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Abstract

The composition of conventional circuits is based on four basic elements: resistors, capacitors,
inductors, and memristors. Among them, resistors and inductors have been widely studied. Memristor
has a desirable application prospect in information storage, artificial synapse, neural network, and
artificial intelligence. Capacitors, specifically supercapacitors, have shown better performance, higher
capacitance, and efficiency than traditional batteries and capacitors. With the development of
technology, more and more electronic products have come into people's lives, and the application of
the Internet of Things (IoT) has become more and more widespread. Supercapacitors as energy storage
devices and memristors as data storage & computing device play crucial roles in the development of

ToT.

The memristor is usually considered a non-linear resistor with a memory function. The more widely
accepted mechanism is the formation of a conductive filament, which transforms the resistor from a
linear resistive state to a resistive-capacitive coupled state and then to a pure memory state. However,
there is still a lack of theoretical knowledge on the mechanism of memristors. Is it starting as a linear

resistance? This is a problem worth exploring in the development of memristive devices.

In this thesis, a silver (Ag)/Prussian blue (PB)/In-doped Tin Oxide (ITO) structure shows a unique
glucose-controlled transition from a linear resistive state to a capacitance-coupled storage effect and
finally to a pure memristive storage effect. Unlike other methods of controlling circuit elements,
glucose, as a new factor, is a very effective and direct method of controlling circuit elements. Ion
transport recombination and redox reactions under bias in lead layers are controlled by glucose to form

conductive filaments in the switching layer PB. This device further explores the mechanism of
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conduction filament and provides a promising application in complex integrated sensor and artificial

intelligence applications.

Supercapacitors have been extensively studied for their excellent rate performance and cycling
stability. The electrode material is the main factor that determines the performance of the capacitor.
Studies have shown that electrode materials' structure, surface area, and morphology are essential
factors in determining electrochemical performance. However, constructing supercapacitors with high
energy density, long cycle life, and high capacitance remains challenging. Therefore, to solve the

current problems, it is crucial to research the electrode material with better performance.

In this thesis, magnetron sputtering techniques were first introduced to construct MnO, and V,Os
decorated carbon-based electrodes. First, spin coating the carbon nanofibers on the carbon cloth
substrate and then sputter the MnO- and V,0Os multilayer. The addition of carbon nanofibers increases
the electrical conductivity of carbon cloth and improves the electron transfer rate, while the double
carbon core-shell structure improves the reaction site for metal oxide deposition. Electrodes with
CC/CNFs/MnO,/V,05/Mn0O»/V,05/MnO,/V,05/MnO, (MVMVMVM) structure show the best
electrochemical performance. At a scan rate of 5 mV/s, the capacitance is increased by a factor of nearly
10 compared to the carbon cloth electrode based on CNFs, with a capacitance of 90 mF/cm?®. As for the
cell stability, after 2000 cycles of CV loops, the capacitance extension remains stable at 120%. Due to
the nanostructured multilayer MnO,/V,0s, the redox ion reaction can pass through the surface to the
interlayer, exhibiting partial to full activation. This study constructs the supercapacitor electric double-
layer pseudocapacitive electrode interface from the atomic scale, which provides an essential reference

and impetus for the development of supercapacitors.
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1.1 Background

Chapter 1

Introduction

In modern life, circuits have been widely used, it is an irreplaceable element in all electronic devices.

The fundamental passive two-terminal circuit variables are resistor, inductor, memristor and capacitor

[1,2]. The relationship between the four elements is shown in Figure 1.1.
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Figure 1.1. The four fundamental two-terminal circuit elements are resistor, inductor, capacitor, and

memristor.

In circuits, resistors are passive, two-terminal resistive elements that are used primarily to reduce

current, adjust signal levels, divide voltages, and activate bias components. Also, inductors are often



used in circuits. It controls any change in current by balancing the charge. Unlike these two, the
memristors and capacitors drive demand attention and have been widely studied due to their essential

behaviors and various applications.

First, memristor is an electrical component known as a nonlinear resistor because it limits or regulates
the current flow in a circuit. However, unlike a resistor, it remembers the amount of charge that has
previously flowed and keeps the memory even in the absence of a power supply, a phenomenon known
as non-volatile storage. Thus, memristors could be used as memory storage device, and it has incredible
applications, such as mimicking human synapses and neurocomputing. It drives the development of

next-generation robotics and artificial intelligence technologies [3].

Capacitors as the vital energy storage components of the circuit. In the electric field under the action
of electrostatic storage charge. It can also be used for noise reduction or circuit protection, as it allows
AC to pass through and blocks DC. The advantages of capacitors for energy storage have also been
studied in depth by scientists. Supercapacitors, between batteries and capacitors, have a higher energy
density and can be charged and discharged quickly [4]. Thus, supercapacitors have attracted significant

interest.
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Figure 1.2 Smart home concept diagram [5]. Copyright 2017 Journal of Cleaner Production.

The Internet of Things (IoT) is the connection of objects to a network and their control through the
network. For example, in smart home, switches, temperature, lights, humidity, etc. can be controlled
by the IoT system. Meanwhile, in medical devices, IoT technology can realize real-time health
monitoring, real-time blood sugar monitoring, etc. IoT system can also be used in smart city. The loT
devices placed in these physical objects fall into two main categories: switches (used to send commands

to other objects) and sensors (used to collect data and send it out).

1.2 Motivations and challenges

Memristor:

As the fourth element of the two-terminal circuit, the memristor drives a revolution in electronics. It
has several promising applications, such as resistive random-access memory (RRAM) [6], mimicking
biological synapses [7,8], and neurocomputing [9]. To adjust to the necessities of different conditions
and various sorts of uses, individuals require numerous methods for controlling the properties of
devices. Scientists have created explicit strategies by controlling the material of the functional layer,
the moisture, the concentration of ionic fluids, the temperature level, and the light power [10-15]. The
working mechanism of the memristor could be simply explained in state change from resistive to
resistive-capacitive coupled and then fully memristive. However, there is still some lack of knowledge
about the theory. What is the original state of the memristor? How does the coupled phenomenon

influence?



Therefore, the fundamental mechanism should be studied and explained through specific details to

help create a more promising memristor in the future.

Supercapacitor:

The battery is an indispensable product in daily life. The chemical reaction between the electrode
and the electrolyte indicates its energy transfer mechanism. The movement of the charge creates a
current that can then be used through an external circuit. Due to their high energy density, batteries are
often used in applications that draw current for long periods of time. However, batteries also have many
problems, such as heat accumulation, which can lead to thermal runaway or even explosion under
certain circumstances. At the same time, the service life will decrease with the increase of time, which

is the main problem facing the electric vehicle industry [16].

In contrast, supercapacitors have higher capacitance and efficiency. A supercapacitor is unique in
that it has a double layer of stored charge. It is not the same as a conventional capacitor, where the
charge is stored electrostatically in this double layer. Compared to a battery, pseudocapacitance

supercapacitors provide power almost immediately and have a longer cycle life.

However, creating long cycle life and high-capacitance supercapacitors is still challenging [17].

Carbon-based materials and metal oxides material can be used as supercapacitor electrodes. Carbon-
based materials are widely used as base materials for electrodes because of their huge surface area.
Metal oxides, e.g., manganese dioxide (MnO,), are widely sought after because of their exceptionally
high theoretical capacitance of about 1400 F/g. Also, the advantages of low cost, high quantity, and
good environmental compatibility make them potential for designing excellent electrode materials for
high-energy supercapacitors [18-21]. Meanwhile, the physicochemical properties of the materials

themselves determine the performance of supercapacitors. For example, pseudocapacitance



supercapacitors based on redox or ion migration prefer materials like vanadium oxide (V,0s), which
has multiple valence states itself [22]. However, the capacitance of supercapacitors still cannot reach
the ideal capacitance value of the electrode material. The specific capacitance of electrode materials
can be improved by various methods, such as controlling the granularity of nanoparticles [23] and
arranging them in a highly ordered manner, coating carbon [24] to increase the surface area of the
material, doping with metals[25] and introducing conductive components[26]. It has also been shown
that the grain size, surface area and morphology of electrode materials are significant factors in

determining their electrochemical properties [27].

Magnetron sputtering is a mature technology for depositing metal or metal oxide thin films. It can
do the deposition by changing internal factors, such as temperature or gas flow. Besides, sputtered thin
films usually have several advantages, such as uniform, controllable thickness, and morphology [28].
It has been widely used for semiconductor devices, such as transistors [29]. Meanwhile, it is an easy

and efficient way to create supercapacitors’ electrodes.

Thus, we chose MnO,, V,0s, and carbon nanofibers to synthesize the carbon-based multilayer

electrodes. And the main method is magnetron sputtering.

Cloud Internetwork

Figure 1.3 IoT system built with supercapacitors and memristor-based glucose sensors.
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With the development of technology, the IoT has come into our modern life. Meanwhile,
Supercapacitors and memristors device play crucial roles in the development of IoT. The supercapacitor
could be used as energy storage devices and memristors as data storage & computing or other

application sensor. As shown in Figure 1.3, these two components can form a complete loT system.

1.3 Thesis structure
This thesis is divided into two main parts: the memristor and the supercapacitor. The structure of this

thesis is arranged as follows.
Chapter 1 showed the background of the memristor, supercapacitor and loT

Chapter 2 reviewed the working mechanism of memristors. In addition, the different types of
supercapacitors’ charge stored mechanisms and the method of AJA magnetron sputtering are briefly

reviewed.

Chapter 3 studied the primary mechanism of memristors. Unlike the traditional voltage control

method, it has new abilities in which glucose elements control behavior.

