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CHAPTER |

INTRODUCTION

In the 21st century, energy and environmental issues are globally recognized
as major challenges that required efficient and sustainable approaches fitting people’s
daily lives without causing more pollution. As a key connection between various
sources of alternative energy technology becomes a critical factor leading to an energy-
and environmentally sustainable world as we desired, researchers have been trying to
improve the overall performances of the existing energy storages. in term of charging
discharging performance, safety, cost, sustainability and environmental friendliness.??
The materials used in energy storage system are conventionally metal-based inorganic
compounds. However, production of the inorganic materials usually requires costly
extraction and synthesis processes and generates harmful waste to the environment.”
To overcome these problems, organic materials have been of great interest by offering
possibilities to be produced through are relatively inexpensive and scalable processes
that can be easily modified and environmentally friendly.

Among various organic compounds used as electrode components in many
electrochemical applications, phthalocyanines constitute promising catalytic
properties and offer advantages over metals and metal oxides because of their
environmentally benign and lower cost.®” Therefore, there are a wide variety of ways
in which phthalocyanines (Pcs) and metallophthalocyanines ( MPcs) have been
employed in the energy storage system such as lithium/thionyl chloride batteries®
lithium- air battery” and supercapacitorlO ete. However, the oreanic materials do not exhibit high
conductivity and need to be taken in conjunction with other conductive materials.
Titanium dioxide nanotubes (TNT), poly( 3,4-ethylene-dioxythiophene) (PEDOT) and
reduced graphene oxide (rGO) have been widely used as the conductive materials in

the energy storage applications. Some good examples include oriented NiO-TNT array



as electrodes in the supercapacitors,' directly grown amorphous TNT electrodes on
current collectors in sodium-ion batteries,'? PEDOT- coated rGO in a high-performance
supercapacitor,’> and PEDOT/MoS, nanocomposite for a small power rechargeable
lithium battery.™

In this work, we are interested in synthesis and investigation of energy storage
performance of the amino- substituted metallophthalocyanine derivatives, whose
structures are shown in Figure 1-1, and of their polymer films on various kinds of
substrates containing of indium tin oxide (ITO)-coated glass, TNT, PEDOT and rGO
substrate (Electrode 1 to Electrode 6) as shown in Figure 1-2. Hypotheses of this
work include (i) the peripheral amino groups on the phthalocyanine macrocycles will
enable electropolymerization of the phthalocyanine monomers on the substrates,
leading to the stable polymer films for using in the energy storage system; and (ii) the
use of TNT which increase electrical conductivity and surface area, PEDOT which
increase the electrical conductivity and TU-TU interaction with the phthalocyanines and
rGO which increase the surface area as the substrate materials will provide enhanced

capacitive enhancement, compared with bared [TO-coated glass.

NH,

M-TAP
M = Co or Ni

Figure 1-1. Structure of the target molecules



Phthalocyanine

PEDOT+rGO

Phthalocyanine Phthalocyanine

Phthalocyanine TNT

Electrode 1 Electrode 2 Electrode 3 Electrode 4

Phthalocyanine Phthalocyanine

PEDOT+rGO

TNT TNT

Electrode 5 Electrode 6

Figure 1-2. Metallophthalocyanine based electrode series

1.1 Objectives of this research

Synthesis and investigation of the photophysical properties and
electrochemical properties, as well as the energy storage properties of the films of
cobalt(ll)- and nickel(ll)-tetraaminophthalocyanines and of their polymers on various

formulation of substrates including ITO-coated glass, TNT, PEDOT and rGO.

1.2 Scopes of this research

Each target tetraaminophthalocyanine monomer contained either cobalt(ll) or
nickel(ll) as a central metal and were characterized by spectroscopic techniques,
including mass spectrometry (MS) and UV-visible absorption spectrophotometry. TNT
was synthesized and coated on the ITO-coated ¢lass by a doctor blade method. PEDOT
and rGO were electrochemically deposited on the substrates by chronopotentiometry.
Electrochemical polymerization of the target monomers on the substrates was
performed by cyclic voltammetry (CV). The resulting substrates were tested as working
electrodes for their energy storage performance by CV and galvanostatic charge

discharge (GCD).



CHAPTER Il
THEORY AND LITERATURE REVIEWS
2.1 Electrochemical analysis

2.1.1 Cyclic voltammetry (CV)

The CV is a powerful electrochemical technique commonly employed to
investigate the reduction and oxidation processes of molecular species. CV is also
invaluable to study electron transfer-initiated chemical reactions.”> Equipment
required to perform CV is composed of a conventional potentiostat connected to three
electrodes consisting of working (WE), reference (RE) and counter (CE) electrodes

immersed in a supporting electrolyte as shown in Figure 2-1.'¢

I I H Potentiostat
I H Supporting
I electrolyte

Figure 2-1. A three-electrode one-compartment setup

In the CV, electrode potential ramps linearly versus time in cyclical phases, as
shown in Figure 2-2a. Rate of voltage change over time during each of these phases is
known as the scan rate (V-s '). The potential is measured between the WE and the RE,
while the current is measured between the WE and the CE. These data are plotted as

current versus applied potential to give a cyclic voltammogram as shown in Figure 2-2b.



a) 15 D)
Cyclic Voltammetrv Potential Waveform 10
5 ipe

0

Current /pA
Current (pA)

ipa

Potential

5

Epa

1.1 0.9 0.7 0.5 0.3
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Figure 2-2. (a) cyclic voltammetry potential waveform and (b) a cyclic voltammogram

In the cyclic voltammogram, a forward scan yields anodic current for every
analyte that can be oxidized in the range of the scanned potential. In the opposite
direction, a reverse scan produces cathodic current for products of the forward scan
being reduced. Thus, there are reduction and oxidation peaks observed for a reversible
redox reaction. Significant parameters in the cyclic voltammogram are cathodic peak
potential (E,.), anodic peak potential (E,,), cathodic peak current (/,) and anodic peak
current (/,4), describing electrochemical behavior of each substance.!’

The CV is also a fundamental technique popularly used in energy storage
studies. The cyclic voltammogram can not only represent electrochemical behavior,
but also specific capacitance of the tested electrode. The specific capacitance can be

calculated by equation (1).®

_J1wvav
u = 2pumAV
where C, = specific capacitance (Feg! or Fem™)
I(V) = integrated area under curve of cyclic voltammogram (FeVs ™)
m = scan rate (Ves™)
m = mass or surface area of active material (g or m?)
AV = potential range (V)



2.1.2 Galvanostatic charge discharge (GCD)"

The GCD is a standard technique used to test the performance of electrical
double layer capacitors (EDLCs) and batteries. The tested energy storage is charged
and discharged between two specified voltage points at a constant applied current.
Generally, there are 2 types of the constant current i.e. positive constant current for a
charging process and negative constant current for a discharging process. This
technique can more accurately reflect real- world performance than the cyclic
voltammetry. Ideally, the resulting plot of the voltage over the time is linear with
alternating positive and negative slopes. Deviations from linearity may occur by series

resistance causing the cell voltage to drop rapidly called IR drop, as shown in Figure 2-3.

A: lIdeal B: Series Resistance

© ©
- g
o+
o ©
o . Q

potential

window

time time

Figure 2-3.(a) Ideal and (b) non-ideal galvanostatic charge discharge curves

The GCD also can represent the specific capacitance of the tested cells.

The specific capacitance can be calculated by equation (2).'8

IAt
4 = 2
= mAV
where C, = specific capacitance (F.g* or Fem™)

| = applied constant discharge current (FeVes™)
At = discharging time (s)

m

mass or surface area of active material (g or m?)

