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This research aimed to synthesize Mn-doped NiFe LDHs in order to decrease
resistivity, which can result in an increase in specific capacity. Mn-doped NiFe LDHs were
synthesized using simple coprecipitation method at 50°C for 6 hours. Their
characteristics were confirmed by ICP, XRD, SEM-EDX and FTIR. Electrochemical
measurements such as CV and GCD were employed to evaluate their specific
capacities. Current voltage relationship and EIS were used to analyse electrochemical
properties and resistivities. Through the doping manganese, the specific capacity could
be altered. Investigated by CV, the specific capacity of Ni: Fe: Mn 3: 2: 0.98 and 3: 2: 1.7
possessed the electrical capacities of 48.58 F/¢ and 45.86 F/g that were a 2-fold increase
as compared to the 24.72 F/g of NiFe LDH. Similar to the trend found from CV, the
specific capacities obtained from GCD increased from 89.32 F/g of NiFe LDH to 203.3 F/g
and 207.6 F/g of Ni: Fe: Mn 3: 2: 0.98 and 3: 2: 1.7, respectively. The higher capacity of
Mn-doped LDHs might relate to the lower ohmic resistivity. The ohmic resistivity of
doped LDH was approximately 4.5 times lower than that of NiFe LDH. The charge
transfer resistance of NiFeMn LDH 3: 2: 1.7 was undetected. This work can demonstrate

that doping with Mn can increase specific capacity from the decrease of resistance in

LDH.
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CHAPTER 1 INTRODUCTION

Statement of the problems

Energy is obviously one of the most important factors in human society;
therefore, the development of energy system is constantly needed. Supercapacitor is
one of the energy storage systems that provides quick surge of energy due to its high
power density and long life cycle. The storage mechanism of the first-generation
supercapacitor is based on electrical double layer capacitance (EDLC). EDLC
performance is limited by a surface, causing a confined physical storage and hence
low specific capacity. This leads to the discovery of pseudocapacitor that relies on
the reversible faradaic charge transfer (redox reaction) to enhance energy density and
specific capacity. The compounds of transition metals, such as Co, Fe, Mn, and Ni,
are normally used in pseudocapacitors [1-6].

One of the up-and-coming candidates is layered double hydroxides (LDH) due
to their high surface area, stability in ambient atmosphere, and alkaline resistivity.
LDH possesses a brucite-layered structure in which several types of metals fill in the
octahedral holes of hydroxide ions. The general formula of LDH is [M" M" (OH),J**
[A™,»mH,0], where M" and M" are metal ions with the oxidation states of 2+ and 3+,
and A" is an interlayer ion which is used to stabilize LDH structure. The ability to
substitute various types of metal ions without changing a crystal structure allows the
possibility of LDH to have high redox activity, which is a key role in the materials
used for pseudocapacitor. The storage mechanism of LDH is a reversible change of
the oxidation states of transition metals, M"(OH), + OH < M"OOH + H,0 + e [7]. In
recent years, a few couples of M'"/M" in LDHs have been investigated for their
application in supercapacitors [7]. CoFe LDH showed a specific capacitance as high as
2358.4 F/¢ at 0.5 A/g [8], but cobalt is hazardous. More environmental-friendly

choice, NiMn LDH showed a specific capacitance of 1511 F/g at 2.5 A/g [9]; however,



it suffered from low electrical conductivity. The charge transfer resistance of non-
binder electrode NiMn LDH was at least 4.1 @ [9] while that of NiFe LDH was non-
detectable by electrochemical impedance spectroscopy (EIS) method [10]. Moreover,
the capacitance of NiFe LDH was reported to be 2708 F/g at 5 A/¢ [10]. It could be
noticed that the low specific capacity of LDH is related to its low electrical
conductivity of LDH; therefore, the poor conductivity hinders its potential application
as a supercapacitor. On the other hand, CoMn LDH [11] has higher specific capacitor
compared to CoFe LDH [12], leading us to focus on using manganese as a doping
materials in this work.

There are numerous ways to increase the capacity, such as growing LDH on
conductive materials, changing metal couples, controlling morphology, or doping
LDH with other transition metals. Several reports have been published on the
potential of three element LDH [13-15]. The doping of manganese into NiCo LDH
increased its specific capacity due to multiple oxidation states of manganese that
could enhance the redox activity [15].

In this work, we aimed to improve the electrochemical and electrical
properties of NiFe LDH by doping manganese into its structure in order to introduce
the possible multiple oxidation states of Mn that could lead to higher specific

capacity.

Objectives
1. To synthesize Mn-doped NiFe LDH by co-precipitation method
2. To evaluate the electrochemical and electrical properties of Mn-doped

NiFe LDH



Scope of thesis

1. Mn-doped NiFelL.DH with various ratios of Ni: Fe: Mn (3: 2: 0.98 and 3: 2: 1.7)
and the undoped NiFe LDH and NiMn LDH were synthesized.

2. The prepared LDHs were characterized by ICP, XRD, SEM-EDX, and FTIR.

3. Electrochemical performances were studied by cyclic voltammetry,
galvanostatic charge discharge, and cycling performance.

4. The electrical conductivities were investigated by either current-voltage

relationship analysis or electrochemical impedance spectroscopy.



CHAPTER 2 LITERATURE REVIEW

2.1 Energy storage

Energy storage is an electrical energy capture device from the energy source.
Various types of energy producers are unable to store energy, such as solar cells and
wind power, so they cannot produce the energy in overcast sky or wind dropped
day. Energy storage is used to trap energy over a period of time for later use. This
plays a key role in energy grid [16] because energy storage provides energy as
required. Rechargeable energy storage is the most popular in this century because
people are concerning about global warming around the world [17]. There are two
fundamental ways to store energy [18]. First is the direst way that negative and
positive charges are stored on electrode plates. This is called a non faradic process.
Another is a faradic process in which electrical energy is changed to chemical energy
via the change of oxidation states in cathode. Also, electricity in anode can be stored
through the mechanisms such as ion intercalation (as in lithium battery) and pseudo

capacitive behavior (as in supercapacitors) [19].

2.2 Capacitor

Capacitor is the electronic device that can store energy in an electrical field.
Capacitor has two parallel conductive plates which are separated by dielectric
materials. Because the dielectric material is an insulator, the system seems like an
open circuit. Electrons from a power source were stuck on a negative site while they
were attracted by positive charges on another plate. The capacity of capacitor is
ranged by surface area, dielectric constant, and inverse to the distance between

conductive plates as shown in equation 2.2.1.



S A 22.1
C = - 2.
"4

C = capacity (F)
€, = dielectric relative permittivity constant (F/m)
A = area of parallel plate (m?)

d = distance between parallel plate (m)

The ideal capacitor would have high power density and fast charge discharge
properties. This advantage allows its application as a starter in an electronic device
such as an electric fan [20]. Moreover, a capacitor can also compensate for power

factor lag or phase shift in alternating current (AC) power supplies [21].

