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Table 4-4. Catalytic activity of the Poly(CoP-2T) films for the 20-hour ECR of CO, .65

Table 4-5 Comparison of the catalytic performance of the poly(CoPc-2T)-modified
carbon paper develop from this work with other reported high-performance catalysts
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CHAPTER 1
INTRODUCTION

According to the European project for ice coring in Antarctica (EPICA) during
1996-2005, information about amount of carbon dioxide (CO,) and temperature
change have been uncovered for 800,000 years ago as shown in Figure 1-1." % The
data came from ice core in Antarctica, which was cut and analyzed by an isotopic
method and a gas chromatography technique. The results showed that the amount
of the CO, and temperature change have cycled up and down and tend to move
together. The amount of CO, had been in a range of approximately 180 to 280 parts
per million (ppm) with average temperature around -0.2 °C. However, after industrial
evolution in 1950, the amount of CO, has increased to around 2 ppm per year. Until
now, the amount of CO, is around 415 ppm with the increase in the temperature by
1 °C, comparing with the time before the industrial evolution. There are some
predictions that the amount of CO, and temperature change will increase to 550
ppm and +3 °C in 2050, respectively,”* causing climate change, global warming and a

lot of environmental problems.”®
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Figure 1-1. Amount of CO, (dark line) and temperature change (blue line) for the

past 800,000 years, based on EPICA (ice core) data." ?



Among several methods proposed to relieve these problems,
electrochemical reduction of CO, (ECR) is one of the most popular approaches to
reduce and convert CO, into various kinds of value-added products, such as carbon
monoxide (CO), formic acid (HCOOH), methanol (CHsOH), ethanol (C,HsOH), methane
(CHy), ethane (C,Hy), etc.”™ Moreover, this method does not only support renewable
energy exploitation to create an artificial carbon-neutral cycle as shown in Figure 1-
2,'' but also can be easily done in water media, atmospheric pressure and room
temperature.’* However, direct electrochemical conversion of CO, in the water
media is very hard to achieve because of high stability of a CO, molecule® and
competitive hydrogen evolution in the water media.'* To overcome this obstacle,
electrocatalysts have been used to provide alternative pathways and gain selective
activity for the conversion of CO,. Due to high stability and good redox properties,

metallophthalocyanine (MPc) derivatives have been of interest as promising

15-18 19, 20

electrocatalysis,”*® photocatalysis,* #° and photoelectrocatalysis.”” ?* for conversion

> often

of CO,. However, inevitable aggregation of phthalocyanine macrocycles”?
causes complication in film and electrode preparation.?® Normally, the electrodes
can be modified by these compounds by using binder, such as polystyrene® or
nafion’” 8, to enhance attachment of these materials on electrode surface and

increase the stability. However, the binders allow penetration of only photons and

some ions, leading to suppressing of the CO, at surrounding catalysts site.”’
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Figure 1-2. Systematic artificial carbon cycle.™*



To overcome this problem, we introduced electrochemical polymerization
method for preparing the MPc-modified electrode by using MPc monomers bearing
electropolymerizable peripheral units. This method could not only directly graft MPc
polymer films onto the electrode surface without using binder, but also control film
thickness with well-defined film morphology.”® Recently, several groups reported the
electropolymerization of the MPc bearing heterocyclic moieties such as thiophene,”
pyrrole, and 3,4-ethylenedioxythiophene (EDOT)* for optoelectronic applications
and heterogenous electrocatalytic chemical processes. Nevertheless, to the best of
our knowledge, there are only few reports describing the use of the MPc-based
polymers for the heterogeneous ECR of CO,.**

In this work, our target MPc and free base phthalocyanine (H,Pc) derivatives
contain bithiophenyl B-substituents as shown in Figure 1-3. We hypothesize that
these B—substituents can enhance solubilities of the target H,Pc and MPc
compounds, compared with that of the unsubstituted analog and be
electrochemically polymerized to create the corresponding polymer-modified
electrodes. Moreover, resulting modified electrodes are expected to have high
stability and high active surface area for using as electrocatalysts for the ECR of CO,
because the electropolymerization of these kinds of compounds could create the
two-dimensional polymeric network with high exposure to the CO, molecules and

suppressed aggregation effect of the macrocyclic phthalocyanine.*

H,Pc-2T; M = 2H
ZnPc-2T; M = Zn
CoPc-2T; M =Co
CuPc-2T; M =Cu
NiPc-2T; M = Ni

Figure 1-3. A general structure of target compounds.



1.1 Objectives of this research

To synthesize and investigate new bithiophenyl-substituted H,Pc and MPc

compounds and their polymers for the heterogenous ECR of CO,.
1.2 Scopes of this research

H,Pc and MPc derivatives bearing bithiophenyl B—substituents, whose
structures are shown in Figure 1-2, will be synthesized and characterized by means
of spectroscopic methods consisting of proton-1 and carbon-13 nuclear magnetic
resonance (*H and >C-NMR) spectroscopy, mass spectrometry (MS), UV-visible and
photoluminescence  spectrophotometry, attenuated total reflectance-Fourier
transform infrared spectroscopy (ATR-FTIR), and X-ray photoelectron spectroscopy
(XPS). After that, the obtained target compounds will be polymerized by the
electrochemical technique on indium tin oxide coated glass (ITO/glass) and carbon
paper. The resulting polymer-modified electrodes will be characterized by cyclic
voltammetry and spectroscopic methods including UV-visible spectrophotometry,
ATR-FTIR spectroscopy, XPS analysis, scanning electron microscope (SEM) and energy
dispersive X-ray spectroscopy (EDX). The catalytic activities of the polymer-modified
electrodes for the heterogeneous ECR of CO, will be investigated by the cyclic
voltammetry (CV) technique in organic or aqueous electrolyte media. Qualitative and
quantitative analyses of product(s) from the ECR of CO, will be performed by
chronoamperometry  (CA) or controlled-potential  electrolysis  (CPE),  gas

chromatography (GC) and ion chromatography (IC).



CHAPTER 2

THEORY AND LITERATURE REVIEWS

2.1 Electrochemical reduction of CO,

In principle, CO, is

a stable molecule having a linear

Electrochemically, the reduction of CO, usually requires high potential, such as at

-1.97 V in DMF,"> % -1.90 V in water’® * vs. normal hydrogen electrode (NHE), for a

one-electron reduction process to change the CO, structure molecule from a linear

to a bent reactive radical species, which can accept another electron to form primary

products such as CO and HCOOH.>" By thermodynamic calculation, the ECR of CO,

requires less potential in the multi-electron and multi-proton transfer process,

compared to the one-electron reduction process as shown in Table 2-1.%% %

Table 2-1. Possible reduction pathways on cathode and anode during the reduction

of CO,.*
Product Reaction E° redox /
V vs. NHE
CO, radical anion in DMF CO, + e - O~ -1.97%3.35
CO, radical anion in water | CO, + e = CO™ -1.9013 36
Hydrogen gas 2H" + 2" = H, 0°
HCOOH CO, + 2H* + 2e” &= HCOOH -0.58°
Formaldehyde CO, + GH" + de” = HCHO + H,0 -0.55°
CO (gas) CO, + 2H" + 26" & CO + H,0 ~0.51¢
CH5OH CO, + 6H" + 6e” = CH;OH + H,0 -0.39¢
C;HsOH 2C0O, + 12H" + 12e” &= C,HsOH + 3H,0 | -0.337
CHg CO, + 8H" + 8e” = CHy + 2H,0 -0.24°
CH,CHs 2C0O, + 14H" + 1de” & C,Hg + 4H,0 -0.27°

“Reduction potentials are calculated by using Gibbs free energy of formation from

thermodynamic data at pH 7.

structure.




Moreover, in the presence of several protons and electrons, more valuable
fuel products, such as CH;OH, C,HsOH, CH; and CH,CHg, can be obtained. However,
in fact, the ECR of CO, in presence of proton is hard to achieve due to completive
hydrogen (H,) evolution occurring at 0 V vs. NHE.*® Therefore, rate of reaction and
activation energy of the reduction play importance role in the conversion of CO, in
this case and hence electrocatalysts are required.

In general, there are two types of the electrocatalysts for the ECR of CO,

consisting of homogenous and heterogenous catalysts,™ %

mechanistic operation of
which are illustrated in Figures 2-1a and 2-1b, respectively. In the homogeneous
catalytic process, the catalyst is in the same phase as electrolyte and the ECR occurs
mainly on an electrode surface. An advantage of the homogenous electrochemical
condition is high turnover number (TON) of the catalyst because the catalyst from
the solution can act as the new catalyst the electrode surface. Nevertheless, this
process requires high overvoltage due to resistance of the electrolyte created in a
gap between the electrode surface and the catalyst molecules. Moreover, the
remaining catalyst cannot be conveniently separated from the process after use. To
overcome these problems, the use of the heterogeneous catalysts has been
proposed. In this approach, the catalyst is deposited on a working electrode (WE) by
several appropriate techniques such as drop casting, spin coating, physical vapor
deposition (PVD) and electrochemical deposition. However, in this method, high
stability of electrocatalyst is required due to limited surface coverage of the

electrocatalyst on the electrode.
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Figure 2-1. Schematic diagrams of ECR of CO, under (a) homogenous (b)

heterogenous catalysis. >



In the past decades, many literatures have showed that MPc compounds
have been good candidates as highly efficient electrocatalysts for the heterogeneous
ECR of CO; in terms of high stability, reversible redox properties and selective binding
with CO,. The ECR of CO, catalyzed by MPc (M= Co, Ni) was firstly described by
Meshitsuka et al.'” The studies showed that dip-coated MPc films on graphite
electrodes could serve as very active catalysts for the ECR of CO,. Kapusta and
Hackerman studied MPc (M= Co, Ni, Fe, Cu, Cr, Sn) deposited on glassy carbon rod
electrodes'® and found that the efficiency of the ECR of CO, in an aqueous solution
was defined as CoPc > NiPc >> FePc = CuPc > CrPc, SnPc. CoPc and NiPc cave
formate at pH > 5 and methanol at lower pH values. In addition, the MPc
compounds became less active in less acidic condition due to irreversibility of the
catalysts. Tanabe and Ohno used a plasma-assisted vacuum deposition technique to
prepare films of MPc compounds on glassy carbon electrodes.*’ Reactivity order of
the catalysts for the ECR of CO, was found to be CoPc >> NiPc > FePc ~ MgPc ~
MnPc ~ ZnPc in the aqueous solution. Furuya and Matsui studied 17 kinds of MPc
compounds deposited on porous carbon gas-diffusion electrodes.*” CoPc and NiPc
showed the highest catalytic activity for the ECR of CO, in the aqueous solution with
current efficiency of 100% and gave carbon monoxide as a product. Abe et al.
reported that butoxy-substituted CoPc coated on basal-plane pyrolytic graphite
(BPG) electrodes exhibited higher catalytic activity and selective for the ECR of CO,,
compared with CoPc due to the presence of electron donor substituents.'” Isaacs et
al. performed the polymerization of amino-substituted H,Pc and MPc (M= Co, Ni, Fe)
on the glassy carbon electrodes using the cyclic voltammetry.** The polymeric CoPc-
modified electrode exhibited electrochemical conversion of CO, into formic acid as a
major product in the aqueous solution. Spectroelectrochemical experiments
indicated the reduction of Co(ll) to Co(l) following by the reduction of the

macrocyclic phthalocyanine in this process.
2.2 Free base phthalocyanine (H,Pc) and metallophthalocyanine (MPc)

H,Pc is a heterocyclic molecule having a conjugated system of 18 Tt-

electrons.”® * The H,Pc macrocycle is based on porphine rings consisting of four



isoindole rings bridged to each other at 1 and 3 positions by imine (=N-) linkers
(Scheme 2-1). H,Pc can be deprotonated to generate dianionic ligand which was

able to coordinate with various metals to obtain MPc.

TG

Deprotonation_ Metalation
Pc or H,PC Pc? (dianion) M2*Pc2 or MPc

Scheme 2-1. A molecular structure of H,Pc and metalation process of H,Pc.

2.2.1 Optical properties of Pc and MPc

H,Pc and MPc exhibit two intense absorption bands at 300-400 nm and >
600 nm, which are called Soret band (B-band) and Q-band, respectively (Figure 2-2),
with high extinction coefficient value (>10° M™'.cm™) originating from a Gouterman’s
four-orbital LCAO model (Figure 2-3).%* * In the presence of central metals, the
extra transition band between 400-600 nm can appear when metal to ligand charge
transfer (MLCT) or licand to metal charge transfer (LMCT) occur, depending on
matching energy levels between metal and ligand.?® ** * Due to these interesting
properties, the H,Pc and MPc have attracted great attention in optoelectronic

applications, such as photovoltaic  cells,” photocatalysis,’ ?°  and

photoelectrocatalysis.?" 2 %
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Figure 2-2. typical spectra of H,Pc and MPc.”®


https://en.wikipedia.org/wiki/Soret_band

Pc ring orbitals metal orbitals Pc ring orbitals metal orhitals

Bz

b

1u

&

— —
— —

e ey

metal to ligand (MLCT) ligand to metal (LMCT)

Figure 2-3. Gouteman’s four-orbital linear combination of atomic orbital model.?®

2.2.2 Redox properties of MPc

In principle, the redox properties of MPc derivatives can be classified into two

47 %8 comprising active and inactive MPc compounds. The redox processes of

groups
the inactive MPc derivatives, such as ZnPc, Li,Pc and MgPc analogs, are involved by
the 18 Tt-conjugated system of the macrocycle. In Scheme 2-2a, oxidation reaction
of the inactive group can provide a maximum of two electron from conjugated
backbone by an oxidative doping process, leading to a radical cation and a radical
dication,?® Moreover, these free radicals from the radical dication can be recombined
to form a spinless of carbodication, which is a stable state like a quinones
structure.*” *° This quinone-like state of quinones structure exhibits high electron
mobility because electron can delocalize more fluently, favorable for optoelectronic
or electronic applications.”™ In Scheme 2-2b, the reduction of the inactive MPc
compounds can accept maximum of four electrons into their macrocycles to
generate radical anions.?® On the other hand, the active MPc derivatives, such as the
one having M= Co, Ni, Cu, and Mn undergo first oxidation or reduction at their metal
centers due to the presence of paramagnetic electrons as shown in Scheme 2-3,
resulting in the possible additional extra redox processes and axial coordination at
the metal centers.** *® >* Moreover, this kind of MPc derivatives can undergo further

oxidation or reduction at the macrocycles, leading to great potential of the active
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MPc compounds in the electrocatalysis, such as oxidation of L-cysteine,® the H,

evolution,” °® the ECR of CO,,”" etc.