I\ potential range (V)



2.1.3 Galvanostatic cycling with potential limit (GCPL)

Galvanostatic cycling with potential limit (GCPL) is similar to the GCD, but with
a repetitive loop of the charging and discharging cycle. This protocol corresponds to
the most standard for studying the behavior of batteries upon cycling. The
performance of the batteries is determined as a function of its charge and discharge
conditions. When studying an electrode, the specific capacity of the electrode is often
considered as milliampere hour per active material weight (mAh.g™").?° Charge and
discharge rates are often given as C or C-rate, which is a measure of the rate at which
a battery is charged or discharged relative to its capacity. The unit of the C-rate is h™*,
equivalent to stating the battery's capacity to store an electrical charge in unit hour
times current in the same unit as the charge or discharge current. For example, for a
battery with a capacity of 500 mAh, a discharge rate of 250 mA corresponds to a C-rate

of 1/2 (C/2), meaning that this current can discharge half of this batteries in one hour.”!

2.2 Materials

2.2.1 Phthalocyanine (Pc)

Pc is a large, aromatic, macrocycle, organic compound with the chemical
formula of (CgHgN,) sH,, whose structure is shown in Figure 2-4.% It is composed of
four isoindole units linked by nitrogen atoms. Pc has many remarkable properties such
as high stability, remarkable photophysical properties and good redox reversibility, and
offer various possibilities for structural modification.?**** The electrochemical and
photophysical properties can be modified by adding the central metal atom or
substituents on the macrocycle peripheral. In addition, Pc that has 4 substituents on
the Pc is having more stability and better solubility than that with more

substituents.?¢?"%



Figure 2-4. A general structure of a metallophthalocyanine

In the presence of an electrochemically polymerizable group, such as an
aniline unit, Pc can be polymerized by applying the appropriate potential to induce
the polymerization on the aniline units. Anodic oxidation of the amino groups on the
aniline units can lead to polymer formation on the surface of the working
electrode.”?® There are generally two mechanism proposed for the electrochemical

polymerization of aniline, as shown in Figure 2-5.

Figure 2-5. a) polymerization of aniline and b) dimerization of aniline”

In 2008, Sivanesan and Abraham®' electropolymerized tetraaminometallo-
phthalocyanines (MTAPcs; M = Ni and Co) having amino groups at a- (4a-MTAPc,
Figure 2-6a) and B- (4B-MTAPc, Figure 2-6b) positions on glassy carbon and ITO
electrodes. As shown in Figure 2-7, they successfully electropolymerized these

compounds by means of CV in the three-electrode system in a potential range



between -0.15 to 0.90 V vs. Ag/A¢Cl in dimethylformamide (DMF) containing
1 mM 4a-MTAPc or 4B-MTAPc and 0.1 M tetrabutylammonium perchlorate (TBAP) at
the scan rate of 200 mVes for 30 cycles. Furthermore, the results also showed that
the electropolymerization growth rate of da-MTAPc was less than that of 4B-MTAPc
prepared under the same condition. Moreover, the surface coverage of the 4B-MTAPc
film was greater than that of the 4a-MTAPc film according to atomic force microscope

(AFM) images (Figure 2-8).

NH,
B - B H,N
H,N [3 o
Ba SN\ N A
\ N\ N= H,N'O \ 9 .
., ‘e
) N N \ /)\4\ /
\ N N NH
N\ i / AN ) N / )
NH,
H,N a NH b

(A) (8) :

201

pA

EN vs. Ag/AgCl (KCI sat) E/N vs. Ag/AgCl (KCI sat)
Figure 2-7. Cyclic voltammograms obtained from polymerization
at GC electrode in DMF solution of 1 mM (a) 4B-NiTAPc
and (b) 4a-NiTAPc containing 0.1 M TBAP at a scan rate of 200 mVes .
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Figure 2-8. AFM images obtained for (a) a bare ITO-coated glass and the polymerized
films of (b) 4B-NiTAPc and (c) 4a-NiTAPc on the ITO-coated glass electrodes

As for the field of energy storage, MPcs has been involved in many
electrochemical energy storage researches for ages. In 1989, Bernstein and Lever®
studied by the CV, differential pulse voltammetry (DPV) and electronic spectroscopy a
reaction between thionyl chloride (SOCl,) and a cobalt phthalocyanine derivative in a
lithium/ thionyl chloride battery. The results showed that SOCl, reacted with
[Co™*TnPc] and CoTnPc to give two-electron-oxidized species as shown in Figure 2-9,

indicating as a key reduction process of SOCL, in this kind of battery.
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Figure 2-9. Cyclic voltammograms and DPV response of CoTnPc and SOCL,

In 2012, Zhanwei et al** prepared cobalt phthalocyanine molecules
composited with multiwalled carbon nanotubes (CoPc/MWCNTSs) by microwave-
assisted process. This CoPc/MWCNTs was used as the electrode for an electrochemical
capacitor that operated at the very high scan rates. As shown in Figure 2-10a, the
cyclic voltammograms at the scan rate of 500 mV.s' showed an almost perfect
rectangular shape, indicating g¢ood electrical conductivity. Moreover, the
supercapacitor was stable in 1 M H,SO4 with capacitance retention percentage of 98%

after 10,000 cycles as shown in Figure 2-10b.
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Figure 2-10. (a) Cyclic voltamsnmograms at various scan rates and (b) capacitance

retention of COPc/MWCNTs in 1 M H,SO,>

In 2017, Yekang et al** synthesized Tetra-B-nitro-substituted nickel(ll)

phthalocyanine (TN-NiPc) and hollow phthalocyanine (TN-H,Pc). When the two H

atoms in the center of TN-H,Pc were subsituted with the Ni atoms, interactive force

between the phthalocyanine rings was lessened, resulted in a fluffy morphology for

TN-NiPc that was beneficial to the insertion of lithium ions. Therefore, better

electrochemical properties and reversibility were observed in the TN-NiPc electrode

compared to the TN-H,Pc one. The capacity of the TN-NiPc electrode was stable at

about 280 mAhsg " at 0.2 C after 250 cycles at several different current rates of 0.1,

0.2, 0.5, and 1 C as shown in Figure 2-11.
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Figure 2-11. Cycle performance of phthalocyanines TN-NiPc (left) and TN-H,Pc (right)

studied by Yeleng et a
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2.2.2 Titanium dioxide nanotubes (TNT)

TiO,, also known as titanium(lV) oxide or titania, is naturally occurring oxide of
titanium. TiO, can be produced in particle size of nanometers having photocatalytic
properties and is environmentally friendly. With these properties, wide fields of
applications has brought the TiO, nanoparticles to be a popular material.>>>® Moreover,
the morphology of the TiO, nanoparticles can be developed into various shapes
including nanotubes that exhibit outstanding surface area and better photocatalytic
properties than the TiO, nanoparticles.’”*® The data from these researches is very
useful for the development of the energy storage systems because one way to
improve the system performance is to increase the surface area of the electrode.”
Yong-Gang et al® developed an asymmetric supercapacitor where a RuO,/TNT
composite was used as the positive electrode and the activated carbon as the negative
electrode in a 1 mol/L KOH electrolyte solution. A power density of 1207 W-kg ™ was
obtained with energy density of 5.7 W-h-kg™ and the charge—discharge current density

of 120 mAscm? as shown in Figure 2-12.

L6 r=r

Figure 2-12. Typical charge-discharge curves of an asymmetric supercapacitor based

on RuO,/TNT at current densities of (a) 15, (b) 30, (c) 60 and (d) 120 mA.cm™
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2.2.3 Poly(3,4-ethylenedioxythiophene) (PEDOT)

PEDOT is a semiconducting polymer that has several beneficial properties
suitable for using in the electronic devices, such as its optical transparency in a
conducting state, high stability, moderate band gap and low redox potential.*"** It can
be generated by oxidative polymerization of ethylenedioxythiophene ( EDOT)

monomer,* shown in Scheme 2-1.

