirms no short circuit between the electrodes, thus
validating again the technological process. The electrolyte resistance between the two CrN electrodes is
13.0 Q and the charge transfer resistance values (Rct) determined for the symmetric micro-supercapacitors

15 36.8 Q.
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Figure 22: Nyquist plot of the CrN-based symmetric micro-supercapacitor (the inset shows the enlarged

Nyquist plot at high-frequency region).

The galvanostatic charge-discharge curves at different current densities of the uSC in 0.5 M H>SO; are
displayed in Figure 23a. The areal capacitance measured at the lower current density (0.05 mA cm™2) is
10.3 mF cm2. Since the surface area of a single electrode is less than 1/3 of the total surface of the micro-
device, this capacitance value is in good agreement with the previous findings from the study of single
electrodes. Indeed, a capacitance of 10.3 mF cm ™2 for the uSC is 25% of that of the corresponding thin

film (= 35.4 mF cm ™2 per electrode), in agreement with surface ratio.
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Figure 23: (a) GCD curves of CrN 60° based micro-supercapacitor at different current densities, (b) its

areal capacitance versus scan rate and (c) its areal capacitance versus current density, (d) Ragone plot.

It can be seen that at a current density of 0.05 mA.cm2, the CrN60° based MSC displays an IR drop of
0.088 V versus 0.192 V for CrN60° thin film electrode (Figure 18d), indicating less resistance in series
for the uSC. This is also the reason why the integrated CrN60° can be cycled at a higher scan rate
compared to the same deposit tested in the three electrodes configuration. Figure 23b and c depicts the
variation of the areal capacitance with scan rate and current density, respectively. The values of areal
capacitances experience a drastic drop upon increasing the scan rate from 2 to 100 mV.s* (from 21.0 to
5.5 mF.cm), whereas a relatively high capacitance level is retained over scan rates in the wide range of
0.1-10 V.s ! (from 5.5 to 2.2 mF.cm). The decrease in capacitance with a scan rate increase from 2 to
100 mV.s toccurs not only due to the limited ion diffusion in porous electrodes but also to the limitation
from charge transfer rate for pseudo-capacitive electrodes. The same phenomenon happens for current

densities in the range of 0.05-1 mA.cm? and 1- 4 mA.cm™. For the former current range, the areal
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capacitance is stable around 6.0 and 5.5 mF. cm, while it drops from 10.3 to 6.0 mF. cm2 within the of
0.05- 1 mA.cm™ current range. Considering the thickness of the coating, the volumetric capacitance is
stable around 40-45 F cm3,

The areal capacitance of the symmetric CrN/CrN based pSC is higher than the silicon chip CDC MSCs
(1.5 mF.cm? at 100 mV.s?) [41], and comparable to the PS-TiN in-chip device (5 mF.cm?) [36],
photoresist derived carbon (3.2 mF cm2at 0.5 mA.cm™) [42], or asymmetric flexible MXene-reduced
graphene oxide (2.4 mF cm~2at 2 mV.s?) [43].

The maximum surface power density of the 1.3um thick CrN60°/CrN60° symmetrical uSC was 8.7
mW.cm2 at an energy density of 0.2 pWh.cm (Figure 23d). This energy can be increased up to 2
HWh.cm2 while decreasing the power density to 20 pW.cm. Although the energy density is impeded by
the limited cell voltage (0.8 V) due to the use of the symmetrical device in the acidic electrolyte, the high
values of power density depict the optimum geometry of our electrodes and micro-devices. The cycling
stability test of the based uSC shows that 91.5% of initial capacitance was retained after 10000 cycles

(Figure 24). This test reveals that the uSC CrN / CrN is stable, which ensures the long use of the uSC.
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Figure 24: Cycling stability test of CrN based micro-supercapacitor at a scan rate of 1V.s™.
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4. Conclusion

In this work, the GLAD deposition technique was used to deposit CrN films for use as electrodes for
electrochemical capacitors. The films deposited at 0° and 75° are electrochemically inactive for charge
storage, more probably due to inappropriate morphologies (too dense at 0° and unaccessible columns
closed on the top at 75°), while films deposited at 45 and 60° exhibit a columnar morphology, with open
voids that allow access for ion diffusion onto the electroactive interface, resulting in electrode with high
specific capacitance (35.4 mF cmat a current density of 1.2 mA.cm) and long cycling life (94.5% of
retention after 10.000 cycles). Besides, our symmetric on-chip micro-supercapacitor based on porous
CrN60° demonstrate a maximum energy density of 2 uyWh.cm2 (15.3 mWh.cm?) at a power density of
20 uw.cm (0.15 W.cm™). Moreover, power densities can be increased up to 8.7 mW.cm™. Although
preliminary, these first results open the way for the fabrication of on-chip CrN based micro-
supercapacitors using GLAD deposition technique. Further work should aim at enlarging the cell voltage
of the microdevice by coupling CrN as a positive electrode with another negative electrode such as

vanadium nitride.
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1. Introduction

Electrochemical capacitors (ECs), have attracted increasing attention as a potential candidate for energy
storage and conversion due to their high power density and long cycling life compared to batteries and
electrolytic capacitors [1-4]. Supercapacitors can be classified into two categories: electrochemical
double-layer supercapacitors (EDLCs) and pseudo-capacitors [5, 6]. The second category (pseudo-
capacitors) which are widely common for transition metal oxides and polymers, offer high specific
capacitance but dotted with moderate cyclic stability and low power density which can be limiting for
some applications, where both high power density and long cycling life stability are needed [1].
Recently, silicon nanowires (SINWSs) have been investigated as electrodes in electrochemical capacitors
with a special focus on their use as the future on-chip micro-supercapacitors [7-10]. However, the rapid
oxidation of silicon surface and the degradation of SiINWs during electrochemical cycling in aqueous
electrolytes is the main obstacle for their wide application in the field of ECs and micro-supercapacitors
[11, 12]. Nonetheless, this limitation can be overcome by the growth of nanostructures onto the SINWs
surface to increase the specific capacitance without scarifying too much the power density and cycling
stability of SINWSs. For example, Alper et al. [7] have fabricated silicon carbide/SiNWs composites with
enhanced capacitive behavior and higher capacitance values. Furthermore, carbon/SiNWs have also been
reported as composites for ECs with good capacitance and improved cycling life stability [11].
Transition metal nitrides (TMNSs) including TiN [13-15], VN [16-18], MozN [19] seem to be a suitable
choice due to their high specific capacitance, excellent electrical conductivity and electrochemical
stability. Among these TMNs, chromium nitride (CrN) [20, 21] has been recently studied as a promising
electrode material for ECs, owing to its excellent conductivity and electrochemical stability [21].
Therefore, coupling the high conductivity of the CrN combined with the large surface area of SINWs can
improve the electrochemical performance and thereby produce enhanced capacitance.

In this chapter, we report the electrochemical investigation of silicon nanowires, coated with CrN layers
as electrode materials for ECs. The CrN layers with different thicknesses were grown on SiNWSs by
magnetron sputtering using the one-step process. The areal capacitance of SINWs@CrN was enhanced

by 116 fold compared to that of pristine SINWs in 0.5 M H2SOg4 electrolyte, with excellent cycling stability

74



Chapter 3. High performance of 3D silicon nanowires array@CrN for electrochemical capacitors

over 15000 cycles. These results demonstrate that coating SINWs with TMNs such as CrN can push

forward toward the use of SINWSs in micro-supercapacitors.
2. Silicon nanowires as supercapacitors electrode material

Over the past years, the development of high-performance p-SC has attracted considerable attention. Most
u-SC have been developed with various carbon-based materials such as graphene or pseudo-capacitive
materials such as MnO2, NiO and RuO>. However, their integration in microelectronic devices stills the
main obstacle for its commercial application. In this context, SINWSs have been studied with the attempt
to use it as electrode materials for SC application because of their high surface area and quasi-ideal double-
layer capacitive behavior [7-12]. Besides, the low cost, abundance and the nontoxic nature of silicon make
SiNWs potential candidates for supercapacitors application [1-10]. Moreover, only a few reports exist on
the use of SINWs as supercapacitor electrode material according to our knowledge. Recently, Thissandier
group have reported a detailed study on SiINWSs as pSC electrode material in organic, ionic or an ionic-
organic mixture electrolytes to avoid corrosion of nanowires [8-10]. However, SiNWSs-based p-SCs
exhibit a moderate specific capacitance (in the range of 10 to 440 puF.cm™) [10]. This capacity value is
not adequate for powering micro-electronic devices.