C%? o S o
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@@ e .S
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Gh T T

Radical anion

Scheme 2-2. (a) Oxidation and (b) reduction of the inactive MPc.

pesiibey i eyiol
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Scheme 2-3. Oxidation and reduction of the active MPc.

2.3 Electrochemical polymerization techniques

There are many approaches to deposit the H,Pc and MPc derivatives on the

61 electrochemical

substrates, such as %, drop casting,” spray coating,® dip coating,
coating®, etc. Among these techniques, electrochemical deposition has unique
advantages in term of controlled film thickness, well-defined film morphology,
operating condition and high surface coverage on the substrate, even on the porous
one. Optimization of the electrodeposition can be achieved by adjusting various
parameters, such as concentration of deposited compound, applied potential, type
of electrode, type of electrolyte, etc. Moreover, the electrochemical polymerization
is one of the most popular polymerization methods providing selective

transformation of several kinds of monomers into corresponding polymers. To

achieve the electrochemical polymerization, electrochemically active units have to
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present in the monomer molecules, such as thiophene,*! pyrrole,* and EDOT,* etc
According to many literatures, there are many successful synthesis and
electrochemical ~ polymerization of the MPc  materials bearing the
electropolymerizable units. Trombach et al.*> and Obirai et al.** synthesized H,Pc
and MPc derivatives bearing pyrrol-1-yl groups (1A and 1B, respectively, Figure 2-4)
and successfully polymerized them on the ITO/glass surface by means of the cyclic
voltammetry and spectroelectrochemical measurement was used to investigate the
oxidation-reduction processes on the macrocycle and metal centers. In addition, a
film of a cobalt-chelated derivative was found to have the catalytic activity towards
the oxidation of L-cysteine to create disulfide bonds.** Yavuz et al. synthesized a
NiPc derivative substituted with 4-(2,5-di-2-thiophen-2-yl-pyrrol-1-yl) groups (1C,
Figure 2-4) and polymerized it on the [TO/glass electrodes.®* The polymers of
another series of the H,Pc and MPc derivatives containing thiophene-based

peripheral substituents (1D-F, Figure 2-4) were prepared and studied for

ol o e

R= ELO CHz)n

g e

M=2H,2Zn,Ni,Co ;n=2
M=2H;n=3

(1A) (1B)

M = Co, Fe, Mn, Ni, Zn

(1F)

Figure 2-4. Molecular structures of some H,Pc and MPc derivatives bearing

electrochemically polymerizable peripheral units.
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electrochromic  applications.® %

According to these research works, the
electrochemical polymerization seems to be the promising technique for preparing

the polymer films of our target H,Pc and MPc derivatives.

2.4 Electrochemical methods®
2.4.1 Cyclic voltammetry (CV)

The CV is an electrochemical technique wildly used to provide information
about electroactive species, such as number of electron transfer, redox potential,
catalytic activity, doping/dedoping effect, and electrochemical stability.°® An
electrochemical cell consists of the WE, a reference electrode (RE) and a counter
electrode (CE), which are immersed in an electrolyte solution, as shown in Figure
2-5. The potential of the WE are applied against the RE in an unstirred solution,
while the CE works as an assistant electrode where an opposite reaction to the WE
occur. In this technique, the input potential against time is in a triangle wave form,
which is called an excitation signal, as shown in Figure 2-6. One the triangle wave
form or one cycle consists of a forward scan and a reverse scan, corresponding with
oxidation reaction and then reversed reaction of electroactive species, respectively,
or vice versa, depending on a direction of the sweeping potential. If the potential is
swept from high potential to low potential, the reduction of the electroactive
species will occur first as shown in Figure 2-Ta. In contrast, if the potential is swept
from low potential to high potential, the oxidation of the electroactive species will
occur first as shown in Figure 2-7b. When the redox reaction of the electroactive
species under the applied potential occur, enhancement of current intensity will be
observed, leading to peak current in a cyclic voltammogram. In the cyclic
voltammogram, important parameters are initial potential (E;), final potential (Egna),
cathodic peak potential (E,.), anodic peak potential (Ey,), cathodic peak current (ipo),
anodic peak current (i,,) and half wave potential (E;/,). These parameters can give
information on the electrochemical behavior of analysts that are useful for many

studies and applications.
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WE RE CE

Figure 2-5. A schematic diagram of a three-electrode one-compartment

electrochemical cell.”
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Figure 2-6. Excitation signals of cyclic voltammetry.®®
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2.2.2 Chronoamperometry (CA) or controlled potential electrolysis (CPE)

The CA or CPE is another kind of voltammetry that is performed in the same
three-electrode system as that used in CV.” The principle of this technique is to
apply the constant potential to the WE against potential of the RE. The excitation
signal plotted between the potential and the time is depicted in Figure 2-8a. When
the electrochemical reaction of the electroactive species occurs at the certain
potential, current response will be measured against the time as shown in Figure 2-
8b. This technique offers useful tools for many applications, such as investigation of
the stability of the catalyst,” measurement of total charge (Q) for Faradaic efficiency
(FE) calculation,” activation of electrode and deposition of metallic or non-metallic

compounds on the electrodes, " ™ etc.

(a) (b)
_ 0
©
= E (constant) = Area=Q =it
g8 g
c 3
Time Time

Figure 2-8. a) An excitation signal for CA and b) a chronoamperometric response.®

In this study, the Q value that passes through the cell is calculated by
integrating current (i) vs. the time (t) following a Faraday's law'®:
Q=it=nF
where F is a Faraday's constant (96500 C-mol™) and n is the number of moles of
electrons. Therefore, n can be calculated from the Q obtained and the known F.
Moreover, the FE can be calculated by using the n value obtained, according to a

following equation:’”

e input

% FE =

x 100

e output

where ey, is the total number of moles of electrons passing through the cell and

€ouput 1S the numbers of moles of electrons required for the electrochemical

reaction.
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2.5. Gas Chromatography (GC)" &

The GC is a separation technique for identifying gas. An instrument for this
technique consists of a column, an injection port, carrier gas, an oven, a detector and
a computer as shown in Figure 2-9. The principle of this technique is to use a
chromatographic technique under controlled temperature for separating analyte gas
based on partition of the analyte between a stationary phase of column and mobile
phase of the carrier gas. Since different compounds have different strength of
interaction with the stationary phase (“like-dissolves-like” rule), each compound
spends different time to move to the detector. The stronger the compounds interact
with the stationary phase, the more time it spends to travel through the stationary

phase, resulting in longer retention time.

injection port. gsample detecter
column [
[ I |
| ==} I_I:I_I
| o |
oven oo o -
=] | e |
carrier gas computer

Figure 2-9. A schematic diagram of a GC setup.

2.6. lon Chromatography (IC)®!

The IC is a technique for analyzing ions and polar molecules based on
chromatographic theory and ion equilibrium.®? In this study, it was used to measure
the product(s) in a liquid phase obtained from the electrochemical reduction of CO,,
such as formate, carbonate, oxalate and acetate. A typical instrument setup is shown
in Figure 2-10.% Initially, an eluent solution, which is conductive, such as aqueous
solution of KOH or NaHCO3/Na,COs, is loaded into the system by using a high-
pressure pump. After that, the sample is injected and carried by the eluent solution
through a guard column that prevent impurities in the sample from entering a main

ion exchange column. In the ion exchange column, ion-exchange separation occurs,
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depending on difference in the charge and size of the ions. The small and high-
charge ion can move faster than the big and low-charge one. After separation, the
solution of the analyte ions moves to a suppressor part to reduce the conductivity of
the eluent and enhance the conductivity of the analyte ions. After that, the analyte
ions are detected by a conductivity detector to monitor the separated ions. All

processes are controlled by a computer.

sample
guard column conductivity
Pump suppressor detector
9 s —
injector ion exchange column computer

(h

eluent

Figure 2-10. Schematic diagram of an ion chromatography setup.®®

2.7 Raman spectroscopy®" &

The Raman spectroscopy is a technique for identifying a compound having
polarizability in a molecule, normally in a symmetrical one. This technique is
complementary with an infrared spectroscopy. The principle of the Raman
spectroscopy is based on interaction between high intensity of laser light and
chemical bonds in the molecule, corresponding to specific molecular bond vibration.
Typically, there are two types of Raman scattering, non-resonance and resonance
one.®® The non-resonance Raman scattering occurs when the molecule absorbed
photon energy from light that does not match with energy band of electronic
transition. This photon energy excites the molecule from its ground state to an
unstable virtual state that cause immediately emission of scattered photon
afterwards, as shown Figure 2-11.%" The energy-band transition of electrons can be
measured by the UV-visible spectrophotometry. In case of the resonance Raman
scattering, the molecule absorbs photon energy from light and gets excited to an
electronic state which is quite stable. After that, there are two possibilities to release

the energy to come back to the ground state. One is scattering photon and the other
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is giving fluorescence. The former is related to vibrational vibration, while the latter is
related to electronic energy band. The fluorescence occurs when the exited
molecule releases the energy to the lowest vibrational level of the excited
electronic state via vibrational relaxation, and this fluorescence emission can
interfere the Raman feature by giving a huge band in a Raman spectrum.® Therefore,
the non-resonant Raman scattering has a better defined feature than the resonance
one. However, both Raman scatterings are useful because they can give information
about localization of electrons in molecule at the ground or the excited state. The
non-resonance Raman scattering can be used to investigate the localization of the
electrons at the ground state or at highest occupied molecular orbital (HOMO)
because electrons do not get excited to the higher electronic states. On the other
hand, the resonance Raman scattering is involved with both HOMO and LUMO
because electrons are excited from the ground state to the higher electronic excited
state. Hence, the different laser excitation wavelengths can give distinct information

about the vibrational feature of electrons at the ground state and/or the excited

state.
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Figure 2-11. Energy diagrams of resonance Raman scattering and non-resonance

Raman scattering spectroscopies, comparing with other spectroscopic techniques.®’
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2.8 X-ray photoelectron spectroscopy (XPS)%

The XPS is another powerful tool to determine chemical composition on the
surface of the samples, types of the chemical bonds in the molecule, and oxidation
states of some metal compounds. However, since practical depth of this
measurement is around 10 nm from the surface, this technique may not be suitable
for analyzing bulk composition of the materials. The principle of this technique is
based on photoelectron effect described by Albert Einstein. As shown in Figure 2-
12, the electron at a core shell is hit by an incident X-ray beam under an ultra-high
vacuum condition, resulting in ionization and emission of an inner shell electron(s)
(photoelectron). The elements of the surface composition are characterized by
investigating binding energy (B.E.), corresponding with kinetic energy (KE.) of the
emitted photoelectron. The binding energy is specific for each element and can be

calculated by a following equation described by Ernest Rutherford.”

B.E. = hV (known) — K.E. (measured) - Mspec (calibrated)

Where hV is energy of an incident X-ray and (I)Spec is the work function which

depends on both the spectrometer and the material.
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‘ AN /
\Valence band /

@ @ Q\ 0/. @ 2p (L2,13)
.\ ./ 2s (L1)

A

B.E.

