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Abstract 

Water splitting, which is the dissociation of water into hydrogen and oxygen gases, can be 

separated into two half reactions corresponding to the hydrogen evolution reaction and oxygen 

evolution reaction (HER and OER, respectively). Both reactions offer a promising way for storing 

energy into the form of chemical bonds, which is an important strategy for the development of 

clean-energy technologies. A main area of interest while studying HER and OER is to design 

effective and robust electrocatalysts made from earth-abundant materials. This dissertation 

describes several homogeneous and heterogeneous systems for the electrocatalytic generation of 

hydrogen and oxygen gases.  

In Chapter 2, we present a metal-free (free-base) perfluorinated porphyrin as an 

electrocatalyst for HER, namely meso-tetra(pentafluorophenyl)porphyrin (1). Compound 1 is 

electrocatalytically active for hydrogen gas generation in the presence of p-toluenesulfonic acid. 

The electrochemical potential of hydrogen evolution (–1.31 V vs Fc/Fc+ in THF) is comparable to 

those metal containing electrocatalysts such as metallated porphyrins or other metallated 

macrocycles. In combination of experimental data and DFT computations, we propose the most 

favorable hydrogen generation mechanism to be a (1) reduction, (2) protonation, (3) reduction, (4) 

protonation (E-P-E-P) pathway. Kinetic studies from foot-of-the-wave analysis (FOWA) show a 

linear relationship between the observed rate constants (𝑘𝑜𝑏s) and acid concentrations.  

Based upon these results, we have pursued several porphyrin-based polymeric systems as 

heterogeneous electrocatalysts, which are described in Chapters 3 and 4.  We have synthesized a 

crystalline CoTcPP-based [TcPP = the dianion of meso-tetra(4-carboxyphenyl)porphyrin] 

polymeric system, 2, as a HER electrocatalyst in acidic aqueous media. Polymer 2 shows a surface 

area of 441.74 m2/g, while the discrete CoTcPP molecule (3) has a surface area of 3.44 m2/g. The 

HER catalytic performance of 2 and 3 was evaluated by means of linear sweep voltammetry in the 

presence of 0.5 M H2SO4 aqueous solution. To achieve 10 mA/cm2 cathodic current density, 2 and 

3 respectively require an overpotential of 0.475 V and 0.666 V, providing strong evidence that the 
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extended network of cobalt porphyrin leads to enhanced HER efficiency. The polymer also shows 

great tolerance for HER electrolysis in the presence of acid remaining active over 10 h. Similarly, 

we constructed several amorphous cobalt porphyrin and iron porphyrin based organic polymers as 

electrocatalysts to heterogeneously generate oxygen gas in basic aqueous solution (0.1 M KOH). 

The porphyrin organic polymer [(Por)OP] and its fluorinated version [F(Por)OP] were synthesized 

from an one-step condensation reaction without further cross-coupling reactions, followed by 

direct metallation to form the metalloporphyrin polymers Co(Por)OP, CoF(Por)OP, Fe(Por)OP 

and FeF(Por)OP using Co2+ and Fe2+ accordingly. All metalloporphyrin polymers are active for 

the electrocatalytic oxygen evolution with modest overpotentials. The cobalt fluorinated porphyrin 

polymer, [CoF(Por)OP], shows the best catalytic efficiency (η = 0.456 at 10 mA/cm2), while both 

the metal-free polymers, Por(OP) and FPor(OP), show negligible catalytic activity.   

In Chapter 5, we extend the study of the heterogenization of porphyrin-based 

electrocatalysts by the immobilization of metalloporphyrin molecules using a supporting platform. 

We report the use of zirconium phosphate (ZrP) layered nanomaterials as a catalyst support for the 

intercalation of molecular electrocatalysts. Two cobalt porphyrins, namely CoTsPP [TsPP = the 

dianion of meso-tetra(4-sulfonatophenyl)porphyrin] and CoTcPP [TcPP = the dianion of meso-

tetra(4-carboxyphenyl)porphyrin], were intercalated into ZrP layers and evaluated as 

heterogeneous OER electrocatalysts. Standard spectroscopic techniques including Fourier-

transform infrared (FT-IR) spectroscopy, x-ray powder diffraction (XRPD) measurements, 

elemental mapping, energy dispersive x-ray (EDX) analysis and x-ray photoelectron spectroscopy 

(XPS) were utilized to determine the successful intercalation of cobalt porphyrin molecules into 

ZrP. The OER electrocatalytic performance of both intercalated species and the pristine α-ZrP are 

assessed by means of cyclic voltammetry in 0.1 M KOH aqueous solution. To reach 10 mA/cm2 

current density, CoTsPP/ZrP and CoTcPP/ZrP require an overpotential of 0.462 and 0.467 V, 

respectively. To compare, α-ZrP shows negligible electrocatalytic activity for OER. 

Another molecular HER electrocatalyst is discussed in Chapter 6, Co(DippF)2 (where 

DippF is the anion of N,N’-bis[2,6-diisopropylphenyl]-formamidine), (4), which is able to 
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electrochemically produce hydrogen gas from the reduction of organic acids in homogeneous 

solutions. Compound 4 has a distorted square planar structure as evidenced through single crystal 

x-ray crystallography, and an effective magnetic moment of 4.13 that corresponds to three 

unpaired electrons. Catalyst 4 shows an irreversible cathodic peak at –1.59 V vs Fc/Fc+ which is 

assigned to the reduction of CoII to CoI. In the presence of organic acids the onset of catalytic 

current is observed at –1.2 V, –1.45 V and –1.89 V vs. Fc/Fc+ with p-toluenesulfonic acid, benzoic 

acid and phenol as the proton sources, respectively, in MeCN as the solvent. Detection of hydrogen 

gas was obtained by GC-MS with Faradaic efficiencies ranging from 85% to 100%. Kinetic studies 

using foot-of-the-wave analysis (FOWA) reveal a linear dependence of the observed rate constant 

against acid concentration in the range of 0.065 to 10.02 s-1. 

Chapter 7 describes several cobalt molybdenum disulfide (CoMoS2) catalysts which are 

active electrocatalysts for the production of hydrogen gas. These highly-active catalysts are 

obtained from pretreatment of ammonium tetrathiomolybdate (ATM) with different amines 

precursors. Electrochemical studies indicate that these CoMoS2 materials exhibit improved 

catalytic performance for hydrogen gas production with overpotentials ranging from 0.127 to 

0.144 V, which are significantly less than CoMoS2 synthesized directly from ATM under the same 

synthetic techniques (0.173 V). These CoMoS2 catalysts are also stable in the presence of strong 

acidic media after 10 h while maintaining their efficiencies for hydrogen gas evolution. 
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Chapter 1: Introduction 

Current global energy consumption is obtained by the use of over 80% fossil fuel resources, 

namely coal, oil and natural gas.1–3 Global energy demand is projected to reach 30 TW in 2050 

and 46 TW by the end of this century, while the total energy consumption was ~13.5 TW in 2001.4 

With the rapidly increasing energy demand due to fast economic and population growth as well as 

expanding industrialization, there is a rising concern for the use of fossil fuels because of their 

unsustainability and environmental constraints.5,6 Global warming and climate change have 

emerged as major concerns human beings face in nowadays society, which are attributed to the 

increasing emission of greenhouse gases (GHGs) closely associated with the combustion of fossil 

fuels.7,8 In addition, the heavy dependence of nation development on fossil fuels is one of the 

obstacles of world peace and security.6 Therefore, in response to the ever-growing worldwide 

energy demand and the environmental and safety crisis accompany the use of fossil fuels, 

substantial current research efforts have been devoted to identify other alternative sustainable and 

environmentally benign energy systems.9–14 

Hydrogen gas (H2) is considered to be an ideal fuel since its combustion generates carbon-

free emissions and it has high gravimetric energy density.15,16 In addition to be used directly as an 

efficient fuel, H2 can also be used as a feedstock to derive other gas or liquid energy products such 

as ammonia, methane and liquid hydrocarbons.17–19 Conventionally, H2 is produced through the 

steam reforming of methane, which is a fossil-based process and requires high energy input.20 

Thus, it is highly desirable to design other clean, fossil-free pathways for hydrogen gas 

production.21,22 Water electrolysis is a process that electrically dissociates water molecules to form 

H2 and O2, which is a promising approach for clean hydrogen production especially if the energy 

is renewable energy.23,24 Combining H2 and O2 can also regenerate electricity power along with 

the release of water via fuel cells, making this process zero-emission. Additionally, water is an 

attractive medium as both energy absorber and converter since splitting two molecules of water to 

yield H2 and O2 facilitates up to 4.92 eV of energy being stored into chemical bonds.10 Water 
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electrolysis consists of two separate half reactions, which is the hydrogen evolution reaction (HER) 

and the oxygen evolution reactions (OER) (Scheme 1). Splitting water is a thermodynamically 

unfavorable and kinetically challenging process with Gibbs free energy change of +237 kJ mol−1 

and high overpotential because it generates high energy intermediates.10,25,26 In addition, both OER 

and HER encompass multi-electron transfer processes.10 OER proceeds via the abstraction of four 

electrons, which is the kinetic bottleneck of water splitting, while HER involves two electron-

proton coupled reactions.27,28 Green plants have been effectively converting water into hydrogen 

and oxygen gases using solar energy via photosynthesis,29  and significant progress has been made 

by researchers to lower the kinetic barrier and overpotential loss of water electrolysis by the 

application of electrocatalysts.30 Discovering and designing new catalytic systems for HER and 

OER has become a prominent and active field of research.31–33 

Electrocatalysts can be categorized into homogeneous and heterogeneous systems.34,35 In 

homogeneous catalysis, catalysts molecules are dissolved in the solution containing the reactant 

substrates. Alternatively, in heterogeneous catalysis, catalysts materials are typically immobilized 

on the electrode surfaces and are in different phase as the substrates.4,34,35 Homogeneous catalysts 

must diffuse to the conductive electrode surfaces to enable electrocatalysis while heterogeneous 

systems provide more active catalytic sites contacting both the electrodes and reactants.36 Thus, 

heterogeneous catalytic systems typically exhibit superior catalytic performance comparing to 

homogeneous ones.35 However, studies of homogeneous catalysts are necessary for the elucidation 

of fundamental mechanism of the catalytic processes.37,38 Platinum metal is well known for being 

the most promising HER electrocatalyst which operates at practical zero overpotential and 

generates large current density, while iridium and ruthenium based oxides are the most efficient 

OER electrocatalysts.10,39–41 However, their practical implementation in scalable water electrolysis 

technology has been constrained by the high-cost and scarcity of these precious metals. Thus, 

numerous researches have been stimulated to explore HER and OER electrocatalysts derived from 

earth-abundant elements.4,22,26 Frequently studied heterogeneous electrocatalysts for HER and 

OER mainly base on transition metal (Co, Fe, Ni, Mn,) materials, including transition metal 
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alloys,42,43 chalcogenides,44–48 phosphides,49–53 oxides,54–57 among others.31,58–60  Several novel 

metal-free heterogeneous electrocatalytic systems have also emerged and shown comparable 

catalytic activities to metal-based catalysts such as heteroatoms (B, N, P) doped graphene materials 

and organic polymers.61–67 The pursuit of understanding the mechanistic insights of HER and OER 

at a molecular level also led to extensive studies conducted on molecular electrocatalysts through 

both computational and experimental approaches, which include transition-metal macrocycles,68–

74 cobaloximes75–77 and bio-inspired hydrogenase organometallic complexes,78,79 among other 

compounds.80 In general, these catalytic systems aim to overcome the following three fundamental 

restraints: (1) high activation energy and slow kinetics of HER and OER; (2) short lifetime of the 

catalysts during long-time catalysis; (3) lack of noble-metal free alternatives.  

Scheme 1.1. Overall water splitting reaction, oxygen evolution reaction (OER) and hydrogen 

evolution reaction (HER). 

Porphyrins are a group of organic macrocycles composed of four pyrroles linked by 

methine bridges at their α-carbons (Scheme 1.2), which are conjugated aromatic rings.81 The four 

pyrrolic nitrogens in the porphyrin cavity are suited for binding metals to form stable 

metalloporphyrins.82 Metalloporphyrins exist widely in nature and play an important role in many 

critical biological processes. As an example, the active site in hemoglobin contains an iron 

porphyrin complex, which is the key component for oxygen binding, activation, storage and 

transportation in human bodies.71 Other natural sources containing porphyrin-based molecules 

include chlorophylls, cytochromes and petroleum, etc.83–86 Recent decades have also witnessed 

significant development of chemical and physical strategies for the synthesis and characterization 

of porphyrins of diverse types.87–89 Due to their interesting electrochemical and photochemical 

properties, porphyrins and metalloporphyrins are among one of the most studied groups of 
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complexes in a variety of applications such as molecular sensor, photonic devices, catalysis, 

among others.90–95 Of particular interest, porphyrin-based materials have been well documented as 

versatile electrocatalysts for HER and OER, while several porphyrin-based catalytic systems have 

been found to be dual-functional electrocatalysts.68,93,96–99  

Transition metal-based metalloporphyrin molecules are intensively evaluated as 

homogeneous electrocatalysts for HER and OER.68,96,100 In metalloporphyrins, the electron-

deficient and redox-active porphyrins perform as electron reservoir to stabilize the electron-rich 

metal cores during catalysis.101 The catalytic efficiency and selectivity of metalloporphyrins can 

be conveniently tuned by modulating the electronic properties of the central metals through 

flexible ligand designs.102 Molecular metalloporphyrins are also suitable models for experimental 

and theoretical studies of fundamental electrocatalytic properties. The single metal atom inside the 

porphyrin core is generally the redox and catalytic center, while a few studies suggesting that the 

electron and proton transfers were induced by the redox active porphyrins to mediate hydrogen 

production under certain conditions.37,69,103 Interestingly, recent reports in the literature have 

described successful electrocatalytic HER by several metal-free catalytic systems which exploit 

porphyrin units as the catalytically active sites.61,104 However, very little research has been focused 

on elucidating how metal-free electrocatalysts operate electrocatalysis at a fundamental molecular 

level.  One of the objectives in this dissertation is to illustrate the HER electrocatalytic activity 

using a free-base molecular porphyrin by electrochemical measurements and study the HER 

mechanistic pathways. 

Scheme 1.2. General structures of porphyrins and metalloporphyrins. 
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Despite of the fact that molecular porphyrin-based electrocatalysts are well suited for 

electrochemical tuning and mechanistic analysis, homogeneous catalytic systems are constrained 

from widespread practical application due to their intrinsic disadvantages:102 (1) metalloporphyrin 

complexes may suffer from low stability for constant electrolysis especially under severe acidic or 

basic conditions, which are commonly used for the investigation of water electrolysis. Both metal 

dissolution and ligand degradation may occur during long-term electrocatalytic operation resulting 

in quenching of catalytic activity; (2) Homogeneous catalysts also suffer from low efficiency due 

to mass transport issues and relatively low density of exposed active sites. Thus, the construction 

of efficient and feasible devices for water electrolysis has provoked different strategies for the 

heterogenization of HER and OER electrocatalysts, which include, but not limited to, (1) direct 

adsorption of molecular electrocatalysts on the surfaces of  electrode materials such as glassy 

carbon and fluorine-dope tin oxide electrodes;105–107 (2) immobilization of electrocatalysts by 

covalently attaching or π-π stacking to a catalyst support including graphene, carbon nanotubes 

and boron nitride nanosheets, among others;108–113 (3) coordination of molecular complexes to 

form covalent organic polymers (COFs) or metal-organic frameworks (MOFs).98,114,115 Later 

sections of this dissertation will focus on different strategies of fabricating heterogeneous OER 

electrocatalysts based upon electrocatalytic active metalloporphyrin molecules. We have used 

metalloporphyrins as building blocks to construct amorphous and crystalline polymer systems 

which were evaluated as heterogeneous electrocatalysts. Another approach shown in this 

dissertation to heterogenize porphyrin-derived molecular electrocatalysts involve the intercalation 

of metalloporphyrin molecules in zirconium phosphate (ZrP) materials, which function as a 

layered supporting platform. We aim to enhance the catalytic performance by increasing the 

number of catalytic active site exposed to the electrolyte and electrode while maintaining the 

inherent properties of the molecular catalyst units. The strong attachment of the catalysts through 

polymeric network and catalyst support is also expected to provide stronger stability.    
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Chapter 2: Hydrogen Gas Generation by a Metal-Free Fluorinated Porphyrini 

2.1 INTRODUCTION 

In this chapter we describe a metal-free system for the electrocatalytic generation of 

hydrogen gas from acidic organic solutions using a free-base perfluorinated porphyrin and the 

mechanistic studies through both spectroscopic and computational approaches.  