Most recently, a new strategy based on the post-coating of SiINWs with thin films of highly capacitive and
pseudo-capacitive materials allows improving the electrochemical performances of the wires SINWSs [1,
7, 11, 12]. Ortaboy et al. have reported the fabrication of carbonized porous silicon nanowires modified
with layers of manganese oxide (MnOXx) (Figure 25) [1]. The prepared electrode exhibits a high specific
capacitance of 635 F.g™%, a high power density of 25 kW kg, a high energy density of 261 Wh kg™ and

good cyclic stability after 10,000 cycles.
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Figure 25: (a) SEM image and (b) CVs at various scan rates of carbonized silicon nanowires modified
by MnOx [1].

Devarapalli et al. have reported the coating of vertically aligned SINWs with carbon layers via a simple
hydrothermal process using glucose as the carbon precursor (Figure 26). The measured capacity is 25.64

mF.cm with good stability up to 25 000 cycles [11].
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Figure 26: (a) SEM image and (b) CVs at various scan rates of carbon-coated silicon nanowires [11].

Alper et al. have reported the fabrication of silicon nanowires modified with silicon carbide (SiC) layers

exhibiting a high areal capacitance of 1.7 mF.cm™ [7] (Figure 27).
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Figure 27: (a) SEM image and (b) CVs at various scan rates of SiC-coated silicon nanowires [7].

Most recently, silicon nanowires synthesized by chemical vapor deposition (CVD) via the VLS
mechanism modified by MnO> (Figure 28) have been reported exhibit good areal capacitance of 13.38

mF.cm2 [12].
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Figure 28: (a) SEM image and (b) CVs at various scan rates of MnOz-coated silicon nanowires [12].
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3. Limitations of the use of silicon nanowires as electrode

As reported above, silicon nanowires exhibit a high surface area which makes them a promising
supercapacitor electrode material. However, the rapid oxidation of the silicon surface and the reactivity
of silicon nanowires in aqueous electrolytes limit their use as electrode materials for supercapacitors [1,

7,11, 12], and their application is only possible in organic and ionic liquid-based electrolytes.

4. Objectives

To overcome these limitations, two strategies were proposed to inhibit the chemical instability of the
wires: i) several studies have shown that SINWs-based electrodes exhibit good stability and quasi-ideal
capacitive behavior in an organic electrolyte composed of Tetraethylammonium tetrafluoroborate
(NEt4BF4) and in propylene carbonate (PC) [10]. ii) Post-coating SINWs with carbon [11], silicon carbide

[7] or nano-flakes of MnO; [212] allows improving the electrochemical stability of SINWSs.

The main advantage of organic electrolytes is the electrochemical stability window (2-3 V) which stores
a large amount of energy. However, the use of organic electrolytes remains limited due to their lower
ionic conductivity (0.05 S.cm™), high cost compared to aqueous electrolytes, high flammability and
toxicity. Thus, post-coating SINWSs with highly pseudo-capacitive of chromium nitride (CrN) should have

advantages such as high conductivity combined with the large surface area.

5. Experimental
The growth of SiNWs and the deposition of CrN were carried out in collaboration with the two
laboratories; Department of Microelectronics and Microsensors, Rennes (France) and of the

Interdisciplinary Laboratory of Electronic Spectroscopy (LISE), Namur (Belgium).

5.1. Fabrication of silicon nanowires SiNWs on a silicon wafer

Single-side polished silicon (100) oriented n-type wafers (arsenic-doped, 0.001-0.005 Ohm.cm™
resistivity) were used as substrate. The substrate was degreased in acetone and isopropyl alcohol, rinsed
with Milli-Q water, and cleaned in a piranha solution (3:1 concentrated H2SO4/ 30% H.05) for 15 min at
80 °C followed by copious rinsing with Milli-Q water. The surface was further dried under a stream of

nitrogen. Silicon nanowires (Si NWs) were prepared using the vapor-liquid-solid (VLS) mechanism [23].
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The process is based on metal-catalyst-directed chemical vapor deposition of silicon. First, a thin film of
gold (4 nm thick) was thermally evaporated on the Si substrate. Gold nanoparticles were obtained on the
surface by metal dewetting. In a second step, the gold-coated surface is exposed to the silane gas at a

pressure of 0.4 T (flow rate equals 40 sccm) at 500 °C for 60 min leading to the growth of Si NWs.

5.2.Deposition of CrN onto the SINWSs

Chromium nitride (CrN) layers were deposited onto the SiNWs array by bipolar magnetron sputtering
[22]. The use of bipolar sputtering (Magpuls QP-1000/20 10 kW pulse unit) with two chromium targets
(7.5 x 35 cm, 99.99% purity, from Neyco), instead of conventional DC sputtering is beneficial for well-
crystallized nanostructures. The current was set at 5 A, with a duty cycle of 75% and a frequency of 1250
Hz. The deposition was achieved in Ar/N2 gas mixture (150/120 sccm) at a pressure of 5 mTorr (0.66 Pa).
Three deposition times were tested namely 175, 210 and 350 s to obtain CrN nanostructures with different
thicknesses. The deposition times correspond to equivalent thicknesses of 290, 550 and 900 nm, as

measured on a flat silicon substrate set in the chamber, using a stylus profilometer.

6. Results and discussion

6.1.Structural and surface characterization

The surface morphologies of the SINWs and SiNWs-CrN electrodes are evaluated by SEM images as
shown in Figure 29. Figure 29a displays the top view SEM image of SiNWSs grown on a silicon wafer,
revealing a high density of nanowires with an average diameter in the range of 30-80 nm.

(Figure 29 b-d) reveals that the SINWSs are covered uniformly with small cubic CrN crystallites. It can
be also noticed a continuous increase of the CrN film thickness on the SINWs substrate upon increasing
deposition time. Such results are expected to have an impact on the specific capacitance of SINWs-CrN
electrodes. As the deposition time increases, the SINWSs tend to stand up: more ends of SINWSs are visible
in top view. This effect can be attributed to stress generated during the deposition due to the misfit between
CrN and Si nanowires [24]. In our case, the nanostructures are deposited on silicon substrates, which
means that material quantity available is very low, and therefore, in contrast to powder, the Brunauer-
Emmett-Teller (BET) analysis is not possible. The only possible way to estimate the surface area is from

SEM images.
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Figure 29: Top view SEM images of (a) raw SiNWs, (b) SINWs-CrN 290 nm, (c) SINWs-CrN 550 nm

and (d) SINWs-CrN 900 nm.

6.2.Physico-chemical characterization

The formation of CrN crystallites is confirmed by XRD measurement (Figure 30). The pristine SINWs
exhibit three diffraction peaks which can be assigned to silicon and gold nanoparticles (used for the
SiNWSs growth). XRD patterns of the SiINWs-CrN electrodes with different CrN thicknesses show the
presence of two broad peaks at 37.4° and 43.1°, with a decrease of Si (111) peak intensity. This two

distinct peaks can be assigned to the (111) and (200) diffraction planes of cubic CrN [25, 26].
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Figure 30: XRD pattern of SINWSs coated with CrN thin layers. The (*) corresponds to forbidden Si

reflection, due to multiple diffractions in the Si substrate [32].