2.3 Supercapacitor

The difference between capacitor and supercapacitor is the way to collect
charges. Capacitor stores the charge on each side of metal sheets. Dielectric insulator
is placed in the middle of two metallic sheets. On the other hand, a supercapacitor
can store more energy than a capacitor because there is the difference in charge
mechanism. There are three types of supercapacitors: electrochemical double layer
(EDLQ), pseudo capacitor, and hybrid-capacitor.

The first generation supercapacitor, EDLC, uses materials with high surface
area such as activated carbon. While charging occurs, electrolyte stabilizes the charge
as shown in figure 2.1(a) [22]. Here, it looks like each electrode acts as an individual
capacitor. The amount of stored energy depends on surface area and electrostatic
interaction.

Pseudocapacitor has been developed to increase specific capacity, based on
a faradaic process (figure 2.1(b)). Energy is stored as chemical energy via redox

reaction of metal transitions, such as RuO,, MnO, [23] and Fe;04 making the



pseudocapacitor system more stable than EDLC. The example of such redox reaction
is shown here,

RUuO, + xH" + xe* = RuO,,, (OH), [24].

Hybrid capacitor is a device that combines EDLC and pseudocapacitor
(figure2.1(c)). Hybrid supercapacitor can fix the problems of unstable charge
collection and charge limitation of EDLC using the advantage of a pseudocapacitive
part. The capacity increases because there is no surface area limit. On the other
hand, the part of EDLC has no problem in the collapse of metal transition structures
that could happen in a pseudocapacitive part. Because some redox reactions are
quasi reversible reaction, the oxidation state of metal transitions, which have

changed, cannot completely ¢o back to the original state.

Negative
electrode

Positive

2 |Electrode
electrode =

Electrode | -|° Electrode| /=

i
= i |Electrode

A

oo
e

— e ml e s e PRy ) g
Electrolyte Electrolyte Electrolyte { Electrolyte Electrolyte Electrolyte
Separator
Separator P Separator
(a) (b) (c)

Figure 2.1 The storage mechanisms of a) EDCL, b) pseudocapacitor, and

c) hybrid capacitor [22]

2.4 Asymmetric supercapacitor (ASC)

There is no clarified definition between asymmetric supercapacitor and hybrid
capacitor. In several research studies, hybrid capacitors are referred to ASC [24]. In
some instances, battery like electrodes (intercalation type) are also called ASC [23].
Yuanlong Shao et al. made an argument that hybrid capacitors are a subset of ASC.
The group commented that the main characteristics of ASC is a difference in
electrode materials in cathode and anode, even if the storage mechanism of both

electrodes is the same [25]. High specific capacity of ASC is related to reversible



faradic process [24], thin dielectric layer [26], high surface area and high conductivity
[27]. LDH has been reported as a cathode in ASC with activated carbon as an anode

[1-7, 9-13, 28].

2.5 Layered double hydroxides (LDH)
LDH is the synthetic clay materials constituted by the brucite layers of the

octahedral units of metal hydroxides as shown in figure 2.2.
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“’“i"‘?"’“ a& «kyx AR OO
Q Qé \;;_ﬁ\'._ "*‘f"’““rf Y -‘.‘.Q::p» ¥
Progrengrongre el Tt 1 AL AL
CE .
o ® ¢ Q e v
®e & O° " e

=1

M2/ M3*=2 M2/ M3*=3
@0
¢ H

@ M*

. | T’ | X ® M+
M2t/ M3*=4 ®C

Figure 2.2 The idealized structure of LDH with different ratios of M'/M" [29]

The general formula of LDH is [M",,M" (OH),J**[A™,,,mH,0], where M" and M"
are metals with the oxidation states of 2+ and 3+, and A™ is an interlayer ion. The
LDH structure could accommodate wide types of di- and tri-valence cations [1-6] and
various ratios of M*": M** [30, 31]. The M**: M** ratios such as 1: 1, 1: 2, 1: 4, 3: 1 and
3: 2 are commonly reported. LDH morphology [30] and the d-spacing of LDH [31] are
influenced by M*": M** ratio (table 2.1). The shape of NiCo LDH, for example, could
change from nanosheets of 1: 1 LDH to nanospheres of 1: 2 LDH then to nanorods of
1: 4 LDH. As indicated in table 2.1, increasing the Ni ratio in NiCo LDH lowered the

d spacing (101) [31].



Table 2.1 The d-spacing of (101) lattice plane with different Co: Ni ratio

Composition 2 theta (101)  d(10XRD (nm)  d(191) HRTEM (nm)
Cog 2Nigg(OH), 38.42 2.340202 2.34
Cog 5Nig s(OH), 38.17 2.354953 2.36
CoggNig(OH), 37.92 2.369902 2.38

Hydrothermal ~method, reflux, coprecipitation, electrodeposition and
solvothermal method can all be used to synthesize LDH. LDH has the potential to
be used in a wide range of applications, including oxygen evolution catalysts [32, 33],
photocatalysts, flame retardants, sensors, drug deliveries, adsorbents, cosmetics, and
energy storages [34]. These variety of applications takes advantage of LDH that offers
distinct properties such as large surface area [35], environmental friendly [36],
stability in the ambient atmosphere, alkaline resistivity, high redox activity [15] and

the ability to interchange metal centers without altering the crystal structure [7].

2.6 LDH as a supercapacitor

Previous reports have shown that LDH could act as a supercapacitor. Its
charge-discharge mechanism is Ni'(OH), + OH = Ni"OOH + H,O + e [7]. The OH in
an electrolyte plays a key role in storage mechanism. There are various ways to
increase capacity of LDH such as adding conductive materials [1, 4, 37-40], changing
the types of metals in M(II)/M(Il) couple [1-6, 37] , controlling morphology [31, 41,
42], and doping other metals [13-15, 35].

Many kinds of conductive materials such as ZIF-8 [1], graphene oxide [4],
carbon cloth [37], carbon nanotube [38], MNOOH [39] and reduced graphene oxide
aerogel (rGO aerogel) [40] were added during the synthesis of LDH in order to
enhance ionic and electronic mobilities. The ohmic resistance of NiAl LDH was

reduced by ZIF-8 from 1.69 to 1.08 @ while the charge transfer resistance was



reduced from 1.8 to 0.85 @. As compared to NiAl LDH, ZIF-8@NiAl LDH had greater
ion diffusion [1]. The rGO aerogel decreased charge transfer resistance of NiFe LDH
from 8.7  to 5.5 @ meanwhile the specific capacity increased [40].

Many types of LDH such as NiAl [1-3], NiCo [4], NiFe [5], NiMn [6], CoFe [12]
and CoMn [11] have been studied as materials for supercapacitors. Nickel-based LDH
has attracted a lot of attention since Ni is ecologically safe, high electrically
conductive, and inexpensive [36]. Table 2.2 shows the specific capacities of Ni-based
LDHs. From this review, the specific capacity is based not only on the type of LDH

but also on the synthesis method, conductive materials and supporting electrodes.

