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Abstract

Micro-supercapacitors (MSCs) have gained significant attention in both academia
and industry due to their excellent cycling stability, high power density, and long
lifespan. They are widely used in miniaturized electrochemical energy storage de-
vices and hold great potential for applications in portable electronics, wireless sen-
sors, and other related fields. Efforts have been made to simplify the fabrication
techniques of MSCs from the synthesis of electrode materials, electrode structure
design, to the deposition process. However, there still lacks of a cost-effective and
reliable manufacturing process to combine the multiple fabrication steps into a sin-
gle operation. Hereby, this thesis work proposes an electrochemical co-deposition
approach to make graphene and metal oxide nanocomposites layer in a single step
to achieve high performance MSCs. Selective cathodic deposition was used to coat
graphene-wrapped MnO, and Fe,O3 nanoparticles on target MSCs patterns. Various
parameters, including the output signal, coating time, and concentration of metal
salt precursor were examined to verify the optimal deposition condition. SEM, Ra-
man, and XPS analyses were used to characterize the resulting hybrid materials.
Additionally, the relative electrochemical performance of the MSCs devices with
either liquid or solid electrolytes were evaluated. The result of this study offer an al-
ternative approach for the one-step fabrication of graphene-related nanocomposites,
specifically designed for miniaturized supercapacitors application.

Keywords: Graphene, micro-supercapacitor, metal oxide, electrochemical deposi-
tion.
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Introduction

1.1 Background

1.1.1 Internet of Things

The phrase "Internet of things" (IoT) refers to embedded devices that have Inter-
net connectivity, enabling them to communicate with one another, with services,
and with individuals on a global level. The emergence of the IoT concept stems
from the increasing prevalence of Internet-enabled devices and the desire to connect
them to create a more integrated and efficient system. By 2020, according to S.
C. Mukhopadhyay et al.[1], there are 50 billions connected devices to ToT, which
means that the average person in the world has more than six devices connected
to the IoT. Thus, IoT is rapidly transforming our daily lives. Meanwhile, our daily
lifes increasingly relying on IoT technology. The advancement of wireless technol-
ogy within IoT has led to the significance of various IoT-based electronic devices
like smartphones, smartwatches, and lightweight, flexible products. Within this
realm, Micro-supercapacitors (MSCs) have emerged as a crucial electrochemical en-
ergy storage device. Offering rapid charging/discharging rates, high power density,
and a long lifespan, MSCs hold great promise for IoT applications. Nevertheless,
limitations in production processes and electrode material development currently
prevent their widespread use as a power source for IoT devices.[2] [3]

1.1.2 Micro-supercapacitors (MSCs)

MSCs have garnered significant attention as energy storage devices in recent years
due to their potential applications in microelectronics and portable devices. They
essentially represent miniaturized versions of supercapacitors, intended for rapid
energy storage and release, which is of great importance in numerous applications,
such as sensors and implantable medical devices. Furthermore, MSCs possess a long
cycle life, enabling multiple charge and discharge cycles without significant capacity
loss. [4]

MSCs find wide-ranging applications, including wearable electronic products, im-
plantable medical devices, and [oT devices. In wearable electronic products, MSCs
can serve as power sources for sensors and displays, integrating into garments and
accessories to enable portable charging. MSCs can also applied in medical cares.
According to C.Gao et al.[5] , they developed a new kinds of MSCs that can be
directly swallowed and can detect the body rapidly and painlessly. In implantable
medical devices, MSCs can power sensors and stimulation devices, and they can



1. Introduction

also be employed in drug delivery devices. In research of T.Wei et al.[6], a new kind
of MSCs can be used for implant and it is self-degradable in human body. In IoT
devices, MSCs can provide power to sensors and communication devices, while also
serving as storage units for energy harvested from environmental sources like light
and vibration.[7]
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Figure 1.1: Mechanism of electrostatic double-layer capacitors.

1.1.3 Classification of Microsupercapacitors

1.1.3.1 Electrostatic double-layer capacitors (EDLCs)

Double-layer capacitors (EDLCs) are energy storage devices composed of two porous
carbon electrodes separated by an electrolyte and a separator. The electrode ma-
terials used allow for a significant accumulation of charge at the interface between
the electrode and the electrolyte. The creation of an electrical double layer of elec-
trolyte ions on the surface of the conducting electrode is the primary process of
supercapacitor storage.[8] The electrolyte contains ions capable of moving between
the electrodes. The mechanism of EDLCs is shown in fig. 1.1.[9]

When a voltage is applied to the EDLCs, the ions in the electrolyte are attracted
to the charged surfaces of the electrodes, forming two layers of ions, the Helmholtz
layer and the Gouy-Chapman layer. The Helmholtz layer is a tightly packed layer
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of ions close to the electrode surface, and the Gouy-Chapman layer is a more diffuse
layer that extends further into the electrolyte. The combination of these two layers
creates a high capacitance per unit volume, allowing EDLCs to store large amounts
of electrical charge.[10]

The stored charge in the EDLCs can be discharged through an external circuit to
deliver electrical power. The discharge process is reversible, allowing for the EDLCs
to be charged and discharged many times without losing its capacity. The amount
of energy that can be stored in the EDLCs is proportional to the capacitance and
the square of the voltage.[11]

EDLCs have advantages over traditional batteries in that they can deliver high power
in short bursts and have a long cycle life. However, they have a lower energy density
and a higher self-discharge rate than batteries. EDLCs are promising technology for
energy storage and can complement or replace traditional batteries in applications
that require high power, such as in electric vehicles, renewable energy systems, and
electronic devices.

