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บทคดัย่อ 
งานวิจัยนี้ได้สังเคราะห์และศึกษาความสามารถในการเร่งปฏิกิริยารีดักชันเชิงเคมีไฟฟ้ าของคาร์บอนได-

ออกไซด์แบบเอกพันธ์ของสารประกอบโคบอลต์(II)-, นิกเกิล(II)- และ คอปเปอร์(II)- พทาโลไซ-ยานีนที่ถูก

ปรับปรุงโครงสร้างด้วยหมู่อะมิ โน การเพิ่ม ข้ึนของกระแสไฟฟ้ารีดักชันภายใต้ภาวะอิ่มตั วด้วย

คาร์บอนไดออกไซด์ที่ศึกษาด้วยวิธีไซคลิกโวลแทมเมตทรีแสดงถึงการมีส่วนร่วมของสารเชิงซ้อนทุกชนิดใน

กระบวนการรีดักชันเชิงเคมีไฟฟ้าของคาร์บอนไดออกไซด์  เมื่อท าการให้ศักย์ไฟฟ้า -1.6 โวลต์เทียบกับ

ข้ั ว ไฟฟ้ าอ้ า งอิ งซิ ล เวอร์ /ซิ ล เวอร์ คลอไรด์ ชนิ ดควอไซ  เป็ นระยะเวลา  2 ช่ั ว โม งด้ วย เทคนิค 

โครโนแอมเปอโรแมทรี และวิเคราะห์ผลิตภัณฑ์ด้วยเทคนิคแก๊สโครมาโตกราฟี พบว่า โคบอลต์( II)-,  

นิกเกิล(II)- และ คอปเปอร์(II)- พทาโลไซยานีนให้แก๊สไฮโดรเจนเป็นผลิตภัณฑ์โดยมีประสิทธิภาพฟาราเดย์

เท่ากับ 32%, 35% และ 39% ตามล าดับ แต่มีเพียงโคบอลต์(II)-, นิกเกิล(II)- พทาโลไซยานีนเท่านั้นที ่

ให้ แก๊ สคาร์ บอนมอนอกไซด์ เป็ นผลิต ภัณฑ์ด้ วย ประสิท ธิภาพฟารา เดย์ เ ท่ ากับ  1.6% , 0.2%  

จากผลการทดลองสรุปได้ว่าระบบปฏิกิริยาไฟฟ้าเคมีโดยมีโคบอลต์(II)-พทาโลไซยานีนเป็นตัวเร่งปฏิกิริยามี

แนวโน้มในการผลิตแก๊สคาร์บอนมอนอกไซด์สูงที่สุด ในขณะที่ระบบปฏิกิริยาไฟฟ้าเคมีโดยคอปเปอร์(II)-

พทาโลไซยานีนเป็นตัวเร่งปฏิกิริยาเหมาะส าหรับการสังเคราะห์แก๊สไฮโดรเจน 

ค าส าคัญ: เมทาโลพทาโลไซยานีน; ตัวเร่งปฏิกิริยาเชิงเคมีไฟฟ้า; ตัวเรง่ปฏิกิริยาเอกพันธ์; ปฏิกิริยา
รีดักชันเชิงเคมีไฟฟ้าของคารบ์อนไดออกไซด์ 
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Abstract 
In this work, synthesis and investigation on homogeneous catalytic activities for 

electrochemical reduction (ECR) of carbon dioxide (CO2) of amino-

functionalized Co(II)-, Ni(II)-, and Cu(II)- phthalocyanines were described. 

Current enhancement under CO2-saturated condition observed by cyclic 

voltammetry indicated involvement of all complexes in the ECR of CO2. 

Chronoamperometry applying potential of ‒1.6 V vs. Ag/AgCl QRE for 2 h, 

followed by product analysis by gas chromatography showed that amino-

functionalized Co(II)-, Ni(II)-, and Cu(II)-phthalocyanines yielded hydrogen gas 

(H2) with % Faradaic efficiency (% FE) of 32% , 35%  and 39% , respectively. 

However, only amino-functionalized Co(II)- and Ni(II)- phthalocyanines yielded 

carbon monoxide (CO) with %FE of 1.6% and 0.2%, respectively. The results 

indicated that it is promising to further develop Co(II)-phthalocyanine-based 

electrocatalytic system for the production of CO while the Cu(II)-phthalocyanine-

based one seems to be suitable for H2 evolution.          

Keywords: Metallophthalocyanine; Electrocatalyst; Homogenous catalyst; 
Electrochemical reduction of carbon dioxide 
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Chapter I 

Introduction and literature reviews 

1.1 Introduction 
Due to rapid global industry and population growth, demand for fossil fuel consumption is 

getting increased1. Consequently, emission of carbon dioxide (CO2) to atmosphere from 

combustion of the fossil fuel tends to increase, causing an environmental problem so-called 

“Global warming”.2,3 Using renewable energy is an alternative practical way to reduce amount of 

the CO2 emission. However, renewable energy along with the fossil fuel has yet to meet energy 

demands.4 As a result, CO2 capture and storage (CCS) technology has been considered as an 

approach for reducing the amount of CO2 emission by using absorbents or adsorbents to absorb or 

adsorb CO2, respectively, through physical and chemical processes.5 Furthermore, the economic 

value of collected CO2 can be increased by coupling the CO2 capturing methods with suitable CO2 

conversion technologies. Electrochemical reduction (ECR) of CO2 is one of the most interesting 