O O
O O oxdation O O >_< s®
2 g _— — f\,; \Z
/ \ - /JL\) ®S L
.Sk (g) O O
EDOT l\_/
O O
-2H+
]\
S n -2nHJr +
PEDOT O 2H,0* 2H,0

Scheme 2-1. PEDOT formation mechanism

PEDOT can be electrochemically cycled from the doped state to the neutral
state and back, indicating a high conductivity even in the undoped state.** It was also
employed as a capacitive enhancement material. Murugan et al* developed a novel
PEDOT/V,05 nanocomposite material by inserting PEDOT in V,0s layers and studied for
its potential as cathode materials in the rechargeable lithium batteries. The efficient
electrochemical intercalation of lithium into the PEDOT/V,05 nanocomposites led to
an enhancement in the discharge capacity compared with that observed for pristine

V,05 as shown in Figure 2-13.
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Figure 2-13. Typical charge-discharge curves of (a) V,0s and (b) PEDOT/V,0s

nanocomposites using a constant current density of 15 mA«g™" studied by Murugan et al.*

2.2.4 Reduced graphene oxide (rGO)

Graphene, a two-dimensional nanostructure of carbon, has attracted a great
deal of attention due to its special monolayer structure resulting in many favorable
properties, such as good chemical stability and extraordinary electronic transport
properties. ® Graphene oxide (GO) has been widely used as a starting material for
synthesis of processible graphene.*” GO is most commonly reduced by chemical and
thermal treatments in order to remove the oxygen-containing functional groups. *® In

this research, we are using the free electrons that released from the formation of EDOT

radical cations and causes in-situ reduction of GO into rGO as shown in Scheme 2-2.%
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COOH COOH

GO rGO
Scheme 2-2. Reduction of GO

rGO also has been widely utilized in the energy storage applications. Laua et
al*® developed a symmetrical supercapacitor based on polypyrrole/rGO (PPy/rGO) and
integrated it with a dye-sensitized solar cell. This PPy/rGO-based supercapacitor gave
the large peak area under the cyclic voltammogram, indicating good capacitance as
shown in Figure 2-14a and showed high calculated specific capacitances with values
of 308.1, 277.6, 227.2, 222.5, and 225.1 F-g’1 at the current densities of 1, 2, 3, 4, and

5 Asg’!, respectively as shown in Figure 2-14b.
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Figure 2-14. (a) Cyclic voltammograms at different scan rates and (b) GCD curves at

different current densities of a PPy/rGO-based supercapacitor studied by Laua et al.”°



CHAPTER lI
EXPERIMENT
3.1 Synthesis

3.1.1 Materials and methods

All chemicals used in this work were purchased from commercial sources and
used as received without further purification, unless noted otherwise.

Mass spectra were obtained using matrix-assisted laser desorption ionization
time- of-flight mass spectrometry (MALDI-TOF-MS) with a-cyano-4-hydroxy cinnamic
acid (a-CCA) as a matrix.

Absorption spectra of solution in dimethyl formamide (DMF) and films on the
ITO-coated glass of the target phthalocyanine were recorded by an Agilent Cary 60
ultraviolet-visible spectrophotometer at room temperature.

TiO, nanotubes morphology were characterized by a Philips TECNAI 20
transmission electron microscope (TEM).

Surface morphology of the prepared electrodes were investigated by a JEOL
JSM-IT100 scanning electron microscope (SEM) at 100 1000 and 5000 magnification.

Electrochemical  deposition  process, electropolymerization of  the
phthalocyanine  monomers and preliminary study of prepared electrode were
performed using a Metrohnm-Autolab PGSTAT101 potentiostat.

Investigation of sodium-ion battery performance by the CV and GCPL were
performed by using a BiolLogic VMP3 system with an EC-Lab software and a ‘EL-CELL

electrochemical setup.
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3.1.2 Synthesis of 2,9,16,23-tetraaminophthalocyaninatocobalt(ll) (Co-TAP) and

2,9,16,23-tetraaminophthalocyaninatonickel(ll) (Ni-TAP) complexes

1. Co(OAc)y4H,0 or Ni(OAc)y 4H,0
(NH4)6M07024, urea

/@:CN nitrobenzene, 185°C, 4 h
ON CN 2. NayS-9H,0, DMF, 60°C, 2 h

HoN

NH,
Co-TAP (45%); M = Co
Ni-TAP (67%); M = Ni

Scheme 3-1. Synthesis procedure of the target phthalocyanines

Following a published procedure,’ a solution of 4-nitrophthalonitrile (0.870 g,
5.03 mmol), Co(OAc),-4H,0 (0.375 g, 1.51 mmol) or Ni(OAc),-4H,0 (0.368 ¢, 1.51 mmol),
(NHg) §M0704+ 4H,O (0.013 g, 0.066 mmol) and urea (1.550 g, 25.83 mmol) in
nitrobenzene (15.0 mL) was heated at 185 °C for 4 h. After the reaction mixture was
cooled to room temperature, the resulting precipitate was filtered off and washed with
methanol:diethyl ether (1:9) and water. After that, following a known procedure,’” the
precipitate was dissolved in DMF and reacted with Na,S-9H,0 under N, atmosphere at
60 °C for 2 h. Then, the solution mixture was diluted with water (15.0 mL) and the pH
was adjusted to 7 by adding concentrated HCl. Subsequently, the precipitate was
collected by filtration and washed with methanol:diethyl ether (1:9) and then water
to obtain Co-TAP (0.361 g, 45%) or Ni-TAP (0.537, 67%) as a dark green solid.

Co-TAP : MALDI-TOF-MS obsd 631.227 ([M*]), calcd 631.127

(IM*], M = CayH,N1,Co) (Figure S1); Aups 322, 411, 647, 719 nm. (Figure S3)

Ni-TAP : MALDI-TOF-MS obsd 630.174 ([M™]), calcd 631.129

(IM™], M = Cs,Hp0N1,Ni) (Figure S2); A 311, 427, 648, 721 nm. (Figure S4)



19

3.1.3 Preparation of titanium dioxide nanotube (TNT)

Following a known procedure,” TiO, anatase powder (1.019 ) in a 10 M NaOH
aqueous solution (30.0 mL) in a Teflon cup was heated in an autoclave at
hydrothermal temperature of 135 °C for 24 h. After the reaction mixture was cooled
to room temperature, the resulting precipitate was filtered off and adjusted the pH to
7 by adding a 1.0 M HCl aqueous solution to obtain TNT (0.927 ¢, 91%) as white solid.

The TNT was characterized by the TEM afterwards.

3.2 Electrode preparation

3.2.1 An ITO-coated glass (Electrode 1)
An [TO-coated glass was cleaned by sonication in 2-propanol, acetone and
milli- Q water for 15 min each and then leaving to dry under ambient condition before

use to obtain Electrode 1.

3.2.2 A TNT film on the ITO-coated glass (TNT/ITO-coated glass, Electrode 2)
Following a standard procedure,”* the TNT obtained from section 3.1.3 (0.030 )
was mixed with milli-Q water:acetic acid (3:1, 2.0 mL) and then dispersed by sonication
for 30 min. The resulting TNT paste was spread on 1 cm x 2 cm area of Electrode 1
that was framed by a layer of 3M adhesive tape (63 pum thick) by a doctor blade
technique. After that, the resulted electrode was sintered at 400 °C for 1 h in air to

obtain Electrode 2.