1.1.3.2 Pseudo supercapacitors

Pseudo supercapacitors are a class of energy storage devices works on the princi-
ple of pseudocapacitance. Pseudo supercapacitors store energy by means of redox
reactions occurring at the electrode-electrolyte interface, which results in a much
higher capacitance compared to conventional capacitors, the mechanism of Pseudo
supercapacitors is shown in fig. 1.2.[12][13]

Redox Intercalation
pseudocapacitance pseudocapacitance

Redox-active material Redox host material

Figure 1.2: Mechanism of Pseudo supercapacitors. [12](open access)

The basic working principle of a Pseudo supercapacitor is based on the reversible
faradaicreactions that take place at the electrode-electrolyte interface. The electrode
materials in a Pseudo supercapacitor are typically transition metal oxides, such as
ruthenium oxide, iridium oxide, and manganese oxide, which can undergo redox
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reactions with the ions in the electrolyte. These redox reactions result in the forma-
tion and removal of surface-bound charges, leading to a change in the capacitance
of the device.

The redox reactions that occur in Pseudo supercapacitors involve the transfer of
electrons between the electrode and the electrolyte, resulting in the formation of
charged species, such as ions or radicals, that are adsorbed onto the surface of the
electrode. The charge storage capacity of Pseudo supercapacitors is determined by
the specific surface area of the electrode and the type of redox-active species present
in the electrode material.[13]
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Figure 1.3: Mechanism of battery type supercapacitors.[14](open access)

1.1.3.3 Battery type supercapacitors

Battery-type supercapacitors, also known as hybrid capacitors or electrochemical
capacitors, are a type of energy storage device that combines the characteristics of
both batteries and capacitors. They have high energy density similar to batter-
ies and high power density similar to capacitors. The mechanism of battery-type
supercapacitors is shown in fig. 1.3.[14] involves both a reversible electrochemical
reaction and phase changes at the interface between the electrode and electrolyte. In
the electrochemical process, one electrode of the battery-type supercapacitor stores
energy through Faradaic charge transfer, while the other electrode acts to maintain
charge balance by adsorbing guest ions onto the surface of the active material.[15]

4
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The electrodes of battery-type supercapacitors are mainly classified into two groups:
1) insertion-type of carbon-based materials, such as graphite and hard carbon; 2)
conversion-type of transition metal oxides and hydroxide materials, such as Ni, Co
and Mn based compounds. When a voltage is applied to the electrodes of a battery-
type supercapacitor, the alkali ions (Li, Na) from the electrolyte intercalate into
the electrodes through a reversible electrochemical reaction, resulting in a process
known as battery-like charge storage.[14]

Battery-type supercapacitors are promising energy storage devices for a variety of
applications, such as in hybrid electric vehicles, renewable energy systems, and
portable electronics, due to their high energy and power density, long cycle life,
and fast charging and discharging capability. However, the high cost and complex-
ity of the electrochemical active electrolyte and the potential safety issues associated
with lithium-ion batteries remain a challenge for the widespread use of battery-type
supercapacitors.

Covalent bond

Graphite Graphene

Figure 1.4: Structure of graphite and graphene.[16](open access)

1.2 Electrode materials

1.2.1 Graphene based 2D materials

Graphene is a 2D nanomaterial composed of carbon atoms arranged in a honeycomb
structure resembling benzene rings. This unique structure results in numerous freely
active electron clouds primarily derived from the p electron orbitals, vertically ori-
ented within the 2D plane. Additionally, the exceptional stability of graphene en-
sures the smooth and unobstructed transmission of electrons, as they experience
minimal hindrance or collisions with atomic nuclei. Consequently, graphene ex-
hibits significantly higher electrical conductivity compared to conventional metals
like copper, iron, and aluminum.[17] Meanwhile, It has many other unique proper-
ties, such as high mechanical strength and thermal conductivity. These properties
make graphene a promising material for many applications, including MSCs.
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Fig. 1.4 illustrates that graphite, a substance commonly encountered in daily life,
is composed of multiple layers of graphene.[16] Graphene itself is a two-dimensional
lattice structure consisting of tightly bonded carbon atoms arranged in a honeycomb
pattern. The cohesion between adjacent layers is facilitated by weak van der Waals
forces. When graphite is reduced to a single layer, it transforms into graphene,
which is only one atom thick.