Metalloporphyrins have been well investigated for their ability to generate H2 both 

electrochemically and photochemically.37,68,93,96,116,117 In metallated HER electrocatalysts, the 

metal center is the active site in the hydrogen production process by participating in the formation 

of metal-hydrogen bonds and as the redox center in the multi-electron reduction process.72,96,118,119 

In comparison, free-base porphyrins are known to exhibit rich multi-electron redox 

chemistry.120,121 The two basic imine nitrogen atoms in the porphyrin core can produce a 

diprotonated porphyrin species.122,123 Thus, free-base porphyrins have the ability to form covalent 

nitrogen-hydrogen bonds and can also be electrochemically active. In addition, the four-nitrogen 

porphyrin core is perfectly suited for bringing protons in close proximity to lower the activation 

energy of dihydrogen production by prearranging the transition state of hydrogen-hydrogen bond 

formation. However, whether a molecular metal-free porphyrin has the ability to perform similar 

and comparable electrocatalytic HER activity to the existing well-studied metallated macrocyclic 

complexes has not yet been studied or reported. Organic-based hydrogen generation catalysts may 

provide superior synthetic flexibility, lower manufacturing costs, and greater chemical stability. 

In this work we show that free-base meso-tetra(pentafluorophenyl)porphyrin, 1, is a HER 

electrocatalyst in the presence of p-toluenesulfonic (tosic) acid as the proton source with THF as 

the solvent. The electrocatalytic activity of 1 was estimated by electrochemical studies and H2 gas 

analysis in acidic solutions. Spectroscopic measurements including UV-vis spectra and 

spectroelectrochemical studies reveal the spectral signatures of the intermediates during the 

catalysis giving insight into the mechanism of H2 generation. In addition, density functional theory 

                                                
i This chapter is excerpted with permission from a published article: Yanyu Wu, Nancy Rodríguez-López, Dino 

Villagrán; Hydrogen Gas Generation by a Metal-Free Fluorinated Porphyrin. Chemical Science, 2018, 9, 4689-4695.   
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(DFT) calculations were performed to provide further support to the mechanistic HER behavior of 

1. 

2.2 EXPERIMENTAL SECTION 

2.2.1 Materials.  

All reagents used for synthesis were purchased from Sigma Aldrich. Pyrrole was freshly 

distilled prior to use. Solvent used for electrochemical studies were dried and degassed through a 

Pure Process Technology solvent purification system. Tetrabutylammonium hexafluorophosphate 

(TBAPF6) and tosic acid were purchased from Acros Organic. Meso-

tetra(pentafluorophenyl)porphyrin and meso-tetraphenylporphyrin were synthesized according to 

Lindsey’s method.87 

2.2.2 Synthesis of meso-tetra(pentafluorophenyl)porphyrin, 1.  

Pentafluorobenzaldehyde (3.00 g, 0.0153 mol) was dissolved in 500 mL of DCM, followed 

by addition of pyrrole (1.04 g, 0.0153 mol) dropwise. The mixture was stirred and bubbled with 

N2 for 15 minutes. Next, 0.500 mL of BF3∙Et2O was added with a glass syringe without exposing 

to air. After 2 h, the resulting porphyrinogen was oxidized by adding 2,3-dichloro-5,6-

dicyanobenzoquinone (DDQ) (5.00 g, 0.0220 mol) and letting it react for 30 minutes. Compound 

1 (1.80 g, 24.3% yield) was obtained after recrystallization and column chromatography 

purification on silica gel eluted with a mixture of hexane and dichloromethane (2:1). 1H NMR 

(C6D6): 8.71 ppm (s, 8H), –2.10 ppm (s, 2H); 19F NMR (C6D6): –161.3 ppm (t, 2F), –150.5 ppm 

(t, 1F), –137.2 ppm (d, 2F); ESI-MS: m/z: 975.5; UV-vis (THF): λ max 408, 503, 543, 584, 634 

nm. 

2.2.3 Cyclic voltammetry.   

All electrochemical measurements were obtained by using a CHI760D potentiostat, with 

0.1 M TBAPF6 as the supporting electrolyte. The electrolyte and tosic acid were placed under 

vacuum and oven dried prior to use. All cyclic voltammograms were obtained in a dry N2-filled 
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glovebox, using a 4 mm diameter glassy carbon working electrode, Pt mesh auxiliary counter 

electrode and an Ag/Ag+ reference electrode. Ferrocene (Fc) was added after each measurement 

as an internal standard. 

2.2.4 Controlled-potential electrolysis and H2 detection.  

Controlled-potential electrolysis was done in a custom-built two-compartment gas-tight 

electrochemical cell under argon atmosphere. One part of the cell contains: (I) a carbon rod 

working electrode (3 mm diameter, 0.95 mm length); (II) Ag/Ag+ reference electrode; (III) gas 

inlet and gas outlet. The other part of the cell contains a Pt auxiliary wire counter electrode and 

gas outlet. The working and counter electrodes are separated through a glass frit. Electrolysis was 

carried out at –1.7 V vs Fc/Fc+ in THF, containing 0.1 M TBAPF6, 10 mM tosic acid with and 

without adding the catalyst. 

2.2.5 Spectroelectrochemistry.  

Spectroelectrochemistry was performed using an optical transparent 1 mm thin-layer 

spectroelectrochemical cell containing an Au gauze working electrode, non-aqueous Ag/Ag+ 

reference electrode and Pt wire counter electrode. The absorption spectra were recorded in a UV-

vis spectrophotometer while the bulk electrolysis was performed by the CHI760D potentiostat. 

Solutions of 1 containing 0.1 M TBAPF6 with and without acid were prepared and degassed with 

N2 before each measurement. The changes of the UV-vis spectra were recorded at one second 

interval for 10 minutes at different applied potentials. 

2.2.6 Calculation of overpotential.  

Overpotential is calculated through ǀEH+ - Ecat/2ǀ, where EH+ is the equilibrium potential of 

H+/H2 of tosic acid in THF and Ecat/2 is the potential at icat/2. EH+ is equal to the open circuit potential 

of tosic acid in THF solution using a platinum electrode at 1 atm hydrogen gas atmosphere. 
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2.2.7 Calculation of 𝑘𝑜𝑏s from foot-of-the-wave analysis (FOWA).  

Foot-of-the-wave analysis (FOWA) was used to determine the observed rate constant (𝑘𝑜𝑏s) 

of hydrogen generation of 1. For an ECEC mechanistic process:124  

              𝑖 =
2FA𝐶𝑝

0√D𝑘𝑜𝑏𝑠

1+𝑒
[

𝐹
𝑅𝑇

(𝐸−𝐸𝑐𝑎𝑡/2)]
                                                                                              Eq 2.1 

Where i is the catalytic current density (A/cm2), F is the Faraday constant (96485 C/mol), 

A is the surface area of the working electrode (cm2), 𝐶𝑝
0  is the concentration of the catalyst 

(mol/L), T is the temperature (298 K), D is the diffusion coefficient (cm2/s) and 𝑘𝑜𝑏s is the observed 

rate constant, according to the Randles-Sevcik equation, the peak current ip of a reversible catalytic 

wave can be described as:125  

                 𝑖𝑝 = 0.4463 FACp
0√

F𝜈D

RT
                                                                                               Eq 2.2 

From Eq 2.1 and Eq 2.2, we can obtain: 

              
𝑖

𝑖𝑝
=

2√
RT

Fν
√𝑘𝑜𝑏𝑠

0.4463
∗

1

1+𝑒
[

F
RT

 (E−Ecat/2)]
                                                                            Eq 2.3 

Then  
𝑖

𝑖𝑝
  is plotted versus 

1

1+𝑒
[

F
RT

(E−Ecat/2)]
   and the linear portion was selected to yield a 

line with a slope of m, which can be represented by: 

               𝑚 =
2√

RT

Fν
√𝑘𝑜𝑏𝑠

0.4463
                                                                                                                      Eq 2.4 

Thus 𝑘𝑜𝑏s can be calculated through: 

                𝑘𝑜𝑏𝑠 =
(𝑚)2(0.4463)2 Fν

4RT
                                                                                                Eq 2.5 

The catalytic rate constant (𝑘cat) is expressed as: 

  𝑘𝑐𝑎𝑡 =
𝑘𝑜𝑏𝑠

[H+]
                                                                                                               Eq 2.6 
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2.2.8 Other physical methods.  

1H NMR and 19F NMR spectra were recorded on a JEOL 600 MHz NMR spectrometer. 

Proton NMR spectrum was referenced to the residual deuterated solvent signal as an internal 

calibration (C6D6 = 7.16 ppm). The UV-vis spectra were recorded on a SEC2000 spectra system 

equipped with a VISUAL SPECTRA 2.1 software. 

2.3 COMPUTATION DETAILS 

The molecular geometries of all free base porphyrins were optimized using density 

functional theory (DFT). The DFT method employed was Becke’s126 three parameter hybrid 

exchange functional, coupled with the Lee-Yang-Parr127 nonlocal correlational functional 

(B3LYP) for all calculations. The 6-31+G128,129 Pople basis set, as implemented in Gaussian 09, 

was used for all atoms.130 Zero point energies and thermodynamic data were calculated at 298.15 

K and 1 atm by performing frequency calculations. Calculations were performed on the optimized 

gas-phase geometries using the solvation model based on density (SMD) as implemented in the 

Gaussian 09 suite.131–133   

In order to ease the computational expense a model in which the pentafluorophenyl groups 

are replaced with chlorine atoms was employed. This substitution is reasonable due to the similar 

electron-withdrawing ability of Cl compared to -C6F5 as supported by their Hammett substitution 

constants (Table 2.1). We followed several theoretical models37,38,69,117,134–139 for the determination 

of thermodynamic quantities such as reduction potentials and pKas so as to give insight on the 

hydrogen evolution mechanism 
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Scheme 2.1. Porphyrin derivatives involved in the proposed mechanistic pathways for hydrogen 

generation. 

.  

Table 2.1. Hammett constants for substituents.140 

Substituent σm σp 

C6F5 0.26 0.27 

Cl 0.37 0.23 

F 0.34 0.06 
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Calculation of reduction free energies. From a Born-Haber thermodynamic cycle 

(Scheme 2.2), we can associate the reaction free energies with the gas-phase and solvation energies 

using equation 2.7: 

ΔG°(sol) = ΔG°(g) + ΔG°solv(Red) – ΔG°solv(Ox) – ΔG°solv(e
–)           Eq 2.7 

where ΔG°solv(Red) and ΔG°solv(Ox) represent the free energies upon solvation for both the 

reduced and oxidized species, ΔG°solv(e
–) the contribution of the electron to the solvation free 

energy, and ΔG°(g) the free energy of the reaction in the gas phase. We can calculate the last value 

with the expression ΔG°(g) = ΔH°(g) – TΔS°(g). Calculation of ∆G°(sol), allows the determination of 

redox potentials using equation 2.8:  

 E° = (–ΔG°sol / nF) + E°ref                                                               Eq 2.8 

where E° is the standard reduction potential, F is the Faraday constant and n is the number 

of electrons involved is the redox reaction. In order to allow a direct comparison of calculated vs 

experimental data, the redox potentials are reported referenced to the Ferrocene/Ferrocenium 

(Fc/Fc+) couple.  

Scheme 2.2. Born-Haber thermodynamic cycle for the calculation of the free energy of 

reduction. 

            Calculation of proton dissociation free energies. The direct calculation of reaction free 

energies in solution cannot be performed because the free energy of the solvated proton is difficult 

to calculate with accuracy. In order to calculate the thermodynamic value, we need to consider a 

proton-exchange reaction between a reference compound (AH) and the free base porphyrin (1):  
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A– + 1-H+           AH + 1                                                                  (2.9) 

Herein, we define the free energy change of reaction (2.9) as ΔG°(sol). To calculate ΔG°(sol), 

we must relate it to the free energy in the gas phase using the thermodynamic cycle depicted in 

Scheme 2.3, obtaining the following equation:  

ΔG°(sol) = ΔG°(g) + ΔG°solv(AH) + ΔG°solv(1) – ΔG°solv(A
–) – ΔG°solv(1-H+)                Eq 2.10 

where ΔG°solv(A
–), ΔG°solv(1-H+), ΔG°solv(AH) and ΔG°solv(1) are the free energies upon 

solvation of the referenced conjugated base, the protonated porphyrin, the referenced acid and the 

porphyrin, respectively. We can calculate ΔG°(g) by the expression ΔG°(g) = ΔH°(g) – TΔS°(g). The 

pKa can be calculated from ΔG°(sol) by: 

pKa = (ΔG°sol / 2.303 RT) + pKa(ref)                                                      Eq 2.11 

where R is the gas constant, T is the temperature (298.15 K), and pKa(ref) is the 

experimentally reported pKa of the reference reaction. Since the deprotonation of acetic acid has 

been studied in THF and the pKa value is available, we chose this reaction as our reference.141 

Scheme 2.3. Born-Haber thermodynamic cycle for the calculation of the free energy of proton 

transfer. 

2.4 RESULTS AND DISCUSSIONS 

Cyclic voltammetry experiments were conducted in THF in order to assess the 

electrocatalytic activity of 1. In the absence of acid, 1 features two reversible one-electron 

reductions at E1/2 = –1.14 V and E1/2 = –1.54 V vs Fc/Fc+ that yield the porphyrin radical anion 

[1] ̇– and the dianion species [1]2–, respectively (Figure 2.1). Upon successive addition of tosic 
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acid, the first reduction wave of 1 remains unchanged while a catalytic wave appears at a potential 

near –1.31 V vs Fc/Fc+, which occurs before the second reduction wave of 1 at –1.54 V. This 

indicates that protonation of this porphyrin is not possible under these conditions prior to the one-

electron reduction. The reduction potential of H+/H2 (EH+) with tosic acid in THF is –0.605 V vs 

Fc/Fc+, which corresponds to an overpotential of 1.02 V.141,142 Notably, addition of acid without 

the presence of 1 shows negligible current increase (Figure A.1). As a control, a second metal-free 

porphyrin, meso-tetraphenylporphyrin was also evaluated as HER electrocatalyst using tosic acid 

as the proton source. The electrocatalytic current achieved by this porphyrin was very low (Onset 

potential: –1.89 V vs. Fc/Fc+; Peak current: 18 µA. See Figure 2.2). 

 

Figure 2.1. Cyclic voltammograms of 0.1 mM 1 in a solution containing 0.1 M TBAPF6 with 

and without tosic acid: (from bottom to top): 0 equiv acid, 4 equiv acid, 9 equiv 

acid, and 12 equiv acid. Scan rate: 100 mV/s; glassy carbon working electrode. 
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Figure 2.2.Cyclic voltammograms of meso-tetraphenylporphyrin with 0.1 M TBAPF6 in THF 

and titrating with tosic acid: 100 mV/s; glassy carbon working electrode. 

Hydrogen gas production was confirmed by Gas Chromatography through the evaluation 

of the gas product obtained from controlled potential electrolysis. Figure 2.3 depicts the 

dependence of accumulated charge over 40 minutes, resulting in 3.2 C of charge corresponding to 

90% Faradaic efficiency. (See experimental section for full experimental details) 

 

 

 

 

 

 

 

 

 

 Figure 2.3. Controlled-potential electrolysis experiments containing 1 mM of 1, 0.1M TBAPF6 

and 10 mM tosic acid on a carbon rod electrode: 10 mM tosic acid with 1 mM of 1 (top), and     

10 mM tosic acid without 1 (bottom). Potential: –1.7 V vs Fc/Fc+; 
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In order to investigate whether there is a formation of a heterogeneous metal-free porphyrin 

thin film on the working electrode, which can be responsible for HER activity, cyclic 

voltammograms were obtained using a glassy carbon electrode after performing controlled-

potential electrolysis. Two glassy carbon electrodes were subjected to 1 h of electrolysis in the 

presence of 1 with and without tosic acid, respectively. After the experiment, the electrodes were 

rinsed with THF and dried in air.  Then they were exposed to fresh acidic solutions (1.5 mM) 

without the addition of 1. In neither case the working electrode shows any increase of catalytic 

current (Figures 2.4-2.5), implying that 1 does not adsorb on the working electrode surface during 

our electrochemical studies.       

Figure 2.4. Cyclic voltammograms recorded using the rinsed glassy carbon electrode after 

performing bulk electrolysis in the presence of 0.1 mM 1 at –1.7 V vs. Fc/Fc+ for an 

hour. Scan rate: 100 mV/s; glassy carbon working electrode. 
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Figure 2.5. Cyclic voltammograms recorded using the rinsed glassy carbon electrode after 

performing bulk electrolysis in the presence of 0.1 mM 1 and 10 equiv tosic acid at –1.7 V vs. 

Fc/Fc+ for 1 h. Scan rate: 100 mV/s; glassy carbon working electrode. 

HER kinetics were measured by foot-of-the-wave analysis (FOWA). The observed rate 

constant (𝑘𝑜𝑏s) was calculated from the slope of the linear region near the foot of the wave (Figure 

2.6.). The calculated 𝑘𝑜𝑏s are displayed in Table 2.2, showing values of 0.528, 0.742 and 0.891 S-

1 at acid concentration ([H+]) of 0.4, 0.9 and 1.2 mM respectively. Plotting 𝑘𝑜𝑏s versus [H+] gives 

a linear relationship (Figure 2.7), suggesting a first order dependence of [H+]. A kinetic isotope 

effect (KIE) of 1.16 was observed when using deuterated tosic acid (C7H7SO3D). 

Figure 2.6. FOWA linear fit of 1 for hydrogen generation: 1.2 mM acid: slope = 2.144, R2 = 

0.9874; 0.9 mM acid: slope = 1.956, R2 = 0.9876; 0.4 mM acid: 1.651, R2 = 0.9901. 
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Table 2.2. Summary of  𝑚, and  𝑘𝑜𝑏s at different acid concentration. 