Table 2.2 The specific capacity of LDH

Electrode materials Specific Current

capacity(F/g)  density

Reflux NiAl LDH [1] 106 1 A/g

NiAl LDH grown on MWCNT/NF [2] 938 5 mA/cm?
Hollow microspheres NiAl LDH [3] 1578 1 A/g
NiCo LDH@rGO [4] 1703 0.5 A/g
Spherical NiFe LDH [5] 168 1.5 A/g
NiFe growth on NF [10] 2708 5 A/g
NiMn LDH nanosheet synthesized by reverse micelle 881 0.5 A/g
method [6]

NiMn growth on NF [9] 1511 2.5 A/g

Morphology of LDH is another important factor due to it relates to the
packing of active materials on current collector and electroactive sites [10]. Ultrathin
nanosheet which had 14 nm thickness showed higher specific capacity of 2708 F/g as

compared to the one with 56 nm thickness (1456 F/g) [10]. Moreover, the Ni: Co ratio
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was controlled with the purpose of changing the morphology [30]. The nanospheres
with a Ni: Co ratio of 1: 2 had the highest specific capacity of 1147 F/g. The
nanosheets with a 1: 1 Co: Ni ratio, on the other hand, had the lowest specific

capacitor of 754 F/g.

2.7 Metal-doped LDH

With the goal of improving electrochemical performance, several forms of
metal doping LDH were examined. In prior studies, Cobalt was doped into NiMn LDH.
[13, 14]. The studies observed the increase in capacitance of Co-doped NiMn LDH as
compared to pristine LDH. 10% Co-doped NiMn LDH possessed 1148 F/g at 1 A/g,
which was nearly twice to the undoped NiMn LDH [13]. Mg-doped CoAl LDH also
showed higher capacity and stability than its undoped counterpart [35]. MgCoAl LDH
displayed 451.7 F/g which was over 3 times higher than CoAl LDH. MgCoAl LDH
cycling performance was 97.6% while MgAl LDH was 95.4% after the 18" cycle.
NiCoAl LDH showed higher specific capacity (960 F/g) than NiAl LDH (140 F/g¢) and
CoAl LDH (approximately 420 F/g) [43]. Ce, which has high electrical conductivity, was
doped in NiCo LDH-CNTs. The result could reduce a resistance from 39.4 to 9.4 Q and

led to the increase in specific capacity from 43.5 to 106.6 F/g.

2.8 Mn-doped LDH

Manganese has many oxidation states, from 2+ to 7+. The oxidation state
plays a key factor in the storage mechanism [15] because supercapacitor stores
energy by changing the oxidation state of transition metals. According to the
literature reviews, CoMn LDH (1079 F/g) [11] had a greater specific capacity than CoFe
LDH (774 F/¢) [12], while Mn-doped NiCo LDH had 4-fold increase in the capacity as

compared to the original one [15]. These literature reviews suggest that doping Mn
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could increase the specific capacity of LDH. Moreover, NiFeMn has been successfully

synthesized and reported as a catalyst for water oxidation reaction [33].

2.9 Coprecipitation

The coprecipitate method is a simple technique that occurs in mild
conditions and ambient temperature, giving a cost effective product. There are two
steps during precipitation: nucleation and growth, which are key factors in controlling
a particle size. In this process, the rate of nucleation and growth is controlled by pH
[36, 44]. Normally, higsh pH is suitable for precipitating metal salts. The desired
products are prepared from the starting precursors of metal salts with stoichiometric
ratio. Metal salts, such as metal nitrates or metal chlorides, are commonly used as

precursors [45]. Sodium hydroxide, urea, and ammonia are used as alkali solutions.

2.10 Inductively coupled plasma-optical emission spectrometry (ICP-OES)

In this work, the exact ratio of each metal in LDH was determined using ICP-
OES. LDH samples were completely dissolved in acid, and the concentration of each
metal was calculated using the standard calibration curve of each metal.

The schematic of ICP-OES is shown in figure 2.3. ICP-OES is a quantitative
technique in which the plasma of argon gas atomizes the sample as well as excites
the inner electrons. When the electrons return to their ground states, the
characteristic emission spectra of individual types of atoms are observed. The plasma
at a temperature of 700 K is induced via electromagnetic induction at 27 MHz and
the radio frequency of 1-5 kV. ICP-OES is commonly used at selected wavelengths
that fit to the spectra of specific elements in the sample. The intensity of emission

spectrum is proportional to the amount of that specific element in a sample.



12

Diffraction grating
Emitted light
Plasma Detector Prism
[
° Echelle monochromator
® [CP Torch

Nebulizer

Spray Peristaltic pump

To waste Argon

Figure 2.3 The schematic of ICP [46]

2.11 X-ray diffraction (XRD)

In this work, XRD was used to identify the crystalline phase of the synthesized
LDH. The XRD plots of the scatter angles and intensities show the peak patterns that
are a fingerprint of each material. The pattern was then compared to the Joint
Committee on Powder Diffraction Standards (JCPDS).

XRD is a nondestructive method for the determination of a crystal structure
and the phase identification of solids. The technique normally uses the X-ray of Cu
Ka. The beam of X-ray hits the samples, and the scattered rays are sent to a detector

as shown in figure 2.4. The diffraction peak appears according to Bragg’s law

(equation 2.11.1).
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Specimen Goniometer
holders axis

Figure 2.4 The schematic of X-ray diffraction [47]

nA = 2dsin@ 2111

n = integer number
A = x-ray wavelength (nm)
d = d spacing (distance between the plane) (nm)

O = diffraction angle (degree)

2.12 Scanning electron microscopy-energy dispersive x-ray spectroscopy
(SEM-EDX)

SEM was used to examine the morphology and size of LDH while EDX was
used to monitor the metal distribution in LDH.

Figure 2.5 shows the schematic of SEM. Electron beam with high energy from
tungsten filament is focused by magnetic lens. The surface of a sample reflects the
focused beam and emits secondary electrons and characteristic X-rays. The

secondary electron is detected, and the voltage of the electron displays the
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morphology of the sample in two dimensions. By detecting X-rays, energy dispersive
X-ray analysis is used to analyze the types and amounts of each element on the
surface of a sample. When inner electron is kicked off by an electron beam, the
electrons at the following level descend and emit distinctive X-rays that are unique

to each element.

electron a - | filament +
gun { wenhelt
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interaction / \ objective
' lens
transmitted

electrons

vacuum J

pipe ==

back-
scatterred
eglectron
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secondary
electron

specimen detector
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! chamber

Figure 2.5 The principle of scanning electron microscope (SEM) column and image

processing [48]

2.13 Fourier transform infrared spectrophotometry (FTIR)
FTIR was used to confirm the existence of specific functional groups in LDH.