3.2.3 A PEDOT film on the ITO-coated glass (PEDOT/ITO-coated glass, Electrode 3)

Electrochemical deposition of the PEDOT film on the Electrode 1 was
performed in a three- electrode one-compartment electrochemical cell consisting of
Electrode 1 as the WE, a platinum plate as the CE and silver chloride-coated on a
silver wire (Ag/AgCl) quasi-reference electrode (QRE). A 0.1 M H,SO4 aqueous solution

was used as a supporting electrolyte and contained 0. 01 M EDOT.
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The electropolymerization of EDOT was carried out at a constant potential of 0.90 V
vs. Ag/AgClL QRE for 5 min.”>”® Then, the WE was removed from the solution and rinsed

with milli-Q water, resulting in Electrode 3 having a dark blue film of PEDOT.

3.2.4 A PEDOT-rGO film on the ITO-coated glass (PEDOT-rGO/ITO- coated glass,
Electrode 4)

In a similar electrochemical setup as that described for the preparation of
Electrode 3, except that a 0.1 M H,SO, aqueous solution containing 0.01 M EDOT and
1.0 mg/mL GO was used as the supporting electrolyte. Electrode 4 was obtained after

the rinsing step with a dark blue film of PEDOT-rGO observed.

3.2.5 A PEDOT film on the TNT/ITO-coated glass (PEDOT/TNT/ITO-coated glass,
Electrode 5)

In a similar electrochemical setup as that described for the preparation of
Electrode 3, except that Electrode 2 was used as the WE, Electrode 5 was obtained

after the rinsing step with a dark blue film of PEDOT observed.

3.2.6 A PEDOT-rGO film on the TNT/ITO-coated glass (PEDOT-rGO/TNT/ITO-coated
glass, Electrode 6)

In a similar electrochemical setup as that described for the preparation of
Electrode 3, except that Electrode 2 was used as the WE and 0.1 M H,SO, aqueous
solution containing 0.01 M EDOT and 1.0 mg/mL GO was used as the supporting
electrolyte. Electrode 4 was obtained after the rinsing step with a dark blue film of

PEDOT-rGO observed.
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3.2.7 Phthalocyanine-modified electrodes

A 0.08 mM solution of Co-TAP or Ni-TAP in DMF 50 uL was throughoutly
dropped on Electrode 1 - Electrode 6 and the electrodes were dried at 50 °C in open
air. This dropcasting process was repeated 3 times to obtain the phthalocyanine-

modified Electrode 1-Electrode 6.

3.2.8 Electropolymerization of phthalocyanine monomers

The electropolymerization was performed by means of the CV in the three-
electrode one-compartment setup consisting of Electrode 1-Electrode 6 as the WE,
the platinum plate as the CE and the Ag/AeCl QRE. A 0.1 M TBAPF¢ solution in DMF
was used as a supporting electrolyte solution and contained 0.8 mM Co-TAP or Ni-
TAP. The solution was purged with N, for 10 min prior to the polymerization that was
carried out at a potential swept between -0.70 V and 0.90 V vs. Ag/AgCl QRE at the
scan rate of 50 mVes ! for 20 cycles. Then, the resulting phthalocyanine-coated WE
was removed from the solution and rinsed with DMF and acetone.
3.3 Preliminary investigation on energy storage performance of the prepared
electrodes

As shown in Figure 3-1, active surface area calculation, the CV and GCD were
performed in the three-electrode one-compartment setup consisting of Electrode 1-
Electrode 6 as the WE, the platinum plate as the CE and the Ag/AgCl QRE. The

supporting electrolyte for each technique is described below.
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Figure 3-1. Electrochemical set up for active surface area calculation, CV and GCD.

3.3.1 Determination of active surface area of the prepared electrodes by CV and
Randles Sevcik equation

To calculate the active surface area of the prepared electrode. CV was carried
out in the electrochemical setup as shown in Figure 3-1 in a 1.0 M KCl aqueous
solution containing 5.0 mM ferrocyanide as the supporting electrolyte in a potential
range of —0.20 V to 0.60 V vs. Ag/AgCl QRE at the scan rate of 5, 10, 30, 50, 100, 150

and 200 mVss* for 3 cycles each.”’

3.3.2 Investigation on specific capacitance of the prepared electrode by CV

The specific capacitance of the prepared electrodes was studied by using the
electrochemical setup as shown in Figure 3-1 was carried out in a 1.0 M KHCO;
aqueous solution in a potential range of -0.50 V to 0.30 V vs. Ag/AgCl QRE at the scan

rate of 10 mVes " for 5 cycles.
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3.3.3 Investigation on specific capacitance of the prepared electrode by GCD
The GCD was carried out at the constant current of 0.1, 0.5 and 1.0 mA.cm 2
with potential cut-off at —0.50 V and 0.30 V vs. Ag/A¢Cl QRE for 1 cycle in the 1.0 M

KHCO3 aqueous solution.

3.3.4 Sodium-ion battery based on the phthalocyanine-based electrode

As shown in Figure 3-2, the sodium-ion battery was fabricated in an ‘EL-CELL’
electrochemical test equipment consisting of the phthalocyanine-based electrode as
the WE, sodium foil (diameter = 17 mm) as the CE, sodium ingot (diameter = 0.3 to
0.8 mm) as the RE, 1.0 M sodium bis(fluorosulfonyl)imide (NaFSI) in 1:1 dimethyl
carbonate: ethylene carbonate as the supporting electrolyte and a fiber glass as a

separator. The setup diagram of the ‘EL-CELL’ is shown in Figures 3-2 and 3-3.

Figure 3-2. Electrochemical setup for sodium-ion battery
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Figure 3-3. a) Setup diagram of ‘EL-CELL’ and b) schematic cell stack®®

The resulted sodium-ion battery was investigated by means of the CV in the
potential range of 1.00 V to 3.00 V vs. Na/Na* at the scan rate of 50, 20, 10, 5, 2, 1, 0.5
and 0.1 mV-s for 5 cycles each. The potential values were reported with respect to
the Na. Consequently, GCPL experiment was carried out between 1.00 V and 3.00 V
vs. Na/Na" at the constant current rates (C-rates) of 3.94 uA (C/10), 19.7 pA (C/2), 39.4
pA (10), 78.8 pA (20), 197 pA (50), 394 pA (100), 2.36 mA (60C) for 15 cycles each and

then at 3.94 pA (C/10 2" time) again for 20 cycles.



CHAPTER IV
RESULTS AND DISCUSSION

4.1 Synthesis and characterization of the target phthalocyanines

Synthesis of Co-TNP and Ni-TNP started from the phthalocyanine ring
formation by a reaction of 4-nitrophtalonitrile under catalysis of ammonium molybdate
in the presence of urea and simultaneous metalation with cobalt(ll) acetate
tetrahydrate or nickel(ll) acetate tetrahydrate as shown in Scheme 4-1.>° Assistance
from a nucleophilic acetate anion was required to initiate the cyclization as shown in
Scheme 4-2.%° After that, the resulting nitro-containing phthalocyanines were
subjected to reduction by using sodium sulfide nonahydrate, leading to Co-TAP and

Ni-TAP in 45% and 67% overall yield, respectively.