Chapter 4 developed a pseudocapacitive supercapacitor with MnO, and V,0s decorated carbon-
based electrodes electrode. It introduces the AJA sputtering method into the electrode fabrication

process. The supercapacitor exhibit excellent electrochemical performance.

Chapter 6 summarized this thesis and indicates future research directions.



Chapter 2

Literature Review

2.1 Memristor

In 1971, the memristor was first proposed by Loen Chua, who pointed out that there should be a new
element for the electric circuit (adding to the original resistor, inductor, and capacitor) 3. With the
development of technology, in 2008, Strukov ef al. explained the hysteretic current-voltage resistive
switching (RS) behavior [2]. Their contribution was an important milestone for the foundation of the
memristor. The memristor structure is usually like a sandwich (top electrode-switching layer-bottom
electrode), as shown in Figure 2.1(a). Several mechanisms of memristor have been proposed, such as
the Schottky barrier [30], ferroelectric polarization [31], conductive filament/channel (CF/C), and so
on. Meanwhile, the conductive filaments/channel is the most widely reported mechanism, which will
be mainly discussed through examples in this section. The CF/C can be divided into two types: metal
and nonmetal. In metal-based CF/C, the active metal ions are the leading actor. For nonmetal-based

CF/C, switching layer transformation formed the filaments.

2.1.1 Redox Mechanism

The metal electrode controls the redox mechanism, which requests that the top electrode be active
(usually Ag) and the bottom inert (Au, Pt). Yang et al. first observed the CF/C growth by TEM. Figure
2.1(b) shows a device through sputtering deposition with a simple structure (Ag-SiO»-Pt) [31]. Under
positive voltage, the active metal Ag oxidized to Ag cations and accumulated on the Pt/SiO; negative
charged interface to form the Ag CF/C (reduction), as shown in Figure 2.1(c) [31]. The memristor is

ON-state, changing from high resistance state to low resistance state. However, when the voltage



applied on the top electrode is negative, the Ag CF/C breaks at the interface of Pt/SiO, (oxidation)
transfer to Ag’, as shown in Figure 2.1(d). The memristor changes from a low resistance state to a high
resistance state [32]. Notably, the position where the CF/C forms depend on active metal cations'

mobility.

2.1.2 Switching Layer Transformation Mechanism

There are two types of transformation in switching layers (SL) about this mechanism. One is valence
change, and the other is phase change. For the valence change, the structure preferred (inert top
electrode/metal oxide/inert bottom electrode). Moreover, for the phase change, the switching layers

should be phase change material, such as s Ge,Sb,Tes [33].

Chen et al. sputtered ZnO thin film as the switching layer, and Pt is the electrodes, built a memristor
(Pt/ZnO/Pt) [33]. Metal oxides naturally contain oxygen defects and oxygen vacancies. When an
increasing voltage bias is applied to the electrode, oxygen ions move toward the anode electrode, which
causes more oxygen vacancies to accumulate at the anode electrode [33]. The ZnO switching layer
transforms from oxygen vacancy doped style to crystalline Zn-dominated ZnO; -« due to the Zn atom’s
position/structure change [33]. Moreover, that transforms create the CF/C, which turns the memristor
ON (low resistance state). As the voltage rises, the thermochemical reaction heating increases, the CF
breaks, and the device changes to an OFF state (high resistance state) [34]. The formation of CF/C is

shown in Figure 2.1 (e-h).

Scientists have created explicit strategies by controlling the material of the functional layer, the
moisture, the concentration of ionic fluids, the temperature level, and the light power [10—-15]. Table 1.
compares the characteristics of memristor devices with different structures based on the conductive

filament mechanism.



Table 1. Comparison of the characteristics of memristor devices with different structures based on the

conductive filament mechanism.

Structure SL fabrication method Mechanism SET voltage (V)  Operation current (A)  Ref
Ag/Si0a/Pt Sputtering Oxide 10 1x107° [32]
Ag/MoS2-PVA/Ag Liquid exfoliation Oxide 3 6 x108 [35]

Ag/Ag-doped- Oxide, Ag"dope

LGB/FTO Spin coating controlled 1.9 8x10* [36]
Ag/Lotus Root/Cu Spin coating OXi(Si; tfglzglue 4 8x107 [37]
Ag/ CisHuOe«/FTO Spin coating Oxide 4 1.5x10* [38]
Ag/FLOBCZ/ITO Spin coating Oxide 1 1x1072 [39]
Al Mn(itzé Setlainless' Hydrothermal Oxide 1 1.5%10° [40]

Pt/ZnO/Pt Sputtering Valence change 3.25 1.2x104 [34]

TiN}/IAfgj/%I:ed_ Atom layer deposition Valence change 2 1x1073 [41]

Ag/TiO2/Cu Sputtering Valence change 0.7 1x1072 [42]

Pt/LaMnOs3/SrTiOs3 Sputtering Valence change 2 1x1073 [43]
(a) (b) (©)

Tap Elcetrode /

Switching Luyer

Bottom Electrode
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Figure 2.1. (a) The structure of a typical memristor. (b-d) TEM image of dendritic CF/C growth and

break process in Ag/SiO,/Pt structure. Reproduced with permission [32]. Copyright 2012 Nature
Communications. (e-h) The growth of CF/C process in Pt/ZnO/Pt structure. Reproduced with

permission [34]. Copyright 2013 Nano Letters.

2.2 Supercapacitor

In 1957, the first electrochemical supercapacitor was created by Howard Becker from General
Electric. He suggested a capacitor with porous carbon electrodes and H,SOy electrolyte solution, which
was the pioneer of the electrochemical double-layer supercapacitor (EDLC) [44]. After two decades of
development, the classification of supercapacitors has been more refined. In 1970, Conway introduced
the concept of a pseudocapacitance supercapacitor [45]. These types of supercapacitors have been
extensively studied in the following years. The diagram of different kinds of supercapacitors is shown
in Figure 2.2(a-c). In this section, the three types of supercapacitors will be explained in detail to study

their mechanism, and the influence of metal oxide electrodes will also be included.
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Figure 2.2. Mechanisms for (a) EDLC and (b) redox pseudocapacitance, and (c) ion intercalation

pseudocapacitance. (a—c) reproduced with permission [46]. Copyright 2018 Chemical Reviews.
2.2.1 Double Layer Supercapacitor

Figure 2.2(a) shows that the charge storage mechanism of EDLC is based on the absorption of ions.
When a conductive electrode is in an ion-conductive electrolyte, the charges are spontaneously
absorbed on the electrode-electrolyte interface. There is no Faradaic process because the electrode and
electrolyte interface has no charge transfer; the charge is physically electrostatically stored here. The
equation of EDLC electrode capacitance is shown below [47].

&réo

A
d

C =

2.1)
Where ¢, is the electrolyte’s relative permittivity, & is the permittivity under vacuum. The distance

and surface area is the d and A, respectively.
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EDLCs have an excellent energy density and fast charge/discharge reaction. Electrodes with large
surface areas and nanoscale charge distances have been widely studied. The large surface area of
carbon-based material (~3000m?*/g) can create an ideal capacitance of about 550 F/g [47], such as
activated carbons (ACs) [48], carbon nanofiber [49], graphene [50,51], and carbon nanotubes [52]. Hu
et al. reported that a carbon nanotube-enhanced electrode, which electrodeposit coated MnO,, has
achieved a large surface area (2.8F/cm?) [52]. It shows a nanostructure of the flow-like MnO, and
porous carbon nanotube. The pseudocapacitor shows a high specific capacitance of 410F/g [53]. Chen
et al. synthesized a graphene oxide-based needle-like MnO, nanostructure electrode through soft
chemical reaction [25]. It acquired large surface, and the supercapacitor capacitance achieves 192.7 F/g

[26].

2.2.2 Pseudocapacitance Supercapacitor

However, in pseudocapacitance supercapacitors, the charge storage mechanism differs from EDLC.
As shown in Figure 2.2(b)(c), there are two types of pseudocapacitance supercapacitors, redox
pseudocapacitance and intercalation pseudocapacitance, respectively. The pseudocapacitor electrode
materials store charge through the Faradaic process. Simply, the ions oxide-reduction reaction with the
electrode material. The difference between these two types is mainly dependent on the reaction place.
Redox one is near or at the surface, and intercalation one is inside the electrode materials. Thus,

electrode materials with several valence states and high theoretical capacitance are preferred.

For the redox pseudocapacitance supercapacitor, the reaction is fast and reversible. Cations are
absorbed on the oxidized species surface between the electrolyte and electrode. The equation is shown

below.
Ox + zC* + ze~ & ReC,

(2.2)
12



Where Ox (oxide) and Re (reduce) mean the oxidized and reduced substances, respectively and the
C* means the electrolyte ions (e.g., H', Li", Na'...) , z indicates the number of transferred electrons.
Most redox pseudocapacitors uses transition metal oxides, such as RuO, and MnO, [54]. Manganese
dioxide is a popular material for use because of its abundance on the earth and low cost of use, as well

as its high theoretical capacitance (about 1400 F/g) and good environmental compatibility [55].