15 (K)

’ @

Figure 2-12. A schematic diagram of a photoelectron emission process.”
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CHAPTER 3
EXPERIMENTS

3.1 Chemicals

All chemicals were purchased from commercial sources and used without
further purification unless noted otherwise. Carbon papers (AvCarb MGL190) and
nafion membrane (117) were purchased from Fuel Cell Store (USA). The ITO/glass

was brought from Semiconductor wafer, Inc.
3.2 Analytical Instruments

'"H-NMR and C-NMR spectra were recorded from Bruker Avance 400,
operated at 400 MHz and 100 MHz, respectively, in CDCl; or (CD3),SO. Chemical shifts
(8) are reported in parts per million (ppm) relative to a residual CHCl; peaks (O =
7.26 ppm for 'H-NMR spectroscopy and & = 77.16 ppm for *C-NMR spectroscopy)
and (CH3),SO peaks as reference (O = 2.50 ppm for 'H-NMR spectroscopy and & =
39.5 ppm for C-NMR spectroscopy). Mass spectra were obtained from a high-
resolution electrospray ionization MS (HR-ESI-MS), a matrix-assisted laser desorption
ionization time-of-flight MS (MALDI-TOF-MS) or a high-resolution matrix-assisted laser
desorption ionization spiral time-of-flight MS (HR-MALDI-spiralTOF-MS). Absorption
spectra were measured in a THF solution at room temperature by using a Cary 60
UV-vis spectrophotometer and extinction coefficients (€) were reported in M*.cm™.
Fluorescence spectra were measured in THF using a Perkin-Elmer LS45 luminescence
spectrometer at room temperature. The XPS measurements were performed using
an ESCALAB 250Xi XPS Microprobe (Thermo Scientific). ATR-FTIR spectra were
recorded on a Bruker Vertex 80-ATR. The electrochemical experiments were
performed by using a potentiostat (Vertex.One). The Raman measurements were
operated at room temperature using a Horiba LabRAM HR800 micro-Raman
spectrometer with a 514.7 nm line of a DPSS Cobolt laser and a 633 nm line of a He-
Ne laser. All Raman spectra were calibrated with a signal of a silicon wafer in the
Raman spectrum which typically showed a peak at 520 nm. For a single crystal X-ray

diffraction (SC-XRD) measurement, a suitable crystal was selected and measured on a
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Bruker APEX-Il CCD diffractometer. The crystal was kept at 296.15 K during data
collection. Using Olex2?!, the structure was solved with a ShelXS* structure solution
program using Direct Methods and refined with a ShelXL” refinement package using

Least Squares minimization.
3.3 Synthesis Procedures

3.3.1 4-([2,2-bithiophen]-5-yl)phthalonitrile (1)

P

w 5 N NaOH, Pd(t-BusP), s. 4
- L) s

1,4-dioxane, 70 °C, 14 h —~

63% 1

Following a reported procedure® with slight modification in a type of the
starting materials and in purification steps, 4-bromophthalonitrile (0.209 ¢, 1.01
mmol), 2,2-bithiophene-5-boronic acid pinacol ester (0.293 ¢, 1.05 mmol) and Pd(t-
BusP), (0.004 g, 0.007 mmol) were dissolved in dry dioxane (2.0 mL) at room
temperature under nitrogen atmosphere. After stirring for 10 min, a 5 N NaOH
aqueous solution (0.12 mL) was added. Then, reaction mixture was stirred at 70 °C
for 14 h. Afterwards, the resulting mixture was diluted with dichloromethane (250
mL) and filtered to remove the catalyst and salt. The filtrate was concentrated under
reduced pressure to remove solvents. The resulting yellow solid was then dissolved
in dichloromethane (250 mL) and precipitated by using hexanes. After filtration and
washing with hexanes, a yellow solid was dried under reduce pressure to give the
title compound (0.184 g, 63%). "H NMR (CDCl,) (0): 7.05-7.10 (m , 1H), 7.22 (d, J = 3.6
Hz, 1H), 7.27 (d, J = 3.6 Hz, 1H) , 7.31 (d, J = 5.2 Hz, 1H) , 7.41 (d, J = 4.0 Hz, 1H) , 7.78
(d, J = 8.4 Hz, 1H), 7.86 (dd, J = 8.4, 2.0 Hz, 1H), 7.94-7.99 (m, 1H); *C NMR (CDCl,)
(6): 113.2, 115.3, 115.6, 117.0, 125.1, 125.3, 126.1, 127.5, 128.4, 129.0, 129.8 134.2,
136.3, 137.8 139.3, 141.2. HR-ESI-MS m/z: [(M"Na)'] calcd for CysHgN,S,Na™, 315.0021;
found, 315.0047.
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3.3.2 2,9,16,23-tetra([2,2'-bithiophen]-5-y)phthalocyaninato-zinc(ll)
(ZnPc-2T)

%
s /A Zn(OAc); 2H,0, urea, (NH,)gMo70,4°4H,0

— nitrobenzene, 185°C, 6 h
78%

ZnPc-2T

Following a reported procedure® with slight modification in a type of the
starting materials and in purification steps, 4-([2,2"-bithiophen]-5-yl)phthalonitrile (1,
0.090 g, 0.31 mmol), zinc acetate dihydrate (0.022 mg, 0.10 mmol), urea (0.055 ¢, 0.85
mmol) and ammonium molybdate tetrahydrate (0.014 ¢, 0.0097 mmol) were
dissolved in distilled nitrobenzene (0.8 mL) and the solution was stirred at 185 °C for
6 h. After that, the reaction mixture was cooled to room temperature and poured
into methanol (50 mL). The resulting dark precipitate was filtered and washed
thoroughly with formic acid (50 mL) and then methanol (50 mL). This process was
repeated twice to remove impurity and by products. The resulting dark green
precipitate was dissolved in THF and purified by flash chromatography (silica, THF) to
remove residue compounds. The combined fraction was concentrated to 50 mL and
methanol was added. The dark green precipitate was separated by filtration, and
washed with ethanol, dichloromethane and hexanes. The resulting dark green solid
was dried under reduced pressure to give the title compound (0.075 g, 78%). 'H NMR
((CD5),50) (8): 7.16-7.26 (m, aH), 7.41-7.55 (m, 8H), 7.64 (s, 4H), 7.82-8.02 (m, 4H),
8.08-8.28 (m, 4H), 8.63-8.93 (m, 6H), 9.02-9.17 (m, 2H); *C NMR ((CD5),S0) (8): 124.2,
124.3, 125.26, 125.33, 125.6, 1259, 128.4, 1339, 1359, 136.7, 136.8, 136.9, 138.1,
142.6, 142.7, 151.4. UV-visible: Ay (€) 362 (9.3x10%, 637 (3.9x10%, 707 (1.8x10°) nm.
Ao, (Ao, = 430 nm): 514, 717, 796 nm; Ao, Ao, = 650 nm): 717, 796 nm. HR-MALDI-
spiralTOF-MS m/z : (M") calcd for CyqH3,NgSgZn 1231.9807; found, 1231.9826.
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3.3.3 2,9,16,23-tetra([2,2-bithiophen]-5-yl)phthalocyaninato-cobalt(ll)
(CoPc-2T)

4 N
S / \ Co(OACc),4H,0, urea, (NH4)sMo7054-4H,0
W/ s N
= nitrobenzene, 185 °C, 6 h
=N

45 %

CoPc-2T

CoPc-2T was synthesized following the same procedure as for ZnPc-2T by
using 4-([2,2"-bithiophen]-5-ylphthalonitrile (1, 0.176 ¢, 0.603 mmol), cobalt acetate
tetrahydrate (0.050 g, 0.20 mmol), urea (0.105 g, 1.75 mmol) and ammonium
molybdate tetrahydrate (0.026 g, 0.021 mmol) in distilled nitrobenzene (1.6 mL) and
the solution was stirred at 185 °C for 6 h. After that, the reaction mixture was cooled
to room temperature and poured into methanol (50 mL). The resulting dark
precipitate was filtered and washed thoroughly with formic acid (50 mL) and then
methanol (50 ml). This process was repeated twice, and the resulting dark green
precipitate was then dissolved with THF (250 mL) and filtered. The filtrate was
concentrated to 50 mL and ethanol (50 mL) was added. The dark green precipitate
was separated by filtration, and washed with hexanes (50 mL), dichloromethane (50
mL) and ethanol (50 mL). After drying under reduced pressure, CoPc-2T was
obtained as a dark green solid (0.083 g, 45%). UV-visible: A (€) 351 (9.3x10%, 692
(8.8x10% nm. HR-MALDI-spiralTOF-MS m/z: found, 1226.9849 [M*]; calcd, 1226.9848
(M*, M = CgqH3,NgSgCo).
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334 2,9,16,23-tetra([2,2-bithiophen]-5-yl)phthalocyaninato-copper(ll)

(CuPc-2T)
_N
74
\S 8 Cu(OAc),'H,0, urea, (NH,)sM070,4-4H,0
§ s N
nitrobenzene, 185 °C, 6 h
=N
1 82%

CuPc-2T

CuPc-2T was synthesized following the same procedure as that described for
ZnPc-2T by using 4-([2,2-bithiophen]-5-yDphthalonitrile (1, 0.135 g, 0.462 mmol),
copper acetate tetrahydrate (0.035 g, 0.18 mmol), urea (0.117 ¢, 1.94 mmol) and
ammonium molybdate tetrahydrate (0.024 g, 0.019 mmol) in distilled nitrobenzene
(1.8 mL). After the solution was stirred at 185 °C for 6 h, the reaction mixture was
cooled to room temperature and poured into methanol (50 mL). The resulting dark
precipitate was filtered and washed thoroughly with formic acid (50 mL), and then
methanol (50 ml). This process was repeated twice, and the resulting dark green solid
was washed with ethanol and then dichloromethane. After drying under reduced
pressure, CuPc-2T was obtained as a dark green solid (0.116 g, 82%). UV-visible: A s
370, 652, 707 nm. MALDI-TOF-MS m/z: found, 1230.981 [M*]; calcd, 1231.304 (M*, M =
CeaH3NgSeCu). *H and >C NMR spectroscopy and € could not be determined due to
low solubility and paramagnetic properties. Moreover, this compound did not show

significant emission.
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3.3.5 2,9,16,23-tetra([2,2-bithiophen]-5-yl)phthalocyaninato-nickel(Il)
(NiPc-2T)

74
\S / \ Ni(OAC),-4H,0, urea, (NH,)sM0;0,4-4H,0
/ S N
-~ nitrobenzene, 185 °C, 6 h
=N

NiPc-2T

NiPc-2T was synthesized following the same procedure as that described for
ZnPc-2T by using 4-([2,2"-bithiophen]-5-ylphthalonitrile (1, 0.088 g, 0.302 mmol),
Nickel acetate tetrahydrate (0.025 g, 0.10 mmol), urea (0.051 ¢, 0.857 mmol) and
ammonium molybdate tetrahydrate (0.013 g, 0.010 mmol) in distilled nitrobenzene
(1.6 mL). After the solution was stirred at 185 °C for 6 h, the reaction mixture was
cooled to room temperature and poured into methanol (50 mL). The resulting dark
precipitate was filtered and washed thoroughly with formic acid (50 mL), and then
methanol (50 ml). This process was repeated twice, and the resulting dark green solid
was washed with ethanol and then dichloromethane. After drying under reduced
pressure, a dark green solid containing NiPc-2T (0.068 g) was obtained. MALDI-TOF-
MS m/z: found, 1225.906 [M']; calcd, 1225.987 (M", M = CgH3,NgSgNi). Due to low

solubility of NiPc-2T, complete purification to get pure NiPc-2T was not possible.
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3.3.6 2,9,16,23-tetra([2,2'-bithiophen]-5-yl)phthalocyanine (H,Pc-2T)

Pyridine-HCI
-

110°C, 17 h
37%

ZnPc-2T

HaPc-2T

Following a reported procedure,” a mixture of 2,9,16,23-tetra([2,2-
bithiophen]-5-yl)phthalocyaninato-zinc(ll) (ZnPc-2T, 0.066 g, 0.054 mmol), pyridine-
HCL (0.790 g, 6.80 mmol), and pyridine (1.6 mL) was stirred under N, atmosphere at
110 °C for 17 h. After cooling to room temperature, the reaction mixture was added
H,O (10 mL) and the resulting precipitate was filtered, and washed with H,O, MeOH
and then CH,Cl,. After drying under vacuum, H,Pc-2T was obtained as a dark green
solid (0.023 g, 37%). UV-visible: Ape 339, 687 and 830 nm. Aoy, (Ao, = 370 nm): 491,
694, 741 nm; )\em (}\ex = 650 nm): 694 nm. MALDI-TOF-MS m/z: found, 1170.875 [M™];
calcd, 1171.512 (M*, M = C¢qHzaNgSg). 'H and *C NMR spectroscopic method and €

could not be determined due to low solubility of this compound.
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3.4 Electrochemistry

3.4.1 Electropolymerization

The [TO/glasses and carbon papers were cut into 0.8 cm X 4.0 cm and 1.0 cm

X 2.0 cm, respectively. A cleaning process and pretreatment of the ITO/glasses were
performed by following procedures: the [TO glasses were wiped with KimWipe
soaked with toluene, washed under sequential sonication for 15 min in acetone,
isopropanol, de-ionized water, and then dried in oven at 100 °C. In case of the
carbon papers, acetone was used in the washing process prior to the drying process
in the oven at 100 °C. The electrochemical polymerization of ZnPc-2T and CoPc-2T
was performed in a one-compartment three-electrode system by means of the CV as
shown in Figure 3-1. The electrochemical cell consisted of the ITO/glass or the
carbon paper as the WE, a home-made AgCl-coated Ag wire (Ag/AgCl) as a quasi-
reference electrode (QRE)*®*°" and a Pt plate as the CE. The potential of the Ag/AgCl
QRE was calibrated by a ferrocene/ferrocenium (fc/fc*) redox couple by showing E;/,
potential of 3.5 V. The polymerization was electrochemically performed in a solution
of 1.0 mM ZnPc-2T or 0.5 M CoPc-2T containing 0.1 mM tetrabutylammonium
tetrafluoroborate (TBABF,) in THF under the N, atmosphere. The applied potential of
the WEs consisting of ITO and carbon paper for ZnPc-2T was used in a range of 0.00
and 1.20 V vs. Ag/AgCl QRE ITO/glass and carbon paper with the number of scanning
cycles of 10. In case of CoPc-2T, the applied potentials of the WEs were used in a
range of 0.00 V and 1.20 V vs. Ag/AgCl QRE for the ITO/¢lass and 0.00 V and 1.40 V vs.
Ag/AgCl QRE for the carbon paper with the number of scanning cycles of 20 and 40,

1

respectively. A scan rate of 50 mV s was used for electropolymerization

experiments. Each resulting polymer film was deposited on the area of 0.8 cm X 2.0
cm or 1.0 cm X 1.2 cm on the [TO/glass or carbon paper, respectively. After
completion of the eletropolymerization, the resulting polymer films were
immediately washed with THF to remove excessive monomer and electrolyte salt

and then, left dry under ambient condition.
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Potentiostat H&' 0

WE: ITO/glass

1.0 mM ZnPc-2T or 0.5 mM CoPc-2T
or carbon paper

with 0.1 M TBABF, in THF (electrolyte)
RE: Ag/AgC| QRE CE: Pt plate
Figure 3-1. A one-compartment three-electrode electrochemical set up for

electropolymerization.