Graphene oxide (GO), in the form of single-layered sheets of carbon atoms that are
fully oxidized, is another important type of graphene related 2D material. Numerous
active edges and functional groups derived from oxygen are present in chemically
altered GO. It is suitable for energy storage because it has good mechanical char-
acteristics and good compatibility with other electrode materials.[18] However, GO
itself is an insulating material, which limits its direct use as electrode materials in
energy storage applications. Thus, further reduction treatment is necessary to fully
recover the electric conductivity of GO.

Electrochemically exfoliated Graphene Oxide (EGO), is another derivative of graphene
that is obtained by controllable electrochemical oxidation. This process introduces
certain oxygen-containing functional groups, which leads to the formation of a hy-
drophilic and water-soluble material. Similar to GO, EGO is also derived from the
exfoliation of graphite, consists of individual graphene sheets stacked together. In
the production process, graphite undergoes intercalation and separation of carbon
layers and the introduction of oxygen functional groups onto the sheet’s surface.
Consequently, graphite transforms into a hydrophilic and dispersible material, with
each sheet being just one atom thick. However, the electrochemical process allows
precise control over the intercalation and oxidation steps during the exfoliation,
which results in moderately oxidized graphene sheets in comparison to fully oxi-
dized GO by chemical exfoliation.

The large surface area of EGO allows for a large amount of charge to be stored on the
surface, leading to high energy density. Meanwhile, the limited oxygen-containing
functional groups on the surface of EGO also provide sites for charge storage, further
increasing the capacitance of the material. All these advantages make EGO a good
choice for electrode materials in supercapacitors.[19][20]

1.2.2 Transition metal oxide (TMOs)

Transition metal oxides (TMOs) are a class of materials that have attracted signif-
icant research interest due to their unique electronic, magnetic, and optical prop-
erties. Hence, TMOs have shown great potential for application in various fields,
including energy storage devices such as supercapacitors. The high capacitance of
TMOs can be attributed to their unique redox properties, which enable reversible
charge storage through surface adsorption and faradaic reactions.

6
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MnO, Fe,04

Figure 1.5: Ball-and-stick model of MnOy and Fe;O3.

Iron oxide (Fe;O3) and manganese oxide (MnOg) are two TMOs that have received
particular attention as electrode materials for supercapacitors. Iron is an earth-
abundant material, and its relative oxide exhibits high theoretical capacitance and
good cycling stability. Manganese oxide is also a promising electrode material due to
its high specific capacitance and good electrical conductivity. Both Fe;O3 and MnO,
can be easily synthesized using low-cost methods, such as sol-gel and hydrothermal
techniques.

Fe;O3 and MnQO, are being researched to develop the performance of supercapac-
itors. According to P Yang et al.[21], MnO, manowires and Fe,O3 nanotubes are
used as electrode materials. It showed high energy density and outstanding stability
over a wide potential window of 1.6 V. In Nilesh R. Chodankar’s et al.[22] research,
a-MnQO, and a-Fe, O3 are used to fabricate thin film electrode for asymmetric super-
capacitor. The product showed high specific capacitance of 145 F-g=! with a high
energy density of 41 Wh- kg=! while maintaining a power density of 2.1 kW- kg~

1.3 Aim

The aim of this master thesis is to study how to apply graphene and metal oxide
composite in energy storage devices. Use different equipment to analyze whether
apply graphene and metal oxide composite can develop the morphology and perfor-
mance of energy devices.

1.4 Approach

This study mainly focus on coating carbon based MSCs with manganese/iron oxide
mixed with exfoliated graphene oxide, where manganese oxide is used on the positive
electrode and iron oxide is used on the negative electrode. Scanning electron micro-
scope (SEM), Energy-dispersive X-ray spectroscopy (EDS), Raman spectroscopy,
and X-ray photoelectron spectroscopy (XPS) are used to analyze the morphology,
elemental composition, chemical bonding and structure of coating layers. Cyclic
Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS) and galvanos-
tatic charge/ discharge (GCD) are used to test the electrochemical performance of
the coated devices.
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1.5 Limit

The main limitation of this study is that whether pulse deposition or direct deposi-
tion is adopted for the electrochemical deposition of Fe;Os, there is always visible
peeling on the surface of the Fe;O3 electrode sample during annealing after the EPD
is completed. This problem has not been solved during the course of this study.
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Theory

2.1 Structure

Asymmetric supercapacitors (ASCs) utilize two distinct electroactive materials as
the positive and negative electrodes, enabling the exploitation of two potential win-
dows within a single cell, thereby increasing the overall energy density of the device.
Transition metal oxides have been extensively researched for use in ASCs, as they
can provide high specific capacitance by utilizing the rapid surface redox reactions
of transition metal cations.[23]

2.2 Electrophoretic deposition (EPD)

Electrophoretic deposition (EPD) is a technique used to deposit charged particles or
materials onto a conductive substrate under the influence of an electric field. This
process is commonly used in the manufacturing of coatings, thin films, and other
material structures. EPD is a versatile and cost-effective method for producing
functional materials with tailored properties.