The appearances of OH vibration from double hydroxide and inter layer water and
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CO5* vibration from the interlayer anions were expected. The nondestructive
method, Attenuated Total Reflectance (ATR), was used in this work.

There are two general modes to detect the wavelengths of IR absorption: the
transmission mode of KBr pellet and the ATR mode of pure sample. ATR is a
nondestructive method using IR beam to probe a sample through the ATR crystal at
the angle greater than its critical angle. The beam reflects back on crystal and its

intensity gets detected as shown in figure 2.6.

(a) Clamp (b) Evanescent wave

Sample (n;)

Diamond
_-7 crystal Crystal (ny) /e< \

4

_{ Penetrationdepth

To detector

IR beam o LA <

ATR crystal (Diamond)
IR beam To detector

Figure 2.6 The schematic of ATR-FTIR at the interface of crystal [49]

Percentage transmittance indicates the region where sample absorbs the
energy as it vibrates. Bonds can move in three different ways: symmetric stretching,
asymmetric stretching, and bending (figure 2.7). The energy matched to bond

motivation is absorbed. This can identify chemical functional groups.
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Figure 2.7 IR active vibration modes [50]

2.14 Cyclic voltammetry (CV)

Cyclic voltammetry is the technique that generates cycles of voltage and
collects the corresponding current. The prompt change in current refers to the
change in metal oxidation state via redox reaction as shown in figure 2.8. CV can also
show the charging type of electrode as shown in figure 2.9 [51]. EDCL materials,
which store electrons on carbon surface, show rectangular curve while
pseudocapacitive materials show redox peaks.

The CV system requires three electrodes: a working electrode, a reference
electrode and a counter electrode. Sample pieces could be used as working
electrode. Reference electrode such as Ag/AgCl is used to refer to the working
electrode voltage. Platinum (Pt) is commonly used as the counter electrode since it

is inert and does not react with other materials in many systems.
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Figure 2.8 The schematic of cyclic voltammetry (a) relationship between voltage and

time and (b) cyclic voltammetry plot [52].
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Figure 2.9 The cyclic voltammograms of a) EDCL and b) pseudocapacitive [51]

Here, the area of CV curves was used to estimate a capacity. The following
equations (2.14.1-2.14.7) explain the relationship between the CV area and a

capacity.

C= 2.14.1

Q
V
When Q is charge in coulombs, and V is voltage studied [53].

Specific capacity (Cp) is derived as shown below when m is the mass of active

material.
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Q
C -— 2.14.2
P mV
Q=1 2.14.3
Place 2.14.3 in 2.14.2.
It
C =— 2.14.4
P mV
Where V/t = scan rate = k
I Cpmk 2.14.5

Area under graph (A,) is calculated by integration of current by dV.

V2

Ag :j ldV

Vi

This equation shows the same as integral of eq 2.14.5 by dV.

V2 Vo
Ag =j ldV=ijmde
Vi A4

A, = (V,-V,)C mk 2.14.6

Practically, the area of CV can be obtained by the subtraction of the area
under an oxidation curve with that of a reduction curve. When A represents area of

CV peak.
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A= A-A,

A = [(V,-V;)CymkJ-(V;-V,)C mk]

A 2.14.7
Co= 7 T,
2(V,-VJmk

The equation 2.14.7 is generally used to calculate the specific capacity of

energy storage materials.

2.15 Galvanostatic charge discharge (GCD)

Inversely to cyclic voltammetry, galvanostatic charge discharge is the method
that controls current between a working electrode and a counter electrode while the
potential is measured. The result is plotted between potential and time as a charge-
discharge curve, figure 2.10. Equivalent series resistance (ESR), which includes all
resistances involving with a working electrode such as electrolyte resistance, the

transport resistance in porous materials, and the resistance from the external circuit,

. . Vir drop
is calculated by an equation ESR=——.
Al
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Figure 2.10 The galvanostatic charge discharge behavior of theorical supercapacitor

[25]

Time (s)

It
E 2.15.1

Py mlAv

GCD could be used to evaluate a specific capacity using an equation 2.15.1
[54]. The I/m was current density. Moreover, the cyclability test of GCD showed the

performance of electrode after charge-discharge for a large number of cycles.

2.16 Electrochemical impedance spectroscopy (EIS)

This method can characterize electrochemical electrodes. EIS is performed by
applying an alternative current (AC) between the working electrode and counter
electrode in a narrow sinusoidal voltage range. The frequency is often varied
between 10°-10° Hz, and the corresponding current is measured. Impedance is a
frequency-dependent resistance. There are 2 common types of results: Bode and
Nyquist plots. The phase angle and impedance modulus (z) can be shown using a
Bode plot [51]. The Nyquist plot, which is more recently used, is plotted between
real and imaginary impedances. The advantage of Nyquist is that it displays the

overall information.
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Here, the resistivity of LDH was studied by Nyquist plot as shown in figure
2.11 [55]. The sum of individual frequency independence resistance resulting from
electrolyte, current collector and the connection between current collector and
active mass was defined as ohmic resistance (R,) [56]. Charge transfer resistance (Rq)
which was shown as a semicircle, demonstrated faradaic reaction on working
electrode surface [57]. Warburg impedance from concentration polarization and mass

transfer was expressed as a shift from the theoretical 90° [51].

>

(c)

Opax = 1/(Rct‘Cdl)

—Im(Z) (£2)

Re(Z) ()

I

Figure 2.11 Nyquist plot [55]

2.17 Ohm’s law
The relationship between voltage (V), current (I) and resistance (R) is shown in

the equation 2.17.1.

V =1R 2.17.1
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Voltage and current could be measured by a multimeter. The circuit was set

up as in figure 2.12.

®

=30

Variable regulated
power supply 0-12 V

Figure 2.12 Measurement circuit

The current of a sample could be measured in series by an ammeter (A)
while the voltage was recorded in a parallel fashion with a voltmeter (V). Resistance,
depending on the length and the contact area of material, was normalized to

resistivity by equation 2.17.2.

e 2172

P = resistivity (@m)
R = resistance (Q)
A = cross section area (m?)