[H+] (mM) m 𝑘obs (s-1) 

0.4 1.651 0.528 

0.9 1.956 0.742 

1.2 2.144 0.891 

 

Figure 2.7. Plot of observed rate constant versus acid concentration. (R2 = 0.9967) 

         The HER mechanism of 1 was probed through spectroscopic techniques. When two protons 

and two electrons are involved, several different pathways can be followed in order to generate 

hydrogen. The following possible sequential mechanistic steps were considered: E-E-P-P, E-P-E-

P, E-P-P-E, P-E-E-P, P-E-P-E, and P-P-E-E, where E stands for reduction and P stands for 

protonation. In THF, 1 exhibits a narrow and intense absorbance in the typical Soret (375-425 nm) 

region and four small Q-bands between 470 and 650 nm. Upon titration of tosic acid, the electronic 

spectrum remains constant (Figure 2.8). This indicates that in THF, tosic acid is not strong enough 
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to protonate 1, suggesting that the first step of hydrogen generation is a reduction. 

Figure 2.6 shows the spectral changes of 1 under different electrolysis conditions. The UV-

vis spectrum of 1 upon controlled-potential bulk electrolysis at the potential of the first one-

electron reduction of the porphyrin (–1.35 V vs Fc/Fc+), shows a decrease of the Soret (408 nm) 

and Q-bands (503, 530, 584, 634 nm); and the appearance of an absorption band at 436 nm along 

with an isosbestic point at 428 nm. This new band can be attributed to the generation of the radical 

anion [1] ̇– (Figure 2.9a). Under the same controlled potential of –1.35 V vs Fc/Fc+ but in the 

presence of tosic acid, the band at 436 nm corresponding to the radical anion [1] ̇– is also seen but 

the isosbestic point at 428 nm disappears as a function of time (Figure 2.9b). This implies that in 

addition to the generation of the radical anion [1] ̇–, other chemical species are also produced. Since 

the only condition changed between Figure 2.9a and Figure 2.9b is the addition of acid, the second 

step of the catalytic cycle should be assigned to a protonation after the one-electron reduction. 

When performing bulk electrolysis at the potential above the second electron reduction 

wave (–1.7 V vs Fc/Fc+) without the presence of acid, the recorded spectrum (Figure 2.9c) shows 

an immediate decay of the Soret absorbance coupled to an increase of a broad absorbance at 454 

nm, a new band at 369 nm and another new band in the ultraviolet region (300 nm), along with an 

isosbestic point at 425 nm. This features the transformation from the free-base porphyrin [1] to the 

Figure 2.8. UV-Vis spectrum of 1 in THF containing 0.1 M TBAPF6 before and after titrating 

with tosic acid. 
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dianion species [1]2–. When bulk electrolysis was conducted at the same potential (–1.7 V vs 

Fc/Fc+) in the presence of tosic acid, the absorbance belonging to the dianion [1]2– is  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Uv-vis spectroelectrochemistry of 1 in the absence and in the presence of tosic acid 

containing 0.1 M TBAPF6 in THF: (a) 1 at –1.35 V; (b) 1 containing tosic acid at –

1.35 V; (c) 1 at –1.7 V; (d) 1 containing tosic acid at –1.7 V. (Potentials are referred  

to Fc/Fc+ couple) 
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not observed and only a decrease of the Soret absorbance occurs (Figure 2.9d). However, the rate 

of decay of the Soret band in the presence of acid is slower compared to that without acid (Figure 

2.10). This suggests that 1 is regenerated upon H2 production. Overall these spectroscopy studies 

show that the first and second events of the mechanism of hydrogen generation with 1 in the 

presence of tosic acid are reduction and protonation, respectively. 

Figure 2.10. Change of absorption of 1 at 408 nm over time during electrolysis containing 1 M 

TBAPF6 in THF. (From bottom to top) (▼)  –1.7 V without acid; (■) –1.35V 

without acid; (●) –1.35 V with tosic acid); (▲) –1.7 V with tosic acid (Potentials 

referred to Fc/Fc+). 

Scheme 2.4. Mechanistic pathways proposed for hydrogen generation in THF, with tosic acid as 

proton source. 

 

Thermodynamic theoretical calculations were also performed to provide further insight of 

the next steps of hydrogen generation. Scheme 2.4 shows the three different pathways for hydrogen 
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generation in THF after the first reduction, and Figure 2.11 shows the calculated relative free 

energies corresponding to each of these pathways. The calculated relative free energies in Figure 

5 are plotted relative to the tosic acid/dihydrogen (TsOH/H2) couple. 

 

 

 

 

 

 

 

 

 

 

 

The relative free energy difference from [1] to [1] ̇– is calculated to be 12.8 kcal/mol 

(+0.556 eV) which corresponds to a potential of –1.06 V vs Fc/Fc+. Upon the first reduction, [1] ̇– 

can follow two possible paths: it can be either further reduced to [1]2– or protonated at the N core 

by tosic acid to yield [1-H]. Protonation to generate [1-H] is thermodynamically favored with a 

relative free energy of +2.39 kcal/mol (+0.104 eV), compared to going uphill +36.3 kcal/mol 

(+1.57 eV) to form [1]2–. 

The calculated relative pKa for the deprotonation of [1-H] is 20.3. Since the pKa of tosic 

acid in THF is predicted to be 11.8, the reduced porphyrin is likely to get protonated. The first two 

steps of the proposed mechanism (E-P) are in agreement with our experimental observations. The 

next step can either be electron transfer or protonation, to yield [1-H]– or [1-HH]+, respectively. 

While we cannot experimentally discern between these two pathways, [1-H]– is calculated to be 

thermodynamically favored by 8.91 kcal/mol when compared to generating [1-HH]+. The 

Figure 2.11. Free energy diagram of H2 evolution catalyzed by 1 in THF with tosic acid, as 

calculated by the Born-Haber cycles shown in Scheme 2.2 and Scheme 2.3. The 

free energies are plotted relative to the tosic acid/dihydrogen (TsOH/H2) couple. 
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following step yields [1-HH], which putatively produces H2, and closes the cycle. The overall 

proposed mechanism is described by Scheme 2.5. Calculated relative pKas and redox potentials 

for all possible mechanistic pathways for H2 generation are presented in Table 2.3. 

Scheme 2.5. Proposed catalytic cycle for H2 evolution, following an E-P-E-P mechanism, with 

THF as solvent. 

 

 

 

 

 

 

 



 24 

Table 2.3. Calculated redox potentials and pKas in THF, values in parentheses correspond to the 

experimental values obtained in this work. 

 B3LYP B3P86 B3LYP B3P86 

Reaction E° (V vs Fc/Fc+) pKa 

TsOH + AcO–
 TsO– + AcOH   11.8 10.8 

[1] + e–  [1]· – –1.10 (–1.14)a -0.95   

[1]· – + e–  [1]2– –2.12 (–1.54)a -1.99   

[1-H]– + AcO–
 [1]2– + AcOH   37.7 35.3 

[1-HH] + AcO–
 [1-H]– + AcOH   22.1 21.6 

[1-H]+ + AcO–
 [1] + AcOH   5.9 3.5 

[1-HH]2+  + AcO–
 [1-H]+  + AcOH   –9.5 -11.1 

[1-H]+ + e–  [1-H] –0.25 -0.08   

[1-HH]2+ + e–  [1-HH]+ 0.69 0.85   

[1-HH]+ + e–  [1-HH] –0.16 0.02   

[1-H] + e–  [1-H]– –1.09 -0.99   

[1-H] + AcO–
 [1]· – + AcOH   20.3 18.3 

[1-HH]+ + AcO–
 [1-H] + AcOH   6.3 4.6 

 aExperimental value  

 

2.5 CONCLUSION 

In conclusion, we have studied the electrocatalytic generation of H2 using a metal-free 

perfluorinated porphyrin. The catalytic activity was studied through cyclic voltammetry and 

controlled-potential electrolysis. Hydrogen is produced electrochemically at –1.31 V vs Fc/Fc+ in 

THF using tosic acid at 90% Faradaic yield. Electronic spectra and spectroelectrochemical 

experiments combined with thermodynamic calculations using density functional theory 

computations suggest that the most favorable mechanistic process is an E-P-E-P sequence. This 

promising finding may contribute to open a new area for replacing noble metals by much more 

abundant organic compounds for the catalytic generation of hydrogen gas. It should be noted that 

this observed activity is limited to the meso-tetrapentafluorophenyl porphyrin with tosic acid and 

in THF as the solvent. We are currently working on the catalytic study of other substitution patterns 

(and other organic macrocycles) for the electrocatalytic production of hydrogen. 
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Chapter 3: Efficient Electrocatalytic Hydrogen Gas Evolution by a Cobalt-

Porphyrin-based Crystalline Polymerii  

3.1 INTRODUCTION 

This chapter describes the synthesis of a crystalline extended network using cobalt 

porphyrin as the building unit. This polymeric network was evaluated as a heterogeneous 

electrocatalyst for the production of hydrogen gas in an electrochemical manner. 

Metalloporphyrins as HER electrocatalysts have been widely studied and have shown 

promising results.68,73,96,143 However, they have been mainly studied as homogeneous catalysts, 

where there is difficulty in separating the electrocatalysts from the substrate. In addition, 

homogeneous metalloporphyrin electrocatalysts show poor catalytic performance owing to mass 

transfer issues and to the limited number of active catalytic sites exposed to the substrate and 

electrode.144 Therefore, in order to enhance the catalytic performance of these materials, 

metalloporphyrin-derived heterogeneous HER electrocatalysts have been pursued by increasing 

the number of exposed catalytic active centers.97,98,144 Porphyrin-based conjugated extended 

networks have shown to be promising alternatives to molecular systems to yield more active and 

tolerant heterogeneous catalysts in many important chemical processes such as HER, carbon 

dioxide and oxygen reduction,97,98,115,144–146 among others.147–149 The enhanced efficiency of these 

systems is attributed to higher surface areas that allow for more readily available catalyt ically 

active metal sites.97,145  

Herein we report a crystalline polymer based on the CoTcPP unit [TcPP = the dianion of 

meso-tetra(4-carboxyphenyl)porphyrin)], 2, as an effective HER electrocatalyst. We present the 

synthesis and characterization of 2 using standard spectroscopy and microscopy techniques. The 

polymer was evaluated as a heterogeneous electrocatalyst for hydrogen gas production in a 

standard acidic aqueous solution (0.5 M H2SO4 in water), using electrochemical techniques 

including linear sweep voltammetry, electrical impedance spectroscopy, bulk electrolysis and 

                                                
ii This chapter is excerpted with permission from a published article: Yanyu Wu, José M. Veleta, Diya Tang, Alex 
D. Price, Cristian E. Botez, Dino Villagrán; Efficient Electrocatalytic Hydrogen Gas Evolution by a Cobalt-

Porphyrin-based Crystalline Polymer, Dalton Transations, 2018, 47,8801-8806. 
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chronoamperometry. The discrete molecule CoTcPP (3) was also assessed heterogeneously for 

HER under the same conditions for comparison.  

3.2 EXPERIMENTAL SECTION 

Materials. All reagents were used without further purification unless otherwise stated. 4-

carboxybenzaldehyde was purchased from Sigma Aldrich. Co(NO3)2∙6H2O and Co(OAC)2∙4H2O 

were purchased from Strem Chemicals. H2SO4, HCl, MeOH, EtOH, and DMF were obtained from 

Fisher Scientific. Pyrrole was purchased from Acros Organic and was freshly distilled from 

calcium hydride.  

Characterization. 1H NMR spectroscopy was performed on a Brucker 400 MHz NMR 

spectrometer, using deuterated DMSO as the solvent and internal calibration. The UV-vis spectra 

were obtained using a SEC2000 spectra system equipped with a VISUAL SPECTRA 2.1 software. 

Fourier transform infrared (FT-IR) spectroscopy was recorded on an Agilent Cary 630 FT-IR 

spectrometer. X-ray diffraction (XRD) was obtained using a PANalytical Empyrean system using 

Cu-Ka radiation (λ = 1.5418 Å) equipped with a PIXcel [3D] detector. Scanning electron 

microscope (SEM) images, elemental mapping, and energy dispersive x-ray (EDX) analysis were 

recorded on a Hitachi S-4800 instrument equipped with an EDX microanalysis system. 

Transmission electron microscopy was measured on a Hitachi H-7650 instrument. 

Synthesis of meso-tetra(4-carboxyphenyl)porphyrin (H2TcPP). Synthesis was done 

following a modified literature procedure.150 In a 1 L round bottom flask, 4-carboxybenzaldehyde 

(5.00g, 33.30 mmol) was dissolved in propionic acid (500 mL) and heated at 140 °C until the 

mixture was completely dissolved, Then pyrrole (2.23 g, 33.30 mmol) was added dropwise and 

the mixture was vigorously stirred under reflux for 2 h. Afterwards, MeOH (100 mL) was added 

to the reaction and cooled down using an ice bath. The crude product was filtered under reduced 

pressure using a medium coarse filter frit. The solid residue was washed with deionized water and 

then dried under reduced pressure to obtain a dark purple powder. Yield: 1.65 g (25.1%).  1H NMR 
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(d6-DMSO) δ: 13.28 (s, 4H), 8.86 (s, 8H), 8.36 (m, 16H), –2.95 (s, 2H); UV-vis (EtOH): λ max: 

419, 519, 552, 592, 648 nm (Figure A.5.). 

Synthesis of crystalline cobalt meso-tetra(4-carboxyphenyl)porphyrin polymer (2). 

H2TcPP (0.0100g, 0.0126 mmol),  Co(NO3)2∙6H2O (0.0320g, 0.110 mmol)  and 5 drops of 

concentrated HCl were dissolved in 3 mL DMF and 1 mL MeOH in a Pyrex vial. The mixture was 

sonicated for 30 minutes and then heated at 60 °C in a programmable oven for 72 h. After cooling 

down to room temperature, the shiny purple crystals were filtered and cleaned with copious 

amounts of DMF and MeOH and then dried at 50 °C. Yield: 0.0144 g. UV-vis (pH = 8 buffer in 

water): λ max: 427, 551 nm (Figure A.5). FT-IR (ATR, cm–1) v = 1654 (w), 1604 (sh, νsCOO-), 

1399 (s, νasCOO-), 1339 (w), 1278 (w), 1174 (w), 1144 (w), 1000 (sh, Co-N), 838 (s, sh, C-H), 

799 (s, sh, aromatic C-H), 771 (s, sh, C-H), 711 (s, sh, C-H). Elemental analysis: C 58.51%; H 

3.69%; N 6.76%. Calcd: C 63.87%; H 2.68%; N 6.21%; O 14.18%; Co 13.06%.  

Synthesis of Cobalt meso-tetra(4-carboxyphenyl)porphyrin (3). Synthesis was done 

following a modified literature procedure.150 H2TcPP (0.100 g, 0.126 mmol) and Co(OAC)2∙4H2O 

(0.0315 g, 0.126 mmol) were dissolved in DMF (20 mL) and the solution was stirred under reflux 

for 1 h. The reaction mixture was then filtered and the residue was washed with deionized water. 

Yield: 0.0830 g (80.7%). UV-vis (EtOH): λ max: 429, 546 nm (Figure A.6). FT-IR (ATR, cm–1) 

v = 1720 (s, sh, C=O), 1684 (s), 1604 (sh, νsCOO-), 1459 (w), 1406 (w, νasCOO-), 1263 (s), 1244 

s), 1174 (sh), 1099 (s, sh), 1017 (sh), 1000 (sh, Co-N), 886 (w, C-H), 795 (s, sh, aromatic C-H), 

765 (sh, C-H), 728 (s, sh, C-H).   

Gas adsorption measurement. Nitrogen adsorption isotherms were obtained using a 

Micromeritics ASAP 2020 Surface Area and Porosity Analyzer. Samples were weighed and 

activated for 12 h at 423 K with an outgas pressure less than 100 mTorr. N2 isotherms were 

measured volumetrically at 77 K, the obtained data and pressure range (0.0001 ≤ P/P0 ≤ 0.1) were 

fitted into the Brunauer-Emmett-Teller (BET) equation. 

Modification of FTO (fluorine-doped tin oxide)/silver working electrodes with 2 and 

3. Working electrodes for electrochemical measurements were made by deposition of 2 and 3 using 
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silver glue on FTO glass slides. Prior to the deposition, FTO glass slides were cleaned by 

sonication in acetone, isopropanol and deionized water for 10 minutes separately and dried in air. 

Then 0.5 by 0.5 cm silver paste was coated on top of the active side of the FTO substrate. 2 mg of 

each catalyst was dispersed in 1 mL ethanol and sonicated for 10 minutes to generate a 

homogeneous ink. Then 10 μL of the ink was dropcast on top of the silver paste and it was dried 

in ambient condition (loading mass: 0.08 mg/cm2). 