= +
Cathode Anode
. &
~—@
L ~—&
&
& - @
=  —
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Figure 2.1: Mechanism of electrophoretic deposition.

The electrophoretic deposition process involves suspending particles or materials in
a liquid medium and applying an electric field across the medium. The materials
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or particles that are charged go in the direction of the electrode that is negatively
charged and deposit there. By altering the electric field strength, timing, and other
factors, the deposition process may be managed. EPD has several advantages over
other deposition techniques, including the ability to coat complex geometries and
the ability to control the thickness and morphology of the deposited material. The
mechanism of EPD is shown in Figure 2.1. According to the figure, when an energy
source is applied, positively charged particless will gathered on the cathode and form
thin film. The EPD process allows for the deposition of a high surface area electrode
material with excellent electrical conductivity, which is essential for achieving high
power and energy density in MSCs. [24]

There are two types of EPD methods used in this study. The first one is direct
current deposition (DCD), also known as continuous deposition, is a technique that
involves a continuous flow of precursor material to deposit thin films onto a sub-
strate. Direct deposition provides high deposition rates and simplicity of operation,
favoring large-scale manufacturing applications. The second one is pulse current
deposition (PCD), which utilizes intermittent pulses of the precursor material to
achieve thin film growth. The process involves injecting precursor molecules or ions
into a deposition chamber, followed by a pulse of energy to initiate surface reac-
tions and promote film growth. Apart from normal settings, as shown in Figure 2.1,
When using PCD, a control signal should also be applied. In this way, PCD enables
precise control over film properties, composition, and thickness, making it ideal for
tailored films and complex structures.

The following equations can be used to describe the electrosynthesis and deposition
process of metal oxide (MO,) using the cathodic approach|25]:

NO3™ + HyO +2¢~ — NO2™ +20H~ (2.1)
Mn*" +20H — Mn(OH), (2.2)
Mn(OH)y — MnOy +2H" + 2e” (2.3)

The three steps in the proposed mechanism for cathodic deposition of manganese
oxide are as follows: (1) When potential is applied to the electrolytic cell, the
reduction of nitrate ions take place and hydroxyl ions are formed.(2) Then those
hydroxyl ions combined with manganese ions and form Mn(OH), ; (3) in the final
step, further oxidation of the adsorbed manganese hydroxide to MnQOy with the
release of a proton during the thermal annealing process.

10



Methods

3.1 Experiment

All of the MSCs used in this study is prepared by Jiantong Li’s team from Sveriges
storsta tekniska universitet (KTH), fig. 3.1 shows the appearance of MSCs.

Figure 3.1: Photo of MSCs provided by JianTong Li’s team from KTH.

3.1.1 Electrochemically exfoliated Graphene Oxide(EGO)
Preparation

Intercalation of graphite is the first step to prepare exfoliated graphene oxide. Dur-
ing intercalation, graphite intercalation compounds (GIC) will be formed. In his
process, graphite is used as the anode and immersed in an electrolyte, platinum is
used as the cathode.

Electrolyte is prepared by dissolving 6.122g of sodium perchlorate in 50ml dimethyl
carbonate/propylene carbonate organic solvent. The ratio of dimethyl carbonate
and propylene carbonate is 4:1. Then, a graphite foil is cut into 2.5x2.5cm, which
is the same size as platinum electrode. Bio-Logic SP-300 station is used to apply
voltage to the intercalation system. An applied voltage of 10V was set on the EC-lab

11



3. Methods

software during the intercalation. After 30 minutes of intercalation, switch off the
process and remove the intercalated graphite foil as well as platinum electrode from
the electrolyte.

When graphite is used as the positive electrode, oxidation occurs, causing carbon
atoms to lose electrons. This creates a favorable environment for perchlorate ions
to intercalate between the graphite layers and maintain charge balance. At the
cathode, platinum facilitates the reduction of sodium ions present in the electrolyte
to elemental sodium, as the electrons depart from the graphite.

The second step is exfoliation of graphite intercalation compounds. In this process,
GIC and platinum electrode is assembled in the same way as intercalation. But the
electrolyte is changed to Ammonium sulfate, 1mol/L. After 6.607g of (NH4)2504
is dissolved in water, pH test strips are used to detect the acidity of the electrolyte,
which is generally pH 3-4. During exfoliation, the voltage start from 5V, and slowly
changed from 5V to 10V. The limits of current is 2A. When the voltage is added to
10V, wait for the GIC piece to break on its own or for the current to drop to OA,
which means the exfoliation is stopped. EGO form on the top of the electrolyte.
By vacuum filtration with water and ethanol, remaining salts and electrolyte can be
removed and EGO can be collected.