3.4.2 CPE in a one-compartment electrochemical cell

CPE experiments were performed using the one-compartment three-
electrode system in a 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF)
solution in acetonitrile (ACN) as shown in Figure 3-2. The electrochemical cell
contained the polymer-coated [TO/glass or carbon paper as the WE, Pt plate as the
CE, and the Ag/AgCl QRE and Ag/AgCl QRE. Prior to all CPE experiments, the CV of
each WE was performed under N,- or CO,- saturated conditions using the same
electrochemical setup in a potential range of 0.0 V to -1.7 V or to -1.8 V vs. Ag/AgCl
QRE at the scan rate of 50 mV-s™' in order to estimate potential used for the CPE.
According to the investigation, the potential of —-1.7 V vs. Ag/AgeCl QRE was applied
for the CPE under the CO,-saturated condition for 2 h or 12 h. At the end of each
experiment, a portion of headspace gas (4.0 mL from total volume of 10.0 mL) was
taken by a gas-tight syringe and analyzed with a Thermo Scientific Trace GC Ultra
equipped with a thermal conductivity detector (TCD) for sequentially detecting CO
and H, by using He and N, as carrier gases, respectively. For the liquid phase analysis,
samples of the electrolysis solution (20 ulL) were diluted with mill-Q water (1980 L),
filtrated by a syringe filter and determined by a Thermo Scientific Dionex-5000 ion
chromatography system equipped with a suppressor-conductivity detector. The

gradient KOH was used as an eluent periodically programed by 10 mM KOH (0 to 7
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min), 100 mM KOH (7 to 14) and 10 mM KOH (14 to 27 min) at constant temperature
of 30 °C with a flow rate of 0.25 mL-min™".

Glove box

S [ ]
r Potentiostat w—lﬁl
L L< CE: Pt plate

Supporting electrolyte: 0.1 M TBAPFs in ACN

WE: poly(MPc-2T)-

modified ITO/glass

or carbon paper RE: Ag/AgCI QRE

Figure 3-2. A one-compartment three-electrode electrochemical set up for CPE

experiments.

3.4.3 CPE in a two-compartment electrochemical cell

This method was carried out using a home-made two-compartment

electrochemical cell (H-cell) consisting of a cathodic and an anodic chambers as

shown in Figure 3-3. The cathodic chamber contained the 1.0 cm X 1.0 cm
polymer-coated carbon paper as the WE and an Ag/AgCl (3 M KCl) as the RE, while
the anodic chamber contained the Pt plate as the CE. Both chambers were
connected via a nafion membrane (117) which was previously activated with
concentrated nitric acid at 80 °C for 1 h and washed with milli-Q water until the
eluent become neutral.”® Each chamber contained a 0.5 M KHCO; aqueous solution
(35.0 mL, pH 8.4 and 7.3 for the experiments under the N,- and CO,-saturated
conditions, respectively) or a 0.1 M KH,PO,/K,HPO, aqueous solution (35.0 mL, pH 7.3
and 6.4 for the experiments under the N,- and CO,-saturated conditions,
respectively). Each chamber was equipped with a silicon/PTFE septum and a SCHOTT
screw cap with an aperture (GL 32) to keep the system tightly closed. N, or CO, was
purged into each solution for 20 min before each measurement. Before performing
the CPE, the CV of each polymer-coated carbon paper was performed at the
potential ranging from 0.0 to -1.2 V or to -1.3 V vs. Ag/A¢Cl (3 M KCl) with the scan
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rate of 50 mV-s™. During the CPE experiments, the solutions was stirred at 400 rpm
and the potential of -1.2 V or -1.3 V vs. Ag/AgCl (3 M KCl) was applied to the WE.
After 2 h, a portion of the headspace gas (4.0 mL from total volume of 38.0 mL) was
taken by the gas-tight syringe and analyzed with the GC and, the liquid sample was
investigated by IC in the same manner as that described in section 3.4.2. The

calculation of %FE, TON and TOF were showed in appendix.

— To potentiostat

RE: Ag/AgCl (3M KCI)

Supporting electrolyte:
0.5M KHCO3

or 0.1 M KHzPO4/K2HPO4
in milli-Q water

WE: Poly(MPc-2T)-modified carbon paper

CE: Pt plate

Nafion

Figure 3-3. A two-compartment three-electrode electrochemical cell.

For accurate analysis of the formation of the reduction product(s) during the
CPE, online GC was performed by using the same electrochemical setup with
additional connection between the headspace of the cathodic chamber and a gas-
sampling loop of the GC instrument via a gas tube as shown in Figure 3-4. CO, was
continuously bubbled into the 0.5 M KHCO; cathodic electrolyte at the flow rate of
10 mL-min™*. During the CPE experiments, the solutions in both chamber were stirred
at 400 rpm and the potentials of —=1.2 V, 1.3 V and -1.4 V vs. Ag/AgCl (3 M KCl) were
applied for 20 h. Quantitative analysis of the product formation was carried out every

30 min for 20 h.
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outlet

Flow meter inlet

/“: 10 mL ‘min™"

(.‘-O2

RE: Ag/AgC| (3M KCl)

CE: Ptplate 0.5 M KHCOs in milli-Q water

Nafion  \WE: Poly(CoPe-2T)-madified on carbon paper

Figure 3-4. A two-compartment three-electrode electrochemical setup connected

with online GC.
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CHAPTER 4
RESULTS AND DISCUSSION

The main idea of this work is to improve catalytic activity and stability of MPc
derivatives for the ECR of CO, by introducing polymerizable groups on the H,Pc and
MPc using the electropolymerization technique for preparing the H,Pc or MPc-based
polymer film on the [TO/glass and carbon paper substrates. The
electropolymerization can extend the polymer network in two dimension (2D) and
give controllable film thickness with well-defined morphologies.*® * The 2D structure
of the resulting polymeric network are also expected to have high stability and high
active surface area.

In this chapter, the target MPc monomers were characterized by means of
spectroscopic methods consisting 'H- and >C-NMR spectroscopy, MS, UV-visible
spectrophotometry, photoluminescence spectrophotometry, ATR-FTIR spectroscopy,
and XPS analysis. After that, the corresponding polymers were prepared by CV
technique and characterized by spectroscopic methods including UV-visible
spectrophotometry, ATR-FTIR spectroscopy, XPS analysis, SEM and EDX. And then,
their electrochemical features and catalytic performance for electrochemical
reduction of CO, were investicated by mean of CV and controlled potential
electrolysis (CPE). The reduction products after CPE were detected by the GC and
the IC to estimate the catalytic performance in terms of FE, TON and TOF of the

formation of the reduction product(s).
4.1 Synthesis and characterization of the target compounds
4.1.1 Synthesis and characterization of MPc-2Th

ZnPc-2T, CoPc-2T, CuPc-2T and NiPc-2T were synthesized via a two-step
reaction as shown in Scheme 4-1. Suzuki cross-coupling reaction between 4-
bromophthalonitrile and 2,2'-bithiophene-5-boronic acid pinacol ester gave 4-([2,2’-
bithiophen]-5-yl) phthalonitrile (1), which underwent cyclization in the presence of
appropriate metal acetate hydrates, urea and ammonium molybdate tetrahydrate to

afford ZnPc-2T, CoPc-2T and CuPc-2T in 49%, 28%, 52% overall yield, respectively.
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In case of NiPc-2T, the vyield could not be determined due to difficulty in
purification. To achieve H,Pc-2T, ZnPc-2T was demetallated by using pyridine-HCl at
110 °C for 17 h, affording H,Pc-2T in 37 % vyield. The relatively low yield resulted
from difficulty in column chromatography due to low solubility of this compound.
Therefore, additional precipitation was required to remove further undesired
byproducts. The formation of ZnPc-2T, CoPc-2T, CuPc-2T, NiPc-2T and H,Pc-2T
were confirmed by HR-MALDI-spiral TOF-MS or MALDI-TOF-MS showing their molecular
ion peaks at m/z 1231.9826, 1226.9849, 1230.981, 1225906 and 1170.875,
respectively, with consistent isotopic patterns (Figure A-7, A-13, A-19, A-21 and A-
17). A 'H-NMR spectrum of ZnPc-2T exhibited signals of aromatic protons at 0 9.17-
8.08 ppm and 8.02-7.21 ppm, corresponding to 12 phenyl and 20 bithiophenyl
protons, respectively (Figure A-5). Moreover, a C-NMR spectrum of ZnPc-2T
showed aromatic carbon peaks at 124.2-151.4 ppm (Figure A-6). Due to
paramagnetic nature of metal centers in CoPc-2T, CuPc-2T and NiPc-2T as well as
the low solubility of CuPc-2T and H,Pc-2T in organic solvents, their NMR spectra
could not be obtained. ZnPc-2T and CoPc-2T exhibited moderate solubilities in
polar aprotic solvents, such as THF, DMF and DMSO, owing to available axial
coordination at their metal centers, whereas H,PC-2T did not have such a
coordination site and therefore had to confront molecular aggregation. CuPc-2T
showed extremely low solubility even in coordinating solvents possibly due to
significant coordination between copper central metals inside the phthalocyanine
rings that led to high aggregation effect.”” In case of NiPc-2T, attempts to purify the
crude solid failed to give pure NiPc-2T due to extremely low solubility probably
resulting from dimerization of Ni(ll)-phthalocyanine rings via Hl-oxo and Ll-peroxo
bridges,'® as evidenced by the mass spectrum showing an additional [M+0]" peak at
m/z 1239.951 (Figure A-21). H,Pc-2T, CuPc-2T and NiPc-2T could be dissolved in
strong acid, such as concentrated sulfuric acid and trifluoroacetic acid, leading to
protonation of inner and outer nitrogens of H,Pc-2T, as well as of the outer nitrogens
of NiPc-2T and CuPc-2T. However, since the electropolymerization and the ECR of

CO, required use of the common organic solvents, H,Pc-2T, CuPc-2T and NiPc-2T
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were not taken into account in these studies. H,Pc-2T was used only in the
investigation on the photophysical properties in comparison with that of ZnPc-2T

and CoPc-2T as described in the next section, while CuPc-2T and NiPc-2T were not
be further studied.

5 N NaOH, Pd(t-Bu3P)2
63% 1,4-dioxane, 70 oC, 14 h

Zn(OAc), 2H,0 or
Co(OAc),-4H,0 or
Cu(OAc), H-0 or
Ni(OAc),-4H,0

urea, (NH4)sMo70544H,0
nitrobenzene, 185 °C, 6 h

ZnPc-2T (78%); M = Zn
CoPc-2T (45%); M = Co
CuPc-2T (82%), M = Cu o
NiPc-2T,; I(VI = (I’\:i pyridin-HCI

‘ 110°C, 17 h

37%

HyPc-2T

Scheme 4-1. Synthesis of ZnPc-2T, CoPc-2T, CuPc-2T, NiPc-2T and H,Pc-2T.
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4.1.2 Investigation of photophysical properties of the target compounds

To investigate the photophysical properties of the target compounds, the
absorption and emission spectra were recorded in THF solution by using UV-visible
and fluorescence spectrophotometry. The absorption and emission patterns of the
target compounds were compared with H,Pc or MPc (M = Zn or Co) as shown in the
Figures 4-1 and 4-2 and summarized in Table 4-1. The results showed that the
typical absorption B- and Q-bands of the target compounds were observed in the
range of 300-500 nm and 500-800 nm, respectively, with high extinction coefficient
values of 10°-10° L-mol™cm™. These results are consistent with previously reported
data for H,Pc and MPc derivatives and the Gouterman’s four-orbital LCAO model of
an 18-TT electron in aromatic system?® ** Compared with the absorption pattern of
ZnPc and CoPc, the introduction of the bithiophenyl groups at the B—positions of
the Pc rings caused ZnPc-2T and CoPc-2T red shift of the Q-bands by 42 and 37 nm,
as well as the presence of the additional absorption shoulders at 405 and 410 nm,
respectively. The former observation could be explained by extended Tt-conjugation
due to the bithiophenyl B—substituents, leading to destabilization of the HOMO level
and consequently, reduction of the energy gap.”® The latter cloud be due to
absorption of conjugated bithiophenyl moieties.!®” In case of H,Pc, where the
molecular aggregation effect was quite strong, the absorption spectrum showed
extraordinary splitting of the Q band due to Dy, symmetry and degeneracy of the
LUMO energy level.?® The splitting of Q band, however, is generally suppressed when

the conjugation of the macrocycle was extended, as in H,Pc-2T.%°
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Figure 4-1. Absorption spectra and solution of (a) ZnPc, (b) CoPc and (C) H,Pc
derivatives having no substituent (black solid line and left flasks) and bearing

bithiophenyl B—groups (red dashed lines and right flasks).