L = length (m)



CHAPTER 3 EXPERIMENTS

Chemicals

Nickel nitrate hexahydrate (97%, Thermo Fisher Scientific)
Iron nitrate nonahydrate (98%, Thermo Fisher Scientific)
Manganese nitrate tetrahydrate (99.8%, Chem-Supply)
Hydrochloric acid (HCL) (37%, QreC)

Nitric acid (HNOs) (65%, Supelco)

Sodium hydroxide (NaOH) (99.0%, Merck)

Potassium hydroxide (KOH) (85.0%, Kemaus)

Dimethyl sulfoxide (DMSO) (99.5%, Lab-Scan)
Polyvinylidene fluoride (PVdF) (average Mw~534,000, Sigma Aldrich)
Carbon black (Monarch 800, Carbot)

Ethanal (95%)

Deionize water (DI water)

Equipments

Beaker (150 ml, Duran)

Clamp

Water bath

Magnetic bar

Centrifuge tube (50 ml)

Nickel mesh (Ni mesh) (wire diameter 0.13 mm, Fuelcell Materials)
Agate mortar

Blade

Scotch tape (3M)

Micropipette (1000 ML, Transferpette)
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13 mm diameter mold

Copper cage

Pt wire (diameter 2 mm)

silver/silver chloride electrode (Ag/AgCl) (Metrohm)
Multimeter

4-digit balance (SI-234, Denver instrument)
Hotplate and stirrer (C-MAG HS7, IKA)

pH meter (Seven Easy, Mettler Toledo)
Centrifuge

Oven (Memmert)

Ultrasonics (VC505, sonics)

5-digit balance (XR 205SM-DR, Precisa)

Vacuum oven (Eyela)

Instruments

Inductively coupled plasma - optical emission spectrometer (ICP-OES) (iCAP
6500 ICP-OES, Thermo Scientific)

X-ray diffractometer (XRD) (Smartlab 30KV, Rigaku)

Scanning electron microscopy — energy dispersive x-ray spectroscopy (SEM-
EDX) (IT-100, JEOL)

Fourier transform infrared spectrophotometer (FTIR) (Nicolet 6700, Thermo
Scientific)

Potentiostat (AUT84200 Autolab, Metrohm)

Potentiostat (Pgstat101, Metrohm)
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Synthesis of NiFe LDH
Nickel nitrate hexahydrate and iron nitrate nonahydrate were
dissolved in DI water in the Ni: Fe ratio of 3: 1. The base solution and the above
metal solution were mixed, and the pH of the solution was preserved at 8.5 during
the synthesis. The mixture was heated at 50 °C and stirred for 6 hours. After that, DI
water and ethanol were used to clean the precipitants. Finally, the product was

dried overnight at 60 °C [32]

Synthesis of Mn-doped NiFe LDH
NiFeMn LDHs were synthesized similarly to the synthesis of NiFe LDH.
Manganese nitrate tetrahydrate was added to the the mixed metal solution of Ni and
Fe before mixing with the base solution. The selected two ratios of Ni: Fe: Mn were

3:1: 0.5 and 3: 1: 1.

Synthesis of NiMn LDH
The method was the same as synthesizing NiFe LDH. Manganese

nitrate tetrahydrate was used instead of iron nitrate nonahydrate.

Chemical characterization
The elemental analysis was done with ICP-OES. 10 mg of LDHs was
dissolved in 10 drops of aqua regia, and the solution was heated at a mild
temperature until only solid was left. Then 1 M nitric acid was added and scaled in a
25 ml volumetric flask. After that, the concentration of LDHs was scaled down
25 times. The concentration of metal was investigated using an external standard
method. The crystal structure of the LDHs was characterized by XRD. XRD patterns

were recorded with the condition of Cu Kq at 40 kV and 30 mA from 20 = 5°-80°
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with the scan step of 0.01 deg. The scattering slit and receiving slit 1 and 2 were set
at 0.5 deg, 5 mm and 5 mm, respectively. The morphology and elemental
distribution were examined using SEM-EDX at a voltage of 20.0 kV. The chemical

functions of LDH were probed by FTIR in the range of 4000-650 cm™.

Electrochemical measurements

To remove metal oxide impurities and other surface residues, Ni mesh
was cut into 1*2 cm? and sonicated in 3 M HCl for 5 min. Then, the mesh was
washed with DI water and ethanol 95%, respectively. The cut mesh was dried and
weighed. After that, scotch tape was used to cover the upper half of the Ni mesh
(1*1 cm?) on both sides. The LDH, carbon black, and PVdF in the ratio of 8: 1: 1 were
ground to be homogenous powder. The powder was mixed with 150 M dimethyl
sulfoxide (DMSO) to form the slurry. This slurry was cast on the lower half of the
nickel mesh as shown in figure 3.1. Then, the electrode was dried overnight in a
vacuum at 60 °C. The LDH weight on the working electrode was in the range of 17.7-
21.0 mg. In 3 M KOH, platinum wire and Ag/AgCl were used as a counter electrode

and a reference electrode, respectively.

Scotch tape

wo z

N

Casting area
F1lcm
Top view Side view

Figure 3.1 The preparation of nickel mesh for casting the electrode materials
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Cyclic voltammetry (CV)
CV in 3 M KOH was recorded in the voltage range (AV) of -0.1 V to
0.5 V and the scan rate (k) of 0.01 V/s using AUT84200 Autolab potentiostat. The

specific capacity (C,) of the supercapacitor cathodes was calculated from the

equation 2.14.7 (C,= o)
27vVym

Galvanostatic charge discharge (GCD)
The charging time of electrode was 1000 seconds at the current
density of 0.1 A/g using PG101 potentiostatic. Then, the discharged time was

collected at -0.1 A/g. The specific capacity (C,) was calculated from the equation

It
2.15.1 (C.=—).
( P mAV)

Electrical measurement

Current-voltage relationship analysis

The 0.500g of NiFe LDH 3: 1 and NiFeMn LDH 3: 1: 0.5 were pressed
uniaxially for 3 minutes at 3 tons in a 13 mm-diameter mold, resulting in a 1.6 mm
high cylinder. Silver paint was applied on both sides of the pellet, and the pellet was
connected to two copper wires as shown in figure 3.2. Electrical circuit was shown in
figure 2.12. The current was recorded at the voltage of 0-12 V. Resistivities were

calculated by Ohm’s law.

Copper wire

/
LemmT [ «— | DH pellet

‘ 13 mm “\S\‘Lver paint

Figure 3.2 LDH pellet
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Electrochemical impedance spectroscopy (EIS)

The pellets of samples were prepared in the same way as the study of
current-voltage relationship analysis. In order to reduce resistivity, the pressure was
increased to 6 tons with 0.2000 ¢ of LDHs to achieve very thin pellets. The EIS of
silver covered LDH pellets was recorded in the frequency range of 10,000 Hz to

0.1 Hz with 0.01 Vgys sinus wave amplitude at the internal input connection.



CHAPTER 4 RESULTS AND DISCUSSION
Chemical characterization

Inductively coupled plasma-optical emission spectrometry (ICP-
OES)

Table 4.1 showed a real ratio of metals calculated from the amount
of each metal obtained from ICP-OES. The R-squared of the Ni, Fe, and Mn
calibration curves was 0.999 (appendix figure 6.1). The result ratio showed much less
amount of Ni as compared to the expected ratio calculated from the metal
precursors. This could be caused by the hygroscopic nature of a nickel precursor. The
moist substance reduced the actual number of nickel atoms. From here on, the LDH
sample would be reported using the real ratio as NiFe 3: 2, NiFeMn 3: 2: 0.98, NiFeMn
3: 2: 1.7, and NiMn 3: 2 instead of the calculated ratio NiFe 3: 1, NiFeMn 3: 1: 0.5,

NiFeMn 3: 1: 1, and NiMn 3: 1.