CO2 conversion techniques as it can be performed under ambient conditions in aqueous media and 

is compatible with utilization of other renewable energy sources.6 This method is achieved by 

electrochemically reducing CO2 into useful chemicals, such as carbon monoxide (CO), formic acid 

(HCOOH), methanol (CH3OH), methane (CH4), etc.7 However, since CO2 is a very stable 

molecule and requires high overpotential to get reduced to CO2
•– intermediate in the aqueous 

media,8 electrocatalysts are very necessary in the ECR of CO2. Lately, metals,9 metal oxides,10 

metal chalcogenides,11 heteroatom-doped carbons (e.g. nitrogen-doped carbon nanotubes and 

carbon nanofibers),12, 13 and metal organic complexes14 have been reported as the electrocatalysts 

for the ECR of CO2. Among these materials, metallophthalocyanines (MPc) are of a great interest 

because of their remarkable advantages in terms of accessibility, chemical stability and structural 

tunability.15 Electrocatalytic activities of the MPc for the ECR of CO2 can be improved by 

introducing central metals, such as Cu(II),16 Co(II),17 Fe(II)18 and Ni(II),19 and modifying different 

functional groups on peripheral positions of phthalocyanine macrocycles, such as an amino group 

to capture the CO2 molecules.20 In this work, we are interested in synthesis and investigation of 

catalytic performance towards the ECR of CO2 of MPc derivatives containing the peripheral amino 

groups and non-precious-metal centers, i.e. Co(II), Ni(II), and Cu(II), structures of which are 
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shown in Figure 1-1. The overview presented in this work on the effect of the central metals on 

the electrochemical behavior and electrocatalytic activities of these amino-functionalized MPc 

derivatives for the ECR of CO2 will become a helpful guideline for further development of several 

oligopyrrole-based electrocatalytic systems.     

  
 

1.1.1 Objectives of this research 
Synthesis and investigation of the electrochemical properties, as well as the catalytic 

activities towards the ECR of CO2 of the amino-functionalized Co(II)-, Ni(II)-, and Cu(II)-Pc 

derivatives. 

 

1.1.2 Scopes of this research 
The target amino-functionalized MPc derivatives contain Co(II), Ni(II) or Cu(II) as a metal 

center. They were characterized by spectroscopic techniques, including mass spectrometry (MS) 

and UV-visible absorption spectrophotometry. The electrochemical properties of  solutions of the 

target compounds were investigated by cyclic voltammetry (CV) and their electrocatalytic 

performance for the homogeneous ECR of CO2 was studied by CV and chronoamperometry (CA). 

Both electrochemical techniques were investigated under CO2 saturated condition, compared with 

the study under N2 saturation at ambient temperature and pressure. 
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1.2 Theory and Literature Reviews 
 

1.2.1 Phthalocyanine (Pc) 
Pc is a large, aromatic, macrocyclic, organic compound with the chemical formula of 

(C8H4N2)4H2, structure of which is shown in Figure 1-2.21 Pc consists of four isoindole units linked 

by nitrogen atoms with a ring system consisting of 18 π-electrons and has a two-dimensional 

geometry. An additional π-orbital conjugation is formed by four benzo-fused rings. Therefore, Pc 

derivatives are generally thermally and chemically stable: they withstand up to 500 °C under high 

vacuum and tolerate action of non-oxidative acids or bases without decomposition.22 

Complexation to form MPc can easily be achieved by direct metalation between Pc and several 

kinds of metal salts. Even though there might be an unfavorable metal ion oxidation states formed 

in MPc, they would be stabilized due to an electron donor from the Pc ring to finally obtain highly 

stable MPc.23 

 

 
Figure 1-2: A general structure of MPc (for Pc, M is H,H) 

 
Absorption spectra of Pc and MPc as shown in Figure 1-3(a) compose of two main 

absorption bands.24 The first is a Q-band that is associated to π–π* doubly degenerated transition, 

i.e. a1u to eg. In a metal-free system, its lower symmetry destroys degeneracy of molecular orbitals 

and the Q-band is split into two components. The second band is a B-band, appearing as a broad 

band located at a near ultraviolet region, is due to π–π*transitions from low-energy occupied 

orbitals to the eg orbital. According to the chemical and photophysical properties, the Pc and MPc 

derivatives were used in many applications, such as energy storage,25 photodynamic cancer 

therapy,26 molecular semiconductors,27 photovoltaic devices,28 fuel cells29 and sensors.30 
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Figure 1-3: (a) UV-vis spectra of Pc (solid line) and MPc (dashed line), and (b) energy levels 
and transitions for Q and B bands of MPc as reported by John Mack and Martin Stillman24 

 

1.2.1.1 Synthesis of phthalocyanine 
 

The Pc derivatives can be synthesized by many routes, some of which are described below.  

In 2015, Dhavala and coworkers31 synthesized Cu(II)phthalocyanine  (CuPc) in 44% yield 

from phthalic anhydride in the presence of urea, CuCl and ammonium heptamolybdate under neat 

condition at 320 ºC for 5 min as shown in Scheme 1-1. 

 

 

 
 

Scheme 1-1: Synthesis of CuPc as described by Dhavala et al.31 
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In 2017, Mohammed and Kareem32 synthesized (2,9,16,23-

tetranitrophthalocyanato)zinc(II) (ZnTNPc) in 57% yield by mixing 4-nitrophthalonitrile and 

ZnCl2 in dimethylaminoethanol (DMAE) under nitrogen atmosphere and stirred at 185 ˚C for 1 h 

as shown in Scheme 1-2. 