The surface chemistry compositions were investigated by XPS analyses (Figure 31). The surface of the
as-grown SiNWs consists of Si/SiOz, is confirmed by Si 2p and O 1s core-level spectra (Figure 31a-b).
The high-resolution XPS spectrum of the Si 2p contains three contributions, centred at 99.3, 100.0 and
103.2eV attributed to Si 2pasp, Si 2p12 and SiOz, respectively [27]. The silicon oxide formation is also
attested with a major peak at 532.6 eV (Figure 7b) [28]. These results are in good accordance with
previously reported data [29]. Once the SiINWs are coated with CrN layers, the Si 2p signal vanishes while
Cr2p and N 1s signals appear, indicating a homogeneous coating of the analyzed surface (Figure 31c-d).
The high-resolution XPS spectrum of Cr 2p signal consists of two major peaks due to Cr 2ps2 and Cr 2p1/2
spin orbit coupling. The Cr 2ps/2 level can be fitted with three peaks centred at 574.3, 575.3 and 576.6 eV
assigned to CrN, Cr (O, N) and Cr.Os, respectively [30].

The surface oxidation of chromium is confirmed by a contribution at 531.0 eV on O 1s level. Such surface

oxidation is expected, as no sample etching is done before the analysis. The formation of CrN is attested
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on the N 1s core level spectrum (Figure 31c) with a major contribution at 396.4 eV in addition to oxy-

nitride formation detected at 398.3 eV [30, 31].
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Figure 31: XPS analysis of SINWs-CrN electrode materials: High resolution XPS spectra of (a) Si 2p,
(b) O 1s, (c) N 1s and (d) Cr 2p core levels.

The SiNWs-CrN substrate was further characterized by transmission electron microscopy (TEM) (Figure

32). TEM images showed a herringbone structure due to the deposition of CrN on SiNWSs. This peculiar

nanostructure, which contains highly nanoporous channels, is expected to contribute to the electrode

capacitance enhancement. The electron diffraction (ED) pattern of a silicon nanowire coated with CrN

(500 nm) confirms the crystallinity of the CrN layer on the SINW. The ED pattern exhibits multiples rings

around the central spot, characteristic of the polycrystalline nature of the CrN film. The indexation of
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these rings revealed the cubic structure of CrN film (Space group 225, Fm3m). These results are in

agreement with the XRD analyses.

o)
(200) .

o

..

(222)
(331)

Figure 32: Transmission electron microscopy (TEM) images (a) to (c) and electron diffraction (d) of
SiNWSs-CrN (500nm).

6.3.Electrochemical characterization

Figure 33 displays the CV curves of the SINWs and SiNWs-CrN (550 nm) electrodes recorded at the
same scan rate of 100 mV.stin 0.5 M H.SO4 electrolyte. By comparison, SiNWs-CrN (550 nm) electrode
has the largest area with enhanced capacitive current compared to pristine SiNWs, indicating higher
specific capacitance. The areal capacitance of SINWs at 100 mV.s™* was measured to be 0.16 mF.cm 2

versus 54 mF.cm2 for SINWSs-CrN (550nm) electrode.
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Figure 33: CV curves of SiNWs and SiNWs-CrN (550 nm) electrodes recorded in 0.5 M H2SO4 at a
scan rate of 100 mV.s 2. Inset CV of SiNWs.
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Figure 34: CV curves of (a) SINWs-CrN 290nm. (b) SINWs-CrN 550 nm and (c) SINWs-CrN 900 nm
at a scan rate of 100 mV-s2.
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Figure 34 depicts the CV curves of SINWs-CrN electrodes obtained at various scan rates in a potential
range of (0-0.8 V). The quasi-rectangular shapes of CV curves indicate that the SINWs-CrN electrodes
have obvious supercapacitive characteristics. However, at higher scan rates, CV curves become more
distorted due to the increase of internal electrode resistivity.

GCD curves of SiNWs-CrN electrodes at a current density of 2 mA.cm™2 are displayed in Figure 35.
SiNWSs-CrN 900 nm electrode displays the smallest IR drop of (0.12 V) followed by SiNWs-CrN 550 nm
(0.13 V) and 290 nm (0.19 V), respectively. It can be also seen that the IR drop decreases with increasing
the CrN thickness, indicating the good conductivity of CrN layers. This can be explained by the increase

of the CrN coating density, as observed in SEM analysis.
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Figure 35: Charge-discharge curves of SINWs-CrN electrodes with different CrN thicknesses recorded

at 2 mA.cm?,
In contrast, to the SiNWs electrode which exhibits a capacitance of 1.55 mF.cm™2 under different scan
rates, the areal capacitance values of the SINWs-CrN electrodes, calculated from the CV curves (at a scan
rate of 5 mV.s?) are as high as 80, 180 and 120 mF.cm2 for 290, 550 and 900 nm CrN coated SiNWs,
respectively. Furthermore, the areal capacitances were calculated from the GCD curves and found to be
5.2, 31.8 and 16.8 mF.cm™ at a current density of 1.6 mA.cm for 290, 550 and 900 nm CrN coated

SiNWs, respectively. Since the areal capacitance of the SINWSs-CrN electrode reached 180 mF.cm™ while
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those of EDLC is limited to 1-100 puF.cm™. The charged storage mechanism of CrN coating is believed
to be predominantly pseudo-capacitive.

The variation of the areal capacitance with scan rate and current density is displayed in Figure 36). The
SiNWSs-CrN 550 nm electrode has the highest capacitance value whereas the SINWs-CrN 290 nm shows

the lowest capacitance.
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Figure 36: Variation of the areal capacitance of SINWs-CrN at different (a) scan rates and (b) current
densities.

To investigate the relationship between the thickness of CrN and the performances of SiINWs-CrN
electrodes, we have varied CrN thickness from 290 to 900 nm. It is seen that the areal capacitance increase
with the CrN thickness up to 550 nm, then is stabilized at 180 mF.cm ™ as thickness reaches 550 nm. At
higher thickness, the capacitance decreases. We should recall that the TEM analysis showed that SINWs-
CrN electrodes having a herringbone structure with highly nanoporous channels (Figure 32) which is
expected to contribute to capacitance enhancement of the electrode. Further increase of CrN thickness
(from 550 to 900 nm) would lead to a capacitance decrease. The structural analysis by electron microscopy
indicated that a continuous increase of the CrN film thickness on the SINWs leads to part of the surface
becomes inaccessible when the CrN thickness reaches 900 nm. This leads to insufficient ion transport and
adsorption. Such behavior can be related to the amounts of CrN deposits and the surface area of different
electrodes. Hence, both from a microstructural and an electrochemical characterization we can conclude

that around 550 nm is an optimal thickness to obtain the highest areal capacitance.
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The comparison of the areal capacitance of our electrodes with those of other nanostructures reported in
the literature is summarized in Table 8. The areal capacitance of SINWs-CrN 550 nm (130 and 31.8
mF.cm2at 10 mV.s* and 1.6 mA.cm, respectively) is higher than of CrN thin film (in the range of 12.8
mF.cm~2at 1.0 mA cm?)[21] . Much higher than of MnO,-SiNWs electrodes where values of 21.296 and
13.38 mF.cm2 at 10 mV.s* were reported in references [33] and [12], respectively. Also, much higher
than of carbon-SiNWs electrodes (in the range of 25.6 mF.cm™ at 0.1 mA cm™) [11]. These results
confirm the high performance of SINWs-CrN composites for ECs application. The superior performance
of SINWs-CrN 550V nm can be attributed to the larger surface area (highly nanoporous channels), which
can provide good contact between electrolyte and active material, resulting in an improvement in areal
capacitance. It is worth to mention that thinner film (290nm) may not have sufficient CrN active material,
whereas thicker film (900 nm) may block the diffusion of electrolyte ion into electrode internal structure
and pores.