Table 4.1 The stoichiometry ratio of LDHs from ICP

LDH name Ni ratio Fe ratio Mn ratio
NiFe 3:2 3.00 1.89 0.01
NiFeMn  3:2:0.98 3.00 1.99 0.98
NiFeMn  3:2: 1.7 3.00 2.04 1.70
NiMn 3:2 3.00 0.02 2.04

X-ray diffraction (XRD)

Despite the fact that Ni: Fe ratio from ICP did not correspond to the
starting weights, the XRD patterns of all samples, shown in figure 4.1, indicated that
all of them possessed the LDH structure. This was possible because the layered

structure of LDH could accommodate the wild range of metal ratios. XRD patterns of
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all synthesized LDHs showed broad peaks at 11°, 22° and 34°, corresponding to (003),
(006), and (012) crystal planes (JCPDS: 510463). When the manganese was doped in
NiFe LDH, the peak intensities decreased as compared to those of pristine NiFe LDH.
Lower intensity after doping Mn was predicted due to the structure distortion
resulting from Mn replacement on metal lattice sites in the structure of NiFe LDH
[58]. Without any impurity peak of other metal oxides, this indicated that Mn was
successfully doped into the octahedral holes of hydroxide ions without affecting the

crystal system.

intensity (a.u.)

5 15 25 35 45 55 65 75
20 (degree)
« NiFe LDH 3:2 « NiFeMn LDH 3:2:0.98 « NiFeMn LDH 3:2:1.7 « NiMn LDH 3:1

Figure 4.1 The XRD patterns of NiFe LDH, NiFeMn LDH 3: 2: 0.98, NiFeMn LDH
3:2: 1.7, and NiMn LDH

Scanning electron microscopy-energy dispersive X-ray
spectroscopy (SEM-EDX)

The stacking of the LDH layers was clearly seen in SEM images (figure
4.2) that could confirm the basic structure of layered materials. The synthesized LDH
was found in a variety of sizes, ranging from 50 to 100 micrometers. The wide size

distribution was common when the synthesis method was a quick coprecipitation.
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Figure 4.2 SEM images at x100, x250, and x500 (a) NiFe LDH, (b) NiFeMn LDH
3: 2: 0.98, (c) NiFeMn LDH 3: 2: 1.7, and (d) NiMn LDH

The homogeneous distributions of nickel, iron and manganese over all
LDH particles were validated by EDX mapping (figure 4.3). The well distribution of
these metals over every particle could be another evidence that the impurities in

synthesized LDH was not detected.
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Figure 4.3 The EDX images of (a) NiFe LDH, (b) NiFeMn LDH 3: 2: 0.98, (c) NiFeMn LDH
3:2: 1.7, and (d) NiMn LDH showing the distribution of nickel, iron, manganese, and

oxygen

Fourier transform infrared spectrophotometry (FTIR)

FTIR absorption spectra (figure 4.4) confirmed the presence of three
common functional groups found in LDH. A strong and broad peak at ca. 3373 cm™
and a medium sharp peak at 1634 cm™ were attributed to OH stretching and OH
bending, respectively, of hydroxide and interlayer water. The interlayer carbonate
anion, normally found in the interlayers of LDH due to the dissolution of CO, in

aqueous solution, was assigned at 1343 cm® [10].
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Figure 4.4 The FTIR spectrum of NiFe LDH, NiFeMn LDH 3: 2: 0.98, NiFeMn LDH
3: 2: 1.7, and NiMn LDH

Table 4.2 The FTIR assignment of LDHs

Assignment Wave number (cm™) Bond referred
NiFe LDH NiFeMn LDH | NiFeMn LDH NiMn LDH
3:2 3:2:0.98 3:2: 1.7 3:2
OH stretching 3373 3360 3336 3425 M-OH, H,O
OH bending 1634 1629 1633 1630 M-OH, H,O
CO4” vibrational 1343 1344 1336 1333 CO4?
(interlayer anion)
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Electrochemical measurement
Cyclic voltammetry (CV)
According to the literatures [40, 54], LDH gave a pair of redox peaks in
cyclic voltammogram which corresponded to the following equation:
M'(OH), + OH = M"OOH + H,O + e [T7].
Similarly to the previously reported, results in figure 4.5 showed oxidation peaks of

Ni-based LDH around 0.40 V and 0.25 V for reduction, although the oxidation peak

0.15
0.1
g 005 —— NiFe 3:2
€
(U]
% —o— NiFeMn 3:2:0.98
O 0
—e—NiFeMn 3:2:1.7
-0.05 —e—NiMn 322
0.1
0.2 0 0.2 0.4 0.6

Potential (V)

was hindered by background current [59].

Figure 4.5 The 2™ cycle of cyclic voltammetry of NiFe LDH, NiFeMn LDH
3:2: 0.98, NiFeMn LDH 3: 2: 1.7, and NiMn LDH

To follow the charge of reaction, the overlays of the first, second, and
130" cyclic voltammograms of NiFe LDH 3: 2, NiFeMn LDH 3: 2: 0.98, NiFeMn LDH
3:2: 1.7, and NiMn LDH 3: 2 were shown in figures 4.6. These cyclic voltammograms
revealed peak shifts from cycle to cycle, which indicated a poor contact between

LDH and nickel mesh, as LDH eventually peeled off the mesh and redox peak shown

was from Ni mesh.
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The first cycle was considered as the self-activation process [60-62]
while the second cycle showed the highest specific capacity of NiFe-based electrode.
Therefore, the second cycle of NiFe LDH, NiFeMn LDH 3: 2: 0.98 and 3: 2: 1.7 (figure
4.7) was chosen for the specific capacity calculation.

The NiFeMn LDH 3: 2: 0.98 and 3: 2: 1.7 gave the specific capacities of
48.58 and 45.86 F/g, respectively. The values were over 2-fold larger than the
capacity of pristine NiFe LDH (24.72 F/g). It was noted that, in the first few cycles,
NiMn LDH showed higher specific capacity at each cycle and reached the highest
capacity of 58.75 F/g at the 14" cycle (figure 4.7). This could be due to the multiple
oxidation states of manganese that required longer period of pretreatment.