 
 

Scheme 1-2: Synthesis of ZnTNPc as reported by Mohammed and Kareem32 

 

In 2009, Sakamoto and Okumura33 synthesized (2,9,16,23-tetrasulfonic acid 

phthalocyanato)copper(II) (CuTSPc) from 4-sulfophthalic acid, CuCl, urea and 1,8 diazabicyclo-

[5,4,0]undec-7-ene (DBU) at 210 ºC for 180 min as shown in Scheme 1-3. 

 

 
Scheme 1-3: Synthesis of CuTSPc as studied by Sakamoto and Okmura33 
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1.2.2 Electrochemical reduction of CO2 

 
The ECR of CO2 is an approach to convert CO2 to fuels and industrial chemicals, for 

example hydrocarbons and alcohols,34 by applying electrical potential into an electrolyte solution 

saturated with CO2. The electrochemical method has several advantages: (i) the process can be 

performed at room temperature and under ambient pressure, which is a mild condition; (ii) this 

method is highly selective and economically friendly; and (iii) electrochemical systems generally 

have compact designs.35 A reduction process of the thermodynamically stable CO2 to unstable 

CO2
•− requires high potential, i.e. up to –1.90 V vs. normal hydrogen electrode (NHE),36 to drive 

the reaction. On the other hand, proton-assisted electron transfer processes are more favorable with 

a lower potential in the range of –0.24 V to –0.61 V vs. NHE.37 The calculated standard potentials 

(Eo) to produce various products from the ECR of CO2 at pH 7 vs. NHE at 25 ºC under 1 atm gas 

pressure are summarized in Equations 1–6.38 However, at the similar potential, hydrogen evolution 

is a competitive process for the ECR of CO2 on a cathode side. Thereby, the electrocatalyst for the 

ECR of CO2 is required to efficiently generate reduction products and provides a feasible way to 

overcome overpotential.  

CO2 +  e–   CO2
•–    Eo = –1.90 V  (1) 

CO2 +  2H+  + 2e–                  HCO2H   Eo = –0.61 V  (2) 
CO2 +  2H+  + 2e–       CO + H2O   Eo = –0.53 V  (3) 
CO2 +  4H+  + 4e–       HCHO + H2O   Eo = –0.48 V  (4) 
CO2 +  6H+  + 6e–       CH3OH + H2O  Eo = –0.38 V  (5) 
CO2 +  8H+  + 8e–   CH4 + 2H2O   Eo = –0.24 V  (6) 
 
The electrocatalysts can be divided into two types, i.e. homogeneous and heterogeneous 

catalysts. An advantage of the homogeneous catalysts is that the catalysts are molecularly 

dispersed within the solution. Hence, the reaction mixture allows a very high degree of interaction 

between catalyst and reactant molecules. However, unlike the heterogeneous catalysts, the 

homogeneous catalysts are often irrecoverable after the reaction has completed. Furthermore, 

homogeneous systems often suffer from some drawbacks, such as stability of the catalysts and 

complex post-separation. Therefore, major efforts have been made to develop heterogeneous 

electrocatalysts by several approaches, e.g. the development of organic frameworks and the use of 

highly conjugated carbon-based materials.39 
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1.2.3 Electrochemical analysis  

1.2.3.1 Cyclic voltammetry (CV) 
 
The CV is a commonly used electrochemical technique to investigate the reduction and 

oxidation processes of electroactive species. It is also an appropriate technique to study electron 

transfer-initiated chemical reactions, including catalysis40 , owing to several advantages; e.g.  non-

destructive nature, versatility and informative details that can be relatively quickly analyzed.41  

In a homogeneous study, the required CV setup consists of a potentiostat connected with three 

electrodes: working (WE), reference (RE) and counter (CE) electrodes, submerged in an 

electrolyte sample solution as shown in Figure 1–442  

 
Figure 1-4: A three-electrode one-compartment setup 

 
A CV measurement gives a linearity of potential scanning with a triangular waveform 

through a potential range and reversing the direction of the sweep in a cyclic wave corresponding 

to time, as shown in Figure 1−5a, to the WE in the stationary electrolyte solution and then 

measuring the current. The applied potential is controlled relative to the RE, such as a saturated 

calomel electrode (SCE) or a Silver/Silver Chloride Reference Electrode (Ag/AgCl). A plot 

between the recorded current as a vertical axis and the applied potential as a horizontal axis is 

called a cyclic voltammogram, showing a current enhancement and either anodic and/or cathodic 

peaks where the electrochemical oxidation and/or reduction take place, respectively, as shown in 

Figure 1−5b. In the voltammogram, where a forward scan produces an anodic current for any 

An electrolyte sample solution  
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analytes that can be oxidized through the range of the scanned potential, the reverse scan gives a 

cathodic current for the product of the forward scan being reduced. Therefore, there are oxidation  

and reduction peaks observed for a reversible reaction. Significant parameters in the cyclic 

voltammogram are a cathodic peak potential (Epc), an anodic peak potential (Epa), a cathodic peak 

current (Ipc) and an anodic peak current (Ipa), describing electrochemical behavior of the analyte.43 

Figure 1-5: (a) A triangular waveform signal and (b) a cyclic voltammogram. 
 