The EGO collected is dispersed into a solvent mixture consisting of 50% water
and 50% ethanol. To improve the dispersion stability, 0.25ml of 10wt% Poly(diallyl
dimethyl ammonium chloride) (PDDA) is added into the EGO dispersion. Then, the
dispersion subjected to overnight sonication. After that, the dispersion is treated by
centrifugation at 1500 rpm and 0 degree Celsius for 10 minutes. During this process,
large piece of less exfoliated graphite is removed from the product and precipitate
at the bottom of the test tube. After centrifuge, the precipitate at the bottom is
carefully removed to obtain the final EGO suspension, which is shown in fig. 3.2.

Figure 3.2: EGO achieved by electrochemical preparation.

12



3. Methods

3.1.2 Precursor Preparation

The precursor used for depositing on anode is prepared by mixing 51mg Manganese
nitrate (Mn(NOs)y - 4H>0) with 10ml EGO and 5mg Methyl cellulose (MC). The
concentration of Manganese nitrate is 0.02mol/L. The cathode precursor is consist
of Iron(III) nitrate (FeN3Og - 9H,0) with EGO and MC. Same as anode precursor,
the concentration of Iron nitrate is 0.02mol/L.

3.1.3 Electrophoretic deposition (EPD)

During this study, two kinds of electrophoretic deposition methods are applied,
called direct current deposition (DCD) and pulse current deposition (PCD).

MnO, with EGO

~

Precursor Droplet

Fe, 0, with EGO

L)

Wave Generalor
(Pulse deposition)

Figure 3.3: The process of electrophoretic deposition.

Table 3.1: Parameters of Electrophoretic deposition process

Precursor Deposition method Time/min
Mn(NOs), with EGO and MC DCD 5
Mn(NOs;)y with EGO and MC PCD 10
Mn(NOs)y with EGO and MC PCD 20
Mn(NOs)y with EGO and MC DCD 2.5
Mn(NOs;)y with EGO and MC DCD 5
Mn(NOs;)y with EGO and MC DCD 10
Fe(NOs)s with EGO and MC PCD 20
Fe(NOs); with EGO and MC PCD 40
Fe(NO3)s with EGO and MC PCD 80
Fe(NOs)s with EGO and MC DCD 10
Fe(NOs)s with EGO and MC DCD 20
Fe(NO3); with EGO and MC DCD 40

13



3. Methods

As shown in the fig. 3.3, the precursor solution is first dropped on the supercapacitor
substrate. Feel free to pick one of the electrodes of the supercapacitor to connect
to the cathode. The platinum electrode is connected to the anode and comes into
contact with the precursor solution droplet. If PCD is used, it is also necessary
to connect a wave generator in the circuit, which gives a pulse signal to the power
supply. The potential of the power supply is set to 20 V and the current is limited to
0.5 mA. The specific time and method are shown in the table below. Since a pulse
signal is applied to the power supply during PCD, the true working time of PCD is
half that of DCD. Therefore, in order to compare which deposition method is better
with the same true working time, the working time of PCD needs to be increased
to twice that of DCD. After EPD process, anneal the coated supercapacitor in the
vacuum oven under 100°C for 1h and 300°C for 1h. Then the final MSCs can be
achieved and characterized.

3.2 Characterization

3.2.1 Morphology

3.2.1.1 Scanning electron microscopy (SEM)

Investigating the surface morphology of the EPD coated FeO,/EGO and MnO, /EGO
thin films on MSCs was done using scanning electron microscopy (SEM). Using a
JEOL JSM-7800F Prime at an acceleration voltage of 6 kV, images of the samples
were captured. In addition to observing the samples in the vertical direction, the
cross section was also observed in this study. the samples were immersed in liquid

nitrogen for 1 min and the MSCs were cut in half with scissors and observed by
SEM.

3.2.1.2 Raman spectroscopy

Raman spectroscopy is an analysis method that analyzes the scattering spectrum
difference from the incident light frequency to obtain the molecular vibration and
rotation. In this study, Raman spectroscopy called WITec alpha300 R is utilized to
identify the molecular bonds, crystal structure and detect the chemical species of
the coating layer on MSCs substrate.

3.2.1.3 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a powerful analytical technique that
enables the surface-sensitive investigation of elemental composition, chemical states,
and bonding characteristics of materials. In this study, XPS is used to analyse the
chemical states of Iron and Manganese to see whether the transition metal oxide
deposited on the surface are FesO3 and MnQOs.

14
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3.2.2 Electrochemical characterization

3.2.2.1 Cyclic Voltammetry (CV)

For every samples, Cyclic Voltammetry (CV) was conducted at a scanning rate of
5mV /s, 10mV /s ,20mV /s ,50mV /s and 100mV /s by using Bio-Logic SP-300 station..
When setting the parameter of the cell characteristics, electrode surface area are
needed in order to calculate the current density. The surface area of the MSCs is
measured by optical microscope as shown in the Figure 3.4. The surface area of the
MSCs then can be calculated to be 0.147cm?.

Figure 3.4: Optical microscopy for area calculation.

Then, the areal capacitance C'4 was calculated by the following equation:
AV
cm:/ (Io — Ip)dV/(2Av A V) (3.1)
0

Where I¢ and Ip refers to charging and discharging currents; A is the working area
of MSCs; AV is the Voltage range, from 0V-1.6V; v is the scan rate.