The specific capacities of the NiFe and Mn-doped NiFe electrode
dropped to about 2.5 F/g during the first 10 cycles and stayed at 1 F/g until the 130"
cycle. The decrease in capacity as shown in the cyclic voltammograms agreed well
with the quasi-reversible property of the redox pair [10]. The structure of LDH might
partially transform into metal oxides rather than stay as metal double hydroxides,
causing a difficulty in the chemical reversible process. Moreover, the LDH crystal
structure swelled and shrank during charge and discharge processes [35], resulting in

a peel-off of LDH from Ni mesh.
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Figure 4.6 The cyclic voltammograms of the first, second, and 130" cycles of

a) NiFe LDH, b) NiFeMn LDH 3: 2: 0.98, ¢) NiFeMn LDH 3: 2: 1.7, and d) NiMn LDH
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Figure 4.7 The cycling performance of the electrodes: NiFe LDH,
NiFeMn LDH 3: 2: 0.98, NiFeMn LDH 3: 2: 1.7, and NiMn LDH, by cyclic voltammetry

Galvanostatic charge discharge (GCD)

The galvanostatic charge-discharge was performed at 0.1 A/g, and the
charging time was fixed at 1000 seconds. The first cycle of NiFe LDH, NiFeMn LDH
3: 2: 0.98 and NiFeMn LDH 3: 2: 1.7 delivered resemblant capacities of 65.84, 57.73
and 57.79 F/g, respectively (figure 4.8).

Plateaus in figure 4.8 suggested complete separation of redox peaks
[51, 63], which was a characteristic of faradaic behavior [51, 64] due to the quasi
reversible of LDH [65]. This voltage was related to reduction potential, as shown in
CV. NiMn LDH had much lower reduction potential compared to NiFe LDH. This was
related to experimental plateau of voltage that appeared around 0.2-0.3 V. As the

amount of Mn in LDH structure increased, the recorded potential decreased.
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Figure 4.8 The first curves of galvanostatic charge discharge of NiFe LDH,
NiFeMn LDH 3: 2: 0.98, NiFeMn LDH 3: 2: 1.7, and NiMn LDH

NiFe LDH was not completely reversible due to its high resistivity,
resulting in a reduced number of active sites. As shown in the fifth cycle (figure 4.9),

Mn-doped NiFe LDH showed higher specific capacity compared to pristine NiFe LDH.
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Figure 4.9 The fifth curve of galvanostatic charge discharge of NiFe LDH,
NiFeMn LDH 3: 2: 0.98, NiFeMn LDH 3: 2: 1.7, and NiMn LDH
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The electrode was charged and discharged for 40 cycles during the
cycling test. The highest specific capacities from galvanostatic charge discharge were
207.6 F/g at the 6™ cycle of NiFeMn LDH 3: 2: 1.7 and 203.6 F/g at the 7" cycle of
NiFeMn LDH 3: 2: 0.98. The values were about 2.3 times greater than those of NiFe
LDH (89.32 F/g). Due to a peeling off of the active materials during the charge
discharge experiments, a decrease in a specific capacity was observed. Therefore, the

cycling performance was reported up to the 10" cycle (figure 4.10).
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Figure 4.10 The cycling performance of the electrode: NiFe LDH, NiFeMn LDH
3:2: 0.98, NiFeMn LDH 3: 2: 1.7, and NiMn LDH by galvanostatic charge discharge

Both CV and GCD results showed an increasing in specific capacities.
This could be due to the presence of manganese. Previous report revealed the co-
existing oxidation states of Mn?*, Mn**, and Mn*" in NiFeMn LDH with the most
existing ratio of Mn®" [66]. Mn®>" played an important role because it was an
intermediate state between Mn?" and Mn** as the followings:
Mn?* + OH = Mn*" + e + H,0 and

Mn** + OH = Mn*" + e + H,0O
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,which could increase the transformation rate of Mn?*/Mn** couples [15].

Electrical measurements

Current-voltage relationship analysis

As shown in figure 4.11, the current voltage relationship revealed a
resistance (R) value through the slope (slope=1/R). At initial state (1-5 V), the
resistivity (P) of NiFeMn LDH and NiFe LDH were 2.76x10° am and 2.23x10° om,
respectively. As previously reported, high conductivity significantly boosted a specific
capacity of cathode via electron transfer [54]. The decrease in resistance due to Mn
doping agreed well with the increase in specific capacity. However, after a period of
time, the relationship between current and voltage did not follow a linear trend.

Thus, the EIS was more appropriate for the resistance determination.
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Figure 4.11 The current voltage relationship of NiFe LDH 3: 2 and
NiFeMn LDH 3: 2: 0.98

Electrochemical impedance spectroscopy (EIS)

As indicated in the Nyquist plot, all resistances were reduced after Mn
doping (figure 4.12). Doped LDHs had ohmic resistances (Ry) of 197.3 @ and 169.2 Q,
which were 5 times lower than NiFe LDH. The NiFeMn LDH 3: 2: 0.98 revealed a

charge transfer resistance (R.) of 2661 @, which was about half of the undoped LDH
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(4102 @) (as summarized in table 4.3). Furthermore, charge transfer resistance was
undetectable in NiFeMn LDH 3: 2: 1.7. This agreed well with the high rate of reaction
due to the enhancement of electron transfer. As previously discussed, Mn>*, which
served as an intermediate in NiFeMn LDH, could increase the rate of redox reaction.
Similarly, in both current-voltage relationship analysis and electrochemical
impedance spectroscopy (EIS), doping manganese in NiFe LDH resulted in a
resistance diminution. As seen in table 4.3, increasing in conductivity could relate to

the enhancement of a specific capacity [67].
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Figure 4.12 The Nyquist plot of NiFe LDH, NiFeMn LDH 3: 2: 0.98,
NiFeMn LDH 3: 2: 1.7, and NiMn LDH



Table 4.3 The summary of LDH performance and resistances

a2

The highest specific capacity

from each method

Electrochemical impedance

spectroscopy (EIS)

CVv (F/g) GCD (F/9) R; () R (@)
NiFe LDH 24.72 89.32 889.9 4102
NiFeMn LDH 3: 2: 0.98 48.58 203.3 197.3 2661
NiFeMn LDH 3: 2: 1.7 45.86 207.6 169.2 ND
NiMn LDH 58.75 293.3 375.0 4903

The key mechanism of charging LDH was a change in oxidation states,

from Ni** to Ni**. Metal doping could lower energy gap of pristine compounds

because the additional orbitals created intermediate levels for electron transfer. The

energy levels of oxygen p-orbitals and metal d-orbitals of several metal oxides were

shown in figure 4.13 [33, 68]. These energy levels of metal oxides could be used as a

guidance to the conduction bands and valence bands of LDH. Because of Mn doping,

orbitals of these valence bands and conduction bands overlapped, and the energy

barrier between the highest occupied band and the lowest unoccupied band was

reduced, resulting in lower Gibbs free energy needed for the electron transfer in

NiFeMn LDH compared to Ni(OH), and NiFe(OH), [33].
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CHAPTER 5 CONCLUSION

Mn-doped NiFe LDHs with different Mn: Fe ratios were successfully
synthesized using coprecipitation method in mild conditions. The experimental ratios
of NiFe LDH 3: 1, NiFeMn LDH 3: 1: 0.5, NiFeMn LDH 3: 1: 1, and NiMn LDH 3: 1 were
found to be 3: 2, 3: 2: 1.70, 3: 2: 0.98, and 3: 2, respectively. Despite that the exact
ratio of LDH from ICP was not equal to the calculated ratio, XRD confirmed the single
phase of LDH structure. Although, doping manganese did not affect the crystal
structure of LDH, it lowered the crystallinity. Moreover, SEM-EDX showed
homogenous distribution of all metals in the LDH structures. FTIR showed LDH
functional group in all synthesized LDHs.