Table 8: performance of SINWs-CrN 550nm electrode.

Film deposition Capacitance (mF.cm™) references
1
CrN-SiNWs 131 (10 mVs7) This work
31.8 (1.6 mA.cm™)

CrN thin film 12.8 (1.0 mA.cm?) [21]
MnO2-SiNWs 21.296 (10 mV.s?h) [33]
MnO2-SiNWs 13.38 (10 mV.s?) [12]
Carbon-SiNWs 25.6 (0.1 mA cm?) [11]

EIS measurement (Figure 40) depicts the Nyquist plots of SINWs-CrN electrodes. The charge transfer
resistance (Rct) is calculated to be about 146, 89 and 83 Q for SINWSs-CrN 290, 550 and 900 nm electrodes,
respectively. This indicates that the CrN layers can reduce the charge transfer resistance and the electrodes

can become more conductive as the thickness of the CrN layer increases.

87



Chapter 3. High performance of 3D silicon nanowires array@CrN for electrochemical capacitors

1000
A g [ ]
m CrN-SiNWs 290nm
800 s CrN-SiNWs 550nm
de " 4 CrN-SiNWs 900nm
iy ]
—. B00+ g .
g' . . 120 )
H 100
N hy [ ] q a* "
- = Bl - L]
400 5 u 'g ; .
4 n N " : :
4 m a0 ,‘.-':'-':".‘: T l._ :
200 - Pl o] "
] |* '_.'
[ ] o
o 0 &0 60 B0 100 120 140 160 180
0 z (@)
T T T T T T T T T T T
0 200 400 600 800 1000 1200
Z' (Q)

Figure 37: Nyquist impedance plots for CrN-SiNWs (290, 550 and 900 nm) electrodes.
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Figure 38: Evolution of the capacitance for CrN-SiNWs 550 nm electrode after 15000 consecutive
cycles at a scan rate of 100 mV.s™2.
The cycling stability of the SiINWs-CrN 500 nm electrode at a scan rate of 100 mV.st is presented in
Figure 41. As can be seen, the electrode can sustain 92% of its initial capacitance value after 15000 cycles.

Such cycling stability allows the use of these 3D SINWs@CrN electrodes for micro-supercapacitors.
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Conclusion

In this chapter, we reported the synthesis of 3 D nanostructured electrodes made of chromium nitride (CrN) layer
deposited on silicon nanowires (SiNWSs) arrays using bipolar magnetron sputtering method. SEM and TEM analysis
showed that the SiINWs are covered uniformly with CrN forming a twisted bundle-like nanostructure with a high
surface area. The results of electrochemical measurements showed that the SINWs-CrN (550 nm) electrode has the
highest areal capacitance of 180 mF.cm2 at a scan rate of 5 mV.s* and 31.8 mF.cm™ at a high current density of
1.6 mA.cm~2 with 92% of its initial specific capacitance value after 15000 cycles in 0.5 M H;SOselectrolyte. These
results suggest that coating SINWs with transition metal nitride such as CrN is a promising way for the construction

of high-energy storage systems.
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1. Introduction

Among the various energy storage systems, electrochemical capacitors (ECs) also called supercapacitors
have attracted increasing attention as potential candidates, due to their high power density and long life
cycle [1-4]. Carbon materials such as graphene [1], activated carbon [5], and carbon nanofibers [6] are
widely used as promising materials for supercapacitors, owing to their high surface area, excellent
conductivity, and electrochemical stability [7,8] Recently, carbon nanowalls (CNW) have been
recognized as an emerging material for electrochemical applications due to their unique structure of two-
dimensional self-aligned graphene sheets with high surface area (100-1500 m?.g) [9-11]. However, their
integration as active material for supercapacitor applications remains limited by their low specific
capacitances [9]. Thus, the deposition of nanostructures such as transition metal oxides, conductive
polymers and transition metal nitride on CNW represents an appealing approach to increase their specific
capacitance. For example, Dinh et al.[10] have fabricated CNW/ hydrous RuO. composite with an
enhanced specific capacitance of 1000 mF.cm™ at 2 scan rate of 2mV.s™. Furthermore, CNW-MnO;
composite has been reported by Hassan et al. for EC application with a good specific capacitance of 851
F. g' at current density of ImA.cm?[11]. However, the moderate cyclic stability of transition metal
oxides, as well as the high cost of ruthenium oxide are the main obstacles for their application as electrodes
for electrochemical capacitors.

As an alternative, transition metal nitrides (TMNs) including TiN [12], VN [13], NizN[14], have been
invastigated as promising active materials for EC applications due to their high specific capacitance,
excellent electrical conductivity and electrochemical stability [12, 15, 16]. Among TMNs, chromium
nitride (CrN) [15,16] was highly studied for its excellent conductivity and electrochemical stability [16].
Thus, association of metal nitride and carbon-based material can drastically enhance the performance of
supercapacitors [17-19], as demonstrated by Achour et al.[12] with the synthesis of TIN/CNT
nanocomposite with excellent stability over 20,000 cycles. Therefore, the high conductivity of the CrN
combined with the high surface area of CNW should be an ideal approach to improve the electrochemical

performance.
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In the present chapter, we report the synthesis of high-performance micro-supercapacitors based on CrN
deposited on CNW electrodes. The CrN thin films were synthesized by magnetron sputtering on a
vertically aligned CNW template in a one-step process. The electrochemical measurements revealed the
enhanced performance of CNW-CrN micro-supercapacitors with higher areal capacitance values of 239.5

mF.cm2 and excellent stability over 30 000 cycles.

2. Carbon as supercapacitors electrode materials

Carbon-based materials are considered as potential electrode materials for application in micro-
supercapacitors (LSC) due to their low cost and excellent chemical stability [1-4]. However, their specific
capacitance remains limited by the active surface area of the electrode and the distribution of the pores
[4]. The control of their specific surface and the pore size is crucial to ensure a good performance of the
supercapacitor in terms of power and energy storage. Thus, several porous carbonaceous materials with
well-controlled pore sizes have been synthesized [1-4].

Among carbon materials, activated carbon is the most widely used material in commercial supercapacitors
because of its large surface area, relatively good electrical properties and low cost [4, 5]. It is generally
produced by physical (thermal) and/or chemical activation of various types of carbonaceous materials
(wood, charcoal, etc...) [4]. Depending on the activation methods and the precursors used, activated carbon
can have a developed surface of up to 3000 m2.g™* [4].

Next to activated carbon, carbon nanotubes (CNTSs) are considered as promising electrode material thanks
to their unique porous tubular structure and their superior electrical conductivity [4]. More recently,
graphene, a new class of two-dimensional carbon nanostructures with a large specific surface area and
high electronic conductivity [1-3] have been developed for application in supercapacitors.
New nanostructured carbonaceous materials, carbon nanowalls, also called interconnected and vertically
oriented graphene nanosheets have attracted major interest in recent years. Their open structure associated
with a large specific surface (100 - 1500 m2.g™%) [9], good electrical conductivity and chemical stability,
making them promising materials for supercapacitors [9-11]. Different methods based on the chemical
vapor deposition process assisted by plasma (PECVD), radiofrequency RF/DC have been reported for the

synthesis of CNW [1, 9-11]. Indeed the growth of CNW is due to the decomposition of the carbon

95



Chapter 4.CrN-coated Carbon nanowalls as efficient and stable micro-supercapacitor

precursor, mixed with an active gas that is responsible for the nanostructuring of the material [1]. The
morphology and quality of the CNW, namely the number per unit area, the length, the height and the
thickness of the nanowalls, depend on the plasma conditions and the characteristics of the substrates [1].
Thus, coupling CNW with high pseudo-capacitive materials may offer benefits, such as enhanced faradaic
capacitance and electrical conductivity of the composite. Dinh et al. [10] have reported the fabrication of
CNW decorated with porous ruthenium oxide (RuOz) with an excellent capacity of 1000 mF.cm.
However, the high cost, limited availability and environmental impact limit the use of RuO; for large-
scale production. Other metallic oxides with low cost, abundance and low environmental impact such as
manganese oxide (MnO) were used for the synthesis of the nano-composite CNW / MnQO; electrode with
a high specific capacitance of 851 Fg™ [11]. Therefore, it would be interesting to use CNW coated with a

CrN to enhance the surface area and improve the electrical conductivity of the CrN deposit.