Electrochemical measurements. Electrochemical data were obtained using a CHI760D 

potentiostat with a platinum mesh as the counter electrode and saturated calomel electrode (SCE) 

as the reference electrode in 0.5 M H2SO4 aqueous solutions at room temperature. Before each 

measurement, the solutions were purged with ultra-pure argon gas for 15 minutes to remove the 

dissolved oxygen. Linear sweep voltammetry experiments were conducted without stirring the 

solutions. All potentials displayed in the electrochemical experiments are referred to reversible 

hydrogen electrode (RHE) by adding a value of (0.245 + 0.059 pH) to the data obtained using a 

SCE reference electrode. Electrical impedance spectroscopy (EIS) was obtained at different 

overpotentials of 0.25, 0.30, 0.35 and 0.40 V from 100 KHz to 0.1 Hz with AC voltage of 5 mV.  

Bulk electrolysis and long-term chronoamperometric measurements were performed in a 

custom-built two-compartment gas-tight electrochemical cell under an argon atmosphere. The two 

compartments are separated with a glass frit, where one part of the cell contains the Pt mesh counter 

electrode and the other compartment contains the working and reference electrodes. The solutions 

were stirred during the experiment to remove the generated hydrogen gas from the working 

electrode and the solvent.  

Hydrogen gas determination. Hydrogen gas was determined and quantified by a gas 

chromatograph (GC) after performing bulk electrolysis. The instrument was calibrated by injecting 

10%, 20%, 30% and 40% of ultra-pure hydrogen gas in the GC instrument separately and the 

concentrations of hydrogen gas are assumed to be proportional to the peak areas. A calibration 

curve with the correlation of hydrogen gas concentration and peak areas was constructed. Using a 

gas tight syringe, 50 μL of the gas in the headspace (90 mL) from the cathode side in the two-
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compartment electrochemical cell was injected to the GC. The percentage of hydrogen gas in the 

headspace was determined according to the peak area. The theoretical amount of H2 was 

determined by dividing the passed charge (Q) by 2F (F = 96485). The Faradaic efficiency is 

calculated according to the following equation:151 

Faradaic efficiency (%) = [96485 * 2 * mol H2(GC) * 100%] /Q 

3.3 RESULTS AND DISCUSSION 

Figure 3.1 shows the p-XRD pattern of 2, revealing its crystallinity by showing a strong 

and well-defined diffraction peak at 2θ = 7.47° and several other weaker diffraction peaks at 2θ = 

12.80°, 15.78°, 18.32° and 20.54°, 23.14° and 30.31° respectively. While the diffraction quality of 

this polymer is not comparable to that of analogous metal-organic frameworks (MOFs),143,152,153 

clear and well-defined peaks can be observed.  

 

 

 

Figure 3.1. p-XRD pattern of 2. 
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Transmission electron microscope (TEM) images (Figures 3.2a-b) of 2 indicate that this  

material is composed of thin films. Scanning electron microscope (SEM) images of 2 (Figure 3.2c-

d) shows its irregular cube-like morphology at lower amplifications. The respective elemental 

mapping images (Figures 3.2e-g), show the elemental composition of Co, C and O in 2, which 

indicate the presence of cobalt centers into the porphyrin crystalline polymer. The presence of Co, 

C and O in the sample is also confirmed by EDX spectra (Figure 3.3).  

Figure 3.2. (a, b) TEM images of 2; (c, d) SEM graphs of 2; (e, g) the corresponding elemental 

maps of C, O and Co respectively based on d and (h) overlay elemental mapping 

image of Co, C and O. 
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Quantification of the elemental composition of 2 from EDX analysis shows Co, C, N and 

O contents of 12.38%, 64.97%, 6.84% and 15.81%, respectively. These results deviate from the 

theoretical values by around 1%, which are small with respect to polymeric systems which 

typically present much larger deviations.154–156 Elemental analysis results also show reasonable 

agreements with respect to theoretical values albeit with larger errors compared to EDX. This is 

due to the difficulty of the complete combustion of polymers systems and presence of unidentified 

absorbed gases and solvent in the pores, which have been observed in similar systems.155,156  

N2 sorption measurement through Brunauer-Emmett-Teller (BET) measurements shows a 

surface area of 2 of 441.74 m2/g (see Figure 3.4). In comparison, the CoTcPP monomer, 3, shows 

a significantly smaller surface area of 3.44 m2/g. Thus, the extended network of the crystalline 

porphyrin polymer, 2, effectively increases the porosity and surface area of the material, which 

presumably allows for more exposed active catalytic sites. 

Figure 3.3. EDX spectrum of 2. 
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The redox activity of the crystalline Co porphyrin-based polymer (2) and Co porphyrin monomer 

(3) was studied by cyclic voltammetry in the presence of a pH = 4.56 buffer solution, which can 

be seen in Figure 3.5. Polymer 2 and monomer 3 exhibit a reduction event starting at the potential 

of –0.096 and –0.181 V vs. SCE, respectively.  And 2 shows a larger peak current compared to 3. 

This result shows that addition of Co to the CoTcPP system help to tune the reduction potential to 

more anodic value.  

Figure 3.4. N2 sorption isotherms at 77 K of 2 and 3. 

Figure 3.5. Cyclic voltammograms of 2 and 3 modified silver/FTO working electrodes in the 

presence of pH = 4.56 buffer solution. Scan rate: 50 mV/s. 
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            Linear sweep voltammetry was used to assess the HER electrocatalytic properties of 2 and 

3. Both catalysts were evaluated heterogeneously in 0.5 M H2SO4 aqueous solution with a scan 

rate of 2 mV/s. Figure 3.6a depicts the polarization curves which display the cathodic current as a 

function of applied potential. As reference, a Pt working electrode (2 mm diameter) and a catalyst-

free FTO/silver substrate working electrode were also tested under the same condition. The Pt 

working electrode exhibits a large cathodic current increase at zero onset overpotential (η) while 

the FTO/silver working electrode generates a negligible current increase at the potential range 

displayed (0 ~ –0.7 V vs. RHE). To study the HER electrocatalytic efficiency, the overpotential 

(η) was measured at the chosen current density, j, of 10 mA/cm2. Electrocatalysts 2 and 3 require 

an η of 0.475 and 0.666 V, respectively, indicating that the polymeric system exhibits enhanced 

HER catalytic efficiency by requiring less overpotential when compared to the discrete molecule. 

This can be explained by the larger surface area that allows more available exposed active sites of 

the polymer compared to the molecule.  

 

 

Figure 3.6. (a) Polarization curves of Pt (black); 2 (blue); 3 (purple); and catalyst-free 

FTO/Silver (burgundy) in 0.5 M H2SO4 electrolyte solution; Scan rate: 2mV/s; (b) 

Bulk electrolysis measurement of 2 (blue) and catalyst-free FTO/Silver (burgundy) 

in 0.5 M H2SO4 electrolyte solution. 
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            The amount of H2 gas evolved was quantified using a gas chromatograph (GC) after 

performing bulk electrolysis for 1 h. Figure 3.6b presents the passed charge after 1 h’s constant 

electrolysis. The amount of generated H2 is consistent with the theoretical production based on 

Faraday’s law, assuming all the charges were accounted for the 2 e- reduction of proton to generate 

H2, implying a quantitative faradaic yield.  

Electrical impedance spectroscopy (EIS) was conducted to understand the conductivity of 

the polymeric network. The Nyquist plots of 2 at different ƞ of 0.25, 0.30, 0.35 and 0.40 V, with 

frequencies ranging from 100 KHz to 0.1 Hz are presented in Figure 3.7a.  The plots show that 2 

exhibits good conductivity with relatively small diameters of semicycles. As ƞ increases, the 

diameters decrease gradually, implying faster HER kinetics at higher ƞ.  

To evaluate the durability of the polymer as HER electrocatalyst, long-term 

chronoamperometric measurement was conducted using the 2-modified FTO/silver working 

electrode. Figure 3.7b exhibits the corresponding current density at a controlled potential of –0.4 

V vs. RHE in 0.5 M H2SO4 aqueous solution for 10 h. It can be seen that the catalyst presents 

excellent catalytic stability under 10 h electrocatalysis with almost no current density decrease. 

Figure 3.7. (a) Nyquist plots of the as-prepared 2/ Silver/FTO electrode at (from top to bottom): 

ƞ = 0.25, 0.30, 0.35 and 0.40 V; (b) Chronoamperometric responses (j~t) of 1 in 0.5 

M H2SO4 aqueous solution for 10 h. (Applied potential: –0.4 vs. RHE) 
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Linear sweep voltammetry using the  rinsed catalyst-modified working electrode with the attached 

catalyst used after 10 h electrolysis in an acid solution of 0.5 M H2SO4 (Figure 3.8) shows an 

overpotential increase of ca. 5 mV at 10 mA/cm2 which implies minimum catalyst leeching over 

long term electrolysis. 

       The reaction kinetics of both 2 and 3 as HER electrocatalysts were probed through 

Tafel plot analysis, where the relationship between η and log(j) is depicted. The Tafel plots of 2 

and 3 are presented in Figure 3.9. By fitting the plots into the Tafel equation: η =  b * log(j) +  a 

(where b is the Tafel slope and a is a constant), Tafel slopes for 2 and 3 are obtained, which are 

197 and 264 mV/dec, respectively. Since slower Tafel slopes correspond to faster kinetics, this 

result indicates that 2 is a better electrocatalyst than 3. 

Figure 3.8. Polarization curves of 2 before (solid line) and after (dotted line) 10 h’ constant 

chronoamperometry analysis at –0.4 V vs. RHE. 
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Figure 3.9. Tafel plots of 2 and 3. 

                    

3.4 CONCLUSION 

In this chapter we have compared a crystalline cobalt porphyrin-based polymer and a cobalt 

porphyrin monomer for electrocatalytic hydrogen gas generation in strong acidic media. The 

polymer shows significantly larger surface area and enhanced catalytic performance compared to 

the discrete molecule. This gives strong evidence that the construction of a polymeric system based 

on HER electrocatalytic active molecular catalysts can enhance the catalytic efficiency. 
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Chapter 4. Metalloporphyrin organic polymers as effective and stable 

electrocatalysts for the oxygen evolution reaction   

4.1      INTRODUCTION 

         We describe in this chapter the fabrication of several polymeric networks based on 

metalloporphyrin building units as heterogeneous electrocatalysts for the oxygen evolution 

reaction in basic solution. 

          Metalloporphyrin conjugated polymers are a novel group of π-conjugated extended 

networks. This type of materials have shown potential in a wide range of catalysis applications 

owing to their advantageous properties, including, but not limited to, facile catalysts/reactants 

separation, rational architectural design of the molecular units, enhanced thermal and chemical 

stabilities.97,115,145,147,148,157 Of particular interest are metalloporphyrins based polymeric systems 

that have shown to be promising alternatives as effective and stable heterogeneous electrocatalysts 

for HER and OER.98,115 Most reported metalloporphyrin polymers are obtained from cross 

coupling reactions based upon the respective metalloporphyrin monomer units. This work reports 

the synthesis and characterizations of an easily synthesized porphyrin organic polymer from one-

step polymerization, and its metallated versions based on cobalt and iron as OER electrocatalysts. 

All materials were characterized using standard spectroscopic and microscopic techniques. 

Inductively coupled plasma mass spectrometry (ICP-MS) was utilized to determine the metal 

loading of the cobalt and iron porphyrin polymers. We also report herein the evaluation of the 

electrocatalytic OER performances of all polymer materials through electrochemical studies. 

4.2 EXPERIMENTAL SECTION 

            Materials. All chemicals used were purchased from commercially available sources. 

Pyrrole (C4H5N), terephthalaldehyde (C8H6O2), 2,3,5,6-tetrafluoroterephthalaldehyde, 

FeCl2∙4H2O, and Nafion®117 (5%) were purchased from Sigma Aldrich. Co(OAC)2∙4H2O was 

purchased from TCI chemicals. Carbon black (Vulcan XC-72) was obtained from Fuel Cell Store. 

All solvents used and potassium hydroxide (KOH) pallets were from Fisher Scientific. Pyrrole was 

freshly distilled prior to use while other chemicals were used as received.    
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Physical and Chemical characterization. Fourier-transform infrared (FT-IR) spectra 

were recorded using an Agilent Cary 630 FT-IR spectrometer equipped with an attenuated total 

reflectance (ATR) accessory. X-ray diffraction powder (XRPD) patterns were obtained using a 

Bruker D8 Discovery x-ray diffractometer. Scanning electron microscope (SEM) measurement 

along with elemental mapping and energy dispersive x-ray analysis (EDX) were recorded on a 

Hitachi S-4800 instrument equipped with an EDX microanalysis system. X-ray photoelectron 

spectroscopy (XPS) spectra were obtained by a Physical Electronics PHI 5000 VersaProbe with 

an Al Kα source. All spectra were calibrated to the adventitious carbon 1s peak at 284.8 eV and 

fitted using a Shirley background. ICP-MS measurements were performed by a Thermoscientific 

Thermo XSeries II by firstly digesting the samples in an aqua regia matrix overnight and then 

filtered and diluted to 5% acid (v/v%). 

Working electrode preparation. A catalyst ink was prepared by dispersing 2.5 mg of 

carbon black and 5 mg of each sample in 1.02 mL isopropanol and 4.08 µL Nafion solution. The 

resulting solution was sonicated for 30 minutes to form a homogeneous ink. A glassy carbon disk 

was cleaned by sonication in isopropyl alcohol, acetone, and deionized water separately, and 

polished to a mirror finish prior to be mounted on a rotating disk electrode (RDE) apparatus. The 

working electrode consisted of 10 µL of the prepared catalyst dropcasted on a glassy carbon disk 

which was rotated at 600 RPM for 5 minutes until the ink was dry. The glassy carbon disk electrode 

(0.196 cm2) had a final catalyst loading of 0.25 mg/cm2.   

Electrochemical measurements. Electrochemical measurements were conducted in a 

three-electrode RDE configuration using an Ag/AgCl reference electrode, a Pt wire counter 

electrode and the modified glassy carbon disk as the working electrode. All studies were carried 

out in a 0.1 M KOH aqueous solution saturated with ultra-high purity O2 with the working 

electrode constantly rotated at 1600 RPM at a scan rate of 10 mV/s. Ohmic correction was 

performed after each electrochemical measurement and the resistance of the electrolyte solution 

in the cell was determined at 100 kHz. The RHE (reversible hydrogen electrode) potential was 
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determined by measuring the opencircuit potential of a clean Pt electrode in the electrolyte solution 

after testing the electrodes.  

Synthesis of porphyrin organic polymer [(Por)OP] and F(Por)OP]:148 The general 

synthetic scheme is shown in Scheme 4.1.Terephthalaldehyde (0.500 g, 3.73 mmol) or 2,3,5,6-

tetrafluoroterephthalaldehyde (0.768 g, 3.73 mmol)was dissolved in propionic acid (400 mL) 

while freshly distilled pyrrole (0.250 g, 3.73 mmol) was dissolved in propionic acid (40 mL). The 

pyrrole solution was slowly added to the terephthalaldehyde solution with constant stirring. The 

reaction mixture was allowed to react under reflux conditions for 12 h. The resultant product was 

cooled down and filtered using a medium coarse filter frit and was washed thoroughly with (1) 

deionized water, (2) methanol, (3) tetrahydrofuran and finally (4) dichloromethane. The filtered 

and washed product was vacuum dried at 80 °C to remove any residual solvents to obtain the final 

products as black powder. [Yield: F(Por)OP: 0.705 g, 79.40%; (Por)OP: 0.459 g, 74.10%]   

Synthesis of cobalt porphyrin organic polymers [Co(Por)OP and CoF(Por)OP] and 

iron porphyrin organic polymers [Fe(Por)OP) and FeF(Por)OP] :148 The general synthetic 

scheme is shown in Scheme 4.2. In separate syntheses, (Por)OP or F(Por)OP (0.325 g) and the 

corresponding metal salts [Co(OAC)2∙4H2O and FeCl2∙4H2O] (1.10 g) were dissolved in a mixture 

solvent of propionic acid and DMF (400 mL, v/v = 2:1). The reaction mixtures were heated under 

reflux with constant stirring for 3 days. The solutions were subsequently cooled down and filtered 

using a medium coarse filter frit. The black filter cake was washed with deionized water, methanol 

and dimethylformamide and vacuum dried at 80 °C to remove any residual solvents.  
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Scheme 4.1. Synthetic scheme of porphyrin organic polymers.iii 

                                                
iii R = H or F 
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Scheme 4.2. Synthetic scheme of metalloporphyrin organic polymers.iv 

                                                
iv R = H or F, M = Co or Fe 
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4.3 RESULTS AND DISCUSSION 

FT-IR spectra and XRPD of all the synthesized samples are shown in Figure 4.1 and Figure 

4.2, respectively. Notably, all FT-IR spectra do not show the characteristic C=O vibration band of 

the aldehyde between 1720 and 1740 cm-1, which is expected to diminish after successful 

polymerization; therefore, indicating that all samples are polymeric systems. The band observed 

at around 1001 cm-1 in Co(Por)OP and Fe(Por)OP is assigned to the characteristic metal-nitrogen 

vibration suggesting successful metallation. The peaks observed at around 1298 cm-1 in the 

fluorinated samples are attributed to the C-F stretch. XRPD diffractograms of all the samples show 

no strong diffraction peaks (Figure 4.2), which reveal the amorphous nature of the synthesized 

materials and are consistent with previous reported studies.148  

SEM micrographs of (Por)OP and F(Por)OP are shown in Figure 4.3a and Figure 4.3b, 

respectively, indicating that both materials present morphologies of uniform spherical particles 

with dimensions at the micrometer scale. After metallation, the morphologies of the polymers do 

not show any significant alterations, as the SEM images of all of the metalloporphyrin polymers 

Figure 4.1. FT-IR spectra of (Por)OP, F(Por)OP, Co(Por)OP, CoF(Por)OP, Fe(Por)OP and 

FeF(Por)OP. 
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show that they are also spherical particles, which are presented in Figures 4.3c-f. These results are 

in agreement with previous studies.148 

 

 

Figure 4.2. XRPD patterns of (Por)OP, F(Por)OP, Co(Por)OP, CoF(Por)OP, Fe(Por)OP and 

FeF(Por)OP. 