Upon excitation at the B- and Q-band regions, emission spectra of ZnPc and
ZnPc-2T exhibited similar patterns with an additional peak at 514 nm and red-shift of
the emission peak of 26 nm due to the addition of the bithiophenyl moieties (Figure
4-2). In case of CoPc and CoPc-2Th no emission peak was observed because of

quenching effect by the central cobalt ion.?* ! Interestingly, the emission patterns
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of H,Pc and H,Pc-2T were found to be different from each other when these
compounds were excited at their B-bands. The intense emission peak at 491 nm of
H,Pc-2T is attributed to the bithiophenyl groups. This observation also suggested
that the photoexcitation at the B-band region could cause dominant electron
distribution at the bithiophenyl groups of H,Pc-2T. On the other hand, the emission
spectra of H,Pc-2T and H,Pc upon the excitation at the Q band region gave the
same similarity of both peak patterns and positions. This result could indicate that
the photoexcitation at the Q band of H,Pc-2T led to the major electron distribution

at the macrocycle without electronic interference of the bithiophenyl B—substituents.
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Figure 4-2. Emission spectra of ZnPc (black solid line) and ZnPc-2T (red dashed line)
solutions upon excitation at their (@) B and (b) Q bands, and H,Pc (black solid line)

and H,Pc-2T (red dashed line) solutions upon excitation at their (c) B and (d) Q

bands.
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Table 4-1. Photophysical properties of the target phthalocyanines compared with

their unsubstituted analogs.

A.../ nm (& / Lmol™.cm™)° A../nm
Compounds Excitation | Excitation
B-band Q-band
at B band | at Q band
ZnPc 343 601, 665 691, 736 691, 736
. 637 (3.9x10"%), 514, 717,
ZnPc-2T 363 (9.3x107), 405 5 717, 796
707 (1.8x10°) 796
CoPc 324 594, 655 R -
4 629, b b
CoPc-2T 351 (9.3x107), 410 . - -
692 (8.8x10")
688, 771,
H,Pc 339 653, 688 694, 771
1021
491, 694,
H,Pc-2T 339 687, 830 694, 771
741

“The € values were determined for some absorption peaks having high absorptivity.

® No emission spectra was observed.
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4.2 Preparation and characterization of the target polymers
4.2.1 Electrochemical polymerization of ZnPc-2T

The polymerization of ZnPc-2T was performed by means of the CV on the
ITO/glasses and carbon papers in the 0.1 M TBABF,4 solution in THF containing 1.0
MM ZnPc-2T. The reaction was conducted under N, atmosphere in a one-
compartment three-electrode system consisting of the ITO/glass or carbon paper as
the WE, the Pt plate as the CE and the Ag/AgCl QRE. The potential between 0.00 V
and 1.20 V vs. Ag/AgCl QRE was applied at the scan rate of 50 mV-s™ with the
number of the scanning cycles of 10.

As shown in Figure 4-3a, the first scanning oxidation cycle, represented the
oxidative feature of the ZnPc-2T monomer, exhibited two peaks at 0.62 V and 0.82V
vs. Ag/AgCl QRE, corresponding to the oxidation of the macrocyclic phthalocyanine
and bithiophenyl moieties, respectively.”® ' Upon increasing the number of the
cycles to 10 cycles, the current density was increased, indicating the possible
formation of the electroactive species or the polymer film on the [TO/glass. In
addition, the second oxidation peak gradually shifted to higher potential and
potential onset was significantly decreased from 0.42 V to 0.28 V vs. Ag/A¢Cl QRE,
indicating the formation of the polymeric species that was easier to oxidize than the
monomeric one.®” ® When the carbon paper was used, the similar pattern of the
cyclic voltammogram as that observed in the case of the ITO/glass were detected
(Figure 4-3b). The current densities were found to be slightly higher than those
observed when the ITO/glass was used due to higher geometric surface area of the
carbon paper. The resulting greenish polymer films were quite homogeneous and

stable under ambient condition.
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Figure 4-3. Cyclic voltammograms and films obtained from electrochemical
polymerization of ZnPc-2T at the first cycle (black solid line), the 2"°-9" cycles (red
dotted lines) and the 10™ cycle (blue dashed line) on (a) an ITO/glass and (b) a

carbon paper.

4.2.2 Electrochemical polymerization of CoPc-2T

In a similar manner as the procedure described for ZnPc-2T, the polymer
films of CoPc-2T were prepared by using in the 0.1 M TBABF; solution in THF
containing 0.5 MM CoPc-2T monomer. The potential range of 0.00-1.20 V and 0.00-
1.40 V vs. Ag/AgCl QRE, and the number of scanning cycles of 20 and 40 were
applied at the scan rate of 50 mV-s™" when the ITO/glass and carbon paper were
used as the substrates, respectively. The cyclic voltammogram of the CoPc-2T on
the ITO/glass showed two oxidation peaks at the potential of 0.75 V and 1.00 V vs.

Ag/AgCl QRE in the first sweeping cycle, corresponding to oxidation of the Co(ll) to

Co(1)** %8 8 192 3nd bithiophenyl moieties,'® ' respectively (Figure 4-4a). Upon
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increase in the number of the cycles, the current density was increased with the two
oxidation peaks observed at 0.50 V and 0.75 V vs. Ag/AgCl QRE, which gradually
shifted into the higher positive potential, indicating the possible formation of the
electroactive species or polymer film on the electrode surface. The cyclic
voltammograms of CoPc-2T on the carbon paper exhibited a similar features as
those observed for the polymerization on the [TO/glass (Figure 4-4b). In this case,
the wider potential range, iie. from 0.00 to 1.40 V vs. Ag/AgCl QRE, and the higher
number of the scanning cycles, ie. 40, were required in order to obtain good

coverage of the polymer on the carbon paper surface.
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Figure 4-4. Cyclic voltammograms and films obtained from electrochemical
polymerization of CoPc-2T at the first cycle (black solid line), (a) the 2"-19" cycles
(red dotted lines) and 20" (blue dashed line) on an ITO/glass and (b) 2"-39" (red

dotted lines) and the 40" cycles (blue dashed line) on a carbon paper.
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4.2.3 Investigation of the photophysical properties of the polymer films

To confirm the formation of the polymer films of ZnPc-2T poly(ZnPc-2T)
and CoPc-2T poly(CoPc-2T) from the above-mentioned electrochemical
polymerization, the resulting films were investigated by the UV-visible
spectrophotometry, the ATR FT-IR spectroscopy, the Raman spectroscopy, the SEM
equipped with the EDX, and the XPS analysis. For the UV-Visible spectrophotometry,
the intense absorption patterns of the poly(ZnPc-2T) were observed at 362 nm and
743 nm, while the poly(CoPc-2T) showed intense absorption bands at 359 nm and
723 nm, corresponding to those of their monomer solutions (Figure 4-5). However,
in case of dropcasted films of their monomers, the broadening, spitting and the low
intensity of the Q-bands were detected at 678 and 738 nm for ZnPc-2T, and at 650
and 725 nm for CoPc-2T, which were attributed to strong H-type aggregation effect
of the MPc macrocycles (Davidov spitting effect).'® % Therefore, the intense Q-
bands observed from the polymer films supported the hypothesis that the
electropolymerization technique could expand the polymer network to suppress the
aggregation effect of the macrocyclic compounds. Furthermore, the additional
shoulder observed around 451 nm for poly(ZnPc-2T) and 440 for poly(CoPc-2T)
could correspond to newly formed quarterthiophenyl units® in the polymer
network or be metal-ligand charge transfer band.?® The blue-shifted peaks of the Q-
band found in the monomer solutions, compared with that of the dropcasted
monomer and polymer films could result from enhanced electron density at the

metal centers of the Pc ligands due to the coordination with solvent.? 1%
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Figure 4-5. Absorption spectra of (a) a ZnPc-2T solution in THF (black solid line), a
drop-casted film of ZnPc-2T (red dashed line) and a poly(ZnPc-2T) film on an
ITO/glass (blue dotted line), and (b) a CoPc-2T solution in THF (black solid line), a
drop-casted film of CoPc-2T (red dashed line) and a poly(CoPc-2T) film on the
ITO/glass (blue dotted line).

In the Raman spectroscopy study, the Raman spectra of poly(ZnPc-2T) and
poly(CoPc-2T) were collected in the region of 600 cm™ to 1700 cm™ and compared
with the Raman features of the basic vibrational structures of their fundamental
components, which are bithiophene (2T), unsubstituted MPc (M=Zn(ll) or Co(ll)), and
their monomers as shown in Figures 4-6. By using different laser excitation
wavelengths corresponding to the UV-visible absorption patterns of each material,

ie. 514.7 nm or 633 nm, selective detection of the MPc macrocycle and the
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bithiophenyl moieties could be achieved due to the different localization of the
electron density at the HOMO and LUMO levels as mentioned in chapter 2. When
the laser excitation at 514.7 nm was used, the Raman spectra of the target
monomers showed the pronounced bithiophenyl feature at 1450 and 1551 nm™ for
ZnPc-2T, and at 1448 and 1545 nm! for CoPc-2T, which were consistent with Raman
spectra of 2T and their polymers. Upon the laser excitation at 633 nm, the
macrocyclic vibration of the target monomers dominated and found at 681, 747 and
1505 nm™ for ZnPc-2T, and at 688, 753 and 1542 nm™ for CoPc-2T. Such
bithiophenyl and macrocycle Raman features were also observed in the cases of
poly(ZnPc-2T) and poly(CoPc-2T). The Raman features of the target polymers upon
laser excitation at 514.7 nm tended to be broader than those of the corresponding
monomers possibly because of increase in the delocalization of the electrons and
extended Ti-conjugated system in the polymer networks.'” Besides, additional peaks
at 1487 cm™ and 1485 cm™ were observed for poly(ZnPc-2T) and poly(CoPc-2T),
respectively, which are attribute to the vibration in the quarterthiophene bridges as
described in a previous report.'? Therefore, these results could clearly confirm that
the polymers obtained from the electropolymerization process are the polymer of

ZnPc-2T and CoPc-2T.
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Figure 4-6. Raman spectra of 2T (black line), ZnPc (red line), ZnPc-2T (blue line) and
poly(ZnPc-2T) (green line) upon laser excitation at (a) 514.7 nm and (b) 633 nm, as
well as Raman spectra of 2T (black line), CoPc (red line), CoPc-2T (blue line) and
poly(CoPc-2T) (green line) at laser excitation at (c) 514.7 nm and (d) 633 nm.

As complementary study to the Raman spectroscopy, the ATR FT-IR
spectroscopy was also used to investigate the vibration features of poly(ZnPc-2T)
and poly(CoPc-2T) in comparison with 2T, MPc (M= Zn or Co) and their monomers
as shown in Figure 4-7. The ATR FT-IR spectra of poly(ZnPc-2T) and poly(CoPc-2T)
were recorded in the range of 600 cm™' and 1650 cm™!, which is a fingerprint region
of the TT- conjugated system.!™! As the results, the main features of the macrocyclic
vibrations of ZnPc-2T and CoPc-2T were detected at 747 cm™, 1049 cm™, 1097 cm”™
Yand 1143 cm™, and at 747 cm™, 795 cm™! and 1097 cm’, respectively, consistent
with those observed in the cases of that unsubstituted MPc analogs. In addition, out-
of-plane bending vibration modes at Ol-C-H bands of the bithiophene moieties of
both monomers were observed at 685 cm™, 824 cm™ and 836 cm’, which are

consistent with those detected in 2T.%* 2 In the case of the polymers, the presence
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of the macrocyclic vibrational features and the absence of the Q-C-H vibration

bands, supported the conclusion that the desired poly(MPc-2T) films could be

successfully formed through the Ol-C-H sites of the bithiophenyl substituents. In
addition, several additional bands observed in range of 1200 cm™ and 1600 cm™ in
the ATR FT-IR spectra of both polymer films are attributed to the increase in the
numbers of atoms in the polymeric networks, according to the number of vibrational

modes calculated from 3No—6 .11
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Figure 4-7. ATR FT-IR spectra of bithiophene (2T) (black line), unsubstituted MPc (red
line), MPc-2T (blue line) and poly(MPc-2T) (green line) when M is (a) Zn and (b) Co.

To further confirm the formation of the desirable polymer films from the
electropolymerization process, the XPS analysis was used to determine the
elemental composition of poly(CoPc-2T) and poly(ZnPc-2T), in comparison with
those of their monomers in forms of pristine powder and drop-casted films. The

results in Table 4-2 showed that elemental compositions of all samples were in
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good agreement and corresponded with the calculated theoretical values. Therefore,
it could be concluded that the polymer films obtained from the
electropolymerization of ZnPc-2T or CoPc-2T was the corresponding polymers,

poly(ZnPc-2T) or poly(CoPc-2T), respectively.

Table 4-2. XPS analysis data of poly(ZnPc-2T), poly(CoPc-2T) and their monomers.