3. Experimental

3.1. Synthesis of vertically aligned CNW films

The CNW films were deposited by expanding radio frequency (RF) discharge on silicon (100) oriented
n-type wafers heated at 700 °C. The RF power was set at 300 W, while the Ar, Hz and C2H2 gas flow rates
were set to 1400, 25 and 2 sccm, respectively. The working pressure was about 100 Pa. The Ar plasma
beam, acetylene (C2H:) and hydrogen (H2) were used as carrying, precursor and active gas, respectively.

The deposition time was fixed at 60 min. More experimental details are reported elsewhere [9].

3.2. Deposition of CrN on the CNW
Chromium nitride (CrN) thin films were deposited directly on the as-prepared CNW by bipolar magnetron
sputtering [20, 21] (Magpuls QP-1000/20 10 kW pulse unit) with two chromium targets (7.5 x 35 cm,

99.99% purity, from Neyco) (Chapter 3).
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4. Results and discussion

4.1. Structural and surface characterization

Figure 39 display the top view scanning electron microscopy (SEM) images of CNW and CNW-CrN
samples of different CrN thickness (290, 550 and 900 nm). Figure 39a confirms the vertical growth of
carbon sheets with high surface area and honeycomb structure on the Si substrate. Figure 39b-d reveals
that the CrN layer is uniformly coated over the CNW sheets. The large accessible surface area is an
important parameter for easy penetration of ions through the active material. It is visible that the surface
area decreases with increasing CrN deposit thickness (Figure 39 d), due to the plugging of the CNW by
the CrN deposit. Such morphology change is expected to influence the electrochemical performance of

the CNW-CrN samples.
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Figure 39: Top view SEM images of (a) CNW, (b) CNW-CrN 290 nm, (¢) CNW-CrN 550 nm and (d)
CNW-CrN 900 nm.
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4.2.  Physico-Chemical characterization

Figure 40a depicts the XRD patterns of the prepared CNW and CNW-CrN with different CrN thicknesse.
The pristine CNW does not exhibit any diffraction peak, indicating its amorphous nature. However, the
XRD patterns of the CNW-CrN electrodes show the presence of diffraction peaks at around 37.4°, 43.1°
and 63.1° which can be assigned to the (111), (200) and (220) diffraction planes of cubic CrN (Space
group 225, Fm3m) [21, 23]. The increase of the peak intensity is in accordance with a higher thickness
of the CrN deposit.

Interestingly, no preferential growth direction was observed, while the deposition under similar
conditions generally leads to (111) texturization [21]. The absence of preferential orientation is attributed
to the very rough surface of the CNW, leading to the CrN growth in all directions, as confirmed by SEM
observation.

The structure and morphology were further assesed by TEM analysis (Figure 40 b): the formation of
small and cubic crystallites pointing at the surface is confirmed and the selected area diffraction pattern
reveals a crystallized structure. The indexation of the pattern indicates experimental d-spacing of 2.416,
2.079, 1.420, 1.202, and 0.849 A, respectively attributed of (111), (200), (220), (222) and (422) planes, in

good agreement with the XRD data and formation of cubic CrN.
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Figure 40: (a) XRD pattern of the CNW coated with CrN thin layers with different thicknesses. (b)
TEM image of CNW-CrN 550 nm and selected area diffraction pattern in the insert.

The surface chemical composition of the CNW-CrN sample was investigated by X-ray photoelectron
spectroscopy (XPS) analysis. The XPS survey spectrum (Figure 41a), shows the presence of C, Cr, and
N, which confirms the formation of CrN on the CNW surface. The high-resolution XPS spectrum of Cr
2p peak consists of two major components attributed to Cr 2p12 and Cr 2pz (Figure 41b). The high-
resolution Cr 2pz2 peak can be fitted with three peaks assigned to CrN, Cr (O, N) and Cr20s3 at binding
energies of 574.3, 575.3 and 576.6 eV, respectively [24]. As the samples have not been etched, surface
oxidation is expected and confirmed by the intense O 1s level centered at 531.0 eV (Figure 41c) [24,25].
Figure 41d displays the high-resolution N1s spectrum with a major contribution at 396.4 eV, which

confirms the formation of CrN. Besides, a second wide contribution is observed at 398.3 eV, attributed to
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“organic” nitrogen, namely nitrogen bound to C or O atoms. Indeed, this contribution is wide, and
probably contains in the energy range 397.5-399eV several sub-contributions (which are not fitted
separately here), such as imine, amine or nitrile groups, as often observed in plasma functionalization of

carbon materials [26].
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Figure 41: XPS analysis of the CNW-CrN electrode materials: (a) Survey spectrum and high-resolution
XPS spectra of (b) Cr 2p (c) O 1s and (d) N 1s core levels.

4.3. Electrochemical measurement of CNW-CrN electrodes

The CVs of the CNW and CNW-CrN electrodes at a scan rate of 100 mV.s™ exhibit rectangular shape,
indicating good super-capacitive behavior of the electrodes (Figure 42a). Compared to pristine CNW, the
CNW-CrN 550 nm electrode exhibits the largest CV area with enhanced capacitive current, indicating
higher capacitive performance. In addition, the areal capacitance was measured to be 0.11 mF.cm™ versus

75.9 mF.cm™2 for the CNW-CrN 550nm electrode at 100 mV.s 2.
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Figure 42: (a) CV curves of the CNW and CNW-CrN (290 nm, 550 nm and 900 nm) electrodes at a

scan rate of 100 mV.s™*. (b-d) CV curves of the CNW-CrN electrodes at various scan rates.

Figure 42a-c displays the CVs of the CNW-CrN electrodes with different CrN thickness of 290, 550 and
900 nm obtained at various scan rates in a potential range of (0 - 0.8 V). The quasi-rectangular shape of
the CV curves indicates the capacitive characteristic of the CNW-CrN electrodes even at a high scan rate
of 200 mV.st. In addition, no redox behavior was observed, excluding the faradaic reaction and
confirming the capacitive behavior of the CNW-CrN electrodes in the H.SO4 electrolyte. Furthermore,
the areal capacitance values of the CNW-CrN electrodes, calculated from the CV curves (at a scan rate of
5 mV.s?) are as high as 60, 301 and 170 mF.cm2 for the 290, 550 and 900 nm CrN coated CNW,
respectively.