3.2.2.2 Galvanostatic charge/ discharge (GCD)

Galvanic charge and discharge test were conducted between 0 and 1.6V at different
current using Bio-Logic SP-300 station. Areal capacitance can also be calculated by
using the following equation:

Ca=IAt/ANV (3.2)

Where I is the charging current; /At is discharging time; A is working area of MSCs
and AV is the voltage range, which is 0-1.6V.

15



3. Methods

16



4

Results

4.1 Morphology

Figure 4.1 shows the images of MnO, coating layers that have been deposited using
the DCD (a, b, ¢) and PCD (d, e, f) methods. The visual examination reveals the
surface of both samples displays the presence of cracks. A comparative analysis of
these two methods reveals that, when observed under low magnification, the DCD-
prepared MnQOs coating layer appears smoother, much less cracks and contains fewer
small particles on the surface compared to the PCD method. Furthermore, when
examined at higher magnification, the DCD method displays a smaller grain size,
while the PCD method exhibits a higher concentration of graphene oxide.

(d)

Figure 4.1: SEM images of MnOy/EGO coatings on the MSCs (a)(b)(c) direct
current deposition(t=>5min) (d)(e)(f) pulse current deposition(t=10min).

Fey03 coating layers prepared by DCD (a, b, ¢) and PCD (d, e, f) are shown in

17
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Figure 4.2.The analysis of Figure 4.2 (a) and (d) clearly demonstrates the presence
of numerous cracks and defects on the surface of the sample produced using the
DCD method. Moreover, the size of the cracks is so large that the entire coating
layers are divided into many small island shapes. In contrast, the sample generated
through the PCD method exhibits some defects, but overall, the surface appears
remarkably hold in one piece. Upon closer inspection in Figure 4.2 (¢)(f) at a higher
magnification, it is evident that the grain shapes on the coating layer differ signif-
icantly between the DCD and PCD methods. Notably, the Fe;O3 particles on the
DCD-prepared sample exhibit a flaky morphology, while those on the PCD-prepared
sample display a predominantly flat shape. Furthermore, the Fe;O3 particles on the
DCD-prepared sample adopt a flaky structure, whereas the Fe,O3 particles on the
PCD-prepared sample resemble MnQO, particles, mostly appearing blocky or spher-
ical.

(d)

Figure 4.2: SEM images of Fe;O3/EGO coatings on the MSCs (a)(b)(c) direct
current deposition(t=20min) (d)(e)(f) pulse current deposition(t=40min).

In addition to vertically analyzing the samples, this study also examined the cross-
sectional view, as depicted in Figure 4.3, and measured the coating layer thickness
for each parameter. A comparison between the PCD and DCD methods of plating
MnOy/EGO reveals that, under the same working time, the PCD method enables
the plating of a thicker MnOy/EGO layer. Specifically, the greatest thickness of
PCD MnO, after 20 minutes is 6.516 um. Regarding the plating of FeoO3/EGO,
no significant variation in the thickness of the coating layer is observed between PCD
and DCD methods. Both of the highest thickness of PCD and DCD are around 2pm.
Consequently, when combined with the prior SEM results in the vertical direction,
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it can be concluded that PCD enhances the MnO,/EGO loading and meanwhile
provide a Feo03/EGO coating layer with fewer defects compared to DCD.

1m.
(a) DCD MnQOs 2.5min  (b) DCD MnQO5 5min (c) DCD MnQOy 10min

(d) DCD Fes03 10min - (e) DCD FesO3 20min - (f) DCD FeyO3 40min

(i) PCD MnO5 20min

(G) PCD Fey0O5 20min -~ (k) PCD Fey03 40min - (1) PCD FesO3 80min

Figure 4.3: SEM images of cross section of samples prepared by all parameters.
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Figure 4.5: Raman spectroscopy of FesO3 with EGO.

Raman spectroscopy is used to compare the sample produced by PCD and DCD.
The result of Raman spectroscopy is shown in Figure 4.3 and 4.4. In all PCD
and DCD samples, two distinct peaks at 1352cm™! and 1580cm ™! can be clearly
observed, which refer to D peak and G peak.A secondary peak at approximately
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2700 cm ™! corresponded to the 2D peak of graphene (the second harmonic of the
D peak). The Raman spectrum in the low wavenumber range exhibited scattering
peaks indicative of either MnOyor Fe;O3 nanoflakes. In Raman spectroscopy of
MnQOy samples, a main peak at 643cm™1 is shown in Figure 4.4, which is identi-
fied as S-MnOy structure.[26] The (ID/IG) ratio of PCD is lower than DCD, which
means that there are more defect in graphene prepared by DCD. In Raman spec-
troscopy of FesOs, in PCD, the main peak is around 365cm~! and 700cm ™!, which
correspond to Ty, (365cm™!) and A, (700cm™'). The nanoflakes of FesO3 consist
of v-Fey03 maghemite phase.[27] In DCD, apart from the same peak in PCD, two
peaks in 214cm ™! and 277cm ™! can aslo be observed, which correspond to maghemite
Fe30,4.28] [29]Thus, two kinds of iron oxide are observed in DCD-prepared sample.
By comparing the (ID/IG) ratio of two FeaO5 samples, it is clear that the (ID/IG)
ratio of PCD is higher than DCD, which means more defect in graphene prepared
by PCD.