Samples Co or Zn: N: S ratio
Calculated 1:8:8
ZnPc-2T powder 1:9.3:7.8

ZnPc-2T drop-casted film 1:9.3:7.8

poly(ZnPc-2T) film 1:9.0: 7.7
CoPc-2T Powder 1:9.9:7.6
CoPc-2T drop-casted film 1:10.3: 7.9
poly(CoPc-2T) film 1:10.9:8.8

According a microscopic study, poly(ZnPc-2T) and poly(CoPc-2T) were
found to have good coverage on the fiber-like carbon papers as shown in Figures 4-
8a and 4-9a with slight agglomeration of the polymer as observed by SEM (Figures
4-8b and 4-9b). Moreover, the EDX performed in the same area on the carbon
paper substrate also confirmed the full coverage of poly(ZnPc-2T) and poly(CoPc-
2T) by showing throughout distribution of S and Zn (Figure 8c, 8d), and of S and Co
(Figure 9c, 9d) on the carbon papers, respectively. These results indicated that the
poly(ZnPc-2T) and poly(CoPc-2T) films were well coated on the high surface area
of the carbon papers and suitable for further studies on the catalytic activity for the

ECR of CO,.
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Figure 4-8. (a) a Microscopic image, (b) a SEM image, and EDX maps showing (c)
sulfur (S) and (d) zinc (Zn) atoms of a poly(ZnPc-2T) film on a carbon paper.

Figure 4-9. (a) a Microscopic image, (b) a SEM image, and EDX maps showing (c)
sulfur (S) and (d) cobalt (Co) atoms of a poly(CoPc-2T) film on a carbon paper.



48

4.3 Investigation of the electrocatalytic performance of the target polymers

towards the CO, reduction

4.3.1 Cyclic voltammetry (CV) studies and controlled potential
electrolysis (CPE) measurements in a one-compartment cell and organic

medium.

In this study, the CV was performed in a 0.1 M TBAPF4 solution in ACN and
the one-compartment three-electrode system consisting of the polymer-modified
carbon paper as the WE, the Pt plate as the CE and Ag/AgCl QRE. The polymer-
modified ITO/glass was not used in this study due to low stability of ITO/substrate
which is not sufficiently stable for the CPE measurement. Therefore, the polymer-
modified carbon paper was used as the WE due to the high surface area and stability
properties. Before each experiment, the solution was purged with N, or CO, for 15
min. The applied potential range of 0.00 V to -1.70 V vs. Ag/AgCl QRE and the scan
rate of 50 mV:s' were used for all measurements. As a result, the cyclic
voltammogram of the poly(ZnPc-2T)-modified carbon paper under Nj-saturated
condition exhibited two reversible reduction peaks at peaks potentials (Eqes) of —1.22
V and -1.57 V vs. Ag/AgCl QRE, corresponding to two reduction steps of the ZnPc
macrocycle (Figure 4-10)."* ! Under CO,-saturated condition, the cyclic
voltammogram of the poly(ZnPc-2T)-modified carbon paper showed increase of the
current densities at the onset potential (Egpset) around -0.6 V vs. QRE Ag/AgCl, in
comparison with those observed under the Nj-saturated condition. These results
indicated that the presence of poly(ZnPc-2T) might involve in the ECR of CO,. Since
the ECR of CO, required at least two-electron to generate primary products, such as
HCOO™ and CO,*® * this study suggested that the suitable applied potential for the
CPE measurements of the polymer modified carbon paper described in the next

section should be -1.70 V vs. Ag/AgCl QRE or higher.
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Figure 4-10. Cyclic voltammogram of a poly(ZnPc-2T)-modified carbon paper under
N,- (thick black solid line) and CO,saturated (thick red dashed line) conditions,
compared with those of bare carbon papers under the N,- (thin black solid line) and

CO,-saturated (thin red dashed line) conditions recorded in a 0.1 M TBAPF4 in ACN

solution in a one-compartment three-electrode cell.

As regards the CV of the poly(CoPc-2T)-modified carbon paper under the N,.
saturated condition, the cyclic voltammogram exhibited two reduction peaks at the
Epeax Values of —0.67 V and -1.50 V vs. Ag/AgCl QRE (Figure 4-11), attributed to the
reduction of Co(ll) to Co(l) and macrocyclic phthalocyanine moieties, respectively.?
#8102 Under the CO,-staturated condition, the cyclic voltammogram of this modified
carbon paper showed cathodic peak at the E,., values of -0.75 V vs. Ag/AgCl QRE
and -1.46 V vs. Ag/AgCl QRE, corresponding with slightly change of the first peak and
enhanced current density of the second peak, respectively. This result indicated that
the first reduction of the cobalt metal center was unlikely to involve the reduction
of CO,, and the reduced species started to influence the reduction of CO, at Egeet OF
-1.13 V vs. Ag/AgCl QRE and higher. This study suggested that the suitable applied
potential for the CPE measurements described in the next section should be -1.70 V
vs. Ag/AgCl QRE or higher to ensure that at least two-electron reduction process of

CO, could occur to achieve the reduction products, such as HCOO™ and CO.
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Figure 4-11. Cyclic voltammograms of a poly(CoPc-2T)-modified carbon paper
under N, (thick black solid line) and CO,-saturated (thick red dashed line) conditions
compared with those of bare carbon papers under the N,- (thin black solid line) and
CO,-saturated (thin red dashed line) conditions recorded in a 0.1 M TBAPF4 in ACN

solution in a one-compartment three-electrode cell.

The CPE experiments were performed in the same experimental setup as that
explained for CV technique. The poly(CoPc-2T)-modified carbon paper was applied
by the potential of -1.7 V vs Ag/A¢Cl QRE for 3 h in the CO,-saturated condition of a
0.1 M TBAPF¢ solution in ACN to determine the catalytic performance towards the
ECR of CO,. After completion of each experiment, the gas and liquid samples from
the cell were analyzed by the GC and the IC, respectively. As shown in Figure 4-12a,
the current densities of chonoamperograms of the bare carbon paper and the
poly(ZnPc-2T)-modified carbon paper were very low throughout the period of 3 h,
while the poly(CoPc-2T)-modified carbon paper gave slisht enhancement of the
current density up to 0.1 mA.cm™. According to the GC analysis, CO was found as
the only product with the FE of 1% for the bare carbon paper and the poly(ZnPc-
2T)-modified carbon paper, and 16% for the poly(CoPc-2T)-modified one after 3 h
(Table 4-3). To determine the stability of the polymer, the experiment was
extended to 12 h under the same condition. The chronoamperograms in Figure 4-

12b showed that the bare carbon paper exhibited the very low current density, < 0.1



51

mA-cm™? throughout 12 h, while the poly(ZnPc-2T)-and poly(CoPc-2T)-modified
carbon papers gave significantly enhanced current densities of up to 2.3 mA.cm™ and
2.7 mA-cm™, respectively. However, the FEs were found to be only 2 % for the CO
formation without detection of any other products in both cases. The low FEs could
come from many reasons, such as degradation of the polymer films on the
electrodes, accumulating electric charge during the potential application,!'* > lack

95, 116

of proton source to regenerate catalyst again or reoxidation of the newly formed

reduction products from CO, at the anode.'!’
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Figure 4-12. Chronoamperometric responses of the ECR of CO, in a 0.1 M TBAPF;
solution in ACN at the potential of —=1.70 V vs. Ag/AgCl QRE for (a) 3 h and (b) 12 h of
a bare carbon paper (square symbol with black line), a poly(ZnPc-2T)-modified
carbon paper (circle symbol with red line) and a poly(CoPc-2T)-modified carbon

paper (triangle symbol with blue line) in a one-compartment three-electrode cell.
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Table 4-3 Catalysis performance of poly(ZnPc-2T) and poly(CoPc-2T)-modified
carbon papers for ECR of CO, performed in a 0.1 M TBAPF¢/ACN solution at the
applied potential of —1.70 V vs. Ag/AgCl QRE with one-compartment three-electrode

cell.

) Maximum % FE
Catalysts Tme Current density of CO
/ mA-cm™? formation
carbon paper 3 <0.1 1
bap 12 <0.1 2
poly(ZnPc-2T)/ 3 <0.1 1
carbon paper 12 23 >
3 0.1 16
ly(CoPc-2T

poly(CoPc-2T) 4o 07 )

4.3.2 Cyclic voltammetry (CV) studies and controlled potential
electrolysis (CPE) measurements in a two-compartment cell and aqueous

medium.

In order to improve the efficiency of the ECR of CO,, the two-compartment
three-electrode cell consisting of cathodic and anodic chambers was used. Each
chamber was separated by a nafion membrane to prevent the reduced products
produced from the cathode side passing through the anode side. The cathodic
chamber contained the polymer-coated carbon paper as the WE and the Ag/AgCl (3
M KCU) as the RE, while the anodic chamber contained the Pt plate as the CE. A 0.5
M KHCO; aqueous solution saturated with N, (pH 8.4) or CO, (pH 7.3) was used as the
electrolyte to obtain buffering capacity of bicarbonate, to increase capability of CO,
on the catalyst sites and to provide the proton source for the ECR of CO,.! &2

Under the CO,- and Ny-saturated conditions, the cyclic voltammograms of the
bare carbon paper did not show any peak in range of 0.00 V to -1.20 V vs. Ag/AgCl
(3M KCl), indicating no interference of the substrate in the ECR of CO, (Figures 4-13a
and 13b). Also, the cyclic voltammogram of the poly(ZnPc-2T)-modified carbon
paper under the N,-saturated condition, which was recorded in the same potential

range, did not give any redox peak unlike what observed for the above-mentioned
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experiments in the one-compartment cell and the organic medium. This observation
possibly resulted from the hydrophobicity of the polymer-modified electrode that
led to weak interaction between the aqueous electrolyte and the WE. Under the
CO,-saturated condition at the same potential range, this WE showed the increase in
the backeround current density and the slisht enhancement of cathodic current
density starting from -0.80 V vs. Ag/AgCl (3M KCl) (Figure 4-13a) possibly due to
catalytic activity with CO,. In case of the poly(CoPc-2T)-modified carbon paper, the
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Figure 4-13. Cyclic voltammograms of (a) poly(ZnPc-2T)- and (b) poly(CoPc-2T)-
modified carbon papers under N,- (thick black solid line) and CO,-saturated (thick red
dashed line) condition, compared with those of bare carbon papers under the N,-

(thin black solid line) and CO,-saturated (thin red dashed line) conditions recorded in

a 0.5 M KHCO;3 solution in a two-compartment three-electrode cell.
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cyclic voltammogram was recorded under the same condition in the same potential
range. The cyclic voltammogram obtained under the N,-saturated condition showed
a broad cathodic peak at the Epe of —0.64 V vs. Ag/AgCL (BM KCU), typically identified
as the reduction of Co(ll) to Co()) % '?» % as presented in Figure 4-13b. The
enhancement of the current density was observed starting from —1.10 V vs. Ag/AgCl
(3M KCl) might correspond to the H, evolution in the aqueous media that was
promoted by poly(CoPc-2T).? Under the CO,-saturated condition, this WE gave the
cyclic voltammogram having the similar pattern with higher current density and lower
Eonset i-€. =0.90 V vs. Ag/AgCl (3M KCl), compared with that observed under the N,-
saturated condition, suggesting that the WE might catalyze the ECR of CO, and/or the
hydrogen evolution at this range of potential.?® '*

To determine the type(s) of the reduction products(s) from the ECR of CO,
under catalysis with the poly(ZnPc-2T)- or poly(CoPc-2T)-modified carbon paper,
the CPE measurements were performed by using the same two-compartment three-
electrochemical cell setup in'a 0.5 M KHCO; aqueous solution at -1.20 vs. Ag/AgCl
(B3M KCl) for 2 h under the CO,saturated condition. As a result, the
chronoamperograms showed the constant current densities of 0.07 mA-cm™ and 0.9
mA-cm ™2 when the poly(ZnPc-2T)- and poly(CoPc-2T)-modified carbon papers were
used, respectively (Figure 4-14a). However, the bare carbon paper exhibited the
enhancement of current density after 50 min to 0.4 mA-cm™. This observation
suggested that, without the polymer films, the bare carbon paper may deteriorate
under this condition. In case of the poly(CoPc-2T)-modified carbon paper, the great
enhancement of the current density was observed since the beginning of the
experiment, suggesting that the significant catalytic activity for the ECR of CO, could
be expected. According to the GC analysis, no carbon-based reduction product was
detected when the bare carbon paper and the poly(ZnPc-2T)-modified one were
used (Figure 4-14b), but, instead, H, was found as a single product with the FE of
25% and 11%, respectively. When the poly(CoPc-2T)-modified carbon paper served
as the WE, CO was found as a major product and H, as a minor one with the FE of

83% and 16%, respectively. The results suggested that poly(CoPc-2T) could serve as
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Figure 4-14. (a) Chronoamperometric responses of a CPE experiment at the potential
of =1.20 V vs. Ag/AgCL (3M KCL) for 2 h of a bare carbon paper under N,- (black line)
or CO, (red line) saturated conditions, a poly(ZnPc-2T)-modified carbon paper
under CO,-saturated condition (square symbol with black line) and a poly(CoPc-2T)-
modified carbon paper under N,-(cycle symbol with red line) or CO,- (triangle symbol
with blue line) saturated condition in a 0.5 M KHCO; electrolyte b) % Faradaic
efficiencies of CO and H, production from the CPE at the potential of —-1.20 V vs.
Ag/AgCL (3M KCl) for 2 h in presence of a bare carbon paper, and a poly(ZnPc-2T)-
and a poly(CoPc-2T)-modified carbon papers in a N,- or CO,-saturated 0.5 M KHCO;

electrolyte solution and a two-compartment three-electrode cell.
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the catalyst for the ECR of CO, under this condition. Interestingly, the CPE using the
poly(CoPc-2T)-modified carbon paper as the WE gave CO and H, with the FE of 19%
and 65%, respectively, under the N,- saturated condition. While the bare carbon
paper serves as the WE under the N,- saturated condition, only H, was detected with
the FE of 46%. However, the chronoamperograms of both cases shown in Figure 4-
14a exhibited lower current densities than those observed under the CO,-saturated
condition, suggesting that product amount might be low. This observation indicated
that HCO5 /CO, equilibrium might play a role as the source of a small amount of CO,
for the ECR of the poly(CoPc-2T)-modified electrode even without the external
input of CO,. Moreover, it is also possible to further develop the electrochemical
setup studied herein to convert the conventional bicarbonate aqueous solution into
CO. In case of the poly(ZnPc-2T)-modified carbon paper, no reduction product was
detected by the GC and IC for both gas and liquid phases even at the potential as
high as —1.30 V vs. Ag/AgCl (BM KCL). In addition, the current density under the CO,-
saturated conditions was relatively low. These observations might come from the
redox property of the inactive ZnPc macrocycle, leading to the reduction of only
macrocyclic phthalocyanine without participation of the metal ion as described in
chapter 2.2.2. However, the poly(ZnPc-2T)-modified electrode seemed to be stable
under the condition studied herein and, hence, might be interesting for further
studies for other electrochemical applications.