The GCD curves of the CNW-CrN electrodes recorded at a current density of 0.3 mA.cm ™2 are displayed
in Figure 43. The CNW-CrN 290 nm exhibits the highest IR drop of (0.09V) versus (0.015 V) for the
CNW-CrN 550 and 900 nm, indicating the good conductivity of the CrN layers, which is beneficial for

the transfer of ions and improve the rapid charging-discharging of the CrN active material.
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Figure 43: Galvanostatic charge-discharge curves at a current density of 0.3 mA.cm™,

The influence of the CrN thickness on the charge-discharge plots was further investigated. In contrast to
the CNW electrode which exhibits a capacitance of 0.53 mF.cm™2 at a current density of 0.3 mA.cm™, the
areal capacitances of the CNW-CrN electrodes were found to be 11, 156.5 and 135.5 mF.cmat a current
density of 0.3 mA.cm for the 290, 550 and 900 nm CrN coated CNW, respectively. The capacitance
values increase with the CrN thickness to reach a maximum for a CrN thickness of 550 nm. The increase
of the CrN active material results in increased areal capacitance. Increasing the CrN thickness from 550
to 900 nm led to a decrease of the space between walls covered with CrN as observed by SEM images
(Figure 39d), resulting in a decrease in areal capacitance. Similar loss of capacitance was observed for
porous CrN coating deposited at a glancing angle [27] and CrN coated silicon nanowires [28]. The effect
was attributed to (i) an optimal deposit thickness and (ii) the intrinsic conductivity of the CrN deposit;
indeed, the capacitance increases with the thickness of the CrN deposit. However, if the CrN deposit is
too thick, it starts to plug the porosity of the carbon nanowalls, as observed in SEM photographs (Figure
1d), reducing the accessible active area for the electrolyte, and in fine, the areal capacitance. Moreover, a
too high CrN deposit is not favorable, as the electrical conductivity of CrN is only in the medium range
(about 0.05 Q.cm measured on a CrN coating deposited on Si substrate under similar condition)[20]

decreasing the charge transfer mechanisms if the thickness is too high.
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Figure 44: Variation of the areal capacitance of the CNW-CrN at different (a) scan rates and (b) current

densities.

Figure 44 displays the variation of the areal capacitance with scan rate and current density. The areal
capacitance values decrease upon increasing the scan rate and current density. This capacitance reduction
can be attributed to the limited diffusion of the electrolyte into the active material [9, 27, 29]. Moreover,
in the case of the CNW-CrN 550 nm electrode, a relatively high capacitance of 37.5 mF.cm™ is retained
at a high current density of 5 mA.cm. These results confirm the high-rate capability of the CNW-CrN
electrode.

The cycling stability of the CNW-CrN 550 nm electrode was further evaluated by repeated CV cycles at
ascan rate of 100 mV.s* (Figure 45a). It can be observed that the areal capacitance first slightly increased
after 500 cycles, which can be attributed to the electrochemical activation of the CNW-CrN electrode;?®
then the capacitance decreased by 2 % after 19000 cycles. After 30000 cycles, 92.4% capacitance is still
retained, which is remarkably higher than the capacitance of transition metal nitrides, such as TiN[13, 17]

and CrN [15, 16, 27, 28] previously reported.

The quasi-similar EIS plots obtained before and after cycling confirm the very high stability of the CNW-
CrN electrode (Figure 45b). In addition, the CV plots before and after cycling (Figure 45c¢) show quasi
similar rectangular shapes. Moreover, no redox peak was observed after cycling, indicating the high

electrochemical stability of the CNW-CrN electrode.
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Figure 45: (a) Evolution of the capacitance for the CNW-CrN 550 nm electrode at a scan rate of 100
mV.s L. (b) Nyquist impedance plots for the CNW-CrN 550 nm before and after cycling. (c) CV curves
for the CNW-CrN 550 nm before and after cycling.

4.4. The reason for the robust stability of CNW-CrN electrode

To better understand the good cycling stability of the CNW-CrN 550 nm electrode after 30000 cycles.

SEM, XPS and XRD analyses were performed. Figure 46 depicts the SEM images before and after

cycling: no significant change in morphology and surface was observed. Furthermore, the chemical

composition of the CNW-CrN 550 nm electrode (Figure 47) remains essentially the same after 30000

cycles. The XRD pattern (Figure 48) confirms that the structure of the post-cycled electrode remains

cubic with (111), (200) and (220) orientations. Such results from the chemical, structural and

electrochemical characterizations confirm the ultra-high stability of the CNW-CrN electrode.
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Figure 46: Top-view SEM images of CNW-CrN 550nm electrode (a) before cycling. (b) after 30000

cycles.
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Figure 47: XPS analysis of CNW-CrN 550 nm electrode materials after 30000 cycles: Survey
spectrum (a) and High-resolution XPS spectra of (b) Cr 2p (c) O 1s and (d) N 1s core levels.
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Figure 48: XRD pattern of CNW-CrN 550 nm electrode after 30000
cycles.

The comparison of the electrochemical performance (areal capacitance and cycling stability) of the CNW-
CrN electrodes with those of transition metals nitrides reported in the literature is displayed in Table 9.
To the best of our knowledge, the areal capacitance of CNW-CrN 550 nm electrode (80.8 and 90 mF.cm’
2 at 100 mV.st and 1.2 mA.cm?, respectively) is higher than that of CrN thin film [16] (in the range of
37.7 and 12.8 mF.cm™2 at 100 mV.s! and 1.0 mA.cm respectively), much higher than those of CrN-
GLAD thin-film electrodes [27] (in the range of 35.4 at 1.2 mA.cm), SiINWs-CrN electrodes [28] (in the
range of 31.8 mF.cm2 at 1.6 mA.cm) and CNT-TiN electrode [17] (in the range of 25.5 mF.cm™ at 100
mV.s?). These results confirm the high electrochemical performance of CNW-CrN composites for
electrochemical capacitors application, which could be attributed to the large surface area of CNW

combined with the excellent conductivity of CrN thin film.
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Table 9: Performance of CNW-CrN electrode.

Electrodes Areal capacitance Cycling stability Reference

80.8 mF.cm™ at 100 mV.s? 92.4% after 30000

CNW-CrN This work
90 mF.cm? at 1.2 mA.cm™ cycles
94.5% after 10000
CrN-GLAD 35.4 at 1.2 mA.cm™ Haye et al.[27]
cycles
92% after 15000
SiNWs-CrN | 31.8 mF.cm2at 1.6 mA.cm™ Guerra et al.[28]
cycles

37.7mF.cm™at 100 mV.s! 92.1% after 20000

CrN thin film Wei et al.[16]
12.8 mF.cm™2 at 1.0 mA.cm™ cycles
90.9% after 20000
CNT-TiN 25.5 mF.cm? at 100 mV.s* Achour et al.[17]
cycles

4.5. Electrochemical measurement of CNW-CrN//CNW-CrN pSC

The electrochemical performance of a symmetric CNW-CrN//CNW-CrN uSC was assessed using a two-
electrode configuration with CNW-CrN as positive/negative electrodes in a PVA-H2SO4 gel electrolyte.
Figure 49a depicts the CV plots at different scan rates of 5-1000 mV.s™. All the CV curves exhibit a
typical rectangular and symmetrical shape with enhanced current density upon increasing the scan rate,
indicating good capacitive behavior. Figure 49b shows the GCD curves of the symmetric uSC at different
current densities 1-10 mA.cm. The GCD curves display a symmetric rectangular shape regardless of

current density, indicating an excellent capacitive behavior.
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Figure 49: (a) CV curves of the CNW-CrN based uSC at various scan rates. (b) Galvanostatic
charge-discharge curves at various current densities. (c) Evolution of the capacitance for the
USC at a scan rate of 100 mV.s™. (d) Ragone plot.

The areal capacitance values were calculated from GCD and found to be 81.1, 59.6, 37.6, 33.7, 32 and
31.2 mF.cm at current density of 1, 2, 4, 6, 8 and 10 mA.cm respectively. The areal capacitance of the
symmetric CNW-CrN based uSC is higher than those of CrN based uSC [16, 27].

The cycling stability of the uSC device was further evaluated by continuous CV cycles at 100 mV.s*
(Figure 49c). The capacitance loss is only 10.8 % after 30000 cycles, which is significantly higher than
CrN based uSC reported recently [16, 27].