Co(OAC),-4H,0 or Ni(OAC), 4H,0
(NH4)6M07024, urea

Q:CN nitrobenzene, 185 °C, 4 h \ Na,S 9H,0, DMF, 60 °C, 2 h
O,N CN
O2N H,N
1
NO, NH>
Co-TNP ; M = Co Co-TAP (45% from 1); M = Co
Ni-TNP; M = Ni Ni-TAP (67% from 1); M = Ni

Scheme 4-1. Synthesis of tetraaminometallophthalocyanines
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Scheme 4-2. Formation of tetranitrometallophathalocyanine

The successful formation of these two compounds was confirmed by the
MALDI-TOD-MS showing for their molecular ion peaks at m/z 631.227 for Co-TAP and
630.174 for Ni-TAP as shown in Figure S1 and Figure S2. The absorption spectra of
Co-TAP and Ni-TAP, as shown in Figure S3 and 5S4, collected in DMF exhibited similar
features having characteristic Q bands at 719-721 nm with shoulders at 647-648 nm,
corresponded to TI-TU* transition,”" broad absorption bands at 411-427 nm, which
come from metal to ligand charge transfer, and characteristic Soret bands (B bands) at
311-322 nm, arising from n-TU* transition. These mass and absorption spectra are

consistent with those described in previous reports.®#¢>%*
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4.2 Synthesis and characterization of TNT

TNT was obtained from autoclaving TiO, anatase powderin a 10.0 M NaOH
aqueous solution at 135 °C for 24 h.>> Upon the hydrothermal treatment, a lamellar
structure of Na,Ti,OsH,0, which was believed to be an intermediate for nanotube
formation, was generated. After adjusting the pH to 7 by 1.0 M HCl, H" from acid
substituted the Na* and changed the lamellar structure into titanate nanotubes.®> TEM
images of the resulting TNT in Figures 4-1 showed the nanotube structure of the
resulting TNT with the width and the length of approximately 10 nm and 200 nm,

respectively.

4.3 Preparation of phthalocyanine-modified electrodes

In this study, the ITO-coated glass was used as a base substrate and assigned
as Electrode 1. TNT was coated on the [TO- coated glass om order to improve
conductivity and surface area of the electrode, resulting in Electrode 2.*° PEDOT was
introduced on Electrode 1 and Electrode 2 to improve conductive properties to give
Electrode 3 and Electrode 5, respectively.* To further enhance the conductivity and
the surface area of the electrodes,” rGO was simultaneously deposited on Electrode 1

and Electrode 2 with PEDOT leading to Electrode 4 and Electrode 6, respectively.
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In summary, the compounds of each kind of electrode are listed as the following:
Electrode 1 [TO-coated glass Electrode 2 TNT/ITO-coated glass
Electrode 3 PEDOT/ITO-coated ¢lass Electrode 4 PEDOT-GO/ITO-coated glass
Electrode 5 PEDOT/TNT/ITO-coated glass  Electrode 6 PEDOT-GO/TNT/ITO-coated glass
Then, 4 types of the phthalocyanines, Co-TAP, poly(Co-TAP), Ni-TAP and
poly( Ni- TAP) were coated onto those electrodes, resulting in a total of
24 phthalocyanine-modified electrodes which were investigated for their capacitive
properties and energy storage performance in comparison to the above-mentioned

6 kinds of electrodes.

4.3.1 Electrochemical deposition of PEDOT and PEDOT-rGO

In this study, the electrochemical deposition of PEDOT was performed by
chronoamperometry in the one-compartment three- electrode setup consisting of
Electrode 1 or Electrode 2 as the WE, the platinum plate as the CE and the Ag/AgCl
QRE, all of which were immersed in the 0.1 M H,SO4 aqueous solution containing 0.01
M EDOT.” The electropolymerization of EDOT was carried out at the constant potential
of 0.90 V vs. Ag/AgCl for 5 min. This potential initiated the electrochemical oxidation
of EDOT by generating EDOT radical cation.®® Two EDOT radical cations then dimerized
together, followed by proton deprotonation with assistance of water to obtain a dimer.
After repetition of this step for n times, the polymeric PEDOT film was formed on
Electrode 1 and Electrode 2 to give Electrode 3 and Electrode 5, respectively.

In a similar manner, when the 0.1 M electrolyte solution H,SO4 contained 0.01
M of EDOT and 1 mgsmL™ of GO, both oxidation of EDOT and reduction of GO to rGO*
could occur simultaneously. The dark blue films of PEDOT and rGO were formed on
Electrode 1 and Electrode 2, and became new substrates for the phthalocyanine,
i.e. Electrode 4 and Electrode 6, respectively. After the electrochemical deposition

process, the morphology of the resulting electrodes was investigated by the SEM to
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confirm the presence of PEDOT and PEDOT-rGO. The results in Table 4-1 clearly
showed a small grain structure of PEDOT®” on Electrode 3 and agglomeration of PEDOT

on Electrode 4. This agglomeration indicated that the polymerization of PEDOT
occurred on the surface of rGO owing to the TI-TU interaction and hydrogen bond

between PEDOT and rGO.%®

Table 4-1. SEM images of Electrode 3 and Electrode 4 at 100, 1000 and 5000 magnification

Electrode Magnification
(component) 100 1000 5000
3
(PEDOT/

ITO-coated glass)

A . -8
? 15.0kVWD10mmP.CB0 HY  x5,000 5|
fample < (3 \

4
(PEDOT-rGO/
ITO-coated glass)

9

&
SED 15.0kVWDIOMMP.C50 HY  x5.00000 Sym =
Sample

4.3.2 Electropolymerization of phthalocyanine monomers

The electropolymerization of Co-TAP and Ni-TAP was performed by means of
the CV using a one-compartment three-electrode setup consisting of Electrode 1-
Electrode 6 as the WE, the platinum plate as the CE and the Ag/AgCl QRE. Cyclic
voltammograms were recorded in DMF containing 0.1 M TBAPF¢ and 0.8 mM monomer
under N, atmosphere at the potential ranging from -0.70 V to 0.90 V vs. Ag/AgCl QRE
at the scan rate of 50 mVes ! with the number of scanning cycles of 20. All cyclic
voltammograms are summarized in Table 4-2. The electropolymerization of Co-TAP on
Electrode 1 showed three oxidation peaks at peak potentials (Epeq) of -0.39 V, 0.48 V
and 0.90 V vs. Ag/AgCl QRE in the first cycle, referring to the oxidation of Co'* to Co?*,

Co** to Co® and the amino groups, respectively. > Moreover, the current densities of
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these peaks were increased with the increasing number of cycles and shifted to more
positive potentials. A small oxidation peak at Epe, of 0.18 V was consistent with the
previously reported oxidation potential of leucoemeraldine base to emeraldine salt.”
As for the electropolymerization of Ni-TAP on Electrode 1 showed three oxidation
peaks at Epes Of ~0.40 V, 0.28 V and 0.90 V vs. Ag/AgCl QRE in the first cycle, referring
to the oxidation of Ni'* to Ni®*, Ni?* to Ni** and the amino groups, respectively.’®* With
the increasing number of cycles, the current density of Ni**/Ni** oxidation was
decreased but that of the amino group oxidation was increased. These observations

indicated a successfully deposition of poly(Co-TAP) and poly(Ni-TAP) on Electrode 1.

Table 4-2. Cyclic voltammograms obtained from the electropolymerization

of Co-TAP and Ni-TAP on Electrode 1 to Electrode 6

Potential / V vs. Ag/AgCI QRE Potential / V vs. Ag/AgCI QRE
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Potential / V vs. Ag/AgCl QRE

Potential / V vs. Ag/AgCl QRE
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The electropolymerization of Co-TAP and Ni-TAP on Electrode 2 gave the
similar cyclic voltammograms as that observed from the electropolymerization on
Electrode 1 with slight potential shift to higher potentials. The oxidation peak at 0.90
V vs. Ag/AeCl QRE also showed higher current density due to the higher surface area
of TNT, compared with that of the ITO- coated glass,” with proportional increase with
the increasing number of the scans due to the growth of the polymer film on the

electrode surface.”
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Moreover, the electropolymerization of Co-TAP and Ni-TAP on Electrode 1 to
give Electrode 3 showed a characteristic PEDOT redox peak around —0.50 V and 0.30
V vs. Ag/AgCl QRE™ together with the phthalocyanine characteristic redox peaks at
0.90 V vs. Ag/AgCl as discussed before. Also, the current density obtained from
Electrode 3 was drastically increased compared with that from Electrode 1, likely due
to enhanced conductive properties of PEDOT. * In addition, the concurrent
electropolymerization of EDOT and reduction of GO on Electrode 1 led to the
formation of the blended film of PEDOT and rGO and gave Electrode 4. The cyclic
voltammograms obtained from this process had similar pattern with higher current
density, compared with that observed in the case of Electrode 3 because of improved
electronic transportation and surface area provided by rGO.*

In the similar manner, the cyclic voltammograms obtained from the
electropolymerization of Co-TAP and Ni- TAP on Electrode 5 and Electrode 6 had
consistent patterns as those observed in the case of Electrode 3 and Electrode 4,

respectively, as shown in Figure S5.