As to the intercalation pseudocapacitance supercapacitor, the ions fast reversibly insert into the host

material without a phase change, and the metal valance changes to balance the electric neutrality.
. + - .
MA, + xLi™ +xe™ = LiyMA,,

(2.3)

Where M A, is the insert host material and x is the number of electrons. Typically, pseudocapacitive
intercalation materials are not dependent on particle size and morphologies. Only if the scale is down
to nano size, it may be because the ion diffusion distance is reduced. Materials such as MoQ3, V,0s,
and LiCoO; are being widely used. Saravanakumar ef al. used a capping-agent-assisted precipitation
method to fabricate V,0s nonporous structure electrodes [55]. Its unique structure made facile
nanochannels for ion diffusion. The device shows a significant capacitance of 316 F/g and long cycle
life [56]. The redox pseudocapacitive and intercalation appear simultaneously or alone. Zaeshad et al.
recently developed an ultra-thin K" doped MnO» nanosheet electrode with high capacitance (366F/g)
[56]. The mechanism combines redox and intercalation, MnQO, fast redox, and K"
intercalation/deintercalation in the Na,SO. electrolyte. The device shows good electrochemical
performance [56]. The energy density is 56Wh/kg, and the capacitance retention matins 98% after
10000 cycles [57]. Table 2. summarizes the electrochemical performance of the electrodes based on

Ml’lOz and V205.
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Table 2. Electrochemical performance of electrodes based on MnO, and V,0Os.

Material Method electrolyte Mechanism Specific capacitance  Retention (cycles)  Ref.
MnO»/CNTs-60  Electrodeposition }6’\I>AA%1CI gggzlca;;‘:; e 3.54 Flem? (ImV/s)  98% (1000) 58]
MnO2/CNT Redox reaction 0.5 M Na>SOs {,‘;fizzlj‘;;‘;‘; e 162.2 mF/em? 90% (2000) [24]
%fgz‘jgraphene Electrodeposition | M NaxSO4 Lﬁgﬁiﬁ;‘; ance 546.9 F/g 2 mV/s)  93.3% (5000) [59]
MnOx/graphene  Electrodeposition 1 M Na2SO4 Lﬁfégiﬁ;’;l ance 310 F/g (2 mV/s) 88% (15000) [60]
MnO»/graphene  Electrodeposition 1 MKCI gsee‘t‘;’;/;‘;;e;giﬁ;‘;“ 328 F/g (10mV/s)  99% (1300) [61]
KsMnO2/CC Hydrothemal 1 M NaxSO4 g:;%’g;‘;ggiﬁ‘c‘;“ 260 Flg 88% (5000) [62]
K-MnO2/AC Hydrothemal | M NaxSO4 g:i‘ggé‘;;f;gi{:‘;‘coe“ 366 Flg 98% (10000) [57]
nMaﬁgvzv/ ?r/[enoz Electrodeposition 1 M LiClO4 Lﬁfégiﬁ;’;l ance 298 F/g (10 mV/s)  85.2% (1000) [63]
AwMnO2/Au Sputtering/ Electrodeposited 1 M Na:SOs gggzlca;;‘:; ance 11.9 Flem? 81.0% (1000) [64]
Spinel/MnO» Hydrolyzing 0.5 M K2SO4 ;‘;flfgzlca;;‘;‘;itance 241 F/g (5 mV/s) 115% (500) [65]
V205/CNT Electrodeposition | M NaxSO4 E:i‘ggg;;f;giﬁ‘;“ 440 Flg 90% (100) [23]
V05 nanoporous  Chemical reaction 0.5 M K2S04 Lﬁfégiﬁ‘;’; ance 316 Flg 76% (600) [56]
V0RO Electrodeposition 5 M LiCl Redox/intercalation 5.03 Flem? 84% (10000) [66]
graphene pseudocapacitance

2.2.3 Electrode Fabrication Method

Magnetron Sputtering Deposition

Magnetron sputtering deposition has been widely used for depositing variable materials. Due to the low

cost, high efficiency, and time-saving advantages, it became one of the most favored methods in

nanofabrication. In this section, the method will be introduced through a primary transistor device.

Figure 1.4 shows the structure diagram of a typical transistor.
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Semiconductor
Insulator

Figure 2.3. Transistor structure diagram.

As shown in Figure 2.3, the transistor builds up with three kinds of material, conductor, insulator,
and semiconductor. All these thin film depositions can be produced by magnetron sputtering.
Magnetron sputtering deposition depends on plasma. Accelerated ion plasma flows toward the target
to sputter the atoms out, and then atoms move toward the substrate to grow a thin film. Usually, the
sputtering gas should have a high molecular weight, such as Ar. However, for reaction deposition, the
gas can be changed to oxygen or nitrogen [28]. Meanwhile, the thin film thickness and grain structure

can be controlled by changing the base pressure and gas flow rate [67].

Reaction sputtering deposition usually happens with oxygen plasma or applied heating while
depositing. Shijeesh et al. used copper-target through radio frequency sputtering to deposit a copper
oxide thin film at room temperature [67]. The gas flow parameter he used is Ar/O,=20/1.3 (sccm) [67].
In his study, the thin film transistor was fabricated all by sputtering, the electrode is gold, and the
insulator is silicon oxide, copper oxide used as the semiconductor material. He mentioned that the

oxygen flow rate could influence the phase of metal oxides [68].

Several studies have proved that sputtering deposition is one of the essential techniques in

nanofabrication, such as memristor and transistor [40—44].
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Chapter 3

Resistance state: An original state of the memristive effect

3.1 Overview

As a new fourth fundamental circuit element, Memristor has
a desirable application prospect in information storage,
artificial synapse, neural network, and artificial intelligence.

The Memristor is usually considered as a non-linear resistor

with a memory function. Is it starting as a linear resistance?

This is a problem worth exploring in the development of \ / / % )

memristive devices. In this study, a storage device with a

silver (Ag)/Prussian blue (PB)/In-doped Tin Oxide (ITO) structure shows a unique glucose-controlled
transition from a linear resistive state to a capacitance-coupled storage effect and finally to a pure
memristive storage effect. Unlike other methods of controlling circuit elements, glucose, as a new factor,
is a very effective and direct method of controlling circuit elements. Ion transport recombination and
redox reactions under bias in lead layers are controlled by glucose from a linear resistive state to
capacitive coupling memristive effect and finally to pure memristive effect. This device provides a

promising application in complex integrated sensor and artificial intelligence applications.

3.2 Introduction

With the development of science and technology, emerging multifunctional electronic devices are being
widely developed in environment protection, bio-medical monitoring, and factory production updates

[74-77]. To adjust to the necessities of different conditions and various applications, individuals require
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numerous methods for controlling the properties of instruments. Scientists have created explicit
strategies by controlling the material of the functional layer, the moisture, the concentration of ionic
fluids, temperature level and light power [10—15]. Memristive devices are getting well known because
of their two-terminal structure, non-linear charge-magnetic flux, passivity, and memory properties.
These characteristics play essential roles in high-performance resistive memories, biosensors,
mimicking classical conditions, three-dimensional (3D) artificial synapse networks and chaotic circuits

[78].

The emergence of memristors is expected to develop higher performance non-volatile resistance
random-access memory (RRAM). Among numerous studies of the memory device, RRAM is widely
researched for its simple geometrical structure and high integration density [79,80]. In general, the
memristor is a circuit element that displays the relationship between magnetic flux and electrical charge.
Its resistance value is variable and is determined by the charge flowing through the current [81].
Memristor is a non-linear resistor with a memory function, and its resistance value can be switched by
controlling the pulse of the applied voltage or current. With the emergence of environmental issues,
using non-toxic, green and non-polluting, degradable, sustainable electronic devices has become one
of the current research hotspots [82]. Natural biomaterials and polymers-based memristors have proven
to be promising for their applications due to their sustainable, non-toxic, environmentally friendly,
degradable, and biocompatible properties. Also, biomaterials have many advantages, such as abundant
sources and simple extraction processes, which make it broadly explored as a functional layer for

switching in memristor applications [83—85].

As one of the basic passive circuit components, the resistor and capacitor are two crucial parts of
electronic devices and semiconductor integrated circuits [86]. However, “what is the memristor’s

original state?” is a fundamental question for applications. Memristors are often believed to evolve step
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by step from the physical reconfiguration of ions or/and electrons in switching functional materials [87].
The I-V curve is widely used to reflect the state of the device. The pure resistance state should be a flat
linear pattern, as shown in Figure 3.1(a). Images in the capacitive-coupled memristive effect state are
usually non-zero-crossing (type Il memristor) hysteresis loop, as shown in Figure 3.1(b). In contrast,
pure memristor images are generally demonstrated as zero-crossing (type I memristor) hysteresis loop,
as shown in Figure 3.1(c). Positive and negative ions accumulate at the interface between the electrodes
and the functional layer, thus creating a capacitive effect. By applying an external factor, the
concentration of positive and negative ions increases, thus creating a conductive filament between the
top and bottom electrodes and the device is short-circuited. As a result, the capacitive effect disappears,

and the device shows only a memory effect with a zero-crossing I-V hysteresis curve [78,88-91].

(a) (b) (©)
L ]

-

®

1 | 4
e
—
v V v v

Figure 3.1. Three states of Memristor: (a) pure resistance, (b) capacitive-coupled (c) pure memristive.



In this work, we used Prussian blue (PB) to prepare a memristive device for glucose sensing. It
was observed that a glucose-controlled transformation from resistance state to capacitive-coupled
memristive effect, finally to pure memristive effect, as shown in Figure 1. Glucose, as a
monosaccharide, is widely distributed in animals and plants and has a very important position. In the
human body, glucose is the main source of energy, and a relatively stable level of glucose metabolism
is extremely important in the human body. Plants produce oxygen by photosynthesis through light and
also produce carbohydrates, and glucose is stored in storage organs. This makes it easy to extract
glucose from nature, and using it simultaneously is an environmentally friendly, inexpensive way
[92,93]. Glucose, as a new factor, is a very effective and direct way to control circuit elements with

broad application prospects in complex integrated sensors and artificial intelligence.

3.3 Device Fabrication and its Characterization

In this experiment, all the chemical reagents used were purchased from Sigma. The detailed

experimental process is as follows:

The solution preparation: Mixed Prussian blue (PB) with Polyvinylidene Fluoride (PVDF) in a
ratio of 1:2 and dissolved in the electrolyte using magnetic stirring apparatus to get the PB solution.
Mixed deionized water with glucose powder in a ratio of 0, 0.15, 0.30, 0.45, 0.60, 0.75 mol% to get

different glucose solutions.