Figure 4.3. SEM images of (a) (Por)OP, (b) Co(Por)OP, (c) Fe(Por)OP, (d) F(Por)OP, (e) 

CoF(Por)OP and (f) FeF(Por)OP. 
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To corroborate the successful addition of cobalt in Co(Por)OP and CoF(Por)OP, and iron 

in Fe(Por)OP and FeF(Por)OP, energy dispersive x-ray (EDX) analysis was performed on all of 

the synthesized samples through SEM to analyze their elemental composition. The EDX spectra 

of (Por)OP and F(Por)OP are displayed in Figure 4.4a and Figure 4.4b respectively, showing the 

presence of carbon and oxygen in (Por)OP and carbon, oxygen and fluorine in F(Por)OP. Figure 

4.4c and Figure 4.4d both confirm the presence of cobalt in samples Co(Por)OP and CoF(Por)OP 

in addition to the elements found in their respective unmetallated porphyrin polymers,  while the 

EDX spectra of both Fe(Por)OP and FeF(Por)OP indicate the existence of iron (Figure 4.4e and 

Figure 4.4f). These EDX results show effective metallation in all of the metallated polymer 

samples. The metal content was determined by inductively coupled plasma mass spectrometry 

(ICP-MS). As a result, Co(Por)OP and CoF(Por)OP contains 17.13% and 54.12% cobalt, 

respectively, while Fe(Por)OP and FeF(Por)OP respectively show iron content of 4.19%  and 

34.64% . 
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Figure 4.4. EDX spectra of (Por)OP, F(Por)OP, Co(Por)OP, CoF(Por)OP, Fe(Por)OP 

and FeF(Por)OP. 
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Figure 4.5 shows the polarization curves of all the synthesized polymers and pure carbon 

black, which was used in the preparation of catalysts on the working electrodes to enhance the 

conductivity. All of the metallated species show to be electrocatalytic active with modest 

overpotentials (ƞ) for oxygen production. At the chosen current density (j) of 10 mA/cm2, ƞ is 0.38 

and 0.43 V for CoF(Por)OP and Co(Por)OP, respectively, while ƞ is 0.46 V for both Fe(Por)OP 

and FeF(Por)OP. These electrochemical results are comparable to other reported porphyrin 

polymeric OER electrocatalysts.97 On the contrary, both of the metal-free polymers (Por)OP and 

F(Por)OP show no significant catalytic current increase, implying that the metal centers are the 

essential catalytic active sites. Additionally, the carbon black also shows no electrocatalytic 

activity.  

To further study the OER kinetics, Tafel analysis of CoF(Por)OP, Co(Por)OP, FeF(Por)OP 

and Fe(Por)OP were obtained. Figure 4.6 shows the Tafel plots fitted to the Tafel equation (η = b 

log j + a, where b is the Tafel slope and a is a constant) to obtain the Tafel slope. The Tafel slopes 

of CoF(Por)OP, Co(Por)OP, FeF(Por)OP and Fe(Por)OP are determined to be 84.2, 72.8, 89.8 and 

91.7 mV/dec respectively, which are comparable to or better than previous reported similar 

Figure 4.5. Cyclic voltammograms of  (Por)OP, F(Por)OP, Co(Por)OP, CoF(Por)OP, 

Fe(Por)OP, FeF(Por)OP and carbon black with iR compensation in the presence of 

0.1 M KOH electrolyte solutions saturated with oxygen gas; Scan rate: 10 mV/s. 
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porphyrin polymer-based catalytic systems. These results further indicate that both 

metalloporphyrin polymeric materials are efficient and promising OER electrocatalysts. 

4.4 CONCLUSIONS 

In conclusion, we have successfully synthesized and characterized a porphyrin organic polymer 

and its fluorinated version, which were obtained from a facile one-step condensation reaction of 

pyrrole and the respective aldehyde in the presence of propionic acid. Both polymers were 

implemented as substrates for direct metallation using cobalt and iron to prepare four different 

metalloporphyrin organic polymers. These materials were used for oxygen evolution from alkaline 

aqueous media through electrochemical means. All of the metallated porphyrin polymers exhibit 

to be efficient OER electrocatalysts by requiring moderate overpotentials while the metal-free 

polymers are catalytically inert under the same conditions. 

 

 

 

 

Figure 4.6. Tafel plots of Co(Por)OP, CoF(Por)OP, Fe(Por)OP and FeF(Por)OP in 0.1 M KOH. 
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Chapter 5: Cobalt Porphyrins Intercalated Zirconium Phosphate Layers as 

Electrocatalysts for the Oxygen Evolution Reaction 

5.1 INTRODUCTION     

In this chapter we present another approach for the heterogenization of molecular OER 

electrocatalysts, which is the immobilization of catalytic active metalloporphyrin molecule using 

a layered structured supporting platform. 

Zirconium phosphate (ZrP) is a type of inorganic crystalline layered nanomaterial.158,159 It 

can be classified into zirconium bis(monohydrogen orthophosphate) monohydrate 

[Zr(HPO4)2·H2O, α-ZrP] and zirconium bis(monohydrogen orthophosphate) hexahydrate 

(Zr(HPO4)2·6H2O, θ-ZrP).160–162 Besides the difference in the number of water molecules per 

formula unit of these two phase of ZrP, α-ZrP and θ-ZrP respectively presents an interlayer 

distance of 7.6 Å and 10.4 Å.161 Due to its unique layered structure and the ability of performing 

intercalation and ion-exchange, as well as its inert chemical properties, ZrP is regarded as a 

promising supporting platform for encapsulating of both ionic metals, molecules, metal oxides and 

even polymers, which can then be used in a wide range of applications.158,163–166 While α-ZrP is 

suited for the intercalation of small cations (those smaller than 2.6 Å), θ-ZrP is preferred when 

larger cations and molecular complexes are being intercalated.161,167 A previous study has 

described the use of θ-ZrP as the host catalyst support for the intercalation of different late 

transition-metal cations (Fe3+, Fe2+, Co2+ and Ni2+) through ion-exchange.163 These cation-

modified ZrP materials were assessed as electrocatalysts for water oxidation and show promising 

catalytic efficiencies.163 In this work, molecular metalloporphyrins are being supported into θ-ZrP 

layers and used as OER heterogeneous electrocatalysts. 

             Herein we report the intercalation of CoTsPP [TsPP = the dianion of meso-tetra(4-

sulfonatophenyl)porphyrin] and CoTcPP [TcPP = the dianion of meso-tetra(4-

carboxyphenyl)porphyrin] into ZrP using direct reaction of the cobalt porphyrin molecules and θ-

ZrP. Different spectroscopic techniques including Fourier-transform infrared (FT-IR) 

spectroscopy, powder x-ray diffraction (p-XRD), energy dispersive x-ray (EDX) analysis and x-
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ray photoelectron spectroscopy (XPS) were used to characterize the successful formation of cobalt 

porphyrin-intercalated ZrP. We also present the evaluation of both intercalated and pristine ZrP as 

electrocatalysts for oxygen production through electrochemical measurements. 

5.2 Experimental section 

Materials. All materials used for synthesis were obtained from commercially available 

sources. Pyrrole (C4H5N), benzaldehyde (C7H6O), zirconium(IV) oxychloride octahydrate  

(ZrOCl2 · 8H2O), p-chloranil (C6Cl4O2) and boron trifluoride diethyl etherate (C4H10BF3O) were 

purchased from Sigma Aldrich and cobalt acetate tetrahydrate (Co(OAC)2∙4H2O) was purchased 

from Strem Chemicals. Sulfuric acid (H2SO4), phosphoric acid (H3PO4), propionic acid (C3H6O2), 

ethanol (C2H6O), methanol (CH4O) and dimethylformamide (C3H7NO) were obtained from Fisher 

Scientific. Pyrrole was freshly distilled before being used and the other chemicals were used as 

received. Synthesis of θ-ZrP, CoTsPP, CoTcPP and their according porphyrin precursors were 

achieved by modifying the previously reported methods.    

Physical Characterizations: 1H NMR spectra were obtained using a Bruker 400 MHz 

NMR spectrometer. UV-vis spectra were recorded on a SEC2000 spectra system equipped with a 

VISUAL SPECTRA 2.1 software. Fourier-transform infrared (FT-IR) spectroscopy was 

performed on an Agilent Cary 630 FT-IR spectrometer with an attenuated total reflectance (ATR) 

accessory. X-ray powder diffraction (XRPD) was recorded on a Bruker D8 Discovery x-ray 

diffractometer with Cu Kα radiation source (λ = 1.5406 Å). Scanning electron microscopy (SEM), 

elemental mapping and energy dispersive x-ray (EDX) spectroscopy were analyzed on a Hitachi 

S-4800 instrument equipped with an EDX microanalysis system. X-ray photoelectron 

spectroscopy (XPS) analysis was carried out on a Physical Electronics PHI 5000 VersaProbe with 

an Al Kα source, where all the spectra were calibrated to the carbon 1s peak at 284.8 eV and fitted 

using a Shirley background.  

Synthesis of θ-Zirconium Phosphate (θ-ZrP) nanomaterial. The synthesis of θ-ZrP was 

performed following a previously described procedure.168 A solution containing 100 mL 6.0 M 
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H3PO4 was heated at 94 ºC. While stirring, 100 mL of 0.05 M ZrOCl2·8H2O in aqueous solution 

was added dropwise and the reaction mixture was allowed to stir at 94 ºC for 2 days. Afterwards, 

the resultant suspension was centrifuged and the remaining precipitation was washed with 

deionized water. α-ZrP was obtained upon dehydration of  θ-ZrP under vacuum.  

Synthesis of meso-tetraphenylporphyrin (H2TPP).87 Benzaldehyde (2.96 g, 0.0275 mol) 

and pyrrole (1.87g, 0.0279 mol) were dissolved in 500 mL of chloroform. Afterwards, 0.500 mL 

of BF3∙Et2O was added dropwise without exposing to air. The reaction mixture was stirred at room 

temperature when bubbling with N2 for 2 h, followed by the addition of p-chloranil (6.76 g, 0.0275 

mol) and further reacting for 30 minutes. The crude product was purified by column 

chromatography and recrystallization using methanol.  

Synthesis of meso-tetra(4-sulfonatophenyl)porphyrin (TsPP).143 H2TPP (1 g) and 

sulfuric acid ( 25 mL) were mixed and stirred at room temperature for 12 h at 100 °C. After cooling 

down, the reaction mixture was filtered and extracted with deionized water. Then a solution of 

sodium hydroxide (0.1 M) was slowly added until the pH reached 9.0. The solution was then 

evaporated and extracted with methanol. The final product was obtained after column 

chromatography purification. 

Synthesis of cobalt meso-tetra(4-carboxyphenyl)porphyrin (CoTsPP).143 TsPP (0.250 

g, 0.267 mmol) and Co(OAC)2∙4H2O (0.400 g, 1.60 mmol) were dissolved in deionized water and 

reacted at 60 °C for 6 h. The metallation was monitor using Uv-vis spectroscopy. The reaction 

crude was purified through column chromatography. UV-vis (DMSO): λ max: 427, 550 nm. 

Synthesis of meso-tetra(4-carboxyphenyl)porphyrin (H2TcPP).150 4-

carboxybenzaldehyde (5.00 g, 33.30 mmol) and pyrrole (2.23 g, 33.30 mmol) were refluxing in 

propionic acid (500 mL) for 2 h with constant stirring. Then to the reaction mixture was added 100 

mL methanol and allowed to cool down and filtered using a medium coarse filter frit and washed 

with warm water. The final product was dried under vacuum. 1H NMR (d6-DMSO) δ: 13.28 ppm 

(s, 4H), 8.86 ppm (s, 8H), 8.36 ppm (m, 16H), –2.95 ppm (s, 2H); UV-vis (EtOH): λ max: 419, 

519, 552, 592, 648 nm. 
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Synthesis of cobalt meso-tetra(4-carboxyphenyl)porphyrin (CoTcPP).150 A mixture of 

H2TcPP (0.100 g, 0.126 mmol) and Co(OAC)2∙4H2O ( 0.0320 g, 0.126 mmol) in DMF (20 mL) 

was reacted under reflux for 1 h. Then the reaction was allowed to cool down and the crude was 

filtered and the filter cake was washed with deionized water and vacuum dried.  UV-vis (EtOH): 

λ max: 429, 546 nm. 

Synthesis of CoTcPP-modified ZrP material (CoTcPP/ZrP). A mixture of CoTcPP 

(0.0600g, 0.0702 mmol) and θ-ZrP (0.0270 g, 0.0702 mmol) in ethanol (500 mL) was prepared 

and stirred under room temperature for 5 days. The solution was then centrifuged and the 

precipitation was obtained and washed with ethanol. 

Synthesis of CoTsPP-modified ZrP material (CoTsPP/ZrP). To a solution of CoTsPP 

(0.0700g, 0.0702 mmol) in deionized water (7 mL) was added θ-ZrP (0.0270 g, 0.0702 mmol), 

and the resulting suspension was stirred for 5 days under room temperature. The solution was 

centrifuged and the precipitation was collected and washed with ethanol. 

Electrochemical Methods. All of the electrochemical measurements were carried out 

using a three-electrode electrochemical cell with a modified glassy carbon rotating disk electrode, 

an Ag/AgCl reference and a Pt wire counter electrode. All cyclic voltammetry studies were 

performed in 0.1 M KOH electrolyte solutions constantly bubbled with oxygen gas with a scan 

rate of 10 mV/s. The working electrode was maintained rotated at 1600 RPM. Ohmic correction 

was performed after each measurement and the resistance of the electrolyte solution was obtained 

at 100 kHz. 

Working Electrode Modification. A mixture of 2.5 mg of carbon black and 5 mg of the 

catalyst material was dispersed in 1.02 mL isopropanol and 4.08 µL Nafion solution. The resulting 

solution was sonicated for 30 minutes in order to form a homogeneous catalyst ink. Then 10 µL 

of the as-prepared catalysts ink was dropcasted on top of a glassy carbon electrode with a geometric 

area of 0.196 cm2, which was cleaned by sonication in acetone, isopropyl alcohol, and water prior 

to use. Afterwards, the glassy carbon disk was rotated at a speed of 600 RPM to dry. The resultant 

catalyst loading on the glassy carbon disk electrode was 0.25 mg/cm2.    
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5.3 Results and discussion 

FT-IR spectra of α-ZrP, CoTsPP, CoTcPP, CoTsPP/ZrP and CoTcPP/ZrP are presented in 

Figure 5.1. The pure α-ZrP sample shows the characteristic orthophosphate group vibrations at 

962 and 1031 cm-1, while the bands observed at 3514 and 3596 cm-1 can be attributed to the water 

molecules inside the ZrP layers and the bands at 1620 and 3145 cm-1 are assigned to the –OH 

groups. These observations are consistent with previously described studies.163,169 For the 

intercalated materials, their FT-IR spectra are dominant by the peaks of ZrP, presumably due to 

the fact that the molecules are embedded inside the layers and that the amount of molecules being 

intercalated is minimal compared to ZrP. However, significant shift of the bands are observed after 

intercalation with the metalloporphyrin molecules. The peaks for the orthophosphate groups in 

CoTcPP/ZrP and CoTsPP/ZrP are observed at 956-1026 cm-1 and 976-1039 cm-1, respectively. 

The bending vibration for –OH group seen at 1620 cm-1 for ZrP exhibit hypochromic shift after 

intercalation reaction, showing at 1632 cm-1 for CoTsPP/ZrP and  1643 cm-1 for CoTcPP/ZrP.  

Figure 5.1. FT-IR spectra of (from top to bottom): CoTsPP/ZrP; CoTsPP; CoTcPP/ZrP; CoTcPP 

and α-ZrP. 
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             The cobalt porphyrin molecules can either be surface bound to ZrP or inserted in the 

interlayers. While the surface-absorbed species are not supposed to change the layer distance, 

intercalation of molecules inside ZrP is expected to cause an expansion of the spacing distance 

between the interlayers, which can be analyzed by Powder x-ray diffraction (p-XRD) 

measurement. The first diffraction peak at 2θ = 11.5° of α-ZrP (Figure 5.2) is corresponding to the 

(002) plane, resulting in a layer distance of 7.6 Å. To compare, p-XRD patterns of CoTsPP/ZrP 

and CoTcPP/ZrP show lower 2θ values of the first diffraction peaks of 9.15° and 9.14° respectively 

(Figure 5.2), corresponding to interlayer distances of 9.65 Å in both materials. This indicates 

expended intercalant species are generated, implying successful intercalation of cobalt porphyrin 

molecules into the ZrP interlayers. Additionally, the diffraction peaks for (020) and (312̅) 

reflections at 2θ = 34º remain unchanged before and after intercalation reactions, suggesting the 

layered structure of ZrP is intact in the intercalated materials.  