4.4 Preliminary studies on specific capacitance of the phthalocyanine-based
electrodes
To determine the specific capacitance, electrochemically active surface areas

of phthalocyanine-based electrodes were calculated from their cyclic voltammogram

by Randles Sevcik equation as follow:™

3 1 1

., = 268,600 21020102 (3)

where i, = current maximum (A)
n = number of electrons transferred in the redox reaction
A = electrochemically active surface area (cm?)
D = diffusion coefficient (cm?s ™)
C = concentration (mol«cm™)
v = scan rate (Ves ')
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The CV was carried out in the three electrode one-compartment cell consisting
of the phthalocyanine-based electrodes as the WE, the platinum plate as the CE, the
Ag/AgCl QRE and a 1.0 M potassium chloride (KCl) aqueous solution containing 5.0 mM
ferrocyanide (KsFe(CN)y) as the supporting electrolyte. The cyclic voltammograms were
recorded in the potential range of —0.20 V to 0.60 V vs. Ag/AgCl QRE for 3 cycles. The

cyclic voltammograms of the prepared electrodes are shown in Figure S6 to Figure S11.

As shown in Table 4-3, the comparison of Electrode 1 vs. Electrode 2,
Electrode 3 vs. Electrode 5 and Electrode 4 vs. Electrode 6 suggested that the
presence of TNT did not significantly affect the electrochemically active surface area
of the electrodes. Similarly, same effect was observed when the rGO was introduced
to Electrode 3 and Electrode 5 to become Electrode 4 and Electrode 6, respectively.
However, the results clearly showed that the addition of PEDOT on Electrode 1 and
Electrode 2 led to great increase in the electrochemically active as observed in
Electrode 3 and Electrode 5, respectively. The highest surface area of 0.5142 cm? was
obtained from Electrode 3. Moreover, the results revealed that the coating of the
phthalocyanine monomers on each electrode did not significantly change the surface
area of the electrodes, whereas the polymerization of such monomers on the
electrodes tented to decrease the electrochemically active surface area of the

resulting electrodes.



Table 4-3. Electrochemical active surface area of the unmodified and

phthalocyanine-modified electrodes
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Electrochemical active surface area / cm?”
Electrode (component)
unmodified | Co-TAP | poly(Co-TAP) | Ni-TAP | poly(Ni-TAP)
1 (ITO-coated glass) 0.2533 0.2109 0.0702 0.2331 0.0210
2 (TNT/ITO-coated glass) 0.2660 0.1943 0.0821 0.1836 0.0264
3 (PEDOT/ITO-coated glass) 0.5142 0.5245 0.3857 0.6628 0.2225
4 (PEDOT-rGO/ITO-coated glass) 0.3115 0.3173 0.2571 0.3756 0.1915
5 (PEDOT/TNT/ITO-coated glass) 0.3576 0.3385 0.2826 0.3847 0.2810
6 (PEDOT-rGO/TNT/ITO-coated glass) 0.3304 0.3290 0.2776 0.3556 0.1646

After the calculation of the electrochemically active surface area, the
preliminary determination of the specific capacitance of the prepared electrodes were
performed by means of the CV in the same three-electrode one-compartment cell
using a 1.0 M KHCOs electrolyte solution in the potential range of —0.50 V to 0.30 V vs.
Ag/ AgCl QRE at the scan rate of 10 mV/s for 5 cycles. Figure 4-2 presents the cyclic
voltammograms of all phthalocyanine-modified and unmodified electrodes. The peak
areas of these cyclic voltammograms were used to calculate the specific capacitance
per unit surface area according to equation (1). The resulting specific capacitance are
summarized in Table 4-4. Figure 4-2a and Figure 4-2b showed that Electrode 1 and
Electrode 2 originally gave low current density, but in presence of the phthalocyanine
polymer films significant increase in the current density was observed. The further
enhancement of the current densities could be obtained by introducing the PEDOT
and PEDOT-rGO films on the electrodes as shown in Figure 4-2c to Figure 4-2f.
Moreover, the monomer- modified electrodes exhibited high current density in cases
of Electrode 3 and Electrode 4, while the polymer-modified ones exhibited high

current density in cases of Electrode 5 and Electrode 6.
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Table 4-4. Specific capacitance of the unmodified and phthalocyanine-modified

electrodes determined by CV method

Specific capacitance / mF.cm™
Electrode (component)
unmodified | Co-TAP | poly(Co-TAP) | Ni-TAP | poly(Ni-TAP)
1 (ITO-coated glass) 0.07 0.84 13.1 1.01 29.4
2 (TNT/ITO-coated glass) 0.15 0.97 6.87 2.26 36.1
3 (PEDOT/ITO-coated glass) 12.7 16.4 14.2 16.5 15.3
4 (PEDOT-rGO/ITO-coated glass) 15.8 7.78 13.8 14.3 9.92
5 (PEDOT/TNT/ITO-coated glass) 12.3 13.5 14.9 14.4 24.5
6 (PEDOT-rGO/TNT/ITO-coated ¢lass) 12.8 15.2 153 17.8 40.1

The results in Table 4-4 suggested that the presence of the phthalocyanine
monomers led to significant increase in the specific capacitance and the
phthalocyanine polymer films further increased the specific capacitance for most of
electrodes. The comparison of Electrode 1 vs. Electrode 2, Electrode 3 vs. Electrode 5
and Electrode 4 vs. Electrode 6 indicated that TNT improved the specific capacitance
of the electrodes coated with Ni-TAP and its polymer, unlike the ones coated with
the Co-chelated derivatives. When comparing Electrode 1 vs. Electrode 3 and
Electrode 2 vs. Electrode 5, PEDOT significantly increased the specific capacitance of
the electrodes except for poly(Ni-TAP)-based ones. Moreover, the comparison of
Electrode 3 vs. Electrode 4 and Electrode 5 vs. Electrode 6 showed that rGO could
improve the specific capacitance when used together with TNT, possibly because of
hydrogen bonding interaction between rGO and TNT. In overall, the Ni-phthalocyanine-
based electrodes tended to give better improvement of the specific capacitance of
the electrodes than the Co-phthalocyanine-based one and poly(Ni-TAP)/PEDOT-
rGO/TNT/ITO-coated glass or the poly(Ni-TAP)/Electrode 6 exhibited the best specific

capacitance among all electrodes with the value of 40.1 mFscm™.