Device preparation process: The ultrasonic method was used to clean the indium tin oxide (ITO)
substrate in deionized water for 20 mins and ultrasonically clean the ITO substrate in ethanol for 20
mins. Then, the ITO substrate was taken out to dry the substrate’s surface and impurities was removed

with a nitrogen spray gun. Before spin coating, the tape was wrapped around one end of the substrate.
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Then, we spin-coated PB solution on the top side of the ITO substrate; once the film was fabricated on
the substrate, it was placed in an oven and heated to 120 °C for 10 mins to dry the surface. After the
coating was finished, the adhesive tape was removed to have a side without film, which was the bottom

electrode. The last step was to utilize silver glue to deposit the silver top electrode.

Characterization: Keysight B2985A source-meter was used to present -V characteristics; the
silver electrode was contacted as the top electrode by positive terminal of power source, while the
bottom electrode was connected with the ground. The tests went through the voltages of 4 V by adding
0, 15%, 30%, 45%, 60%, 75% percent glucose solutions to silver electrode. Each turn sample was

tested for 200 points and it was repeated 100 turns for each voltage to reduce the error.

For time and other reasons, physical characterization such as SEM, AFM, XRD, UV-Vis, FTIR

was not performed for the device materials in this paper.

3.4 Result and Discussion

PB is a hexacyanoferrate(Il) compound of iron(IIl) with a cubic face-centred structure, as shown in
Figure 3.2(d). The powder of PB shows in Figure 3.2(a). The coordination of Fe’" ion with a nitrogen

atom and Fe?" ion with carbon atom forms the bond chain of Fe*~N=C-Fe™~C=N-Fe" [77]. When

other metals, such as Co or Mn, are substituted for iron ions, a family called Prussian blue analogue is
created [94]. When a potential V is applied to the silver electrode, the Ag+ cation flows through from
the Ag, leading to the oxidation of PB, while the electrons flow through the external circuit. This will
result in the removal of the holes in the PB main chain, thereby reducing its electron conductivity while
ensuring the electrode’s electrical neutrality [95]. In the process of redox of PB, the positive ions Ag"
enter and leave the lattice of PB film to maintain charge balance: Fes”*[Fe(CN)¢"]s + 4Ag" + de” —
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AgsFe*5[Fe(CN)s* 15 [96]. The electrolyte also acts as a barrier to the transfer of electron charges, while
the flow of the ions keeps the current flow. Figure 3.2(b) and Figure 3.2(c) present the process of
preparation and fabrication for the devices. The PB precursor solution appears as a blue, viscous liquid.
Due to the advantages of constant speed of spin coating, a uniform PB film can be coated on the ITO
substrate [97]. ITO is a substrate with outstanding electrical performance, which can provide excellent
electrical conductivity for memristor devices [98—102]. After the silver glue was interspersed on the
PB membrane, the memristor electronic device was obtained as shown in Figure 3.2(e). In the order of

top to bottom, here are the upper electrode Ag, the PB layer and the top surface of the ITO substrate in

Figure 3.2(e).

PB

€ G Glucose

- -

solution o S~

-
________
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Figure 3.2. (a) The powder of PB (b) PB’s precursor solution. (c) Use the spin coating method to
prepare PB film on FTO. (d) Schematic diagram of the molecular structure of PB (e) Schematic diagram

of the design of a memristive device with the Ag/PB/ITO structure.

The glucose-controlled memristor transformation from pure resistor effect to capacitive-coupled
memristive effect and then pure memristive effect is shown in Figure 3.3. In the performance test of
the memristor, Ag and ITO were used as the device’s upper and lower electrode of the device,
respectively. All the control groups were added with different concentrations of glucose solution under
the condition of 4.0 V voltage and analyzed by comparing I/V curves. When 0% glucose solution was
added, the I/V curve is linear, and the device is in a pure resistance state. When the concentration of
glucose solution is increased to 15%, a hysteresis loop occurs, and the two curves are approximately
parallel near the origin. This non-zero-crossing (type II memristor) is called capacitive memristor
coupling. The non-zero-crossing I-V hysteresis behaviors have been studied extensively in different
environments, temperatures and solution concentration, light intensity and other factors [10,103—-105].
With the increase of glucose concentration, the I/V curve shows zero-crossing (type I Memristor) when
it was greater than 30%, the [—V hysteresis curve changes from non-zero-crossing to zero-crossing and
the device shows pure memristor effect at this time [79]. Bai Sun et al. proved that transformation
between capacitive-coupled memristive and pure memristive behavior can occur through appropriate
external stimulation [106]. In our work, higher concentration of glucose solution provided more ionized
atoms in the functional layer, so the behavior of the memristor could be converted. At the concentration
of 75%, a significant breakdown can be seen in the curve. It is due to the generation of conduction

pathways between the PB layer.
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Figure 3.3. I-V curves under different percent of glucose, indicating a glucose-controlled

transformation from resistor to capacitive-coupled memristive effect and then pure memristive effect.

The glucose-controlled transformation from resistor to capacitive-coupled memristive effect and
then pure memristive effect’s logarithmic I-V curves are shown in Figure 3.4. Resistive switching (RS)
is a typical characteristic of the logarithmic I-V curve [11]. Initially, all devices are in the high resistance
state (HRS) with negative voltage bias, the current increases slightly with voltage, and the memristor
turn OFF. When the voltage is above the positive threshold bias, the current increases sharply. The
memristor transitions from the high resistance state to the low resistance state (LRS) in quadrant 1, and
the memristor turns ON. This process is the SET process for the device. When the applied voltage is
equal to the negative threshold bias, the device switches from LRS to HRS and this process is the
RESET for the device [107,108], as shown in Figure 3.5. In such logarithmic diagrams, the inflection

point of the device switching between SET and RESET and the -V state of pure memristive effect can
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be seen more intuitively. The two lowest points correspond to the points where the current changes
from positive to negative. The most important things are the distance between the two lowest points,
whether they are zero or not. Since the RS is the special behavior for memristor, the two lowest points
would get to zero if the installation transformed from capacitive coupled memristive effect to pure
memristive effect. In our work, with 0% glucose solution, the distance is 0, and the device was in a
pure resistance state. With the growth of glucose concentration, the distance became larger when it is
below 15%. At this time, the device is a capacitive-coupled Memristor. When the concentration of
glucose solution was increased to 75%, the distance kept decreasing to 0; the device transformed from

capacitive coupled memristive effect to pure memristive effect.
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Figure 3.4. Logarithmic I-V curves under different percent of glucose. It indicates a glucose-controlled

transformation from resistor to capacitive-coupled memristive effect and then pure memristive effect.
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Figure 3.5. The HRS and LRS two current states under a bias voltage of 1 V.

According to the electrical and model fitting results, Ag/PB/ITO memristive devices’ resistive
switching mechanism is shown in Figure 3.6. In this study, Ag was used as the upper electrode, PB was
used as the active layer, and ITO was used as the active switch layer. When the glucose content is 0%,
under the voltage of 4V, the Ag electrode undergoes a redox reaction (Ag — Ag' + ¢) and produces
Ag ions. Simultaneously, the Ag ions undergo a redox reaction with the PB active layer, causing the
production of iron ions, as shown in Figure 3.6(a). Voltage stimulates oxygen ionization into oxygen
ions (O +2¢"— O3) [109]. During the drift process, few positive and negative ions can be neutralized,
and a small amount of them are distributed between the two poles. Simultaneously, the active layer’s
effective dielectric thickness (DET) increases, resulting in a decrease in the current through the devices
shown in Figure 3.6(b). During this period is a pure resistance state. When a 15% concentration of
glucose solution was applied, the glucose and PB active layer was oxidized, and the number of ions in

the active layer increases, triggering changes in ions. Ag ions, Fe ions and oxygen vacancies were
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inserted along the applied electric field’s direction toward the ITO electrode. While moving, the
negatively charged electrons and oxygen ions move toward the cations. When glucose was increased
(Figure 3.6c), more oxygen vacancies, Ag ions, Fe ions, electrons and oxygen ions were generated.
During the migration process, the movement of the two ions resumes under critical conditions.
Therefore, when the glucose concentration increases from 15% to 60%, the device characteristics were
basically the same with the capacitive coupling effect. At a higher glucose concentration (75%), oxygen
vacancies, iron ions, silver ions, electrons and oxygen ions were produced in substantial quantities.
More Fe and Ag are deposited when the cations combine with electrons and were converted.
Conductive filaments were formed in the active layer of PB, as shown in Figure 3.6(d), pure memristive

effect.

@ een. o O gEERiage
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Figure 3.6. Plausible resistive switching mechanism during (a) 0%, (b) 15%, (c) 30%, and (d) 75%

concentration of glucose solution.
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When the concentration of the glucose solution was 75%, conductive filaments and current tunnels
appeared, at the same time, the HRS state and LRS state were switched [87,110]. Figure 3.7 shows the
RS states behavior. The cations and anions were moving under the drive of voltage, iron ions, silver
ions, and oxygen vacancies combined with electrons and oxygen ions. Due to the fast electron migration
rate, electrons were quickly combined with the cations through the migration process and formed
conductive filaments, representing a pyramid shape at the ITO electrode, as shown in Figure 3.7(a). At
this time, the device was in the LRS state. Under the voltage of opposite polarity, the Ag plate electrons
combine with the cations faster. The conductive filament is broken and shows the shape of an inverted
pyramid, as shown in Figure 3.7(b), which was in the HRS state. Therefore, the migration of ions

promoted the resistance-switching behavior of Ag/PB/ITO devices.