To find the optimized catalytic performance towards CO, conversion of
poly(CoPc-2T)-modified carbon paper, the potential was increased from -1.2 V to
-1.30 V vs. Ag/AgCl (3M KCl). The results showed that the higher constant current
densities were observed throughout the CPE using the poly(CoPc-2T)-modified
electrode both under the N,- and CO,-saturated conditions, indicating more catalytic
activity and the same stability of the poly(CoPc-2T) film on the carbon paper (Figure
4-15).
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Figure 4-15. a) Chronoamperometric responses of 2-h CPE using a poly(CoPc-2T)-
modified carbon paper as a WE in a N,-saturated 0.5 M KHCOj5 solution at the applied
potential of —=1.20 V (square symbol with black line) and at -1.30 V vs. Ag/AgCl (3M
KCL) (circle symbol with red line) and in a CO,-saturated one under applied potential
at —1.20 V (up-pointing triangle symbol with blue line) and at —1.30 V vs. Ag/AgCL (3M
KCL) (down-pointing triangle symbol with green line) in a two-compartment three-

electrode electrochemical cell.

According to the GC quantitative analysis, the CPE for 2 h using the bare
carbon paper electrodes under the Ny-and CO,-saturated conditions gave H, as the
major product with the increase in the FEs from 46% and 26% to 94% and 809%,
respectively, when the potential was increased from -1.20 V to -1.30 V vs. Ag/AgCl
(3M KCU), without any carbon-based product detected (Figure 4-16a). Under the CO,-
saturated condition in the presence of the poly(CoPc-2T) film, significant
suppression of the H, evolution from the FEs of 16% to 7% and the enhanced CO
formation from 83% FE to 94% FE were observed upon the potential increase from
-1.20 V to -1.30 V vs. Ag/AgCLl (3M KCl), respectively. The quantitative analysis for the
accumulated amounts of CO obtained from the 2-h ECR of CO, at -1.20 V and -1.30
V vs. Ag/AgCL (3M KCLl) were found to be 0.83 mL and 1.94 mL, respectively (Figure
4-16b). Under the N,-saturated condition in the presence of the poly(CoPc-2T) film,
the formation of CO was slightly enhanced from 19% FE to 42% FE, while the H,

production were suppressed from 65% FE to 21% FE, when the potential was raised
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from -1.20 V to —=1.30 V vs. Ag/AgCl (3M KCl), equivalent to 0.05 mL and 0.14 mL CO,

respectively.
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Figure 4-16. a) % FE of CO and H, formation from 2-h CPE at applied potentials of

-1.20 V and -1.30 V vs. Ag/AgCl (BM KCl) in the absence and presence of a

poly(CoPc-2T) film on carbon paper and in a N,- or CO,-saturated 0.5 M KHCO;

solution. b) Quantitative analysis of gas products from 2-h CPE using the poly(CoPc-

2T)-modified carbon paper as a WE at the potentials of -1.20 V and -1.30 V vs.

Ag/AgCl (BM KCl) a in Ny or CO, saturated 0.5 M KHCO; solution and a two-

compartment three-electrode electrochemical cell.
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To study the ECR of CO, without the in-situ generation of CO, from the
bicarbonate buffer, the similar experiments were achieved in a 0.1 M KH,PO4/K,HPO4
solution. In Figure 4-17, the cyclic voltammograms of the bare carbon paper under
the N,- and CO,-saturated solutions did not show any peak in range of 0.00 V to
-1.30 V vs. Ag/AgCl (3M KCLl), indicating no reduction occurred in these region. In case
where the poly(CoPc-2T)-modified carbon paper was used, the cyclic
voltammogram under the N,-saturated condition showed a small peak at around
Epeak Of =0.48 V vs. Ag/AgCL (3M KCl), which could be characterized as the reduction
of Colll) to Co()),® '#* > while the enhancement of the current density was
observed at Egneer Of —1.12 V vs. Ag/AgCLl (BM KCl), possibly due to the H, evolution.
Under the CO,-saturated condition, the cyclic voltammogram showed a reduction
peak of the metal center reduction at Ege. of =0.52 V vs. Ag/AgCl (3M KCL) with the
enhancement of current density at Eqpeer Of —1.05 V vs. Ag/AgCL (3M KCU), likely to be
the catalytic activity with CO, as observed in the 0.5 M KHCO5 solution. However, the
reduction peak of the Co(ll) metal center under this condition had lower current
density than that observed in the 0.5 M KHCO; solution, which could result from the
higher concentration of 0.5 M KHCO; solution comparing with 0.1 M KH,PO4/K,HPO4
one, leading to higher ion strength, conductivity and current density.'? % According
to these observation, the suitable applied potential for the CPE measurement in this
electrolyte solution should be higher than 1.05 V vs. Ag/AgCl (3M KCl) to gain the
catalytic activity towards ECR of CO,.

The CPE in the 0.1 M KH,PO,/K,HPO, solution were performed for 2 h in the
same two-compartment three-electrode system as described earlier. At the selected
potential of -1.30 V vs. Ag/AgCl under the N,- and CO,-saturated conditions, the
chronoamperogarms of the poly(CoPc-2T)-modified carbon paper showed the
steady current densities of 0.60 mA-cm™ and 3.1 mA-cm, respectively, as shown in
Figure 4-18. The higher of the current density observed under the CO,-saturated
condition, compared with the N,-saturated one, indicated that the catalytic activity

towards the ECR of CO, could be expected under this condition.
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Figure 4-17. Cyclic voltammograms of a poly(CoPc-2T)-modified carbon paper
under N,- (thin black line) and CO,-saturated conditions (thin red dashed line),
compared with those of a bare carbon paper under the N,- (thick solid black line)
and CO,-saturated conditions (thick red dashed line) recorded in a 0.1 M

KH,PO4/K,HPO, electrolyte solution.
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Figure 4-18. a) Chronoamperometric responses of 2-h using a poly(CoPc-2T)-
modified carbon paper as a WE at potential of —1.30 V vs. Ag/AgCl (3M KCl) under N,-
saturated condition in a 0.5 M KHCO5 (square symbol with black line) and in a 0.1 M
KH,PO./K,HPO, (circle symbol with red line) and under CO,-saturated condition in a
0.5 M KHCO; (up-pointing triangle symbol with blue line) and in a 0.1 M
KH,PO4/K,HPO, (down-pointing triangle symbol with blue green) in a two-

compartment three-electrode electrochemical cell.
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According to the GC analysis of the CPE in the CO,-saturated 0.1 M
KH,PO4/K,HPO, solution by using the poly(CoPc-2T)-modified carbon paper as the
WE at applied potential of —1.30 V vs. Ag/AgCl for 2 h, CO and H, were detected with
the FE of 85% and 16%, equivalent to the accumulated CO and H, of 2.05 mL and
0.38 mL, respectively, as shown in Figures 4-19a and 19b. In the case where the
bare carbon paper served as the WE, only H, was detected with the FE of 88%. The
results showed that the %FE of the CO production under the CO,-saturated
condition observed in the 0.1 M KH,PO/K,HPO, solution was lower than that
observed in the 0.5 M KHCO3 solution (94% vs. 85%), likely due to the equilibrium of
CO, and HCO; that could increase the CO, concentration at surrounding catalyst
site.''®12! On the other hand, under the N,-saturated condition in the presence and
absence of the poly(CoPc-2T) film on carbon paper, a formation of CO was
detected at lower than 1% FE for both cased, while the FE of the H, evolution was
observed at 88% and 87%, respectively. This observation supported the condition
concerning the in-situ generation of CO, in bicarbonate media. Moreover, the higher
current density and the higher accumulated CO product were observed in the
presence of the poly(CoPc-2T) film under the CO,-saturated 0.1 M KH,PO4/K,HPO,
solution, compared with the CO,-saturated 0.5 M KHCO; one. This result could come
from the pH change from 7.3 to 6.4 after the CO, was purged into the 0.1 M
KH,PO4/K,;HPO, solution causing the potential shift in a reversible hydrogen electrode
(RHE) scale.”® Therefore, the applied potential under the CO,-satutated 0.1 M
KH,PO4/K,HPO, solution is higher than 0.5 M KHCO; solution in a potential of —0.05 V
in the RHE scale and led to the higher current density and the higher accumulated
CO product. In term of selectivity, the 0.5 M KHCO; solution gave higher selectivity to
the CO production and the same stability of current density for both condition
throughout the 2-h process. Therefore, the 0.5 M KHCO; solution is still suitable
electrolyte for the ECR of CO, and for further study on the stability of the

poly(CoPc-2T) film on carbon paper below.
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Figure 4-19. a) % FE of CO and H, formations from 2-h CPE at applied potential of

-1.30 V vs. Ag/AgCL (3M KCl) in the absence and presence of a poly(CoPc-2T) film on

carbon paper electrode under a N,- or CO,- saturated condition of 0.5 M KHCO; or

0.1 M KH,PO4/K,HPO4 solution. b) Quantitative analysis of gas products from 2-h CPE

using the poly(CoPc-2T)-modified carbon paper as a WE at the potentials of -1.30 V

vs. Ag/AgCl (3M KCl) in a Ny- or CO,- saturated conditions of 0.5 M KHCO; or 0.1 M

KH,PO4/ K;HPO4 solution in a two-compartment three-electrochemical cell.

The stability of the poly(CoPc-2T) film on carbon paper was investigated by

extending the CPE experiments to 20 h and monitoring the amount of CO every 30

min by the online GC with continuous CO, purging into the 0.5 M KHCO; solution in
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the cathodic side of the two-compartment three-electrode cell with the flow rate of
10 mL-min™. The applied potential was kept constant at —=1.20 V, -1.30 V or -1.40 V
vs. Ag/AgCl (3M KCl). The current density, %FE and the amount of CO detected
during the period of the CPE were shown in Figure 4-20. At —1.20 V vs. Ag/AgCLl (3M
KCl), the average current density was found to be 0.7 mA.-cm™ with the average FE
for the CO formation of 61% and the accumulated amount of CO of 4 mL,
corresponding to accumulated TON of 4,518 and average TOF of 0.06 s™* as shown in
Table 4-4. When the potential was increased to -1.30 V vs. Ag/AgCl (3M KCl), the
average current density and FE of CO formation were enhanced to 1.7 mA-cm™ and
72%, respectively, corresponding accumulated TON and average TOF of 12,358 and
0.17 s}, respectively. The result also showed that the accumulated amount of CO
obtained from the ECR of CO, at —1.30 V vs. Ag/AgCl (3M KCl) was 2.5 times higher
than that obtained at -1.20 V vs. Ag/AgCLl (3M KCU), i.e. 10.7 mL vs. 4.2 mL However,
when the applied potential was increased to —1.4 V vs. Ag/AgCl (3M KCl), the current
density was found to decrease from 2.7 mA-cm™ to 1.2 mA-cm™ over time, while the
average FE and the accumulated amount of the CO were not significantly improved,
compared with those obtained at -1.30 vs. Ag/AgCl (BM KCl), ie. 75% and 11 mlL,
respectively. The current density decay observed in this case was attributed to over-
limited potential for the poly(CoPc-2T) film under this condition. Consequently, the
TON and TOF became slightly lower (11,485 and 0.16 s/, respectively) than the case
where the potential of -1.30 V vs. Ag/AgCl (3M KCl) was applied. These results
suggested that the optimum potential for the ECR of CO, under the catalysis of the
poly(CoPc-2T)-modified carbon paper was -1.30 V vs. Ag/AgCl (BM KCU),
corresponding to —=0.67 V vs. RHE. Compared with the FE of CO production obtained
from the batch experiments, the lower value gained from the online experiments
was attributed to the difference in the experimental setup. The online experiment
was carried out in a flow system, while the batch one was performed in a closed

system allowing the accumulating of the products in the cathodic chamber.