38

To further investigate the charge/discharge behavior of the electrodes, the GCD
method was employed by applying the constant current of 0.1, 0.5 and 1.0 mA.cm™?
to the electrodes to obtain discharge time for using in the specific capacitance
calculation per unit surface area according to equation (2). The specific capacitance
values have been summarized in Table 4-5. The result reveals that the specific
capacitance of the electrodes in each current had the same trends as those observed
from the CV method, except that rGO could significantly increase the specific
capacitance even without the presence of TNT. Also, the electrode that exhibited the
best specific capacitance was poly(Ni-TAP)/Electrode 6, which gave 58.3 mF.cm * of
the specific capacitance at the constant current of 0.1 mA«cm ™ Therefore, the poly(Ni-
TAP)/Electrode 6 was chosen for further study on the battery performance discussed

in the next section.
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Table 4-5. Specific capacitance of the unmodified and phthalocyanine-modified

electrodes determined by a GCD method

Electrode (component)

Specific capacitance at 0.1 mA«cm™ / mF.cm

unmodified | Co-TAP | poly(Co-TAP) | Ni-TAP | poly(Ni-TAP)
1 (ITO-coated glass) 0.20 0.30 2.00 0.30 38.5
2 (TNT/ITO-coated glass) 0.20 0.70 38.7 0.9 45.0
3 (PEDOT/ITO-coated glass) 28.2 30.9 29.2 29.1 35.0
4 (PEDOT-rGO/ITO-coated glass) 29.4 33.0 32.3 26.7 48.2
5 (PEDOT/TNT/ITO-coated glass) 26.9 28.5 29.3 26.8 52.2
6 (PEDOT-rGO/TNT/ITO-coated ¢lass) 28.7 33.0 43.5 31.0 58.3
Specific capacitance at 0.5mA.cm? / mF.cm*

Electrode (component)

unmodified | Co-TAP | poly(Co-TAP) | Ni-TAP | poly(Ni-TAP)
1 (ITO-coated glass) 0.00 0.00 1.30 0.00 20.1
2 (TNT/ITO-coated glass) 0.00 0.60 21.1 0.60 a7.9
3 (PEDOT/ITO-coated glass) 8.60 12.8 14.3 13.5 16.5
4 (PEDOT-rGO/ITO-coated glass) 14.0 15.4 18.2 13.8 26.3
5 (PEDOT/TNT/ITO-coated glass) 11.0 13.6 16.3 14.4 44.0
6 (PEDOT-rGO/TNT/ITO-coated glass) 11.9 17.0 18.1 16.9 38.3
Specific capacitance at 1.0mA.cm?/ mF.cm?

Electrode (component)

unmodified | Co-TAP | poly(Co-TAP) | Ni-TAP | poly(Ni-TAP)
1 (ITO-coated glass) 0.00 0.00 0.90 0.00 25.5
2 (TNT/ITO-coated glass) 0.00 0.00 8.50 0.00 36.0
3 (PEDOT/ITO-coated glass) 8.30 10.0 13.0 12.8 14.0
4 (PEDOT-rGO/ITO-coated glass) 9.50 12.8 15.7 8.8 16.0
5 (PEDOT/TNT/ITO-coated glass) 9.30 11.3 11.3 12.8 32.8
6 (PEDOT-rGO/TNT/ITO-coated glass) 10.5 14.0 13.8 14.8 26.8
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SEM images of the unmodified-Electrode 2 as shown in Table 4-6 shown
sponge-like surface of the TNT over smooth surface of the ITO-coated glass, while the
unmodified- Electrode 6 had grain structure of PEDOT-rGO attached on both of the
TNT and the ITO-coated glass. The structure of the both phthalocyanine monomer-
modified electrodes consist of phthalocyanine microcrystalline deposited across the
ITO- coated glass with the presence of the agglomeration of PEDOT-rGO on the
electrodes. In the other hand, the PEDOT-rGO agglomerated structures were lessen
the in poly(Co-TAP)/Electrode 6 and the poly(Ni-TAP)/Electrode 6, probably
because of structural rearrangement occured during phthalocyanine electro-

polymerization process.
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Table 4-6. SEM images of unmodified Electrode 2 and unmodified and phthalocyanine-
modified series of Electrode 6 at 100, 1000 and 5000 magnification

Electrode Magnification
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4.5 Sodium-ion battery performance

In  this study, the sodium-ion battery was fabricated in ‘EL-CELL’
electrochemical test equipment consisting of the phthalocyanine-based electrode as
the WE, sodium foil (thickness = 0.3 mm, diameter = 17 mm) as the CE, sodium ingot
(thickness = 1.2 mm, diameter = 0.3 mm to 0.8 mm) as the RE, a 1.0 M NaFS! solution
in 1:1 dimethyl carbonate:ethylene carbonate as the supporting electrolyte and fiber
glass as a separator. Upon application of the potential ranging from of 1.00 V to 3.00 V
vs. Na/Na* at the scan rate of 50, 20, 10, 5, 2, 1, 0.5 and 0.1 mVss ', the resulting battery
gave the cyclic voltammograms as shown in Figure 4-3. By using the scan rate of 50
mV.s a cathodic desertion of a sodium ion (desodiation) peak at the Epeak Of 2.50 V
vs. Na/Na" was detected. Upon the reduction of the scan rate, negative shift of the
peak with the presence of anodic an insertion of a sodium ion (sodiation) peak at the
EpeaxOf 1.00 V vs. Na/Na™ and the decrease in the current of these peaks were observed.
This behavior indicated pseudocapacitance properties of the electrode™ that

confirmed intercalation of the sodium-ion on the surface of the electrode.
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< 4 T = > .
e 1 ’
— 05+
% 1
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10 1.2 1.4 16 18 2?0:212 24 =2f6 :2f8 : 3.0
Potential / V vs. Na/Na"
Figure 4-3. Cyclic voltammograms of a sodium-ion battery based on a poly(Ni-TAP)/
Electrode 6 at different scan rates in a potential range between 1.00 V and 3.00 V vs. Na/Na*
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Afterwards, the GCPL experiment was performed at the potential between 1.00
V and 3.00 V vs. Na/Na* with serial variation of a constant C-rates of C/10, C/2, 1C, 2C,
5C, 10C and 60C for 15 cycles each, and then C/10 as the 2" time for 20 cycles. The
charging (desodiation) and discharging (sodiation) responses at different C-rates were
presented in the plots between the applied potential and specific capacity as shown in
Figure 4-4. The results showed that the charging profiles was observed in the potential
ranging from 1.80 V to 2.50 V vs. Na/Na" where the great increase in slope was
detected which indicated the desodiation behavior, consistent with the cyclic
voltammograms between 1.80 V to 2.50 V vs. Na/Na" in Figure 4-3. The discharging
profiles also showed a steady slope in the potential range of 1.00 V to 1.80 V vs.
Na/Na" that reflects the sodiation behavior, which was also observed in its cyclic

voltammograms between 1.00 V to 1.80 V vs. Na/Na®.
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Figure 4-4. Galvanostatic charge/discharge curves of a sodium-ion battery at different C-rates

between 1.00 V and 3.00 V vs. Na/Na™*
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To reflects the specific capacity of the charge/ discharge process at each cycle
number, the plots between the specific capacity and the cycle number as shown in
Figure 4-5 were taken into consideration. The resulted showed that the galvanostatic
charge/discharge cycling at the C-rate of C/ 10 initially exhibited the specific capacity
of 75.41 mAh-g'. When the C-rate was increased to C/2, the specific capacity was
decreased to 51.61 mAh.g ' and then further to 45.83 mAh.g ' at the C-rate of 1C.
Moreover, when the C-rates reached 2C and 5C, the specific capacities were decreased
to 39.57 mAh«g and 27.55 mAhsg ', respectively. The decrease in the specific capacity
indicated the typical behavior of the energy storage system, which resulted from
increase in IR-drop when higher current was applied. However, when the C-rates were
increased to 10C and 60C, the specific capacity was dropped to nearly 0 mAh.g™*, which
meaned that this electrode could not be charged and discharged at the high rate. The
stability of the sodium-ion battery after 105 cycles was investigated by decreasing the
C-rate back to C/ 10 for 20 cycles. It was found that the sodium-ion battery showed
the specific capacity at 60.22 mAh.g™', equivalent to retention percentage of 79.86%,
compared with the initial specific capacity observed at the same C-rate. These
observations confirmed that the poly( Ni- TAP) / Electrode 6 could serve as the
electrode for the sodium- ion battery. For possible further investigation and
development of the phthalocyanine-based sodium-ion battery, the applied potential
range could be extended into more negative region to let more sodium ion insert into
the electrode and give more capacity. However, more negative in potential range may
cause lowering of materials retention. Thus, the optimum potential range that gives
the highest capacity with the satisfactory stability of the electrodes has to be