@ Oxygen Vacancies © Agtlons @ Felons

C Oxygen Ions ¢ Electrons

Figure 3.7. Schematic diagram of the process of SET and RESET for the device under voltage of 16V,

presenting the filament changes during the RS behavior.
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3.5 Summary

In this work, we fabricate an Ag/Prussian blue (PB)/In-doped Tin Oxide (ITO) memristor. By
controlling glucose concentration, we used the PB layer and glucose’s redox reaction under constant
bias voltage to promote the transport and recombination of charge carriers in the device. The results
show that the device transfers from linear resistance state to capacitive-coupled memory effect and
finally to pure memristive effect. Unlike other methods, glucose as a new factor is a very effective and
direct way to control circuit elements with broad application prospects in complex integrated sensors
and artificial intelligence, as shown in Figure 3.8. It also provides a good mechanistic explanation for

glucose sensing and has a positive impact on the development of glucose sensors.

Figure 3.8. Schematic of the future neuromorphic computing system.
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Chapter 4
Interface Engineering on Multi-nanoscale MnO; and V205 Modified

Carbon Cloth for Flexible Supercapacitor

4.1 Overview

Supercapacitors have been extensively studied for their excellent rate performance and cycling stability.
However, tuning the active material and current collector interface from the atomic scale to achieve
high energy density supercapacitors is still challenging. We used spin coating and magnetron sputtering
to construct a multilayer symmetric supercapacitor. We first used spin coating to deposit the carbon
nanofibers on the carbon cloth substrate and then sputtered the MnO, and V,0s multilayer. The purpose
of adding carbon nanofibers is as follows: (i) to increase the conductivity of carbon cloth and increase
the electron transmission rate; (ii) The double carbon core-shell structure can improve the reaction site
of deposited metal oxide. After comparing with seven control groups, the
CC/CNFs/MnO,/V,05/Mn0O2/V,05/MnO,/V,05/MnO, (MVMVMVM) fabricated sample shows the
best electrochemical properties. At a scan rate of 5 mV/s, the capacitance is increased by a factor of
nearly 10 compared to the carbon cloth electrode based on CNFs, with a capacitance of 90 mF/cm’.
Due to the nanostructured multilayer MnO,/V,0s, the redox ion reaction can pass through the surface
to the interlayer, exhibiting partial to full activation. Therefore, the supercapacitor has excellent stability
performance, and the capacitance expansion is stable at 120% after 2000 cycles of CV cycling. It is due

to the fact that the reaction is initially concentrated on the electrode surface, and as the reaction material

29



is shed, the reaction gradually spreads throughout the electrode. This study demonstrated the

supercapacitor electric double-layer pseudocapacitive electrode interface from the atomic scale, which

provides an essential reference and impetus for the development of supercapacitors.

4.2 Introduction

The growing demand for fossil fuels such as oil, coal and natural gas is causing problems such as
global warming and air pollution. Therefore, it is necessary to develop clean and green energy sources.
Batteries and capacitors are low-cost and eco-friendly energy storage components [95-97]. Batteries
have a high energy density but limited power output. On the contrary, capacitors possess a higher power
output [114]. Supercapacitors, which contain higher energy density than conventional capacitors and
more extended power density than batteries, have attracted considerable attention due to their potential
applications in power tools, electric vehicles, electrical circuits, and backup power systems [115]. Its

performance depends mainly on the physical and chemical properties of the electrode materials.

There are two types of supercapacitors, double-layer supercapacitors (DLCs) and pseudo
supercapacitors. Simply, the mechanism of these two is the non- Faradaic process and the Faradaic
process, respectively. Furthermore, the reaction mainly occur near or at the surface of electrode material
[116,117]. However, the current energy density of supercapacitors is still low and needs further
improvement to meet the requirement of next-generation electronic devices [57,118]. The critical point
is to solve this problem by developing pseudocapacitive hybrid electrode materials with uniform and

stable structures.

Carbon materials such as carbon nanotubes, carbon nanofiber, and graphene have been widely used
for electrodes due to their large surface area, electrical conductivity and high chemical stability [61].

MnO; is also one of the favorite materials for electrode. Because it is naturally abundant, low cost,
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environmentally friendly, and has a high theoretical specific capacitance of 1370 F g [16,115].
However, metal oxide usually has a low electrical conductivity [119]. So, combining MnQO, with
carbon-based material to synthesize a hybrid electrode is popular to achieve a higher specific
capacitance supercapacitor. Besides, several techniques have been introduced for synthesizing these
electrodes, such as hydrothermal deposition, electrospinning, and electrodeposition. Yan et al. prepared
a carbon-based MnO; electrode by a redox reaction between carbon and potassium permanganate [59].
It takes him 3 steps and about 14 hours to get the hybrid electrode. And the MnO; growth is not uniform,
and it prefers to grow at the edges of the graphene layer [60]. Saha et al. used the electrospinning
method to fabricate a graphene-based MnO; electrode [58]. The MnO; solution was obtained from
(CH3C0O0);Mn-4H,0 treatment [58]. The electrospinning mixture preparation time is 13 hours [59].
Meanwhile, the electrode, which has uniform and ordered electro-spun fibers, achieved a high specific
capacitance of 928.8 F/g [59]. The higher-ordered MnQO, provides better charge mobility, thus, better
electrochemical performance. Duay et al. indicated an electrodeposition method to create a hierarchical
structure MnO, nanowire [62]. During electrochemical reduction, the hierarchical structure MnO, grew
uniformly [62]. The MnO, rod/MnO, (hierarchical structure) electrodes achieved pure DLC behavior
with a specific capacitance of 298 F/g [63]. Among these studies, the synthetic method above usually

takes more time, and the thickness and concentration of MnQO; are also hard to control.

Magnetron sputtering has advantages, such as time-saving, thin film thickness and morphology
control, uniformity, clean deposition, and material properties. Accelerated ion plasma flows toward the
target to sputter the atoms out, and then atoms move toward the substrate to grow a thin film [120]. It
is capable of depositing metal and metal oxide. Therefore, this method can be used in supercapacitor

electrode fabrication.
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In this work, different from other traditional manufacturing methods, we introduce magnetron
sputtering technology in the fabrication of supercapacitor. The fabrication processes include two steps.
The first step is spin-coating carbon nanofibers solution, and the second step is sputtering deposition.
We used magnetron sputtering to engineer the interface and create the multilayer MnO,/V,0s electrodes
on the carbon cloth flexible substrate. This method provides excellent electronic/ionic conductivity
while enhancing the pseudo-capacitive behavior of nanocrystalline V>Os/MnQO,. The electric double-
layer pseudocapacitor achieved excellent electrochemical performance. The capacitance (90mF/cm?)
improved nearly 10 times compared with CNFs based-carbon cloth electrode. Moreover, the CV curves
retain a rectangular, which shows good high-rate performance. Besides, the capacitance retention rate
is stable at about 120% after 2000 cycles of CV measurement. Due to the nanostructured multilayer
MnO,/V,0s, the redox ion reaction can pass through the surface to the interlayer, exhibiting partial to

full activation.

4.2.1 Materials
For the present study, material details are described in the following.

The Carbon cloth (CC) was purchased from the Fuel Cell Store. The manganese (Mn) and vanadium
oxide (V,0s) targets were purchased from Angstrom Sciences company. The chemicals such as sulfuric

acid (H2SOs), Carbon nanofibers (CNFs), and ultra-pure (UP) water were purchased from Sigma-

Aldrich chemical company.

CC is a woven carbon cloth without a microporous layer (MPL). It has an average thickness of about

400 (um), as shown in Figure 4.1.
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CNFs solution was prepared by mixing 10mg CNFs (D x L 100 nm X% 20-200 ym) and 10ml UP

water under ultrasonic stirring at room temperature.

I\ '
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\ ‘ ‘,‘"

SYias

Figure 4.1. SEM image of the cross-section electrode, scale bar: S00um.

4.2.2 Electrolyte Configuration:
1 M of electrolyte is obtained by mixing approximately 10 ml of H.SO4 98% liquid in 100 ml of UP

water and stirring continuously.

4.2.3 Preparation of CNFs Thin Film

The spin coating method is mainly used for the preparation of CNFs film. Before spinning, the CC was

tapped flat on a 3-inch clean silicon wafer.

Spin coating CNFs have three steps. First, the speed is accelerated to S00rpm in 1 sec and it was

spun for 5s. Then it was sped up to 3500rpm in 3 sec, and held for 35s. The last step was reducing the
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speed to 500rpm and held for 5 sec. Spin coating 5 times to get the CC fully covered with CNFs and
followed by hard bake at 110 °C for 600 sec. Finally, a nitrogen gun was used to blow away any

unevenness or excess CNFs from the CC.

4.2.4 Preparation of MnO; and V.05 Thin Films

The MnO; and V»0Os films were deposited by RF magnetron sputtering at room temperature. The
specific process is as followed. A 3-inch diameter Mn (99.9%) target was used for MnQO, thin film
deposition. The distance between the target and the substrate was fixed at 45 mm, and the power was
applied at 100 W at a base pressure of 7 x 107 Torr in the test chamber. Subsequently, a mixture of
argon and oxygen at a pressure of 5 mTorr with a flow rate ratio of 12/11 scem (standard cubic

centimeters per minute) was introduced. The total deposition time was 20 mins.

A 3-inch diameter V»0s5 (99.9%) target was used for V,0Os thin film deposition. The distance between
the target and the substrate was fixed at 45 mm, and the power was applied at 100 W at a base pressure
of 7 x 107 Torr in the test chamber. Subsequently, a mixture of argon and oxygen at a pressure of 5
mTorr with a flow rate ratio of 12/1 sccm (standard cubic centimeters per minute) was introduced. The

total deposition time was 20 mins.