Figure 49d depicts the Ragone plot (P vs E) relating the maximum power density and energy density of
the symmetric CNW-CrN based uSC exhibited a power density of 400 pW.cm? and 7.2 pWh.cm™ at a
current density of 1 mA.cm. These results confirm the high performance of the CNW-CrN electrode for

electrochemical capacitor applications.
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4. Conclusion

In summary, we have reported the synthesis of thin film electrodes based on CrN coated carbon nanowalls
(CNW) as long-life cycle micro-supercapacitors (USC). SEM results revealed that the CNW-CrN
electrodes exhibit a porous structure, which ensures easy electrolyte access to the large area of active
electrode materials. Under optimized conditions, the CNW-CrN electrodes displayed a specific
capacitance as high as 301 mF.cm™ at a scan rate of 5 mV.cm and 157.6 mF.cm™ at a current density of
0.3 mA.cm™ with a good cycling stability over 30,000 cycles in 0.5 M H2SO4 electrolyte. Furthermore, a
symmetric uSC has was fabricated and achieved a capacitance of 31.2 mF.cm at a high current density
of 10 mA.cm?in 1M PVA-H,SO4 solid electrolyte. In addition, the symmetric device delivered a
maximum energy density of 7.2 uWh.cm at a power density of 400 pW.cm. This work highlights the
benefits of using CrN thin films deposited on carbon nanostructure as a promising material to achieve

superior electrochemical properties.
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Conclusions
Conclusions

The aim of this thesis was the development of composite electrodes based on chromium nitride (CrN)

deposited on silicon, silicon nanwoires and carbon nanowalls for high-performance micro-supercapacitors

(LSC).

The state of the art part describes the operating of supercapacitors and their storage mechanism. Then, a
detailed bibliographic study was carried out on the composition of a supercapacitor (electrode, electrolyte,
etc.) to determine the criteria for improving their electrochemical performance.

The electrode material is the key factor that determines the charge storage mechanism of the
supercapacitor. Transition metal nitrides (TMNSs) are considered as promising electrode materials for
supercapacitors due to their high electrical conductivity. Among TMNSs, chromium nitride (CrN) is
considered as a potential candidate owing to its excellent electrical conductivity and chemical stability.
Several studies have shown the major influence of the morphology and the specific surface on the
electrochemical performance of electrodes. Thus, the control of the morphology and the specific surface
can significantly enhance the areal capacitance of the electrodes. Furthermore, the nature of electrolyte is
crucial which influence directly the performance of supercapacitors. The aqueous electrolytes seem to be
suitable because of their low cost and excellent ionic conductivity which is important to reduce the cell
resistance.

The bibliographic study allowed choosing the different elements for the development of high-performance
electrodes i.e. i) highly doped silicon as a current collector. ii) Porous CrN thin film as the active material.

iii) Aqueous electrolytes.

An original method combining physical vapor deposition (PVD) with glancing angle (GLAD) was used
to fabricate porous CrN thin-film electrodes. This method allows controlling the morphology of our
electrodes. A high porous structure was obtained for deposition angles of 45 ° and 60 ° which increase
significantly their electrochemical performance. In the second part, we report the fabrication of micro-
device with planar inter-digital configuration based on CrN electrodes. Indeed, the integration of CrN-

based uSC on a silicon substrate allows reducing the series resistance and improving its power density.
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The fabricated micro-device exhibits a lower resistance than the CrN electrodes with a high energy density

of 2 uWh.cm for a power density of 20 uW.cm-,

CrN thin films deposited at a glancing angle have shown a good electrochemical performance due to their
high electrical conductivity. The third & fourth chapters deal with the study concerning the specific

surface area of the CrN based-electrodes.

The results obtained showed that the use of silicon nanowires (SiNWSs) as a template with a large specific
surface area allowing capacitance enhancement of the CrN-based electrodes. The areal capacitance was
increased by 1.3 fold with better cycling stability compared to thin-film CrN electrodes.

To further improve the electrochemical performances of CrN based electrodes, a nanostructured template
consisting of aligned vertically carbon nanowalls are used. The obtained results show the growth of
honeycombed carbon nanowalls with a large specific surface, which increases significantly the areal
capacitance of the CNW-CrN based-electrodes. The areal capacitance was increased by 8 fold with robust

electrochemical stability over 30000 cycles compared to CrN thin-film electrodes.

In conclusion, through this thesis, we have demonstrated the advantage of using chromium nitride (CrN)
as supercapacitors electrode material. We have also shown that the use of nanostructured templates, in
particular, carbon nanowalls and silicon nanowires with the high surface area can improve significantly

the electrochemical performance of CrN based-electrodes.
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Perspectives

In this thesis, micro-supercapacitors (USC) were fabricated using low-cost chromium nitride (CrN) based

material deposited by PVD. The effect of morphology and porosity was studied using a new GLAD

technique was studied. Another way to improve the performance of CrN electrodes using high surface

area templates consisting of silicon nanowires (SINWs) and carbon nanowalls (CNW) was investigated.

The fabricated electrodes showed good electrochemical performances in H.SO4 aqueous electrolyte. Their

high performances were attributed to the good conductivity and chemical stability of CrN combined with

the high surface area of nanostructured templates. These results could be very important for micro-

supercapacitors design and application. The original work carried out open the way for future

perspectives:

The glancing angle deposition strategy can be generalized for other materials deposited by PVD
to obtain electrodes with controlled porosity and improved electrochemical energy storage
properties. The study of the electrochemical proprieties of other transition metal nitrides (TiN,
VN, TiVN, RuN ...) or transition metal oxides (MnO., ZnO, NiO ...) developed using the glancing
angle technique (GLAD) can be performed.

Highly conductive nanostructures with a high surface area such as carbon nanowalls (CNW) and
silicon nanowires (SiINWSs) can be used as templates for the growth of transition metal compounds
allows improving their electrochemical performances.

The gel electrolyte used in this thesis is H.SO4/PVA. The operating electrochemical window is
narrow. The working potential plays an important role on the energy storage in puSCs. So,
developing a new electrolyte is quite important for the uSCs.

The CrN based electrodes should be tested in an organic electrolyte or ionic liquid, which will
increase the operating electrochemical window of the cell and therefore increasing their power and

energy densities.

Finally, other active materials such as MnOx, VN, MoSz, and Ni are being developed and evaluated to

fabricate high-performance symmetric micro-supercapacitors.
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Experimental and Measurement Method

Fabrication of inter-digital CrN based uSC

A symmetrical micro-supercapacitor (USC) was fabricated using CrN thin films (CrN 45° or CrN 60°) as
electrodes, as depicted in Figure 1. The technological process used for micro-device fabrication allows
us to perform the collective fabrication of uSCs at a wafer scale. A 500 nm SiO; was first thermally
grown at 1100°C ona 4-inch silicon wafer to provide good electrical insulation. Current collectors were
then deposited using the evaporation ofa 100 nm Ti /400 nm Au layer, annealed at 250°C for 20min,
and patterned with a conventional lift-off process. The current collectors were then protected by an
insulating SU8 masking layer (800 nm thick) via a second photolithography step. To improve the
resolution of the micro-device, a 2.5 um N-LOF photoresist was deposited in the gap between the
electrodes via a third photolithography step. A thin layer of 50 nm of Au was afterward deposited on the
whole wafer, followed by the deposition of the active material. Both Au and active layers on the unwanted

areas were finally lift-offs to obtain the final devices.

12
Figure 1: Photography of CrN based-micro-device with a connector.
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Fabrication of symmetric CNW-CrN supercapacitor

Pair of CNW-CrN 550 nm films were used as positive/negative electrodes. PVA/H>SO4 was used as a
solid electrolyte. 0.5 g of poly-vinyl-alcohol (PVA) was dissolved in 5 mL deionized water with vigorous
magnetic stirring. 280 pL of H.SO4 was then added to the PVA solution and heated at 80 °C with magnetic

stirring for another 10 min. The solid electrolyte was drop cast on the as-prepared electrode.

ohmic contacts

Figure 2: Photography of CNW-CrN based-micro-device.