1.2.3.2 Chronoamperometry (CA) 
 
The CA is a commonly used technique for determining diffusion coefficients and for 

investigating kinetics and mechanisms of the electrochemical reactions.44 There are two types of 

commonly used chronoamperometry: i.e. controlled-potential CA and controlled-current CA, 

which is suitable for qualitative and quantitative analysis, respectively. In the ECR of CO2, the 

controlled-potential CA was selected to study the effects of the potentials on the ECR of CO2 in 

the presence of the electrocatalysts, to determine the faradaic efficiency by coupling with the CO2 

reduction product analysis setup and to investigate the stability of the electrocatalysts.15 Before 

running controlled-potential CA, the electrochemical behavior of the analytes should be 

determined by CV first. After obtaining the appropriate reduction potential of the analytes, 

controlled-potential CA is performed by applying the constant potential chosen for the reaction for 

a certain period of time. Figures 1-6a and 1-6b show a general potential excitation waveform and 

the resulting current response, respectively, from the controlled-potential CA study. This response 
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applies for semi-infinite linear diffusion; that is, with an unstirred solution and linear diffusion to 

the planar electrode with a supporting electrolyte to ensure the absence of ion migration and no 

other reactions. Similar to the CV, the equipment required to perform controlled-potential CA 

consists of the potentiostat coupled with the WE, CE and RE, which are submerged in the 

electrolyte sample solution.45 

 
Figure 1-6: (a) A waveform and (b) current response obtained from CA. 

 

1.2.4 Gas Chromatography (GC) 
 
 The GC is a common type of chromatography used for separating and analyzing 

compounds that can be vaporized without decomposition.46 The GC is popular for environmental 

monitoring and industrial applications because it is very reliable and can be run nearly 

continuously.47 It is also typically used in applications where small, volatile molecules are detected 

and with non-aqueous solutions. Typical uses of the GC include testing the purity of a particular 

substance or separating and quantifying components in a mixture. In some situations, the GC may 

help in identifying types of compounds. For the ECR of CO2, the product can be analyzed by the 

GC both quantitatively and qualitatively. The gas products can be identified in the graph called 

“chromatogram”, showing the peaks of all components in the gas sample injected to a GC 

instrument. Elution order in the GC depends on two factors: the boiling point of the solutes, and 

the interaction between the gases and the stationary phase, and is reported in terms of retention 

time (Rt). For the product analysis in this work, the products mainly detected are H2, CO and CH4, 

Rt of which was previously reported as shown in Figure 1-7.48
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Figure 1-7: A exemplary gas chromatogram showing gaseous components at different Rf as 

reported by Harry Budiman and Oman Zuas48  
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Chapter II 

Experiments 

2.1 Synthesis 

2.1.1 Materials and methods 
 

All chemicals used in this work were purchased from commercial sources and used as received 

without further purification, unless noted otherwise.  
 
Mass spectra were obtained using matrix-assisted laser desorption ionization time-of-flight 

(MALDI-TOF) mass spectrometry with dithranol or α-cyano-4-hydroxy cinnamic acid (α-CCA) 

as a matrix.  

2.1.2 Synthesis of 2,9,16,23-tetraaminophthalocyaninatocobalt(II) (CoTAPc), 
2,9,16,23-tetraaminophthalocyaninatonickel(II) (NiTAPc)  and 
2,9,16,23-tetraaminophthalocyaninatocopper(II) (CuTAPc) complex 

 

 
 Figure 2-1: Synthesis procedure for the target compounds 

 
Following a published procedure,49 a solution of nitrophthalonitrile (865 mg, 5.00 mmol) 

in nitrobenzene (25 mL) was reacted with Cu(OAc)2·H2O (250 mg, 1.25 mmol), CoCl2·6H2O (300 

mg, 1.25 mmol) or Ni(OAc)2·4H2O (310 mg, 1.25 mmol) in a presence of (NH4)6Mo7O24·4H2O 

(60 mg, 0.050 mmol) and urea (1500 mg, 25.00 mmol) under reflux for 4 h. After the reaction 

mixture was cooled to room temperature, toluene (75 mL) was added. The resulting precipitate 

was collected by centrifugation, and washed with toluene, water, methanol:diethyl ether (1:9)  and 
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then  ethyl acetate:hexanes (2:1). The precipitate was dissolved in DMF and reacted with 

Na2S·9H2O under N2 atmosphere at 60 °C for 1.5 h. Then, the mixture was diluted with water 

(75 mL) and then the pH was adjusted to 7 by adding concentrated HCl. Finally, the precipitate 

was collected by centrifugation and washed with methanol:diethyl ether (1:9) to obtain CoTAPc, 

NiTAPc or CuTAPc as dark green powder. 

 
CoTAPc (550 mg, 70 %). m/z (%): found, 631.198 (100) [M+]; calcd, 631.127 (M+; M= 

C32H20N12Co) 

NiTAPc (471 mg, 60 %). m/z (%): found, 630.449 (100) [M+]; calcd, 630.129 (M+; M= 

C32H20N12Ni) 

CuTAPc (675 mg, 85 %). m/z (%): found, 635.238 (100) [M+]; calcd, 635.123 (M+; M= 

C32H20N12Cu) 
 

2.2 Electrochemical reduction (ECR) of CO2 

2.2.1 Background current (Blank solution) 
A background cyclic voltammogram was achieved in a three-electrode one-compartment 

cell by using a 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) solution in DMF with 

3%v/v water (10 mL) as an electrolyte solution. A glassy carbon electrode was used as the WE 

whereas a Pt plate served as the CE. A silver wire coated with silver chloride (Ag/AgCl) was used 

as a quasi-reference electrode (QRE), which was prepared by a published method.50 The Ag/AgCl 