4.2.5 Device Fabrication

Electrode Material Fabrication Processes

We built a multilayer electrodes symmetric supercapacitor consisting of CNFs, V,0s, and MnO,
materials. This study has seven control groups with the same fabrication parameters but different
sequences or components. The fabrication process is shown in Figure 4.2(a-c). The electrodes coated
with CNFs were rotated only as a blank control group. In the sputtering section, the order and number

of depositions comprised the control groups 2 to 7. And it is divided into two pairs of control groups,
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MYV and VM. The deposition order to determine which of V,Os and MnO, plays a major role in the

reaction and affects the performance of the supercapacitor.

(a) (b) (© (d
—
/ Samile holder
Ky CNFs

@ * o V,05 Coo1
CC substrate () e @

TN
. , « g | il @

H,S0O, electrolyte

Anode

Mn Target V,0; Target

Figure 4.2. The process of fabrication. (a) Spin coating CNFs. (b) RF magnetron sputtering for the
MnO; and V,0s thin films using Mn and V,0Os targets, respectively. (c) Electrode’s 3D diagram. (d)

The schematic graph of the two-electrode AQSC.

Control Group 1: CC/CNFs (CNFs)

CC was wash by ultra-sonication in acetone solution for 5 minutes, then CC was sonicated in DI
water for another 5 minutes, followed by 110 °C hard bake for 600 sec. CNFs thin film was spun on

the treated CC.

MV

Control Group 2: CC/CNFs/MnO»/V,05/MnO; (MVM)

CC was washed by ultra-sonication the in acetone solution for 5 minutes, then CC was sonicated in

DI water for another 5 minutes, followed by 110 °C hard bake for 600 sec. CNFs thin film was spun on
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the treated CC. Then magnetron sputtering was used to deposit MnO», V205 and MnO, thin film in

sequence.

Control Group 3: CC/CNFs/MnO»/V,05/MnO,/V,05/MnO, (MVMVM)

CC was washed by ultra-sonication in acetone solution for 5 minutes, then CC was sonicated in UP
water for another 5 minutes, followed by 110 °C hard bake for 600 sec. CNFs thin film was spun on
the treated CC. Then magnetron sputtering was used to deposit MnO», V205, MnO», V,0s, and MnO,

thin film in sequence.

Control Group 4: CC/CNFs/MnO»/V,05/Mn0O,/V,05/Mn0O»/V,05/MnO, (MVMVMVM)

CC was washed by ultra-sonication in acetone solution for 5 minutes, then CC was sonicated in DI
water for another 5 minutes, followed by 110 °C hard bake for 600 sec. CNFs thin film was spun on
the treated CC. Then magnetron sputtering was used to deposit MnO,, V205, MnO,, V205, MnO,, V,0s

and MnO thin film in sequence.

VM

Control Group 5: CC/CNFs/V,05/MnO,/V,0s (VMV)

CC was washed by ultra-sonication in acetone solution for 5 minutes, then CC was sonicated in DI
water for another 5 minutes, followed by 110 °C hard bake for 600 sec. CNFs thin film was spun on
the treated CC. Then, magnetron sputtering was used to deposit V20s, MnO,, and V,0s, thin film in

sequence.

Control Group 6: CC/CNFs/V,05/Mn0,/V>05/Mn0,»/V,05 (VMVMYV)

CC was washed by ultra-sonication in acetone solution for 5 minutes, then CC was sonicated in DI

water for another 5 minutes, followed by 110 °C hard bake for 600 sec. CNFs thin film was spun on
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the treated CC. Then magnetron sputtering was used to deposit V205, MnO,, V205, MnO,, and V,Os

thin film in sequence.
Control Group 7: CC/CNFs/V,0s5/MnQO,/V,05/MnO,/V,05/Mn0O,/V,0s (VMVMVMYV)

CC was washed by ultra-sonication in acetone solution for 5 minutes, then CC was sonicated in DI
water for another 5 minutes, followed by 110 °C hard bake for 600 sec. CNFs thin film was spun on
the treated CC. Then magnetron sputtering was used to deposit V,Os, MnO,, V205, MnO,, V205, MnO,

and V,0s thin film in sequence.

Assembly of the two-electrode aqueous supercapacitor (AQSC)

Figure 4.2(d) shows the schematic diagram of the two-electrode AQSC. Firstly, two samples of
MnQ,/V,0s hybrid film with both length and width of 1 cm were cut out and clamped onto two Pt
electrodes as cathode and anode electrodes, respectively. Then, the cathode and anode electrodes were

immersed in the C001 electrolytic cell filled with 1M H»SOj electrolyte.

4.2.6 Characterizations

The morphology of the samples and the presence of compounds were examined by Field Emission
Scanning Electron Microscope (FESEM) (Hitachi SU5S000 FESEM microscope) and Energy
Dispersive Spectroscopy (EDS) (Oxford Instruments UltimMax 100 EDS), respectively. X-ray Powder
Diffraction (XRD) (PANalytical X'pert Pro MPD Powder XRD) was used to identify the crystal
structure and crystalline phases. The optical properties of the samples were characterized by Fourier

Transform Infrared Spectroscopy (FTIR) (Bruker Tensor 27 FTIR) and Ultraviolet-visible
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Spectroscopy (UV-Vis) (Perkin Elmer PE Lambda 35 & 1050). The Tensile Strength (Instron, Model

3367) was measured to characterize the mechanical behavior of the electrodes.

All electrochemical characterizations were measured using Gamry Interface 1010e. In this study, we
built a symmetric supercapacitor with 1*I1cm? cathodes and anodes. The electrode's average cross-

sectional thickness was measured by SEM, as shown in Figure 4.1.

4.2.7 Calculation

The tensile strength (o, Mpa) was calculated from the force-extension curve.

4.1)
Where P, 4, is the maximum load (N), 4, represents the original cross section area (mm?). Besides,

the samples’ cross-section thickness is 400 um and the width is 5Smm.

The areal capacitance (Ca, mF/cm?) and volumetric capacitance (Cy, mF/cm®) of the electrode were

calculated from the cyclic voltammetry (CV) curves, according to the following equations:

_(Jlndu)
AT UXAUXA
4.2)
- (f111dU)
VT uXAU XV
4.3)
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Where [ is the current density (A), U is the potential (V), v represents the scan rate (mV/s), and AU (V)
is the voltage window. A (cm?) is the area of a single electrode and V (cm?) is the volume of a single

electrode.

The cycle stability (Cs, %) of the supercapacitor is calculated from the 2000 cycles CV curves,

according to the equation:

Ce [l ldU

C. =% =
G [lpldu

X 100%

“4.4)

Where C, and C, stand for the specific capacitance for cycle 1 or the rest cycle. / is the current
density (A), U is the potential (V), “x” means the CV cycle number, which is larger than “1”, and “0”

represents the start cycle “1”.

4.3 Result and Discussion

4.3.1 Result

We discussed seven control groups separately in this section by showing their characterization and

electrochemical data. Moreover, compare the results at the end.
Physical characterization

1. FESEM and EDS
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We first systematically studied the structure and morphology of thin films with FESEM and EDS
mapping technology. In the meantime, spin coating and sputtering deposition methods were also
evaluated. CNFs control group was mainly used to discuss the spin coating method, and the other six

groups were all used for the sputtering deposition method.

Figure 4.3. FESEM and Mapping images of CC substrate with CNFs spun on (a) Scale bars: 500um.
(b) Scale bars: 200um. (¢) Scale bars: 100um. (d) EDS elemental mapping analysis at 10um scale bars.

The green color represents carbon (C).

Figure 4.3 shows that the CC has an interwoven structure. From the EDS element mapping (Figure.
4.3 d), we observed that CNFs are evenly distributed on the surface of the carbon fiber. However, the
space between CC fibers was not covered, mainly due to the relationship between the spin coating

process and the CNFs solution. From the method we mentioned above, the CNFs nanopowder was
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dissolved in DI water as the spin coating solution. It may cause bad adhesion to the CC substrate.

However, the surface structure of carbon cloth is interweaved and rough so that the fibers can catch the

solutions.
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Figure 4.4. FESEM and Mapping images. A represents the control group MVM, B represents the

control group MVMVM, and C represents the control group MVMVMVM. (a) FESEM images with
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scale bars from 20um to 500nm. (b-c) EDS elemental mapping analysis at 10um scale bars. The green,

red, and blue color represents vanadium (V), manganese (Mn), and oxygen (O), respectively.

(@) (b)

10pm

lpm 500nm

LY

Figure 4.5. FESEM and Mapping images. A represents the control group VMV, B represents the

control group VMVMV, and C represents the control group VMVMVMV. (a) FESEM images with
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scale bars from 20um to 500nm. (b-c) EDS elemental mapping analysis at 10um scale bars. The green,

red, and blue color represents vanadium (V), manganese (Mn), and oxygen (O), respectively.

Figures 4.4(a) and 4.5(a) sections are surface structures from the FESEM; it shows that the AJA RF
magnetron sputtering deposition method creates uniform thin films on the CC substrate. The deposited
times increased from Figures 4.4 and 4.5, A to C. Figure 4.4(b) and Figure 4.5(b) EDS mapping results
prove that with the deposition time rise, the compound gathered more and more on the CC’s surface,

corresponding with the Mn, V and O elements’ color becomes darker.

500nm

Tgm

Figure 4.6. FESEM and electrode images. (a) and (b) are the FESEM images of the control group

MVMVMVM and VMVMVMYV, respectively. (c) and (d) correspond to their electrode picture.