Characterization methods

The main characterization techniques used are shown in this section. The characterization of the electrodes
used was studied by scanning electronic microscope (SEM), transmission electron microscope (TEM), X-
ray diffraction (XRD) and X-ray photoelectron spectroscopy. Besides, cyclic voltammetry (CV),
galvanostatic charge/discharge and electrochemical impedance spectroscopy were used for the

electrochemical evaluation of the as-prepared electrodes.

Structural and surface characterization
Scanning electron microscopy (SEM)
SEM is a method used for high-resolution surface imaging which provides information on the surface

morphology and structure of the electrode.
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In this thesis work, the morphology of the samples was characterized using scanning electron microscopy
(SEM, JEOL JSM 7500F) at an accelerating voltage of 5 and 15 kV.

Transmission electron microscope (TEM)

Transmission electron microscopy (TEM) is a major analytical technique that provides structural
information on nanostructured materials. The TEM uses a condensed, accelerated electron beam
transmitted through a specimen to form an image at a significantly higher resolution than SEM
microscopes.

In this thesis work, the samples were characterized using a T20 transmission electron microscope, working
under 200 kV. Before measurement, the samples were deposited on a TEM grid for observation.

X-ray diffraction (XRD)

XRD is an effective technique to study the structure and the phases of materials by comparing the
diffraction pattern collected from the samples with the diffraction patterns of known compounds.
Resultant samples in the thesis were identified by X-ray diffraction (XRD) using an X-ray diffractometer

D5000 MOXTEK with (Cu Ka) radiation (A=0.154 nm) in the 6-26 Bragg Brentano configuration.

X-ray photoelectron spectroscopy

XPS also called electron spectroscopy for chemical analysis (ESCA), is an analytical technique widely
used for the investigation of the chemical composition of solid surfaces with a thickness of 1 - 10 nm. For
surface chemical analysis, XPS measurements were carried out on K-Alpha (Thermo Scientific, East
Grinstead, England) using a monochromatic (Al Ka) X-ray beam, on a 300x300 um? spot area in a
spectrometer equipped with a flood gun for charge compensation. A Shirley background was subtracted

from the spectra and the symmetric Gaussian functions were used during the peak-fitting procedure.

Evaluation of electrochemical properties

Three electrode configuration

Electrochemical studies of the single electrodes were carried out at room temperature using a
PGSTAT128N potentiostat/galvanostat in a typical three-electrode electrochemical cell. The cell is
composed of two parts screwed one in each other, one has a copper current collector and the other in

Teflon filled with the electrolyte and has a hole at the bottom to enable the contact between the electrode
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Annex
and the electrolyte. The as-prepared samples were used as working electrode, Ag/AgCl as a reference
electrode and Pt foil as a counter electrode. In this cell, only the side coated with the active material was
in contact with the electrolyte (S=0.5 cm2) and the other side was in contact with the current collector by
using a silver paste to ensure good contact. The electrodes are characterized by cyclic voltammetry (CV),

Galvanostatic Charge-Discharge (GCD) and electrochemical Impedance Spectroscopy (EIS).

Cyclic voltammetry (CV)

Cyclic voltammetry is one of the most used electrochemical techniques to evaluate the performances of
supercapacitors. It consists of applying a linear potential sweep at a constant scan rate. The response
current as a function of the potential is recorded during the scanning (Figure 3).
The cyclic voltammetry is used to determine the electrochemical stability window, the behavior of the
electrodes in the electrolyte (if they exhibit a capacitive or pseudo-capacitive behavior). It can be used
also to assess the specific capacity and the cycling stability of the electrodes.

The CV curve of an ideal supercapacitor is rectangular (Figure 3a) without faradic reactions. However,
the differences observed in (Figure 3b) can be explained by the presence of internal resistance (internal

resistance of the active material, contact resistance, etc...).

(a) (b)

I(A) I(A)

EV) E(V)
[ 1 —

Figure 3: Cyclic voltammetry curves. (a) Ideal capacitive response. (b) Real capacitive response.

Galvanostatic charge / discharge (GCD)
GCD measurements consist of applying a constant current and measuring the potential as a function of
time (Figure 4). The supercapacitor is charged by applying a positive current (+ i). However, when the

potential reaches the value Umax (corresponding to the value of the electrochemical stability window), the
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current is reversed (-i) implies the discharge of the supercapacitor. Galvanostatic cycling (multiple
charge/discharge cycles) can be used also to determine the specific capacitance and cycling stability of
the electrodes.

The resistance series (ESR) can be determined from the IR drop (AV) in the GCD curves. In order to have
a maximum power density (Pm), the internal resistance should be minimized, since the power is inversely

proportional to the ESR (Equation 1-6).
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Figure 4: GCD curve at a current density of 40 pA.cm™.

Electrochemical impedance spectroscopy (EIS)
An ideal supercapacitor can be modelled as a pure capacitance in series with a pure resistance (Figure

5a). Therefore, the complex impedance of a supercapacitor is expressed like that of an RC circuit

according to the expression:

I

Z=R+ . Equation 1

R: The series resistance of supercapacitor (£2)
C: The capacity (F)

w: The pulsation = 2nf

At high frequencies, the impedance tends towards pure resistance. In contrast, at low frequencies, the
impedance tends towards a pure capacity. The low-frequency part is characterized by a straight line

corresponding to the diffusion of ions at the electrode-electrolyte interface (Figure 5b). At high
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frequencies, the resistance of electrolyte (Re) can be obtained from the intercept of the Nyquist arc with
the real axis. Also, the charge transfer resistance (Rct) is calculated from the diameter of the high-

frequency arc.
In this thesis, EIS measurements are carried out at an open circuit (OCP) with a signal amplitude of 10

mV in a frequency range of 100 kHz—1 mHz.
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Figure 5: (a) Equivalent circuit of an ideal supercapacitor. (b) Nyquist diagram of CNW-ZnO electrode

in1 M KCI.

Capacitance assessment

The areal capacitance of the electrodes/micro-supercapacitor was determined from the CV and GCD
curves. The surface of the electrodes in contact with the electrolyte is 0.5 cm? in the case of a three-
2

electrode configuration, 0.02 cm?in the case of two-electrode inter-digital device configuration and 2 cm

for stacked configuration.

a) From CV curves

The areal capacitance C of the electrodes is calculated from the CV curves using equation 2:

c=2 Equation 2
2v

C: The areal capacitance (mF.cm™)
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Ai: The average of the intensity difference between the upper and the lower part of the CV curve (mA.cm’
)

v : The scan rate (mV.s™).

b) From GCD curves

The areal capacitance C of the electrodes is calculated from GCD curves using equation 3:

I

C= dV/Clt

Equation 3

C: The areal capacitance (mF.cm™)

I: The applied current density (mA.cm?)
dV: The potential difference (V)
dt: The discharge time (s)

Electrochemical stability assessment
Cycling stability is an important parameter in a supercapacitor. It tells us about its lifespan. It can be
assessed using a repeated CV or GCD cycles. In our studies, cycling stability was assessed from cyclic

voltammetry (CV) curves.

Energy and power densities assessment

The energy density E is determined using the following equation:

2
E= CAZU Equation 4
The power density P is calculated according to the following equation:
p=2= Equation 5
Y qu

C: The areal capacitance (mF.cm™)
AU: The potential difference (V)

At: discharge time (s)
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Scherrer Equation

The Scherrer equation, in X-ray diffraction and crystallography, is a formula that relates the size of nano-
crystallites in a solid to the broadening of a peak in a diffraction pattern. It is often referred to, incorrectly,
as a formula for particle size measurement or analysis. It is used in the determination of size of crystals in

the form of powder. The Scherrer equation can be expressed as:

T= ijse Equation 6

T: the mean size of the ordered (crystalline) domains

K: dimensionless shape factor with typical value of 0.9

A: the X-ray wavelength.

B: the line broadening at half the maximum intensity (FWHM)

©: the Bragg angle
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