QRE was externally calibrated with a  ferrocene/ferrocenium redox couple (~3mg) using  a 

potential of 0.36 V vs. a normal hydrogen electrode (NHE) as a reference  value.51 
 The cyclic 

voltammograms were recorded at the potential range from  0.00 V to ‒1.60 V vs. a Ag/AgCl QRE 

at the scan rate of 50 mV·s‒1
 with a number of scanning cycles of 5. Thereby, the potential values 

were reported with respect to the Ag/AgCl QRE. Before each experiment, the solution was purged 

with either nitrogen (N2) or CO2 for 15 min.  
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2.2.2 Study of the ECR of CO2 by cyclic voltammetry 
 

The electrochemical properties and catalytic activities of the target MPc derivatives 

towards the   homogeneous ECR of CO2 was performed by means of CV in a 0 . 1  M TBAPF6 

solution in DMF containing 0.5 mM CoTAPc, NiTAPc or CuTAPc and 3% v/v H2O in the three-

electrode one-compartment system. The glassy carbon was used as the WE, the Pt plate was used 

as the CE and the Ag/AgCl QRE was used. The cyclic voltammograms were recorded at the 

potential ranging from 0.00 V to −1.60 V vs. Ag/AgCl QRE at the scan rate of 50 mV·s‒1 with the 

number of scanning cycles of 5. Thereby, the potential values were reported with respect to the 

Ag/AgCl QRE. The solutions were purged with either N2 or CO2 for 15 min prior to each 

experiment.  

2.2.3 Study of the ECR of CO2 by chronoamperometry and gas chromatography 
 

Controlled potential electrolysis (CPE) of the target MPc was performed at ambient 

temperature using the above-mentioned electrochemical setup and at an applied potential of 

‒1.60 V. After 2 h, a headspace (2 mL) gas sample from headspace gas (total volume of 11 mL) 

was collected from the electrochemical cell and then analyzed by gas chromatography (GC) 

equipped with a thermal conductivity detector (TCD). 
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Scheme 3-1: Synthesis of target compounds 

 

Chapter III 

Results and Discussion  

3.1 Synthesis and Characterization of Target Phthalocyanines 
 

Synthesis of CoTAPc, NiTAPc and CuTAPc, shown in Scheme 3-1, started from 

phthalocyanine ring formation and simultaneous metalation by a reaction of 4-nitrophtalonitrile 

under catalysis of ammonium molybdate in the presence of urea and CoCl2·6H2O, Ni(OAc)2·4H2O 

or Cu(OAc)2·H2O, respectively. After that, the resulting tetranitrophthalocyanine complexes were 

reduced by Na2S·9H2O, leading to CoTAPc, NiTAPc and CuTAPc in 70%, 60% and 85% overall 

yield, respectively.  
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Scheme 3-2 illustrates the mechanism52 of the formation of phthalocyanine ring and 

metalation. To begin with, ammonia was generated by the degradation of urea and then attacked 

4-nitrophthalonitrile to form 4-nitrodiiminoisoindoline. After that, the formation of phthalocyanine 

ring and metalation occurred simultaneously. Reduction of phthalocyanine complexes were carried 

out by  using Na2S·9H2O to achieve target compounds.  
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(1) Degradation of Urea 

 
(2) Formation of diiminoisoindoline (Ammonolysis of Phthalonitrile) 

 (3) Formation of Phthalocyanine Ring and Metalation 

 

 

 

Scheme 3-2: Proposed mechanism52 of the synthesis of target compounds  
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a) CoTAPc 

c) CuTAPc 

b) NiTAPc 

Successful formation of the target compounds was confirmed by MALDI-TOF mass 

spectrometry exhibiting their molecular ion peaks at m/z of 631.198, 630.449 and 635.238 for 

CoTAPc, NiTAPc and CuTAPc, respectively. (Figures 3-1) However, the purity of products 

could not be determined by the spectra obtained from this technique. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1: Mass spectra of a) CoTAPc b) NiTAPc c) CuTAPc 
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Forward scan: Fc ⇌ Fc+ + e- 

3.2 Electrochemical Studies of Target Phthalocyanines 

3.2.1 Calibration of a Ag/AgCl  Quasi-reference Electrode 
 

      External calibration of the Ag/AgCl QRE was achieved in a three-electrode one-

compartment cell with a N2-purged solution of 0.1 M tetrabutylammonium hexafluorophosphate 

(TBAPF6) solution in anhydrous DMF containing ferrocene (Fc). The cyclic voltammogram was 

recorded at the potential range from  0.00 V to 0.80 V vs. Ag/AgCl QRE at the scan rate of 50 

mV·s‒1
 with a number of scanning cycles of 3. Figure 3-2 demonstrates a unique “Duck” shape 

cyclic voltammogram with an anodic peak  at 0.44 V  and a cathodic peak at 0.36 V for the forward 

and reverse scans, respectively. Therefore, an experimental half potential (E1/2) value for a Fc/Fc+ 

redox couple was 0.40 V, which is the same as the literature value reported.53  Consequently, the 

potential values in this work were reported with respect to the Ag/AgCl QRE.   