Figure 5.2. Powder x-ray diffraction patterns of CoTsPP/ZrP, CoTcPP/ZrP and α-ZrP (from top 

to bottom). 
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The elemental mapping studies and energy dispersive x-ray (EDX) were performed in 

order to access the elemental composition of α-ZrP, CoTsPP/ZrP and CoTcPP/ZrP, which are 

depicted in Figures 5.3-5.5. The elemental maps and EDX spectrum of α-ZrP confirm the presence 

of zirconium, phosphorus and oxygen. By contrast, CoTsPP/ZrP and CoTcPP/ZrP show the 

existence of cobalt and carbon, in addition to zirconium, phosphorus and oxygen, as can be 

confirmed by their EDX measurements. The elemental mapping images of all the synthesized 

materials were also obtained and presented in Figures 5.5-5.7, which are in agreement with their 

EDX spectra. These results further support that intercalation of CoTsPP and CoTcPP in ZrP has 

occurred.   

Figure 5.3. EDX spectrum of CoTsPP/ZrP. 

Figure 5.4. EDX spectrum of CoTcPP/ZrP. 
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Figure 5.5. EDX spectrum of α-ZrP. 

 

 

 

 

Figure 5.6. SEM image and the according elemental mapping graphs of pristine ZrP. 
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Figure 5.7. SEM image and the according elemental mapping graphs of CoTsPP/ZrP. 

 

Figure 5.8. SEM image and the according elemental mapping graphs of CoTcPP/ZrP. 
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The x-ray photoelectron spectroscopy (XPS) survey of all the synthesized materials are displayed 

in Figure 5.7 in order to analyze the valence of the elements. The binding energies (BEs) of O 1s, 

Zr 3s, Zr 3p, Zr 3d and P 2p peaks are identical in α-ZrP, CoTsPP/ZrP and CoTcPP/ZrP, which 

show at 530, 432, 347, 333, and 133 eV, respectively. The existence of an intensive C 1s peak, N 

1s and Co 2p peaks in CoTsPP/ZrP and CoTcPP/ZrP are indicative of cobalt porphyrin molecules 

in these materials. The Co 2p3/2 peaks are located at 780 eV for CoTsPP/ZrP and 785 eV for 

CoTcPP/ZrP, suggesting the presence of Co2+ in both samples. 

 

 

Figure 5.9. XPS survey of CoTsPP/ZrP, CoTcPP/ZrP and α-ZrP. 

Cyclic voltammetry was conducted in 0.1 M KOH aqueous solution using the catalyst-

modified rotating disk working electrode to evaluate the OER electrocatalytic performance of 

CoTsPP and CoTcPP intercalated ZrP and the pristine α-ZrP. Cyclic voltammograms of 

CoTsPP/ZrP and CoTcPP/ZrP (Figure 5.8) indicate both materials are electrocatalytically active 

by showing immediate increases of anodic catalytic current at relatively low overpotentials (η). To 

illustrate, in order to reach 10 mA/cm2 current density (j), the required η for CoTsPP/ZrP and 

CoTcPP/ZrP is 0.462 and 0.467, respectively. It should be noted that these cobalt porphyrin 

intercalated ZrP materials exhibit enhanced efficiencies by acquiring significantly lower 
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overpotentials comparing to the previously reported transition metal cations  (Fe2+, Fe3+, Ni2+ and 

Co2+) modified ZrP OER electrocatalysts (η = 0.490 to 0.650 V at j = 10 mA/cm2).163 Furthermore, 

pure α-ZrP and carbon black show negligible current density increases. 

 

 

Figure 5.8. Cyclic voltammograms of CoTsPP/ZrP, CoTcPP/ZrP, α-ZrP and carbon black on a 

rotating disk electrode. Scan rate: 10 mV/s. 

5.4 Conclusion 

To conclude this chapter, we have shown in this study to use ZrP layered material as a 

catalyst support for two cobalt porphyrin molecules as OER electrocatalysts. Both molecules have 

shown to be able to be intercalated into ZrP layers and are active as heterogeneous electrocatalysts 

to produce oxygen gas from basic aqueous solution. Notably, these cobalt porphyrins-supported 

ZrP perform enhanced OER electrocatalytic efficiency to similar catalytic systems, in which 

different transition metal cations were used to be immobilized into ZrP. 
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Chapter 6: Electrocatalytic Production of Hydrogen Gas by a Cobalt 

Formamidinate Complexv 

6.1 INTRODUCTION 

Current research on HERs mainly focus on transition metal (Fe, Co, Ni, Mn) and metal-

free based electrocatalysts.31,37,61–63,170–172 Molecular HER electrocatalysts have received 

substantial interest due to their ease of rational tuning of chemical properties and redox potentials 

to control their catalytic performance and selectivity.73,134,173 In contrast to their bulk 

heterogeneous counterparts, homogeneous HER molecular catalysts allow for detailed mechanistic 

study of hydrogen generation by utilizing spectroscopic measurements, among other 

techniques.69,119 One of the most frequently studied groups of molecular electrocatalysts are cobalt-

nitrogen coordinated complexes such as cobalt diglyoximes, cobalt porphyrins, cobalt salens, 

cobalt corroles and cobalt chlorins, etc.68,70,72,75,96,143,174 Most of the cobalt complexes studied for 

hydrogen evolution are supported by electron-withdrawing ligands that tune the redox profile of 

the metal center by bringing the reduction potential to more anodic ranges, or by redox non-

innocent ligands that can participate as electron reservoirs.78,175 By contrast, cobalt-nitrogen 

coordinated complexes based HER electrocatalysts with electron-donating ligands are rare. Yet, 

the use of electron-donating ligands can potentially increase the electron-richness of the cobalt 

centers and, thus, enhance the reactivity at the catalytic center. Thus, further exploration of cobalt-

nitrogen coordinated complexes bearing electron-donating ligands can provide new insight into 

the development of new ligand architectures that can improve the performance of homogeneous 

HER electrocatalysts. 

            Here in this chapter, we report the synthesis of a novel cobalt complex (4) where a single 

metal center is supported by two electron rich nitrogen-based DippF ligands (DippF = N,N’-

bis[2,6-diisopropylphenyl]-formamidinate).  We characterized 4 by spectroscopic means including 

UV-vis, nuclear magnetic resonance (NMR) spectroscopies and x-ray crystallography. Complex 4 

was assessed as an electrocatalyst for hydrogen gas evolution by electrochemical measurements 

                                                
v This chapter has recently been accepted to be published in Journal of the Mexican Chemical Society. 
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in MeCN with three different organic acids, namely p-toluenesulfonic (tosic) acid, benzoic acid 

and phenol. HER kinetic studies were also performed by foot-of-the-wave analysis (FOWA) in 

order to provide insights of the relationship between rate constant and acid concentration.    

6.2 EXPERIMENTAL SECTION 

General considerations. Synthesis of 4 was accomplished using standard Schlenk 

techniques under N2 atmosphere and a dry N2-filled glovebox. All solvents used were dried using 

a Pure Process Technology solvent purification system. 

Materials. All materials used were purchased from commercially available sources. 

Tetrabutylammonium hexafluorophosphate (TBAPF6), p-toluenesulfonic (tosic) acid, benzoic 

acid, phenol and CoCl2·6H2O were dried under vacuum at 60 °C prior to use. All of the solvents 

used were purified and degassed through a solvent purification system from Pure Process 

Technology. The remaining chemicals were used as received. HDippF was synthesized according 

to a previously reported method.176 

Physical measurements. 1H NMR spectroscopy was recorded on a Bruker 400 MHz NMR 

spectrometer, using deuterated benzene (C6D6) as the solvent. The residual protic signal of C6D6 

was used as the internal standard (δ = 7.16 ppm). UV-vis spectra were obtained using a SEC2000 

instrument with a VISUAL SPECTRA 2.1 software.  

Information of x-ray crystal structure of 4. 

A specimen of 4 was used for the x-ray crystallographic analysis. The x-ray intensity data 

were measured on a Bruker SMART APEX CCD system equipped with a graphite monochromator 

and a MoKα fine-focus tube (λ = 0.71073 Å).The total exposure time was 4.00 h. The frames were 

integrated with the Bruker SAINT software package using a narrow-frame algorithm. The 

integration of the data using an orthorhombic unit cell yielded a total of 22716 reflections to a 

maximum θ angle of 26.00° (0.81 Å resolution), of which 4567 were independent (average 

redundancy 4.974, completeness = 100.0%, Rint = 3.81%, Rsig = 3.65%) and 4362 (95.51%) were 

greater than 2σ(F2). The final cell constants of a = 14.4164(7) Å, b = 20.1178(10) Å, c = 
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15.9876(8) Å, volume = 4636.8(4) Å3, are based upon the refinement of the XYZ-centroids of 

9910 reflections above 20 σ(I) with 4.784° < 2θ < 57.66°. Data were corrected for absorption 

effects using the multi-scan method (SADABS). The ratio of minimum to maximum apparent 

transmission was 0.889.  

Table 6.1. Data collection and structure refinement for 4. 

Diffractometer Bruker SMART APEX CCD 

Radiation source fine-focus tube, MoKα 

Theta range for data collection 1.74 to 26.00° 

Index ranges -17<=h<=11, -24<=k<=24, -19<=l<=19 

Reflections collected 22716 

Independent reflections 4567 [R(int) = 0.0381] 

Coverage of independent 

reflections 
100.0% 

Absorption correction multi-scan 

Structure solution technique direct methods 

Structure solution program SHELXS-97(Sheldrick 2008) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/6 (Sheldrick, 2014) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 4567 / 43 / 278 

Goodness-of-fit on F2 1.088 

Final R indices 
4362 data; 

I>2σ(I) 
R1 = 0.0546, wR2 = 0.1517 

 all data R1 = 0.0566, wR2 = 0.1532 

Weighting scheme 
w = 1/[σ2(Fo

2)+(0.0881P)2+7.7217P] 

where P = (Fo
2+2Fc

2)/3 

Absolute structure parameter 0.0(0) 

Largest diff. peak and hole 0.486 and -0.612 eÅ-3 

R.M.S. deviation from mean 0.079 eÅ-3 

  The structure was solved and refined using the Bruker SHELXTL Software Package, 

using the space group C 2 2 21, with Z = 4 for the formula unit, C50H68CoN4. The final anisotropic 

full-matrix least-squares refinement on F2 with 278 variables converged at R1 = 5.46%, for the 

observed data and wR2 = 15.32% for all data. The goodness-of-fit was 1.088. The largest peak in 
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the final difference electron density synthesis was 0.486 e-/Å3 and the largest hole was -0.612 e-

/Å3 with an RMS deviation of 0.079 e-/Å3. On the basis of the final model, the calculated density 

was 1.123 g/cm3 and F(000), 1692 e-.           

           Evans method.  

The magnetic susceptibility was measured through 1H NMR spectroscopy, which was 

carried out with a sealed capillary tube containing pure C6D6 placed inside a NMR tube already 

loaded with a solution of 4 (0.0160 g) in C6D6 (1.5 mL) in order to measure the chemical shift 

difference of the solvent caused by the different electronic environments. The number of 

unpaired electrons (n) was calculated as shown below:177,178  

                             𝜒𝑚𝑎𝑠𝑠 =
3𝛥𝑓

4𝜋𝑓𝑚
+ 𝜒0 +

𝜒0(𝑑0−𝑑𝑠)

𝑚
                                                           (Eq 6.1) 

Where 𝜒𝑚𝑎𝑠𝑠 is the mass susceptibility, 𝛥𝑓 is the frequency separation, 𝑓 is the NMR 

frequency being studied (400*106 Hz), m is the mass concentration (g/cm3) of 4, 𝜒0 
 is the mass 

susceptibility of the solvent (–8.8*10-9 m3/kg for benzene), do is the density of the solvent and ds 

is the density of the solution. 

The molar susceptibility (𝜒𝑀) is given by: 

                            𝜒𝑀 = M𝜒𝑚𝑎𝑠𝑠                                                                                        (Eq 6.2) 

                           𝜒𝑀 = 𝑁0µ0𝜉+ 𝜒𝑀
𝑝𝑎𝑟𝑎

                                                                               (Eq 6.3) 

                          𝜒𝑀
𝑝𝑎𝑟𝑎

= 𝜒𝑀 − 𝑁0µ0𝜉                                                                               (Eq 6.4) 

Where 𝑁0 is the Avogadro’s number, µ0 is the vacuum permeability (4π*10-7 NA-2), 𝜉 is 

magnetizability, 𝑁0µ0𝜉 is the diamagnetic contribution and 𝜒𝑀
𝑝𝑎𝑟𝑎

 is the paramagnetic 

contribution. The effective paramagnetic moment is expressed as: 

                         µ𝑒𝑓𝑓 = 797.8√𝑇𝜒𝑀
𝑝𝑎𝑟𝑎

  Bohr Magneton                                                   (Eq 6.5) 

The number of unpaired electrons (n) can be finally calculated through: 

                         µ𝑒𝑓𝑓(𝑠𝑝𝑖𝑛 𝑜𝑛𝑙𝑦) = √𝑛(𝑛 + 2)                                                                  (Eq 6.6) 

Synthesis of 4. Synthesis of 4 was performed in a dried N2-filled glovebox. Anhydrous 

CoCl2 (0.500 g, 3.85 mmol) was dissolved in 20 mL THF using a 50 mL round-bottom flask. 
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Then, HDippF (2.80 g, 7.70 mmol) was added to the solution. Subsequently, methyllithium (4.81 

mL, 7.70 mmol) was added using a glass syringe. The solution changed from a sky blue to a dark 

aqua-green color. The resulting solution was allowed to vigorously stir under room temperature 

for 3 h. Afterwards, diethyl ether (Et2O) was added to precipitate the LiCl byproduct. The 

resulting suspension was filtered using a medium coarse glass frit packed with Celite. The filtrate 

was dried under reduced pressure to obtain 1.058 g of the final green product. The product was 

crystallized using of a concentrated solution of Et2O. Yield 35.05%. UV-vis: λ max: 564, 628, 

and 674 nm (Figure A.11). 

Electrochemical measurements. Electrochemical measurements were recorded on a 

CHI760D potentiostat using a three-electrode electrochemical cell in a dry N2-filled glovebox, 

with glassy carbon (4mm diameter) as the working electrode, platinum wire and Ag/Ag+ as the 

counter and reference electrode, respectively. Ferrocene (Fc) was added subsequently after each 

measurement as an internal reference and all potentials displayed are referred to 

ferrocene/ferrocenium (Fc/Fc+) redox couple.  

            Hydrogen gas detection. Hydrogen gas was confirmed and quantified using a Gas 

Chromatograph (GC) after performing bulk electrolysis. Bulk electrolysis was operated using a 

sealed custom-built three-electrode electrochemical cell with an H shape. The working electrode 

(1 cm2 carbon rod), reference electrode (Ag/Ag+) were separated with the counter electrode (Pt 

mesh) through a glass frit. Solutions containing 50  mL of 1 mM  of 4, 0.1 M of TBAPF6 and 10 

mM of the respective acid studied (tosic acid, benzoic acid, phenol) in MeCN were used for bulk 

electrolysis at a constant potential of –2.0 V vs. Fc/Fc+ for 1 h. An aliquot of 300 µL of the gas in 

the headspace in the side of the cell containing the working electrode was injected to the GC for 

analysis. 

            Calculation of structural geometry index  𝛕𝟒  for a mononuclear 4-coordinate 

complex. To disambiguate whether 4 bears closer structural resemblance to a square planar or 

tetrahedral complex, the model proposed by Yang et al. (Eq 6.7) was used.179  In this equation, 

where  τ4  is the structural index, β and α are the two largest valence angles in a 4-coordinate 
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molecule respectively, and θ is 109.5◦. For a 4-coordinate species, a  τ4  of 1 represents a 

tetrahedral molecule while a  τ4  of 0 indicates a square planar molecule.     

                                 τ4 =
360−(𝛽+𝛼)

360−2𝜃
                                                                             (Eq 6.7) 

6.3 RESULTS AND DISCUSSION 

             The solid-state structure of 4 was confirmed by x-ray crystallography (Figure 6.1) and the 

detailed crystallographic data are summarized in Table 6.2. The bond distances of Co(1)-N(1) and 

Co(1)-N(2) are 1.998(3) Å  and 1.999(3) Å, respectively, which are longer than those of the 

reported Co diglyoxime complex (1.886(5) Å). The N2-Co1-N2, N1-Co1-N1, N2-Co1-N1 bond 

angles are found to be 155.0º (2), 151.0º (2), and 119.66º (14) respectively. Based on the bond 

angles, the calculated geometry index  τ4  is 0.38. Thus, 4 is assigned as a distorted square planar 

complex.  