Above the seven control groups, we further compared the MVMVMVM and VMVMVMYV two

groups. As Figure 4.6 (a) shows, the surface morphology of MVMVMVM is dense-packed spherical
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MnQO:. The sputtered MnO»-coated CNFs increased the electrode material’s surface area and electrical
conductivity [121]. The surface morphology of VMVMVMYV, as shown in Figure 4.6 (b), forms small
rods. Both rough structures may provide an excellent interface for ion intercalation and deintercalation
and redox reaction [22]. Figure 4.6 (c), (d) is the digital image of the electrodes. It shows the surface-

coated MnO; material has a darker color.

2. FTIR and UV-Vis
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Figure 4.7. (a) FTIR spectrum of control group MV electrodes. (b) UV—visible spectra of control group

MYV electrodes.

Figure 4.7(a) shows the FTIR graphics of MV control groups. The MnO, peak is more pronounced,
at 634 cm™, due to the fact that MnO; is on the surface of the film and its mode is the Mn-O vibration.
The V,0s shoulder peak is in the region of 796 to 925 cm™. The peak is less pronounced because V205
is in the interlayer film, and its mode is vanadium-based stretching (6 V-O) and V=0 peak. The weak

peak at 1050 cm™' corresponds to the bending vibration of the Mn atom with O-H. Meanwhile, hydrogen
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bonding of hydroxyl groups with water molecules stretching vibrations causes a weak peak between
1076 cm™ and 2430 cm™ at around 2100 cm™. Experimental errors are mainly caused by flexible CC
substrates, which may produce vibrational modes without dipole moment changes, vibrational modes
in energy-degraded states, and vibrational modes that cannot be discerned by instrumental resolution

[122].

For the UV-Vis, as shown in Figure 4.7(b), there are no clear peaks except for the apparent carbon
peaks, which corresponds to the band at around 226nm is due to the -m* transition of the aromatic C-
C bond. The inconspicuous peak around 322-372 nm in the UV-Vis diagram corresponds to the

absorption peak of MnO,, which is related to the d-d conversion of Mn ions in MnO; nanocrystals [123].

3. XRD

From the method mentioned above, we used Mn and V,0s two targets to sputtering deposit MnO,
and V,Os thin films, respectively. It is necessary to clarify the crystal phase of the material that we got.

Figure 4.8 shows the XRD patterns of the MVMVMVM electrode before (a) and after (b) the reaction.
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Figure 4.8. XRD pattern of the MVMVMVM electrode before reaction (a) and after (b) reaction.

It can be seen that the CNFs peak at around 43° (1 0 3) is the strongest (Figure 4.8 a), which is

characteristic of hexagonal carbon (PDF#-26-1068).

For V,0s, the most prominent peak appears at 20 =31° (3 0 1), which corresponds to orthorhombic
V,0s5 (PDF#-41-4162). In addition, other peaks at 26 values of 32.36, 33.29, 34.28, 45.45, 47.32, 48.82,
51.20, and 58.99° correspond to the (0 1 1), (1 11),(310),(411),(600),(012),(020),and (41 2)

planes of V,0:s.

For MnO,, the most prominent peak appears at 20 = 28.85° (1 1 0), which corresponds to the
orthorhombic MnO, (PDF#-50-0866). In addition, other peaks appearing at 20 values of 37.68, 41.86,

and 56.62 degrees correspond to the (0 1 1), (0 2 0), and (2 1 1) planes of MnOs,.

There are two main reasons for the weak or wide XRD peaks: (i) the formation of an ordered
intercalation compound, which leads to the expulsion of intercalated water molecules from the
nanostructure; (ii) the compound is amorphous [50,51]. The amorphous compound allows for easier
insertion and extraction movement of the electrolyte, thus increasing the contact area between the

electrolyte and the electrode and increasing the specific capacitance of the supercapacitor [52].

4. Mechanical Strength
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Figure 4.9. Load-extension behavior for electrodes’ tensile strength. (a) Fracture diagram of a
dumbbell-shaped electrode. (b) Local diagram of material fracture. (c) Group VM electrodes’ Load-

extension curve. (d) Group MV electrodes’ Load-Extension curve.
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Figure 4.10. The tensile strength of electrodes.
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Here is the sample preparation method for tensile strength test. The electrodes were cut in the
dumbbell shape, providing clear results about tensile strength. Besides, the dumbbell sample was
wrapped with 3M tape at both ends, which was designed to increase friction and prevent the sample
from slipping off during stretching, improving the accuracy of the test. Further explained in Figure
4.9(b), the ideal crack position should be in the center of the bar. However, as shown Figure 4.9(a), the
actual crack position among all electrodes was not the same; only the MV group has the ideal behavior.
In Figure 4.9(c, d), all the electrodes showed good tensile properties, stretching from the original 1cm,
more than doubled. It is mainly due to the ability of CC, the interwoven structure, which provides
significant potential for further developing solid flexible devices. From Figure 4.10, the average tensile

strength for all carbon clothe based electrodes is about 2 Mpa.

Electrochemical properties

1. CV

We first fabricated MVM electrodes and then optimized the parameter for better performance by
increasing the deposition times for MnO; and V,0s (MVMVM, MVMVMVM). We try to see the
multilayer electrodes’ influence. The deposition order was then changed as a pair of comparison groups
(VMV, VMVMV, VMVMV) as a way to determine which of V>0s and MnO; plays a major role in the
reaction and affects the performance of the supercapacitor. First, the CV curve for these seven groups

of electrodes was tested with 0-0.6V potential windows at a scan rate of 5 mV/s.
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Figure 4.11. Electrochemical performance of seven groups electrode. CV curves at 5 mV/s for (a)

MVM, (b) MVMVM, (c) MVMVMVM, (d) VMV, (¢) VMVMV, and (f) VMVMVMYV at potential

window 0-0.6 V.

Figure 4.11(a-f) shows the shape of the curves like rectangular. When increasing the deposition
times (MVM, MVMVM, MVMVMVM), as shown in Figure 4.10(a), (b), and (c), it comes with an
oxidation peak at around 0-0.1V and a reduction peak at around 0.2-0.3 V., representing the typical CV
characteristic of MnO»-based pseudocapacitor [24,125,126]. Based on the conventional charge storage
mechanism of MnQ,, a distinct peak appears at a low potential window of 0.2-0.3 V as a redox peak
due to the insertion and removal of ions [62]. The first pair of control groups MV (MVM, MVMVM,
MVMVMVM) (Figure 4.11a-c) shows better stability compared with the second pair of control groups
VM (VMV, VMVMV, VMVMVMYV) (Figure 4.11d-f). Moreover, the curve area raises when
deposition times increase. The MVMVMVM electrodes, as shown in Figure 4.11 (c), exhibited the best
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curve area, and the peak current achieved at about 3x10™ (A), which is nearly an order of magnitude
larger than the electrodes MVM (6x107®), as shown in Figure 4.11 (a). However, as for the other control
group VM, the peak current for the VMVMVMYV electrodes is shown in Figure 4.11 (f); compared with
the VMYV electrodes, as shown in Figure 4.11 (d), it offers a small raise, only improved 1x10° (A). The
5 mV/s CV curves show that the MVMVMVM electrode exhibit the most straightforward charge
storage mechanism, the best stability, and the biggest curve area. It reached the maximum current at
3x107° A. Moreover, the shapes of all ten curves remain rectangular and a clear redox peak can be seen

in the graph.

Above all, the MV groups shows better stability compared with the VM groups. Besides, the
MVMVMVM celectrode exhibit the most straightforward pseudocapacitor charge storage mechanism.
It also has the best stability, and the biggest curve area. Furthermore, to indicate the convincing result,
we applied several scan rates (100 mV/s, 90 mV/s, 80 mV/s, 70 mV/s, 60 mV/s, S0mV/s, 40 mV/s, 30
mV/s, 20 mV/s,10 mV/s,5 mV/s) and using the equitation mentioned above, as shown in Equation
(4.1,4.2), calculate the areal capacitance (Ca, mF/cm?) and volumetric capacitance (Cy, mF/cm?). In
this study, the C4 (mF/cm?) and Cy (mF/cm?) are the same because the length and width of the electrode
are the same, both 1 cm. The rest of the result will be provided by the Cy (mF/cm?) as the specific

capacitance of the capacitor.
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Figure 4.12. Electrochemical performance of seven groups electrode. Ten cycles’ CV curves from 5

mV/s to 100 mV/s for (a) CNFs, (c) MVM, (e) MVMVM, (g) MVMVMVM at potential window 0-0.6

V. Capacitance calculated from the cure area for (b) CNFs, (d) MVM, (f) MVMVM, (h) MVMVMVM.
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mV/s to 100 mV/s for (a) CNFs, (¢) VMV, (¢) VMVMYV, (g) VMVMVMYV at potential window 0-0.6

V. Capacitance calculated from the cure area for (b) CNFs, (d) VMV, (f) VMVMV, (h) VMVMVMV.
52



Figure 4.12 and Figure 4.13 are the CV curves at different scan rates from 100 mV/s to 5 mV/s, and
their specific capacitance, corresponding to MV and VM, these two pairs of control groups, as shown
in Figure 4.12 and Figure 4.13, respectively. In Figures 4.12(a-b) and 4.13(a-b), the CNFs capacitor is
used as the blank control group. These two pairs of control groups have the same trend. The current
becomes bigger when the scan rate increases, as shown in Figure 4.12(a, c, e, g) and Figure 4.13(a, c,

e, g), respectively, and the CV curves retain a rectangular, which shows good high-rate performance.