4.2 Chemical state and composition

X-ray photoelectron spectroscopy is uesd to test the chemical composition of DCD
and PCD prepared samples.The parameters for the MnO2/EGO and Fe203/EGO
samples fabricated using the DCD method were 5 minutes and 20 minutes, respec-
tively;the parameters for the MnO2/EGO and Fe203/EGO samples prepared using
the PCD method were 10 minutes and 40 minutes, respectively. All of the samples
are tested by survey, Cls, Ols and Mn2p/Fe2p spectra. In Figure 4.5 (b) (c¢) and
Figure 4.6 (b) (c), a main spy peak can be observed at 286.4¢V, which refers to C=C
bond. Besides, other peaks at 285.8eV, 287.1eV and 288.8¢V, which refers to C-OH,
C-O and C=0 components, respectively. The results of Cls spectra do not show
any distinct difference between PCD and DCD. According to Figure 4.5(d) (e) and
Figure 4.6 (d) (e), there are two main peaks at 530.2eV and 531.7¢V, corresponding
to M-O and MOH/C=0 structure. The exist of these two kinds of bonding indicate
that there are metal oxide and metal bonded with hydroxyl functional group.The
presence of hydroxyl functional groups on the sample surface could be attributed to
the adsorption of oxygen and water molecules. And other two peaks at 532.9eV and
533.9¢V which refer to C-O and R-OH bonding. Figure 4.5 (f) and (g) shows the
Mn2p spectrum of DCD and PCD prepared MnO, samples. Two peaks at 641.6eV
for Mn 2p;/» and 653.2eV for Mn 2p;/,. Meanwhile, Figure 4.6 (f) (g) show the
chemical state of Fe 2p. A main peak at 710.8eV together with a shoulder peak at
713.3eV can be observed. Both of them refer to Fe 2pg/,. Fe(III) Oct. represent the
iron ions in an octahedral coordination environment and Fe(III) Tet. represents for
tetrahedral coordination of iron ions. Both of the samples exist a shake-up satellite
at around 7eV higher than the main peak. It is attributed to multiplet splitting,
which arises from the coupling of the core hole created during the photoemission
process with the spin and orbital moments of the unpaired 3d electrons in the valence

band.
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Table 4.1: Surface composition in atomic percent. (at.%)

Sample Composition

Pulse deposition MnOy /EGO  C54.0% 034.0% Mn11.5% S0.5% Na<0.1%
Direct deposition MnOy /EGO  C49.5% 036.0% Mn14.5%

Pulse deposition Fe,O3/EGO  C58.0% 028.5% Fel3.5%

Direct deposition Fe,O3/EGO  C74.5% 019.0% Fe6.5%

By summarizing the results of XPS, surface composition and chemical state of all
samples are shown in Table 4.1 and Table 4.2. The data in Table 4.1 reveals that
the DCD MnO,/EGO samples have higher concentrations of Mn and O compared
to the PCD MnO,/EGO samples. Conversely, the PCD MnO,/EGO samples ex-
hibit slightly higher levels of C. Similarly, the PCD Fe;O3 sample demonstrates
significantly higher contents of Fe and O compared to the DCD Fe,O3 sample.
Conversely, the DCD Fey;0O3 sample has a higher C content. Based on table 4.2, it
can be observed that in terms of chemical state, the DCD MnOy/EGO sample ex-
hibits higher content of M-O and Mn** at 20.0% and 14.5%, respectively, compared
to the PCD MnO,/EGO sample with 15.5% and 11.5%. Additionally, in the PCD
Fe;03/EGO sample, the content of M-O and Fe*T is 15% and 13.5% respectively,
whereas in the DCD Fey,03/EGO sample, the content of M-O and Fe3+ is only 9.5%
and 6.5% respectively. This discrepancy can be attributed to the thicker coating
layer achievable on MnOy/EGO using the DCD method and on FesO3/EGO using
the PCD method within the same processing time. Consequently, there will be an
increased presence of metal and oxygen elements that only apper on the coating
layer.