64

" 0
€
=
<
E 1
2
n
3 -2
g -
pre)
c
o
=
S 3
o 3
(b)
a 80 1 A .
= A ‘AA" ‘Ad A Add AA ,_A‘
'g 707.,/.“..-“.:”':.5“" ‘\.'-‘.a ' oh"‘\. AA;
a— A
& . o
3 60 - /.,l'l...,, -.'...-“I/ .-,l.‘."*.-.’..‘-'\..l...
©
° _ | = 120V
© J
s 20 . 130V
L 40 A— 140V
\Q. 4
o
ol©
.| A‘A‘
E 104 ‘*AéA“ ant
3 s oot
5 w120V
= ° g e 130V
3 4 ll;x” *:;“1-:’;9.‘4-«
E l{li poes L
< 2 ll .....0....
o adasees”
0

2 4 6 8 10 12 14 16 18 20
Time / h
Figure 4-20. Catalysis performance of a poly(CoPc-2T)-modified carbon papers for
ECR of CO, studied by an online GC technique over 20 h at potential of -1.20 V,
-1.30 V and -1.40 V vs. Ag/AgCLl (3M KCl) in a CO,-saturated 0.5 M KHCO; solution in

terms of a) current density, b) % FE of CO formation and ¢) an accumulated amount

of CO product.
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Table 4-4. Catalytic activity of the Poly(CoP-2T) films for the 20-hour ECR of CO,

Applied Average % FE (CO formation) | TON | TOF | Accumulated

potential current /st | amount of CO
IV vs. density / . /' mL

Ag/AgCI mA~cn)1/'2 Mean | Min. | Max.

(3M KCI)
-1.20 0.7 61 53 66 | 4,518 | 0.06 4.2
-1.30 17 72 66 75 | 12,359 | 0.17 10.7
-1.40 12-27 75 68 80 | 11,420 0.16 11.4

4.4 Comparison to other literatures

Table 4-5 summarized the catalytic performance the poly(CoPc-2T)-
modified carbon paper for the ECR of CO, in comparison with previously reported
high performance catalysts that were studied in a comparable scale and in the
aqueous media. The typical preparation of the modified-electrodes used in these
selected works were based-on a drop-casting technique or chemical polymerization.
In this work, the electropolymerization technique was employed for preparing the
well covered and stable polymer films on the carbon papers, comparably or more
remarkable catalytic performance, compared with others. Our optimum condition for
the ECR of CO, was the use of the poly(CoPc-2T)-modified carbon paper as the WE
at —=0.67 V vs. RHE in a 0.5 M KHCO; electrolyte solution to give current density at 2.5
mA-cm™ and the %FE for the CO production of 94%. Although the calculated TOF
value of 0.29 s was still to be improved, this value is still in the range required for
industrial related applications, ie. from 107 to 10* s .'*" Therefore, it should be
convincing poly(CoPc-2T)-modified carbon paper developed in this work can be a

very promising catalyst candidate for the ECR of CO,.
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Table 4-5 Comparison of the catalytic performance of the poly(CoPc-2T)-modified
carbon paper develop from this work with other reported high-performance catalysts

for the ECR of CO, to CO in aqueous media.

Catalyst/substrate | Applied Current Electrolyte | Avg. %FE | TOFY | Ref.
potential density, J (pH) g1
vs. RHE® | /oA cm2 CcO H,
v
(Time/h)
0.5M _
poly(CoPc-2T) / -0.67 55 KHCO, 94 . 0.9 This
carbon paper 2 work
(7.3)
0.1 M _
Pebon et | Gy 3.2 KHPO, | 85 | 16 | 031 | IS
carbon paper 2 work
(6.4)
0.5M _
poly(CoPc-2T) / -0.67 Y KHCO, s o | oy | TS
carbon paper (20) work
(7.3)
0.1 M
CoPc/CNT -0.63 28
carbon paper (1) 10 KHCO, 92 6 2.7
(6.8)
0.5M
COF-367-Co / —-0.67
carbon fabric (24) 33 KHCO, | o1 | 20 | 053 | *
(7.3)
0.5M
CoFPc / -0.80 19
carbon cloth 2 4.4 NaHCO, 93 6 1.6
(7.3)
0.1 M
CoPc-P4VP/ -0.73 5 = iBo - : i 50
hite di 2 2F Yy .
graphite disc 2 P

“ Erie = Eagngct + (0.059 x pH) + E%g/agc Where Egi is the converted potential vs. RHE,
E%pgaect = 0.1976 at 25 °C."
®the product was not measured.

“the value was reported for the CO formation.



67

CHAPTER 5
CONCLUSION

A series of novel phthalocyanine derivatives bearing bithiophene units, ZnPc-
2T, CoPc-2T, NiPc-2T, CuPc-2T and H,Pc-2T, were synthesized and characterized by
the 'H-NMR and C-NMR spectroscopy, MS and UV-Visible and fluorescence
spectrophotometry. The polymer films of ZnPc-2T and CoPc-2T were successfully
prepared on the I[TO/glass and carbon paper, and characterization by the
spectroscopic methods including UV-visible spectrophotometry, Raman and ATR-FTIR
spectroscopy, XPS analysis, SEM and EDX. Moreover, the suppressed aggregation of
the macrocyclic phthalocyanine in the resulting polymers was proved by the UV-
visible spectrophotometry. The electrochemical features and heterogeneous catalytic
performance of these polymers-modified carbon papers towards the ECR of CO, in
the ACN and aqueous media were investigated by means of the CV and CPE
measurements. The poly(ZnPc-2T)-modified carbon paper gave the low significant
catalytic activity for the ECR of CO, in both the ACN and aqueous media, possibly
resulting from the inactivated macrocyclic phthalocyanine after reduction of CO,. In
case of the poly(CoPc-2T) )-modified carbon paper, the result showed the
moderated catalytic performance in the ECR of CO, in the ACN media, while the
possible decomposition of this electrode was observed in the 12-h experiments,
likely due to the lack of the proton source and the reoxidation of the newly formed
reduced product(s) at the anode in one-compartment setup. These problems were
overcome by using the aqueous media as the electrolyte and the two-compartment
three-electrode electrochemical cell. In this step, the poly(CoPC-2T)-modified
carbon paper showed the remarkable catalytic activity and stability towards the ECR
of CO, at applied potential of -1.3 V vs. (3M Ag/AgCl). For the CPE, the average FE,
TON and TOF for the CO production were found to be 949%, 2,099 and 0.29,
respectively, in the 2-h batch experiments, and 72 %, 12,359 and 0.17 st
respectively, in the 20-h experiment with the online GC analysis. Moreover, our

electrochemical set up based on the poly(CoPc-2T)-modified carbon paper gave
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relatively high catalytic performance for the electrochemical conversion of CO, to CO

in the aqueous media, when compared with other reported catalytic system.
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Figure A-2. A >C-NMR spectrum of compound 1 in CDCls
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Figure A-4. Crystal Data for Cs,N;S4 (1): triclinic, space group P-1 (no. 2), a = 7.6076
(1A b= 1252920 A c= 157573)A = 10565505y, B = 100.619(5), ) =
104.030(5)°, V = 1352.004) A>, Z = 2, T= 296.15 K, WU(MoKQl) = 0.381 mm™, Dcalc =
1.397 g/cm?, 16102 reflections measured (2.786° < 20 < 48.478°), 4322 unique (R, =
0.0520, Rggma = 0.0669) which were used in all calculations. The final R; was 0.1516 (I

> 20(1)) and wR, was 0.4738 (all data).
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Figure A-13. A HR-MALDI-TOF mass spectrum and an isotopic pattern of a molecular

ion peak of CoPc-2T
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Figure A-14. Absorption spectra of CoPc-2T in THF.
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Figure A-17. A MALDI-TOF mass spectrum and an isotopic pattern of a molecular ion

peak of H,Pc-2T.
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Figure A-18. Absorption and photoluminescence spectra of H,Pc-2T in THF.
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Figure A-19. A MALDI-TOF mass spectrum and an isotopic pattern of a molecular ion

peak of CuPc-2T.
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Figure A-20. Absorption spectra of CuPc-2T in THF.
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Figure A-21. A MALDI-TOF mass spectrum and an isotopic pattern of a molecular ion

peak of NiPc-2T.
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Electrochemical data, calculation for active surface of poly(CoPc-2T) on carbon

paper

Due to the effect of hydrogen evolution in water media causing the over
potential and having some interference with active surface area,’® ! The
experiments in Ny-saturated 0.1 M TBAPF4 DMF solution and electrochemical setup of
cyclic voltammetry in N,-glove box were performed. The current density vs. time was
plotted. And then, the background current density was subtracted in order to be
able to integrate average charge (Q) for one electron reduction (Figure A-19). The

mole of active surface area was calculated by following this equation:

Average Q = 3.64 107 coulombs from J/time curve

Q 364 x10°C 3 i
n=-—=—"-7"=378x10" mol e
F 96485

mol e

Approximately 1 unit of poly(CoPc-2T) get each 1 electron with 100 % Faradaic
efficiency under this range of the applied potential.

1 mol poly(CoPc-2T)

Mole of active poly(CoPc-2T) = 3.78 x 10°® mol e- ( )z 3.78x10 mol

1 mol e
2
(a) 0.0015
(b) Area=0.00385
i o
£ 11 b 0.0010
: 5
E S 0.0005 Area=0.00275
—_— 07 3‘
oy !
2 S 00000
] k-]
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£ s
5 3
Q21 -0.0010 -] Area=-0.00344
T ‘ ‘ T ‘ T T T
T T T T T T T T T 710 0 10 20 30 40 50 ED 70
16 1.2 08 0.4 0.0

Time /s
Potential vs. Ag/AgCIQRE /V

Figure A-22. a) Cyclic voltammogram (CV) of the poly(CoPc-2T)-modified carbon
paper in N,-saturated 0.1 M TBAPF4 DMF solution with scan rate of 50 mV-s™ b) a

Current density vs. time curve, corresponding with CV curve.
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Calculation of %FE of CO formation from 2-h batch experiments.

The results from CPE measurement and batch GC analysis at best applied
potential of -1.3 V vs. Ag/AgCl (3M KCL) for 2 h under CO,-saturated 0.5 M KHCO3
aqueous solution were used to be sample for calculation of the %FE of CO

formation.
o . .. _ eoutput 77
% Faradaic efficiency = == X100.....ccccoiieeieieeeee e ref

einput

einput= The total number of moles of electrons measured during electrolysis

€output= NO. of moles of electrons required for reducing CO, to CO

Q It Integrated It curve 153 C a _
==—=-= = — =159 X 10" mol e
FF  Faradaic constant = 96485

Cinput=

mol e”

Volume of measured CO from GC = 4.92 % which was calibrated from standard gas
Head space = 38 mL which was calibrated with real volume of gas in head space

without including volume of electrodes
Volume(mL) of CO = 38 mL X 0.0492 = 1.87 mL

Conversion from Volume to mole by using below gas’s law equation:'*?

PV
n=—
RT

(1 atm)(1.87107°L)

n= =7.65 X 10” mol CO
0.08206 L-atm/(mol-K)(298.15K)

Carbon monoxide | CO, + 2H" + 2¢° = CO + H,0

5 2 mol of e a )
€output = 1-65%107 mol of CO X ———— =153 X 10 mole e
1 mol of CO
) . Soutput 153 X10* mole e
% Faradaic efficiency of CO = —— X 100 = . X 100 = 96.2 %
Cinput 1.59 X10™ mol e

In cased of the concern condition of CO,-saturated condition, the CPE
measurements were conducted at least three times with fresh preparation of
poly(CoPc-2T)-modified electrode and electrolyte solution to report in statistic

value.
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Calculation of %FE of CO formation from 20-h online GC experiments.

The results from CPE measurement and online GC analysis at best applied
potential of -1.3 V vs. Ag/AgCl (3M KCl) for 20 h under CO,-saturated 0.5 M KHCO3
aqueous solution were used to be sample for calculation of the %FE of CO

formation.

eoutput

% Faradaic efficiency = X 100

einput

einput= The total number of moles of electrons measured during electrolysis

€output= NO. of moles of electrons required for reducing CO, to CO

Q It Integrated It curve per 30 min 325C 5
= — = 3.37X10” mol

F Faradaic constant 96485

mol e

Amount of %CO measured from GC = 0.1009 (*% CO is calibrated from standard gas

of COin Ny)

Gases in head space are measured in every 30 min.

Amount of produced CO = %CO X flow rate(ml/min.) X time(min.)

01009 10 ml )
=— X X 30 min.
100 1min

= 0.3027 ml

Conversion from Volume to mole by using below equation:

PV (1 atm)(0.3027 *107°L)
n=—

- =1.24 X 10° mol CO
RT  0.08206 Latm/(molK)(298.15K)

Carbon monoxide CO, + 2H" + 2 -2 CO+ H,O

5 2 mol of e 5 B
€output = 1.24 X 107 mol CO X =248 X 10° mole e
1 mol of CO
] o Soutput 248 X 10 mole e
% Faradaic efficiency of CO = —— X 100 = —— =735 %

Cinput 337 X 10 mol e~



Calculation of turn over number (TON)

Moles of accumulated product formed

98

TON = e ref!?

Moles of active surface area

4.67 X 10 mol CO
= = 12,354
3.78x10°8 mol CoPc-2T

Calculation of turn over frequency (TOF)

TOF S bbbttt

12,354

20 X 3600 s
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