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 3-2: A cyclic voltammogram of a ferrocene/ferrocenium redox couple  
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3.2.2 Investigation of Electrochemical Behaviors and Catalytic Activities of MPc 
derivatives towards Homogeneous CO2 Reduction by Cyclic Voltammetry  

 

In this study, the electrochemical behaviors and catalytic activities of CoTAPc, Ni-TAPc 

and CuTAPc towards the CO2 reduction were investigated by the CV using the three-electrode 

one-compartment setup consisting of the glassy carbon as the WE, the Pt plate as the CE and the 

Ag/AgCl QRE. The cyclic voltammograms were recorded in a DMF solution containing 0.5 mM 

CoTAPc, Ni-TAPc or  CuTAPc, 3% v/v H2O as a proton source and 0.1 M TBAPF6 as the 

supporting electrolyte at the potential range from 0.00 V to –1.60 V vs. Ag/AgCl QRE at a scan 

rate of 50 mV·s-1 for 3 cycles. The solutions were purged with N2 for 15 min prior to each 

measurement to investigate the electrochemical behaviors of the target compounds. Afterwards, 

the solutions were purged with CO2 for 15 min to study for their electrocatalytic activities for ECR 

of CO2. As shown in Figure 3-3a, the N2-saturated CoTAPc solution gave quasi-reversible 

reduction peaks at peak potentials (Epeak) of −0.58 V and −1.34 V vs. Ag/AgCl QRE, 

corresponding to CoII/CoI and phthalocyanine ring reduction,53 respectively. In addition, two small 

reduction peaks at −1.05 V and −1.25 V vs Ag/AgCl QRE, which were not consistent with the 

reduction of CoTAPc,  were merely observed under N2-saturated condition, indicating the 

presence of other unknown electroactive species in the solution. Under the CO2 condition, the first 

reduction peaks were observed at a similar Epeak, −0.57 V vs Ag/AgCl QRE, with a small decrease 

in current compared with that observed under the N2-saturated condition. This observation 

suggested that the first reduction did not involve in the catalytic CO2 reduction. In contrast,  

the second reduction peak was observed with a slight positive shift to −1.26 V vs Ag/AgCl QRE 

and significant increase in current from 200 μA to 275 μA, compared with the current observed 

under the N2-saturated condition, indicating that CoTAPc might promote the ECR of CO2 at the 

potential over −1.26 V vs. Ag/AgCl QRE.  
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Figure 3-3: Cyclic voltammograms of TBAPF6 solutions in DMF containing 3% v/v H2O and 

0.5 mM a) CoTAPc, b) NiTAPc and c) CuTAPc under N2 (black solid line) and CO2 

atmosphere (red solid line) 
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In a similar manner, under the N2 atmosphere, NiTAPc exhibited two quasi-reversible 

peaks at −1.04 V and−1.51 V vs. Ag/AgCl QRE (Figure 3-3b). As reported in a published 

literature,54 the processes occurring at −1.04 V and −1.50 V could be assigned to the Pc2-/Pc3- and 

Pc3-/Pc4- redox couple, respectively, indicating only the reduction of phthalocyanine ring. Under 

the CO2 saturated, two reduction peaks were observed at −1.10 V and −1.49 V vs Ag/AgCl QRE 

with the significant current enhancement at the second one where the current was increased from 

190 μA to 330 μA. This observation suggested that NiTAPc might promote the ECR of CO2 at the 

potential of −1.49 V vs. Ag/AgCl QRE or higher. 

 

According to Figure 3−3c, the N2-saturated CuTAPc solution provided two quasi-

reversible reduction peaks at −1.14 V and −1.50 V vs. Ag/AgCl QRE, corresponding to reduction 

processes of the phthalocyanine ring.55 Under the CO2 saturation, the first reduction peak was 

observed at the same potential but the current was significantly increased, compared with that 

observed under the N2-saturated condition, from 40 μA to 78 μA. This observation suggested that 

the first reduction might involve in the catalytic CO2 reduction. The second reduction peak was 

observed with a positively significant shift to −1.35 V vs Ag/AgCl QRE with significant increase 

in current from 80 μA to 110 μA. The results indicated that CuTAPc might be able to promote the 

ECR of CO2 at the potential over −1.14 V vs. Ag/AgCl QRE. Moreover, the reason why the current 

measured in the solution of CuTAPc was the least current compared to those of CoTAPc and 

NiTAPc can be explained the limited solubility of CuTAPc. Although the amount of CuTAPc 

was exactly measured to prepare a solution with the same concentration as others, it did not 

efficiently dissolve to achieve an absolute homogenous solution and did not give the expected 

concentration. Therefore, to improve the solubility, the sonication time should be longer to assure 

that CuTAPc was completely dissolved.  
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(1) 

All reduction peak potentials with their currents were summarized in  Table 3-1, along 

with percent current enhancement at ‒1.6 V vs. Ag/AgCl QRE of each catalyst, which can be 

calculated by equation (1) : 

 
% current enhancement

=  
Current observed under CO2atmosphere −  Current observed under N2atmosphere            

Current observed under N2atmosphere   
 × 100 

 

The result showed that CoTAPc might be the most promising catalyst for the ECR of CO2 

with the highest % current enhancement of 77 %. 

Table 3-1: Catalytic performance of CoTAPc, NiTAPc and CuTAPc for homogeneous 

ECR of CO2. 

Compound Condition 

Epeak / V 

 (current / μA) 

vs. Ag/AgCl 

QRE  

Current at ‒1.6 

V vs. Ag/AgCl 

QRE / μA 

Percent current 

enhancement at 

 ‒1.6 V vs. 