 

                                                       

Figure 6.1. Solid-state crystal structure of 4 with thermal ellipsoid shown to be 50%. Hydrogen 

atoms were omitted for clarity. R(int) = 8.58% , R(sigma) = 2.95%. 
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Table 6.2. Sample and crystal data for 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.3. Selected bond lengths (Å) for 4. 

 

Co1-N2 1.998(3) Co1-N2 1.998(3) 

Co1-N1 1.999(3) Co1-N1 1.999(3) 

 

Table 6.4. Selected bond angles (°) for 4. 

N2-Co1-N2 155.0(2) N2-Co1-N1 67.28(14) 

N2-Co1-N1 119.66(14) N2-Co1-N1 119.66(14) 

N2-Co1-N1 67.27(14) N1-Co1-N1 151.0(2) 

 

 

 

 

Identification code Co(DippF)2 

Chemical formula C50H68CoN4 

Formula weight 784.01 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal system orthorhombic 

Space group C 2 2 21 

Unit cell dimensions a = 14.4164(7) Å α = 90° 
 b = 20.1178(10) Å β = 90° 
 c = 15.9876(8) Å γ = 90° 

Volume 4636.8(4) Å3  

Z 4 

Density (calculated) 1.123 g/cm3 

Absorption coefficient 0.406 mm-1 

F(000) 1692 
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Characterization of 4 by 1H NMR proved to be challenging due to the intense paramagnetic 

broadening of the observed signals, reflecting the paramagnetic nature of the complex, and 

consistent with previous reports of 4-coordinate d7 Co(II) complexes.74,180 The magnetic 

susceptibility of 4 was probed through the Evans method. The 1H NMR signal for benzene is 

shifted by +0.51 ppm in the presence of 4 (Figure 6.2), resulting in a μeff  of 4.13 corresponding to 

three unpaired electrons (vide supra). This is consistent with other 4-coordinate cobalt complexes 

bearing nitrogen-donor ligands. The higher μeff value compared to the predicted spin-only μeff of 

3.87 is attributed to the typical spin-orbit coupling experienced by cobalt.181,182 

  

Figure 6.2. NMR spectrum of 4 from Evan’s method experiment. 
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Cyclic voltammograms (CVs) of 4 are presented in Figures 6.3-6.5. Compound 4 shows 

one nonreversible one-electron reduction wave at Ep = –1.59 V vs. Fc/Fc+, resulting from the 

CoII/CoI reduction couple. The nonreversibility of this event can be attributed to the electron-rich 

nature of 4. Upon addition of tosic acid (pKa = 8.5 in MeCN), a catalytic wave is observed with an 

onset potential of –1.2 V vs. Fc/Fc+, accompanying with another reduction wave at Ep = –1.73 V 

vs. Fc/Fc+. Another two significantly less acidic proton sources, namely benzoic acid (pKa = 21.51 

in MeCN) and phenol (pKa = 29.14 in MeCN), were also introduced to evaluate the electrocatalytic 

activity of 4. The CVs of 4 upon addition of both benzoic acid and phenol show considerable 

increase of cathodic catalytic current for proton reduction, with an onset potential of –1.45 V and 

–1.89 V vs. Fc/Fc+ for benzoic acid and phenol, respectively (Figures 6.4-6.5). The ability of 4 to 

catalyze proton reduction in weak acidic media, which is noteworthy for this type of study, can be 

attributed to the enhanced electro-activity of the cobalt center due to the electron-donating 

formamidinate ligand.  

 

Figure 6.3. Cyclic voltammograms of 1 mM 4 without acid (black line) and with tosic acid 

(colored lines) in MeCN solution containing 0.1 M TBAPF6. Scan rate: 100 mV/s; 

glassy carbon electrode (4 mm diameter). 



 68 

 

Figure 6.4. Cyclic voltammograms of 1 mM 4 without acid (black line) and with benzoic acid 

(colored lines) in MeCN solution containing 0.1 M TBAPF6. Scan rate: 100 mV/s; 

glassy carbon electrode (4 mm diameter). 

 

Figure 6.5. Cyclic voltammograms of 1 mM 4 without acid (black line) and with phenol 

(colored lines) in MeCN solution containing 0.1 M TBAPF6. Scan rate: 100 mV/s; 

glassy carbon electrode (4 mm diameter). 

Hydrogen gas detection and quantification were carried out after performing bulk 

electrolysis for 1 h at a constant potential of –2.0 V vs. Fc/Fc+ using 1 mM of 4 and 10 mM of the 

chosen acids. The accumulated charge over time (Figure 6.6) shows 36.16, 14.26, 8.08 C of the 

passed charge for 1 h of electrolysis when using tosic acid, benzoic acid and phenol, respectively, 

corresponding to Faradaic efficiencies of 91.4%, 85.0% and 100% for hydrogen production. 
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Figure 6.6. Bulk electrolysis experiments of 1 mM 4 containing 10 mM of tosic acid, benzoic 

acid and phenol, respectively. Applied potential: –2.0 V vs. Fc/Fc+. 

The reaction kinetics of HER using 4 with tosic acid was studied through the use of foot-

of-the-wave analysis (FOWA). The FOWA plot is presented in Figure 6.7a, which is derived from 

the linear sweep voltammograms shown in Figure 6.7b. The observed rate constants (𝑘𝑜𝑏s) and 

catalytic rate constants (𝑘cat) at different concentrations of acid addition are summarized in Table 

6.5 (see experimental section for detailed calculation). The relationship of 𝑘𝑜𝑏s with acid 

concentration is linear (Figure 6.8), suggesting there is a first order dependence on acid 

concentration. 

Figure 6.7. (a) FOWA plots of 1 mM of 4 at different concentration of tosic acid. Scan rate: 100 

mV/s; (b) Linear sweep voltammograms of 4 in MeCN with 0.1 M TBAPF6 

titration with tosic acid. 
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Figure 6.8. Plots of observed rate constant (𝑘𝑜𝑏s) versus acid concentration ([H+]). 

Table 6.5. Summary of the results of FOWA slope (m), 𝑘𝑜𝑏s and 𝑘cat  at different acid 

concentration. 

[H+] (mM) m 𝑘𝑜𝑏s (s
-1) 𝑘cat (M

-1s-1) 

1.0 0.58 0.0652 65.2 

2.4 2.12 0.872 363 

4.0 4.25 3.50 875 

4.8 5.14 5.12 1066 

6.0 6.63 8.52 1420 

6.6 7.19 10.02 1518 
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6.4 CONCLUSION 

In conclusion, we have successfully synthesized a cobalt complex anchored by 

formamidinate ligand. Structural analysis by x-ray crystallography shows that 4 has a distorted 

square planar chemical structure and magnetic susceptibility measurements show a μeff of 4.13 at 

room temperature, indicative of an electronic structure bearing 3 unpaired electrons. This molecule 

is found to be active for electrochemical hydrogen generation with both strong acid and weak acid 

substrates in MeCN. The electrochemical onset potentials for hydrogen generation range from –

1.2 V to –1.89 V vs. Fc/Fc+. This work shows the potential of using electron rich ligand 

architectures for tuning the redox activity of cobalt HER electrocatalysts. 
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Chapter 7: Electrocatalytic Hydrogen Gas Generation by Cobalt 

Molybdenum Disulfide (CoMoS2) Synthesized using Alkyl-containing 

Thiomolybdate Precursorsvi 

7.1 INTRODUCTION 

Transition metal sulfides (TMSs) have been extensively studied as catalysts for 

hydrodesulfurization (HDS) processes in the petroleum industry.183–186 Molybdenum disulfide 

(MoS2), is one of the most widely used industrial catalyst for HDS, and has been suggested as a 

possible HER catalyst through experimental and computational studies.44,45,187–190 It is believed 

that the edge planes of MoS2 are the active sites when the basal planes are inactive for HER.191 

However, the efficiency of MoS2 as HER electrocatalysts is hindered due to the limited number of 

exposed edge sites, which are important for catalytic activity.183,192 It has been well established 

that presence of Co to MoS2 will act as a promoter to increase the reactivity of MoS2 as a HDS 

catalyst.186,193,194 Co-Mo-S materials are also used in the process of hydrogen production.46,195,196  

Ammonium thiomolybdate (ATM) is commonly used as sulfide precursor to prepare Mo-

based HDS catalysts such as MoS2 and Co-promoted MoS2.
183 It has been reported that ammonium 

thiomolybdate precursors containing alkyl groups yield MoS2 based materials that have higher 

surface areas and higher reactivity during HDS processes.197 Previous work has described the use 

of alkyl-containing thiosalt precursors that lead to superior HDS catalysts compared to the use of 

ATM.198,199  It is suggested that the alkyl groups cause a structural replacement of sulfur by carbon 

on the edge of the MoS2 catalyst, which is possibly included in the active sites and then acts as 

carbon-promoter and leads to increased catalytic activity.197,200 Another explanation for the 

enhanced efficiency is that the decomposition of the alkyl-containing amines also cause the 

formation of unusual pore distributions to achieve bigger surface areas.201 HDS catalysts are 

known to be viable alternative as HER catalysts.49,170 These catalytic processes share the reversible 

                                                
vi This chapter is excerpted with permission from a published article: Yanyu Wu, M. Zarei-Chaleshtori, Brenda 
Torres, Thamina Akter, Carlos Diaz-Moreno, Geoffrey B. Saupe, Jorge A Lopez, Russell R. Chianelli, Dino 

Villagrán; Electrocatalytic hydrogen gas generation by cobalt molybdenum disulfide (CoMoS2) synthesized using 

alkyl-containing thiomolybdate precursors, International Journal of Hydrogen Energy, 2017, 42, 20669-20676. 
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binding of H2.
202 Thus, this novel synthetic methodology of using amines-pretreated ATM 

precursors that result in highly efficient HDS catalysts can result in improved HER catalysts.   

We present in this Chapter the synthesis and characterization of CoMoS2 materials with 

different surface areas using different alkyl containing ammonium thiomolybdate precursors. 

These materials were evaluated as HER catalysts in 0.5 M H2SO4 aqueous solution. ATM was 

treated with three different amines and ammonium bromide salt accordingly, namely 1- 

dodecylamine (DDA), diethylenetriamine (DETA) and tetradecyltrimethylammonium (TDTA) 

bromide in aqueous solution to prepare the alkyl containing ammonium thiomolybdate precursors 

for CoMoS2 catalysts. Electrochemical studies including linear scanning voltammetry, long-term 

chronoamperometric measurements and bulk electrolysis were carried out to indicate that the 

CoMoS2 materials synthesized from alkyl-containing thiomolybdates are indeed more active HER 

electrocatalysts and exhibit high tolerance in strongly acidic media.      

7.2 EXPERIMENTAL SECTION 

7.2.1 Materials.  

CoCl2, diethylenetriamine, 1- dodecylamine, tetradecyltrimethylammonium bromide were 

purchased from Sigma Aldrich. Sulfuric acid (H2SO4) was purchased from Fisher Scientific. All 

chemicals were used without further purification. Ammonium tetrathiomolybdate was synthesized 

according to previous reports.203  

7.2.2 Synthesis of CoMoS2 using alkyl-containing thiomolybdates precursors (5-7).  

 Preparation of alky-containing ATM was followed by a simple synthetic technique in 

aqueous solution improved by Alonso et al.198,203 This method involves a one-step substitution of 

the NH4
+ from ATM by the alkyl containing amine or ammonium salt. ATM (5.0g, 19.2mmol) 

was dissolved in 10 mL deionized water (DIW). A solution of 2 equivalents (38.4mmol) amine or 

ammonium bromide salt in 50 mL DIW was added to form black slurry. (The amines and 

ammonium bromide salt used are shown in Table 7.1) A solution of CoCl2 (2.5 g, 19.2 mmol) in 

10 mL DIW was added to the reaction mixture. The reactor vessel was then heated at 300 °C for 
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2 h. It should be noted that the amines were evaporated off during the reaction which built up the 

pressure. Thus pressure was held constant at 1300 Psi to prevent an explosion. After completion, 

the resultant products were filtered and washed with water and isopropyl alcohol and then dried 

under reduced pressure.  

7.2.3 Synthesis of CoMoS2 using ATM precursor (8): 

 This preparation followed the same synthetic procedure of 5-7 except the pretreatment of 

ATM with amines or ammonium salts was omitted.   

7.2.4 Characterization.  

All the CoMoS2 samples were characterized by means of x-ray diffraction (XRD), scanning 

electron microscopy (SEM) and Brunauer-Emmett-Teller (BET) analyses. XRD data were 

obtained on a Bruker D8 Discover x-ray Diffractometer.  SEM studies were performed using a 

SEM, Hitachi S-4800 instrument. Surface area analyses were obtained on a Micromeritics 

Accelerated Surface Area and Porosity System (ASAP 2020). The x-ray Photoelectron 

Spectroscopy (XPS) analyses were carried out with a PHI 5600 spectrometer with a hemispherical 

energy analyzer, using magnesium (MgKα) source of 1253.6 eV at 100 Watts. The samples for 

analysis were prepared using a kapton tape for ultrahigh vacuum system.  

7.2.5 Preparation of CoMoS2/FTO (fluorine-doped tin oxide) electrode.  

Catalysts CoMoS2/DDA, (5); CoMoS2/DETA, (6); CoMoS2/TDTA, (7); and 

CoMoS2/ATM, (8) were coated on FTO glass substrates with silver paste prior to the 

electrochemical measurements and employed as working electrodes in electrochemical studies. 2 

mg CoMoS2 was dispersed in 10 mL ethanol and ultrasonicated for 30 minutes to generate a 

homogenous suspension. FTO glass was cleaned with water and acetone before a thin layer of 

silver paste was coated on top of the active side of the FTO glass with an area of 0.25 cm2 (0.5cm 

* 0.5cm). 10 µL of the catalysts suspension was dropcasted on top of the silver paste. The 

CoMoS2/FTO substrates were then allowed to dry prior to use. 
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Table 7.1. Summary of the parameters of the CoMoS2 catalysts reported in this study. 

Sample Amine Specific surface area (m2/g) 

5 1-Dodecylamine 69 

6 Diethylenetriamine 43 

7 Tetradecyltrimethylammonium bromide 63 

8 None 35 

7.2.6 Electrochemical measurements.  

Electrochemical measurements were obtained using a CHI760D potentiostat. A platinum 

mesh was used as counter electrode and a saturated calomel electrode (SCE) as a reference 

electrode. The potentials displayed were referred to reversible hydrogen electrode (RHE). Aqueous 

H2SO4 solutions were purged with nitrogen gas to remove the dissolved oxygen. Electrical 

impedance spectroscopy (EIS) was obtained at an overpotential of 0.25 V from 100 KHz to 0.1 Hz 

with AC voltage of 5 mV. Bulk electrolysis and chronoamperometric measurements were 

performed in a custom-built two-compartment gas-tight electrochemical cell under argon 

atmosphere. One part of the cell contains: (i) CoMoS2/FTO working electrode (1 cm2); (ii) SCE 

reference electrode; (iii) gas inlet and gas outlet. The other part of the cell contains a Pt mesh 

auxiliary counter electrode and gas outlet. The working and counter electrodes are separated 

through a fine glass frit. The electrolyte solution on the compartment containing the working 

electrodes was kept stirring to remove the in situ-generated H2 bubbles. 

7.2.7 Potential calibration.  

All potentials obtained referenced to SCE were calibrated with respect to RHE. A 2 mm 

diameter platinum working electrode was used for cyclic voltammetry in 0.5 M H2SO4 solution at 

a scan rate of 50 mV/s. The potential at which the cathodic current increase was constantly 

observed to be –0.27 V vs. SCE. Thus the potentials obtained using a SCE reference electrode 

were added by +0.27 V in order to be referred to RHE.   
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7.2.8 Quantitative hydrogen gas measurement.  

After performing bulk electrolysis, the evolved H2 gas in the headspace was measured by 

using a gas chromatograph (GC) (series 350, Gow-Mac, PA, USA) equipped with a thermal 

conductivity detector (TCD). A sample lock syringe (gas tight-1750, Hamilton company, Nevada, 

USA) was used to withdraw gas samples from reactor cell for the quantification in the GC. The 

generated amount of hydrogen gas and charge were used to calculate the Faradaic efficiency based 

on Faraday’s law. 

7.2.9 H2 calibration concentration: 

Calibration of H2 concentration was performed to determine the content of H2 gas in the 

headspace. Using a 100 µL syringe, different volumes of gas were collected and injected into the 

injection port of GC. The H2 concentration is directly proportional to its volume. Three separate 

volumes of 10, 20 and 30 µL of ultra-pure H2 were analyzed to calibrate the instrument by 

calculating their respective peak areas. The linear regression coefficient was found in the range of 

0.97-0.99 (See Figure 7.1). 

Figure 7.1. Calibration curve for evolved H2 quantification. 
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7.2.10 Determination of Faradaic efficiency:  

In order to determine the Faradaic efficiencies of the catalysts for hydrogen gas production, 

bulk electrolysis experiments were performed for 1 h at a constant applied potential of –0.5 V vs. 