Table 4.2: Chemical state analysis in atomic percent. (at.%)

Binding energy (¢V)  Bond type  PCD Mn PCD Fe DCD Mn DCD Fe

284.6 C-C(sp?)  385%  43.0%  385%  57.5%
285.8 C-OH 8.0% 8.5% 5.5% 10.5%
286.5 C-O0 3.0% 3.5% 2.5% 3.5%
288.5 C=0 4.5% 3.5% 2.5% 3.5%
<530.0 M-O 15.5% 15.0% 20.0% 9.5%
531.5 M-OH/ C=0  11.5% 8.5% 9.5% 6.5%
5932.5 C-O0 5.0% 3.5% 4.5% 2.0%
>533.5 R-OH 2.0% 1.5% 2.0% 1.5%
641.7 Mn*t 11.5% - 14.5% -

711.0 Fe3T(Oct.) - 9.0% - 4.5%
713.0 Fe (Tet.) i 4.5% . 2.0%
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4.3 Electrochemical results
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Figure 4.8: The results of cyclic voltammetry.
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Figure 4.9: Capacitance of MSCs in all different parameters.

From the graph, it can be observed that the shapes of the CV curves resemble
parallelograms at different scan rates, indicating fast and reversible redox reactions
occurring at the electrodes during the test. Among them, it is evident that the
current density range of PCD Mnl0Omin Fe40min and DCD Mn5min Fe20 is sig-
nificantly greater than that of the other parameter samples, approximately ranging
from -0.5 to 0.7mA /cm?. The cyclic voltammetry results of all the samples prepared
for each parameter are shown in Figure 4.8. Each sample has corresponding curves
at different scan rates: 5 mV /s, 10 mV/s, 20 mV /s, 50 mV /s, and 100 mV/s.

The capacitance of MSCs can be calculated using the method described in sec-
tion 3.2.2.1, and the results are shown in Figure 4.9. Among samples with the
same working time, PCD Mn10min Fe40min and DCD Mn5min Fe20min exhibit
the highest capacitance. At a low scan rate of 5 mV/s, the capacitance of PCD
Mn10min Fe40min is slightly higher, while at other scan rates, the capacitance of
these two parameters is roughly the same. Furthermore, although DCD Mn2.5min
FelOmin did not reach the capacitance of the aforementioned two parameters, it
is significantly higher compared to the other parameters. It is approximately five
times higher than that of PCD Mnbmin Fe20min with the same working time. Fi-
nally, among the two groups with the longest working time, the capacitance of PCD
is slightly higher than DCD, but there is still a difference compared to the three
groups with the highest capacitance.
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Figure 4.12: Charge-discharge curves of MnQOy and FesO5 at different current
densities.

The GCD test results under different current densities ranging from 10 to 500 pA, as
shown in Figure 4.12, exhibit triangular symmetric shapes, indicating the electrodes
treated with MnO,/EGO and FesO3/EGO possess favorable chemical properties.
Figure 4.10 and 4.11 present the specific capacitance and coulombic efficiency of
DCD Mnbmin Fe20min and PCD Mn10min Fe40min at various current densities. In
PCD Mn10min Fe40min, a high specific capacitance of 8.3 mF /cm? is achieved at 10
pA/em?) which is consistent with the results obtained from the CV test. Except for
10 pA/cm?; the coulombic efficiency remains above 80% for all energy densities. In
DCD Mnbmin Fe20min, the maximum specific capacitance is 5.2 mF/cm?, slightly
lower compared to the results from the CV test. This could be attributed to an
excessive number of defects on the F'e;O3 cathode surface under the DCD method,
resulting in lower capacitance values in the GCD test compared to the CV test.
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Conclusion

In summary, this study primarily investigated and evaluated the feasibility and ef-
fectiveness of two electrophoretic deposition (EPD) methods, namely pulse current
deposition (PCD) and direct current deposition (DCD), for depositing MnOs/Fes03
mixed with exfoliated graphene oxide (EGO) onto MSCs. The DCD method demon-
strated excellent performance in depositing the MnOy/EGO mixture, producing a
smoother coating surface. However, DCD fell short in depositing the FesO3/EGO
mixture, leading to the presence of numerous defects in the resulting Fe electrode.
Furthermore, X-ray Photoelectron Spectroscopy (XPS) results revealed that, when
using the DCD method for Fe deposition, a small amount of Fe3O, formed on the
sample surface in addition to the desired product Fe;O3. These factors have a cer-
tain impact on the overall performance of electronic devices, such as capacitance.
The PCD method yielded similar results to DCD in depositing the MnOs/EGO
mixture, but PCD provided higher loading within the same working time. PCD
demonstrated significant advantages over DCD in depositing the Fe;O3/EGO mix-
ture. Cyclic Voltammetry (CV) and Galvanostatic charge/discharge (GCD) test
results indicated that the electrochemical performance of PCD outperformed DCD
in the two best-performing parameter sets. Observing the six parameter sets, it can
be noted that DCD had a clear advantage at shorter working times, but as time
increased, PCD gradually exhibited superior electrochemical performance.
Although both DCD and PCD effectively enhanced the performance of MSCs, fur-
ther optimization is required for the treatment of the Fe cathode material. Re-
gardless of whether DCD or PCD is used, the Fe electrode exhibited noticeable
detachment after annealing, and there were also numerous defects observed under
SEM examination. Therefore, the optimization of the Fe electrode is an essential
part of future work.
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