Ag/AgCl QRE  

/ % 

CoTAPc 

N2 
‒0.58 (110),  

‒1.34 (200) 
175 

77 

CO2 
‒0.57 (108),  

‒1.26 (275) 
310 

NiTAPc 

N2 
‒1.04 (220), 

 ‒1.51 (180) 
190 

74 

CO2 
‒1.10 (240), 

 ‒1.49 (290) 
330 

CuTAPc 

N2 
‒1.14 (40), 

 ‒1.50 (80) 
85 

44 

CO2 
‒1.14 (78), 

 ‒1.35 (110) 
122 
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The cyclic voltammogram of the glassy carbon electrode in the blank solution in the 

absence of MPc derivatives showed no redox peak with the slight current enhancement under the 

CO2 saturated condition (Figure 3−4). However, this current enhancement can be ignored due to 

a very small value of current, compared with that observed in the case where the MPc compounds 

were present. This experiment confirmed that the current enhancement of solution with MPc 

compounds actually came from the catalytic activity of ECR of CO2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4 : A cyclic voltammogram of a glassy carbon under N2 (black 

solid line) and CO2 atmosphere (red solid line) 

 

 According to the reduction peak potentials and the significant current enhancement 

obtained from the CV in the presence of MPc derivatives, the reduction potential of ‒1.6 V vs. 

Ag/AgCl QRE was chosen for the controlled-potential CA due to its maximum current 

enhancement.  
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3.2.3 Reduction Product Analysis of Homogeneous CO2 Reduction by 
Chronoamperometry and Gas Chromatography 

  

The controlled-potential CA was performed for 2 h in the same three-electrode  

one-compartment setup as the above-mentioned CV experiments, except that the carbon paper  

was served as the WE due to its higher surface area than that of the glassy carbon electrode. 

Throughout the electrolysis, the solution must be stirred to give convection to the solution, 

resulting in the most efficient mass transfer of electroactive species to the electrode surface.  

The chronoamperograms of the ECR of CO2 in the presence of CoTAPc, NiTAPc and CuTAPc 

were shown in Figure 3-5. At the beginning, a current dramatically increased until reached  

a maximum cathodic current of ‒2.1 mA and ‒3.0 mA for CoTAPc, NiTAPc, respectively and 

remained constant to the end of the experiment. However, the chronoamperogram of CuTAPc was 

different from the others. During the first 500 seconds of electrolysis of CuTAPc, the magnetic 

stirrer was accidently shut off, so the mass transfer did not occur effectively, providing less amount 

of current measured of ‒1.5 A. After stirring for 500 seconds, the stirrer was finally working again 

and the current was increased to ‒2.0 A as the convection was increased by the stirrer. A peak area 

indicating the amount of electricity used for the ECR of CO2 was obtained by integrating each  

I·t curve in the chronoamperograms. The peak areas of 15,455.48 mA·s, 21,111.95 mA·s and 

15,132.46 mA·s belonged to CoTAPc, NiTAPc and CuTAPc, respectively.    
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Figure 3-5 : Chronoamperograms of the ECR of CO2 in the presence of a) CoTAPc, b) NiTAPc 

and c) CuTAPc 

 

 

After 2h of CO2 electrolysis, 2 mL of a gas sample was collected from the reaction vial 

having a headspace volume of 11 mL. The sample gas was then analyzed by gas chromatography 

(GC) equipped with a thermal conductivity detector (TCD). 
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Figure 3-6 represented chromatograms of gas samples collected from each solution of 

CoTAPc, NiTAPc and CuTAPc. The products from the ECR of CO2 were H2 and CO, which 

could be found in each chromatogram at retention time (tR) of 0.609 min and 1.928 min, 

respectively. Other peaks found at tR of 0.688 min and 0.856, about 4.67 min, 5.554 min and about 

8.00 min corresponded to detection of O2, N2 ,permanent gases (H2, O2 N2 and CO) and two peaks 

of  CO2, respectively. The column set used for GC analysis was a specific GC column called 

“Select Permanent Gases/CO2”, which consisted of two parallel columns containing CP-Molsieve 

5Å for permanent gas analysis and CP-PoraBOND Q for CO2 analysis. Therefore, this column set 

separated the permanent gases and CO2 in a single run, while the CP-Molsieve could effectively 

separate the permanent gases but absorb CO2. As a result, the 1st to 4th peaks were obtained from 

the separation of the permanent gases of the column containing CP-Molsieve, and the 5th one 

belonged to all permanent gases that could not be separated by CP-PoraBOND Q.  

The 6th and  7th peak corresponded to CO2 detected by CP-PoraBOND Q and retained CO2 from 

CP-Molsieve 5Å, respectively. According to the chromatogram of H2, the signal was detected as 

a negative peak because H2 has a small difference in thermal conductivity compared to helium 

carrier gas. 
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(a) CoTAPc 

(c) CuTAPc 

(b) NiTAPc 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-6: Chromatograms of gas samples collected from the electrochemical cell of the 

ECR of CO2 in the presence of a) CoTAPc, b) NiTAPc and c) CuTAPc 
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(2) 

The information obtained from GC was all presented in Table 3-2, including a retention 

time (tR), the type of gas and the peak area of reduction products: hydrogen gas (H2) and carbon 

monoxide (CO).  