RHE in 0.5 M H2SO4. Quantifications of H2 gas generated were determined as described 

previously using gas chromatography. Faradaic efficiency was calculated using the following 

equation: 

 Faradaic efficiency (%) = [96485 * 2 * mol H2 (GC) * 100%] / Q 

7.3 RESULTS AND DISCUSSION 

7.3.1 Characterization.  

The surface areas of the synthesized CoMoS2 samples pretreated with amines or 

ammonium salt range from 43 – 69 m2/g (Table 7.1). Sample 5 shows the highest surface area 

while 6 exhibits the lowest. Comparing to sample 8, samples 5-7 all show an increase of their 

surface area. SEM experiments were performed to reveal the morphology of the CoMoS2 using 

different alkyl containing and non-alkyl containing ATM precursors.  Figures 7.2a-c, show the 

SEM images of 5-7, respectively. These images show that the samples present irregular spherical 

particles on their surface. These materials present cavities and pores which can be attributed to the 

decomposition of amines at high temperature during synthesis. Catalyst 8, which was synthesized 

directly from ATM without the addition of amines, shows a denser morphology and the lack of 

spherical particles when compared to 5-7. SEM elemental mapping image of  
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5 is presented in Figure 1e and images of 6-8 are shown in Figures A.12-14. All of the images 

show the presence of Co, Mo and S, implying the successful addition of Co to MoS2.     

Figure 7.2. (a-d): Scanning electron micrographs of 5-8, a-d respectively; e: SEM and the 

corresponding elemental mapping of 5. 

The XRPD pattern of 8 is in agreement with other reports of CoMoS2 (Figure 7.3).204 As 

comparison, XRPD patterns for all CoMoS2 catalysts (5-7)  treated with amines exhibit weak and 

disperse diffraction peaks (Figure 7.3), indicating the poor crystalline characteristic of Co-

promoted MoS2. The diffraction peak at 2θ = 14.4 ° which is characteristic of the (0 0 2) basal 

planes of crystalline MoS2, is broadened for 7 and absent in the case of 5 and 6. This results from 

the carbon after decomposition of the amines, which is similar to the dispersion of carbon 

supported MoS2 catalysts.205 
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Figure 7.3. XRD patterns of CoMoS2 catalysts:5 (red); 6 (purple); 7 (blue); 8 (green). 

The elemental composition and valence states of CoMoS2 are determined by XPS studies. 

XPS data confirm the existence of Co, Mo and S for samples 5-8, see Figure 7.4.  The binding 

energy (BE) found at 100.9 eV is ascribed to Co 3s. The existence of S is demonstrated by the 

peak at 162.05 eV, which is related to S 2p1/2. Another peak found at 168.4 eV is attributed to S 

2p3/2 in the form of SO2. The peaks at 228.6 and 232.82 eV are assigned to Mo4+ 3d5/2 and Mo4+ 

3d3/2. And the peaks found at 232.80 eV and 399.1 eV and are related to Mo6+ 3d5/2 and Mo6+ 3p3/2 

respectively in the form of CoMoO4. The BE at 531.1 eV arises from the adventitious oxygen 

forming traces of MoO2, CoO and Co3O4. The presence of oxygen at the surface may be the result 

of air exposure as previously reported by others.206 



 80 

 

Figure 7.4. XPS survey of (a) 5; (b) 6; (c) 7; (d) 8. 

7.3.2 Electrocatalytic HER activity 

  The electrocatalytic HER behaviors of the prepared CoMoS2 samples were assayed in a 

0.5 M H2SO4 aqueous solution. Figure 7.5a shows the HER polarization curves when using the 

prepared CoMoS2/silver/FTO working electrodes with a linear scanning voltammetry until current 

densities reach 10 mA/cm2.  Two control working electrodes were evaluated under the same 

condition as comparison. One of the control working electrodes is platinum metal, which is a 

benchmark electrocatalyst for hydrogen generation. Platinum shows an immediate enhancement 

of catalytic current at 0 V vs. RHE.   
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A blank FTO glass coated with silver paste, which is the substrate for preparing the CoMoS2 

electrode, was also tested, and it shows negligible current increase at potentials between 0 V to –

0.4 V vs RHE. Catalysts 5, 6, 7 and 8 exhibit the onset overpotential (η) at which the increases of 

cathodic catalytic current are observed, are 0.127 , 0.131, 0.144  and 0.173 V and η at 10 mA/cm2 

are 0.244, 0.261, 0.298, 0.349 V, respectively. Compared to catalyst 8, catalysts 5-7 show 

considerably positive shift of η and faster kinetics at catalyzing HER. Nyquist plots of sample 5-8 

at the same η of 0.25 V are obtained from EIS experiments and displayed in Figure 7.5b. Sample 

5-7, which are amines-pretreated, show significantly small diameters of semicircles compared to 

8, which correspond to better conductivity and faster charge transfer. These results show that 

pretreatment of ATM with amines to form alkyl-containing thiomolybdates provide a promising 

way to afford Mo-based HER catalysts with enhanced efficiency.  

Figure 7.5. (a) Polarization data of Pt (black); 5 (red); 6 (purple); 7 (blue); 8 (green) and 

blank silver-coated FTO glass (burgundy) in 0.5 M H2SO4 aqueous solution. 

Scan rate: 2 mV/s; (b) Nyquist plots of the as-prepared catalyst-deposited 

FTO/silver 
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    Figure 7.6 displays the Tafel plot data of 5-8 and of a platinum electrode as a control, 

which were fitted in the Tafel equation (η = b log j + a, where j is the current density and b is the 

Tafel slope). The platinum control Tafel plot shows a slope of 30 mV/dec, which is in agreement 

with the known mechanism of Pt as HER electrocatalyst.47 The linear region for the presented 

Tafel plot of catalysts 5-8 are plotted from where the current densities reach from 1 to 10 mA/cm2. 

Catalyst 5 yields the lowest Tafel slope of 124 mV/dec, which shows 23 mV/dec less than 8 (147 

mV/dec). In comparison, catalyst 6 and 7 exhibit very similar Tafel slope of 141 and 146 mV/dec 

respectively. These results show that catalyst 5 greatly improves the reaction kinetic by presenting 

a lower Tafel slope. According to previous studies, the catalyst follow a Volmer–Heyrovsky 

mechanism.207 

Figure 7.6. Tafel plot [overpotential vs log (current density)] for (from bottom to top): Pt 

(black); 5 (red); 6 (purple); 7 (blue); 8 (green) derived from Figure 7.5a. 

   To quantify the hydrogen gas generated, bulk electrolysis along with gas detection were 

performed. Bulk electrolysis of catalysts 5-8 were performed in 0.5 M H2SO4 aqueous solution at 

a constant potential of –0.5 V vs. RHE for 1 h prior to the gas analysis. Figure 7.7 shows the bulk 

electrolysis data obtained by maintain a constant voltage and measuring the total charge generated 

as a function of time. The amount of H2 gas evolved represents a Faradaic yield between 98% and 
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100%, implying a quantitative faradaic yield for hydrogen generation. It should also be noted that 

the blank silver-coated FTO glass generates negligible charge and shows no H2 generation at the 

same potential. 

 

 

These catalysts were evaluated to be stable through electrocatalysis in strong acidic 

condition by long-term chronoamperometric measurements using the prepared 

CoMoS2/silver/FTO working electrodes in 0.5 M H2SO4 electrolyte at a constant potential of –0.2 

V vs. RHE. As is presented in Figure 7.8a, all catalysts are still shown to be electrocatalytic active 

after 10 h’ continuous operation, indicating the promising practical use of these catalysts in large 

hydrogen gas production technologies. The HER catalytic stabilities are also observed by linear 

scanning voltammetry of the catalysts after 500 scans. It can be seen that there are minimal changes 

in the polarization curves between the initial scans and the ones after 500 cycles (Figure 7.8b). The 

morphology and elemental composition of all the catalysts after 10 h’ electrolysis in 0.5 M H2SO4 

were also studied. Figures A.15-18 show the SEM images and the corresponding elemental 

mapping of 5-8 respective after electrolysis. There are no apparent changes in the SEM images of 

Figure 7.7. Bulk electrolysis experiments of (from top to bottom) 5-8 and blank silver-coated 

FTO glass in 0.5 M H2SO4 aqueous solution. Applied potential: –0.5 V vs. RHE. 
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5-8. Sample 5-7 still present small round particles and sample 8 retains its dense morphology. 

After long-term electrolysis, all materials still maintain the effective composition of Co, Mo, and 

S.     

Figure 7.8. (a) Chronoamperometric responses (j~t) using 5-8/silver/FTO working electrodes in 

0.5 M H2SO4 for 10 h at –0.2 V vs. RHE. Sample 5 (red); 6 (purple); 7 (blue); 8 

(green) and blank silver-coated FTO glass (burgundy); (b) Polarization data of 5-8 

in 0.5 M H2SO4 aqueous solution before and after 500 cycles of scans . Scan rate: 2 

mV/s. 

7.4 CONCLUSION 

We report a simple synthesis of CoMoS2 catalysts using ATM treating with different 

amines and ammonium bromide salt including 1- dodecylamine, diethylenetriamine, and 

tetradecyltrimethylammonium bromide which form different alky containing ATM precursors. 

These materials are amorphous and with porous surfaces that show reasonable large surface area. 

Electrochemical studies along with hydrogen gas analysis in 0.5 M H2SO4 aqueous media indicate 

that these materials exhibit enhanced HER efficiencies compared to the CoMoS2 catalyst 

synthesized using ATM precursor and present great stabilities. This study suggests the possibility 

of using simple one-step pre-treatment of ATM to afford more active Mo-based HER 

electrocatalysts.   
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Chapter 8: Conclusion 

In this dissertation, we have demonstrated the use of a metal-free perfluorinted porphyrin 

to catalyze proton reduction in order to generate hydrogen gas homogeneously in organic media. 

UV-vis and UV-vis spectroelectrochemical measurements as well as DFT theoretical calculations 

were utilized in order to provide mechanistic insights of how this metal-free species is able to 

evolve hydrogen gas electrocatalytically. When two electron and two proton transfer processes are 

accounting for the release of one molecule of dihydrogen, we propose a mechanistic rout of E-P-

E-P (where E stands for electron transfer and P stands for proton transfer) when using p-

toluenesulfonic acid as the proton source and THF as the solvent. These results show the potential 

use of organic complexes that display redox properties and present protonation sites in close 

proximity as electrocatalysts for catalytic hydrogen gas generation, where typically requires active 

metal cores. Further exploration of other metal-free porphyrins and similar organic macrocycles 

as HER and OER electrocatalysts is of immense interest as current and future studies in our 

laboratory.    

While homogeneous electrocatalysts are important for the elucidation of reaction 

mechanisms due to the ease of implementation of spectroscopic measurements, heterogeneous 

catalysts are preferred in practical industrial processes because they are typically more efficient 

and robust. Thus, we explored two different methods to heterogenize molecular metalloporphyrin 

electrocatalysts for HER and OER. The first method is the construction of polymeric networks 

based on metalloporphyrin units. We present a cobalt porphyrin polymer synthesized by the 

combination of Co(NO3)2 and meso-tetra(4-carboxyphenyl)porphyrin at mild temperature of 60 

ºC for 3 days, which exhibits crystalline character and moderately high surface area of 441.71 

m2/g. This polymer shows clear evidence of improved HER efficiency when comparing to its 

discrete cobalt porphyrin molecule counterpart and shows remarkable robustness for long-term 

electrolysis even under strong acidic conditions. We also explored the synthesis of two porphyrin 

based organic polymers via an one-step condensation reaction of pyrrole and two different 
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aldehydes, namely terephthalaldehyde and tetrafluoroterephthalaldehyde respectively,  using 

propionic acid as both the solvent and catalyst. Both polymers were treated as precursors to prepare 

metalloporphyrin polymers using cobalt and iron through direct metallation. While the metal-free 

organic polymers are not active for the electrocatalytic OER, all of the metallated polymers show 

to be active towards OER with moderate overpotentials that are comparable to other similar 

porphyrin-based extended network catalytic systems. Another approach for constructing 

porphyrin-based heterogeneous electrocatalysts involves the use of zirconium phosphate layered 

nanomaterial as a platform for the embedding of molecular cobalt porphyrin molecules. These 

metalloporphyrin intercalated ZrP materials are assessed to be active OER electrocatalysts that are 

superior to similar reported catalytic systems, in which different transition metal cations were used 

to be immobilized into ZrP through ion exchange. 

In this dissertation, we also report a novel molecular cobalt complex [Co(DippF)2] which 

was evaluated to be an active HER electrocatalyst. This molecule consists of a mono cobalt center 

coordinated to two formamidinate ligands showing a distorted square planar molecular structure. 

We probed the HER electrocatalytic activity of Co(DippF)2 using strong acid (p-toluenesulfonic 

acid) as well as weak acids (benzoic acid and phenol) and it displays electrocatalytic activity to 

generate hydrogen gas upon the addition of all of the three organic acids studied. We attribute its 

noteworthy HER catalytic performance in the presence of weak acids to the use of basic ligands 

that increases the electron-richness of the cobalt center, which presumably enhances the redox 

reactivity of the molecule.  

Lastly, we describe an improved synthesis of cobalt-promoted MoS2 (CoMoS2) materials, 

where we pretreated the ammonium thiomolybdate precursor with different amines containing 

long alkyl chains prior to the reaction of CoCl2 to obtain the desired CoMoS2. Upon decomposition 

of the alkyl-containing amines, pores were generated in the surfaces of the materials resulting in 

the generation of CoMoS2 materials that are amorphous and show increased surface areas 

comparing to the one without amine-pretreatment, which is crystalline. Assessment of these 

CoMoS2 samples as heterogeneous electrocatalysts for HER in strong acids show that all of the 
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amine-pretreated CoMoS2 exhibit significantly improved catalytic activity by requiring less 

overpotential for hydrogen generation than the CoMoS2 synthesized directly from ammonium 

thiomolybdate and CoCl2. This synthetic method can be potentially further employed in the 

designing of other HER electrocatalysts such as transition-metal carbides, nitrides and phosphides. 
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Appendix 

 

 

 

Figure A.1. Cyclic voltammograms of tosic acid in THF (no catalyst added); Scan rate: 100 

mV/s; glassy carbon working electrode. 

 

 

 

Figure A.2. Linear sweep voltammograms of 0.1 mM 1 (black) and 1 with 12 equivalent 

deuterated tosic acid (red). 
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Figure A.3. FOWA linear fit of 1 for hydrogen generation using 1.2 mM deuterated tosic acid. 

 

                 Kinetic isotope effect (KIE) was analyzed using deuterated tosic acid (C7H7SO3D). The 

calculated 𝑘cat using C7H7SO3H is 742.5 M-1s-1 while 𝑘cat using C7H7SO3D is 640.0 M-1s-1, 

resulting in KIE = 𝑘cat, C7H7SO3H/𝑘cat, C7H7SO3D = 1.16. 

 

 

Figure A.4. Uv-vis spectrum of [1]2- (black) and the spectrum recorded upon addition of tosic 

acid to [1]2- (red). 
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Uv-vis spectroelectrochemical study was performed using 1 at a potential of –1.7 V vs. 

Fc/Fc+ to obtain the dianion species, [1]2- (black line in Figure A.4). Subsequently, tosic acid was 

added to the solution and 1 was spontaneously obtained according to the spectrum (red line in 

Figure A.4). This implies catalysis occurred upon addition of acid and 1 was regenerated. It should 

be noted that E-E-P-P pathway is also feasible for the generation of hydrogen gas.   

 

 

 

 

Figure A.5. UV-vis spectrum of H2TcPP in EtOH. 
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Figure A.6. UV-vis spectrum of 3 in EtOH. 

 

 

 

Figure A.7. UV-vis spectrum of 2 dissolved in pH = 8 phosphate buffer solution. 
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Figure A.8. UV-vis spectrum of 2 dissolved in pH = 14 KOH aqueous solution. Precipitation of 

Co(OH)2 was observed. 

 

 

Figure A.9. 1HNMR spectrum of 2 dissolved in pH = 8 phosphate buffer deuterium oxide 

solution. The spectrum shows broad signals besides the solvent peak, resulting from 

the d7 Co2+ center. 
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Figure A.10. Infrared spectra of 2 and 3. 

 

 

Figure A.11. Uv-vis spectrum of 4. 
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Figure A.12. SEM and the corresponding elemental mapping images of 6. 

 

 

Figure A.13. SEM and the corresponding elemental mapping images of 7. 
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Figure A.14. SEM and the corresponding elemental mapping images of 8. 

 

 

Figure A.15. SEM and the corresponding elemental mapping images of 5 after 10 h’s 

electrocatalysis in 0.5 M H2SO4 at –0.2 V vs. RHE. 
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Figure A.16. SEM and the corresponding elemental mapping images of 6 after 10 h’ 

electrocatalysis in 0.5 M H2SO4 at –0.2 V vs. RHE. 

 

Figure A.17. SEM and the corresponding elemental mapping images of 7 after 10 h’ 

electrocatalysis in 0.5 M H2SO4 at –0.2 V vs. RHE. 

 

 

 



 120 

 

 

Figure A.18. SEM and the corresponding elemental mapping images of 8 after 10 h’ 

electrocatalysis in 0.5 M H2SO4 at –0.2 V vs. RHE. 
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