However, in Figures 4.12(b, d, f, h) and 4.13(b, d, f, h) the capacitance shows a reduction from 5
mV/s to 70 mV/s followed by a rise from 80 mV/s to 100 mV/s. The VMVMVMV electrodes, as shown
in Figure 4.13(h), at scan rate of 10 mV/s achieves the highest capacitance, reaching a value of 60
mF/cm?®. Compared with the VMV electrodes (20 mF/cm®), which have the lowest capacitance, as
shown in Figure 4.13(d), the capacitance value is 300% larger. The MVMVMVM electrodes, as shown
in Figure 4.12(h), at lower scan rate (5 mV/s) achieves the highest capacitance, reaching a value of 90
mF/cm®. Compared with the electrodes CNFs and MVM (about 12 mF/cm?), which have the lowest

capacitance, as shown in Figure 4.12(b)(d), the capacitance value is 750% larger.

Due to the reaction between electrolyte and electrode, the capacitance decreased with increasing the
scan rate from 5 mV/s to 70 mV/s. At lower scan rates, the electrolyte ions H have sufficient time to
penetrate the material’s pores, while at higher scan rates, only it accumulates on the outer surface.
Mishra et al. proved that the capacitance is linearly related to the scan rate and that a lower scan rate
allows the electrolyte to fully penetrate the pores and increases the contact area between the electrolyte
and the electrode material, resulting in a larger capacitance value [127]. After the 70 mV/s scan rate,
the capacitance increased mainly because of the porous metal/CNFs/CC structure. As the scan rate

increases, the reaction time becomes shorter and the reaction is concentrated on the surface until the
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fully reacted material falls off, (also called a decrease in electrode weight) and new material continues
to participate in the reaction so the capacitance increases. Besides, the MnO; and V,0s grown by the
magnetron sputtering method partially enter within the surface of the highly conductive CNF and CC.
This gives it the characteristic that electrons and ions can enter and exit easily and efficiently, so the
electrode material can provide fast redox reactions at high scan rates. Similar results were obtained by
Lang et al. when creating a MnO»/gold nanostructured electrode. He used RF sputtering technique to
deposit gold used to decorate MnQ,, so the capacitance of this electrode increased with increasing scan
rate [25]. Magnetron sputtering temperature as well as the reaction gas and pressure are the main factors
that affect the surface morphology, composition and other physicochemical properties of MnO, and
V,0s films. Both Jamkhande et al. and Chandra et al. used sputtering to deposit cuprous oxide films

and they demonstrated that this is a possible effect of this technique [72,128].

Most importantly, the MV-ordered control showed better electrochemical performance in terms of
stability and capacitance compared to the VM-ordered control. Due to its large theoretical capacitance
value, MnO:s is the key material affecting the performance of supercapacitors when it is located on the
surface of the electrode material compared to V,0s. After further studying the rest electrodes in this
group (MVM, MVMVM, MVMVMVM) by changing the deposition times, the MVMVMVM
electrode shows the best performance among all electrodes. This is due to the increase in the thickness

of MnO> and V05 resulting in an increase in the components involved in the reaction.

2. Nyquist plots and Capacitance Retention
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Figure 4.14. Electrochemical performance of seven groups electrode. Nyquist plots for two pairs of

control groups (a) MV (b) MV. Capacitance retention for two control groups (¢c) MV, (d) VM.

Figure 4.14(a, b) shows the electrochemical impedance spectra of the electrode materials. In the local
plot, all AC impedance spectra are composed of straight lines at both ends, where the initial straight
line is the high-frequency region, and the line with a higher slope afterward is the low-frequency region.
Different from the conventional supercapacitor, this study shows a pseudo supercapacitor behavior.
The high-frequency region reflects electrolyte and bulk particle resistance [24,129]. In general, the
high-frequency region belongs to charge transfer, while the low-frequency region belongs to the

diffusion of ions.
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The bulk particle resistance decreases with the increase of deposition times (about 0.7, 0.6, 0.43, 0.6,
0.45, 0.4 Q for MVM, MVMVM, MVMVMVM, VMV, VMVMYV and VMVMVM, respectively). For
the low-frequency region, the straight-line slope also increases with the deposition times. All these
further confirmed that the excessive MnO,/V,0s indeed causes the decrease of resistance. This is
mainly due to the fact that, as the thickness of the film increases, the number of oxygen vacancies or
low-valent vanadium cations (V*" and V") increases, thus promoting charge transfer and redox

reactions [20].

As shown in Figure 4.14(c) and (d), after 2000 cycles CV at a scan rate of 100 mV/s measurements,
we calculated the capacitance retention from the curve area. All the curves show that the capacitance
retention rate rises as the deposition times increase. The retention is not stable for the first 750 curves
because of the nanostructure multilayers of MnO» and V,Os electrodes. There may be some defects in
the films, and the thick multilayers may lead to redox reactions not occurring completely at the
electrodes. In the meantime, electrolyte ions are inserted into the electrode to balance the overall charge,
which imposes mechanical stress on the physical structure of the electrode material. Therefore, when
the redox reaction occurs completely and is ideally reversed, we can see that the retention gradually
becomes stable after 750 cycles. In Figure 4.14(c) and (d), the two best-performing electrodes,
MVMVMVM and VMVMVMYV, achieve retention rates of about 120% and 124%, respectively.

Moreover, the capacitive stability of MVMVMVM is better than that of VMVMVMYV electrode.

4.3.2 Discussion
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Figure 4.15. Important electrochemical performance of MVMVMVM electrode. (a) CV curves at scan

rate 100 mV/s for control group MV. (b) Capacitance for control group MV.

Among all electrodes, the MVMVMVM electrode exhibits the best electrochemical performance.
The capacitance improved by nearly 750%, and the CV curves retained a rectangular, showing good
high-rate performance. Besides, the capacitance retention rate was stable at about 120% during the

2000 cycles CV measurement.

4.4 Summary

This present study, CNFs/V,0s5/MnO, multilayer film electrodes were developed by combining spin
coating and magnetron sputtering techniques. We performed seven comparisons by controlling the
number of deposited metal oxide layers. This method provided good electronic/ionic conductivity while
enhancing the pseudo-capacitive behavior of nanocrystalline V,0s/MnQO,. The electrode with
MVMVMVM parameters shows the best performance. It has a very high specific capacitance and good

cycling stability, making it one of the best electrode materials for high-performance supercapacitors.
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In this study, magnetron sputtering technology was introduced, and the electrode interface of
supercapacitor electric double-layer pseudo-electrode was constructed by controlling the metal oxide
morphology and nanostructure, which provides a necessary reference and impetus for the development

of supercapacitors.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

Circuits are an essential component of electronics. Among its four constituent parts memristor and
capacitor are of great research significance, and they have been widely studied by scholars in the fields
of artificial intelligence and energy storage, respectively, and good progress has been made. In this

paper, we further investigate the memristors and supercapacitors.

For the memristor, the research on its mechanism is still imperfect and there is still a lack of
knowledge. Therefore, we construct a silver (Ag)/Prussian blue (PB)/In-doped Tin Oxide (ITO)
structure memristor. Unlike other methods of controlling circuit elements, glucose, as a new factor, is
a very effective and direct method of controlling circuit elements. Ion transport recombination and
redox reactions under bias in lead layers are controlled by glucose from a linear resistive state to
capacitive coupling memristive effect and finally to pure memristive effect. This device further explores
the mechanism of conduction filament and provides a promising application in complex integrated

sensor and artificial intelligence applications.

For supercapacitors, how to increase capacitance and extend lifetime is a current issue facing the
field. Studies point to electrode materials with large surface area and nanostructures as an important
ending method. Therefore, we introduced the first magnetron sputtering deposition technique to
fabricated MnO, and V,0s decorated carbon-based electrodes. And carbon nanofibers were spin-coated
on the carbon cloth substrate. The addition of carbon nanofibers increased the electrical conductivity
of carbon cloth and improved the electron transfer rate, while the double carbon core-shell structure
improved  the  reaction site for metal oxide deposition.  Electrodes  with

CC/CNFs/MnQO,/V,05/Mn0O,/V,05/MnO,/V,05/MnO, (MVMVMVM) structure showed the best
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electrochemical performance. The capacitance value was increased nearly 10 times (90 mF/cm?)
compared to the control group that was spin-coated with carbon nanofibers only. As for the stability of
the cell, the capacitance extension remained stable at 120% after 2000 cycles of CV cycling. This study
constructs a supercapacitor electric double-layer pseudocapacitor electrode interface from the atomic

scale, which provides a necessary reference and impetus for the development of supercapacitors.

5.2 Future Work

For future work, the details are as follows:
1. Optimization fabrication technique in the research of memristor.

The method of fabrication of the switching layer, PB, is spin coating, which may cause defects in the
film. Electrochemical deposition is an excellent choice to make the film denser and uniform with
controlled thickness. Also, the electrodes are deposited by the sputtering method through a shadow
mask. The mask size is in um range, which creates a larger electrode and thus affects the formation of

conductive filaments. So, reducing the electrode size is also an essential plan.
2. Develop the application of the glucose-controlled memristor.

Unlike the introduction memristor, the device shows glucose-controlled behavior. So, it is a new
factor that could connect with human health. It is possible to create a glucose testing or reporting

application.

3. Optimization of the physical characterization of flexible supercapacitor
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The UV-Vis and FTIR data do not meet the desired expectations. Therefore, further characterization
of the carbon-based electrode materials decorated with MnO, and V,O:s is still needed to determine

its functional groups and optical behavior.

4. Develop a solid device for the flexible supercapacitor

The aqueous solution supercapacitor exhibited good electrochemical properties. Also, the electrode
material exhibits good ductility and tensile strength. Therefore, it is necessary to assemble a solid

supercapacitor to explore this electrode's performance in more depth.
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