 

Table 3-2: Retention times (tR) of the gas component detected from the ECR of CO2 in 

the presence of a) CoTAPc, b) NiTAPc and c) CuTAPc by GC  

 

Compound 

Retention time (tR) / min 

1st 

peak 

H2 

2nd 

peak 

O2 

3rd 

peak 

N2 

4th 

peak 

CO 

5th peak 

permanent 

gases 

6th peak 

CO2  

7th 

peak 

CO2 

a) CoTAPc 0.609 0.688 0.856 1.928 
About 

4.67 

5.554 
About 

8.00 b) NiTAPc 0.609 0.687 0.846 1.936 5.574 

 c) CuTAPc 0.608 0.686 0.846 *N/A 5.556 
 

 

% Faradaic efficiency (% FE) can be calculated by following the step provided below. 

 

The headspace volume of 11 mL was calibrated by real volume of gas in head space without 

including the volume of electrodes. Therefore, with the peak area calibrated by standard gas from 

GC, the volume of CO or H2 could be calculated by equation (2).  

 

Volume of CO or H2 = Headspace volume (11 mL) × % Peak area of CO or H2 

 

With the volume of CO or H2, we could simply calculate both mol CO and mol H2 ,respectively, 

by the ideal gas law.  
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(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

n =
PV

RT
 

 

mol CO or mol H2 =
(1 atm)(Volume of measured gas from (2) ×  10−3 L)

(0.08206 L · atm mol · K⁄ )(298 K)
 

 

According to the equation (4) and (5), the total number of moles of electron output for CO and H2 

was calculated by equation (6), respectively. 

 

CO2 + 2H+ + 2e-             CO + H2O 

 

2H+ + 2e-             H2 

 

 

mol e−output = (mol CO or mol H2 from (3)) ×
2 mol e−

1 mol CO or mol H2
 

 

 

The total number of moles of electrons input measured during the ECR of CO2 can be calculated 

by Faraday’s law of electrolysis (7) 

 

mol e−input =  
Q

F
=

It

F
=

Peak area of I ∙ t curve (C)

Faradic constant ( 96485 C mol e−⁄ )
 

 

Accordingly, % FE was simply calculated by equation (8) 

 

% FE =
mol e−output

mol e−input
× 100% 
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The experimental data for the calculation of % FE together with % FE of H2 and CO2 was reported 

in Table 3-3. 

   

Table 3-3: Catalytic performance of CoTAPc, NiTAPc and CuTAPc for the ECR of CO2 

 

Compound 

% Peak 

area of 

H2 

% Peak 

area of 

CO 

Peak 

area of 

I∙t curve / 

mA·s 

 

% H2 

 

Volume 
of H2  
/ mL 

 
% 
FE 
of 
H2 

 

 

%CO 

 

 
Volume 
of CO  
/ mL 

 
% 
FE 
of 

CO 
 

CoTAPc 5.66466 0.280314 15455.48 5.66466 0.62 31.80 0.280314 0.03 1.57 

NiTAPc 8.45481 0.0459514 21111.95 8.45481 0.93 34.74 0.0459514 0.01 0.19 

CuTAPc 6.72659 N/A 15132.46 6.72659 0.74 38.57 N/A N/A N/A 
 

*N/A : the product was not found. 

 

Considering the catalytic performance of the target compounds for the ECR of CO2 in terms of  

%  FE, it can be concluded that the CoTAPc showed the highest catalytic activity followed by 

NiTAPc and CuTAPc, respectively. Unfortunately, the main product was H2, which possibly 

came from the hydrogen evolution due to the presence of H2O in the solution. In addition,  

the electrochemical cell used for the ECR of CO2 consisted of the WE and the CE in the same set 

up, which might cause the reversed oxidation of CO2 at the surface of the CE, resulting in the low 

amount of CO occurred from the reaction. To improve % FE of CO, the WE and the CE should be 

completely separated from each other by using more effective electrochemical set up to assure that 

all CO molecules produced at the WE would not go to react at the surface of the CE.  

Even though CuTAPc demonstrated the highest % FE of H2, it was still not a suitable catalyst for 

the ECR of CO2 because there was no CO produced by the ECR of CO2 with the presence of 

CuTAPc. Therefore, the most promising candidates for future studies were CoTAPc and NiTAPc, 

respectively.  
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Chapter IV 

Conclusion  
 

The cobalt, nickel and copper complexes of 2,9,16,23-tetraaminophthalocyaninatocobalt(II), -

nickel(II) and –copper(II), i.e. CoTAPc, NiTAPc and CuTAPc, respectively, were successfully 

synthesized by a two-step procedure in 70, 60 and 85% overall yield, respectively. Investigation 

of their electrochemical behaviors and catalytic performance towards the homogeneous ECR of 

CO2 by means of CV showed that, at the potential of ‒1.6 V, CoTAPc exhibited the greatest 

current enhancement of 77%. In addition, CV provided qualitative information of the electroactive 

species by their reduction potentials, which could be used as an identification tool. The catalytic 

performance of the target compounds was further investigated via electrolysis by means of the 

controlled-potential CA, together with the product analysis by the GC. The results showed that, of 

all complexes, CoTAPc gave the highest %FE for both H2 and CO formations, i.e. 32% and 1.6%, 

respectively, while CuTAPc could yield only H2. Although the CO formation was observed in 

these studies, yield suppression due to strong competition from H2 generation by the water splitting 

process still has to be overcome. Accordingly, the optimization of the ECR condition and setup, 

i.e. the use of two-compartment cell to separate the WE and the CE, the modification of either the 

WE or the chemical structures of catalysts should be further studied to increase the efficiency of 

the ECR of CO2 and will be described elsewhere.  
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