investigated.
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CHAPTER V

CONCLUSION

2,9,16,23-tetraaminophthalocyaninatocobalt(ll)  (Co-TAP) and  2,9,16,23-
tetraaminophthalocyaninatonickel(ll) (Ni-TAP) were synthesized by a reaction of 4-
nitrophthalonitrile under catalysis of (NHgsM070,4-4H,0, followed by in-situ
metalation. Reduction of the resulting nitro-substituted phthalocyanines in the
presence of Na,S gave Co-TAP and Ni-TAP in 45% and 67% overall yield, respectively.
The successful formation of the target compound was confirmed by mass
spectrometry and UV-visible spectrophotometry. Their monomers were coated and
electrochemically polymerized on 6 kinds of the electrodes, namely ITO-coated glass
(Electrode 1), TNT/ITO-coated glass (Electrode 2), PEDOT/ITO-coated glass (Electrode
3), PEDOT-rGO/ITO-coated glass (Electrode 4), PEDOT/TNT/ITO-coated glass (Electrode
5) and PEDOT-rGO/TNT/ITO-coated glass (Electrode 6). The preliminary CV and GCD
studies of these electrodes showed that both of the phthalocyanine monomers and
polymer films increased the specific capacitance of the electrode. The presence of
TNT PEDOT and rGO also played significant role in the enhancement of the specific
capacitance. Moreover, the Ni-phthalocyanine-based electrodes tended to have higher
specific capacitance than the Co-phthalocyanine-based ones and the poly(Ni-TAP)/
Electrode 6 exhibited the highest specific capacitance among all phthalocyanines-
based electrodes. The sodium-ion battery based on poly(Ni-TAP)/Electrode 6
exhibited specific capacity at 60.22 mAheg™ which obtained at a C-rate of C/10 with

retention percentage of 79.86% after 125 cycles.
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Electrode 1 Electrode 2

Electrode 3 Electrode 4
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Electrode 5

Figure S5. Images of the prepared electrode (a) without a phthalocyanine film, and

with films of (b) Co-TAP (c) poly(Co-TAP) (d) Ni-TAP (e) poly(Ni-TAP) coated.
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Electrode 1 in 1.0 M a KCl aqueous solution containing 5.0 mM K4Fe(CN)e) at scan
rates of 5, 10, 30, 50, 100, 150 and 200 mVss*



Current density / mAs-cm”

0.6 Junmodified-Electrode 2
0.4+
0.2+
0.0+
——5mVss?
021 ——10 mVss”
| ——30mV-s”
0.4 4 50 mVes”
| ——100 mV-s?
084+ 150 mV-s”
——200 mV-s*
_0~8 1 1 1 1 1 1 I I 1

T T T T T T T T T
-0.3 -02 -0.1 00 01 02 03 04 05 06 07

Potential / V vs. Ag/AgCl QRE

52

1

—5mVes®
——10 mV-s?
——30 mV-s”®
50 mV-s®
—— 100 mVss™
150 mVss™
—— 200 mV-s™

0.6 0.5
Co-TAP/Electrode 2 Ni-TAP/Electrode 2
0.44
o 047 o 0.3
; :
C P 0.2+
< 0.2+ <
S € 014
~ -~
2> 004 2 0.0+
2 2 o4
o] o ]
T -0.2- o
- - -0.24
5 5
S 04 £ 037
O O -0.44
0.8 o®s
0.3+ 0.15 1
o £ ]
024
g ] g 0.104
E 014 E
S | = o054
_é" 0.0+ ——5mVss” g’ 1
@ 1 10 mV-s? @ 0.00+
g 01 —30mvs’ g
2 o2l 50 mv-s” = -0.054
o ——100 mV-s? o 1
8 034 150 mv-s? g 0104
——200 mVes?
_0'4 | 1 1 1 1 Il Il ] I Il ,0‘1 5 1 | Il

e
-0.3 -02 -0.1 00 01 02 03 04 05 06 07

Potential / V vs. Ag/AgCl QRE

e
-0.3 -02 -0.1 00 01 02 03 04 05 06 07

Potential / V vs. Ag/AgCI QRE

Figure S7. Cyclic voltammograms of phthalocyanine-modified and unmodified

Electrode 2 in 1.0 M a KCl aqueous solution containing 5.0 mM KgFe(CN),) at scan
rates of 5, 10, 30, 50, 100, 150 and 200 mV.s™*




53

0.8 JLunmodified-Electrode 3
o 064
€ 1
Q 04+
E 1
E o2+
~ +
2 00+
B 1 ——5mV-s?
S 02+ ——10 mv-s?
2 o4l ——30 mv-s?
c UAT 2
o 1 50 mVss
E s+ ——100 mV-s™
O 5l 150 mV-s™
1 ——200 mV-s*
_1 0 1 Il I 1 I Il i % + %

—_—
-0.3 -0.2 -01 00 01 02 03 04 05 06

0.7

Potential / V vs. Ag/AgCl QRE

1.6
Co-TAP/Electrode 3
124
o o
£ 084 £
<é 044 E
~ 04 - ,} , E
:é“ ——5mVss’ 7
2 04l o mVs? c
3 ——30mVs” o
w2 08+ 50 mV-s? "5
2 124 ——100 mV-s* =
3 150 mV-s” 3
164 ——200 mV-s®
I T B
poly(Co-TAP)/Electrode 3
0.8+
o o
g 0.4+ g
T I
E p
~ 004 )
= ——5mVss” =
(7] 2 12}
c ——10 mV-s c
Q 04+ 2 (0]
ke ——30 mV-s ho]
b= s 50 mv-s? ‘u::';
g T ——100 mVes? £
3 ] 150 mV-s” 3
12 ——200 mV-s?
1 1 L 1 1 1 L l 1

T T T T T T T T T
-0.3 -02 -0.1 00 01 02 03 04 05 06 07

Potential / V vs. Ag/AgCI QRE

1.6 4
1A2-‘
0.8 -
0.4 4
0.0+
-0.4 4
0.8

-1.2 4

-1.6 +

-2.8

L Ni-TAP/Electrode 3

=

——5mVes?
——10 mVss”?
——30mVss?
50 mV-s”
—— 100 mV+s™
150 mVss”
——200 mV+s”
Il I 1 n

0.6
0.4
0.2+
0.0+
-0.2 1
0.4 -
-0.6
-0.8 4

-1.0

—— 5 mV.s?
——10 mV-s?
——30 mV-s®
50 mV-s®
——100 mV-s”
150 mV-s~
——200 mV-s™

Il I Il 1 i Il I Il il

)

L L L L L L L
.3 -02 -01 00 0.1 02 03 04 05

5 06 07
Potential / V vs. Ag/AgCI QRE

Figure S8. Cyclic voltammograms of phthalocyanine-modified and unmodified

Electrode 3 in 1.0 M a KCl aqueous solution containing 5.0 mM KgFe(CN),) at scan
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Figure S9. Cyclic voltammograms of phthalocyanine-modified and unmodified

Electrode 4 in 1.0 M a KCl aqueous solution containing 5.0 mM K4Fe(CN)e) at scan
rates of 5, 10, 30, 50, 100, 150 and 200 mVss*
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Figure S10. Cyclic voltammograms of phthalocyanine-modified and unmodified
Electrode 5 in 1.0 M a KCl aqueous solution containing 5.0 mM KgFe(CN)e) at scan
rates of 5, 10, 30, 50, 100, 150 and 200 mVss*
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