The electrode was prepared by casting LDH: carbon black: PVdF 8: 1: 1 on
Ni-mesh. After Mn doping, the CV exhibited an increase in specific capacity. According
to the GCD technique, the highest specific capacity of Mn-doped NiFe LDH 3: 2: 1.7
was 207.6 F/g, whereas the 3: 2: 0.98 exhibited 203.3 F/g. Both of the Mn-doped LDH
did not show a difference in capacity. The specific capacity was related to the
decrease in resistance due to the Mn doping. In Mn-doped NiFe LDH, the specific
capacity increased while the ohmic resistance and charge transfer resistance
decreased. Ohmic resistance was decreased over 4.5 times, and charge transfer
resistance was not detected in NiFeMn 3: 2: 1.7.

These results confirm the role of intermediate oxidation state species that
could lower the resistivity by increasing the electron transfer rate. The scope of
research can be explored using a variety of ratios of Ni: Fe: Mn or using other
conductive elements. In addition, non-reusable current collector such as Ni foam can
be used to decrease diffusion path, otherwise ohmic resistance (R;) has to be

considered [69].
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There are two suggested characterization methods. First, the oxidation state
of all metals can be evaluated by X-ray photoelectron spectroscopy (XPS). This can
show the role of each metal in the charging mechanism. Second, the band overlap
can be calculated from a density of state graph obtained from the density functional
theory (DFT).

This work contributes as a guidance for the development of energy storage
materials because manganese can increase specific capacitor while its voltage
remains as same as NiFe LDH. This is a benefit for wide voltage windows with high
specific capacity energy storage. Mixed metals, which include low-cost and
environmental friendly metals, will be a desirable fundamental in the development

of energy storage.
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CHAPTER 6 APPENDIX
Calculated weights used for the synthesis of LDHs in this work were shown in

table 6.1.

Table 6.1 Theoretical weights of metal nitrate

LDH ratio theoretical weight (g)

Ni(NO,), + 6H,0 Fe(NO,); + 9H,0 Mn(NOs),  4H,0
NiFe 3: 1 LDH 2.7405 2.0200 -
NiFeMn 3: 1: 0.5 LDH 2.7405 2.0200 0.6274
NiFeMn 3: 1: 1 LDH 2.7405 2.0200 1.2548
NiMn 3: 1 LDH 2.7405 - 1.2548

ICP calibration curves between intensity and concentration (mM) were shown

in figure 6.1.
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Figure 6.1 The calibration curves of nickel, iron and manganese
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Specific capacity from cyclic voltammetry was calculated as shown below.

1* cycle (pre-treat)
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Figure 6.2 The 1% cyclic voltammogram of NiFe LDH

Area = 0.007140 AV
LDH mass (active mass) = 0.0223 ¢

Scan rate = 0.01 V/s
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Figure 6.3 The 1% cyclic voltammogram of NiFeMn LDH 3: 2: 0.98
Area = 0.009713 AV
LDH mass (active mass) = 0.0186 ¢
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Figure 6.4 The 1% cyclic voltammogram of NiFeMn LDH 3: 2: 1.7
Area = 0.01018 AV
LDH mass (active mass) = 0.0185 ¢

Scan rate = 0.01 V/s
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Figure 6.5 The 1% cyclic voltammogram of NiMn LDH
Area = 0.01356 AV
LDH mass (active mass) = 0.0193 ¢
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2" cycle
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Figure 6.6 The 2™ cyclic voltammogram of NiFe LDH
Area = 0.007154 AV
LDH mass (active mass) = 0.0223 ¢

Scan rate = 0.01 V/s
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Figure 6.7 The 2™ cyclic voltammogram of NiFeMn LDH 3: 2: 0.98
Area = 0.01172 AV
LDH mass (active mass) = 0.0186 ¢

Scan rate = 0.01 V/s
A
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C,= 48.57 F/g

61



Curmant (&)

62

015
a1

0,105

— —HiFehin 5217

a2 0 a2 04 06
Potential (V)
Figure 6.8 The 2™ cyclic voltammogram of NiFeMn LDH 3: 2: 1.7
Area = 0.01103 AV
LDH mass (active mass) = 0.0185 ¢

Scan rate = 0.01 V/s
A

¢ S —
2(V,-V, mk
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P 2%0.55-(-0.1))*0.0185%0.01
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Figure 6.9 The 2™ cyclic voltammogram of NiMn LDH
Area = 0.01238 AV
LDH mass (active mass) = 0.0193 ¢

Scan rate = 0.01 V/s
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C =
P 2%0.55-(-0.1))*0.0193%0.01
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Figure 6.10 The 130" cyclic voltammogram of NiFe LDH
Area = 0.0001529 AV
LDH mass (active mass) = 0.0223 ¢
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Figure 6.11 The 130" cyclic voltammogram of NiFeMn LDH 3: 2: 0.98
Area = 0.0002318 AV

LDH mass (active mass) = 0.0186 ¢

Scan rate = 0.01 V/s
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Figure 6.12 The 130" cyclic voltammogram of NiFeMn LDH 3: 2: 1.7
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Scan rate = 0.01 V/s
A

¢ S —
2(V,-V, mk
0.0002759

C =
P 2%(0.55-(-0.1))*0.0185%0.01

C,= 1.147 F/g

66



Curmant (&)

0.05
004
0.03

0.0z

22 4£1 0 0l 02 Q43 04 45 08
Potential (V)
Figure 6.13 The 130" cyclic voltammogram of NiMn LDH
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LDH mass (active mass) = 0.0193 ¢
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Specific capacity from galvanostatic charge discharge was calculated as shown

below.
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Figure 6.14 The 1% galvanostatic charge discharge
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Figure 6.15 The 5" galvanostatic charge discharge
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NiFeMn LDH 3: 2: 0.98
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Figure 6.16 Current voltage relationship
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NiFeMn LDH 3: 2: 098
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The resistance data from EIS were evaluated by Nova2.1.2
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Nyquist -Z" vs Z° Q. @ |

4000
3500
3000
2500
M 2000

1500

1000

%)
=]
=

0 1000 2000 3000 4000 5000 6000 7000
Z'[Q)

Figure 6.17 The Nyquist plot of NiFe LDH
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Figure 6.18 The Nyquist plot of NiFeMn LDH 3: 2: 098
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Figure 6.19 The Nyquist plot of NiFeMn LDH 3: 2: 1.7
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Figure 6.20 The Nyquist plot of NiMn LDH
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